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ABSTRACT: The accumulation of heavy metals in mushrooms has presented a significant risk to human health,
underscoring the importance of devising a portable and cost-effective method for detecting heavy metals. Thus, we
have developed an electrochemical sensor based on 3-dimensional highly reduced graphene oxide (3D-HRGO) in
conjunction with Fe;O4 nanoparticles, enabling the simultaneous quantification of Cd**, Pb**, Cu®*, and Hg*". The
3D-HRGO/Fe;04 nano-particles material prepared in this study was characterized and confirmed by multiple
techniques, then dispersed in a simple and environmental dispersant, consist of 75% ethanol and 0.1% Nafion, and
coating on a glass carbon electrode (GCE) to preparing a 3D-HRGO/Fe;04/GCE sensor. The limit of detection (LOD)
of 3D-HRGO/Fe;04/GCE sensor for Cd*", Pb*", Cu?*, and Hg*" in simultaneous detection were 0.2 pg/L, 0.6 ug/L, 0.6
pg/L, and 0.9 pg/L, respectively. The sensor demonstrates exceptional stability, reproducibility, anti-interference, and
recovery rate. Furthermore, the electrochemical sensor was employed to detect heavy metals in actual mushrooms and
validated through conventional methodologies. This study represents the pioneering utilization of 3D-HRGO/Fe3;04 as
a foundational material for an electrochemical sensor capable of simultaneous detection of multiple metals, thereby
advancing the progress of on-site and expeditious detection techniques.

Keywords: Electrochemical sensor; 3D-HRGO/Fe3Os nanocomposite; mushrooms; heavy metals; rapid and
simultaneous detection

1. Introduction

Edible mushrooms are widely consumed worldwide due to their nutritional value and palatability.
However, their growth process makes them susceptible to the accumulation of heavy metals from the
environment, which can have detrimental effects on human health, such as osteoporosis, rickets, and
dwarfism!!?l. Various conventional analytical techniques, including atomic absorption spectrometry
(AAS)*® inductively coupled plasma-optical emission spectrometry (ICP-OES)!”> 81 and ICP-MASS
spectrometry®), are commonly employed for the detection and quantification of heavy metal ions. Although
these analytical methods possess remarkable stability, precision, and low detection limits, their lack of
universalization and portability is attributed to the bulky and costly instruments employed. Consequently,
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there is an urgent need to develop more convenient, cost-effective, and portable techniques that enable on-site
detection of heavy metals.

The electrochemical sensor possesses several advantageous characteristics, including high sensitivity,
rapid response time, and low cost!’. The advancement of micro-electro-mechanical system (MEMS)
technology has further facilitated the creation of portable electrochemical instruments, enabling real-time
detection while minimizing energy consumption!'!l. To enhance the sensor's detection capabilities, such as the
detection limit, stability, and reproducibility, a chemically modified electrode was employed!'> 3], However,
the attributes of electrode-modifying materials, including electron transport efficiency, specific surface area,
catalytic properties, and adsorption capabilities, play a crucial role in determining the performance of

14]

modified electrodes!'*. Therefore, it has been a significant surge in research interest surrounding the

development of novel functional materials for modified electrodes.

Graphene (GR) is called “smart material”!'> due to its excellent physical and chemical properties!'® 7]
including ultra-high specific surface area and a strong conductivity (¢ = 10°® S/m)!'® 1. However, some
disadvantages such as susceptibility to van der Waals force frangibility and hydrophobicity hinder its
application as an electrochemical sensor material’?*2%, 3D-graphene and graphene/metal oxide composite
have been studied to surmount those shortages!?> 24, Furthermore, the combination of metal oxide
nanoparticles and graphene yields synergistic effects that significantly enhance the electrochemical properties
of nanocomposites®*!. Specifically, Fe3O4 nanoparticles have been identified as a highly effective material for
enhancing the performance of electrochemical sensors due to their favorable catalytic, electrical, and
adsorptive properties. Extensive research has demonstrated that the incorporation of Fe3O4 nanoparticles with
graphene results in even more remarkable detection performance!?® 27,

