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Abstract 
In 2020, Italian researchers confirmed the presence of nanoplastics (NPs), 
smaller than microplastics (MPs), in apples and carrots, raising concerns 
about the accumulation of NPs in the human body through crop consump-
tion. Given that many MPs carry electrical charges, this study aimed to de-
velop an innovative solution to prevent the penetration of NPs into crops us-
ing electrical energy. To confirm whether NPs of styrene acrylonitrile resin 
used in this study undergo electrical migration, they were exposed to an elec-
tric field using copper plates, lead wires, or graphite rods as electrodes. NPs 
migrated toward the anode (+), and the copper plates and lead wires were 
transformed after supplying electricity, but not the graphite rods. Since graph-
ite rods have a small surface area and vulnerability to physical damage, graph-
ite powder was coated onto cellophane tape or agar films (CTcGP or AFcGP, 
respectively) to mimic the graphene structure. At 9 V, graphene-mimic 
(graphite-based) films effectively captured NPs present in soil and reduced the 
penetration of NPs into crop roots by more than 88%. Therefore, incorporat-
ing solar panels for power supply could enable environmentally friendly and 
cost-effective applications. This research demonstrates the practicality of an 
electrochemical solution to address agricultural and crop contamination 
caused by NPs. 
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1. Introduction 

Microplastics (MPs) refer to all types of plastic fragments smaller than 5 mm, and 
they are classified into two types by their origin. Primary MPs are plastic frag-
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ments purposefully manufactured to be 5.0 mm or smaller, and they have been 
used in various common products, such as cosmetics, clothing, food packaging, 
and industrial processes [1] [2]. A large number of primary MPs enter ecosystems, 
causing pollution [3]. Secondary MPs include small plastic fragments generated 
from the wear and tear of nearly all plastic products humans use, such as water 
bottles, fishing nets, tires, and tea bags [1]. Plastic discarded into nature is broken 
down into small fragments by physical, biological, or chemical forces of nature, 
and depending on the degree of breakdown, it can be reduced to an undetectable 
size [4]. Nanoplastics (NPs) are plastic fragments less than 1 μm in size [5]. Since 
NPs are very small, they are believed to be able to affect cellular function by cross-
ing cellular membranes [6].  

MPs or NPs take a long time to decompose, leading to their accumulation in 
ecosystems [6]. Since non-degradable chemicals released into nature can bioaccu-
mulate within organisms through the food chain, MPs or NPs are highly likely to 
be ingested, absorbed, and accumulated in the bodies of many organisms [7] [8]. 
Therefore, various research is ongoing to determine how MPs or NPs accumu-
lated in the body affect living organisms. For example, the filtration ability and 
immune function of bivalves were reduced by exposure to microplastics [9] [10]. 
This indicates that MPs or NPs accumulated in the body impair the ability to de-
toxify harmful substances by damaging DNA [11]. Moreover, MPs increased the 
rate of developmental arrest and developmental malformations and decreased the 
rates of fertilization [12] [13].  

Recently, NPs have been detected in various crops, such as apples and carrots 
in Italy, making the threat of NPs more prominent [14]. It stems from the exten-
sive use of plastics in modern farming, a prime example being plastic films used 
to prevent moisture evaporation from the soil. However, the problem arises after-
ward. Most used plastic films are not completely removed.  

When the films are exposed to physical impacts such as water, wind, or sunlight 
(ultraviolet) for a long period of time, the interaction between film particles weak-
ens and they break down into smaller particles, ultimately into NPs [15]. The tox-
icity of NPs to organisms depends on their size or surface charge [16]. Since NPs 
are accumulated in the body when these crops are consumed, their detection in 
crops is very dangerous [17]. It is known that plastic fragments are often charged 
or become charged by interacting with natural organic materials [7]. This infor-
mation suggests that using electricity can inhibit the entry of charged NPs into 
crops.  

