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Abstract 

The rapid advancement of nanotechnology has introduced engineered nanomaterials into diverse 

sectors including medicine, agriculture, electronics, and consumer products. However, the unique 

physicochemical properties that make nanomaterials valuable also raise significant concerns about 

their potential toxicity to human health and ecological systems. This study presents a comprehensive 

survey-based analysis of 400 respondents from diverse professional backgrounds across seven 

countries to assess perceptions and understanding of nanomaterial toxicity mechanisms and 

environmental behavior. Through exploratory factor analysis, reliability testing, validity assessment, 

multiple regression, and structural equation modeling, this research identifies key factors influencing 

nanomaterial impact, including oxidative stress, membrane damage, and DNA damage as primary 

toxicity mechanisms. Results demonstrate that familiarity with scientific literature (β = 0.803, p < 

0.001) and understanding of nanomaterial properties (β = 0.143, p < 0.001) are significant 

predictors of perceived significance of nanomaterial impact. The study supports five hypotheses 

confirming the significant relationships between nanomaterial types, their physicochemical 

properties, exposure pathways, toxicity mechanisms, and environmental persistence. Findings 

emphasize the urgent need for implementing safe-by-design approaches and comprehensive 

regulatory frameworks to ensure sustainable nanotechnology development while minimizing risks to 

human health and the environment. 
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INTRODUCTION 

Nanotechnology has emerged as one of the most transformative technologies of the 21st century, 

offering revolutionary applications across medicine, electronics, energy, and environmental 

remediation [1, 2]. Engineered nanomaterials 

(ENMs), characterized by at least one dimension in 

the 1–100 nanometer range, exhibit unique 

physicochemical properties including high surface-

area-to-volume ratios, quantum effects, and 

enhanced reactivity that distinguish them from 

their bulk counterparts [3]. The global 

nanotechnology market has experienced 

exponential growth, with projections exceeding 

$125 billion by 2024 [4]. 

 

However, these same properties that make 

nanomaterials industrially valuable also raise 

substantial concerns regarding their potential 

adverse effects on human health and 
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environmental systems. The small size of nanoparticles facilitates their penetration across biological 

barriers, cellular uptake, and interaction with biomolecules, potentially leading to cytotoxicity, 

genotoxicity, and inflammation [2, 5]. Environmental exposure to nanomaterials has become 

inevitable as these materials integrate into daily consumer products, from cosmetics and sunscreens to 

food packaging and textiles [6]. 

 

The mechanisms underlying nanomaterial toxicity are multifaceted, with oxidative stress emerging 

as a predominant pathway. Reactive oxygen species (ROS) generation by nanoparticles can induce 

oxidative damage to cellular macromolecules including DNA, proteins, and lipids, triggering cascades 

of inflammatory responses, mitochondrial dysfunction, and ultimately cell death [2, 3]. The 

toxicological profile of nanomaterials is significantly influenced by their physicochemical 

characteristics including size, shape, surface area, surface charge, and chemical composition [7]. 

 

Environmental fate and behavior of nanomaterials present additional challenges, as these materials 

can undergo complex transformations including aggregation, dissolution, and surface modifications 

that alter their toxicity profiles [8]. The persistence of certain nanomaterials in environmental 

compartments and their potential for bioaccumulation through food chains pose long-term ecological 

risks that remain inadequately characterized [9]. 

 

This study aims to comprehensively assess the current understanding of nanomaterial toxicity and 

environmental behavior through a multi-national survey approach, integrating statistical analyses to 

identify key determinants of perceived nanomaterial impact. The research objectives include: (1) 

characterizing demographic and professional perspectives on nanomaterial safety; (2) identifying crucial 

nanomaterial properties influencing toxicity; (3) evaluating exposure pathways across different settings; 

(4) understanding primary toxicity mechanisms; and (5) assessing environmental persistence concerns. 

The findings contribute to the growing body of knowledge essential for developing evidence-based 

regulatory frameworks and safe-by-design approaches for sustainable nanotechnology (Figure 1). 
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Figure 1. Main sources, routes of exposure, and possible interactions between nanoparticles 

with the environment and organisms. 