In this study, a novel electrochemical sensor based on 3D-HRGO/Fe304/GCE was developed for the
simultaneous detection of heavy metals using the differential pulse anodic stripping voltammetry (DPASV)
technique. This is the first study where the 3D-HRGO was applied for the electrochemical sensor construction
and simultaneous detecting four heavy metal ions in different mushrooms. In addition, the excellent abilities
of conductivity and specific surface area were kept for the 3D-HRGO material. Moreover, the simple and
environmental dispersant composed of 75% ethanol-0.1% Nafion was first applied to dispersing super
hydrophobic 3D-HRGO/Fe304. The sensor was successfully employed to detect Cd**, Pb**, Cu**, and Hg*" in
edible mushrooms, and the results were validated using the atomic absorption spectroscopy (AAS) method.
The findings demonstrate that the proposed electrochemical method, based on the 3D-HRGO/Fe3O4

nanocomposite, exhibits exceptional performance in terms of repeatability, reproducibility, anti-interference

capability, and detection limit.
2. Materials and methods

2.1 Chemicals reagents and apparatus

The reduced graphene oxide (RGO) was procured from Chengdu Organic Chemical Co., Ltd. Standard

ion solutions of Cd**, Pb**, Cu?*, and Hg?" for quantification were obtained from Guobiao (Beijing) Testing &
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Certification Co., Ltd. The Nafion solution was acquired from Sigma-Aldrich. All mushroom samples were
obtained from local markets. Unless specified otherwise, all other chemicals and reagents used were of
analytical grade. All solutions were prepared using ultra-pure water (Resistivity>18.25 MQ-cm).

All of the electrochemical experiments were performed on an electrochemical workstation (CHI 920D,
Shanghai Chenhua Instrument Co., Ltd., China ). A system of three electrodes consisting of GCE (working
electrode), platinum electrode (Pt, assistant electrode), and Ag/AgCl electrode (reference electrode) was
purchased from Shanghai Chenhua Instrument Co., Ltd. The scanning electron microscope (SEM, Zeiss
Sigma HD) was used to characterize the morphology of nanomaterials, Raman Spectrometer (Thermo Fisher
Scientific), Fourier transform infrared spectrum (FTIR, Shimadazu, Japan), and x-ray photoelectron spectrum

(XPS, Zeiss Sigma HD) were used to characterize the structure and elemental composition of nanocomposites.
2.2 Preparation of 3D-HRGO/Fe304/GCE electrode
2.2.1 Fabrication of 3D-HRGO/Fe304

The preparation of 3D-HRGO/Fe304 was described as Scheme 12821,

Step 1: 200 mg of RGO was dispersed in 200 mL of water through the process of sonication for a
duration of 15 min. Ethanol was then gradually added until the RGO was fully dispersed. Following this, 6.0
mL of 80% dimethylhydrazine was added dropwise while stirring, and sonication was continued for an
additional 15 min. The resulting RGO dispersion was subsequently transferred into a Teflon-lined
high-pressure reaction kettle and preheated in a muftle furnace at a temperature of 100°C for a duration of 1 h.
Then, the temperature was increased to 180°C and maintained for a period of 24 h. Cooling, the product was
washed and finally freeze-dried to obtain 3D-HRGO.

Step 2: 100 mg 3D-HRGO was dispersed in 100 mL water. Subsequently, 20 mL of a 0.01 M
FeCl3-6H20 solution and 40 mL of a 0.02 M sodium citrate solution were gradually added to the 3D-HRGO
dispersion while stirring. The mixture was then transferred to a high-pressure reaction kettle and subjected to
heating at 180°C for a duration of 12 h in a muffle furnace. After cooling, the products were thoroughly
washed with deionized water, separated in the presence of an external magnetic field, and subsequently
subjected to freeze-drying to obtain 3D-HRGO/Fe304. The graphene oxide (GO) was synthesized using the

Hummer methodB%.
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Scheme 1. Preparation of 3D-HRGO/Fe3;04 nanocomposite material.

