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Abstract
Little information is available on the effects of nano-α-Fe2O3 on arsenic (As) metabolism of algae and potential associated 
carbon (C) storage in As-contaminated water with dissolved organic phosphorus (DOP) as a phosphorus (P) source. In this 
study, Microcystis aeruginosa (M. aeruginosa) was used to investigate impacts of nano-α-Fe2O3 on cell growth and As 
metabolism of algae under a phytate (PA) environment as well as potential associated C storage. Results showed that nano-
α-Fe2O3 had a subtle influence on algal cell growth in a PA environment. Herein, algal cell density  (OD680) and chlorophyll 
a (Chla) were inhibited at elevated nano-α-Fe2O3 levels, which simultaneously limited the decrease of Yield. As suggested, 
the complexation of PA with nano-α-Fe2O3 could alleviate the negative influence on algal cell growth. Furthermore, the 
elevated nano-α-Fe2O3 increased As methylation in the PA environment due to higher monomethylarsenic (MMA) and 
dimethylarsenic (DMA) concentrations in the test media. Additionally, microcystins (MCs) in the media changed consistently 
with  UV254, both of which were relatively lower at 10.0 mg·L−1 nano-α-Fe2O3. Enhanced As(V) methylation of algal cells 
was found to simultaneously reduce the release risk of As(III) and MC while increasing dissolved organic carbon (DOC) 
content in media, suggesting unfavorable C storage. Three-dimensional fluorescence analysis revealed that the main DOC 
constituent was the tryptophan-like component in aromatic proteins. Correlation analysis showed that decreases in pH and 
the zeta potential and an increase in Chla may lead to metabolic As improvements in M. aeruginosa. The obtained findings 
highlight the need for greater focus on the potential risks of DOP combined with nano-α-Fe2O3 on algal blooms as well as 
the biogeochemical cycling processes of As and C storage in As-contaminated water with DOP as the P source.
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Introduction

The widespread application of nano-α-Fe2O3 leads to its 
inevitable release into the surrounding water environment, 
subsequently leading to corresponding eco-environmental 
effects. Nanoparticles in water environments can undergo 
aggregation/condensation, redox reactions, dissolution, 
exchange between surface groups, and reactions with biolog-
ical macromolecules, which in turn affect the transport, fate, 
and toxicity of nanoparticles in the environment (Maurer-
Jones et al. 2013). Since nanoparticles can aggregate on the 
surface of microorganisms and cause light-shading effects, 
nano-α-Fe2O3 is considered to be toxic to some algal species 
(Toh et al. 2016). It has been shown that nano-α-Fe2O3 can 
significantly reduce the cell size of Nannochloropsis sp. and 
Isochrysis sp. (Demir et al. 2015).
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Furthermore, eutrophication combined with arsenic (As) 
pollution is common in actual water environments, and 
nanoparticles have an important impact on the biotransfor-
mation of As and its biogeochemical cycle in water envi-
ronments (Bakhat et al. 2022; Hussain et al. 2021). As one 
of the dominant algal species of cyanobacterial blooms in 
eutrophic waterbodies, Microcystis aeruginosa (M. aerugi-
nosa) is better able to adapt to different phosphorus (P) and 
As forms (Ji et al. 2017; Wang et al. 2019). Metabolic As 
mechanisms in microalgae can help mitigate As toxicity, 
specifically through reducing arsenate (As(V)) to arsenite 
(As(III)) and further methylating to organic arsenic forms 
(Bakhat et al. 2019; Che et al. 2018; Hussain et al. 2021). 
Moreover, studies have demonstrated that P forms in the 
environment affect As(V) tolerance, subsequently influ-
encing biogeochemical As cycling processes (Bakhat et al. 
2017; Leong and Chang 2020; Wang et al. 2019). It has 
been shown that M. aeruginosa can utilize nano-α-Fe2O3 for 
purposes of proliferation. Meanwhile, nano-α-Fe2O3, formed 
with bidentate and polynuclear, can complex with As(V) and 
phosphate (Fendorf and Kocar 2009), thus restricting As and 
P migration, which subsequently impacts As metabolism in 
algae (Luo et al. 2018).

