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Relationship between mycotoxin-induced hormesis and reactive oxygen species (ROS) has not been sys-
tematically investigated due to the lack of an effective analysis method. To monitor cellular release and
intracellular level of O2

��, carboxymethyl cellulose-Mn3(PO4)2 nanocomposite was synthesized to fabri-
cate an electrochemical biosensor, which selectively detects O2

�� over the range of 57.50 nM � 2.95 l
M (R2 = 0.99) with the sensitivity of 78.67 lA lM�1 cm�2 and the detection limit of 8.47 nM.
Transient exposure to zearalenone (ZEA) induces the enhancement on cell viability, immediate O2

��

release from cells, and reduction of intracellular O2
�� level. After post-treatment culture, intracellular

O2
�� initially increases to a high level and then decreases to the normal level. Concurrently, the ZEA-

induced hormesis disappears. Based on the findings, we propose a mechanism, involving the ROS release,
increase of succinate dehydrogenase activity and recovery of intracellular ROS, to explain the occurrence
and disappearance of hormesis in intestinal porcine enterocytes.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Mycotoxins are a class of secondary metabolites of filamentous
fungi, which exert adverse health effects in humans and animals
[1]. Due to their capability to induce carcinogenesis, teratogenicity,
mutagenicity, cytotoxicity, nephrotoxicity, hepatotoxicity and
immunotoxicity, mycotoxins have been regarded as worldwide
food contaminants. Hormesis, a generally accepted biological phe-
nomenon in the field of toxicology, refers to a biphasic dose–re-
sponse that defined as low-dose stimulation and high-dose
inhibition [2]. The phenomenon has been reported in mycotoxin-
induced biological effects. The proliferation of splenic cells was sig-
nificantly reduced in chickens fed with diets containing 10 mg kg�1

of deoxynivalenol (DON), but low levels (2 and 5 mg kg�1) of DON
could promote the cell proliferation [3]. Typical hormetic effects on
the body weight have been observed in chickens fed with diets
containing graded levels of aflatoxins. In comparison to the high-
dose aflatoxins caused weight loss, broiler chickens receiving 625
and 1250 lg kg�1 dietary total aflatoxins showed 3.3% and 1.0%
improvements in the body weight, respectively [4]. Huff et al. also
found that diet containing 1250 lg kg�1 of total aflatoxins stimu-
lated a 7.1% increase in the chicken body weight. However, 2500
and 5000 lg kg�1 of aflatoxins in the diet resulted in 89.2 and
77.1% decreases in body weight, respectively [5].

Zearalenone (ZEA) is a non-steroid mycotoxin produced by sev-
eral Fusarium species [6]. It often contaminates cereals, fruits and
vegetables, further causing functional and morphological alter-
ation in reproductive organs [7]. ZEA also exhibits hepatotoxicity,
hematotoxicity, immunotoxicity and genotoxicity [8]. Low doses
of ZEA could generate stimulating/adaptive effects in female Beagle
dogs, accelerating somatic growth and increasing body weight [9].
The dose–response curves of ZEA-induced cytotoxicity of KK-1
cells displayed a hormetic shape with the stimulation peak value
of 60% [10]. After reviewing the literatures on pre-pubertal female
dogs exposed to ZEA, Gajęcka et al. proposed that low doses of ZEA
could improve ovarian and uterine function, whereas higher doses
were toxic [11]. Although ZEA-induced hormetic bio-effects have
already been verified, the relationship between ZEA exposure
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duration and hormesis responses, as well as the corresponding
mechanism, have not been thoroughly investigated.

