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Abstract 
Microplastics found in the human body have been reported to compromise 
tissue integrity, damage organs, and contribute to inflammation and carcino-
genesis. Recent research indicates that microplastics also reduce photosyn-
thetic efficiency by approximately 10% across terrestrial, aquatic, and fresh-
water ecosystems. This reduction has significant implications, potentially 
leading to an annual loss of up to 360 million metric tons of crops and nearly 
24 million tons of seafood, which could impact food availability for roughly 
123 million adults. In response to these concerns, this pilot study employed a 
floating disc assay to quantitatively assess the infiltration of rigid micro- and 
nano thermo-amino particles (MNPPs) into the foliage of four representative 
vegetable species: Basella alba (Malabar Spinach), Capsicum chinense (Haba-
nero), Brassica rapa (Bok Choy), and Phaseolus vulgaris (String Beans). The 
crops were grown organically in Amityville, New York, an area marked by 
substantial industrial activity. The primary aim was to determine whether 
rainfall facilitates the entry of MNPPs, ranging in size from 1000 nanometers 
to 5 micrometers, into leaf tissue through photosynthesis, respiration, and cu-
ticular absorption. Both adaxial and abaxial surfaces of leaf discs were ana-
lyzed before and after exposure to MNPPs using a LABOMED CxL clinical 
microscope. The findings indicate that MNPPs can penetrate leaf structures 
during both photoperiod (photosynthesis) and scotoperiod (respiration), ir-
respective of whether the stomata are closed. These findings reveal a previ-
ously unidentified route for plastic pollutants to enter the human food chain. 
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1. Introduction 

Global plastic production is estimated to reach between 902 megatons and 1124 
megatons by 2050 [1]. Microplastics derive from larger plastic particles measuring 
5 millimeters or smaller, while nanoplastics are even smaller, ranging from 1 to 
1000 nanometers in size [2]. These dimensions reveal a remarkable fineness that 
is nearly impossible to discern with the naked eye, highlighting the complexity of 
detecting micro and nano particles only on the microscopic level. Collectively, 
they are referred to as micro- and nano-plastic particles (MNPPs) [3]. Recent 
studies have demonstrated that global micro- and nanosized plastic particles 
(MNPPs) have detrimental effects on the human immune system [4], as well as 
on aquatic [5] [6] and terrestrial ecosystems, including plant species [7]. These 
impacts result from both ingestion and atmospheric exposure pathways.  

The atmospheric characteristics of MNPPs—encompassing their chemical 
composition, morphology, size distribution, and coloration—are influenced by 
anthropogenic factors, including geographic location, population density, and lo-
cal meteorological conditions [8] [9]. Atmospheric MNPPs include thermoplas-
tics and thermoset plastics that stem from a variety of sources. Moreover, they 
may consist of such items as cigarette filters, textile fibers, cleaning products, per-
sonal care items, resin fibers, weathered plastics, and even dust generated by tires 
[9] [10]. Both thermoplastics and thermoset plastic substances contribute to the 
formation of persistent pollutants, leading to a significant increase in their pres-
ence in land, water, food, and air, posing environmental risks and severe threats 
to human health [10] [11].  

2. Background 
2.1. Rainfalls and Leaves 

Recent research suggests that as many as 100 trillion microplastics may enter the 
atmosphere each year through the consequences of rainfall [12] [13]. Due to their 
velocity and the high density of water, raindrops can exert a significant force upon 
impact with a surface, despite their relatively small size [12]. Thus, this force can 
influence the process of foliar absorption. Foliar absorption is crucial for water 
supply and diffusion in terrestrial plants [14]-[18]. It refers to the uptake of water, 
nutrients, and substances like pesticides through the leaf lamina, which supports 
photosynthesis, respiration, and metabolism [19] [20]. The lamina also regulates 
gas exchange, stomatal conductance, turgor pressure, and transpiration, and its 
structure enhances sunlight capture and absorption efficiency [21]. MNPPs pre-
sent challenges to plants through both root and foliar pathways [22]. The roots 
absorb and accumulate MNPPs from the soil, which are subsequently distributed 
throughout plant tissues [22] [23]. Foliar uptake of MNPPs can induce adverse 
effects at morphological, physiological, biochemical, and molecular levels [22]-
[24]. Internal exposure to MNPPs also triggers excessive production of reactive 
oxygen species (ROS), leading to inhibited photosynthesis, lipid membrane oxi-
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dation, and disruptions in metabolic processes [7]. Although plants have devel-
oped defense mechanisms such as antioxidant enzymes and cell wall barriers, 
these strategies have demonstrated limited effectiveness against MNPPs exposure 
[7] [23]. 

2.2. Pilot Study 

This pilot study is founded on the hypothesis that micro-nano plastic particles 
(MNPPs) are absorbed into edible vegetables through foliar absorption and cutic-
ular penetration during the day and night when photosynthesis and respiration 
occur [20]. Recent research has indicated the presence of MNPPs in plants [15], 
rainfall [13], but also in atmospheric air [25] [26], highlighting their pervasive 
distribution and potential to contaminate plants under atmospheric influence. 