Graphite, a crystalline allotrope of carbon atoms, has high conductivity of heat 
and electricity. 18 Graphite is consumed in many critical industries such as refrac-
tories, lithium-ion batteries, foundries, and lubricants [18]. Graphene was properly 
isolated and characterized in 2004 by pulling graphene layers from graphite with 
a common adhesive tape in a process called micro-mechanical cleavage [19]. 
Through various follow-up research on the properties and commercialization of 
graphene, it was revealed that graphene has exceptionally high tensile strength, 
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electrical conductivity, and transparency [20], and it is used in semiconductors, 
electronics, electric batteries, and composites [21]. Moreover, research is also be-
ing conducted continuously on how to utilize it as a material for quantum me-
chanics, electricity, chemistry, mechanics, optics, and magnetism.  

The purpose of this study is to develop an innovative solution that prevents the 
penetration of NPs into crops using graphene-mimic films. To this end, it was 
determined whether NPs are charged, whether a graphene-mimic film composed 
of graphite powder is conductive, and whether the electrically charged graphene-
mimic film captures NPs and suppresses the penetration of NPs into plant tissue.  

2. Methods  

Preparation of CTcGP or AFcGP  
 

 
Figure 1. Preparation of graphite powder from graphite rods.  

 
To prepare cellophane tape coated with graphite powder (CTcGP) or agarose 

film coated with graphite powder (AFcGP), graphite powder or graphite rods were 
purchased from DUKSAN GENERAL SCIENCE or an online shopping mall 
(COUPANG). Graphite rods were scraped with scissors to obtain graphite pow-
der, and the collected graphite powder was gathered in a Petri dish (Figure 1).  

For preparing CTcGP, cellophane tape (CT) was used. The CT was cut to ap-
proximately 8 cm in length, and then the prepared graphite powder (GP) was 
sprinkled onto the surface of CT. The CT, with all surfaces covered in GP, was cut 
to approximately 2 cm in length (Figures 2(A)-(C)).  

For preparing AFcGP, agarose gel was used. A total of 0.8 g of agarose powder 
was completely dissolved in 100 mL of 1× Tris-acetate-EDTA (TAE) buffer using 
a microwave. GP was added to the melted agarose solution, mixed thoroughly 
with a spoon, then poured into a Petri dish and dried at room temperature for 4 
days (Figures 2(D)-(F)). The fully dried agarose film was then removed from the 
Petri dish.  
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Figure 2. Preparation of CTcGP or AFcGP ((A), Coating of graphite powder on cellophane 
tape (CTcGP); (B), Prepared CTcGP; (C), Cut CTcGP; (D), Addition of graphite powder 
to agarose solution; (E), mixing of graphite powder and agarose solution; (F), Mixture of 
agarose gel and graphite powder poured into a petri dish, and drying the mixture).  
 

Migration of NPs by electricity  
 

 
Figure 3. Preparing the Device to Observe the NPs Migration ((A), copper panels and lead wire; (B), connecting the copper panels 
to a Petri dish filled with TAE buffer; (C), SAN NPs; (D), NPs on the 1× TAE; (E), Connecting the graphite rod to the beaker filled 
with TAE buffer; (F), Connecting the lead wire to a Petri dish; G, electricity supply).  

 
The copper plates or lead wires were secured at both ends of a Petri dish using 

alligator clip wires (Figures 3(A)-(B)). Ten milliliters of 1× TAE was added to the 
Petri dish until it was just below the level of the clips. Styrene acrylonitrile resin 
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(SAN) powder was placed in the center of the TAE buffer. According to the man-
ufacturer’s specifications and previous literature, the SAN resin powder used in 
this study has a particle size distribution predominantly below 1 μm, which oper-
ationally classifies it as nanoplastics (NPs) (Figures 3(C)-(D)).  

A total of 50 mL of 1× TAE buffer was added to a 250 mL beaker, then two 
graphite rods connected with alligator clip wires were placed in the beaker, with 
NPs positioned between the two rods (Figures 3(E)-(F)). Electricity at 100 V was 
applied through the alligator clip wires, and the movement of the NPs on the sur-
face of the TAE buffer was observed (Figure 3(G)).  

