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Abstract

Cigarette butt waste is a widespread form of tobacco-related litter and an increasingly
recognized source of environmental contamination. This systematic review synthesized
evidence on the environmental impacts of cigarette butts and other tobacco and nicotine
product waste, including contaminant release, plastic-derived particle generation, affected
environmental matrices, ecotoxicological effects, dose—effect relationships, and ecological
and human health risk assessment within a One Health framework. Following PRISMA
guidelines and PROSPERO registration, PubMed, Scopus, and Web of Science were sys-
tematically searched. Forty-seven studies were included. Cigarette butts and related waste
were found to release diverse contaminants, including metals, nicotine, PAHs, VOCs, BTEX,
pesticides, phenolic compounds, aromatic amines, and cellulose-acetate-derived micro- and
nanoplastics. Nicotine emerged as a prominent contaminant, with rapid release and high
modelled ecological risk reported in some studies. Freshwater and marine environments
were most frequently investigated, while soils, urban environments, stormwater systems,
landfills, and waste-management pathways were also represented. Experimental studies
reported mortality, growth inhibition, oxidative stress, reproductive and developmental
impairment, genotoxicity, metabolic and behavioral alterations, and community-level ef-
fects. Evidence on emerging nicotine product waste remained limited and was constrained
by differences in product design, terminology, characterization, and experimental scenar-
ios. Overall, these wastes represent hybrid chemical-particulate environmental stressors,
although their substantial heterogeneity limits broader generalization.

Keywords: cigarette butts; tobacco and nicotine product waste; cellulose acetate; microplastics;
nanoplastics; ecotoxicology; environmental pollution; One Health

1. Introduction

Cigarette butts (CBs) represent the most ubiquitous form of anthropogenic litter col-
lected globally, with billions of units discarded into the environment annually, posing a
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severe threat to global ecosystems [1]. Manufactured predominantly from cellulose acetate,
a synthetic plastic that is photodegradable but highly persistent, CBs act as complex chemi-
cal matrices that retain and subsequently release a myriad of toxic compounds generated
during tobacco combustion [1]. Hazardous substances that compose CBs include polycyclic
aromatic hydrocarbons (PAHs), heavy metals, nicotine, and plasticizers [2]. Consequently,
post-consumption CB waste constitutes a hazardous point-source of environmental contam-
ination rather than mere aesthetic litter [3]. When discarded into the environment, these
residues undergo weathering processes, leading to the leaching of their chemical cargo into
urban and natural ecosystems [3,4]. Freshwater and marine systems are particularly rele-
vant because CBs can rapidly release soluble compounds into water and because discarded
butts from urban and coastal settings may be transported through runoff into rivers, lakes,
beaches, and marine ecosystems. Terrestrial environments are also of concern, as CBs can
accumulate in soils, parks, streets, and green areas, where they may interact with plants, soil
organisms, and microbial communities [5,6]. Ecotoxicological research has demonstrated
adverse effects of CB leachates in various biological models, such as aquatic organisms and
plants [7,8]. Concurrently, the paradigm of environmental health has evolved with the One
Health approach, recognizing that ecosystems, animal populations, and human health are
intrinsically linked [9].

Although conventional cigarette butts remain by far the most extensively investigated
form of tobacco product waste, recent years have witnessed the emergence of additional
waste streams associated with electronic nicotine delivery systems (ENDS), heated tobacco
products, and alternative filter technologies [10,11]. These products differ in material
composition, design, and chemical profile and may therefore release distinct mixtures of
contaminants into the environment. Although only a limited number of studies have inves-
tigated these emerging waste types, the widespread global use of electronic cigarettes and
other emerging nicotine products highlights the need to consider their post-consumer waste
alongside conventional cigarette butts when evaluating the environmental consequences of
tobacco and nicotine product waste [12]. Importantly, the safety of electronic cigarettes for
users and bystanders and the environmental impacts associated with discarded e-cigarette
products and residues represent distinct issues and should be evaluated separately.

Despite growing attention to tobacco product waste, the available evidence remains
heterogeneous in terms of environmental matrices, exposure conditions, contaminants,
biological models, and assessed outcomes [13], while its integrated synthesis within a One
Health framework remains limited. Accordingly, this systematic review aimed to com-
prehensively evaluate the environmental contamination and potential health implications
associated with cigarette butts and related tobacco and nicotine product waste. Specifi-
cally, we sought to: (i) characterize the types of tobacco-related waste and environmental
matrices investigated; (ii) synthesize evidence on the release, occurrence, persistence, and
environmental behavior of chemical contaminants and plastic-derived particles; (iii) evalu-
ate the biological and ecotoxicological effects reported across terrestrial, freshwater, and
marine organisms and ecosystems, including concentration- and time-dependent responses;
(iv) summarize available ecological and human health risk assessments; and (v) integrate
these findings with evidence from environmental monitoring and life cycle assessment to
identify major knowledge gaps and implications from a One Health perspective.

2. Materials and Methods
2.1. Protocol and Reporting Framework

The systematic review was conducted in accordance with the PRISMA 2020 guide-
lines and followed an a priori protocol that predefined the objectives, eligibility criteria,
search strategy, study-selection process, data-extraction procedures, and quality-assessment
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methods [14]. The protocol was prospectively registered in the International Prospective
Register of Systematic Reviews (PROSPERO, CRD 420261446230) [15,16].

2.2. Eligibility Criteria and PECO Framework

The eligibility criteria were primarily guided by the Population, Exposure, Comparator,
and Outcomes (PECO) framework [17], which was applied to the main review question
concerning the environmental release of contaminants from cigarette butts and other
tobacco and nicotine product waste and their associated ecotoxicological effects. Specifically,
the population (P) comprised aquatic and terrestrial organisms, biological communities,
and environmental matrices potentially affected by tobacco- and nicotine-product waste;
the exposure (E) included post-consumption cigarette butts, either whole or fragmented,
cigarette butt leachates, cigarette-filter-derived particles, and other tobacco and nicotine
product waste; the comparator (C), when applicable, consisted of unexposed or control
conditions, reference matrices, or different exposure levels; and the outcomes (O) included
contaminant release and occurrence, particle generation, bioaccumulation, and biological
or ecotoxicological effects across different levels of biological organization.