Nano-α-Fe2O3 is widely recognized as having little 
impact on algae growth under a dissolved inorganic phos-
phorus (DIP) environment. However, its potential toxic effect 
is still unclear under a dissolved organic phosphorus (DOP) 
environment (Chen et al. 2022; Lei et al. 2016). Given that 
the proportion of DOP content is increasing in total dis-
solved P under current aquatic environmental conditions, it 
is critical to understand the impact of nano-α-Fe2O3 on algae 
growth as well as its specific metabolic As processes under 
a DOP environment. Phytate (PA) is widely considered the 
most abundant organic P species in soil and sediment, being 
freely available when released by algae (Bell et al. 2020; 
Yan et al. 2012). Meanwhile, a recent study demonstrated 
that phytate-P uptake stimulated P. vittata growth and As 
hyperaccumulation (Han et al. 2023), indicating that PA can 
potentially influence As metabolism in algae. Additionally, 
microalgal culture development used for carbon (C) capture 
and utilization demonstrates its potential contribution in 
addressing climate change challenges (Nguyen et al. 2023). 
However, there is little available information on the effects 
of nano-α-Fe2O3 on metabolic As processes in algae and C 
storage in As-contaminated water with DOP as a P source. 
Therefore, it has been hypothesized that level changes in 
nano-α-Fe2O3 may impact As metabolic processes in M. aer-
uginosa and even potential C storage in As-contaminated 
water with PA as a P source.

Accordingly, the aims of this study were to explore the 
effects of nano-α-Fe2O3 on the growth of M. aeruginosa 
under a PA environment, to investigate its metabolic accu-
mulation of As(V) and variation of microcystin (MCs), and 

to further observe dissolved organic carbon (DOC) changes 
combined with spectral analysis technologies, such as Fou-
rier Transform Infrared Spectroscopy (FTIR) and 3D fluo-
rescence analysis (3D-EEM), which can be used to identify 
the potential C storage under this experimental system. Find-
ings from this study can enhance our understanding of the 
coexistence of nano-α-Fe2O3 and DOP on As biogeochemi-
cal cycling respective to algal mediation, which will help 
us to recognize ecological environmental risks under actual 
As-containing water bloom conditions.

Materials and methods

Algal species culture and pretreatment

Microcystis aeruginosa-905 specimens (purchased from 
the National Freshwater Algal Library of the Institute of 
Hydrobiology, Chinese Academy of Sciences) were cultured 
in a BG11 medium at 25 °C for 16 h: 8 h under a 3000 lx 
light intensity, shaken three times each day. Commercial 
nano-α-Fe2O3 (99.5%, 30 nm) and PA (CAS No. 83-86-3) 
were bought from Macklin Inc. (Shanghai, China). Before 
use, the nano-α-Fe2O3 specimens were immediately dis-
persed with sterilized ultrapure water for 1 h using an ultra-
sonic cell crusher (50 W/L, 40 kHz) in an ice bath, while 
 Na3AsO4·12H2O was prepared with an As(V) stock solution 
of 100 mg/L. During the logarithmic growth phase, algal 
specimens were separated through centrifugation at 4000 
r/min and then placed in a Fe- and P-free modified BG11 
medium (starvation culture) for 72 h so that the algal cells 
could adjust to this Fe and P deficient state.