2.2.2 Characterization of nanomaterials
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The materials mentioned above, including GO, RGO, 3D-HRGO, and 3D-HRGO/Fe304, were subjected
to various characterization techniques in this study. The morphology of these materials was examined by
using SEM with a 10 kV landing voltage, while the elemental composition was analyzed by using the XPS
equipped in the SEM, and the energy for scanning ranges from 0 to 5 keV, and all data for analyzed elements
has been normalized. The Raman spectroscopy was applied to evaluate the mono-layer characteristic and
scanning from 0 to 3500 cm™. The measurement of functional groups was conducted by using the FTIR,
scanning range (400 — 4000) cm’!. It is important to note that the magnetic nature of 3D-HRGO/Fe304
necessitated demagnetization before SEM analysis. Additionally, the SEM instrument used in this study was
equipped with an XPS function unit for elemental analysis. The FTIR measurements of the fabricated

materials were performed using the potassium-adsorption ratio bromide pellet technique.
2.2.3 Preparation of 3D-HRGO/Fe3;04/GCE

The GCE was subjected to careful polishing on a suede with alumina slurry (particle sizes of 1.0 pm, 0.3
um, and 0.05 pm in sequential order). Then washed with deionized water and ethanol, and dried in air. The
3D-HRGO/Fe304 material was dispersed in 75% ethanol containing 0.1% Nafion and subjected to sonication
for 60 min to obtain a suspension. Finally, 30 pL suspension was coated on the surface of GCE and dried in the

air to gain a modified electrode.
2.3 Electrochemical determination
2.3.1 The characterization of 3D-HRGO/Fe30+ /GCE electrochemical abilities
The electrochemical experiments of 3D-HRGO/Fe304/GCE including cyclic voltammetry (CV),

electrochemical impedance spectroscopy (EIS), electrode polarization curve, and optimization of detection
conditions were carried out by CHI 920D electrochemical workstation. All of the experiment data were

processed in Origin software.
2.3.2 Quantification of trace Cd’*, Pb**, Cu’* and Hg’ using DPASV method

In order to obtain better detection results, all detection conditions have been optimized. To facilitate
simultaneous and individual detection, a mixture of standard heavy metals ion solutions or digested solutions
of real samples was prepared by combining them with 0.1 M PBS buffer in a 1:3 (v/v) ratio. This mixture was
then added to a chemical testing cell. The deposition potential was set at -1.4 V, with a deposition time of 180
s. Stirring was employed during the deposition process, while the solution was kept still during stripping.
Following each test, an electrode cleaning program was executed, involving a deposition potential of 0.3 V for
60 s. Additionally, the data obtained through the DPASV method were cross-validated using conventional
AAS and atomic fluorescence spectrometry (AFS) techniques. PBS buffer containing 0.1 M Zn?*, Ca®*, Mg*",
SO4> and NO3’, respectively, was used to test the anti-interference ability of the electrochemical sensor for the

detection of heavy metals.

2.4 Real Samples and Processing
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Mushroom samples including L. edodes, T. fuciformis, and A. blazei were obtained from local markets
and dried at 60°C for 24 h, then pulverized into powder. The digestion of all mushroom samples was carried
out using the HNO3/HCIO4 digestion method, with certain modifications made in accordance with the
procedure outlined in referencel!!. 2.0 g sample powder was digested with 3 mL of HNO3 and 3 mL of HCIO4
in a graphite digestion apparatus, until the resulting mixture was evaporated to a volume not exceeding 4 mL,
then, 0.5 mol/L HCI was drop added till the digested solution turned to clarify, triplicate for each test. Finally,
the replicates for each sample were combined and concentrated to a final volume of 10 mL. The digested

sample solution was mixed with PBS at a ratio of 1:3 (v/v) for further detection.
3. Results and discussion

3.1 Characterization of 3D-HRGO/Fe304nanocomposite

The performance of electrochemical sensors is notably affected by the structure and composition of

nanomaterials, which can be readily characterized through spectroscopy and electrochemical techniques.
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Fig. 1 The characterization of graphene and its composite nanomaterials. (A) SEM photographs of 3D-HRGO/Fe304; (B)
Raman spectrum of GO, RGO, 3D-HGRO, 3D-HGRO/Fe304; (C) XPS spectrum of GO, RGO, 3D-HGRO, and
3D-HGRO/Fe304; (D) FTIR spectrum of GO, RGO, 3D-HGRO, 3D-HGRO/Fe304.

As shown in the SEM photograph where the 3D-HRGO/Fe3Os forms a structure of folding, bending, and
curling, and shows the nano-Fe3O4 particles well attached on the 3D-HRGO with diameters about (30 — 300)
nm (see Fig. 1A, labeled with a red circle and pointed by an arrow) which helps to avoid the stacking of
graphene sheets. In addition, the layer quality of graphene materials was identified by Raman spectroscopy>?!.

