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Chemical Migration from Plastic Bottled-Water Containers under Environmental Stress: A Critical Review of Toxicological Mechanisms, Ecological Effects and Clinical Health Implications
Abstract
Plastic bottled water is a complex exposure system in which the bottle body, closure, processing history, water chemistry and post-production environment can all influence the transfer of chemicals and particles into the contained water. This critical narrative review evaluates evidence on migration from polyethylene terephthalate (PET) bottles and relevant closure or reusable-bottle polymers under thermal, photochemical, temporal and mechanical stress, and integrates that evidence with toxicological, ecological and clinical-health literature. Literature published from 1 January 2000 to 22 June 2026 was examined using multidisciplinary scholarly sources, citation searching and authoritative drinking-water guidance. The most reproducible stress-dependent signal in PET systems is increased antimony migration with rising temperature and contact time, although concentrations vary substantially by bottle composition, water matrix and experimental conditions. Carbonyls, PET-related degradation products and other non-intentionally added substances also show condition-dependent migration. Reports of phthalates, bisphenols and estrogenic activity require more cautious source attribution because these compounds are not necessarily intrinsic to the PET polymer and may arise from closures, recycled feedstock, processing, environmental contamination or other package components. Mechanical opening and closing can generate particles at the cap-neck interface, while modern nano-analytical methods detect far more small particles than earlier microscopy-based studies, making cross-study concentration comparisons highly method-dependent. Mechanistic evidence supports oxidative stress, inflammation, endocrine signalling and organelle disturbance for selected chemicals or micro- and nanoplastics, but these findings are dominated by in vitro and animal models and often use doses that are difficult to map onto ordinary bottled-water intake. Human biomonitoring confirms internal exposure to plastic particles from multiple environmental pathways, yet no clinical study establishes bottled water as a causal source of human disease. Ecological evidence indicates that weathered plastic can release biologically active chemical mixtures, but toxicity is strongly polymer- and additive-dependent. Risk assessment should therefore distinguish chemical migration from particle release, identify the true material source, model realistic stress histories, and avoid translating hazard signals directly into clinical risk.
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Bottled water is often treated analytically as a simple combination of water and a polymer container, yet the relevant exposure system is more complicated. A commercial package may include a polyethylene terephthalate (PET) bottle body, a polyolefin closure, liners, pigments, printing or label components, processing residues and, increasingly, recycled polymer feedstock. The water itself may be still or carbonated and can differ in pH, mineral composition, ionic strength and dissolved organic matter. During transport, retail display and domestic storage, the package can then experience heat, sunlight, prolonged contact, vibration, repeated opening and closing, squeezing or reuse. Each factor can alter molecular diffusion, polymer ageing, surface abrasion or the partitioning of migrants into water. Consequently, a statement that a substance was detected in bottled water is not equivalent to evidence that it originated from PET, and detection is not equivalent to a demonstrated health risk. These distinctions are essential because public-health communication frequently compresses source, hazard, exposure and risk into a single claim (Bach et al., 2012; Gerassimidou et al., 2022). Recent experiments under simulated vehicle, combined heat-and-shaking, and prolonged sunlight exposures further indicate that nano- and microplastic release from PET bottled-water systems is sensitive to combined thermal, mechanical and photochemical stress (Folarin et al., 2025; Hu et al., 2025; Hussain et al., 2026).
PET dominates the single-use water-bottle market because it combines low mass, mechanical strength, optical clarity and useful gas-barrier properties. It is produced from terephthalic acid or dimethyl terephthalate and ethylene glycol, typically using catalysts during polymerisation. Antimony-based catalysts have historically been common, creating a well-supported mechanistic basis for residual antimony in PET and subsequent migration into beverages. Early comparisons of source water, glass or polypropylene containers and PET-packaged water established that the PET container can be a source of antimony, while storage studies showed progressive transfer over time (Shotyk et al., 2006; Shotyk & Krachler, 2007; Westerhoff et al., 2008). Later experiments demonstrated strong temperature dependence, and the apparent diffusion process has been modelled as thermally activated (Al-Otoum et al., 2017; Chapa-Martínez et al., 2016; Welle & Franz, 2011). These observations make antimony one of the best characterised examples of stress-dependent chemical migration from bottled-water packaging.
The chemical picture is broader than antimony. Polymer processing and degradation can generate acetaldehyde, formaldehyde, oligomers and other reaction or breakdown products, including non-intentionally added substances (NIAS). Carbonated water, elevated temperature and storage duration can modify their release, while sunlight can alter both the polymer and the water chemistry (Bach et al., 2013, 2014; Mutsuga et al., 2006; Nawrocki et al., 2002; Ozaki et al., 2022). At the same time, targeted studies have reported phthalates, bisphenol A (BPA) or estrogenic activity in some bottled waters (Fan et al., 2014; Keresztes et al., 2013; Montuori et al., 2008; Wagner & Oehlmann, 2009, 2011; Xu et al., 2020). These findings have sometimes been interpreted as straightforward PET leaching, but that interpretation can be chemically misleading. PET does not require phthalate plasticisers to obtain its defining properties, and BPA is not a PET monomer. Their presence may instead reflect recycled feedstock, bottle caps, contamination during manufacture or bottling, analytical background, or non-PET package components. This provenance problem is not a minor semantic issue: toxicological interpretation depends on identifying the actual source and the conditions that control exposure.
Particle release forms a parallel but distinct exposure pathway. Microplastics and nanoplastics are solid polymer particles rather than dissolved chemical migrants, although particles can carry additives, residual monomers and sorbed contaminants and can themselves release chemicals after ingestion or environmental ageing. Studies using micro-Raman spectroscopy, Fourier-transform infrared methods, Nile Red screening and more recent nanoscale imaging have repeatedly detected polymer particles in bottled water, but reported number concentrations vary enormously because analytical size cut-offs and identification procedures differ (Koelmans et al., 2019; Mason et al., 2018; Oßmann et al., 2018; Qian et al., 2024; Schymanski et al., 2018). The methodological dependence is illustrated by stimulated Raman scattering imaging, which identified more than 100,000 micro- and nanoplastic particles per litre in the bottled-water samples studied, most of them in the nanoscale range, whereas earlier methods that could not resolve such small particles necessarily yielded lower counts (Qian et al., 2024). A 2026 comparison using optical photothermal infrared spectroscopy similarly found substantial submicrometre material and higher particle-number concentrations in the tested bottled waters than in treated drinking waters, while mass concentrations did not differ significantly (Jamison Hart & Lenhart, 2026). Cap-opening experiments using single-particle FTIR imaging have also identified repeated opening as a contributor to increased particle abundance and polymer diversity in bottled water, supporting explicit consideration of closure-related wear in exposure studies (Xu et al., 2025).
The toxicological literature is also easy to overinterpret. Antimony compounds, endocrine-active chemicals and micro- or nanoplastics can produce biologically important effects in experimental systems, including oxidative stress, inflammatory signalling, receptor-mediated endocrine responses, mitochondrial perturbation and altered cellular homeostasis (Prüst et al., 2020; Sundar & Chakravarty, 2010; Yong et al., 2020). Recent work on particles generated by bottle-cap abrasion reported dose- and time-dependent effects in cultured HEK293 cells together with oxidative, inflammatory and organelle responses, but the exposures were experimental particle doses rather than measured human doses from ordinary bottled-water use (Changmai et al., 2026). Hazard identification therefore cannot be substituted for exposure assessment. Human biomonitoring has detected microplastics in stool, blood, placenta and lung tissue, and an observational study reported an association between micro- and nanoplastics detected in carotid plaques and subsequent cardiovascular events (Jenner et al., 2022; Leslie et al., 2022; Marfella et al., 2024; Ragusa et al., 2021; Schwabl et al., 2019). None of these studies attributes the detected material specifically to bottled water, and none establishes a bottled-water disease pathway.
Existing reviews have addressed important parts of this evidence base but usually from a narrower angle. Bach et al. (2012) examined chemical compounds and toxicological assessments associated with PET-bottled water, while Gerassimidou et al. (2022) mapped chemical issues across the PET bottle value chain. Reviews of microplastics in drinking water have focused on occurrence, analytical quality and particle-related hazards rather than integrating chemical migration with realistic stress histories (Koelmans et al., 2019; Sajedi et al., 2025; Yang et al., 2024). Reviews of plastic additives and packaging-associated chemicals, in turn, provide broad hazard inventories that are not specific to bottled-water exposure (Groh et al., 2019; Hahladakis et al., 2018; Wiesinger et al., 2021). A clinically useful synthesis therefore requires an explicit chain from package composition and stressor, through migration and dose, to mechanistic toxicology, human evidence and ecological fate. It also requires separating PET-specific evidence from results obtained with polycarbonate or other reusable plastics, and distinguishing the bottle body from the cap-neck system.
[bookmark: Xa0150f40741b86de3a78bf83392f2cd3ce11c77]1.1 Scope, Research Gap and Objectives
This review focuses on chemical migration and closely related particle release from plastic bottled-water systems under environmental and use-related stress. The primary material of interest is single-use PET, with closures, recycled PET and reusable bottle polymers considered where they materially affect source attribution or comparative interpretation. The review integrates migration chemistry, micro- and nanoplastic release, toxicological mechanisms, ecological consequences after disposal, human exposure and clinical inference. It does not treat all food-contact plastics as interchangeable, does not infer that a detected chemical necessarily originates from the bottle body, and does not equate experimental hazard with population-level risk. The central gap addressed is the absence of an integrated, evidence-calibrated framework linking realistic stress conditions to migrant provenance and then to toxicological, ecological and clinical significance. The objectives are to identify the stressors with the strongest evidence for increasing release, explain where source attribution remains uncertain, evaluate the biological plausibility and dose relevance of reported mechanisms, assess the limits of current human evidence, and define research and regulatory priorities that can distinguish measurable migration from clinically meaningful exposure.
[bookmark: X7886f2386c0f669e3ee452520eba9bbe3807b6e]2. Methods for Literature Selection
[bookmark: X7302c3d68c5bd0763f01c571aa7b08300a44c2f]2.1 Review Design and Rationale
A critical narrative review design was selected because the relevant evidence spans polymer chemistry, analytical science, toxicology, ecotoxicology, exposure science, biomonitoring and clinical epidemiology. The underlying studies use incompatible outcomes, including elemental concentrations, targeted organic analytes, non-target spectral features, bioassay responses, particle-number concentrations, particle mass, ecological endpoints and human clinical events. A single pooled effect estimate would therefore conceal rather than resolve the principal methodological differences. Narrative synthesis nevertheless requires transparent methods and explicit appraisal. The SANRA framework was used as a methodological quality guide for the review, particularly its emphasis on explaining importance, stating aims, describing literature search, referencing key claims, reasoning scientifically and presenting relevant endpoint data (Baethge et al., 2019). No formal SANRA score or study-level risk-of-bias score was assigned because the included evidence comprised heterogeneous designs for which a single scoring instrument would not be valid.
[bookmark: X2a3a345ae83104fc5a09a65af6ff114d63d50bd]2.2 Information Sources