Effects of nano‑α‑Fe2O3 on algal cell growth 
and arsenic metabolism

Under this Fe- and P-free state, M. aeruginosa cells were cen-
trifuged and washed twice with sterile deionized water and 
then incubated in a modified BG11 medium with PA and nano-
α-Fe2O3 for 96 h, at an initial PA concentration of 1.0 mg P/L, 
an initial As(V) concentration of 130 μg As/L, and an initial 
nano-Fe2O3 concentration of 0.5, 1.0, 10.0, and 100 mg/L. The 
initial cell density was approximately 1.0×107 cells/mL. Three 
parallel replicants were established for each abovementioned 
treatment, and all nano-α-Fe2O3 solutions without algae were 
used as blank controls. This method allowed us to compare the 
effects of nano-α-Fe2O3 on algal cell growth and As metabo-
lism at low (0.5 and 1.0 mg/L) and elevated levels (10.0 and 
100 mg/L) as well as their potential carbon storage under a PA 
environment. After sampling at 24 h intervals, chlorophyll a 
(Chla), actual photosynthetic yields (Yield), and algal cell den-
sity  (OD680) were determined as well as the pH, redox potential 
(ORP), and zeta potential in the algal solution. Meanwhile, 
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after 96 h of culturing, the algal solutions were centrifuged at 
4000 r/min for 10 min. Afterward, the supernatant was filtered 
(0.22 μm, glass fiber membrane, Amicrom) to determine MC, 
 UV254, DOC, FTIR, 3D-EEM, and As species. Moreover, the 
obtained algal cells were washed twice with deionized water 
to remove extracellular adsorbed nano-α-Fe2O3 and As. Fol-
lowing this, they were stored at −20°C to determine total As 
(TAs) and their specific species according to our previously 
reported methods (Wang et al. 2019), briefly described below.

Analytical methods

Growth and medium environmental changes of M. 
aeruginosa

A fresh algal solution (3 mL) was used to measure  OD680 
employing a UV spectrophotometer at a 680 nm wavelength. 
Meanwhile, after 10 min dark adaptation, approximately 2 
mL of the fresh algal solution was detected for Chla and 
Yield using an advanced phytoplankton plant fluorometer 
(PHYTO-PAM, Walz, Germany). Additionally, 5 mL of the 
algal solution was tested for its pH level, ORP, and zeta 
potential (Darwin, Zeta potential analyzer, England).

M. aeruginosa metabolites

According to a previously reported method (Zhou et al. 
2020), MC content was determined using high-performance 
liquid chromatography (HPLC) on a C18 column at a 238 
nm wavelength, with a flow rate of 1 mL/min and the mobile 
phase consisting of 0.1% trifluoroacetic acid and methanol 
(35:65). In the medium, DOC was measured using a total 
organic carbon analyzer (TOCV-CPH, Shimadzu, Japan) and 
 UV254 was detected using a UV visible spectrophotometer 
(Type MAPADA 722S, China) at a wavelength of 254 nm. 
The filtered supernatant was used to perform FTIR (Thermo 
Nicolet iS 10) observations with ultrapure water as the back-
ground. The spectra were recorded at intervals of 2  cm−1 at a 
spectral resolution of 4  cm−1, 4000–500  cm−1 with 16 scans.

Moreover, using a fluorescence spectrophotometer (Var-
ian Cary Eclipse) with ultrapure water as the background, 
3D-EEM was used to determine dissolved organic matter 
(DOM) in the supernatant (Hasegawa et al. 2010; Wang 
et al. 2016a; Wang et al. 2022; Ziegmann et al. 2010). Spe-
cific scanning conditions were performed with an excita-
tion wavelength (Ex) of 200~450 nm, a scan distance of 10 
nm, and an emission wavelength (Em) of 250~550 nm (5 
nm). The slit ratio was 10:10, and the scan speed was 1200 
nm/min. Furthermore, the DOMFluor tool kit in MATLAB 
was utilized to perform 3D fluorescence data analysis with 
a parallel factor (PARAFAC). Ultrapure water data were 
removed from 3D-EEM results to avoid potential Raman 
scattering noise. Three component models that successfully 

passed residual analysis, the split-half test, random initiali-
zation analysis, and the Tucker’s congruence coefficient 
(TCC) test were considered reliable (Ly et al. 2019).