Given the broader scope of the review and the heterogeneity of the eligible study
designs, additional eligibility criteria were defined to capture evidence from environmental
monitoring and exposure assessment, ecological and human health risk assessment, and life
cycle assessment studies. Accordingly, studies were eligible if they investigated cigarette
butts or other tobacco and nicotine product waste and assessed contaminant release, envi-
ronmental occurrence, fate or persistence, quantitative environmental pollution burden,
plastic-derived particle generation, biological or ecotoxicological effects, environmental
exposure, ecological or human health risks, or waste-related environmental impacts. Envi-
ronmental monitoring studies focusing on tobacco-related litter were considered eligible
when litter occurrence or abundance was quantitatively characterized using explicitly de-
fined environmental pollution metrics or indices, such as litter density or pollution indices,
thereby providing a quantitative assessment of the environmental pollution burden.

Ecotoxicological studies were eligible when they reported quantitative biological end-
points, including mortality, growth inhibition, reproductive or developmental impairment,
oxidative stress, genotoxicity, metabolic or behavioral alterations, or community-level
responses. Studies investigating unused or virgin cigarette filters were included only when
they assessed environmentally relevant contaminant or particle release or provided direct
comparisons with post-consumption cigarette butts.

Studies focusing exclusively on cigarette smoke or smoking exposure, filter design,
performance or ventilation, or alternative filter materials without direct environmental
relevance were excluded. Studies reporting only the presence, occurrence, or abundance of
tobacco-related litter without quantitative characterization through environmental pollu-
tion metrics or indices, and without contaminant, exposure, risk, or toxicological assess-
ment, were excluded. Studies reporting wildlife ingestion without contaminant, exposure,
risk, or toxicological assessment were also excluded. Only peer-reviewed articles published
in English were considered eligible.

These predefined eligibility criteria were systematically applied during full-text assess-
ment, and a specific reason for exclusion was recorded for each article excluded at this stage.

2.3. Search Strategy

A comprehensive literature search was conducted in PubMed, Scopus, and Web of
Science for studies published from January 2020 to June 2026. These databases were selected
to provide complementary coverage of the multidisciplinary evidence relevant to the
review: PubMed primarily covers biomedical and toxicological research, whereas Scopus
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and Web of Science provide broad coverage of environmental sciences, ecotoxicology,
pollution, and other interdisciplinary fields. Their combined use was therefore considered
appropriate to capture the different components of the One Health framework addressed
in this review. The 2020 cutoff was selected to provide an updated synthesis of the most
recent evidence, building on the literature already covered by previous reviews. The search
strategy combined free-text terms related to cigarette butt and tobacco product waste,
contaminant release, ecotoxicology, environmental pollution, and risk assessment. The core
search strategy was: (“cigarette butt” OR “cigarette filter” OR “tobacco product waste” OR
“cigarette waste”) AND (leachate OR toxicant* OR pollutant* OR contaminant* OR “heavy
metal” OR PAH OR phthalate* OR “cellulose acetate” OR microplastic) AND (ecotoxicology
OR ecotox OR “environmental pollution” OR “risk assessment” OR “environmental risk”
OR “One Health”). The search strategy was adapted to the syntax and search fields of each
database. No geographical restrictions were applied. In addition, the reference lists of all
included studies were manually screened to identify potentially eligible publications not
retrieved through the database searches.

2.4. Study Selection

All retrieved records were imported into Rayyan (web-based systematic review plat-
form, Rayyan System Inc., Cambridge, MA, USA), which was used to manage the screening
process and ensure a transparent and reproducible workflow [18]. After automatic and
manual deduplication within the platform, the study selection proceeded through the
standard Rayyan workflow, beginning with blind title and abstract screening conducted
independently by two reviewers. Rayyan’s blinding feature allowed each reviewer to
classify records without influence from the other, thereby reducing selection bias. Conflicts
generated during this phase were subsequently unblinded and resolved through discussion,
and when necessary, by consulting a third reviewer. Studies deemed potentially eligible
were then subjected to full-text assessment within Rayyan, where inclusion and exclusion
decisions were recorded along with justifications. The entire selection process, from initial
import to final inclusion, is summarized in the PRISMA flow diagram. Study selection was
independently performed by two reviewers (A.M and P.R), and any disagreements were
resolved by consensus with a third reviewer (M.E.).

2.5. Data Extraction and Classification of Study Characteristics

Study characteristics were classified using a predefined operational framework de-
veloped by the review authors. Study design was assigned at a general methodological
level using the categories laboratory experimental study, in vivo laboratory experimental
study, in vitro laboratory experimental study, field observational study, combined field and
laboratory study, and environmental risk assessment study, the latter being reserved for
investigations primarily based on risk modelling without a substantive experimental com-
ponent. The experimental model was classified separately to describe how each study was
conducted and included laboratory leaching experiment, laboratory sorption experiment,
laboratory ecotoxicological bioassay, whole-cigarette butt exposure bioassay, mesocosm
exposure experiment, and field survey. Laboratory ecotoxicological bioassays encompassed
exposure to cigarette-butt leachates, extracts, fibres, microplastics, nanoplastics, or other
cigarette-butt-derived contaminants.

Variables measured in each study were reported as outcomes assessed, encompassing
chemical concentrations, leaching parameters, biological and ecotoxicological endpoints,
and risk-assessment metrics such as toxic equivalency and risk quotients. Each study was
also classified according to the One Health domain(s) directly addressed by its objectives
and measured outcomes. Animal health included biological or toxicological effects in
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animal organisms; plant health included biological, physiological, or toxicological effects
on plant organisms, including terrestrial plants and aquatic macrophytes; environmental
health encompassed environmental contamination, pollutant release, occurrence, fate
or transport, littering, waste degradation or persistence, and ecosystem- or community-
level effects; and human health included quantitative assessments of human exposure
or potential health risk associated with contaminants released from cigarette butts or
other tobacco and nicotine product waste, including carcinogenic and non-carcinogenic
risk estimates. No study was classified exclusively within the human health domain;
rather, human health was represented only in multi-domain studies in combination with
environmental health.

Domain assignment was based on study objectives, experimental or observational
models, and measured outcomes rather than solely on the environmental matrix used for
sampling, leaching, or exposure. Thus, the use of an environmental medium did not, by
itself, justify assignment to the environmental health domain. The domains were non-
mutually exclusive, and individual studies could therefore be assigned to more than one
domain. Studies directly addressing a single domain were classified as single-domain,
whereas those directly addressing two or more domains were classified as multi-domain.
Accordingly, multi-domain studies were represented in each relevant domain-specific
category as well as being identified separately as multi-domain studies.