The ratio of D/G (Ip/Ig) was applied to quantify the degree of disorder and it was calculated to be 1.36 for GO.
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The Ip/Ic ratios of RGO and 3D-HRGO were determined to be 0.30 and 0.29, respectively, as shown in Fig.
1B. These values indicate that the carbon structures of RGO and 3D-HRGO possess fewer cavities and exhibit
lower degrees of disorder compared to GO. Additionally, the Ip//c ratio of 3D-HRGO/Fe304 was found to be
0.32, which is close to the ratios observed for RGO and 3D-HRGO. This suggests that the introduction of
nano-Fe30u4 particles as decoration does not disrupt the three-dimensional framework structure of 3D-HRGO.
Furthermore, the number of graphene layers is correlated with the wave number v, as depicted in Fig. 1B.
Specifically, an increase in the number of layers leads to a red shift in the v values of the G peaks, while the 2D
peaks exhibit a blue shift. The wave numbers (v) corresponding to the "G" peaks for GO, RGO, 3D-HRGO,
and 3D-HRGO/Fe304 are measured to be 1582 cm™, 1575 cm™, 1573 cm’!, and 1570 cm™!, respectively.
Similarly, the wave numbers (v) associated with the "2D" peaks are found to be 2780 cm™!, 2689 cm™!, 2687
cm’!, and 2682 cm™!, respectively. These findings suggest that the 3D-HRGO/Fe304 nanocomposite exhibits
remarkable characteristics of a single-layer material.

The presence of electron-withdrawing groups, which are oxygen-containing functional groups, grafted
onto graphene oxide, has been found to reduce the efficiency of electron transfer'®’). The reduction of
graphene can be assessed by analyzing the intensity of the C atomic and O atomic (Ic//o) ratio using XPSP* 31,
In Fig. 1C, the Ic/lo ratios for GO, RGO, 3D-HRGO, and 3D-HRGO/Fe304 are reported as 2.3, 8.4, 66.6, and
4.4, respectively (Fig. 1C). The Ic/lo ratio of GO is found to be the lowest, primarily attributed to the presence
of a significant number of oxygen-containing functional groups (-OH, -COOH, and -CHO) grafted onto its
surface. These functional groups enhance the material's resistance, as evidenced by the electrochemical test
depicted in Fig. 2A. Conversely, RGO exhibits an increased /c/lo value, indicating a lower concentration of
oxygenated functional groups. Additionally, the Ic/lo ratio of 3D-HRGO experiences a substantial increase
when subjected to the strong reducing agent dimethylhydrazine. Conversely, the decrease in Ic/Io observed in
3D-HRGO/Fe30s4 can be attributed to the presence of oxygen atoms within the Fe3O4 nanoparticles.

FTIR images (Fig. 1D) demonstrate that the 3D-HRGO/Fe304 has been highly reduced. A characteristic
peak with strong absorption appears at 3400-3500 cm™! for GO indicating -OH stretching vibration caused by
water. The peak in positions of 1618 cm™ and 1639 cm! is attributable to C=C stretching vibrations. Peaks
located at 621 cm™ were caused by =C-H stretching vibration. The peak of C=C, =C-H stretching vibration
gradually increased from GO to 3D-HRGO/Fe304. The removal of electron-withdrawing oxygen-containing
groups resulted in a significant enhancement in the electron transfer efficiency of the material. The presence of
RCOO- and C-O groups was observed in the spectral range of 1500 cm™! to 500 cm™!, with the highest intensity
observed in GO. Interestingly, there is no absorption peaks corresponding to Fe-O were detected in the range
of 600 cm™ to 500 cm'. This absence could be attributed to the low concentration of Fe3Os and covered by

3D-HRGO, as evidenced by SEM analysis demonstrating clearly the combination of 3D-HRGO and Fe3Oa.
3.2 Optimization of detection conditions for 3D-HRGO/Fe304/GCE

In order to adept the super-hydrophobic properties of 3D-HRGO/Fe3Os, it is crucial to carefully select

appropriate dispersing agents. Generally, surfactants are usually used as a stabilizer to prevent graphene
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sheets from coagulating but harmful to the environment*® 371, Thus, sodium dodecyl sulfate (SDS), N-methyl
pyrrolidone (NMP), and ethanol have been considered as potential dispersing agents. However, the use of
SDS as a dispersing agent leads to the generation of foam, preventing the formation of a uniform coating on
the GCE. Similarly, NMP results in an unfavorable film formation. Fortunately, the utilization of a 75%
ethanol aqueous solution as a dispersant exhibits superior properties in achieving the desired outcome.