Arsenic species

The As species in the media and algae were pretreated accord-
ing to our previous method (Wang et al. 2013) and measured 
using a HPLC-Inductively Coupled Plasma Mass Spectrometry 
(HPLC-ICP-MS, Agilent 7700) to determine the four As spe-
cies, including As(V), As(III), monomethylarsenic (MMA), and 
dimethylarsenic (DMA). Specifically, the Agilent Company’s 
PRP-X100 (250×4.1 mm) type anion exchange column was 
used as the separation column at a mobile phase of 10 mM 
ammonium nitrate and 10 mM hydrogen phosphate with a pH 
level of 6.2 and a flow rate of 1 mL/min.

Data analysis

Our metabolic analysis of As(V) in M. aeruginosa is based 
on the As(V) metabolic mechanism of microalgae, in which 
cells absorb As(V), reduce to As(III), and then methylate 
As(III) to generate MMA and DMA (Hussain et al. 2021; 
Miyashita et al. 2016). Each biotransformation step involves 
both As accumulation and excretion processes. The total 
amount of As(V) metabolism and the accumulation and 
excretion rate of different As species in algal cells (fg/cell) 
were calculated according to a previously reported method 
(Che et al. 2018). Additionally, experimental results were 
shown as averaged values from three parallel (replicant) data 
with standard deviations and then graphed using Origin 2019 
and GraphPad Prism 8.0. At the same time, one-way analysis 
of variance (ANOVA) was adopted to analyze the obtained 
data within and among the nano-α-Fe2O3 treatments to evalu-
ate the effects of the nano-α-Fe2O3 on the study parameters of 
the selected data (significant level at P < 0.05). Furthermore, 
Pearson correlation analysis was also performed among the 
algal metabolites to understand their potential influencing 
mechanisms of As metabolism at the significant level of P < 
0.05. The data were analyzed using SPSS statistical software 
(ver. 22) (SPSS Inc., Chicago, IL, USA).

Results and discussion

Growth and medium environmental changes of M. 
aeruginosa

The effects of different nano-α-Fe2O3 concentrations on 
M. aeruginosa growth are shown in Fig. 1. Algal  OD680 
increased over time (within 96 h) under the 10.0 mg/L 
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nano-α-Fe2O3 treatment, except that all showed a decreas-
ing trend on the 4th day, especially the 100.0 mg/L nano-
α-Fe2O3 treatment on the 3rd day (P < 0.05). Moreover, no 
significant differences were observed between the various 
treatments in the first 2 days (Fig. 1a). Changes in Chla 
(Fig. 1b) confirmed that there were no significant differ-
ences under the 1.0 mg/L nano-α-Fe2O3 treatment over 
time. By contrast, the remaining treatments showed a sig-
nificant decreasing trend on the 3rd day, especially for 
the 10.0 and 100.0 mg/L nano-α-Fe2O3 treatments. This 
could potentially be due to conditions of oxidative reac-
tion stress, which could have been induced by elevated 
nano-α-Fe2O3 concentrations that effectively disrupted the 
chloroplast structure (Lei et al. 2016; Saxena and Sangela 
2020; Semerad et al. 2019; Toh et al. 2016). On the other 
hand, the elevated agglomerated nano-α-Fe2O3 concentra-
tion could have caused a shading effect to occur on the 
algal surface, which also can affect, to some extent, chlo-
rophyll synthesis (Wang et al. 2013). According to Yield 
changes in algal cells (Fig. 1c), Yield in the nano-α-Fe2O3 
0.5 and 1.0 mg/L treatments significantly decreased on the 
4th day, (i.e., only approx. 40% Yield compared to initial 
values). In contrast, Yield of the 10.0 and 100.0 mg/L 
nano-α-Fe2O3 treatments was still higher, indicating that 

nano-α-Fe2O3 can alleviate Yield decreases at higher con-
centrations under a potential Fe deficiency (Bakhat et al. 
2017). Generally, nano-α-Fe2O3 exhibited a slight impact 
on algal cell growth under a PA environment. This would 
inhibit  OD680 and Chla as PA concentrations increased 
while simultaneously limiting Yield decreases. This dif-
fered from the negative correlation between Selenastrum 
capricornutum density and nano-α-Fe2O3 concentrations 
(Wang 2019). The potential reason is that as a phosphorus 
source (Zhu and Wakisaka 2020), when some PA compo-
nents complex with nano-Fe2O3, the negative influence on 
algal cell growth can be mitigated (He et al. 2017).