One Health domains were not extracted from the original articles but were indepen-
dently assigned by the review authors using an operational framework adapted from the
One Health High-Level Expert Panel (OHHLEP) definition of One Health, with particular
emphasis on the environmental dimension relevant to cigarette butt pollution [19]. For
the purposes of this review, the One Health framework was operationalized into four
interconnected domains: human health, animal health, plant health, and environmental
health. The data-extraction spreadsheet also captured the toxic substances investigated,
ecotoxicological outcomes, key findings, quantitative measures when available, and study
limitations. Data extraction was conducted independently by three reviewers (A.M., E.P,
L.A.), and disagreements were resolved by consensus with a fourth reviewer (M.E.).

2.6. Risk of Bias Assessment

The methodological quality of the included studies was assessed according to study
design. Experimental in vivo and in vitro toxicological studies were evaluated using the
Toxicological Data Reliability Assessment Tool (ToxRTool) [20]. Environmental monitoring
and exposure-assessment studies, human health risk assessment (HHRA) studies, life
cycle assessment (LCA) studies, and laboratory experimental studies that were neither
in vivo nor in vitro were evaluated using a review-specific methodological quality checklist
developed a priori for this review. The checklist integrated methodological principles
from internationally recognized frameworks, including the Office of Health Assessment
and Translation (OHAT) Risk of Bias guidance developed by the U.S. National Toxicology
Program, the U.S. Environmental Protection Agency (USEPA) Risk Assessment Guidance
for Superfund (RAGS) for Human Health Evaluation, and the International Organization
for Standardization (ISO) 14040 and ISO 14044 standards for Life Cycle Assessment [21].

The checklist comprised ten predefined domains: (i) clarity of study objectives;
(ii) appropriateness of the study design; (iii) adequacy and representativeness of the sam-
pling strategy; (iv) exposure characterization; (v) validity and description of analytical
methods, including method validation and quality assurance/quality control (QA /QC),
where relevant; (vi) quality and reliability of input data; (vii) transparency and scien-
tific justification of model assumptions; (viii) uncertainty and sensitivity analyses, where
applicable; (ix) appropriateness and reporting of statistical or modelling analyses; and
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(x) consistency between the reported results, acknowledged limitations, and authors’ con-
clusions (Table S1).

Each domain was rated as low methodological concern (2 points), moderate method-
ological concern (1 point), or high methodological concern (0 points). For the analytical
methods domain, the highest score required both adequate methodological description and
evidence of appropriate validation and/or QA /QC procedures. For the sampling strategy
domain, the highest score required a clearly described and adequately representative sam-
pling approach, whereas appropriate but less representative sampling strategies were rated
as moderate methodological concern.

Domains 7 and 8 were applied only to studies that directly developed or implemented
quantitative modelling or risk-modelling frameworks involving explicit assumptions. De-
scriptive calculations, pollution indices, concentration estimates, or the use of model-
derived parameters from previously published sources were not considered sufficient to
classify a study as a modelling study. When externally derived model outputs or parameters
were used without direct implementation of the underlying model, their appropriateness
was evaluated under the input data quality domain. For non-modelling studies, Domains 7
and 8 were rated as not applicable (N/A) and excluded from the total score.

For Domain 8, the highest score was assigned when a formal and sufficiently com-
prehensive uncertainty and/or sensitivity analysis was performed, whereas a moderate
score was assigned when uncertainty in model inputs, assumptions, or outputs was only
partially or qualitatively evaluated. General acknowledgement of study limitations was
not considered an uncertainty analysis and was assessed under Domain 10.

For studies in which all ten domains were applicable, total scores ranged from 0 to
20, and methodological quality was classified as high (17-20), moderate (13-16), or low
(<12). For non-modelling studies, total scores ranged from 0 to 16 and were classified as
high (14-16), moderate (10-13), or low (<9). In mixed-design studies combining observa-
tional/environmental and in vivo or in vitro experimental components, the review-specific
checklist was applied only to the observational /environmental component, while the ex-
perimental component was assessed separately using the corresponding ToxRTool module.

Each study was independently assessed by two reviewers (M.P. and P.R.), and dis-
agreements were resolved by consensus with a third reviewer (G.L.T.).

3. Results

The literature search identified 261 records from three electronic databases. After
removing 121 duplicate records, 140 articles were screened by title and abstract. At this
stage, 78 records were excluded, including 14 reviews and 64 records not relevant to the
review question. A total of 62 articles underwent full-text assessment, of which 15 were
excluded because they addressed littering or monitoring only (1 = 5), smoke chemistry or
filter ventilation (n = 3), alternative or biodegradable filters without direct environmental
relevance (n = 3), or wildlife ingestion only (n = 4). Consequently, 47 studies were included
in the qualitative synthesis (Figure 1).
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Figure 1. Flowchart of the study selection process according to the PRISMA guideline.

3.1. Characteristics of the Included Studies According to One Health Domains
3.1.1. Environmental Health Domain

A total of 22 studies were classified within the environmental health domain. Pub-
lished between 2020 and 2026, they were conducted in Germany, Iran, Italy, Brazil, France,
China, India, the United States, and Indonesia, and included laboratory experimental,
in vivo and in vitro experimental, field observational, and combined field-laboratory de-
signs. The studies investigated the occurrence and distribution of cigarette butt waste,
contaminant and particle release, leaching and sorption processes, ecological risk, and
community-level biological responses across freshwater and marine waters, urban and
coastal environments, recreational beaches, and stormwater systems.

Chemical investigations assessed nicotine, PAHs, BTEX, PCBs, OCPs, aromatic amines,
phenolic compounds, and metals, while other studies examined cigarette-filter-derived
microfibers, microplastics, and nanoplastics. Laboratory experiments used different aque-
ous media and exposure durations to characterize contaminant release and behavior, with
several studies also assessing ecological risk through risk quotients, toxic equivalency,
pollution indices, hazardous concentrations, or related metrics. Field and combined field—-
laboratory studies quantified cigarette butt abundance and spatial distribution and, in
some cases, coupled environmental surveys with chemical characterization or controlled
leaching experiments.