A few hypotheses have been proposed to explain the hormesis
phenomenon, including oxidative stress-involved,
overcompensation-based, receptor-mediated, and signaling-
mediated mechanisms [12–14]. Among them, oxidative stress-
involved mechanism is the most attractive one. A large amount
of evidences have proven that a low level of reactive oxygen spe-
cies (ROS) could improve systemic defense by inducing an adaptive
response [15]. It was reported that small amount (50 mg L�1) of
sulfonated graphene reduced the ROS level, further stimulating
the plant growth. But, at a higher concentration (500 mg L�1),
the plant height was inhibited [16,17]. A low concentration of
ROS generated by mitochondria might act as signaling molecules
to promote the changes of cellular defense system and mitochon-
drial dynamics, resulting in extended lifespan [18]. Therefore, it
is of great importance to analyze ROS changes during the
mycotoxin-exposure process for better understanding the
mycotoxin-induced hormesis.

ROS are by-products of the aerobic metabolism, consisting of
superoxide anion (O2

��), hydrogen peroxide (H2O2), and hydroxyl
radicals (OH�) [19]. Real-time monitoring of ROS is extremely diffi-
cult because of their very short half-life. Currently, ROS are mainly
measured with fluorescence spectrophotometry, chemilumines-
cence, electron spin resonance trapping, and chromatography
[20]. These technologies could provide satisfied accuracy and sen-
sitivity, but well-trained professionals, tedious operation proce-
dures, and expensive instruments are usually needed. More
importantly, those methods could not real-time monitor the
instant state of intracellular ROS and the ROS secreted from living
cells. Electrochemical methods have been applied to measure ROS
secreted from living cells due to their easy operation, real-time
sensing, high sensitivity, and fast response [21–24]. Since enzymes
such as superoxide dismutase (SOD) and cytochrome c possess
excellent specificity and catalytic capability towards O2

��, they
have been widely utilized as recognition components to prepare
electrochemical O2

�� sensors. However, the application of the
enzyme-based electrochemical biosensors is greatly limited by
high cost, short lifespan, and poor repeatability. Mn3(PO4)2 can
function as an effective mimetic enzyme to catalyze dismutation
of O2

�� [25]. Its combination with carboxymethyl cellulose (CMC)
might provide both good catalytic activity towards O2

�� and bio-
compatible surface for the attachment of living cells. Therefore,
as shown in Scheme 1, CMC–Mn3(PO4)2 was synthesized to fabri-
cate an electrochemical sensor for real-time monitoring O2

��

released from the living cells. ZEA was employed to treat living
cells for the construction of hormetic cell model, in which the cell
viability was measured to reflect the biological responses. During
the transient exposure process, ZEA-trigged O2

�� release from liv-
ing cells and the total O2

�� in the cells were monitored with the
as-prepared electrochemical sensors, respectively, to reveal the
possible role of ROS in ZEA-induced hormesis.
Scheme 1. Schematic diagram of the CMC–Mn3(PO4)2-based electrochemical
sensor.

2

2. Experimental procedures

2.1. Chemicals

CMC, manganese sulfate monohydrate (MnSO4�H2O, 99.99%),
potassium phosphate tribasic (K3PO4, ACS), potassium superoxide
(KO2, 96.5%), potassium chloride (KCl, 99.8%), sodium nitrate
(NaNO3,�99.0%), uric acid (UA, 99%), ascorbic acid (AA, 99%), dopa-
mine hydrochloride (DA, 98%) and hydrogen peroxide (H2O2, 30%)
were purchased from Aladdin Bio-Chemistry Technology Co., Ltd
(P. R. China). Nafion (5 wt% in ethanol), zymosan A (Zym, from Sac-
charomyces cerevisiae), 20,70– dichlorodihydrofluorescein diacetate
(DCFH–DA), thiazolyl blue tetrazolium bromide (MTT, 98%) and
dimethyl sulfoxide (DMSO) were brought from Sigma–Aldrich
(Shanghai, China). ZEA (�98%) was obtained from Cayman Chemi-
cal Company (USA). RIPA lysis buffer was purchased from Bey-
otime Biotechnology (China). Intestinal Porcine Epithelial Cell
line-J2 (IPEC-J2) was purchased from Nanjing Herb Source Bio-
Technology Co., Ltd (Nanjing, China). Formulated Dulbecco’s mod-
ified eagle’s medium (DMEM), fetal bovine serum (FBS), TrypLETM

express enzyme and phosphate-buffered saline (PBS) were pro-
duced by Thermo Fisher Scientific (USA). Other chemicals were of
analytical grade and used without further purification.
2.2. Preparation of Mn3(PO4)2 and CMC–Mn3(PO4)2