An increasing pH level trend was observed in the media as 
algal cells continued to grow (Fig. 1d), increasing from 8.0 on 
the initial day (0 days) to 10.0 on the 1st day. Among these, 
pH levels of the 0.5 and 1.0 mg/L nano-α-Fe2O3 treatments 
significantly decreased on the 4th day (i.e., being close to the 
pH level on 0 days). Similarly, although pH levels of the 10.0 
and 100.0 mg/L nano-α-Fe2O3 treatments decreased on the 
4th day, they were still relatively higher than that on 0 days 
(Fig. 1d). This implied that the 10.0 and 100.0 mg/L nano-
α-Fe2O3 treatments may act as a good buffer to any potential 
decreases within the medium environment. Additionally, a 
significant decrease in ORP (150 mV reduction) occurred on 
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the 1st day, after which a gradual ORP increase occurred over 
time in the 0.5 and 1.0 mg/L nano-α-Fe2O3 treatments. No 
obvious ORP shifts were observed in the 10.0 and 100.0 mg/L 
nano-α-Fe2O3 treatments (Fig. 1e). Furthermore, ORP and pH 
levels in the medium environment negatively correlated (P < 
0.001), with a correlation coefficient of −0.970. The higher 
nano-α-Fe2O3 concentration could apparently enhance pH and 
ORP in decreasing algal cell stability.

The zeta potential is an essential indicator used to 
describe the stability of colloidal dispersive systems in an 
aquatic environment, whose absolute value for a 25 mV sys-
tem is commonly considered to be relatively stable (Tantra 
et al. 2010). The higher the absolute value is, the greater 
the electrostatic repulsion between particles will be and the 
better the physical stability of the aquatic environment. In 
this study, the absolute zeta potential value of the 1.0 mg/L 
nano-α-Fe2O3 treatment did not change significantly, while 
the other treatments first increased before gradually decreas-
ing (Fig. 1f). Specifically, on the 4th day, the absolute zeta 
potential value of the 10.0 and 100.0 mg/L nano-α-Fe2O3 
treatments decreased significantly, indicating that the addi-
tion of a higher nano-α-Fe2O3 concentration in the medium 
environment could reduce the particle stability of algae cells.

Arsenic metabolism

Arsenic species in algae and media

All nano-α-Fe2O3 treatments could detect As(V), DMA, 
MMA, and As(III), except for the 10.0 mg/L treatment 
without As(III) (Fig. 2a). Being a Fe source, nano-α-Fe2O3 

did not change As(V) predominance within the PA environ-
ment media (Fig. 2a). The 100.0 mg/L nano-α-Fe2O3 treat-
ment significantly decreased the As(V) concentration in the 
media (P < 0.05), showing higher As(V) removal. However, 
the 10.0 mg/L nano-α-Fe2O3 treatment effectively reduced 
As(III) concentrations in the media. This likely resulted 
from the appropriate oxidation condition produced or the 
inducement of ROS oxidative stress in algal cells via the 
nano-α-Fe2O3 additive (Lei et al. 2016). The higher DMA 
and MMA concentrations in the media under the PA envi-
ronment indicated that nano-α-Fe2O3, as an Fe source, can 
promote As(V) methylation in algal cells under a PA envi-
ronment. In contrast, nano-Fe2O3 in an inorganic P environ-
ment retarded the reduction of As(V) and then lessened the 
content of As methylation (<1.0 μg/L) (Chen et al. 2022).