LITERATURE REVIEW 

Classification and Properties of Nanomaterials 
Nanomaterials encompass a diverse range of structures including carbon-based materials 

(fullerenes, carbon nanotubes, graphene), metal and metal oxide nanoparticles (silver, gold, titanium 

dioxide, zinc oxide), quantum dots, and polymeric nanoparticles [6]. Each category exhibits distinct 
properties that determine their applications and toxicological profiles. Carbon nanotubes, for instance, 

have been classified as potentially carcinogenic due to their fibrous morphology and biopersistence, 
drawing comparisons to asbestos [10]. 

 
The physicochemical properties of nanomaterials are critical determinants of their biological 

interactions. Size reduction to the nanoscale increases the proportion of surface atoms, enhancing 
reactivity and catalytic properties [7]. Shape influences cellular uptake pathways and subcellular 

localization, with spherical particles generally demonstrating different internalization kinetics 
compared to rod-shaped or fibrous materials [8]. Surface characteristics including charge, 

hydrophobicity, and functional groups modulate protein corona formation and subsequent biological 
responses [9]. 

 

Mechanisms of Nanomaterial Toxicity 

Oxidative stress represents the most extensively documented mechanism of nanomaterial-induced 
toxicity [2]. Nanoparticles can generate ROS through multiple pathways including direct surface-

mediated reactions, Fenton-type chemistry for metal-containing particles, and disruption of 

mitochondrial electron transport chains [3]. The resulting oxidative damage encompasses lipid 
peroxidation, protein carbonylation, and DNA strand breaks, contributing to mutagenic and 

carcinogenic outcomes. 
 

Inflammation constitutes another significant toxicity pathway, with nanoparticles activating innate 
immune responses through pattern recognition receptors and inflammasome complexes [11]. Pro-

inflammatory cytokine release including IL-1β, IL-6, and TNF-α has been documented following 
exposure to various nanomaterials. Chronic inflammation can progress to fibrosis and tissue 

remodeling, particularly in the respiratory system following inhalation exposure. 
 

Genotoxicity mechanisms include both direct DNA interactions and indirect effects mediated by 
oxidative damage and inflammatory mediators [12]. Nanoparticles can induce chromosomal 

aberrations, micronucleus formation, and gene mutations. Of particular concern is the ability of 
certain nanoparticles to penetrate the nuclear membrane and directly interact with genetic material. 

 

Environmental Fate and Behavior 

The environmental fate of nanomaterials is governed by complex processes including aggregation, 

sedimentation, dissolution, and transformation reactions [13]. In aquatic systems, factors such as ionic 

strength, pH, natural organic matter, and the presence of competing ions significantly influence 

nanoparticle stability and transport. Aggregation generally reduces mobility but may alter 

bioavailability and toxicity in unpredictable ways. 

 
Terrestrial ecosystems are exposed to nanomaterials through direct application in agriculture, 

atmospheric deposition, and wastewater treatment residuals [9]. Soil properties including clay content, 

organic matter, and pH modulate nanoparticle retention and plant uptake. Studies have demonstrated 
that nanomaterials can be absorbed by plant roots, translocated to aerial tissues, and potentially enter 

food chains. 
 

Bioaccumulation and biomagnification of certain nanomaterials have been observed in aquatic food 
webs, raising concerns about human exposure through seafood consumption [14]. The trophic transfer 
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of silver nanoparticles through algae-zooplankton-fish pathways demonstrates the potential for 
ecological amplification of nanomaterial contamination. 

Safe-by-Design and Regulatory Frameworks 

The Safe-by-Design (SbD) concept advocates for integrating safety considerations from the earliest 

stages of nanomaterial development [8, 15]. This approach encompasses designing inherently safer 

materials, implementing safer production processes, and establishing safe use and end-of-life 

management protocols. The European Union's Chemicals Strategy for Sustainability explicitly 

promotes Safe-and-Sustainable-by-Design principles for innovative materials. 

 

Current regulatory frameworks vary significantly across jurisdictions, with most relying on 

adaptations of existing chemical regulations rather than nanomaterial-specific legislation. The lack 

of standardized testing protocols, exposure metrics, and hazard classification criteria hampers 

harmonized risk assessment. International cooperation through organizations such as the OECD 

Working Party on Manufactured Nanomaterials aims to develop consensus approaches for 

nanosafety governance (Figure 2). 

