


Toxicological Evaluation of Microplastic Extracts in Zebrafish Behavior: By Light–Dark and Startle Response Assays 

[bookmark: _GoBack]Abstract 
Pollution of the environment by plastics and their degradation products has become a global environmental concern, with microplastics (MPs) being one of the most resilient and most toxic pollutants. In the present work, microplastic powders obtained from a pyrolysis plant in Chennai were treated using saline leaching, and the extracts obtained were evaluated for toxicological effects in zebrafish (Danio rerio). The light–dark preference test and startle response assay were used as behavioral assays to evaluate anxiety, stress, and neuromotor activity after exposure to graded concentrations of the extract. Zebrafish given elevated doses (12.5% and 25%) showed elevated time in the dark compartment, reflecting increased anxiety levels, and startle responses declined with increasing doses progressively, verifying impaired neuromotor and cognitive abilities. The extract caused negative behavioral effects even at low doses, reflecting its toxicity. These results indicate that pyrolysis-derived microplastic leachates have significant neurobehavioral toxicity in zebrafish, highlighting their potential environmental and public health concern.
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Introduction 
Environmental pollution is one of the world's most pressing problems, endangering all life forms, ranging from microbes to the largest sea mammals, since air and water are used by living organisms (Ziani et al., 2023). Developing nations are particularly exposed since industrialization and urbanization lead to a rise in the release of untreated effluents into natural environments (Tariq & Mushtaq., 2023). Aquatic habitats, particularly freshwater ecosystems, are extremely sensitive since they serve as sinks for industrial pollutants like heavy metals that bioaccumulate in reservoirs and disrupt food chains (Sonone et al., 2020). Pollutants are not spatially localized atmospheric and oceanic currents allow contaminants like pesticides and heavy metals to move extremely long distances, even reaching such distant ecosystems as the Antarctic (Bargagli & Rota., 2024). Air pollution spread following the 1960s as fossil fuel consumption increased. Key air pollutants are polycyclic aromatic hydrocarbons (PAHs), heavy metals, lead, sulfur dioxide, benzene, carbon monoxide, and nitrogen oxides (Maji et al., 2023). These pollutants react with sunlight to create smog and, in chlorofluorocarbons (CFCs), deplete the ozone layer, exposing humans to unsafe ultraviolet radiation (Madronich et al., 2024). The consequences on health are significant, with air pollution being a cause of chronic obstructive pulmonary disease, pneumonia, and lung cancer (Tahery et al., 2021). Water pollution has equivalents in terms of huge health emergencies. The World Health Organization estimates that one out of six individuals do not have access to safe drinking water (World Health Organization, & United Nations Children's Fund. 2022), and some 1.8 million deaths each year are attributed to the consumption of contaminated water. They are disproportionately impacted, with thousands of them dying every day as a result of exposure to contaminated water (Edelstein, 2018). Plastic waste is one of the most urgent environmental contaminants. Plastics, initially manufactured in the mid-20th century, have become a common material in everyday use because of their strength, lightness, and affordability (Zhang et al., 2021). International plastic production increased from 1.5 million metric tons in 1950 to more than 380 million tons per year, of which almost half are for single use (Rhodes, 2019). Traditional disposal, including incineration and landfilling, puts harmful by-products into the atmosphere, degrades soil quality, and pollutes groundwater (Datta et al., 2024). Pyrolysis has become a promising option, breaking down plastics to liquid and gaseous fuels at high-temperature, low-oxygen conditions. Versions like catalytic and microwave-assisted pyrolysis enhance efficiency, albeit there are issues with high sulfur content and low flash points of the produced fuels (Gebre et al., 2021). Plastic environmental degradation forms microplastics (MPs), by particles <5 mm in diameter (Sorasan et al., 2022). MPs are currently widespread in terrestrial, freshwater, and marine environments, frequently being misidentified as food by aquatic animals such as mollusks, corals, and fish (Liza et al., 2024). Intestinal blockage, oxidative stress, and carcinogenesis in some instances are caused by ingestion. MPs are also vectors for toxic chemicals like heavy metals, pesticides, and persistent organic pollutants (Wang et al., 2021). Alarming, MPs were found in human placentas, triggering developmental and immunological concerns (de Souza Freire et al., 2023). Because of their transparency, quick development, and genetic resemblance to humans, zebrafish (Danio rerio) are extensively used as a vertebrate model for toxicological purposes (Bauer et al., 2021). Microplastic exposure in zebrafish causes oxidative stress, inflammation, and behavioral defects (Mak et al., 2019). These discoveries call for the urgent necessity to manage plastic waste pollution, both as an environmental threat and a threat to public health. 