Literature searches were conducted across PubMed, Europe PMC, OpenAlex, Crossref, DOAJ, Semantic Scholar, Google Scholar and the United States Environmental Protection Agency Health and Environmental Research Online (HERO) resource. Backward citation checking of influential studies and recent reviews was used to identify foundational migration papers, and forward or related-article searching was used to locate newer analytical and toxicological work. Authoritative regulatory and health guidance was checked on World Health Organization, United States Environmental Protection Agency and European Union legal websites. Bibliographic identity and DOI metadata for journal articles were cross-checked against at least one authoritative source such as PubMed, the journal record, Crossref-linked metadata or the DOI landing record before inclusion.
[bookmark: X6c13503d430e8ccca25547294b27d6271dab20a]2.3 Search Strategy and Search Period
The principal search period was 1 January 2000 to 22 June 2026. Searches combined terms for the package and water matrix with terms for release processes, stressors, analytical targets and biological outcomes. Representative concepts included "bottled water" OR "mineral water" with "polyethylene terephthalate" OR PET OR "plastic bottle"; migration OR leaching OR release OR NIAS OR antimony OR acetaldehyde OR formaldehyde OR phthalate OR bisphenol; temperature OR heat OR sunlight OR ultraviolet OR storage OR carbonation OR pH OR reuse OR abrasion OR opening OR closing OR recycling; and microplastic OR nanoplastic OR toxicology OR oxidative stress OR endocrine OR inflammation OR ecotoxicity OR biomonitoring OR clinical. Searches addressing ecological fate combined plastic leachate, weathering, photodegradation and aquatic toxicity terms. Searches addressing clinical interpretation combined microplastic or nanoplastic terms with blood, placenta, lung, stool, cardiovascular and human exposure terms. Foundational studies published near the beginning of the period were retained when they remained central to the mechanistic argument.
[bookmark: Xcaf9e481e1adfcfd4d38e79c81430a2dc59f6c5]2.4 Eligibility Criteria
Peer-reviewed original research and high-quality reviews were eligible when they directly informed bottled-water packaging chemistry, stress-dependent migration, particle release, relevant toxicological mechanisms, ecological leachate effects or human exposure interpretation. Studies of PET were prioritised for chemical migration. Studies of polycarbonate, polyethylene, polypropylene, silicone or other polymers were included only when they clarified bottle-component attribution, reusable-container contrasts or general leachate mechanisms that could not be inferred safely from PET studies alone. Human biomonitoring studies were eligible when they improved interpretation of systemic particle exposure, but were not treated as evidence that bottled water was the exposure source. Regulatory documents were included only for current drinking-water benchmarks or risk-management context. English-language publications were used. Conference abstracts, non-peer-reviewed claims, commercial promotional material, unverifiable reports, patents and articles with unresolved bibliographic identity were excluded. Studies were also excluded from direct evidence claims when they relied on polymers or exposure conditions too remote from bottled-water use without an explicit comparative rationale.
[bookmark: X40994c02acc1038ed596d697770847fa96de0b2]2.5 Screening, Duplicate Handling and Study Selection
Records were screened first for topical relevance from title and abstract information, followed by examination of full-text or sufficiently detailed authoritative records for studies central to the synthesis. Duplicate records were reconciled by DOI, title, authorship and publication year so that pre-publication indexing records were not counted as separate evidence. Priority was given to studies that identified the bottle material, described stress conditions, used chemical or spectroscopic confirmation, reported appropriate blanks or controls, or provided a comparator such as source water, glass packaging or another polymer. When only secondary citations were available for a potentially important claim, the claim was not retained until the primary bibliographic record could be verified. No PRISMA-style study counts are reported because the objective was critical, purposive synthesis rather than exhaustive systematic enumeration.
[bookmark: X51351aa4d912c62fa2c7e433bccf87cba2af88a]2.6 Critical Appraisal and Evidence Synthesis
Evidence was appraised qualitatively across study design, material characterisation, sample size, controls, analytical selectivity, detection limit, contamination control, stress realism, exposure duration, water chemistry, dose relevance and generalisability. For particle studies, particular attention was given to the lower analytical size threshold because number concentration rises sharply as progressively smaller particles become detectable. For toxicology, the evidence chain was separated into migration, external exposure, internal dose, mechanistic response and disease outcome. For ecological studies, polymer identity and additive composition were considered because toxicity of one plastic leachate cannot be transferred automatically to PET. Themes were developed around source attribution, stressor-response relationships, analytical comparability, mechanistic plausibility, evidence gaps and implications for risk assessment. Contradictory findings were retained and interpreted in light of differences in bottle composition, water matrix, storage conditions, analytical sensitivity and biological model rather than being averaged into a false consensus.
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Chemical migration begins with the composition and history of the packaging system. Virgin PET contains polymerisation residues, oligomeric species and transformation products generated during thermal processing. Antimony is a particularly traceable example because residual catalyst can remain in the polymer after manufacture. Recycled PET introduces another dimension: it can carry legacy contaminants or compounds from previous non-food uses unless collection, sorting and decontamination are effective. Migration testing of bottles containing recycled PET has generally found low levels for regulated or familiar migrants under controlled conditions, but non-target screening and value-chain analyses show why recycled content requires attention to feedstock quality and decontamination performance rather than a simple assumption that virgin and recycled material are chemically identical (Gerassimidou et al., 2022; Thoden van Velzen et al., 2020). In parallel, the closure is commonly made from a different polymer, and abrasion at the cap-neck interface can produce material that would be misattributed if only the bottle body were considered.
Temperature is the most consistent accelerator of PET-related migration. Molecular diffusion in a polymer increases as thermal energy rises, and heating can also promote hydrolysis, oxidation or formation of low-molecular-weight degradation products. In laboratory studies, antimony concentrations have increased with both temperature and exposure duration, although the magnitude differs substantially between brands and protocols (Al-Otoum et al., 2017; Chapa-Martínez et al., 2016; Fan et al., 2014; Westerhoff et al., 2008). Fan et al. (2014), for example, reported markedly greater antimony release at 70 degrees C than at 4 or 25 degrees C in 16 Chinese bottled-water brands, demonstrating that an extreme thermal history can move concentrations by orders of magnitude relative to cool storage. Such data are valuable for mechanism and worst-case assessment, but an exposure scenario involving weeks at 70 degrees C should not be presented as normal consumer storage. The more defensible inference is directional: hot storage increases migration potential, while the population distribution of actual bottle temperatures and durations remains insufficiently characterised.
Storage time interacts with temperature rather than acting as an independent universal multiplier. Shotyk and Krachler (2007) found higher antimony concentrations after additional room-temperature storage, and subsequent work supported time-dependent diffusion. Yet release rates can slow as readily mobile material is depleted or as concentration gradients change. Kiyataka et al. (2024) showed that the outcome also depends on how migration test conditions are specified, a reminder that accelerated regulatory tests and real-world exposure are not interchangeable. A follow-up evaluation of transport and distribution conditions further emphasised that the relevant exposure history begins before purchase and can include warehouse and transport environments that are rarely documented for epidemiological studies (Kiyataka et al., 2025). Accordingly, "time in bottle" is an incomplete exposure variable unless temperature history, bottle composition and water properties are also known.
Water chemistry modifies migration because the receiving phase is chemically active. Carbonation has repeatedly been associated with increased release of carbonyl compounds and, in some experiments, antimony. Nawrocki et al. (2002) identified formaldehyde, acetaldehyde and acetone in bottled waters and reported greater carbonyl migration with carbonation, sunlight and heat. Bach et al. (2013) similarly found that temperature and the presence of carbon dioxide increased formaldehyde, acetaldehyde and antimony release. These results indicate that comparisons among bottled-water brands should not attribute all concentration differences to polymer quality. Carbonated and still waters can represent different extraction environments. pH, mineral composition and surface-to-volume ratio can further affect partitioning or hydrolysis, particularly for organic migrants. Studies that use distilled water or food simulants provide controlled information but may not reproduce the chemistry of mineral waters.
Sunlight combines thermal and photochemical stress. Natural solar exposure can heat a bottle while ultraviolet and visible radiation promote photo-oxidative changes at the polymer surface. Bach et al. (2014) observed sunlight-related changes in release of selected PET-associated substances, but also found that water type and carbon dioxide influenced migration substantially and that the tested extracts did not show toxic activity in their in vitro battery. This is a useful example of why detection and hazard must be kept separate. A chemical change after sunlight exposure can be analytically real without producing a measurable biological response at the tested concentration. Conversely, absence of a response in a limited assay panel cannot prove the absence of every possible chronic effect. The correct interpretation is assay- and dose-specific, not categorical.
Mechanical stress is particularly important for particles rather than dissolved chemicals. Repeated opening and closing abrades contact surfaces at the neck and cap. Winkler et al. (2019) found increasing particle occurrence on PET bottle necks and high-density polyethylene caps after repeated opening and closing, whereas squeezing the bottle body under the tested conditions did not significantly increase particle concentration in the water. The localisation of wear challenges the common assumption that all bottled-water particles originate from degradation of the PET wall. A later study directly examined bottle-cap abrasion and reported pronounced brand-dependent differences in material response, as well as cellular effects of the generated particles at experimental doses (Changmai et al., 2026). Reuse therefore changes more than storage time: it adds repeated tribological contact, potential washing, new water chemistry and possible microbial contamination, each of which should be controlled separately in experiments.
Reusable bottles broaden the material spectrum. Polycarbonate can release BPA, especially under severe heating, and repeated use has historically been investigated as a potential modifier of migration. Cao and Corriveau (2008) measured BPA migration from polycarbonate baby and reusable water bottles under 70 degrees C conditions, while Le et al. (2008) linked release from polycarbonate bottles with estrogen-like effects in a neuronal experimental model. These findings are relevant to reusable polycarbonate containers but should not be generalised to PET. More recent non-target studies of reusable plastic bottles have identified numerous migrating features and substantial material-to-material variation, with silicone, polyethylene and polypropylene systems showing high chemical-migration or hazard potential in the analysed sets (Tisler & Christensen, 2022; Tisler et al., 2024). The practical conclusion is material specificity: "plastic bottle" is not a toxicologically coherent exposure category.
Table 1 summarises the principal material components and stressors that determine release. The evidence is strongest when the migrant has a plausible material source and a reproducible stress response, as for antimony from PET and cap-derived particles after repeated opening. Confidence is lower when the analyte can enter from multiple stages of the supply chain or when bioassay activity cannot be assigned to a chemically identified migrant. This provenance hierarchy should guide both analytical study design and risk communication.
Table 1
Bottle components, plausible migrants and environmental-stress modifiers
	Package component
	Plausible releases
	Stress modifiers
	Source-attribution caution
	Evidence confidence
	Supporting references