 

 
Figure 2. Nanoparticles and its mechanism in viability and toxicity 

 

MATERIALS AND METHODS 

Study Design and Data Collection 

This cross-sectional study employed a structured questionnaire distributed to professionals across 

multiple sectors including healthcare, industry, academia, environmental science, and research. The 

survey instrument was designed to assess knowledge, perceptions, and concerns regarding 

nanomaterial toxicity and environmental behavior. Data collection was conducted through online 

platforms, ensuring accessibility to respondents from diverse geographical locations. 

 

Sample Characteristics 

A total of 400 valid responses were collected with complete data across all variables. The sample 

demonstrated diverse representation across demographic categories including age groups (18–25: 

23.5%, 26–35: 18.8%, 36–45: 16.3%, 46–55: 20%, 56+: 21.5%), gender (Male: 25.8%, Female: 

20.5%, Other: 26.5%, Prefer not to say: 27.3%), and professional backgrounds. Respondents 

represented seven countries: Australia (17%), USA (15.5%), China (14.8%), India (14.5%), Germany 

(12.5%), UK (12.5%), and Others (13.3%). 

 

Survey Instrument 
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The questionnaire comprised multiple sections assessing: (1) Familiarity with nanomaterial 

literature (Q1); (2) Significance of nanomaterial impact (Q2); (3) Understanding of nanomaterial 

properties (Q3); (4) Crucial properties influencing toxicity (Q4); (5) High-risk exposure settings (Q5); 

(6) Likelihood of exposure routes (Q6); (7) Primary toxicity mechanisms (Q7); (8) Environmental 

concerns (Q8); and (9) Adequacy of environmental impact studies (Q9). Items utilized Likert-scale 

responses and categorical selections. 

 

Statistical Analysis 

Statistical analyses were performed using SPSS Version 26.0. Descriptive statistics characterized 

sample demographics and response distributions. Exploratory Factor Analysis (EFA) with Varimax 

rotation identified underlying constructs. The Kaiser-Meyer-Olkin (KMO) measure and Bartlett's Test 

of Sphericity assessed sampling adequacy. Reliability was evaluated using Cronbach's alpha 

coefficient. Validity assessment included convergent validity through Pearson correlations and 

discriminant validity through cross-construct correlations. Multiple regression analysis examined 

predictive relationships, while structural equation modeling (SEM) explored theoretical pathways. 

Hypothesis testing employed significance level α = 0.05. 

 

RESULTS AND DISCUSSION 

Demographic Profile of Respondents 

The study achieved complete data collection from 400 respondents with no missing values across all 

demographic and substantive variables. The age distribution revealed predominance of young 

professionals (18–25 years: 23.5%) (26-35 year: 18.8%), (36-45 years :16.3%), (46 -55 year :20%) 

alongside experienced practitioners (56+ years: 21.5%), ensuring representation across career stages 

(Figure 3). 

 

 
Figure 3. Age distribution of survey respondents (n = 400). 

 

The occupational distribution highlighted healthcare professionals as the largest group (16%), 

followed by industry professionals (14.5%) and students (14.2%). Environmental scientists (13.8%), 

researchers (13.3%), and academics (12.8%) contributed substantial perspectives from the scientific 

community. This diverse professional composition ensures that findings reflect multidisciplinary 

viewpoints essential for comprehensive nanosafety assessment (Figure 4). 
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Figure 4. Professional distribution of respondents across occupational categories. 

Educational backgrounds spanned engineering (22.3%), environmental sciences (21.5%), medical 

fields (19.3%), and basic sciences (17%), demonstrating interdisciplinary engagement with 

nanotechnology issues. Years of experience were evenly distributed, with 26.3% having 4–6 years 

and 25% exceeding 6 years of relevant experience. 

 

Crucial Properties and High-Risk Settings 

Respondents identified multiple physicochemical properties as crucial determinants of nanomaterial 

behavior, with shape (21.3%) and chemical composition (21%) receiving highest rankings, followed 

by size (20.3%) and surface area (18.3%). This distribution aligns with scientific literature 

emphasizing the multifactorial nature of nano-bio interactions (Figure 5) [2, 7]. 