The buffers and ionic strength play a crucial role in determining the electrochemical behavior exhibited
by electrodes. Furthermore, the conductivity and mass transfer resistance have a discernible impact on the
response signal generated by the electrochemical sensor. These factors necessitate the optimization of
detection conditions, encompassing variables such as (A) the concentration of the 3D-HRGO/Fe3O4
dispersion, (B) the concentration of Nafion, (C) the utilization of different buffer systems, (D) the pH value,
(E) the stirring speed, and (F) the deposition time. Supplementary materials (S.1) provide the relevant data and
figures about the optimization process. The quantity of 3D-HRGO/Fe3Oa exhibits a direct correlation with the
specific surface area, however, a substantial layer of material amplifies the hindrance to mass transfer. As a
non-conductive polymer compound adhesive, the concentration of Nafion must be appropriately selected to
ensure that Nafion not only adheres 3D-HRGO/Fe304 onto the electrode but also does not impact the
resistance. Stirring serves to diminish concentration polarization and electric double-layer capacitance.

The following are the optimal detection conditions: (A) a concentration of 7 mg/mL for the
3D-HRGO/Fe304 dispersion; (B) a concentration of 0.1% for Nafion; (C) the use of PBS as the buffer system;
(D) maintaining a pH of 5.0 for the PBS; (E) a deposition time of 180 s; and (F) a stirring speed of 1200 r/min.

3.3 Electrochemical behavior of 3D-HRGO/Fe304 nanocomposite based sensor

Electrochemical impedance spectroscopy (EIS) was used to evaluate the electrochemical behavior of the
modified electrode (Fig. 2A, an equivalent circuit was inserted to explain the data of the EIS). The resistance
of the system includes four parts: the solution resistance between working and reference electrodes (Rs), the
double layer capacitance of electrodes and solution (Cd), Warburg impedance (Zw), and electron transfer
resistance (Ret) caused by the obstruction of ions from solution to the interface. The electrochemical
impedance spectroscopy (EIS) value Ret of the GCE is measured to be 311 Q, indicating that the transfer of
electrons on the bare GCE is hindered by limited surface area. In contrast, the Rct of the GO/GCE increases to
406 Q due to the abundance of oxygen functional groups present on the GO surface. As previously mentioned,
these oxygen-containing functional groups, known as electron-withdrawing groups, significantly diminish the
electron transport efficiency of graphene oxide. The impedance of the electrode is influenced by two factors
including oxygen-containing functional groups and mass transfer resistance. The same conclusion could be
summarized from the comparison of RGO/GCE, 3D-RGO/GCE, and 3D-HRGO/Fe304/GCE. For the
RGO/GCE containing less oxygen, the value of Ret greatly decreases to 91 Q. For the same reason, the Ret of
3D-HRGO/GCE has a greatly further reduction to 15 Q and the 3D-HRGO/Fe304/GCE has the lowest Ret of
6 Q.
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The CV test was carried out and shown in Fig. 2B. The 3D-HRGO/Fe304/GCE got a much higher oxide
and reduced response current than bare GCE. Firsty, compared to the bare GCE, the GO/GCE has much
higher resistant (Fig. 2A), but larger specific surface area it has which provide more space for the
transportation of electrons, those two effects lead to a equivalent response current for bare GCE and GO/GCE.
While the reason for a stronger response signal obtained on RGO/GCE and 3D-HRGO/GCE is caused by the
decreasing of resistance, obviously (see Fig. 2A). The synergy linking of Fe3Osand 3D-HRGO makes it

38,391 As it mentioned above, not only the capability of

much easier for interface electron transfer!
conductivity, but enormous specific surface area has 3D-HRGO remained. Furthermore, the Fe3O4 nano
particles is a known inorganic metal oxide nanozymes which means it catalyzed the reduction of metal ions on
the surface of 3D-HRGO/Fe304/GCE sensor and the activation energy required for this process is reduced and
the decrease of electron transfer resistance leads to the increase of electron transfer efficiency, so the response

current increases.
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Fig. 2 The electrochemical behavior test for prepared electrochemical sensors. (A) EIS of bare GCE, GO/GCE, RGO/GCE,
3D-HRGO/GCE, and 3D-HRGO/Fe;04/GCE in a 0.1 M PBS solution containing 5 mmol/L [Fe(CN)s]***and 0.1 M KCl; (B)
The CV of bare GCE, GO/GCE, RGO/GCE, 3D-HRGO/GCE, and 3D-HRGO/Fe304/GCE in 0.1 M PBS containing 5
mmol/L [Fe(CN)s]*"* and 0.1 M KCl.