Moreover, total As (TAs) content in algae under the dif-
ferent nano-α-Fe2O3 treatments was relatively low (i.e., 6.37 
± 1.80 μg/g) (Fig. 2b). In particular, As(V) remained the 
dominant As species in algae, accounting for 72.3 ± 5.2% 
of the TAs (Fig. 2b). No significant differences in TAs were 
observed among treatments (P > 0.05). The lowest TAs 
observed in the 10.0 mg/L nano-α-Fe2O3 treatment was 4.36 
μg/g. Compared with As accumulation under an inorganic 
P environment, As accumulation under the PA environment 
significantly decreased (Chen et al. 2022). However, differ-
ent nano-α-Fe2O3 concentrations had no significant impact 
on As accumulation and transformation (Fig. 2b). Specifi-
cally, PA exhibited a C-O-P organic complexing bond, which 
could effectively complex a large amount of As(V) under 
a PA environment and then interact with nano-α-Fe2O3 to 
form an As-Fe-DOM ternary complex (Zhang et al. 2020). 
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This interaction could reduce As(V) uptake and accumula-
tion by algal cells. Similarly, As(V) adsorption by nano-α-
Fe2O3 in the media could also reduce As(V) accumulation 
(Luo et al. 2020). Meanwhile, the biotransformation of algal 
As under the PA environment was mainly regulated by PA 
phosphorus because PA is symmetrical and relatively stable 
so that the produced P deficiency promotes As biotransfor-
mation (Wang et al. 2019). Meanwhile, PA interactions with 
additive nano-α-Fe2O3 and As did not limit a reduction in 
As(V) in algae and subsequent methylation. Nevertheless, 
specific relevant mechanisms require further investigation.

Arsenic metabolism pathway

Results showed a slight decrease in total As(V) metabolism 
as nano-α-Fe2O3 concentrations increased (Fig. 3). The 10.0 
mg/L nano-α-Fe2O3 treatment had the lowest total As(V) 
metabolic rate (i.e., 9.83 fg/cell) and the highest methyla-
tion total metabolic rate (i.e., 92.5%). The remaining nano-
α-Fe2O3 treatments showed a relative inhibition on As(III) 
methylation (Fig. 3). As(V) metabolism under the PA envi-
ronment was mainly caused by the extracellular excretion 

of DMA and MMA, accounting for greater than 31.11% 
and 35.14% of the total metabolism, respectively (Fig. 3). 
This indicated that the PA environment could promote As 
methylation in algae. The PA molecule, as a strong ligand, 
which has six phosphate groups and a relatively elevated 
charge density (Chen and Arai 2019; Chen et al. 2020), 
could complex with nano-α-Fe2O3, subsequently reduc-
ing P bioavailability. Moreover, PA is relatively stable, 
indicating that it does not easily release inorganic P (Yan 
et al. 2012). Therefore, under P-limiting conditions, As(V) 
was absorbed by algal cells and reduced to As(III), while 
As(III) was further methylated into DMA and eventually 
this DMA secreted into the culture medium (Wang et al. 
2015). Compared with the inorganic P environment at a low 
As(V) concentration (i.e., 15 μg/L) (Che et al. 2018), the As 
metabolite of individual algae cells under an elevated initial 
As(V) concentration in this PA environment was greater by 
a factor of 10, while MMA release reached a factor of 6–8. 
This could have resulted from a P deficiency, the combined 
effect of external organic C sources, and Fe deficiency under 
the PA environment (Bakhat et al. 2017), which should be 
further investigated.

Fig. 3  Metabolic pathway of 
arsenic in Microcystis aerugi-
nosa at different nano-α-Fe2O3 
concentrations under a PA 
environment

Fig. 4  Effects of the nano-α-
Fe2O3 on MCs,  UV254, and 
DOC under a PA environment: 
a MCs and  UV254; b DOC. Dif-
ferent letters indicate significant 
differences among different 
nano-α-Fe2O3 treatments at a P 
< 0.05 level
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Furthermore, the total amount of As that metabolized 
in individual algal cells significantly and negatively cor-
related with  OD680, the pH level, the zeta potential, and 
Chla, whose corresponding correlation coefficients were 
−0.958, −0.951, −0.933, and 0.972, respectively (P < 
0.05). This demonstrated that the poorer the algae growth 
and the lower the algal density were, the higher the As 
metabolism presented. Concurrently, decreases in pH lev-
els and zeta potentials and increases in Chla content were 
also favorable to As metabolism. This was consistent with 
findings from previous studies that indicated that P was the 
main influencing factor of algal cell growth, and algal cell 

growth restrictions could significantly promote As trans-
formation (Che et al. 2018; Zhang et al. 2023).