CMC–Mn3(PO4)2 composites were synthesized according to
Wang’s method with minor modifications [26]. Initially,
26.44 mg CMC was fully dissolved in 20 mL water, followed by
the addition of 5 mL of MnSO4 (0.12 M) under constant stirring
for 4 h. Then, 5 mL of K3PO4 (0.08 M) was introduced in the mix-
ture, stirring consecutively under ice bath. During this process,
white-colored precipitates appeared in the solution. Finally, the
pellets were washed with water under centrifugation
(10,000 rpm for 10 min) for 3 times. The final products were
freeze-dried and stored at ambient conditions for further usage.
Pristine Mn3(PO4)2 was prepared with the same procedures with-
out the addition of CMC.
2.3. Electrochemical measurement

Electrochemical measurements were conducted with a CHI
660D electrochemical workstation (CH Instruments, Shanghai,
China). Electrocatalytic behavior of CMC–Mn3(PO4)2 towards O2

��

was investigated by cyclic voltammetry (CV) at a scan rate of
50 mV s�1. In order to investigate the sensing performance, differ-
ent amount of O2

�� was added into PBS under stirring to measure
the detection range and sensitivity. NaNO3, KCl, DA, AA, and
H2O2 were selected as interfering species to carry out the interfer-
ence assay.
2.4. Fabrication of modified electrode

Screen-printed carbon electrodes (SPCE) were commercially
purchased from Yancheng Dejing Technology Co. Ltd (P. R. China).
The as-prepared CMC–Mn3(PO4)2 or Mn3(PO4)2 powder was sus-
pended in water to obtain a 10 mg mL�1 suspension. Then, 1 lL
of the above suspension was deposited on the surface of SPCE, dry-
ing at room temperature. Two microliter of 1% Nafion ethanol solu-
tion was dropped onto the electrode surface to obtain a uniform
thin film. Finally, a home-made reaction chamber with the diame-
ter of � 1.80 cm was fixed on the electrode to hold the electrolyte
solution during the measurement. Before cell seeding and culture,
the as-prepared electrode was sterilized with UV light for 30 min.
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2.5. Cell fixation

The electrode-attached cells were fixed with 4% paraformalde-
hyde for 30 min, followed by the successive dehydration with gra-
dient ethanol solutions. Then, the samples were freeze–dried and
directly utilized for field emission scanning electron microscopy
(FESEM).

2.6. Electrochemical measurements of extracellular and intracellular
O2
��

Measurement of extracellular O2
��. IPEC–J2 cells were cultured

on the modified SPCE at 37 ℃ for 12 h. After that, the culture med-
ium was removed and 0.01 M PBS was added into the reaction
chamber as the electrolyte. ZEA (100 lM) was employed to stimu-
late the release of O2

�� from the living cells. The current responses
were real-time recorded with chronoamperometry method.

Measurement of intracellular O2
��. IPEC–J2 cells were seeded in

a 12–well plate at a density of 6� 104 cells per well, culturing at 37
℃ overnight. ZEA was applied to stimulate the cells for 2 min, fol-
lowed by 0.01 M PBS washing for three times. After an incubation
under culture conditions for different durations, the cells were col-
lected from the plates and re-suspended in 0.01 M PBS to achieve a
cell density of 3 � 105 cells mL�1. The cell suspension (100 lL) was
mixed with the RIPA buffer to lyse the cells for the release of intra-
cellular O2

��.