Migration of fluorescent NPs (FNPs)  
Two CTcGPs were connected to each end of a 35 mm diameter Petri dish using 

alligator clip wires (Figure 4(A)). After adding 3 mL of 1× TAE buffer and apply-
ing 100 V of electricity, the electrical conductivity of the CTcGP was confirmed 
by the formation of bubbles at the positive electrode (white arrow in Figure 4(B)). 
Green or orange fluorescent-labeled nanoparticles (GFNPs or OFNPs, respec-
tively) were diluted with distilled water to concentrations of 1/100 or 1/1,000 (Fig-
ure 4(C)). In the center of the Petri dish, 10 V of the 1/1,000-diluted GFNPs and 
OFNPs was added, and 100 V of electricity was applied. After 15 minutes, the 
power was turned off, the CTcGPs at both ends were removed, and the movement 
of NPs to the CTcGP surface was observed using a fluorescence microscope.  
 

 
Figure 4. Migration test for GFNPs or OFNPs ((A), Connecting the CTcGP to a Petri dish filled with TAE buffer; 
(B), Bubbles generated in CTcGP connected to the (−) pole (white arrow) after power supply; (C), GFNPs or OFNPs 
used in this study).  

 
Planting cabbage seeds on NPs-contaminated soil  
Commercial potting soil (Walled Gardening, Organic Potting Mix with Perlite; 

composed primarily of peat moss, perlite, and organic compost) was purchased 
from an online shopping mall (COUPANG) and used consistently across all ex-
perimental groups to ensure reproducibility. The soil was transferred to a 5 L bas-
ket, and water was added to mix the soil and water thoroughly (Figure 5(A)). The 
moistened soil was then placed in each well of a 6-well plate (Figure 5(B)). Five 
cabbage seeds were placed in each well and incubated at room temperature (Fig-
ure 5(C), Figure 5(D)). A 100 V mixture of GFNPs and OFNPs diluted to 1/1,000 
was applied to each seedling (Figure 6(A)).  
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Figure 5. Seeds Planting ((A), Preparation of potting soil; (B), Transfer the soil to each well 
of 6 well plate; (C), 6-well plates filled with soil and cabbage seeds; (D), Planting seeds).  
 

 
Figure 6. Application of CTcGP or AFcGP on the NPs-contaminated soil (A, Add GFNPs 
to soil; B, Preparation of CTcGP or AFcGP; C, Application of CTcGP (white arrows) or 
AFcGP [ph57] [ph58] (white [ph59] [ph60] arrowheads) to soil; D, Power supply via 9V 
battery).  
 

Application of CTcGP or AFcGP on soil  
Prepared CTcGP or AFcGP pieces were cut to 1.5 cm by 3 cm and placed at 

each end of the well in the 6-well plate containing soil and growing cabbage seed-
lings (Figure 6(B), Figure 6(C)). These pieces were connected to the positive and 
negative terminals of a 9 V battery using alligator clip wires.  
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Electricity at 9 V was supplied through the alligator clip wires for 4 or 7 days. 
After removing CTcGP or AFcGP, the GFNPs or OFNPs on their surfaces were 
observed using a fluorescence microscope.  

3. Results and Discussion  

Migration of NPs by Electricity  
It should be clarified that the graphene-mimic films used in this study function 

primarily as flexible graphite-based electrodes. They do not possess the quantum 
or electronic properties of monolayer graphene, but instead leverage the electrical 
conductivity and layered structure of graphite powder.  

To prevent the penetration of NPs into plants using electricity, it was first de-
termined whether NPs migrate in an electric field. For this purpose, copper plates, 
lead wires, or graphite rods were tested as electrodes.  

When electricity was supplied to the copper plates, lead wires, or graphite rods, 
the NPs placed in the center of the Petri dish gradually moved toward the (+) 
electrode (Figure 7(A), Figure 7(C)). This indicates that the NPs carry a negative 
charge.  
 