	PET bottle body
	Antimony; acetaldehyde; formaldehyde; PET-related NIAS and oligomeric products
	Heat, contact time, carbonation, sunlight; surface-to-volume ratio
	Magnitude varies by resin, processing, bottle geometry and water chemistry.
	High for antimony; moderate for identified carbonyls/NIAS
	Bach et al. (2013, 2014); Mutsuga et al. (2006); Shotyk et al. (2006); Westerhoff et al. (2008)

	Recycled PET bottle body
	Legacy contaminants and NIAS in addition to normal PET-related migrants
	Feedstock quality, decontamination efficiency, repeated thermal processing
	Recycled content alone does not predict migration; process control is decisive.
	Moderate
	Gerassimidou et al. (2022); Thoden van Velzen et al. (2020)

	Polyolefin cap/neck interface
	Polypropylene or polyethylene particles; associated additives or processing residues
	Repeated opening/closing, torque, abrasion, material hardness
	Particles can be wrongly attributed to PET bottle wall.
	High for mechanical particle generation
	Changmai et al. (2026); Mason et al. (2018); Winkler et al. (2019)

	PET system with unexpected endocrine-active analytes
	Phthalates, BPA or unresolved estrogenic activity
	Heat, time, recycled inputs, package components
	BPA is not a PET monomer and PET does not require phthalate plasticisers; multiple external sources are plausible.
	Low-to-moderate for PET-specific provenance
	Fan et al. (2014); Keresztes et al. (2013); Wagner & Oehlmann (2009, 2011); Xu et al. (2020)

	Polycarbonate reusable bottle
	BPA
	High temperature, repeated use and ageing
	Evidence applies to polycarbonate and should not be generalised to PET.
	High for polycarbonate under tested conditions
	Cao & Corriveau (2008); Le et al. (2008)

	Other reusable plastics/silicone
	Broad NIAS profiles and material-specific chemical mixtures
	Dishwashing, storage, repeated use, water contact
	Migration profiles differ strongly by polymer and formulation.
	Moderate-to-high for material heterogeneity
	Tisler & Christensen (2022); Tisler et al. (2024)