3. Material and Methods 

Leaf Assay Setup 
Sixteen glass jars (200 mL capacity) were used, with two jars per vegetable as-

signed to daytime and nighttime treatments to ensure replication and separation 
of conditions. Each assay included 20 leaf discs (6 ± 0.5 mm diameter), prepared 
using a standard hole punch. Five discs were allocated to each treatment condi-
tion. 

Solutions and Reagents 
Four sodium bicarbonate solutions were prepared per vegetable: two controls 

and two containing micro- and nanoplastic particles (MNPPs). Each solution con-
sisted of 200 mL distilled water with one teaspoon of sodium bicarbonate. For 
MNPP treatments, Cospheric Red Fluorescent microspheres (Lot #300-45-5337) 
were added and stirred until uniformly dispersed. 

Equipment and Materials 
• Sixteen paintbrushes and mini bottles of clear nail polish for stomatal imprint-

ing, ensuring no cross-contamination. 
• Clear adhesive tape for transferring imprints to microscope slides. 
• LABOMED CxL clinical microscope for analysis with high magnification. 
• Sixteen syringes for vacuum infiltration of solutions into leaf discs. 

Floating Disk Assay 
Air was removed from leaf discs using a syringe vacuum, allowing infiltration 

of the test solution and causing discs to sink. Discs were then placed in sunlight 
for 16 minutes, and the time taken to float was recorded as an indicator of photo-
synthetic activity. The procedure was repeated under dark conditions to assess 
respiration. 

Stomatal and MNPP Analysis 
After treatment, leaf discs were air-dried for 20 minutes. A thin layer of clear 

nail polish was applied, dried, and lifted using adhesive tape. Imprints were 
mounted on labeled microscope slides and examined for stomatal structure and 
MNPP presence under magnification. 
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4. Results 

MNPPs were detected throughout the leaf anatomy—veins, stomata, and xylem—
under both diurnal and nocturnal conditions. 

Capsicum chinense (C. chinense) Habanero,  
 

 
Figure 1. Night 40× MNPPs in stomata No Float. 

 

 
Figure 2. Day No float but MNPPS (bright reddish balls) in stomata and veins 40×. 

 

 
Figure 3. Day MNPPS in stomata and veins 100× float. 

 
Basella alba (B. alba) Malabar Spinach, Poi 

 

 
Figure 4. Day MNPPs in mostly n stomata than vein float. 

 

 
Figure 5. Night MNPPs mostly in veins than stomata no float. 
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Figure 6. Night MNPPs mostly in veins than in stomata no float. 

 
Phaseolus vulgaris (P. vulgaris) (string bean) 

 

 
Figure 7. Day MNPPs in stomata no float. 

 

 
Figure 8. Day no float but MNPPs cluster in xylem. 

 

 
Figure 9. Night no float MNPPS in xylem near hair follicle. 

 
Brassica rapa (B. rapa) (Bok Choy)  

 

 
Figure 10. Day MNPPS mostly in veins and caught around and in stomata guard cells. 
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Figure 11. Night Bok Choi have stomata on both sides of leaves one is closed (abaxial) and 
the other (adaxial) is open holding MNPP also MNPPs in veins. 
 

 
Figure 12. Night Bok Choi MNPPs in stomata. 

5. Discussion 

Amityville, NY, experiences annual rainfall ranging from 43 to 46 inches. During 
a typical rainstorm, it is estimated that approximately three million raindrops fall 
over our garden area of 144 square feet, corresponding to an average precipitation 
of 0.5 inches. In the case of a heavier storm with one inch of rainfall, nearly seven 
million raindrops would impact the same area. Leaves exposed to rainfall ranged 
in size from approximately 2 to 36 square inches (as shown in Table 1). The hy-
draulic pressure exerted on each leaf was calculated to be about 50,000 pascals 
(Pa) for a 2-square-inch habanero leaf and up to roughly 8,333,333 Pa for poi 
leaves measuring 36 square inches, based on the formula Pressure (P) = Force 
(F)/Area (A). 
 
Table 1. Stomata per leaf, vegetable, and MNPPs found during day and night per vegetable 
leaf discs. 

Vegetable Leaf Discs 
Stomata  

per 2 mm 
Σ MNPPs Day 

Σ MNPPs 
Night 

Leaf size 

Capsicum chinense (Habanero) 50 40 1 6in^2 

Brassica rapa (Bok Choy) 30 6 15 12 in^2 

Phaseolus vulgaris (String Beans) 23 12 5 4 in^2 

Basella alba (Malabar Spinach) 15 6 6 36in^2 

 
In our experimental setup, leaf discs were submerged in 200 milliliters of so-

dium bicarbonate solution, equating roughly 3084 raindrops (using the conver-
sion factor of 1 milliliter to 15.42 drops). The hydrostatic pressure exerted by this 
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200 ml volume on the leaf discs was determined to be approximately 39.23 Pa, 
which is notably less than the pressure applied during a typical rainstorm, where 
three to seven million raindrops contact the leaves within the garden area. Our 
experimental design effectively demonstrates how pressure dynamics facilitate the 
entry of MNPPs into leaves, confirming their ability to infiltrate foliar tissue in 
the presence of aqueous media. 