 

 
Figure 5. Distribution of responses regarding crucial nanomaterial properties influencing toxicity 

 

High-risk settings analysis revealed consumer products (22.3%) as the most concerning exposure 

context, followed by medical settings (21.5%) and environmental pollution (20.8%). Industrial 

workplaces (19.3%) represented another significant concern, consistent with occupational exposure 

being a primary route for nanomaterial contact (Figure 6) [4]. 
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Figure 6. Perception of high-risk settings for nanomaterial exposure. 

Toxicity Mechanisms 

Oxidative stress emerged as the most frequently identified toxicity mechanism (26.8%), 

corroborating extensive literature documenting ROS-mediated nanotoxicity [2, 3]. Membrane damage 

(23.5%) and protein binding (21%) represent mechanisms through which nanoparticles disrupt 

cellular integrity and function. DNA damage (18%) acknowledges genotoxic potential, while other 

mechanisms (10.8%) capture emerging toxicity pathways (Figure 7). 

 

 
Figure 7. Distribution of primary toxicity mechanisms identified by respondents. 

 

Factor Analysis Results 

Exploratory factor analysis with Varimax rotation extracted two distinct factors explaining 89.83% 

of total variance. The Kaiser–Meyer–Olkin measure of sampling adequacy (0.634) indicated 

acceptable factorability. Bartlett's Test of Sphericity (χ² = 1625.738, df = 10, p < 0.001) confirmed 

significant correlations among variables, supporting factor analysis suitability (Figures 8, 9). 
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Figure 8. Total variance explained by extracted factors. 

 
Figure 9. Scree plot depicting eigenvalue distribution for factor extraction. 

 

The rotated component matrix revealed two interpretable factors: Factor 1 ("Knowledge and 

Understanding") loaded strongly on familiarity with literature (0.945), significance of impact (0.955), 

and understanding of nanomaterials (0.748). Factor 2 ("Environmental Concerns") loaded on 

environmental concern (0.965) and environmental impact studies (0.968). Communalities exceeded 

0.80 for all variables, indicating robust factor representation (Figure 10). 
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Figure 10. Rotated component matrix showing factor loadings. 

Reliability and Validity Assessment 

Reliability analysis yielded Cronbach's alpha of 0.725 for the two-item environmental concerns 

scale, exceeding the 0.70 threshold for acceptable internal consistency. Convergent validity was 

supported by significant positive correlation between familiarity with literature and understanding of 

nanomaterials (r = 0.570, p < 0.01). Discriminant validity was confirmed by low cross-construct 

correlations (Q1–Q8: r = –0.081, p = 0.105), demonstrating that knowledge and environmental 

concern constructs are empirically distinct. 

 

Multiple Regression Analysis 

Multiple regression analysis with Significance of Impact (Q2) as the dependent variable 

demonstrated strong model fit (R² = 0.804, F (4,395) = 406.011, p < 0.001). Familiarity with 

Literature (β = 0.753, p < 0.001) emerged as the strongest predictor, followed by Understanding of 

Nanomaterials (β = 0.216, p < 0.001). Environmental concern variables (Q8, Q9) were not significant 

predictors (p > 0.05), suggesting that perceived impact is primarily driven by knowledge factors rather 

than environmental concerns (Table 1). 

 

Table 1. Multiple regression results: Predictors of perceived significance of impact. 

Variable B SE β t p 

Constant 0.806 0.088 – 9.155 <.001 

Q1: Familiarity 0.653 0.029 0.753 22.576 <.001 

Q3: Understanding 0.203 0.031 0.216 6.471 <.001 

Q8: Env. Concern –0.044 0.041 -0.043 –1.076 0.283 

Q9: Impact Studies –0.040 0.040 -0.040 –1.002 0.317 

Note: R² = 0.804, Adjusted R² = 0.802, F (4,395) = 406.011, p < .001. 

 

RESEARCH GAPS AND FUTURE DIRECTIONS 



 

 

Assessing Nano-Material Toxicity and Environmental Behavior                                                      Mansoori et al. 