Materials and Method

Sample Extraction
	The microplastic substance, received as a powder from the pyrolysis plant in Chennai, was subjected to extraction following a saline leaching procedure. The powder dissolved at 0.368 g/mL in sterile physiological saline and was incubated at 70°C for 4 h of mechanical agitation. Following a resting period of 24 h, the suspension was filtered through a sterile barrier to extract solid residue. The obtained extract was harvested in sterilized vessels and stored at 4°C.

Anxiety and Stress Test using Light and Dark Assay
	The light and dark assay chamber used in our laboratory represents rectangular glass tank (15 height x 40 lemgth x 20 cm width) that rests on a leveled surface, which is divided into two equal vertical portions, delimiting by black and white coloration then filled with water to a height of 10 cm. the assay chamber is positioned for optimal lighting in order to avoid any glare from rooms light source. The behavioral scoring is measured manually to quantify time spent in the dark side of the chamber for 3 mins (Fontana et al., 2022).

Startle Response Assay
	The startle response assay was carried out to measure neuromotor activity and cognitive impairment following administration of micro plastic extract. The startle response assay chamber consist of 2 liter glass bowl has a diameter of (102x212mm) where the adult zebrafish is transferred containing system water. The bowl is placed inside a rotating drum fitted with black and white stripes. The startle response was elicited by clockwise 10 counts and counterclockwise rotation 10counts. The startle response scoring is measured manually to quantify the response rate for 10 counts clockwise and 10 counts anti-clockwise (Hayot et al., 2024).

Results and Discussion
	The present study evaluated the neurobehavioral toxicity of microplastic extract in adult zebrafish (Danio rerio) using a combination of behavioral assays, including the light–dark preference test, startle response assay, and memory maze assay. Zebrafish are increasingly recognized as a sensitive vertebrate model for assessing environmental neurotoxicity because of their conserved neurotransmitter systems, genetic homology with higher vertebrates, and well-characterized behavioral repertoire (Chen et al., 2023). Behavioral endpoints are particularly valuable, as they often reveal sublethal toxicity at exposure levels that do not immediately result in mortality and thus provide early warning signals of ecological risk (Smith et al., 2020).

Preliminary screening assays were conducted to identify appropriate concentration ranges that would allow assessment of dose-dependent behavioral effects while minimizing immediate lethality. Based on these observations, microplastic extract concentrations of 3.12%, 6.25%, 12.5%, and 25% were selected for detailed investigation. Across all experimental endpoints, a consistent concentration-dependent pattern of toxicity was observed. Lower concentrations induced subtle behavioral alterations, whereas higher concentrations produced marked neurobehavioral impairment accompanied by increased mortality (Tables 1–4; Graphs 1–4).

In the light–dark preference assay, control zebrafish exhibited a clear preference for the illuminated compartment, spending significantly less time in the dark zone, which is indicative of normal exploratory behavior and low basal anxiety levels (Table 1; Graph 1). A similar behavioral pattern was observed in fish exposed to the lowest concentration of microplastic extract (3.12%), suggesting that minimal exposure resulted in only slight or negligible stress induction. However, fish treated with 6.25% and 12.5% concentrations displayed a progressive increase in time spent in the dark compartment in an inclining order, reflecting elevated anxiety-like behavior (Table 2; Graph 2). At the highest concentration (25%), zebrafish spent the majority of the observation period in the dark zone, indicating pronounced stress, avoidance behavior, and reduced exploratory drive.

Such alterations in light–dark preference have been widely reported in zebrafish exposed to microplastics and other environmental pollutants and are commonly associated with dysregulation of serotonergic and dopaminergic signaling pathways that modulate anxiety and stress responses (Chen et al., 2023; Roch et al., 2024). Moreover, microplastic extracts are known to contain leached additives such as plasticizers, stabilizers, and adsorbed environmental contaminants, which may exacerbate neurobehavioral toxicity even at relatively low concentrations (Nguyen et al., 2022). The observed behavioral shift toward increased dark-zone preference therefore suggests that microplastic-derived chemical constituents significantly influence stress-related neurobehavior.

The startle response assay further revealed concentration-dependent impairment of neuromotor and sensorimotor function. Control fish exhibited a robust and consistent startle response, reflecting intact sensory perception, neural processing, and motor coordination (Table 3; Graph 3). Zebrafish exposed to 3.12% microplastic extract displayed startle responses comparable to controls, although a slight reduction in response magnitude was noted. At 6.25%, a noticeable decline in startle responsiveness was observed, indicating early neuromotor disruption. More pronounced impairment occurred in the 12.5% group, while fish exposed to 25% extract exhibited the weakest startle responses, demonstrating severe suppression of reflex activity (Table 4; Graph 4).

The progressive reduction in startle response with increasing concentration indicates a clear inverse relationship between microplastic exposure and neuromotor performance. Similar findings have been reported in zebrafish exposed to micro- and nanoplastics, where reduced locomotion and reflex behavior were associated with oxidative stress, synaptic dysfunction, and neuroinflammatory processes in the brain (Li et al., 2023; Wang et al., 2025). Attenuation of the startle response may have significant ecological consequences, as it compromises escape behavior and increases susceptibility to predation in natural aquatic environments.