Cuticular penetration refers to the movement of substances through the cuticle, 
which serves as the protective outer layer for plants and certain organisms [27]. 
This process is significant because the cuticle functions as the primary defense 
against external factors, with its permeability dictating the absorption efficiency 
of water, nutrients, or chemicals [27]. To determine whether rainwater containing 
MNPPs could be absorbed via leaf surfaces, we applied a drop of distilled water at 
room temperature onto the adaxial surface of the various vegetable leaves. Except 
for poi leaves, the water was absorbed within 20 minutes; poi leaves, characterized 
by a waxy coating, required approximately 10 additional minutes for complete 
foliar absorption and cuticular penetration. These findings indicate that micro-
scopic particles present in rainwater can readily penetrate through leaf cells. Each 
vegetable species was then exposed to natural sunlight to induce photosynthesis, 
while a separate group was maintained in darkness for comparison. 

Under normal conditions, leaf cells regulate water movement between intracel-
lular and intercellular spaces by controlling plasma membrane hydraulic conduc-
tivity [21]. This process is influenced by leaf anatomy, size, stomatal aperture, vein 
arrangement, and transpiration dynamics [21] [28] [29]. After removal from the 
oxygen-depleted photosynthetic chamber and placement in a high-CO2 solution, 
all leaf discs sank regardless of species. 

Following infiltration, water traverses’ intercellular airspaces to the mesophyll 
cell wall, providing a conduit for MNPPs to penetrate leaf tissues [19] [20]. Mi-
croscopic examination confirmed widespread distribution of MNPPs across mul-
tiple anatomical regions, supporting oxygen accumulation within intercellular 
spaces and sustaining photosynthetic activity. 

Heightened photosynthetic activity was observed across all the leaf discs, 
demonstrating that the intensity of light plays a vital role in driving this essential 
biological process. As sunlight strength intensifies, plants efficiently convert light 
energy into chemical energy, causing the leaf discs to float to the surface. The sto-
mata allow carbon dioxide to enter and oxygen to exit. This gas exchange is crucial 
for photosynthesis and affects the buoyancy of leaves, which tend to float in water 
due to the gases within the intercellular spaces. The stomatal process causes the 
entire leaf disc to resurface as oxygen levels were restored. The distribution of 
MNPPs occurs throughout the leaf discs, regardless of the vegetable type. During 
this brief gaseous phase, when the MNPPs are effectively incorporated, the leaf 
discs gradually float to the surface of the distilled solution with the MNPPs en-
cased in their lamina. 

The sodium bicarbonate mixture in this experiment, NaHCO3 + H2O, yields 
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NaOH and H2CO3. Plants do not directly utilize carbonic acid in the process of 
photosynthesis [30]. Instead, they rely on carbon dioxide (CO2) or bicarbonate 
ions ( 3HCO− ), both of which originate from carbonic acid [30]. The enzyme car-
bonic anhydrase plays a crucial role [30] in facilitating the conversion between 
CO2, carbonic acid, and bicarbonate, thereby making a significant amount of CO2 
accessible for in vivo photosynthesis. While carbonic acid acts as a transient in-
termediate formed when CO2 dissolves in water, it is not directly employed by 
plants in photosynthesis. It then decomposes to produce H2O and CO2↑, provid-
ing a large supply of CO2 to simulate molecules used in vivo photosynthesis. 
Countless bubbles formed within the various vegetable leaf discs examined to il-
lustrate the process of gas exchange occurring in all specimens, thereby demon-
strating the efficiency of leaf structure. 

As large volumes of water encounter the plant veins, they must navigate 
through intercellular airspaces before reaching the mesophyll cell walls [19] [20]. 
The MNPPs effectively navigate this pathway with water, allowing them to infil-
trate various regions of the leaf discs. Their presence can be clearly observed in 
different parts of the leaf anatomy depicted in the figures, highlighting their role 
in traversing the leaf anatomy. The MNPPs, measuring between 1000 nanometers 
and 5 micrometers, exploited the hydrodynamics of water movement within 
leaves (as shown in Figures 1-10). They likely utilize common stomatal architec-
ture to facilitate the selective and reversible translocation of water across both the 
plasmalemma and organelle membranes [31]-[34]. 

This study revealed variations in nighttime water flow among different plant 
species, showcasing their unique adaptations for growth and survival [35]. Fur-
thermore, the regulation of stomata differed among species, with some maintain-
ing open stomata during the night. For example, Bok Choy’s stomata remained 
open and were obstructed by MNPPs when subjected to dark conditions (Figure 
11, Figure 12). During the night, when stomata are generally expected to close, 
MNPPs blocked their pores, preventing them from doing so. 

This stomatal mechanism allows plants to effectively manage abiotic stressors 
while optimizing nutrient uptake [35]. By enhancing transpiration, the nighttime 
opening of stomata facilitates the movement of soil water toward the roots, 
thereby promoting the overall health and vitality of the plant [35]. The transport 
of micro-nano plastic particles (MNPPs) occurred with less intensity in the even-
ing in some vegetables. During this time, several leaf discs floated to the surface 
within 16 minutes, while most of the various leaf discs remained submerged in the 
water. 