Metabolites

MCs,  UV254, and DOC

Both MCs and  UV254 were U in shape with increasing nano-
α-Fe2O3 concentrations (Fig. 4). The lowest MC content was 
observed in the 10.0 mg/L nano-α-Fe2O3 treatment (i.e., 0.47 
mg/L); meanwhile,  UV254 in both the 1.0 and 10.0 mg/L 
treatments markedly decreased (P < 0.05). Moreover,  UV254 

Fig. 5  IR spectra of DOM in PA 
media influenced by nano-α-
Fe2O3

Fig. 6  Fluorescent fraction of DOM and its Ex-Em load at different nano-α-Fe2O3 concentrations under PA environment as determined by the 
PARAFAC method
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and MC significantly positively correlated, with a correla-
tion coefficient of 0.638 (P <0.05). As previously suggested, 
there was a suitable and effective nano-α-Fe2O3 concentra-
tion that could reduce  UV254 and MC content in media under 
the PA environment, thus mitigating organic contamination 
risks in the aquatic environment from algal cell proliferation. 
Potential reasons for this are algal cell and MC adsorption 
onto nano-α-Fe2O3, which can reduce MCs to some extent 
in aquatic environments. PA changed the permeability of the 
cell membrane. This could also inhibit MC and organic matter 
release (Wang et al. 2016b). Meanwhile, the increased release 
of MCs and  UV254 under elevated nano-α-Fe2O3 may be due 
to algal cell adsorption and its subsequent shading effect on 
algal cells under high nano-α-Fe2O3 concentrations, which 
stimulates the secretion of MCs and organic matter in algal 
cells to resist any effects of an adverse environment (Ouyang 
et al. 2015; Saxena and Sangela 2020; Siddiqui et al. 2021).

The DOC content in media tended to increase with increasing 
nano-α-Fe2O3 concentrations (Fig. 4b). The highest DOC con-
tent in the 10.0 mg/L nano-α-Fe2O3 treatment was 1.94 mg/L, 
indicating that the total amount of organic matter was higher in 
this treatment. In addition, DOC was negatively correlated with 
the total metabolism of Chla, ORP, and individual algal cell As 
content, with corresponding correlation coefficients of −0.845, 
−0.891, and −0.971 (P < 0.05), respectively. Meanwhile, DOC 
positively correlated with Yield, pH level, and zeta potential, 
with corresponding correlation coefficients of 0.758, 0.915, and 
0.742 (P < 0.05), respectively. Therefore, conditions associated 
with a decrease in total Chla, ORP, and As metabolism by algal 
cells or increases in Yield, pH level, and zeta potential values 
can favor the release of organic matter from algal cells, thus 
contributing DOM to the environment, which is unfavorable to 
C storage (Kalokora et al. 2022; Nguyen et al. 2023).

FTIR and EEM analysis

Characteristic absorption peaks of the main functional group of 
organic matter in media were not affected by changes in nano-
α-Fe2O3 concentrations (Fig. 5), which likely resulted from the 
relatively higher stability of the PA environment (Yan et al. 2012). 
Results showed that the main absorption feature peaked at 1515 
 cm−1 with the -C-N expansion vibration representing the amide 
II band material in the protein, 2922  cm−1 with -CH3 anti-sym-
metrical stretching vibration representing protein and lipid sugars, 
2376 and 2313  cm−1 with  CO2 and  HCO3

− symmetrical stretch-
ing vibration representing carbonate matter, and 2107  cm−1 with 
C≡C stretching vibration representing alkyne substances.