Community-level investigations evaluated phytoplankton abundance, richness and
composition, as well as cyanobacterium—chytrid host—parasite responses, including growth,
infection dynamics, oxidative and metabolic biomarkers, and microcystin concentrations.
Overall, the environmental health evidence encompassed environmental occurrence, chem-
ical and particulate contamination, contaminant fate and release, ecological risk, and
community-level responses (Table 1).
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Table 1. Characteristics of the studies included in the systematic review within the Environmental health domain.
Author Environmental Experimental Model
Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Year f N ope
Medium Exposure Conditions
To determine the release of Experigﬁﬁ:ﬁl rrel)?d:i:ié?:r?tratory
PCBs ** and OCPs ** from Hng exp ) .
ciearette butt leachates PCBs ** and OCPs ** Tobacco product investigated: Smoked cigarette
Arfaeinia et al. Iran Laboratory o rﬁ are pollutant relea;e Toxic equivalenc Natural seawater butts, Smoked filters, Unsmoked filters
2024 [22] experimental study pare p . © equivatency (leaching medium) Exposure conditions: SCBs: 2 CB/L; SFs:
among different cigarette butt Risk quotient ' . e .
. 4 filters/L; USFs: 8 filters/L in natural seawater
types, and evaluate their : .
. X R for 24 h; leachates filtered before
potential ecological risk. . N
chemical analysis.
Experimental model: Laboratory
ecotoxicological bioassay
To assess the acute toxicity of Tobacco prod}l ct mv.eshgated
. Smoked conventional cigarette butts
smoked cigarette-butt leachate L . diti
on three cultured genera of Nicotine concentration, LCs, Exposure conditions
Caridi et al. In vivo laboratory . L. survival, shell decalcification, Artificial seawater (leach- Ecotoxicity: stock solution of 32 smoked CBs/L
Italy . benthic foraminifera and . . . . . e .
2020 [23] experimental study investicate the associated cytoplasmic alterations and ing/exposure medium) in artificial seawater; test concentrations: 1,2, 4, 8
& . FTIR biochemical profile. and 16 CBs/L (1.96, 3.91, 7.82, 15.63 and 31.25
morphological and S - y
. . R mg nicotine/L). Three benthic foraminiferal taxa
biochemical alterations. .
were exposed for 48 h (4 replicates x
5 individuals), followed by CellTracker Green
staining and a 72-h recovery period.
Experimental model: laboratory
leaching experiment
To quantify the leaching of EPA PAH concentrations, total Tobacco product investigated: smoked
priority PAHs from smoked PAH (XPAH) concentrations, conventional cigarette butts
cigarette butts into different individual PAH profilesand = Deionized water, tap water, Exposure conditions
Dobaradaran et al. Laboratory . . . . . . .
2020 [24] Germany experimental study water matrices under controlled comparison with Water and river water Smoked cigarette butts were immersed in
laboratory conditions and Framework Directive (leaching media) deionized water, tap water and river water for
evaluate their potential environmental 4 h, 1 day, 2 days, 7 days and 21 days. Additional
environmental relevance. quality standards. tap- and river-water experiments were

performed with sodium azide to inhibit
microbial degradation.
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Table 1. Cont.

Author
Year

Country Study Design

Objective

Outcomes Assessed

Environmental
Matrix/Experimental
Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

Dobaradaran et al.
2021 [25]

Laboratory

Germany experimental study

To investigate the leaching
behaviour of BTEX compounds
from smoked cigarette butts into

different water matrices and
evaluate the influence of contact
time and post-smoking interval
on BTEX release.

BTEX concentrations,
individual BTEX profiles,
partitioning behaviour (log
KOC/water and log
Kwater/air) and effect of
contact time and
post-smoking interval on
BTEX release.

Deionized water (leaching
medium); river water (sam-
pled/leaching medium)

Experimental model: laboratory
leaching experiment
Tobacco product investigated: smoked
conventional cigarette butts
Exposure conditions
Freshly smoked cigarette butts (0.28-0.37 g) were
immersed in 10 mL of distilled water or river
water. Leaching experiments were performed for
15 min, 45 min, 1.5 h, 3 h, 6 h and 24 h at room
temperature without agitation. Additional
experiments evaluated the effect of delaying
immersion after smoking (0, 15, 45 min, 1.5 h

and 3 h).

Dobaradaran et al.
2022 [26]

To quantify and compare the
concentrations of primary
aromatic amines in unsmoked
cigarettes, freshly smoked
cigarette butts and aged
cigarette butts collected from
urban environments.

Individual aromatic amine
concentrations, total aromatic
amine concentrations and
comparison among unsmoked
cigarettes, freshly smoked
cigarette butts and aged
cigarette butts.

Urban streets (sampling
setting); cigarette-butt
material (analytical matrix)

Experimental model: laboratory
chemical characterization
Tobacco product investigated: unsmoked
conventional cigarettes, freshly smoked
conventional cigarette butts and aged
conventional cigarette butts.
Exposure conditions
Ten primary aromatic amines were quantified in
three sample categories: unsmoked cigarettes,
freshly smoked cigarette butts and aged cigarette
butts collected from urban streets. Samples were
analysed by LC-MS/MS without experimental
leaching or biological exposure.

Dobaradaran et al.
2023 [27]

German Laboratory
y experimental study
Germany Laboratory

experimental study

To investigate the leaching of
aromatic amines from smoked
cigarette butts into different
water matrices, evaluate their
partitioning behaviour and
assess their potential ecological
risk to aquatic organisms.

Individual aromatic amine
concentrations, total aromatic
amine concentrations,
partition coefficients (log
KOC/water and log
Kwater/air) and ecological
risk assessment.

Distilled water (leaching
medium); river water
(sampled/leaching

medium)

Experimental model
Laboratory leaching experiment
Tobacco product investigated
Smoked conventional cigarette butts
Exposure conditions
Three freshly smoked cigarette butts (mean
weight 1.06 & 0.11 g) were immersed in 50 mL of
distilled water or river water. Leaching
experiments were performed for 15 min, 1.5h, 1,
2,5, 15 and 30 days under static laboratory
conditions at room temperature.
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Table 1. Cont.

Author
Year

Objective

Outcomes Assessed

Environmental
Matrix/Experimental
Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

Dobaradaran et al.
2024a [28]

To quantify nicotine leaching
from different cigarette butt
components (freshly smoked
cigarette butts, aged cigarette
butts, remaining tobacco plus
ash, and filter plus paper) into
water over time and evaluate
their ecological risk.

Nicotine concentrations
Nicotine leaching kinetics
Nicotine release from different
cigarette butt components
Ecological risk was estimated
using published toxicity data
for aquatic organisms.

Deionized water
(leaching medium)

Experimental model: Laboratory
leaching experiment
Tobacco product investigated

Freshly smoked conventional cigarette butts
Aged conventional cigarette butts
Remaining tobacco plus ash from freshly
smoked cigarette butts

Filter plus paper from freshly smoked
cigarette butts

Exposure conditions

Freshly smoked cigarette butts, aged cigarette

butts collected from streets, remaining tobacco

plus ash, and filter plus paper were immersed

separately in deionized water. Leaching

experiments were performed from 1 min to

30 days.