Note. PET = polyethylene terephthalate; NIAS = non-intentionally added substances; BPA = bisphenol A. Confidence refers to source and stress-response evidence, not to clinical risk.
[bookmark: X75683353aff47ca3e3db7c4284a242d773e72ca]4. Evidence for Chemical and Particle Migration in Bottled Water
Antimony provides the clearest case in which analytical detection, material provenance and stress response align. Comparative work demonstrated higher antimony in PET-packaged waters than in source water or alternative packaging, and prolonged storage increased concentrations (Shotyk et al., 2006; Shotyk & Krachler, 2007). Westerhoff et al. (2008) showed strong temperature dependence and modelled the time required for concentrations to approach the United States maximum contaminant level under high-temperature storage. Studies from other regions have confirmed migration while also documenting substantial brand-to-brand variation (Al-Otoum et al., 2017; Carneado et al., 2015; Chapa-Martínez et al., 2016). Variation plausibly reflects catalyst residue, polymer crystallinity, wall thickness, bottle geometry, thermal history and water composition. The evidence therefore supports PET as a source but does not justify assigning a single universal migration rate to all bottles.
Regulatory comparison requires careful matching of units and scenario. The current World Health Organization guideline value for antimony in drinking water is 20 micrograms per litre, the United States Environmental Protection Agency maximum contaminant level is 6 micrograms per litre, and Directive (EU) 2020/2184 uses a parametric value of 10 micrograms per litre (European Parliament & Council of the European Union, 2020; United States Environmental Protection Agency, n.d.; World Health Organization, 2026). These benchmarks apply to drinking-water quality rather than to a mechanistic claim that PET migration is harmless below a particular experimental threshold. Most ordinary-storage studies report values below these benchmarks, whereas severe heat can produce much higher migration in some brands. The appropriate risk-management message is therefore to avoid treating hot-storage experiments as typical exposure while also recognising them as evidence that preventable thermal abuse can materially increase antimony transfer.
Carbonyl compounds illustrate a different mechanism. Acetaldehyde can form during PET manufacture and thermal processing and is well recognised as an organoleptic concern because it can affect taste at low concentrations. Formaldehyde and other volatile or semi-volatile compounds may arise from processing, degradation or reactions involving package constituents. Mutsuga et al. (2006) measured formaldehyde and acetaldehyde migration into mineral water, while Nawrocki et al. (2002) showed sensitivity to storage conditions and carbonation. More recent work has expanded the target list. Ozaki et al. (2022) identified several volatile compounds in PET bottles and followed short- and long-term migration into simulants and beverages, with 2-methyl-1,3-dioxolane emerging as a recurrent PET-related volatile. These studies demonstrate why migration assessment should not be restricted to a short historical list of regulated monomers and catalysts.
NIAS are analytically and toxicologically challenging because they can include reaction by-products, oligomers, impurities and degradation products that were never deliberately added. Non-target high-resolution mass spectrometry can reveal many features, but identification confidence varies from confirmed structures to tentative formulae or unknown peaks. A non-target feature is therefore evidence of chemical complexity, not automatically evidence of toxicity. Research on plastic consumer products has shown that chemical extracts can display baseline toxicity, oxidative-stress responses or endocrine activity in vitro, and that toxicity cannot always be predicted from the intentionally added substances alone (Zimmermann et al., 2019, 2021). The relevance to bottled water depends on whether the same chemicals migrate into water at comparable concentrations. Tisler and Christensen (2022) demonstrated substantial migration from reusable bottles under realistic-use scenarios, but the highest-risk materials in their study were not simply equivalent to single-use PET. Such evidence argues for non-target surveillance while preserving material-specific inference.
Phthalates remain one of the most contested classes in PET-bottled water. Montuori et al. (2008) detected phthalic acid and several phthalate esters in bottled mineral water and reported higher total concentrations in PET than in glass samples. Keresztes et al. (2013) found selected phthalates in PET-bottled mineral water and identified influences of storage time, surface-to-volume ratio and raw-material quality. Xu et al. (2020) observed small increases in some phthalates with storage duration or temperature under common and outdoor conditions and concluded that estimated exposure was low in their scenarios. Jayaweera et al. (2020) reported greater di(2-ethylhexyl) phthalate migration during repeated reuse with warm water than at ambient temperature. Yet these findings do not prove that phthalates are structural plasticisers of PET; descriptions that treat them as intrinsic PET ingredients should be viewed critically. Environmental background, recycled inputs, cap or label materials, lubricants and laboratory contamination are competing explanations that require source-specific controls.
BPA requires a similar provenance discipline. BPA is associated most directly with polycarbonate and epoxy chemistry, not PET synthesis. Severe-condition studies have demonstrated BPA release from polycarbonate water bottles (Cao & Corriveau, 2008; Le et al., 2008). In PET-bottle experiments, Fan et al. (2014) detected low BPA concentrations that increased under high-temperature storage. This observation establishes the presence and stress sensitivity of BPA in that tested system but not its identity as a PET monomer. Possible sources include recycled polymer contamination, closure components, production equipment or external contamination. For risk assessment, the distinction matters because an intervention aimed at the PET resin would not control a migrant originating from a cap or recycled contaminant stream.
Bioassays provide an integrated response to chemical mixtures but create a second attribution challenge. Wagner and Oehlmann (2009, 2011) reported estrogenic activity in some bottled mineral waters and evidence consistent with packaging-related contributions. Such assays can detect combined receptor activity even when individual chemicals are below targeted detection thresholds, which is an important strength. Their limitation is that the active chemical or package component may remain unidentified. Bach et al. (2014), in contrast, found no toxic activity in the in vitro assays applied to sunlight-exposed PET-bottled waters despite measurable chemical migration. The apparent disagreement need not indicate error: different brands, water matrices, extraction procedures, assay systems and exposure concentrations can yield different biological responses. Mixture bioactivity should therefore be treated as a screening signal that triggers chemical identification and dose-relevant confirmation, not as a diagnosis of human endocrine harm.
Particle studies show even stronger method dependence. Schymanski et al. (2018) and Oßmann et al. (2018) used Raman-based approaches to characterise small microplastics and pigmented particles in bottled mineral waters. Mason et al. (2018) analysed 259 bottles across multiple brands and reported polymer-associated particles, with polypropylene common among larger confirmed particles, consistent with a possible closure contribution. Winkler et al. (2019) provided direct mechanical evidence for cap-neck abrasion. Qian et al. (2024) then extended single-particle chemical imaging into the nanoplastic range and reported more than 100,000 plastic particles per litre in the examined bottled waters, the majority below 1 micrometre. This result is analytically important, but it should not be converted into a universal bottled-water concentration because the study sampled a limited set of brands and used a size range inaccessible to most earlier methods.
The 2026 comparison by Jamison Hart and Lenhart reinforces the same point from a different platform. Their isolation and optical photothermal infrared method identified particles from approximately 300 nanometres to tens of micrometres in six bottled-water brands and samples from four treatment plants. Bottled water showed higher particle-number concentrations, especially for smaller micro- and nanoplastics, while particle mass did not differ significantly between the two water categories (Jamison Hart & Lenhart, 2026). Number and mass therefore answer different exposure questions: a vast number of nanoscale particles can represent little mass, while a small number of larger fragments can dominate mass. Toxicological studies that report only mass doses cannot be compared directly with drinking-water surveys that report particle number without additional size-distribution information.
Table 2 brings together representative stress-migration studies to show why apparently inconsistent results often reflect different experimental questions. The table is deliberately selective rather than exhaustive. Across the evidence, the recurring methodological lesson is that migration should be reported together with polymer identity, complete package components, water chemistry, stress history, analytical detection range and appropriate blanks. Without those elements, detection data cannot be translated reliably into source attribution or dose.
Table 2
Representative studies illustrating stress-dependent migration and particle release
	Study / system
	Stress or comparison
	Analyte / particle endpoint
	Main finding relevant to review
	Key limitation
	Supporting references

	European/Canadian PET waters
	PET vs source/other packaging; storage
	Antimony
	PET was identified as a source and concentrations increased with storage.
	Brand and regional specificity.
	Shotyk et al. (2006); Shotyk & Krachler (2007)

	South-western US PET waters
	High-temperature scenarios
	Antimony
	Temperature strongly accelerated release and supported diffusion-based modelling.
	Extreme heat scenarios are not normal storage.
	Westerhoff et al. (2008)

	French PET bottled waters
	40-60 degrees C; carbonated vs non-carbonated
	Antimony, formaldehyde, acetaldehyde, NIAS
	Temperature and carbon dioxide increased selected migration.
	Limited bottle/water combinations.
	Bach et al. (2013)

	Sunlight-exposed PET waters
	Natural sunlight for days
	Intentionally and non-intentionally added substances; in vitro activity
	Chemical migration changed, but tested extracts did not show toxic activity in the applied assays.
	Bioassay panel cannot exclude all endpoints.
	Bach et al. (2014)