2.7. Cell viability assay

The cell viability was evaluated with the MTT cell proliferation/
viability assay kit. Briefly, cells were cultured in 96–well plates
(1 � 104 cells per well) at 37 ℃ overnight and further treated with
ZEA for different durations. After rinsing with PBS, the cells were
incubated with the MTT solution (100 lL, 0.5 mg mL�1) for 4 h.
Then, DMSO (200 lL) was utilized to dissolve the purple precipi-
tates under gently shaking for 15 min. Absorbance intensity at
570 nm was measured by a microplate reader (SPARK 10 M,
TECAN, Swizerland). Viabilities of the cells recovered from ZEA
stimulation were measured with the same method, respectively.
The relative cell viability was calculated with the following
equation:

Cell viability %ð Þ ¼ Abs570 of treated cells
Abs570 of control cells

� 100%
3. Results and discussion

3.1. Characterization of CMC–Mn3(PO4)2 nanocomposites

FESEM was used to characterize morphologies of the as-
prepared CMC, Mn3(PO4)2 and CMC–Mn3(PO4)2. CMC exhibits a
fiber shape with the length of � 200 lm and width of � 20 lm
(Fig. S1(a) in ESI). In the aqueous system without CMC, Mn3(PO4)2
agglomerates easily to form micron-scale sheet structures (Fig. 1a).
With the addition of CMC, the products display spherical flower-
like structures, indicating the formation of CMC–Mn3(PO4)2
nanocomposites. From the enlarged SEM image, it can be observed
that nanosheets with thickness of a few nanometers form the
petals of each flower (Fig. 1b). TEM image further illustrates that
nanofibers are embedded in the nanosheet to support the struc-
tures (Fig. 1c). Regular lattice fringes in the high-resolution TEM
image show the good crystalline structure of Mn3(PO4)2 in the
nanosheets (Fig. 1d). P, O, Mn and C elements are uniformly dis-
tributed in nanoflowers, further proving that the synthesized
materials are CMC–Mn3(PO4)2 nanocomposites (Fig. S1(b) in ESI).
3

The successful synthesis of CMC–Mn3(PO4)2 nanocomposites were
also verified by measuring the zeta potentials (Fig. S2 in ESI). The
zeta potential of CMC is –46 ± 0.85 mV, which is mainly attributed
to the presence of a large number of carboxyl groups and oxygen-
containing groups on the CMC surface. After addition of Mn precur-
sors, the zeta potential increases to –5.40 ± 0.81 mV due to the
adsorption of Mn ions. As to the CMC–Mn3(PO4)2 nanocomposites,
the zeta potential changes to –19.77 ± 0.15 mV due to the bonding
of negatively charged phosphate radical group.

The X-ray diffraction peaks of CMC–Mn3(PO4)2 match well with
the standard JCPDS card (No. 03–0426), verifying the existence of
Mn3(PO4)2 crystals in the composites (Fig. 1e). X-ray photoelectron
spectroscopy was used to explore surface chemical state and struc-
tural details of the composites. The characteristic peaks of C 1s, O
1s, Mn 2p and P 2p are observed at 284.8, 530.4, 640.5 and
131.9 eV, respectively. The C 1s peak can be divided into three
prominent peaks at 284.8, 286.5, and 288.0 eV, attributing to
C=C, C–O, and O–C=O, respectively (Fig. S3a in ESI). The Mn 2p
spectrum (Fig. S3b in ESI) possesses two major peaks at 641.8 eV
and 653.5 eV, corresponding to Mn 2p 3/2 and Mn 2p 1/2, respec-
tively. The weak peak at 645.8 eV could be assigned to MnO, indi-
cating the presence of MnO in CMC–Mn3(PO4)2 nanocomposites
[27]. A typical peak of P 2p could be observed in Fig. S3c, corre-
sponding to PO4

3� [28]. The data prove that CMC–Mn3(PO4)2
nanocomposites with flower-structures and good crystallinity
were successfully synthesized in the present work.