 
Figure 7. Electric mobility of NPs by electrode composed of copper panel, lead wire, or graphite rod 
((A), Migration of NPs by electricity; (B), Deformed lead wire after power supply; (C), NPs migrated 
to the (+) pole in a beaker using a graphite rod as an electrode).  

 
Although direct DLS or SEM characterization was not performed in this study, 

the observed electrical migration behavior is consistent with that of previously 
reported nanoplastic-scale particles.  

To determine the optimal electrode for the electric migration of NPs, the ap-
pearance of the copper plates, lead wires, or graphite rods was observed after the 
electric migration of NPs was completed. A blue solution was observed on the 
copper plate connected to the (+) electrode (Figure 7(A)). Negatively charged ox-
ygen ions move toward the (+) electrode, and copper combined with oxygen ions 
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is oxidized into blue copper oxide [22]. Therefore, this indicates that the blue sub-
stance formed after the electric migration of NPs is copper oxide.  

The lead electrode showed no change in the initial stage of electric supply; how-
ever, as the electric supply time increased, a black substance was generated from 
lead accumulated on both lead electrodes (Figure 7(A), Figure 7(B)). Considering 
that lead in water exhibits neurotoxicity [23], the use of lead as an electrode is 
deemed unsuitable. However, no changes were observed in the graphite rods used 
as electrodes, indicating that graphite is the optimal material for electrodes in the 
electric migration of NPs in soil.  

Observation of Fluorescently Labeled NPs  
NPs are too small to be visible to the naked eye.6 Therefore, to visualize the 

NPs, green or orange fluorescent NPs (GFNPs or OFNPs) were used in this study. 
GFNPs or OFNPs were diluted to 1/100 or 1/1000, and then each diluted sample 
was observed under a fluorescent microscope.  

GFNPs or OFNPs diluted to 1/100 were shown as countless fluorescent parti-
cles, resulting in an overall bright green or orange image, respectively. Since FNPs 
diluted to 1/1000 showed fewer fluorescing particles than 1/100, the images 
showed a darker background and the FNPs were distinctly discernible. Therefore, 
it indicates that the particles of the FNPs can be detected under a fluorescence 
microscope (Figure 8).  
 

 
Figure 8. Observation of GFNPs or OFNPs under a fluorescence microscope.  

 
Migration of Fluorescent NPs Using CTcGP  
Although the graphite rod was determined to be the optimal electrode for the 

electric migration of NPs, the graphite rod does not have a large surface area, mak-
ing it unsuitable for application in wide soil areas. Graphite consists of a structure 
where carbon atoms are arranged in thin layers stacked on top of each other, and 
a single layer of carbon atoms arranged in this manner is called graphene [21].  
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Figure 9. GFNPs or OFNPs on the surface of CTcGP before electrical supply.  

 
Since graphite powder electrode has exceptional rigidity and electrical conduc-

tivity, a graphene-mimic structure was selected for the electrical mobility of NPs. 
However, because pure graphene was not easily obtainable, a graphene-mimic 
film was prepared by applying graphite powder onto cellophane tape (CTcGP). 
To determine whether CTcGP with an applied electric current can electrically mi-
grate NPs, GFNPs and OFNPs were subjected to electromobility.  

CTcGP was connected with alligator clip wires to a power supply in a Petri dish 
filled with TAE buffer, and a GFNPs and OFNPs mixture was dropped in the cen-
ter of the dish. The presence of FNPs on the surface of CTcGP were confirmed 
using a fluorescence microscope. Before the power was supplied, FNPs were rarely 
detected on the surface of the CTcGP connected to either the (–) or (+) terminal 
(Figure 9). After supplying electricity for 10 minutes, four GFNP signals and two 
OFNP signals were detected on the surface of CTcGP connected to the (–) termi-
nal, and only two OFNP signals were detected on the surface of CTcGP connected 
to the (+) terminal (Figure 10).  
 

 
Figure 10. GFNPs or OFNPs on the surface of CTcGP after electrical supply.  