	Chinese PET brands
	4, 25 and 70 degrees C; up to weeks
	Antimony and BPA
	Large heat-related increase, especially for antimony.
	BPA provenance within PET system remains uncertain.
	Fan et al. (2014)

	PET mineral-water bottles
	Storage time, temperature, carbonation, size
	Phthalates
	Selected phthalates varied with storage and bottle characteristics.
	Potential non-PET and background sources require controls.
	Keresztes et al. (2013); Xu et al. (2020)

	Single-use PET bottle use
	Opening/closing and squeezing
	Microplastic particles
	Cap-neck abrasion increased with repeated opening; squeezing bottle wall did not significantly increase water particles in tested conditions.
	SEM/EDS size range does not capture nanoplastics.
	Winkler et al. (2019)

	Commercial bottled water
	Nanoscale SRS imaging
	Micro- and nanoplastic number
	More than 100,000 particles/L were estimated in tested samples; most detected particles were nanoscale.
	Limited brands and method-specific size window.
	Qian et al. (2024)

	Bottled vs treated drinking water
	OPTIR/SEM method; 300 nm to tens of micrometres
	MNP number and mass
	Bottled samples had higher particle number, while mass did not differ significantly.
	Six bottled brands and one sample per brand limit market generalisation.
	Jamison Hart & Lenhart (2026)

	Bottle-cap materials
	Opening-closing abrasion
	Cap-derived microplastics and HEK293 endpoints
	Brand-dependent particle generation and high-dose cellular stress responses were observed.
	Cell doses do not establish ordinary human intake risk.
	Changmai et al. (2026)


Note. MNP = micro- and nanoplastic; OPTIR = optical photothermal infrared spectroscopy; SRS = stimulated Raman scattering. Values are summarised qualitatively to preserve comparability across markedly different analytical size ranges and test conditions.
[bookmark: X47d1213247d9ef7beb28bbbf479ae815408f946]5. Toxicological Mechanisms and Evidence Calibration
Toxicological interpretation is strongest when it follows an explicit chain from identified migrant to internal dose and biologically plausible target. Antimony toxicity illustrates both the usefulness and limitations of such a chain. Antimony compounds can interact with thiol-containing molecules, disturb redox balance and produce organ toxicity at sufficiently high exposures, but toxicity varies by chemical form and route (Sundar & Chakravarty, 2010). Bottled-water studies usually measure total antimony rather than complete speciation. This matters because toxicokinetics and biological effects are not identical across antimony species. Regulatory drinking-water values incorporate uncertainty factors and are designed for chronic public-health protection, whereas cell or animal studies may use much higher doses. The presence of antimony in PET-bottled water is therefore a well-supported exposure fact; a claim of clinically significant antimony poisoning from typical bottled-water consumption is not supported by the same evidence.
Endocrine-active chemicals operate through a different toxicological architecture. BPA can interact with oestrogen receptors and other signalling systems, and several phthalates or their metabolites can disrupt steroidogenesis, nuclear-receptor signalling or reproductive-developmental processes in experimental systems. These mechanisms justify controlling exposure to known endocrine disruptors, but they do not resolve the source of a trace analyte detected in PET-bottled water. The migration question and the hazard question must be solved independently before they are combined. Polycarbonate studies provide a direct package-to-BPA pathway under severe conditions (Cao & Corriveau, 2008; Le et al., 2008). PET studies that detect BPA or phthalates provide evidence of exposure from the overall packaging or production system, but the material source remains less secure (Fan et al., 2014; Keresztes et al., 2013; Xu et al., 2020).
NIAS and mixture effects are potentially important precisely because a targeted analyte-by-analyte assessment can miss biological activity. Broad surveys of plastic products have documented thousands of known packaging-associated chemicals and substantial heterogeneity in hazard classifications (Groh et al., 2019; Wiesinger et al., 2021). In vitro studies of plastic extracts demonstrate that some products release mixtures capable of activating receptor-mediated or stress-response pathways (Zimmermann et al., 2019, 2021). Yet the toxicity of a concentrated extract cannot be mapped automatically to a person drinking water from a bottle. Extraction solvent, concentration factor and contact conditions can create exposure profiles very different from those in potable water. The priority is effect-directed analysis: demonstrate a reproducible biological signal in realistically exposed water, fractionate or characterise the active mixture, identify responsible chemicals where possible, and then compare effect concentrations with realistic intake.
Micro- and nanoplastics add particle-specific mechanisms including epithelial interaction, translocation, oxidative stress, inflammation, lysosomal or mitochondrial perturbation and, for sufficiently small particles, potential distribution beyond the gastrointestinal lumen. Reviews of mammalian evidence identify these mechanisms as plausible but also emphasise major uncertainties in particle characterisation, dose, contamination control and extrapolation across particle types (Prüst et al., 2020; Yong et al., 2020). Particle size, shape, surface charge, polymer, weathering state and protein corona can change biological behaviour. A pristine spherical polystyrene nanobead used in a toxicology experiment is not a faithful surrogate for an irregular, aged PET or polypropylene fragment generated from a bottle. Hazard studies become clinically useful only when test particles reflect the materials, dimensions and surface chemistry found in human exposure.
The cap-abrasion study by Changmai et al. (2026) is informative because the particles were generated from bottle components rather than purchased model beads. The investigators observed cytotoxicity, oxidative-stress responses, inflammatory-gene induction and organelle changes in HEK293 cells at milligram-per-millilitre experimental concentrations. This improves material realism but does not solve dose realism. The central unanswered question is how the experimental cellular concentration compares with the amount, size distribution, gastrointestinal fate and tissue dose generated by ordinary opening and drinking behaviour. Without that bridge, the study supports hazard plausibility but not a quantitative estimate of clinical risk.
Particle-associated chemicals can link the dissolved-chemical and particle pathways. Additives, oligomers or sorbed environmental contaminants may be carried on particle surfaces, while gastrointestinal conditions may alter desorption. Conversely, many migrants are dissolved or colloidal independently of visible particles. Treating all chemical risk as "microplastic toxicity" obscures these routes and can lead to double counting. Hahladakis et al. (2018) documented the migration and environmental release of plastic additives across polymer life cycles, while Gerassimidou et al. (2022) highlighted chemical complexity across the PET bottle value chain. A mechanistically coherent assessment should therefore quantify at least three compartments where feasible: dissolved or truly soluble migrants, particle-bound chemicals, and polymer particles themselves.
Table 3 calibrates the strength of inference across major mechanisms. It separates evidence that a pathway can occur from evidence that ordinary bottled-water exposure reaches a biologically important internal dose. The strongest mechanistic evidence is not necessarily the strongest clinical evidence, and this distinction should be explicit whenever laboratory toxicology is used in public-health discussion.
Table 3
Mechanistic toxicology and the limits of clinical extrapolation
	Agent / pathway
	Plausible mechanism
	Principal evidence type
	Major limitation for bottled-water inference
	Clinical interpretation
	Supporting references

	Antimony compounds
	Thiol interaction, redox disturbance and organ toxicity at sufficient dose
	Toxicology plus regulated drinking-water evidence
	Bottle studies often measure total Sb rather than complete speciation and internal dose.
	Hazard is established; ordinary bottled-water poisoning is not demonstrated.
	Sundar & Chakravarty (2010); World Health Organization (2026)

	BPA / endocrine-active chemicals
	Receptor-mediated endocrine signalling and downstream transcriptional effects
	In vitro, animal and package-migration evidence
	BPA source is direct for polycarbonate but uncertain when detected in PET systems.
	Source-specific exposure must precede clinical inference.
	Cao & Corriveau (2008); Fan et al. (2014); Le et al. (2008)

	Phthalates
	Endocrine and metabolic signalling after relevant internal exposure
	Targeted bottled-water analyses plus broader toxicology
	PET provenance is uncertain; external contamination and other package components are plausible.
	Detection alone does not define dose or source.
	Keresztes et al. (2013); Montuori et al. (2008); Xu et al. (2020)

	NIAS / chemical mixtures
	Baseline cytotoxicity, oxidative stress or receptor activity from multiple constituents
	Non-target chemistry and in vitro bioassays
	Extract concentrations and solvent systems may exceed water exposure.
	Useful for screening; requires effect-directed identification and dose comparison.
	Tisler & Christensen (2022); Zimmermann et al. (2019, 2021)