Dobaradaran et al.
2024b [29]

Country Study Design
Laboratory

Germany experimental study

Germany Laboratory

experimental study

To quantify the release of
phenolic compounds from
different cigarette butt
components into water over
time and evaluate their
ecological risk for
aquatic organisms.

Individual phenolic
compound concentrations
Total phenolic compound

release
Leaching kinetics
Ecological risk assessment

Ultrapure water
(leaching medium)

Experimental model: Laboratory
leaching experiment
Tobacco product investigated

Freshly smoked conventional cigarette butts
Aged conventional cigarette butts

Filter plus paper from freshly smoked
cigarette butts

Remaining tobacco plus ash from freshly
smoked cigarette butts

Exposure conditions

Freshly smoked cigarette butts, aged cigarette

butts, filter plus paper, and remaining tobacco
plus ash were immersed separately in ultrapure

water (10 cigarette butts/L) in 2-L glass

containers. Leachates were collected after 1, 5, 15

and 30 min; 1 and 2 h; and 1, 7, 21 and 30 days

without agitation at room temperature.

https:/ /doi.org/10.3390/toxics14100846


https://doi.org/10.3390/toxics14100846

Toxics 2026, 14, 846

11 of 46

Table 1. Cont.

Author
Year

Objective

Outcomes Assessed

Environmental

Matrix/Experimental

Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

dos Santos et al.

2024 [30]

To investigate the effects of
increasing concentrations of
cigarette butt leachate on

chlorophyll-a concentration, cell

density, species richness, and

community composition of a
natural freshwater

phytoplankton community.

Chlorophyll-a concentration;
total phytoplankton cell
density; species richness;
taxonomic/community

composition; species
dominance and abundance
distribution. Community
composition was evaluated
using presence/absence and
density data.

Natural eutrophic lake
water (sampled/leaching/

exposure medium)

Experimental model: Natural freshwater
phytoplankton community maintained in
laboratory microcosms.

Tobacco product investigated:
Artificially smoked conventional cigarette butts
were used to prepare the leachate. Cigarettes
were artificially smoked to 2 cm above the filter
and the ash was discarded.

Exposure conditions
A stock leachate was prepared with 50 smoked
CBs L1 in filtered natural lake water and left for
24 h at 15-18 °C. Phytoplankton microcosms
were then exposed for 96 h to 0 (control), 1, 5, or
10CBs L1, with 5 replicates per treatment
(20 experimental units), at 28 °C, 12:12 h
light/dark cycle; microcosms were manually
agitated for 30 s every 24 h.

El Hadri et al.
2021 [31]

Country Study Design

Brazil In vivo laboratory
experimentalstudy.

France Laboratory

experimental study

To investigate the sorption
capacity of nanoplastics on
cigarette filters and evaluate

their potential co-transport with

cigarette butts in the
environment, with particular
attention to the effects of
nanoplastic size and
morphology on
sorption behaviour

Nanoplastic residual fraction;
sorption kinetics and
equilibrium time; cigarette
butt-water partition
coefficient (KSW); water
sampling rate (Rs); effects of
nanoplastic size and
morphology and filter
characteristics on sorption;
and modelling of the
physicochemical mechanisms
governing
nanoplastic retention.

Freshwater
(sorption medium)

Experimental model: Laboratory
sorption experiment.
Tobacco product investigated: Unused cellulose
acetate cigarette filters,

Exposure conditions: One prehydrated cigarette
filter was placed in 10 mL of freshwater
containing 5 mg L~! nanoplastics and gently
agitated at 100 rpm and 25 £ 1 °C. Experiments
were conducted in triplicate. Three sizes of
spherical PSLs (50, 180 and 500 nm) and
fragmented NPTf were tested with both filter
types, and sorption was monitored over time. A
qualitative experiment additionally exposed
unused and used cigarette butts to 20 mg L~!
blue 200-nm PSLs under similar
exposure conditions.
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Table 1. Cont.

Author
Year

Objective

Outcomes Assessed

Environmental
Matrix/Experimental
Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

Garshasbi et al.
2026 [32]

To quantitatively assess and
map the spatial distribution of
macroplastics and cigarette
butts in Bushehr’s stormwater
collection network, characterize
macroplastics according to
abundance, color, type, size and
source, and assess pollution
severity using CEI and CBPL

Macroplastic abundance and
spatial distribution;
macroplastic item type,
polymer type, source, size,
color and material form;
cigarette butt abundance and
density; spatial differences
among sampling stations; CEL;
and CBPL

Urban stormwater
collection network
(sampling setting)

Experimental model: Field survey.
Tobacco product investigated: Discarded
cigarette butts.

Exposure conditions: Not applicable.

Guttmann et al.
2024 [33]

To investigate whether CB
leachate alters the dynamics of a
cyanobacterium—chytrid fungus

host—parasite system by
evaluating its effects on
cyanobacterial growth and on
the prevalence and intensity of
chytrid infection.

Cyanobacterial
biovolume/growth; chytrid
infection prevalence; chytrid

infection intensity;
concentrations of
macroelements, trace
elements, nicotine, and
cotinine in CB leachate.

Distilled sterile water
(leaching medium); Z8
freshwater culture medium
(exposure medium)

Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Smoked
self-rolled cigarette butts with cellulose
acetate filters.

Exposure conditions: The stock leachate was
prepared by soaking smoked CBs in distilled
sterile water for 24 h at approximately 18 °C in
darkness with gentle agitation, followed by
sequential filtration; the final stock concentration
was 100 CBs/L. In the bioassay, infected and
uninfected P. agardhii cultures were exposed to
leachate corresponding to 0.2, 2 and 10 CBs/L,
with an unexposed control. The experiment
comprised 40 experimental units: 2 conditions x
3 concentrations plus control x 5 replicates, with
a final volume of 30 mL per unit. Cultures were
maintained at 16 °C under continuous light
(20 pmol photons m2s 1) for7 days, with
sampling on days 0,1,3,5and 7.

Kouhi et al. 2025 [34]

Country Study Design
Iran Field observational study
German In vitro laboratory
y experimental study
Iran Field observational study

To compare two sampling
approaches for estimating
discarded CB abundance on
recreational beaches in
Mazandaran Province and to
estimate the potential
environmental dispersion of
heavy metals associated with
this cigarette waste along the
Caspian Sea coast.