3.2. Characterization of CMC–Mn3(PO4)2 nanocomposite-based
electrochemical O2

�� sensor

The CMC–Mn3(PO4)2 nanocomposites were immobilized on
SPCE to fabricate the O2

��electrochemical sensor. CVs were mea-
sured to investigate the electrochemical behavior of the materials
at a scan rate of 50 mV s�1 in 0.1 M PBS (pH = 7.4). As shown in
Fig. 2a, no redox peaks appear for the bare electrode, but CMC–
Mn3(PO4)2 composite-modified one exhibits a pair of wide redox
peaks in the range of 0.6–0.8 V and 0.2–0.5 V in the absence of
O2

��, respectively, which can be caused by the electrochemical
transformation between Mn (II) and Mn (III) [29]. In the presence
of O2

��, both peaks remarkably increase, which could be attributed
to the oxidation and reduction towards O2

��, respectively. Specifi-
cally, during the redox process one O2

�� oxidizes the Mn2+ to gen-
erate MnO2

+ and H2O2, while another O2
�� simultaneously reduces

the MnO2
+ to produce Mn2+ and O2 [30]. Although the Mn3(PO4)2

electrode also has corresponding redox peaks, its response towards
O2

�� is not quite obvious. The results demonstrate that the CMC–
Mn3(PO4)2 nanocomposite possesses great electrocatalytic activity
to catalyze the electrochemical oxidation of O2

�� on the electrode
surface.

To understand the catalytic process, CV curves were collected at
the scan rate ranging from 20 to 140 mV s�1(Fig. S4 in ESI). With
the increase of the scan rate, the anodic peak current linearly
enhances (R2 = 0.99), suggesting a surface-controlled fast process
towards O2

�� oxidation. To further study the response of the elec-
trochemical sensor, a steady-state current–time curve was
recorded at an applied potential of 0.75 V in 0.1 M PBS (pH 7.4)
under gentle stirring (Fig. 2b). Addition of 57.50 nM O2

�� could
induce a distinct current response. With the successive addition
of O2

��, the current exhibits a stepped enhancement until the
O2

�� concentration reaches to 2.95 lM. The corresponding calibra-
tion curve exhibits a linear dynamic range from 57.50 nM to
2.95 lM with the detection limit of 8.47 nM and the sensitivity
of 78.67 lA lM�1 cm�2 (Fig. 2c). The LOD was determined with
the formula: LOD = 3r/S, where r is the standard deviation of neg-
ative control, S is the slope of calibration curve. In comparison to
the reported O2

�� biosensors (Table S1 in ESI), the as-prepared sen-



Fig. 1. (a) FESEM image of Mn3(PO4)2; (b) FESEM image of CMC–Mn3(PO4)2 nanocomposites; (c, d) TEM images of CMC–Mn3(PO4)2 nanocomposites; (e) XRD patterns of
Mn3(PO4)2 (black line) and CMC–Mn3(PO4)2 (red line); (f) XPS spectra of CMC–Mn3(PO4)2 nanocomposites. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. (a) Cyclic voltammetry curves of the bare (black line), CMC (red line), Mn3(PO4)2 (blue line) and CMC–Mn3(PO4)2 (pink line) electrodes in the absence of 1 lMO2
�� and

CV curves of the Mn3(PO4)2 (dark cyan line) and CMC–Mn3(PO4)2 (dark yellow line) in the presence of 1 lM O2
��; Chronoamperometric responses (b) and linear calibration

curve (c) of CMC–Mn3(PO4)2 nanocomposite-based sensors upon continuous addition of different concentrations of O2
�� at an applied potential of 0.75 V in 0.1 M PBS, with

the linear equation: y = 1.77x + 0.80 (R2 = 0.99); (d) Selectivity of the CMC–Mn3(PO4)2 nanocomposite-based sensor. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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sor shows higher sensitivity, which is conducive to the detection of
O2

�� in complex real samples, in particular biological systems con-
taining living cells.