	Micro- and nanoplastics
	Epithelial interaction, oxidative stress, inflammation, organelle perturbation; possible size-dependent translocation
	Cell, animal and mechanistic reviews
	Model particles and high doses often differ from bottle-derived exposure.
	Biological plausibility is stronger than quantitative human risk evidence.
	Prüst et al. (2020); Yong et al. (2020)

	Cap-derived particles
	Oxidative stress, inflammatory signalling and organelle disturbance in exposed cells
	Bottle-derived particle cell experiment
	Experimental milligram-per-millilitre doses are not equivalent to drinking exposure.
	Supports hazard testing, not a clinical diagnosis.
	Changmai et al. (2026)


Note. The table distinguishes evidence of biological hazard from evidence that ordinary bottled-water exposure produces a clinically important internal dose.
[bookmark: Xf3c162faf06bb77cc1eea80f5080ba6dc3f9e59]6. Ecological Impacts across the Bottle Life Cycle
The ecological question begins after the contained-water exposure question ends. A bottle discarded or lost to the environment is no longer experiencing food-contact conditions. Ultraviolet radiation, temperature cycling, abrasion, biofilm formation, hydrolysis and oxidation progressively alter its surface and can change both chemical leaching and fragmentation. This environmental ageing may release dissolved organic compounds, additives, residual catalysts and micro- or nanoplastic particles. It is therefore inappropriate to use a short-term migration study of intact food-grade PET as a complete model of environmental leachate. Conversely, it is equally inappropriate to use toxicity from a highly additive-rich polymer such as flexible PVC as if it demonstrated the toxicity of weathered PET bottles.
Leachate experiments demonstrate marked polymer specificity. Bejgarn et al. (2015) screened leachates from weathered plastics with the copepod Nitocra spinipes and found substantial variation among materials and weathering conditions. Capolupo et al. (2020) compared chemical composition and ecotoxicity of plastic and tyre-rubber leachates and showed that some materials produced far stronger biological effects than others. Such findings support the general proposition that weathering can mobilise biologically active chemicals, but they argue against a single "plastic leachate toxicity" value. PET often exhibits lower acute leachate toxicity than some heavily compounded materials in comparative studies, although low acute toxicity does not exclude chronic effects, particle-mediated effects or consequences of persistent litter.
Effects on microorganisms and primary producers also depend on polymer chemistry. Tetu et al. (2019) reported impaired growth and oxygen production in the marine cyanobacterium Prochlorococcus after exposure to leachates from polyethylene and polyvinyl chloride products. This study is frequently invoked as evidence that "plastic bottles" can inhibit marine photosynthesis, but the tested polymers were not PET water bottles. It is mechanistically relevant because it demonstrates that leached additives or degradation products can alter microbial physiology, yet direct application to PET requires PET-specific leachate data. Romera-Castillo et al. (2018), by contrast, showed that dissolved organic carbon leached from plastics can stimulate heterotrophic microbial activity, illustrating that leachates can modify ecosystem processes without fitting a simple toxic-versus-nontoxic binary.
Particles generated from bottles create a second ecological pathway. Fragmentation increases surface area and extends persistence across size classes that are available to different organisms. The same analytical limitations seen in drinking-water studies apply in environmental matrices, with nanoplastics especially difficult to quantify. Ecological risk also depends on exposure concentration, residence time, sedimentation, biofouling and food-web transfer. Laboratory exposures may exceed environmental concentrations to reveal mechanism, while field observations often cannot isolate bottle-derived PET from mixed plastic pollution. The bottle-specific ecological footprint therefore includes both material-specific chemical release and the broader persistence of plastic litter, but attribution to a particular consumer bottle requires polymer and source tracing.
Recycling can reduce demand for virgin polymer and litter pressure but introduces a chemical-quality trade-off that should be managed rather than ignored. Recycled PET intended for food contact requires effective decontamination because post-consumer feedstock can include non-food containers or misuse contaminants. Studies of recycled-content bottles indicate that well-controlled processes can produce migration compliant with food-contact requirements, yet the value chain contains potential contamination points and variable feedstock quality (Gerassimidou et al., 2022; Thoden van Velzen et al., 2020). A circular-economy strategy is therefore not simply a choice between chemical safety and recycling. It requires design-for-recycling, feedstock control, validated decontamination and surveillance for NIAS.
Table 4 summarises ecological pathways and the limits on extrapolation. The main lesson is that polymer identity and environmental context determine whether leachate chemistry, particle fragmentation or physical litter dominates the observed effect. Ecological findings should inform bottle design and end-of-life policy, but they should not be used as direct evidence of human clinical toxicity from drinking bottled water.
Table 4
Ecological pathways of chemical and particle release from plastic bottle materials
	Ecological pathway
	Representative evidence
	Interpretive strength
	Key uncertainty / limitation
	Implication
	Supporting references

	Weathering and chemical leachate
	Weathered plastics release mixtures with polymer-dependent acute toxicity.
	Moderate
	Formulation and weathering conditions vary; results cannot be transferred across polymers.
	Require PET-specific ageing and leachate profiles.
	Bejgarn et al. (2015); Capolupo et al. (2020)

	Primary-producer effects
	Plastic leachates can impair growth and oxygen production in marine cyanobacteria.
	Mechanistically informative
	Key study used PE/PVC rather than PET bottles.
	Do not label generic-plastic effects as PET-specific.
	Tetu et al. (2019)

	Microbial carbon processing
	Plastic-derived dissolved organic carbon can stimulate heterotrophic microbial activity.
	Moderate
	Net ecosystem consequences depend on context and polymer.
	Assess biogeochemical change as well as toxicity.
	Romera-Castillo et al. (2018)

	Fragmentation to MNPs
	Mechanical and photochemical ageing creates persistent smaller particles.
	High for physical process
	Environmental bottle-source apportionment is difficult.
	Pair polymer fingerprinting with field exposure data.
	Hahladakis et al. (2018); Winkler et al. (2019)

	Recycling and circularity
	Controlled rPET can meet migration requirements, but feedstock contamination remains a lifecycle concern.
	Moderate
	Process quality is heterogeneous.
	Integrate decontamination validation with NIAS surveillance.
	Gerassimidou et al. (2022); Thoden van Velzen et al. (2020)