CB abundance and density
(CBs/m?); comparison among
sampling methods; wet and
dry CB weight and moisture;
pooled concentrations of
14 metals in discarded CBs;
and estimated metal
emissions per unit beach area
(ng/m?) according to
sampling method.

Recreational beach surface
and sand (sampling setting)

Experimental model: Field survey.
Tobacco product investigated: Discarded smoked
cigarette butts
Exposure conditions: Not applicable.
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Table 1. Cont.

Author Environmental Experimental Model
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
To investizate the metabolic Tobacco product investigated: Leachate from
res onsei of the toxizenic Protein and lipid content; smoked self-rolled cigarette butts.
c angbacterium Plankgtgo thrix oxidative stress biomarkers Exposure conditions: CB leachate stock
a Zr dhii to simultaneous abiotic (TBARS, SOD, GST); total, (100 CBs/L) was prepared by soaking self-rolled
ai d biotic stressors, specificall intracellular and extracellular Sterile distilled water CBs in sterile distilled water in the dark under
Martinez-Ruiz et al. German In vitro laboratory MET or CB leac}{atlz in the Y microcystins; IBRv2; (leaching medium); Z8 gentle agitation for 24 h, followed by sequential
2026 [35] y experimental study resence or absence of the cyanobacterial biovolume; freshwater culture medium filtration. The exposure experiment used a
h P trid parasite Rhizophvdium chytrid infection prevalence (exposure medium) 2 x 3 factorial design comprising infected and
y meparrhizum usilr)1 ya and intensity; and chemical uninfected P. agardhii and three treatments:
multi{(—;biomarkellr a E)ach concentrations/stability of control, 100 pug/L MET, and CB leachate
and IBRVpr MET, nicotine and cotinine. equivalent to 1 CBs/L. Five replicates were used
' per treatment (30 experimental units); cultures
were exposed for 5 daysat 16 °C under
continuous light.
Experimental model: Laboratory
. leaching experiment.
To determine the concentrations Concentrations of Cd’. Ct Fe, Tobacco product investigated: Unsmoked
Pb, Sn, Zn, and Hg in the . R .
of Cd, Cu, Fe, Pb, Sn, Zn, and orieinal ciearette materials cigarette, smoked cigarette, unsmoked cigarette
Hg in different brands of an%:l in th egir 24-h aqueous butt, and smoked cigarette butt from three
Michael et al. India Laboratory unsmoked and smoked leachates: di fferencez amon Aqueous solution commercial cigarette brands, classified by the
2022 [36] experimental study cigarettes and cigarette butts, g & (leaching medium) authors as expensive, moderate, and cheap.

and to evaluate the amounts of
these metals released into an
aqueous medium after leaching.

smoked versus unsmoked

materials, cigarette versus

butt portions, and the three
commercial brands.

Exposure conditions: Separate leachates of USC,
SC, USB, and SB from each of the three brands
were prepared by immersion in an aqueous
solution for 24 h, with five replicates per sample
and a blank without cigarette material.
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Table 1. Cont.

Author
Year

Objective

Outcomes Assessed

Environmental Experimental Model
Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions

Mohammadi et al.

2025 [37]

To determine the levels and
characteristics of microfibers
released from cigarette filters

into different water matrices at
different exposure times;
compare microfiber release
according to cigarette brand,
water type, environmental
condition, and exposure
duration; assess pollution levels
and potential ecological risk
using PLI and RQ; and estimate
the global emission of
cigarette-filter-derived
microfibers into
aquatic environments.

Number of released
microfibers; microfiber size,
color, polymer composition,

surface morphology and
elemental composition; effects
of exposure time, water type,
cigarette brand, and
laboratory vs outdoor
conditions on microfiber
release; PLI; RQ; and
estimated global microfiber
emission into
aquatic environments.

Experimental model: Laboratory
leaching experiment.

Tobacco product investigated: Cigarette filters
from two conventional cigarette brands.
Exposure conditions: Cigarette filters were
exposed to 100 mL of distilled water or seawater
under two environmental conditions: laboratory
environment without sunlight exposure and
outdoor environment with sunlight exposure.
Six exposure durations were investigated: 1, 2,7,
15, 30, and 60 days. Three replicates were
performed for each exposure time, with three
filters per run.

Distilled water and natural
seawater (leaching media)

Tan et al. 2026 [38]

Country Study Design
Iran Laboratory
experimental study
China Laboratory

experimental study

To comprehensively
characterize the hazardous
properties of discarded cigarette
butts according to Chinese
hazardous-waste identification
standards by assessing leaching
toxicity, toxic substance content,
and estimated acute toxicity,
and to determine whether DCBs
meet the criteria for
classification as
hazardous waste.

Leaching concentrations of
hazardous substances; toxic
substance content in DCBs;
cumulative equivalent
toxicant content relative to
hazardous-waste thresholds;
contribution of individual
contaminants to cumulative
toxicity; estimated acute
toxicity); and
hazardous-waste classification
according to Chinese
regulatory criteria.

Experimental model: Laboratory
leaching experiment.

Tobacco product investigated: Discarded smoked
conventional cigarette butts of mixed brands.
Exposure conditions: For leaching-toxicity
assessment, pollutant-specific extraction
procedures were used according to Chinese
hazardous-waste standards. An H,SO4:HNO3
acid mixture (2:1; pH 3.20 & 0.05) was used for
metals and semi-volatile organic compounds,
whereas deionized water at a liquid-to-solid ratio
of 10:1 was used for cyanide and volatile organic
compounds. Extractions lasted 18 h. Toxic
substance content was determined after
contaminant-specific sample preparation, and
acute toxicity was estimated computationally
using measured toxicant concentrations and
reference LD50/LC50 data under a
worst-case assumption.

Acidic extraction solution
and deionized water
(leaching media)
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Table 1. Cont.