Previous studies have confirmed that H2O2 is also a kind of reac-
tive oxygen species [31]. Moreover, there are various small mole-
cules or ions in living systems. Therefore, in order to investigate
the anti-interference capability, O2

�� (1 lM), NaNO3 (10 lM), KCl
(10 lM), DA (10 lM), AA (10 lM), and H2O2 (10 lM) were succes-
sively added into 0.1 M PBS (pH 7.4). In contrast to the remarkable
responses to O2

��, the sensor does not respond to any of the inter-
ferences (Fig. 2d). The results indicate that the sensor has excellent
selectivity. Fig. S5a shows the current responses of three indepen-
dent CMC–Mn3(PO4)2-modified electrodes to 1 lM O2

��, indicating
the great reproducibility of the sensor.

3.3. Hormesis cell model and ZEA-triggered O2
�� release from cells

To evaluate the dose effect of ZEA in the short-term stimulation,
IPEC-J2 cells were stimulated with 0, 25, 100 and 200 lM of ZEA for
2 min (Fig. 3a), respectively. Based on data obtained from the MTT
assay, the cell viability significantly enhances in all ZEA-treated
groups, which is quite distinct from the cytotoxic effects-caused
by long-term exposure (more than 12 h) of ZEA [32]. The increase
of the cell viability could be defined as the ZEA-induced hormesis
under a transient exposure [15]. Since ZEA-induced increase of cell
viability reaches plateau at the concentration of 100 lM, 100 lM is
Fig. 3. (a) Cell viability after treatment with different concentrations of ZEA for 2 min;
(brown column) for different time; (c) Real-time monitoring of O2

�� released from IPEC-J2
PBS (blue line) at an applied potential of 0.75 V (Inset: morphology of the cells on the CM
upon continuous addition of 100 lM ZEA at an applied potential of 0.75 V. (For interpreta
version of this article.)
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selected as the optimal concentration to construct the hormesis
cell model induced by transient ZEA exposure. In order to further
investigate the effect of the exposure duration on the hormesis,
the cells were treated with 100 lM ZEA for different time. As
shown in Fig. 3b, 2 min and 1 h stimulation could induce signifi-
cant enhancement on the cell viability. However, after 2 h of ZEA
exposure, the hormetic response disappears. Moreover, the cell
viability sharply decreases after 3 h, indicating the toxic effects
of ZEA on the cells. The results suggest that 100 lM ZEA can lead
to hormetic response on cell viability in a time-dependent manner,
which agrees well with the findings in short-term exposure of
microbes to antibiotics or chemical mixtures [33,34]. Oxidative
stress has been widely accepted as the major mechanism for
mycotoxin-caused cytotoxicity [35]. The alteration of intracellulr
ROS has also been investigated to explain the hormetic bio-
effects in toxin-treated cells [36]. Thus, the as-prepared electro-
chemical sensor was employed to explore the role of O2

�� in the
time-dependent hormesis of ZEA.

The IPEC-J2 cells were cultured on the nanocomposite-
functionalized SPCE before the ZEA treatment (Fig. S6 in ESI).
Because of the biocompatibility of CMC, the cells could be effi-
ciently attached on the modified electrode surface (Fig. 3c).
Fig. S7a in ESI shows the gradual reduction of peak current and
continuous increase of the peak separation with the successive
modification of CMC-Mn3(PO4)2 and cells on the SPCE. The smallest
semicircle in the Nyquist plots also indicate the same trend. The
(b) Cell viability after treatment with 0.01 M PBS (gray column) and 100 lM ZEA
cells stimulated by 100 lM ZEA (black line), 0.1 mg mL�1 Zym (red line) and 0.01 M

C–Mn3(PO4)2 electrode); (d) Real-time monitoring of O2
�� released from IPEC-J2 cells

tion of the references to colour in this figure legend, the reader is referred to the web
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shift of EIS diagram can be attributed to the attachment of insu-
lated cells (Fig. S7b in ESI). The results verify the successful immo-
bilization of the nanocomposites and efficient attachment of the
cells. Zymosan (Zym) was widely utilized as a stimulating agent
to induce the release of O2