Further information based on 3D-HRGO/Fe3Os electrochemical sensor test results was displayed in

Supplementary materials (S.2).
3.4 Individual and simultaneous quantification of Cd**, Pb’*, Cu’*, and Hg*"
Quantification of Cd*", Pb?", Cu**, and Hg*" was implemented under the optimal testing conditions by

using the DPASV method based on 3D-HRGO/Fe304 nanocomposite electrochemical sensor, and the results

were shown in Fig. 3.
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Fig. 3 Modified electrode performance of individual and simultaneous detection of Cd**, Pb*", Cu?**, and Hg*'; (A-E)
3D-HRGO/Fe;04/GCE for individual detection of Cd**, Pb**, Cu?**, and Hg?>"in a 0.1 M PBS and linear fit concentration and
response current (pH 5.0) (Incr E: 0.005 v, amplitude: 0.05 v, pulse width:0.05 s, pulse period (sec) = 0.5, deposition E: -1.4 v,
deposition time: 180s, quiet time: 5 s); (F) 3D-HRGO/Fe;04/GCE and bare GCE for simultaneous detection of 0.8 mg/L Cd*",
Pb%*, Cu**, and Hg*; (G) 3D-HRGO/Fe;04/GCE for simultaneous detection of Cd**, Pb**, Cu**, and Hg?*; (H) The linear fit

for 3D-HRGO/Fe;04/GCE simultaneous detection of Cd**, Pb**, Cu?" and Hg?".



Y.M. Tian et al. / Food Science and Human Wellness 14 (2025)

Fig. 3A-E indicated the individual detection of Cd*", Pb**, Cu?*" and Hg?". Interestingly, compared to the
simultaneous detection, where a universal conclusion can be summed up is that the response current for each
metal of individual detection is much stronger. What can we infer is that the reduction of metal ions on the
electrode is competitive. Before the simultaneous detection, the oxide peaks for each metal ion were tested and
located at -0.76 V (Cd*"), -0.43 V (Pb**), 0.08 V (Cu?"), and -0.95 (Hg?") V, respectively (Fig. 3F). As it
shown in graphics, oxidation peaks of different heavy metal ions are quite well separated and the current
responses are stronger on 3D-HRGO/Fe304/GCE, which proves that the modified electrochemical sensor has
abilities to improve the sensitivity. In the simultaneous detection test, the current-potential response curves
corresponding to different concentrations are shown in Fig. 3G. In the range of (200 —1000) pg/L for Cd**,
Pb?*, Cu?" and Hg?", the linear equations are y = 112.4x + 33.729 (R? = 0.9834), y = 99.64x + 15.514(R* =
0.9963), y =244.53x + 4.1487 (R*=0.9965), y = 2.3153x + 0.1304 (R? = 0.9983), respectively (Fig. 3H); The
LOD (S/N =3) are 0.1 pg/L, 0.6 pg/L, 0.6 pg/L and 0.9 pg/L for Cd**, Pb**, Cu** and Hg*" in simultaneous
detection, respectively. Furthermore, in contrast to the simultaneous detection, a further individual detection
was conducted specifically for Cd*" to explore the LOD for individual detection, revealing a significant result
(Fig. 3B). This experiment yielded a realistic LOD of 0.1 pg/L and nonlinear correlation equation: 1 =
1.863In[Cd**]+4.639, R? = 0.975. Applying the same method for the individual detection of Pb**, Cu**, and
Hg*", LODs of 0.2 ng/L, 0.2 pg/L, and 0.4 pg/L were obtained, respectively.

The repeatability, reproducibility, and recovery results of 3D-HRGO/Fe304 nanocomposite-based
electrochemical sensor for individual and simultaneous detection of Cd**, Pb**, Cu?" and Hg*" are presented
in S. 3 and S. 4. In an individual detection of heavy metal test where the values of relative standard deviations
(RSDs) for repeatability, reproducibility, and recoveries are 0.95%, 2.56%, and 95.7% — 109%. In a
simultaneous detection where the values of RSDs for repeatability and reproducibility are within 5%.
Nevertheless, no matter whether in individual or simultaneous detection, the 3D-HRGO/Fe304/GCE exhibited
an excellent anti-interference capability (S. 3 A-B and S. 4 A-B).