Author Environmental Experimental Model
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
Experimental model: Field survey, Laboratory
leaching experiment, ecological
hazard assessment
Tobacco product investigated: Newly discarded
To characterize and quantify the smoked cigarette butts collected from designated
chemical Comp051t10n of Chemical constituents and smoking areas.
leachate from discarded CBs, . X Exposure conditions
R concentrations in CB leachate; .
compile CB- and - - Newly discarded CBs were collected from three
cigarette-filter-derived leachate acute and chronic aquatic designated smoking locations after a 4-h
gchemicals reported in the toxicity classification of accumu%ation eriod Fgor non-volatile chemical
Venugopal et al. United Combined field and literature, and gharacterize the identified chemicals; HC50 Deionized water analvsis, CBs ‘5 ere ex'tracte d in deionized water
2021 [39] States laboratory study acute a/n d chronic aquatic values for acute and chronic (leaching medium) ata ;.]0'1/water—volume—to—CB ratio and tumbled
ecological hazards gf the aquatic toxicity; identification end—(;ver-end for 18 h at 30 rpm, followed b
identifie§ chemicals using GHS of chemicals included in the filtration through a 45-um mfmk;rane Volati{e
classifications and HC vgalues FDA HPHC list or constituents%/vere extlracted under s.,ealed
derived from SSDs (Species proposed additions. pressurized, zero-headspace conditions. Thirty
Sensitivity Distributions) CBs were used for volatile analysis and 79 for the
remaining targeted constituents. No organisms
were experimentally exposed; aquatic hazard
was characterized using GHS classifications and
literature-derived HC50 values based on SSDs.
Experimental model: Field survey; laboratory
CB abundance and density leaching experiment.
across sampling sites and Tobacco product investigated: Littered smoked
between workdays and conventional cigarette butts from multiple
weekends; cigarette brand brands; machine-smoked conventional cigarettes
To quantify ciearette butt distribution; heavy metal from the highest- and lowest-abundance brands
i  quantily C1& concentrations in CB identified during the field survey.
ittering in different urban and ) . e O .
coastal environments in Dalian, l.eachates, PAH concentrations Urban and coastal public Exposul.‘e conditions: Field sampling was
Yangetal 2023[40]  China  Combined field and China,and toevaluatethe 103 PO PEECIE AT surfaces (ampling setting); L e Xingbat Pk,
& ‘ laboratory study release of heavy metals, PAHs, Polosy P deionized water - NG ’

microplastics, and other
particles from cigarette butts of
different brands.

and nanoscale particles;
differences in pollutant
release between the highest-
and lowest-abundance
cigarette brands; estimated
annual plastic waste
generated from discarded CBs
in China.

(leaching medium)

and Shuangxing City vegetable market, on
different days of the week between 4:00 PM and
11:00 PM following morning cleaning activities.
For laboratory leaching, cigarettes from the
highest- and lowest-abundance brands were
machine-smoked under identical conditions;
20 CBs from each brand were placed in 1 L of
deionized water and gently stirred for 12 h to
simulate disturbance in an aquatic environment.
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Table 1. Cont.

Author Environmental Experimental Model
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
Experimental model: Field survey; laboratory
leaching experiment.
Tobacco product investigated: Littered smoked
To quantify ciearette butt Plastic litter abundance and conventional cigarette butts collected from urban
litte(}in aCZossgcoas tal and composition; CB density and coastal environments.
inlan dgChinese cities and across cities and land-use Exposure conditions: Field sampling was
different land-use fvpes types; CBPI and pollution conducted from June to August 2023 at 12 sites
. ypes, classification; release and . across Guangzhou, Dalian, Baoding, and
estimate the degree of cigarette . . Urban and coastal public . :
. . X X morphology of microplastics; . S Meizhou, representing beaches, parks, markets,
. Combined field and butt pollution using the . . surfaces (sampling setting); .
Yang et al. 2024 [41] China . . heavy metals associated with S and culture squares. Each sidewalk was sampled
laboratory study Cigarette Butts Pollution Index, 1 d icles: deionized water X v f d ith dail llecti
and characterize microplastics released particles; (leaching medium) continuously for 5-7 days, with daily collection
and heavy metals released from concentrations of heavy between 4:00 PM and 11:00 PM. For the
cioarette i’)u tts under simulated metals in CB leachate; and laboratory experiment, 20 randomly selected
& aqueous environmental estimated daily heavy-metal littered CBs were immersed in 1 L of deionized
! conditions release from littered CBs in water and gently stirred for 12 h to simulate
’ Chinese cities. disturbance in an aquatic environment. The
leachate was filtered for microplastic
characterization and heavy-metal analysis, with
procedural and reagent blanks included.
Experimental model: Field survey; laboratory
leaching experiment.
Tobacco product investigated: Field-collected
To assess the distribution and CB abundance, spatial whole and decayed smoked cigarette butts;
characteristics of cigarette butts  distribution, size, weight, and freshly smoked conventional cigarette butts used
across tourist beaches, degradation state; solid-phase as a comparison group.
investigate the seawater concentrations of Fe, Cd, Pb, Exposure conditions: Field sampling was
leaching patterns of and Zn; heavy metal . conducted from March to April 2024 at
. . . Beach environment .. .
Combined field and representative heavy metals (Fe, ~ concentrations released into (sampling setting); Cengkrong, Prigi, Karanggongso, and Mutiara
Yona et al. 2025 [42] Indonesia Cd, Pb, and Zn) according to seawater after 1,7, and ping 18\ beaches using randomly positioned 5 x 5 m
laboratory study . . commercially available .
30 days; effects of immersion transects in foreshore and backshore zones;

cigarette-butt degradation state
and immersion duration, and
estimate the potential
contribution of cigarette butts to
heavy metal pollution at four
beaches in Prigi Bay, East Java.

duration and cigarette-butt
degradation state on metal
release; and estimated heavy
metal pollution at
individual beaches.

seawater (leaching medium)

31 transects were surveyed three times per week.
For laboratory leaching,
approximately 2.0 &= 0.03 g of FCBs, WCBs, or
DCBs were immersed separately in 100 mL
commercially available seawater in 125-mL
HDPE vials for 1, 7, or 30 days (n = 3) at
approximately 25 °C, salinity 35.7 ppt, and pH
8.2, with manual shaking during exposure.