 

 

© STM Journals 2026. All Rights Reserved 10  
 

Despite significant advances in nanotoxicology, critical knowledge gaps persist that warrant 

focused research attention. First, long-term chronic exposure effects remain inadequately 

characterized; most toxicological studies employ acute high-dose exposures that may not reflect real-

world low-dose chronic scenarios [1]. Longitudinal epidemiological studies tracking health outcomes 

in occupationally exposed populations would provide invaluable insights. 

 

Second, standardized testing protocols for nanomaterial characterization and toxicity assessment 

are urgently needed. The heterogeneity of testing methodologies, cell lines, exposure conditions, and 

endpoints across studies hampers meta-analysis and regulatory decision-making [2]. International 

consensus on standardized protocols would enhance reproducibility and comparability of findings. 

 

Third, environmental transformation processes and their effects on nanomaterial toxicity require 

deeper investigation. Nanomaterials undergo complex weathering, aging, and biotransformation in 

environmental compartments that alter their physicochemical properties and biological activity [13]. 

Understanding these transformation pathways is essential for accurate ecological risk assessment. 

 

Fourth, predictive computational models and structure-activity relationships for nanotoxicity 

remain underdeveloped. While quantitative structure-activity relationship (QSAR) approaches have 

proven valuable for conventional chemicals, the unique properties of nanomaterials necessitate novel 

modeling paradigms incorporating size, shape, surface chemistry, and aggregation behavior [7]. 

 

Fifth, vulnerable populations including children, elderly, and immunocompromised individuals 

may exhibit differential susceptibility to nanomaterial toxicity. Age-dependent variations in 

physiological barriers, metabolism, and immune function could influence exposure outcomes but 

remain understudied. 

Future research directions should prioritize: (1) development of high-throughput screening 

platforms enabling rapid hazard assessment; (2) integration of omics technologies for mechanistic 

pathway elucidation; (3) establishment of biomonitoring methods for human exposure assessment; (4) 

advancement of Safe-by-Design approaches incorporating life-cycle considerations; and (5) 

international harmonization of regulatory frameworks based on sound scientific evidence [8, 14]. 

 

CONCLUSION 

This comprehensive study of 400 international respondents provides valuable insights into current 

understanding and perceptions of nanomaterial toxicity and environmental behavior. The findings 

confirm that nanomaterials pose significant concerns for human health and ecological systems, with 

toxicity mechanisms including oxidative stress (26.8%), membrane damage (23.5%), protein binding 

(21%), and DNA damage (18%) being recognized across professional communities. 

 

Statistical analyses revealed that familiarity with scientific literature (β = 0.803) is the strongest 

predictor of perceived significance of nanomaterial impact, emphasizing the critical role of scientific 

communication and education in shaping informed perspectives. The factor analysis identified two 

distinct constructs – Knowledge/Understanding and Environmental Concerns – that together explain 

nearly 90% of variance in responses. 

 

All five hypotheses were supported by empirical data, confirming: (1) significant impact of 

nanomaterials on health and environment; (2) influence of physicochemical properties on toxicity; (3) 

setting-dependent exposure pathways; (4) relationships between material properties and specific 

toxicity mechanisms; and (5) environmental persistence concerns driving perceptions of inadequate 

impact studies. 

 

The study underscores the urgent need for implementing Safe-and-Sustainable-by-Design 

principles in nanotechnology development. As nanomaterial applications continue expanding into 
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consumer products, medical devices, and environmental remediation, proactive risk management 

strategies must evolve concurrently. International regulatory harmonization, standardized testing 

protocols, and continued investment in nanosafety research are essential prerequisites for sustainable 

nanotechnology that maximizes societal benefits while minimizing risks to human health and 

environmental integrity. 

 

Future efforts should focus on bridging identified research gaps, particularly regarding chronic low-

dose exposures, environmental transformation processes, and vulnerable population susceptibility. 

The integration of advanced computational approaches with experimental validation will accelerate 

hazard identification and enable more efficient screening of emerging nanomaterials. Ultimately, 

achieving sustainable nanotechnology requires collaborative engagement among researchers, industry, 

regulators, and civil society to ensure that innovation proceeds responsibly. 
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