 

Capture of NPs in Soil by CTcGP or AFcGP  
To verify whether NPs present in soil are captured by CTcGP or AFcGP under 

an electric current, a 9 V electric current was applied to CTcGP or AFcGP elec-
trodes inserted into soil containing a mixture of GFNPs and OFNPs.  
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Figure 11. Capture of GFNPs or OFNPs on soil by CTcGP electrodes.  

 
After 4 days, the CTcGP or AFcGP was removed from the soil and their surfaces 

were observed under a fluorescence microscope. No FNPs were detected on the 
CTcGP surface connected to the (–) electrode, but one GFNP and two OFNPs 
were detected on the CTcGP surface connected to the (+) electrode (Figure 11). 
The result, where a small number of GFNPs and OFNPs were detected on the 
CTcGP surface connected to the (+) electrode, may be due to the easy detachment 
of GP from the cellophane tape surface, resulting in minimal retained NPs.  

In contrast, when AFcGP was used as the electrode, no GFNPs were detected 
on either the (–) or (+) electrodes, but four and six OFNPs were detected on the 
AFcGP surfaces connected to the (–) and (+) electrodes, respectively (Figure 12). 
These results suggest that continuous electric current applied to CTcGP or AFcGP 
in the soil allows for the capture of polar NPs present in the soil.  
 

 
Figure 12. Capture of GFNPs or OFNPs on soil by AFcGP electrodes.  

 
Inhibition of NPs Penetration into Crop Roots  
Recent studies indicate that crops grown in soil contaminated with NPs have 

shown detectable levels of NPs [15] [17] [24]. Therefore, it was examined whether 
the penetration of NPs from soil to crops is inhibited by current-supplied CTcGP 
or AFcGP. For this purpose, cabbage seeds were germinated in soil contaminated 
with GFNPs and OFNPs, and an electric current was applied to CTcGP or AFcGP 
inserted in the soil. After 7 days, each seedling was removed from the soil, and the 
roots were washed with water. The presence of GFNPs or OFNPs within the roots 
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was then determined by observation under a fluorescence microscope.  
In the roots of cabbage seedlings grown in soil without an electric current, no 

GFNPs were detected, but OFNP signals were detected (Figure 13). This suggests 
that NPs in soil penetrate crops through their roots.  

For seedlings grown in soil with an electric current applied through AFcGP or 
CTcGP, no GFNP signals were observed in the roots. However, OFNP signals 
were rarely observed in the roots. To quantitatively assess their detection, the av-
erage number of detected OFNPs was calculated from five images. On average, six 
OFNPs were detected in the roots of seedlings grown in soil without an electric 
current, while an average of 0.8 OFNPs was observed in seedlings grown in soil 
with an electric current applied via AFcGP, and 0.2 OFNPs in those grown with 
an electric current applied via CTcGP. The result indicates that an electric current 
via AFcGP or CTcGP significantly reduces the penetration of NPs into crop roots 
(Figure 13).  

Continuous application of a 9 V electric current in soil may induce electro-
chemical side effects, including local pH changes or electrolysis-related byprod-
ucts. These factors could potentially influence plant health independent of nano-
plastic uptake. However, no visible differences in seed germination or root growth 
were observed during the experimental period. Future studies should quantita-
tively assess soil pH and plant physiological responses to isolate these effects.  

Statistical analysis was performed using a two-tailed Student’s t-test to compare 
the number of detected OFNPs between the control and electrically treated 
groups. The reduction in nanoplastic penetration was statistically significant (p < 
0.05).  
 

 
Figure 13. FNPs in roots of cabbage grown in FNPs-contaminated soil (A, FNPs in roots; B, average number of FNPs in root).  

https://doi.org/10.4236/jep.2026.173007


B. Chun, M.-H. Lee 
 

 

DOI: 10.4236/jep.2026.173007 154 Journal of Environmental Protection 
 

4. Conclusions  

Recently, NPs have been detected in crops such as apples in Italy, raising concerns 
about the accumulation of NPs in the human body through the food chain. This 
issue is closely linked to the widespread use of plastic products in agriculture, such 
as plastic films and pesticide containers. The purpose of this study was to inhibit 
the penetration of NPs from soil into crops by electrically capturing NPs.  