Furthermore, analysis of the EEM-PARAFAC model 
revealed that DOM in the media only exhibited one set of 
fluorescent components (Fig. 6), located at Ex/Em = 280/340 
nm, showing a single maximum excitation and emission peak. 
This indicates the aromatic protein-like substance II (i.e., tryp-
tophan-like substance) (Li et al. 2014). Previously, studies had 
shown that algae could secrete a large amount of extracellular 
organic matter to the surrounding environment at the begin-
ning of its growth stage, manifested as tryptophan-like sub-
stance enhancements (Villacorte et al. 2015). From the maxi-
mum fluorescence intensity value (Fmax), the 10.0 and 100.0 
mg/L of the nano-α-Fe2O3 treatments had a relatively higher 
DOM concentration, while the 1.0 mg/L nano-α-Fe2O3 treat-
ment exhibited a lower DOM level (Fig. 7). This implied that 
1.0 mg/L nano-α-Fe2O3 could distinctly reduce the release of 
DOM into the media by M. aeruginosa under a PA environ-
ment. Moreover, Fmax significantly correlated with both pH 
level and Chla (P < 0.05), with the correlation coefficient of 
0.677 and −0.692, respectively. This indicated that the DOM 
that was released was affected by the environmental pH and 
Chla. Specifically, algal cells could induce an increase in pH 
in media and mitigate Chla through DOM release.

Conclusions

In As(V) contaminated water under PA environment, nano-
α-Fe2O3 had a slight impact on algal cell growth, inhibiting 
 OD680 and Chla with increasing concentrations while simul-
taneously limiting decreases in Yield. This indicated that as a 
phosphorus source, PA that complexed with nano-Fe2O3 could 
mitigate the negative influence on algal cell growth. Addition-
ally, higher nano-α-Fe2O3 concentrations appear to apparently 
enhance pH levels and ORP to evidently reduce algal cell sta-
bility, supported by the significant decrease observed in the 
absolute zeta potential value. Furthermore, although As(V) 
remained the dominant As species in both algal specimens and 
the media, M. aeruginosa showed an elevated As methylation 
capacity under the PA environment in the higher nano-α-Fe2O3 
treatment, which was supported by the higher DMA and MMA 
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Fig. 7  Maximum fluorescence intensity of DOM under PA environ-
ment at different nano-α-Fe2O3 concentrations in the PARAFAC 
model. Different letters indicate significant differences among differ-
ent nano-α-Fe2O3 treatments at P < 0.05
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concentrations in the media under the PA environment. Par-
ticularly, 100.0 mg/L nano-α-Fe2O3 can significantly reduce 
As risks in an aquatic environment due to the higher accumu-
lation and methylation of As in algae as well as the adsorptive 
removal of As by nano-α-Fe2O3 from the media, while 10.0 
mg/L nano-α-Fe2O3 effectively decreased As accumulation, 
the release of As(III), and subsequently As(V) metabolism in 
individual algae cells, ultimately promoting As(V) methylation 
by M. aeruginosa. Moreover, lower  UV254 and DOM values 
were observed in the 1.0 mg/L nano-α-Fe2O3 treatment, effec-
tively reducing the organic matter released into the surround-
ing environment. Meanwhile, the 10.0 mg/L nano-α-Fe2O3 
treatment had the lowest MCs and highest DOC content, dem-
onstrating the effect of increased organic levels and a reduc-
tion in MC risk. Correlation analysis results showed that algal 
cells could induce an increase in pH in the media and mitigate 
Chla through DOM release, which, according to fluorescent 
analysis, is mainly composed of tryptophan-like substances. 
Moreover, a decrease in pH levels and zeta potentials and an 
increase in Chla content favored As metabolism but did not 
favor C storage. However, potentially relevant mechanisms 
are required for further investigations. Generally, it is critical 
to acquire a profound understanding on how nano-α-Fe2O3 
influences algal blooms, As biotransformation processes, and 
potential C storage under a DOP environment.
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