Note. MNP = micro- and nanoplastic; rPET = recycled polyethylene terephthalate. Polymer-specific evidence should not be generalised across all plastics.
[bookmark: Xbabb8cc299e5cc5ad2a25094ed8ff4b4c1dafce]7. Clinical and Public Health Implications
Clinical interpretation requires a hierarchy of evidence. At the first level, chemical migration and particle occurrence establish that ingestion exposure can occur. For antimony and selected PET-related compounds this evidence is direct, and for particles it is strengthened by multiple analytical platforms (Bach et al., 2013; Jamison Hart & Lenhart, 2026; Qian et al., 2024; Schymanski et al., 2018). At the second level, toxicology demonstrates whether an agent can produce harmful biological effects. At the third level, toxicokinetic or biomonitoring studies ask whether the material reaches human tissues. Only at higher levels do observational or interventional human studies address disease. Public discussion often jumps from the first or second level to the last, but the missing links are precisely where dose, absorption, clearance, competing exposure pathways and confounding become decisive.
For conventional chemical migrants, drinking-water benchmarks provide an established risk-management framework. Antimony is regulated because sufficient toxicological evidence exists to support health-based limits, not because PET bottles are presumed to cause poisoning. Under ordinary storage, many studies report antimony concentrations below current drinking-water benchmarks, while severe heat can substantially increase migration in some bottles. Thus, avoiding prolonged high-temperature storage is a proportionate exposure-reduction measure supported by migration chemistry even without evidence of common clinical poisoning. Similar reasoning applies to preventing use conditions outside the container design, such as repeatedly filling a single-use PET bottle with very hot water. The recommendation is based on reducing avoidable migration and wear, not on claiming that a brief temperature excursion inevitably creates a toxic dose.
For micro- and nanoplastics, the clinical evidence is less mature. WHO concluded in its drinking-water assessment that the available evidence was insufficient for a robust quantitative health-risk assessment and highlighted major analytical and toxicological knowledge gaps (World Health Organization, 2019). A broader WHO assessment of dietary and inhalation exposure likewise identified substantial uncertainty concerning exposure characterisation, particle translocation and health outcomes (World Health Organization, 2022). Since those reports, analytical sensitivity has improved and human biomonitoring has expanded, but there is still no validated health-based drinking-water limit for micro- or nanoplastics. Newer particle counts therefore increase knowledge of exposure without automatically providing a risk threshold.
Human biomonitoring demonstrates that plastic particles can be detected in the body, but source attribution remains unresolved. Schwabl et al. (2019) detected microplastics in human stool; Leslie et al. (2022) reported plastic particles in blood; Ragusa et al. (2021) reported microplastics in placental samples; and Jenner et al. (2022) detected microplastics in lung tissue. These observations are compatible with ingestion and inhalation from numerous sources, including food, dust, air and drinking water. They cannot be used to calculate the proportion attributable to bottled water. The analytical field also faces contamination-control challenges because many laboratory materials and airborne particles are themselves plastic, making blanks, clean-air procedures and orthogonal chemical confirmation essential.
Marfella et al. (2024) provided an important but still observational extension by detecting micro- and nanoplastics in carotid atheroma specimens and reporting an association between their presence and subsequent cardiovascular events. The study does not identify the exposure source and cannot establish that plastic particles caused the events. Patients with detectable particles may differ in unmeasured ways related to environmental exposure, socioeconomic conditions, diet or underlying disease. The result therefore strengthens the case for rigorous prospective research but does not justify a clinical statement that bottled-water consumption causes cardiovascular disease. Such source-specific causal claims would require exposure reconstruction or intervention designs capable of separating bottled water from the many other plastic exposures.
Potentially susceptible groups deserve attention even when direct evidence is sparse. Infants and children consume more water per unit body mass than adults and may have different developmental sensitivity to endocrine-active chemicals. Pregnant individuals raise concern because placental transfer is a biologically relevant question, and people with renal or gastrointestinal disease may handle some contaminants differently. Yet vulnerability should not be used to manufacture certainty where dose data are absent. The defensible approach is to apply existing drinking-water standards to regulated chemicals, minimise avoidable stress-related migration, and prioritise studies that measure realistic dose distributions in these groups rather than extrapolating from high-dose cell experiments.
Risk communication must also consider the counterfactual water source. In settings where piped water is microbiologically unsafe or chemically contaminated, discouraging bottled water without a safe alternative could increase net health risk. WHO guidance places microbial safety and established chemical hazards at the centre of drinking-water protection (World Health Organization, 2026). In settings with reliably safe tap water, reducing unnecessary reliance on single-use bottles may offer environmental benefits and can reduce one source of plastic-particle and packaging-chemical exposure. These are context-dependent decisions rather than a universal clinical prescription.
Table 5 presents an evidence ladder for clinical inference. It distinguishes what is established from what remains unproven. The critical conclusion is that the current evidence supports exposure reduction and better package control as precautionary public-health measures, while it does not support diagnosing disease, estimating an individual clinical risk, or attributing a human biomonitoring result specifically to bottled-water consumption.
Table 5
Evidence ladder for clinical and public-health inference from bottled-water plastic exposure
	Evidence level
	What is established
	What is not established
	Public-health interpretation
	Supporting references

	1. Package-to-water release
	Selected chemicals and MNPs can occur in bottled water; stress can increase release.
	A universal concentration for all bottles.
	Exposure assessment must be brand-, material-, method- and stress-specific.
	Bach et al. (2013); Qian et al. (2024); Shotyk & Krachler (2007)

	2. Hazard mechanisms
	Selected chemicals and particles can trigger endocrine, oxidative or inflammatory pathways.
	That ordinary bottled-water doses reach experimental effect concentrations.
	Use dose-relevant testing and realistic materials.
	Changmai et al. (2026); Prüst et al. (2020); Yong et al. (2020)

	3. Human internal detection
	Plastic particles have been detected in stool, blood, placenta and lung tissue.
	The proportion originating from bottled water.
	Biomonitoring demonstrates multi-source exposure, not source attribution.
	Jenner et al. (2022); Leslie et al. (2022); Ragusa et al. (2021); Schwabl et al. (2019)

	4. Human disease association
	An observational association has been reported between plaque MNP detection and cardiovascular events.
	Causality or a bottled-water source.
	Hypothesis-strengthening evidence requiring replication and exposure reconstruction.
	Marfella et al. (2024)

	5. Quantitative clinical risk from bottled water
	Regulated chemical benchmarks exist for substances such as antimony.
	A validated health-based MNP threshold or demonstrated bottled-water disease risk.
	Apply established chemical standards; avoid unsupported disease attribution.
	World Health Organization (2019, 2022, 2026)