Using copper plates, lead wires, or graphite rods as electrodes, it was visually 
evaluated whether NPs are electrically migrated. While the migration of NPs was 
observed with copper plates or lead wire electrodes, significant issues arose: the 
copper plates oxidized, and the lead wires degraded. In contrast, the graphite rods 
showed no changes after the electrical supply was completed, indicating that they 
are a suitable material for facilitating the electric migration of NPs. However, 
graphite rods have small surface areas and are prone to breakage under minor 
impacts, making them unsuitable for direct application in soil. This highlights the 
need for a flexible graphite structure with excellent electrical conductivity that can 
withstand practical use.  

Graphite is composed of a structure in which carbon atoms are connected in 
planes of graphene stacked layer upon layer and has excellent electrical conduc-
tivity and non-toxic properties, making it an advantageous material for environ-
mental applications. Since obtaining pure graphene in large quantities is difficult, 
a graphene-mimicking structure was developed by coating graphite powder on 
cellophane tape or agarose film (CTcGP or AFcGP, respectively). CTcGP and 
AFcGP exhibited electrical conductivity and successfully captured fluorescently 
labeled NPs in the soil. Moreover, while NPs in the soil penetrated plant roots, 
their penetration was strongly inhibited by CTcGP or AFcGP when electricity was 
supplied.  
 

 
Figure 14. Application example of graphene-mimic films or panels for capturing NPs in 
soil and for preventing the penetration of NPs from soil into crops. 
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The CTcGP or AFcGP developed in this study effectively operated at a low volt-
age of 9 V, meaning that they could function efficiently with electricity generated 
from solar panels without additional devices, such as electrical transformers, mak-
ing them highly cost-efficient (Figure 14). However, cellophane tape, which is 
made from plastic, and agarose film are easily degraded by moisture, posing the 
risk of captured NPs being released back into the soil. Therefore, further research 
is required to explore methods for coating graphite powder onto materials, such 
as glass, that resist decomposition or deformation by moisture or electricity and 
remain non-toxic to living organisms.  

Acknowledgements 

The authors would like to thank the science faculty at BC Collegiate for providing 
laboratory space, materials, and technical guidance during the course of this re-
search. We also express our gratitude to Dr. Myoung-Hoon Lee for his expert 
mentorship in molecular and cell biology, which significantly contributed to the 
refinement and scientific validity of this study.  

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

References 
[1] Ghosh, S., Sinha, J.K., Ghosh, S., Vashisth, K., Han, S. and Bhaskar, R. (2023) Micro-

plastics as an Emerging Threat to the Global Environment and Human Health. Sus-
tainability, 15, Article 10821. https://doi.org/10.3390/su151410821 

[2] Nyadjro, E.S., Webster, J.A.B., Boyer, T.P., Cebrian, J., Collazo, L., Kaltenberger, G., 
et al. (2023) The NOAA NCEI Marine Microplastics Database. Scientific Data, 10, 
Article No. 726. https://doi.org/10.1038/s41597-023-02632-y 

[3] Mao, X., Xu, Y., Cheng, Z., Yang, Y., Guan, Z., Jiang, L., et al. (2022) The Impact of 
Microplastic Pollution on Ecological Environment: A Review. Frontiers in Biosci-
ence-Landmark, 27, Article 46. https://doi.org/10.31083/j.fbl2702046 

[4] Masura, J., Baker, J., Foster, G. and Arthur, C. (2015) Laboratory Methods for the 
Analysis of Microplastics in the Marine Environment: Recommendations for Quan-
tifying Synthetic Particles in Waters and Sediments. NOAA. 