During both diurnal and nocturnal conditions, MNPPs were caught in the sto-
mata. Since the stomatal pore and its guard cells are larger than the applied 
MNPPs, which range from 1000 nm to 5 μm compared to the 10 to 80 μm of the 
pore sizes [36] there was little resistance preventing the MNPPs from distributing 
through the leaf disc stomata. In this experiment, the majority of MNPPs did not 
exit the leaf as CO2 does during photosynthesis but remained within the leaf. The 
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larger aggregates of MNPPs encountered obstructions in their efforts to proceed 
in conjunction with the gas molecules and water through the stomata (as shown 
in Figure 1, Figure 3, Figure 4, Figure 10). In this study, stomata provided a 
pathway for the MNPPs to enter the leaf discs and be easily dispersed through 
gaseous exchange and water distribution. Once inside the leaf, the negatively 
charged MNPPs also passed through the intercellular airspaces, enabling infiltra-
tion of the entire leaf through foliar absorption and diffusion. The findings from 
our experiment demonstrate that MNPPs, sized between 1000 nanometers and 5 
micrometers, can penetrate leaves during both photosynthesis and respiration. 
Among the leaves examined, the B. alba (poi) leaves were the largest and exhibited 
the highest density of MNPPs per square inch. In contrast, the smaller P. vulgaris 
(string beans) leaves showed the lowest density of MNPPs per square inch, as il-
lustrated in Table 1 and Figure 13. 

 

 
Figure 13. Estimation of MNPPs in each plant leaf per in 2. 

 
Aquaporins located in guard cells likely mediate osmotic flux and hydraulic 

conductivity, possibly further facilitating MNPP translocation throughout the 
lamina. Aquaporins in guard cells facilitate osmosis and water balance, so they 
may help with MNPP diffusion throughout leaf discs. These proteins, along with 
stomata, also contribute to oxygen accumulation in intracellular spaces, support-
ing photosynthetic processes. Based on previous research for MNPPs to traverse 
aquaporins effectively [37], they must mix with water pressure imposed on the 
guard cells [37]. Hence, since aquaporins control water movement through inter-
cellular spaces, it is a concept worthy of further investigation. This phenomenon 
may be indicated by the slightly reddish and pinkish stains observed in images 
featuring both MNPPs and water during our experimental procedures. Specifi-
cally, when MNPPs are adequately combined with water, they facilitate unob-
structed movement through leaf discs under all tested conditions. Analogously, 
water permeates biological membranes either via simple diffusion or facilitated 
diffusion mediated by aquaporins, which also play a role in the transport of 
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MNPPs [26] [38]. When raindrops carry microplastics through the lamina, they 
can forcefully deposit these particles onto leaves to partake in photosynthesis and 
cellular respiration—a phenomenon similar to what we demonstrated in our ex-
periment. Rainfall applies pressure on leaves from the atmosphere [13]. In re-
sponse to rainfall pressure leaves can easily activate a defense mechanism to pro-
tect themselves [39]. 

More comprehensive research into stomatal aquaporins is essential for under-
standing how plastics move through leaf structures, especially given the likely role 
of aquaporins in transferring MNPPs as suggested by this experiment. Aquaporins 
are known to transport water upward from roots to shoots [3], and as bidirectional 
channels [40], they are likely to facilitate water movement from shoots back to 
roots as well. These channels can transfer water at rates up to 1 × 109 molecules 
per second, which allows plants to quickly adjust osmotically to changing envi-
ronmental conditions. Given that a single water molecule is 0.0275 nanometers 
long, the length covered by 1 × 109 such molecules would be 2.75 × 109 nanome-
ters, or 2.75 × 109 nm [40]. This suggests that the highly flexible, high-capacity 
nature of aquaporin pores could enable them to carry plastic particles measuring 
in nanometers, and possibly even larger particles around micrometers, through-
out leaf tissues. Supporting this idea, Li et al. in 2020 [41] found that wheat and 
lettuce can internalize fluorescent polystyrene (PS) beads sized at 0.2 μm and 2 
μm. They observed that only the larger, 2 μm (2000 nm) beads were detected in 
plant roots, whereas the 0.2 μm (200 nm) beads appeared in the roots, stems, and 
leaves of both species. Further work by Luo et al. in 2022 [42] demonstrated that 
200 nm polystyrene particles labeled with europium chelate Eu–β-diketonate pri-
marily accumulated in the roots of wheat and lettuce, observed using time-gated 
luminescence and SEM. Additionally, Giorgetti et al., in 2020 [43] reported find-
ing 50 nm PS beads inside onion root cells after three days of exposure. Recent 
studies propose several possible pathways for micro- and nano-plastics to enter 
plants, including stomata, cracks, and aquaporins [16] [41] [44]-[47]. 

6. Conclusion  

The lamina of leaves, which includes veins, intracellular pathways, and stomata, 
plays a crucial role as a gateway for micro-nanoparticles (MNPPs) to enter leaf 
discs during foliar absorption. This process is affected by at least several factors, 
including diffusion, photosynthesis, and cellular respiration. Once MNNPs enter 
the leaf, they are effectively distributed throughout the leaf tissue by means of hy-
draulic pressure and osmosis. The MNPPs distribution is not only intertwined 
with essential gas exchange but also may incorporate the movement of water 
within the leaf through specialized proteins called aquaporins because all water in 
leaves is influenced by aquaporins [47]. As MNPPs traverse this pathway and pen-
etrate the leaf tissue, they highlight a potential pathway for plastic particles to en-
ter the human food chain, posing a challenge that needs to be addressed across 
various types of edible vegetables. Recognizing the potential health risks associ-
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ated with MNPPs is an important step in enhancing food safety. By deepening our 
understanding of their distribution, along with studying the effects of exposure to 
sunlight, time, and potential contaminants they may carry [5], we can develop 
effective strategies to mitigate associated risks and ensure safer consumption. This 
research advances our understanding of the mechanisms by which harmful plastic 
particles, recognized for their negative impact on the human immune system via 
dietary intake, can be deposited onto vegetables from atmospheric sources [48] 
[49]. 