�� from living cells [37]. Addition of
0.1 mg mL�1 Zym in the system leads to a significant enhancement
on the current (Fig. 3c), showing that the Zym-triggered release of
O2

�� could be efficiently detected with the as-prepared biosensors.
In comparison to the negligible change in the PBS solvent group,
injection of 100 lM ZEA could induce an obvious current peak in
the curve, which could be attributed to the response of the biosen-
sor towards ZEA-triggered release of O2

�� from the cells [20]. Inter-
estingly, the current generated by the first-time ZEA stimulus is
always the highest (Fig. 3d). Whereas, the signals upon 2nd, 3rd
and 4th addition of ZEA (100 lM) continuously decrease, suggest-
ing that ZEA-triggered release of O2

�� is not a dose-dependent pro-
cess and the recovery of intracellular O2

�� may take time [38,39].
ROS are not only by-product of cellular metabolism, but also criti-
cal signal molecules [40]. Imbalance between intracellular oxida-
tive and anti-oxidative systems is deemed as an important
mechanism for toxin-induced hormesis [41]. A small amount of
carbon nanotubes and metal nanoparticles could remove ROS in
plants, thereby reducing oxidative stress and promoting plant
growth [16,42]. Therefore, the ZEA-triggered release of O2

�� may
also result in the reduction of intracellular ROS level, further initi-
ating the enhancement of cell viability as shown in Fig. 3a.
Fig. 4. Real-time monitoring of O2
�� released from PBS (blue line) and the lysed cells tha

respectively, and then cultured for 0 (a), 1 (b), 2 (c) and 4 (d) h. (For interpretation of the
this article.)
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3.4. Recovery of intracellular O2
�� after ZEA transient exposure

In order to investigate change and recovery of intracellular O2
��

after ZEA transient exposure, the cells were decomposed with the
RIPA lysis buffer to free intracellular O2

�� into the detection system
for electrochemical sensing. As shown in Fig. 4a, for the control
group, the peak value of the current response is 1209 nA, which
is significantly higher than that in the ZEA-treated one (1077
nA). That could be attributed to the release of O2

�� upon 100 lM
ZEA stimulation, being consistent with the data in Fig. 3c. The neg-
ligible response of the system without cells could rule out the pos-
sible interference of the RIPA buffer. The cells transiently exposed
to ZEA were washed with PBS and further cultured for 1, 2 and 4 h,
respectively. The intracellular O2

�� levels were measured with the
lysis buffer-assisted electrochemical sensing approach. After 1 h
incubation, the current peak of the ZEA-treated group is much
higher than that of the control cells (Fig. 4b). As the time extends
to 2 h, the peak current value in the experimental group is still
higher than that in the control group, but the gap between the
two groups reduces (Fig. 4c). Interestingly, after 4 h culture, there
is no significant difference on the peak current between the treated
and the control groups (Fig. 4d). The results reveal that the intra-
cellular O2

�� firstly increases to a high level and then decreases
to the normal level during the post-treatment culture process. This
trend is also verified with the intracellular ROS fluorescent tests
based on DCFH-DA probe (Fig. S8 in ESI). Cell is a complicated bio-
t were pretreated with 100 lM ZEA (red line) and 0.01 M PBS (black line) for 2 min,
references to colour in this figure legend, the reader is referred to the web version of



Fig. 5. Cell viability of ZEA-pretreated IPEC-J2 cells after 0 (a), 1 (b), 2 (c), 4 (d) h of culture in normal conditions.
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logical system with evolutionary self-repair capability. Once the
oxidative/anti-oxidative balance is broken by ZEA stimulation,
the cell may initiate its repair system to top up the intracellular
ROS. The much higher O2