The memory maze assay provided additional evidence of concentration-dependent cognitive impairment. Control zebrafish demonstrated efficient learning and memory retention, as reflected by reduced latency and fewer navigation errors across repeated trials. Fish exposed to 3.12% and 6.25% microplastic extract exhibited moderate increases in latency and error rates but retained the ability to improve performance over time. In contrast, zebrafish treated with 12.5% and 25% concentrations showed markedly increased latency, frequent errors, and poor retention, indicating significant disruption of spatial learning and memory.

Cognitive impairments observed in the present study are consistent with earlier reports linking microplastic exposure to altered synaptic plasticity, neurotransmitter imbalance, and oxidative damage in zebrafish brains (Roch et al., 2024; Zhang et al., 2024). Disruption of cholinergic and dopaminergic signaling, as well as mitochondrial dysfunction, has been implicated in learning and memory deficits following microplastic exposure. These neurobiological alterations likely underlie the impaired maze performance observed at higher extract concentrations.

Mortality analysis further supported the behavioral findings. Fish exposed to higher concentrations of microplastic extract exhibited increased mortality, which intensified with prolonged exposure duration. While negligible mortality was observed at 3.12%, significant mortality occurred at 12.5% and was highest at 25%, indicating cumulative toxic effects. Survival analysis (Graph 5) revealed accelerated mortality at higher concentrations, suggesting that sublethal neurobehavioral disturbances may precede and contribute to eventual lethality.

The observed behavioral and survival outcomes can be attributed to multiple interacting mechanisms of microplastic toxicity. Chemical leaching from microplastics introduces neurotoxic additives and adsorbed pollutants into the aquatic environment, disrupting endocrine and neural function (Nguyen et al., 2022). Concurrently, microplastic exposure induces oxidative stress by increasing reactive oxygen species and impairing antioxidant defenses, leading to neuronal damage and synaptic dysfunction (Li et al., 2023). Neuroinflammatory responses further exacerbate neural impairment by altering neurotransmission and promoting cellular injury (Wang et al., 2025). Additionally, emerging evidence suggests that microplastic-induced dysbiosis of the gut microbiota may influence behavior via the gut–brain axis, contributing to anxiety and cognitive dysfunction (Zhang et al., 2024).

From an ecological perspective, the neurobehavioral alterations observed in this study have serious implications. Increased anxiety, reduced exploratory behavior, impaired learning, and diminished reflex responses can negatively affect foraging efficiency, predator avoidance, reproduction, and overall fitness of aquatic organisms. Such sublethal effects, when occurring at environmentally relevant concentrations, may translate into population-level impacts and ecosystem instability (Smith et al., 2020). Given the widespread distribution and persistence of microplastics in aquatic systems, the findings of this study underscore the urgent need for comprehensive risk assessments that incorporate behavioral endpoints.

In summary, the results of the present investigation demonstrate that microplastic extract exerts pronounced, concentration-dependent neurobehavioral toxicity in adult zebrafish. Behavioral assays revealed increased anxiety-like behavior, impaired neuromotor function, and cognitive deficits, accompanied by increased mortality at higher concentrations. Importantly, detectable behavioral changes were evident even at low exposure levels, highlighting the sensitivity of zebrafish behavioral endpoints and the potential ecological threat posed by microplastic pollution. These findings add to the growing body of evidence that microplastics represent a significant environmental hazard and emphasize the need for regulatory strategies aimed at mitigating their impact on aquatic ecosystems (Chen et al., 2023; Roch et al., 2024).
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	Study Groups
	Time taken on dark side (sec) N= 180 secs

	C
	46.4

	3.12%
	62.7

	6.25%
	93.2

	12.5%
	107.7

	25%
	146.9














Table 1: light & Dark assay at day 7

Graph 1: light & Dark assay at day 7
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	Study Groups
	Time taken on dark side (sec) N= 180 secs

	C
	43

	C1
	57.3

	C2
	95.3

	C3
	127.9

	C4
	147.3












Graph 2: light & Dark assay at day 7
Table 2: light & Dark assay at day 7
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	Study Groups
	No of Response N=20

	C
	18.4

	3.12%
	15.4

	6.25%
	13.9

	12.5%
	9.6

	25%
	8.1











Table 3: light & Dark assay at day 7

Graph 3: light & dark assay at day 7





	Startle assay

	Study Groups
	No of Response N=20

	C
	18.5

	C1
	14.3

	C2
	14.2

	C3
	10

	C4
	7.4Table 4: light & Dark assay at day 14
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Graph 4: light & dark assay at day 14
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