For comparison, the results for the detection of Cd**, Pb*", Cu?**, and Hg?" using 3D-HRGO/Fe304
nanocomposite-based electrochemical sensors and other reported electrochemical sensors are shown in Table
1. The proposed method has higher sensitivity and a wider linear range than most other electrochemical

methods. Also, it is more convenient because of the simultaneous detection of multiple heavy metals.
3.5 Simultaneous quantification of Cd*>*, Pb’*, Cu’*, and Hg*" in edible mushrooms

The electrochemical sensor, based on the developed 3D-HRGO/Fe304 nanocomposite, was utilized for
the detection of Cd**, Pb**, Cu?’, and Hg?" in various edible mushroom samples, including L. edodes, T.
fuciformis, and A. blazei, employing the DPASV method. The obtained results are presented in Table 2.
Additionally, the AAS/AFS methods were employed for the simultaneous detection of Cd**, Pb**, Cu?’, and
Hg?*, and the corresponding results are also displayed in Table 2. Notably, there was no significant disparity
observed between the proposed DPASV method and the conventional methods. The RSDs are within 5%,

which means the method we developed is acceptable and these results are credible.
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Table 1 Comparison of analytical performance over various modified electrodes.

Electrodes i Llnsle;;range (Hg/L)Cu2+ He®" e Dete;g;n limit (gfﬁd) He?" Detection Mode Ref.
FET/RGO - - -- -- -- - -- 0.2 individual [36]
Poly/GO/GCE 8 -12000 4 -4000 - -- 1.0 1.2 -- -- simultaneous [37]
MB/RGO/GCE 8 -3000 8 -3000 -- -- 2 1.3 -- - simultaneous [38]
Bi/TRGO/GCE 1-120 1-120 -- -- 0.4 1.0 -- -- simultaneous [39]
NiCo0,04/PPy/3D-RGO/GCE -- 3-150 -- - -- 0.04 - -- individual [40]
ITO/RUT/CH/GCE 0.9-42 2 -60 -- -- 0.1 1.7 -- - individual [41]
DTB/RGO/GCE -- 0.1 -1000 - -- - 0.08 -- -- individual [42]
ZnO-L-cys/GCE - 10 -140 - -- -- 0.397 -- -- individual [43]
Nano-Ag/CPE 5-160 5-160 - -- 90 48 -- -- simultaneous [44]
CNTs-MOFs/GCE 30 -17000 -- -- - 22 -- - - individual [45]
Co2Mn,04/GCE -- 2-180 -- -- - 0.83 -- -- individual [46]
ZIF-67/MWCNT/Nafion/GCE -- 0.3 -1000 0.08 -320 - -- 0.21 0.064 - simultaneous [47]
GQDs/Nafion/GCE 20 -200 20 -200 -- -- 11.3 8.49 -- -- simultaneous [48]
3D-HRGO/Fe;04/GCE 0.1 -1000 -- -- -- 0.1 0.2 0.2 04 individual This
200 -1000 200 -1000 200 -1000 200 -1000 0.1 0.6 0.6 0.9 simultaneous work

Table 2 Quantification of heavy metals in mushrooms by both the proposed method and the national standard method (AAS/AFS).

Samples 3D-HRGO/Fe304/GCE (DPASV) (mg/kg) National Food Safety Standard (AAS/AFS) (mg/kg) The RSD