Acknowledgements 

Special thanks to Ramkarran Singh of Richmond, New York for the fresh organic 
garden vegetables used in this study. Funding through Classia Music and Art of 
Carol Adrianne Smith, PhD.  

Conflicts of Interest 

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

References 
[1] Dokl, M., Copot, A., Krajnc, D., Fan, Y.V., Vujanović, A., Aviso, K.B., et al. (2024) 

Global Projections of Plastic Use, End-of-Life Fate and Potential Changes in Consump-
tion, Reduction, Recycling and Replacement with Bioplastics to 2050. Sustainable Pro-
duction and Consumption, 51, 498-518.  
https://doi.org/10.1016/j.spc.2024.09.025 

[2] Qin, M. (2024) What Are Nanoplastics? An Engineer Explains Concerns about Par-
ticles Too Small to See. The Conversation.  
https://theconversation.com/what-are-nanoplastics-an-engineer-explains-concerns-
about-particles-too-small-to-see-225791  

[3] Li, Y., Liu, X., Shinde, S., Wang, J. and Zhang, P. (2021) Impacts of Micro- and Na-
noplastics on Photosynthesis Activities of Photoautotrophs: A Mini-Review. Fron-
tiers in Microbiology, 12, Article ID: 773226.  
https://doi.org/10.3389/fmicb.2021.773226 

[4] Kannan, K. and Vimalkumar, K. (2021) A Review of Human Exposure to Microplas-
tics and Insights into Microplastics as Obesogens. Frontiers in Endocrinology, 12, Ar-
ticle ID: 724989. https://doi.org/10.3389/fendo.2021.724989 

[5] Smith, C.A., Drichko, N., Lorenzo, M. and Pramanik, S. (2025) Contaminants of 
Emerging Concern on Microplastics Found in the Chrysaora Chesapeakei of the Patux-
ent River, Chesapeake Bay, Md. Microplastics, 4, Article 32.  
https://doi.org/10.3390/microplastics4020032 

[6] Bowley, J., Baker-Austin, C., Porter, A., Hartnell, R. and Lewis, C. (2021) Oceanic 
Hitchhikers—Assessing Pathogen Risks from Marine Microplastic. Trends in Micro-
biology, 29, 107-116. https://doi.org/10.1016/j.tim.2020.06.011 

[7] Jia, L., Liu, L., Zhang, Y., Fu, W., Liu, X., Wang, Q., et al. (2023) Microplastic Stress 
in Plants: Effects on Plant Growth and Their Remediations. Frontiers in Plant Sci-
ence, 14, Article 1226484. https://doi.org/10.3389/fpls.2023.1226484 

[8] European Commission, Joint Research Centre, Geiss, O., El Hadri, H., Giechaskiel, 
B., Al Wasif Ruiz, T., Putaud, J. and Barrero, J. (2024) Micro- and Nanoplastics in the 

https://doi.org/10.4236/jep.2026.171001
https://doi.org/10.1016/j.spc.2024.09.025
https://theconversation.com/what-are-nanoplastics-an-engineer-explains-concerns-about-particles-too-small-to-see-225791
https://theconversation.com/what-are-nanoplastics-an-engineer-explains-concerns-about-particles-too-small-to-see-225791
https://doi.org/10.3389/fmicb.2021.773226
https://doi.org/10.3389/fendo.2021.724989
https://doi.org/10.3390/microplastics4020032
https://doi.org/10.1016/j.tim.2020.06.011
https://doi.org/10.3389/fpls.2023.1226484


C. A. Smith, S. Pramanik 
 

 

DOI: 10.4236/jep.2026.171001 12 Journal of Environmental Protection 
 

Air: Sources, Transport & Analytical Methods for Their Determination. Publications 
Office of the European Union. 

[9] Zhang, Y., Slade, J.H., Ault, A.P. and Chan, A.W.H. (2025) An Atmospheric Chem-
istry Perspective on Airborne Micro- and Nanoplastic Particles. Environmental Sci-
ence & Technology, 59, 7810-7819. https://doi.org/10.1021/acs.est.5c03264 

[10] Zhang, X., Yin, Z., Xiang, S., Yan, H. and Tian, H. (2024) Degradation of Polymer 
Materials in the Environment and Its Impact on the Health of Experimental Animals: 
A Review. Polymers, 16, Article 2807. https://doi.org/10.3390/polym16192807 

[11] Abbas, G., Ahmed, U. and Ahmad, M.A. (2025) Impact of Microplastics on Human 
Health: Risks, Diseases, and Affected Body Systems. Microplastics, 4, Article 23.  
https://doi.org/10.3390/microplastics4020023 