[5] Gigault, J., Halle, A.t., Baudrimont, M., Pascal, P., Gauffre, F., Phi, T., et al. (2018) 
Current Opinion: What Is a Nanoplastic? Environmental Pollution, 235, 1030-1034.  
https://doi.org/10.1016/j.envpol.2018.01.024 

[6] Hollóczki, O. and Gehrke, S. (2019) Can Nanoplastics Alter Cell Membranes? Chem-
PhysChem, 21, 9-12. https://doi.org/10.1002/cphc.201900481 

[7] Okoye, C.O., Addey, C.I., Oderinde, O., Okoro, J.O., Uwamungu, J.Y., Ikechukwu, 
C.K., et al. (2022) Toxic Chemicals and Persistent Organic Pollutants Associated with 
Micro- and Nanoplastics Pollution. Chemical Engineering Journal Advances, 11, Ar-
ticle ID: 100310. https://doi.org/10.1016/j.ceja.2022.100310 

[8] Yuan, Z., Nag, R. and Cummins, E. (2022) Human Health Concerns Regarding Mi-
croplastics in the Aquatic Environment—From Marine to Food Systems. Science of 
the Total Environment, 823, Article ID: 153730.  
https://doi.org/10.1016/j.scitotenv.2022.153730 

https://doi.org/10.4236/jep.2026.173007
https://doi.org/10.3390/su151410821
https://doi.org/10.1038/s41597-023-02632-y
https://doi.org/10.31083/j.fbl2702046
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1002/cphc.201900481
https://doi.org/10.1016/j.ceja.2022.100310
https://doi.org/10.1016/j.scitotenv.2022.153730


B. Chun, M.-H. Lee 
 

 

DOI: 10.4236/jep.2026.173007 156 Journal of Environmental Protection 
 

[9] Oliveira, P., Barboza, L.G.A., Branco, V., Figueiredo, N., Carvalho, C. and Guilher-
mino, L. (2018) Effects of Microplastics and Mercury in the Freshwater Bivalve Cor-
bicula fluminea (Müller, 1774): Filtration Rate, Biochemical Biomarkers and Mercury 
Bioconcentration. Ecotoxicology and Environmental Safety, 164, 155-163.  
https://doi.org/10.1016/j.ecoenv.2018.07.062 

[10] Tang, Y., Rong, J., Guan, X., Zha, S., Shi, W., Han, Y., et al. (2020) Immunotoxicity 
of Microplastics and Two Persistent Organic Pollutants Alone or in Combination to 
a Bivalve Species. Environmental Pollution, 258, Article ID: 113845.  
https://doi.org/10.1016/j.envpol.2019.113845 

[11] Sun, S., Shi, W., Tang, Y., Han, Y., Du, X., Zhou, W., et al. (2020) Immunotoxicity of 
Petroleum Hydrocarbons and Microplastics Alone or in Combination to a Bivalve 
Species: Synergic Impacts and Potential Toxication Mechanisms. Science of The To-
tal Environment, 728, Article ID: 138852.  
https://doi.org/10.1016/j.scitotenv.2020.138852 

[12] Tallec, K., Huvet, A., Di Poi, C., González-Fernández, C., Lambert, C., Petton, B., et 
al. (2018) Nanoplastics Impaired Oyster Free Living Stages, Gametes and Embryos. 
Environmental Pollution, 242, 1226-1235.  
https://doi.org/10.1016/j.envpol.2018.08.020 

[13] Bringer, A., Thomas, H., Prunier, G., Dubillot, E., Bossut, N., Churlaud, C., et al. 
(2020) High Density Polyethylene (HDPE) Microplastics Impair Development and 
Swimming Activity of Pacific Oyster D-Larvae, Crassostrea Gigas, Depending on Par-
ticle Size. Environmental Pollution, 260, Article ID: 113978.  
https://doi.org/10.1016/j.envpol.2020.113978 

[14] Lazăr, N., Călmuc, M., Milea, Ș., Georgescu, P. and Iticescu, C. (2024) Micro and 
Nano Plastics in Fruits and Vegetables: A Review. Heliyon, 10, e28291.  
https://doi.org/10.1016/j.heliyon.2024.e28291 