Note. The evidence level indicates distance from source-specific exposure to clinical outcome; it is not a formal grading system.
[bookmark: Xbc6a1e5451f15e420fe04e2d207e0d31aab2953]8. Regulatory and Risk-Assessment Implications
Regulation of bottled-water packaging sits at the intersection of food-contact material rules and drinking-water standards. Traditional frameworks are strongest for known chemicals with toxicological reference values and validated analytical methods. Antimony exemplifies this approach: WHO, the United States and the European Union maintain drinking-water values, although the numerical benchmarks differ (European Parliament & Council of the European Union, 2020; United States Environmental Protection Agency, n.d.; World Health Organization, 2026). The EU drinking-water directive also includes a parametric value of 2.5 micrograms per litre for BPA. These limits are useful for evaluating measured concentrations but do not substitute for packaging-specific migration controls, because contamination can arise at multiple points between source water and consumption.
NIAS challenge positive-list regulation because the relevant chemicals may be generated during polymerisation, recycling, ageing or stress rather than intentionally formulated. A practical regulatory strategy should combine targeted compliance testing with non-target or suspect screening and effect-based tools. Non-target signals should be prioritised using occurrence, migration magnitude, structural alerts and bioactivity rather than treated as equally hazardous. The goal is not to identify every spectral feature before a package can be used, which may be unrealistic, but to create a defensible process for discovering and managing previously unrecognised migrants. The broader chemical inventories assembled for plastic packaging show that hazard information is incomplete for many substances and that chemical simplification can improve both safety assessment and recyclability (Groh et al., 2019; Wiesinger et al., 2021).
Particle regulation is even less mature because there is no universally applied analytical size range, unit or health-based threshold. A method counting particles down to 100 nanometres will report far more particles than a method with a 20- or 100-micrometre lower limit. Number concentration, mass concentration, surface area and particle-size distribution each capture different aspects of potential dose. The findings of Qian et al. (2024) and Jamison Hart and Lenhart (2026) demonstrate why reporting only a single particle count without the analytical window can be misleading. Harmonisation should therefore precede numerical limit-setting. Minimum requirements should include field and laboratory blanks, polymer confirmation, lower and upper size bounds, recovery testing, contamination-control procedures and reporting of both number and size distribution, with mass where technically credible.
Environmental-stress testing also needs a more realistic framework. Accelerated migration tests are valuable for quality assurance, but extreme temperature-time combinations should be linked explicitly to the real-world condition they are intended to simulate. Transport studies, passive temperature logging and distribution-chain measurements can provide realistic thermal histories for model calibration. Mechanical testing should include closure cycles because the cap-neck interface can be a dominant particle source. Recycled-content testing should incorporate feedstock quality and NIAS surveillance. These additions would move regulation from a bottle-body-centric model toward a complete package-and-use model.
[bookmark: X2b604865f9643d606a5fe9083e3173260243056]9. Integrated Critical Synthesis
The evidence supports a stress-response framework with three linked but separable pathways. The first is molecular migration, governed primarily by polymer composition, diffusion, chemical reactions, contact time and water chemistry. Antimony is the strongest example because source and thermally accelerated migration are repeatedly demonstrated. Carbonyls and other PET-related degradation products also fit this pathway, although their toxicological significance varies. The second pathway is surface wear and fragmentation, particularly at mechanically active interfaces such as caps and bottle necks. The third is environmental ageing after disposal, where photochemical oxidation, abrasion and biofouling can change both leachate composition and particle generation. Conflating these pathways produces misleading statements such as treating all detected particles as evidence of chemical leaching or all detected endocrine-active chemicals as intrinsic PET additives.
A second synthesis concerns evidence strength. Migration studies provide the most direct bottled-water-specific evidence, but they often use limited brands and controlled conditions. Toxicology provides mechanistic plausibility, but frequently uses model particles, concentrated extracts or doses far above estimated human exposure. Human biomonitoring confirms that plastic particles can enter or be detected in the body, yet it integrates all environmental sources. Observational disease studies can identify associations but still do not reconstruct bottled-water dose. The evidentiary chain therefore weakens as one moves from "a package can release material" to "this material causes disease through bottled-water consumption". This does not mean that risk is zero; it means that current data constrain the strength and specificity of the claim.
A third synthesis concerns heterogeneity. Brand-to-brand differences are not nuisance variation to be averaged away. They may encode meaningful differences in catalyst loading, resin supplier, recycled content, bottle geometry, closure polymer, processing temperature and water chemistry. Likewise, the enormous spread in reported particle counts reflects not only environmental variability but also analytical size thresholds and identification methods. Future studies should therefore be designed to explain heterogeneity rather than simply enlarge sample numbers. Multilevel models that treat brand, production lot, bottle component, storage history and analytical method as explicit factors could transform a fragmented literature into predictive migration science.
Finally, the risk-management implications are more mature than the clinical causal evidence. Avoiding prolonged heat and direct sun exposure, preventing repeated use of single-use bottles for hot liquids, improving closure design, controlling recycled feedstock and strengthening NIAS surveillance are low-regret measures because they target demonstrated release mechanisms. At the same time, clinicians and public-health authorities should avoid attributing non-specific symptoms or chronic diseases to bottled-water plastic exposure in the absence of individual exposure assessment and disease-specific evidence. Environmental policy can reasonably pursue reduced single-use plastic dependence for waste and ecological reasons without presenting uncertain clinical endpoints as established facts.
[bookmark: Xfa98424ac5d71869606b9cc9edcdaf2dd2dd5e9]10. Future Directions
The immediate research priority is realistic stress-dose mapping. Laboratory studies should replace isolated temperature points with measured transport and storage profiles representing hot vehicles, outdoor retail exposure, warehouses and household use. Temperature loggers can provide time-resolved histories that are then reproduced experimentally. Each study should report bottle resin, recycled content where known, closure material, surface-to-volume ratio, water chemistry and production lot. Repeated opening and closing should be tested independently from bottle-body squeezing so that cap-neck abrasion can be quantified. These designs would allow migration models to estimate the upper tail of real consumer exposure rather than relying on severe conditions with uncertain prevalence.
A second priority is source-resolved chemical analysis. Studies detecting BPA, phthalates or other unexpected compounds should analyse the bottle body, closure, label or liner, source water, bottling-line blanks and relevant laboratory blanks. Isotopic or material-fingerprint approaches may help distinguish packaging release from environmental contamination. For recycled PET, feedstock and decontamination history should be integrated with suspect and non-target screening. Effect-directed analysis should be paired with high-resolution chemical characterisation so that an in vitro signal can be traced to a plausible migrant or mixture rather than reported as unexplained "plastic toxicity". This would materially improve both regulation and the scientific interpretation of bioassay findings.
A third priority is harmonisation of micro- and nanoplastic measurement. Interlaboratory reference materials, recovery standards and contamination-control protocols are needed across Raman, infrared, thermal and emerging nanoscale methods. Reports should state the detected size interval, particle number, size distribution, polymer identity and, where reliable, mass. Parallel analysis of bottle body and closure particles would enable source apportionment. Because nanoplastic counts dominate when lower detection limits shrink, future exposure assessment should not compare studies by particles per litre unless their size windows overlap. Method-comparison studies on the same water samples would be especially valuable for converting historical data into a common exposure framework.
Toxicology should move from convenient model particles to exposure-relevant materials. Bottle-derived PET and closure particles should be generated under documented thermal, photochemical and mechanical ageing, characterised for size, surface chemistry and associated chemicals, and tested at doses bracketed around plausible gastrointestinal exposure. Advanced intestinal models, co-cultures and physiologically based models can help quantify uptake and clearance before resource-intensive animal or clinical studies are pursued. For chemicals, speciation and mixture composition should be measured at the same time as biological endpoints. The most informative outcome is not whether a very high dose can produce oxidative stress, but where the effect threshold lies relative to realistic human dose distributions.
Human research requires source-specific exposure assessment. Prospective cohorts could combine repeated bottled-water-use diaries, brand and package information, household water alternatives, dietary and inhalation covariates and validated biomarkers. Short-term controlled crossover studies may be feasible for selected chemical migrants if ethical and analytical conditions are met, comparing ordinary bottled-water use with low-plastic-contact alternatives while measuring exposure biomarkers rather than disease. For micro- and nanoplastics, rigorous validation of human-tissue analytical methods should precede large epidemiological claims. Vulnerable groups such as infants, children and pregnant individuals deserve focused exposure studies because intake relative to body mass and developmental sensitivity may differ, but study design should be driven by measured dose rather than assumption.
Ecological research should connect the bottle life cycle from litter to weathered leachate and fragmentation. PET-specific studies under realistic sunlight, temperature cycling and freshwater or marine conditions are needed to determine how chemical profiles change over months and years. Experiments should distinguish acute leachate toxicity, chronic sublethal effects, particle effects and changes in microbial carbon processing. Comparative work across virgin and recycled PET can test whether circularity alters environmental chemical release. These data would allow product design, waste management and food-contact safety to be evaluated within a single life-cycle chemical framework instead of as separate policy domains.
[bookmark: Xe062ab35f5d0c55e2a96d0a65369ec4a2d8f22e]11. Conclusions
The available evidence demonstrates that plastic bottled-water systems can release both dissolved chemicals and polymer particles, and that environmental or use-related stress can modify the magnitude and composition of that release. For PET bottles, antimony is the most consistently source-resolved migrant and shows a reproducible increase with temperature and contact time. Carbonyls and other processing or degradation products also migrate under condition-dependent circumstances. Findings for phthalates, BPA and estrogenic activity are more difficult to attribute specifically to PET because the complete package, recycled feedstock, manufacturing environment and analytical background can contribute. Mechanical wear is particularly relevant at the cap-neck interface, while modern nanoplastic methods reveal far more small particles than earlier methods, making reported counts strongly dependent on analytical size range.
The toxicological evidence supports biological plausibility for several pathways, including oxidative stress, inflammation and endocrine signalling, but direct translation to human disease is constrained by uncertain internal dose, model-particle differences and frequent use of high experimental concentrations. Human biomonitoring establishes multi-source exposure to plastic particles, not a bottled-water-specific disease pathway. Ecological evidence similarly shows that weathered plastics can release biologically active mixtures and persistent particles, but effects differ markedly among polymers and formulations. The most defensible current response is therefore mechanism-based prevention rather than alarm: limit avoidable high-temperature and prolonged sunlight exposure, evaluate the whole package rather than PET alone, improve recycled-feedstock and NIAS control, and harmonise particle measurement. Stronger clinical conclusions will require source-resolved exposure assessment and human studies that connect realistic bottled-water dose to validated biological outcomes.
[bookmark: X7fb20bcc102a11b2e02a64c2f7cbabaea80fc57]12. Limitations
As a critical narrative review, this synthesis is intrinsically susceptible to selection and interpretive bias despite the use of a transparent search framework, explicit eligibility criteria and iterative citation checking. The evidence base is highly heterogeneous in bottle composition, water chemistry, stress protocol, analytical detection limit, particle-size window and toxicological model, which precluded meaningful quantitative pooling. English-language literature was used, so relevant evidence published only in other languages may have been missed. Some specialised subscription content was accessible only through bibliographic records or abstracts, limiting assessment of methodological details for a small number of studies. The literature is geographically uneven and often relies on limited brand samples, reducing generalisability to all markets. Human evidence remains predominantly biomonitoring or observational and cannot isolate bottled water from other ingestion and inhalation pathways. Rapid development of nanoplastic methods also means that occurrence estimates are not fully comparable across time. These limitations favour cautious, source-specific conclusions and make absence of a demonstrated clinical effect different from proof of no effect.
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