between

ca* Pb? Cu? Hg* ca* Pb? Cu? Hg*" (AFS) DPASV
&AAS/AFS
L. edodes. 1 0.043+0.001 0.082+0.001 0.013£0.002 0.015+0.002 0.042+0.008 0.079+0.031 0.016+0.010 0.012+0.000 1.6% —4.5%
L. edodes. 2 0.049+0.002 0.046+0.002 0.005+0.001 0.031+0.003 0.048+0.002 0.045+0.013 0.048+0.006 0.030+0.004 1.4%—-2.3%
L. edodes. 3 0.046+0.003 0.060+0.009 0.076+0.007 0.033+0.001 0.046+0.010 0.056+0.016 0.075£0.009 0.033+0.003 0.9% — 4.8%
L.edodes. 4 0.042+0.003 0.064+0.003 0.031£0.001 0.030+0.006 0.040+0.007 0.067+£0.028 0.029+0.002 0.028+0.001 3.2% —4.8%
T. fuciformis. 1 0.010+0.001 0.040+0.008 0.220+0.008 0.021+0.003 0.009+0.001 0.035+0.033 0.210+0.013 0.020+0.012 3.2% —3.6%
T. fuciformis. 2 0.008+0.001 0.051£0.002 0.470+0.008 0.010+0.001 0.007+0.003 0.053+0.033 0.470+0.091 0.010+0.002 0.1% —3.6%
A. blazei. 1 0.680+0.002 0.150+0.006 12.000+0.190 0.063£0.001 0.700+£0.014 0.150+0.027 12.000+0.370 0.063+0.025 0.1% —2.0%
A. blazei. 2 0.450+0.001 0.130+0.001 0.450+0.004 0.052+0.001 0.460+0.031 0.120+0.064 0.450+0.150 0.052+0.019 0.1%—2.7%

Description: According to the GB 2762-2022. National food safety standard: Limit of pollutants in food that give a limit content of heavy metals in fresh mushroom (L. edodes and A.
blazei) and dried mushroom (7. fuciformis), the data of Cd**, Pb**, Cu>*, Hg** shown above was obtained from dried mushrooms powder has been transformed to a standard value.
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As it is known that Cd**, Pb**, and Hg?" are common contaminants in edible mushrooms, could be
enriched in the human body through the food chain and damaging human health. According to current Chinese
national standards GB 2762-2022 (National Standard for Food Safety Limits of Contaminants in Foods)?*),
the limits of these food contaminants are as follows: the limits of Cd**, Pb**, and Hg?" in L. edodes are 0.5
mg/kg, 0.3 mg/kg, and 0.1 mg/kg, and in A. blazei are 1.0 mg/kg, 1.0 mg/kg, and 0.1 mg/kg(by fresh weight),
the limits of Cd**, Pb**, and Hg*" in T. fuciformis are 0.5 mg/kg, 1.0 mg/kg, and 0.1 mg/kg (by dry weight).
The edible mushrooms purchased from the local markets had been tested and the results showed no heavy
metal ions (Cd**, Pb*", and Hg?") beyond the limitation. Nevertheless, here some important disputations
should be clarified regarding the definitions of heavy metal ions and food pollutants. It is well known that Cu®*
belongs to heavy metal, and it was defined as a pollutant in food in past years until it was abolished in 2010 in

China, but an overdose of Cu?" could be a potential risk to human health®*!.

4. Conclusions

A 3D-HRGO/Fe304 nanocomposite was synthesized to develop a novel electrochemical modified
electrode for simultaneous quantification of trace heavy metals in edible mushrooms combined with the
DPASYV method. In this study, unlike general researches where graphene oxide was as a usual material with
hydrophilicity and easily dispersed in aqueous, but with much lower conductivity. So, how to make graphene
with highly reduction status for keeping high conductivity and find a proper dispersing system? Here in this
research, a simple and environmental friendly aqueous solution 75% ethanol-0.1% Nafion was applied to
adapt the super hydrophobic 3D-HRGO/Fe304. Compared to others sensors, 3D-HRGO/Fe304/GCE obtained
the best response signal, which means the lower detection can it realize. Thus, the proposed electrochemical
method exhibits obvious advantages for simultaneous detection of trace Cd**, Pb*", Cu?**and Hg?". It is more
sensitive and convenient compared to other similar electrochemical methods, as well as good repeatability,
reproducibility, and recovery. The detection limit for Cd**, Pb**, Cu?" and Hg*" are low to 0.1 ng/L, 0.6 pg/L,
0.6 pg/L and 0.9 pg/L, respectively. The proposed method was used to detect Cd**, Pb**, Cu?*"and Hg*" in
edible mushrooms. The results are in good agreement with the standard method. It indicates that the
3D-HRGO/Fe304 nanocomposite-based DPASV electrochemical sensor provides an accurate, sensitive, and
convenient tool to realize simultaneous and rapid quantification of Cd**, Pb?", Cu**and Hg?" in edible
mushrooms. It is promising to develop a portable device for the detection of heavy metal contamination in

edible resources on-site.
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