[15] Dimassi, S.N., Hahladakis, J.N., Yahia, M.N.D., Ahmad, M.I., Sayadi, S. and Al-
Ghouti, M.A. (2022) Degradation-Fragmentation of Marine Plastic Waste and Their 
Environmental Implications: A Critical Review. Arabian Journal of Chemistry, 15, 
Article ID: 104262. https://doi.org/10.1016/j.arabjc.2022.104262 

[16] Chen, G., Li, Y., Liu, S., Junaid, M. and Wang, J. (2022) Effects of Micro(nano)plastics 
on Higher Plants and the Rhizosphere Environment. Science of The Total Environ-
ment, 807, 150841. https://doi.org/10.1016/j.scitotenv.2021.150841 

[17] Rajput, V., Minkina, T., Mazarji, M., Shende, S., Sushkova, S., Mandzhieva, S., et al. 
(2020) Accumulation of Nanoparticles in the Soil-Plant Systems and Their Effects on 
Human Health. Annals of Agricultural Sciences, 65, 137-143.  
https://doi.org/10.1016/j.aoas.2020.08.001 

[18] Robinson Jr., G.R., Hammarstrom, J.M. and Olson, D.W. (2017) Graphite. US Geo-
logical Survey, No. 1802-J. 

[19] Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., et 
al. (2004) Electric Field Effect in Atomically Thin Carbon Films. Science, 306, 666-
669. https://doi.org/10.1126/science.1102896 

[20] Lucibella, M. (009) This Month Is Physics History-October 22, 2004: Discovery of 
Graphene. APS News. 

[21] Soldano, C., Mahmood, A. and Dujardin, E. (2010) Production, Properties and Po-
tential of Graphene. Carbon, 48, 2127-2150.  
https://doi.org/10.1016/j.carbon.2010.01.058 

[22] Fondo, M. (2023) Copper-Oxygen Compounds and Their Reactivity: An Eye-Guided 
Undergraduate Experiment. Journal of Chemical Education, 100, 4791-4795.  

https://doi.org/10.4236/jep.2026.173007
https://doi.org/10.1016/j.ecoenv.2018.07.062
https://doi.org/10.1016/j.envpol.2019.113845
https://doi.org/10.1016/j.scitotenv.2020.138852
https://doi.org/10.1016/j.envpol.2018.08.020
https://doi.org/10.1016/j.envpol.2020.113978
https://doi.org/10.1016/j.heliyon.2024.e28291
https://doi.org/10.1016/j.arabjc.2022.104262
https://doi.org/10.1016/j.scitotenv.2021.150841
https://doi.org/10.1016/j.aoas.2020.08.001
https://doi.org/10.1126/science.1102896
https://doi.org/10.1016/j.carbon.2010.01.058


B. Chun, M.-H. Lee 
 

 

DOI: 10.4236/jep.2026.173007 157 Journal of Environmental Protection 
 

https://doi.org/10.1021/acs.jchemed.3c00634 

[23] Virgolini, M.B. and Aschner, M. (2021) Molecular Mechanisms of Lead Neurotoxi-
city. Advances in Neurotoxicology, 5, 159-213.  
https://doi.org/10.1016/bs.ant.2020.11.002 

[24] Russo, M., Oliva, M., Hussain, M.I. and Muscolo, A. (2023) The Hidden Impacts of 
Micro/Nanoplastics on Soil, Crop and Human Health. Journal of Agriculture and 
Food Research, 14, Article ID: 100870. https://doi.org/10.1016/j.jafr.2023.100870 

https://doi.org/10.4236/jep.2026.173007
https://doi.org/10.1021/acs.jchemed.3c00634
https://doi.org/10.1016/bs.ant.2020.11.002
https://doi.org/10.1016/j.jafr.2023.100870

	Graphene-Inspired Films: Capturing Nanoplastics and Blocking Their Path to Crops
	Abstract
	Keywords
	1. Introduction
	2. Methods 
	3. Results and Discussion 
	4. Conclusions 
	Acknowledgements
	Conflicts of Interest
	References