�� level in the cells at 1 h may be caused
by the ‘‘over-compensation” effects, but after a relative long-term
culture, the intracellular O2

�� eventually goes back to the normal
level.
3.5. Cell viability after recovery of intracellular O2
��

The ZEA-triggered release of O2
�� and further reduction of

intracellular O2
�� level have been proven with the as-prepared

electrochemical sensor. Based on the literatures and the above
findings, it can be speculated that the decrease of intracellular
O2

�� level may contribute to the transient ZEA stimulation-
induced hormetic effects on the cell viability. In Fig. 4, we
observed that intracellular O2

�� could recover to the normal level
after 4 h’s post-treatment culture. To further verify the relation-
ship between intracellular O2

�� and the ZEA-induced hormesis,
cell viability of ZEA-pretreated IPEC-J2 cells were measured after
0, 1, 2 and 4 h of culture (Fig. 5). The cells without post-
treatment culture show the enhanced viability, which is consis-
tent with the results in above experiments. However, after 1–
4 h’s culture, no significant difference on the cell viability could
7

be observed between the control and ZEA-stimulated groups. As
being discussed in above section, the ZEA-treated cells could ini-
tiate the repair systems and recover the intracellular O2

�� level.
Thus, the disappearance of the ZEA-induced hormetic bio-
effects after pretreatment culture may be associated with the
recovery of the intracellular O2

�� level.
Mitochondrion is the major organelle for the generation of ROS.

Moreover, the mitochondrial succinate dehydrogenase (SDH)
redox activity is measured to reflect the cell viability in MTT. Thus,
both ROS and SDHmay be involved in the ZEA-induced hormesis. It
has been reported that SDH activity is correlated to the ROS pro-
duction in mitochondria [43,44]. The SDH catalyzed transform of
succinate to fumarate is always accompanied by the production
of O2

�� [45]. Based on the results and literatures, we propose the
following mechanism to explain ZEA-induced hormesis and its
recovery process (Scheme 2): (1) the transient exposure to ZEA
may trigger the release of O2

�� from the living cells, leading to
the decrease of intracellular O2

�� level; (2) cells sense the change
and initiate the repair system, in which the mitochondrial SDH
activity is enhanced to accelerate the generation of endogenous
O2

��; (3) Once the intracellular O2
�� is over-compensated, the cells

slow down the O2
�� production process; (4) Finally, the intracellu-

lar O2
�� and mitochondrial SDH activity recovers to their normal

level.



Scheme 2. Diagram of ZEA-induced hormesis and its recovery process.
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4. Conclusions

In summary, CMC-Mn3(PO4)2 nanocomposite was synthesized
to prepare a sensitive O2

�� electrochemical biosensor for investi-
gating the possible role of O2

�� in ZEA-induced hormesis of intesti-
nal porcine enterocytes. The CMC and Mn3(PO4)2 in the
nanocomposite could contribute to the good biocompatibility and
high catalytic activity towards O2

��, respectively. The ZEA-
induced hormesis cell model was constructed by transient expo-
sure of IPEC-J2 cells to 100 lM ZEA. The electrochemical
biosensor-based analysis reveals that transient ZEA exposure could
trigger the release of O2

�� from the living cells, leading to the
reduction of intracellular ROS level. The sudden decrease of the
intracellular ROS level further contributes to the hormetic effects.
During the post-treatment culture process, intracellular O2

�� ini-
tially increases to a high level and then decreases to the normal
level, accompanied by the disappearance of the hormetic bio-
effects. The repair system initiated by the oxidative stress may lead
to the recovery of intracellular O2

�� and cell viability. Based on the
findings and literatures, we propose a possible mechanism, which
successively involves ROS release, increase of SDH activity and
recovery of intracellular ROS, to explain ZEA-induced hormesis
and its recovery process. This work may not only advance the
understanding of mycotoxin-induced hormesis, but also develop
an electrochemical biosensor for the investigation of mycotoxin-
caused bio-effects.
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