[12] Roth-Nebelsick, A., Konrad, W., Ebner, M., Miranda, T., Thielen, S. and Nebelsick, 
J.H. (2022) When Rain Collides with Plants—Patterns and Forces of Drop Impact and 
How Leaves Respond to Them. Journal of Experimental Botany, 73, 1155-1175.  
https://doi.org/10.1093/jxb/erac004 

[13] Carvalho, A.B., Farias, C.N., de Castro Vasconcellos, P., Fernandes, A.N., de Sales, F., 
Chiquetto, J.B., et al. (2025) Detection, Characteristics, and Some Influencing Factors of 
MPS in Rainfall. Theoretical and Applied Climatology, 156, Article No. 220.  
https://doi.org/10.1007/s00704-025-05441-y 

[14] Li, Z., Gong, X., Wang, J., Chen, Y., Liu, F., Li, H., et al. (2023) Foliar Water Uptake 
Improves Branch Water Potential and Photosynthetic Capacity in Calligonum Mongol-
icum. Ecological Indicators, 146, Article 109825.  
https://doi.org/10.1016/j.ecolind.2022.109825 

[15] Li, Y., Zhang, J., Xu, L., Li, R., Zhang, R., Li, M., et al. (2025) Leaf Absorption Con-
tributes to Accumulation of Microplastics in Plants. Nature, 641, 666-673.  
https://doi.org/10.1038/s41586-025-08831-4 

[16] Lian, J., Liu, W., Meng, L., Wu, J., Chao, L., Zeb, A., et al. (2021) Foliar-Applied Pol-
ystyrene Nanoplastics (PSNPs) Reduce the Growth and Nutritional Quality of Lettuce 
(Lactuca sativa L.). Environmental Pollution, 280, Article 116978.  
https://doi.org/10.1016/j.envpol.2021.116978 

[17] Kagawa, A. (2022) Foliar Water Uptake as a Source of Hydrogen and Oxygen in Plant 
Biomass. Tree Physiology, 42, 2153-2173. https://doi.org/10.1093/treephys/tpac055 

[18] Wang, Y., Li, H., Tan, F., Jin, L.N., Su, J. and Luo, C. (2025) Root and Foliar Uptake, 
Bidirectional Translocation, Subcellular Distribution, and Metabolism of Tire Wear 
Particle-Derived P-Phenylenediamines and Their Quinones in Chinese Cabbage and 
Bok Choy. Environmental Pollution, 382, Article 126737.  
https://doi.org/10.1016/j.envpol.2025.126737 

[19] Kimball, J. (2016) 16.2D: Gas Exchange in Plants. Biology Libre Texts.  
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Biol-
ogy_(Kimball)/16%3A_The_Anatomy_and_Physiol-
ogy_of_Plants/16.02%3A_Plant_Physiology/16.2D%3A_Gas_Exchange_in_Plants  

[20] 36.5.1: Response to Water Stress (2021) Biology LibreTexts.  
https://bio.libretexts.org/@go/page/75367  

[21] Harrison, E.L., Arce Cubas, L., Gray, J.E. and Hepworth, C. (2020) The Influence of 
Stomatal Morphology and Distribution on Photosynthetic Gas Exchange. The Plant 
Journal, 101, 768-779. https://doi.org/10.1111/tpj.14560 

[22] Chaudhary, H.D., Shah, G., Bhatt, U., Singh, H. and Soni, V. (2025) Microplastics 
and Plant Health: A Comprehensive Review of Sources, Distribution, Toxicity, and 

https://doi.org/10.4236/jep.2026.171001
https://doi.org/10.1021/acs.est.5c03264
https://doi.org/10.3390/polym16192807
https://doi.org/10.3390/microplastics4020023
https://doi.org/10.1093/jxb/erac004
https://doi.org/10.1007/s00704-025-05441-y
https://doi.org/10.1016/j.ecolind.2022.109825
https://doi.org/10.1038/s41586-025-08831-4
https://doi.org/10.1016/j.envpol.2021.116978
https://doi.org/10.1093/treephys/tpac055
https://doi.org/10.1016/j.envpol.2025.126737
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Biology_(Kimball)/16%3A_The_Anatomy_and_Physiology_of_Plants/16.02%3A_Plant_Physiology/16.2D%3A_Gas_Exchange_in_Plants
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Biology_(Kimball)/16%3A_The_Anatomy_and_Physiology_of_Plants/16.02%3A_Plant_Physiology/16.2D%3A_Gas_Exchange_in_Plants
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Biology_(Kimball)/16%3A_The_Anatomy_and_Physiology_of_Plants/16.02%3A_Plant_Physiology/16.2D%3A_Gas_Exchange_in_Plants
https://bio.libretexts.org/@go/page/75367
https://doi.org/10.1111/tpj.14560


C. A. Smith, S. Pramanik 
 

 

DOI: 10.4236/jep.2026.171001 13 Journal of Environmental Protection 
 

Remediation. npj Emerging Contaminants, 1, Article No. 8.  
https://doi.org/10.1038/s44454-025-00007-z 

[23] Vaidyanathan, T. (2025) Microplastics Are Disrupting Photosynthesis and Threaten-
ing our Food Supply. Defend Our Health.  
https://defendourhealth.org/blog/microplastics-are-disrupting-photosynthesis-and-
threatening-our-food-supply/  

[24] Teng, L., Zhu, Y., Li, H., Song, X. and Shi, L. (2022) The Phytotoxicity of Microplas-
tics to the Photosynthetic Performance and Transcriptome Profiling of Nicotiana Tab-
acum Seedlings. Ecotoxicology and Environmental Safety, 231, Article 113155.  
https://doi.org/10.1016/j.ecoenv.2021.113155 

[25] Tanjil, R.H., Islam, M.S., Islam, Z., Roy, S., Nahian, S. and Salam, A. (2025) Atmos-
pheric Microplastic Pollution in Textile Industrial Areas: Source, Composition, and 
Health Risk Assessment. Bulletin of Environmental Contamination and Toxicology, 
114, Article 51. https://doi.org/10.1007/s00128-025-04021-0 

[26] Hernández-Fernández, J., Puello-Polo, E. and Trilleras, J. (2022) Characterization of 
Microplastics in Total Atmospheric Deposition Sampling from Areas Surrounding In-
dustrial Complexes in Northwestern Colombia. Sustainability, 14, Article 13613.  
https://doi.org/10.3390/su142013613 

[27] González-Valenzuela, L., Renard, J., Depège-Fargeix, N. and Ingram, G. (2023) The Plant 
Cuticle. Current Biology, 33, R210-R214.  
https://doi.org/10.1016/j.cub.2023.01.003 

[28] Fowler, C., Marshall, R., Son, M. and Jung, S. (2024) Resonance and Damping in Drop-
Cantilever Interactions. Physical Review Fluids, 9, Article 123605.  
https://doi.org/10.1103/physrevfluids.9.123605 

[29] Heinen, R.B., Ye, Q. and Chaumont, F. (2009) Role of Aquaporins in Leaf Physiology. 
Journal of Experimental Botany, 60, 2971-2985. https://doi.org/10.1093/jxb/erp171 

[30] Poschenrieder, C., Fernández, J.A., Rubio, L., Pérez, L., Terés, J. and Barceló, J. (2018) 
Transport and Use of Bicarbonate in Plants: Current Knowledge and Challenges Ahead. 
International Journal of Molecular Sciences, 19, Article 1352.  
https://doi.org/10.3390/ijms19051352 

[31] Hachez, C., Milhiet, T., Heinen, R.B. and Chaumont, F. (2017) Roles of Aquaporins 
in Stomata. In: Chaumont, F. and Tyerman, S., Eds., Signaling and Communication in 
Plants, Springer International Publishing, 167-183.  
https://doi.org/10.1007/978-3-319-49395-4_8 

[32] Sack, L. and Scoffoni, C. (2012) Measurement of Leaf Hydraulic Conductance and 
Stomatal Conductance and Their Responses to Irradiance and Dehydration Using the 
Evaporative Flux Method (EFM). Journal of Visualized Experiments, No. 70, e4179.  
https://doi.org/10.3791/4179 

[33] Ding, L., Fox, A.R. and Chaumont, F. (2024) Multifaceted Role and Regulation of 
Aquaporins for Efficient Stomatal Movements. Plant, Cell & Environment, 47, 3330-
3343. https://doi.org/10.1111/pce.14942 

[34] Sibbernsen, E. and Mott, K.A. (2010) Stomatal Responses to Flooding of the Intercel-
lular Air Spaces Suggest a Vapor-Phase Signal between the Mesophyll and the Guard 
Cells. Plant Physiology, 153, 1435-1442. https://doi.org/10.1104/pp.110.157685 

[35] Eller, F., Jensen, K. and Reisdorff, C. (2016) Nighttime Stomatal Conductance Differs 
with Nutrient Availability in Two Temperate Floodplain Tree Species. Tree Physiol-
ogy, 37, 428-440. https://doi.org/10.1093/treephys/tpw113 

[36] Willmer, C.M. and Fricker, M. (1996) Stomata. London Chapman & Hall. 

https://doi.org/10.4236/jep.2026.171001
https://doi.org/10.1038/s44454-025-00007-z
https://defendourhealth.org/blog/microplastics-are-disrupting-photosynthesis-and-threatening-our-food-supply/
https://defendourhealth.org/blog/microplastics-are-disrupting-photosynthesis-and-threatening-our-food-supply/
https://doi.org/10.1016/j.ecoenv.2021.113155
https://doi.org/10.1007/s00128-025-04021-0
https://doi.org/10.3390/su142013613
https://doi.org/10.1016/j.cub.2023.01.003
https://doi.org/10.1103/physrevfluids.9.123605
https://doi.org/10.1093/jxb/erp171
https://doi.org/10.3390/ijms19051352
https://doi.org/10.1007/978-3-319-49395-4_8
https://doi.org/10.3791/4179
https://doi.org/10.1111/pce.14942
https://doi.org/10.1104/pp.110.157685
https://doi.org/10.1093/treephys/tpw113


C. A. Smith, S. Pramanik 
 

 

DOI: 10.4236/jep.2026.171001 14 Journal of Environmental Protection 
 

[37] Maity, S., Guchhait, R. and Pramanick, K. (2024) Role of Aquaporins in Micro-Plas-
tics Accumulation in Onion Roots and the Effects of Micro-Plastics on Microtubules 
Stability and Organization under Heat and Salinity Stress. Environmental and Exper-
imental Botany, 220, Article 105692.  
https://doi.org/10.1016/j.envexpbot.2024.105692 

[38] Xiong, D. and Nadal, M. (2020) Linking Water Relations and Hydraulics with Pho-
tosynthesis. The Plant Journal, 101, 800-815. https://doi.org/10.1111/tpj.14595 

[39] Sloane, C. (2021) The Effects of Rainwater on Plants. Sciencing.com.  
https://www.sciencing.com/the-effects-of-rain-water-on-plants-12390760/  

[40] Australian Academy of Science (2012) Plants in Action. A Resource for Teachers and 
Students of Plant Science. Australian Academy of Science.  

[41] Li, L., Luo, Y., Li, R., Zhou, Q., Peijnenburg, W.J.G.M., Yin, N., et al. (2020) Effective 
Uptake of Submicrometre Plastics by Crop Plants via a Crack-Entry Mode. Nature 
Sustainability, 3, 929-937. https://doi.org/10.1038/s41893-020-0567-9 

[42] Luo, Y., Li, L., Feng, Y., Li, R., Yang, J., Peijnenburg, W.J.G.M., et al. (2022) Quanti-
tative Tracing of Uptake and Transport of Submicrometre Plastics in Crop Plants 
Using Lanthanide Chelates as a Dual-Functional Tracer. Nature Nanotechnology, 17, 
424-431. https://doi.org/10.1038/s41565-021-01063-3 

[43] Giorgetti, L., Spanò, C., Muccifora, S., Bottega, S., Barbieri, F., Bellani, L., et al. (2020) 
Exploring the Interaction between Polystyrene Nanoplastics and Allium Cepa during 
Germination: Internalization in Root Cells, Induction of Toxicity and Oxidative Stress. 
Plant Physiology and Biochemistry, 149, 170-177.  
https://doi.org/10.1016/j.plaphy.2020.02.014 

[44] Sun, X., Yuan, X., Jia, Y., Feng, L., Zhu, F., Dong, S., et al. (2020) Differentially 
Charged Nanoplastics Demonstrate Distinct Accumulation in Arabidopsis Thaliana. 
Nature Nanotechnology, 15, 755-760. https://doi.org/10.1038/s41565-020-0707-4 

[45] Zhou, C., Lu, C., Mai, L., Bao, L., Liu, L. and Zeng, E.Y. (2021) Response of Rice 
(Oryza sativa L.) Roots to Nanoplastic Treatment at Seedling Stage. Journal of Hazard-
ous Materials, 401, Article 123412. https://doi.org/10.1016/j.jhazmat.2020.123412 

[46] Quilliam, R.S., Pow, C.J., Shilla, D.J., Mwesiga, J.J., Shilla, D.A. and Woodford, L. (2023) 
Microplastics in Agriculture—A Potential Novel Mechanism for the Delivery of Hu-
man Pathogens onto Crops. Frontiers in Plant Science, 14, Article ID: 1152419.  
https://doi.org/10.3389/fpls.2023.1152419 

[47] Pawłowicz, I. and Masajada, K. (2019) Aquaporins as a Link between Water Relations 
and Photosynthetic Pathway in Abiotic Stress Tolerance in Plants. Gene, 687, 166-
172. https://doi.org/10.1016/j.gene.2018.11.031 

[48] Ishfaq, M., Shakoor, N., Rillig, M.C. and Geilfus, C. (2025) Airborne Microplastics in 
Leaves and Food Safety Risks. Trends in Plant Science, 30, 1063-1065.  
https://doi.org/10.1016/j.tplants.2025.05.012 

[49] Luo, D., Chu, X., Wu, Y., Wang, Z., Liao, Z., Ji, X., et al. (2024) Micro- and Nano-
Plastics in the Atmosphere: A Review of Occurrence, Properties and Human Health 
Risks. Journal of Hazardous Materials, 465, Article 133412.  
https://doi.org/10.1016/j.jhazmat.2023.133412 

 
 
 
 
 
 

https://doi.org/10.4236/jep.2026.171001
https://doi.org/10.1016/j.envexpbot.2024.105692
https://doi.org/10.1111/tpj.14595
https://www.sciencing.com/the-effects-of-rain-water-on-plants-12390760/
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1038/s41565-021-01063-3
https://doi.org/10.1016/j.plaphy.2020.02.014
https://doi.org/10.1038/s41565-020-0707-4
https://doi.org/10.1016/j.jhazmat.2020.123412
https://doi.org/10.3389/fpls.2023.1152419
https://doi.org/10.1016/j.gene.2018.11.031
https://doi.org/10.1016/j.tplants.2025.05.012
https://doi.org/10.1016/j.jhazmat.2023.133412

	A Pilot Study on How Microplastic Polluted Rainfall Infiltrates Commonly Eaten Leafy Vegetables
	Abstract
	Keywords
	1. Introduction
	2. Background
	2.1. Rainfalls and Leaves
	2.2. Pilot Study

	3. Material and Methods
	4. Results
	5. Discussion
	6. Conclusion 
	Acknowledgements
	Conflicts of Interest
	References