Note. Tables 1-3 include only studies classified as addressing a single One Health domain. Studies addressing two or more One Health domains were classified as
multi-domain and are reported exclusively in Table 4; therefore, no study is duplicated across Tables 1—4. * Environmental matrix/experimental medium indicates, as
applicable, the environmental matrix directly sampled or experimentally used, the field sampling setting, or the medium used for leaching, exposure, degradation,
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or other experimental procedures. The specific function is reported in parentheses. ** PCBs: PCB18, PCB28, PCB44, PCB52, PCB77, PCB81, PCB101, PCB105,
PCB114, PCB118, PCB123, PCB126, PCB128, PCB138, PCB149, PCB153, PCB156, PCB157, PCB167, PCB169, PCB170, PCB180, PCB189, PCB194. OCPs: «-HCH,
B-HCH, v-HCH, 5-HCH, heptachlor, aldrin, heptachlor epoxide, endosulfan I, 4,4'-DDE, dieldrin, endrin, 4,4’-DDD, endosulfan II, 4,4’-DDT, methoxychlor, endrin
aldehyde, endosulfan sulfate. Abbreviations: BTEX, benzene, toluene, ethylbenzene and xylenes; CB, cigarette butt; CBPI, Cigarette Butt Pollution Index; CEI,
Clean Environment Index; DCB, decayed cigarette butt; EPA, Environmental Protection Agency; FCB, freshly smoked cigarette butt; FTIR, Fourier-transform
infrared spectroscopy; GHS, Globally Harmonized System of Classification and Labelling of Chemicals; HC50, hazardous concentration for 50% of species; HPHC,
harmful and potentially harmful constituents; IBRv2, Integrated Biomarker Response version 2; KOC/water, organic carbon—-water partition coefficient; Kwater/air,
water-air partition coefficient; KSW, cigarette butt—-water partition coefficient; LC50, median lethal concentration; LC-MS/MS, liquid chromatography—tandem
mass spectrometry; LD50, median lethal dose; MET, metolachlor; NPTf, fragmented polystyrene nanoplastics; OCPs, organochlorine pesticides; PAHs, polycyclic
aromatic hydrocarbons; PCBs, polychlorinated biphenyls; PLI, Pollution Load Index; PSLs, polystyrene latex nanoplastics; RQ, risk quotient; Rs, water sampling rate;
SB, smoked cigarette butt; SC, smoked cigarette; SSDs, Species Sensitivity Distributions; TEQ, toxic equivalency; USB, unsmoked cigarette butt; USC, unsmoked
cigarette; WCB, whole cigarette butt; WFD, Water Framework Directive; YPAH, sum of polycyclic aromatic hydrocarbons.

Table 2. Characteristics of the studies included in the systematic review addressing the Plant health domain.

Author Environmental Experimental Model
Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Year p 9N
Medium * Exposure Conditions
Experimental model: Whole- product and
e-liquid exposure bioassay..
Tobacco product investigated: smoked
conventional cigarette butts; used disposable
To assess the effects of e-cigarettes (intact/closed and experimentally
smoked cigarette butts, used L. minor biomass, root length, opened/disassembled); and e-liquid extracted
disposable e-cigarettes, and frond number, chlorophyll-a, from disposable e-cigarettes.
e-liquid extracted from chlorophyll-b, and total Exposure conditions: Five experimental groups
Green et al. United In vivo laboratory e-cigarettes on the growth and chlorophyll content. Frond Artificial freshwater - were established, each with 10 rephc.ate
J . . chlorophyll content of the number was assessed at . microcosms (N = 50): control; 1 smoked cigarette
2023 [43] Kingdom experimental study (exposure medium)

freshwater macrophyte
Lemna minor, and to compare
the effects of these different
smoking-related
waste products.

baseline and after 7 and 14 days;
biomass, root length and
chlorophyll were assessed after
14 days.

butt/L; 1 closed used e-cigarette/L;
1 opened/disassembled used e-cigarette/L; and
1 mL e-liquid/L (0.1% v/v). Each 1-L microcosm
initially contained 15 L. minor plants. Exposure
lasted 14 days at 18 °C under a 16:8 h light/dark
cycle. The e-liquid concentration was selected
because naturally used e-cigarettes of the same
brand retained approximately 1.04 4= 0.06 mL
residual e-liquid.
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Author
Year

Table 2. Cont.

Country Study Design

Objective

Outcomes Assessed

Environmental
Matrix/Experimental
Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

Jakimiuk et al.
2022 [44]

To assess the toxicity of
smoked cigarette-butt
leachates at different

concentrations and
leaching times on seed
germination and early
plant development of

Poland/Czech

In vitro laboratory
Republic

experimental study

Sinapis alba and Hordeum

vulgare, and to evaluate
the effects of plant species,
CB concentration, and
their interaction on
plant growth.

Seed germination (SG);
relative seed germination
(RSG); relative radicle
growth (RRG); germination
index (GI); and root length,
evaluated according to CB
concentration, leaching time
and plant species.

Experimental model: laboratory leaching
experiment; laboratory
ecotoxicological bioassay.
Tobacco product investigated: smoked
conventional filtered cigarette butts.
Exposure conditions: leachates were
prepared in 100 mL water using 3, 5, or
10 smoked CBs, corresponding to 30, 50
and 100 CB/L, and were allowed to leach
for 24 h, 7 days, or 21 days without mixing.
After each leaching period, CBs were
removed and 5 mL of each leachate was
applied to 9-cm Petri dishes containing
10 seeds of either S. alba or H. vulgare. Each
treatment and control was performed in
triplicate. Seeds were incubated for 72 h in

Tap water
(leaching medium)

Sadig et al.
2025 [45]

To evaluate the
physiological, cytotoxic,
and genotoxic effects of
leachates from smoked
light cigarette butts and

unsmoked light cigarette
filters on Allium cepa root
tips and to investigate
concentration-related toxic
effects on plant growth
and cellular/
genetic endpoints.

In vivo laboratory

Tiirkiye experimental study

Leachate pH; root length;
root number; GI; RGI; root
morphology; ML; number of
dividing cells; chromosomal
and nuclear abnormalities,
including fragments,
anaphase/chromatid
bridges, chromosome
stickiness, polar
deviations/misalignment,
and micronuclei; and total
chromosomal damage.

darkness at 20 + 2 °C before assessment.

Experimental model: laboratory leaching
experiment; laboratory
ecotoxicological bioassay.

Tobacco product investigated: smoked light

Chlorine-free drinking cigarette butts and unsmoked light

water cigarette filters from four cigarette brands.
(leaching/exposure Exposure conditions: smoked light
medium) and 0.02 M cigarette butts and unsmoked filters were
EMS as the

placed separately in 1 L of chlorine-free
drinking water and leached for 24 h. Stock
solutions were diluted to 6.25%, 12.5%,
25%, 50%, and 100% v/v. A. cepa bulbs
were exposed for 5 days, with endpoints
assessed on day 6.

positive control.

Note. CB, cigarette butt. * Environmental matrix/experimental medium refers, as applicable, to the environmental matrix directly sampled or experimentally
used, the field sampling setting, or the medium used for leaching, exposure, degradation, or other experimental procedures; its specific function is indicated in

parentheses.Tables 1-3 include only studies classified as addressing a single One Health domain. Studies addressing two or more One Health domains were
classified as multi-domain and are reported exclusively in Table 4; therefore, no study is duplicated across Tables 1—4.
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Table 3. Characteristics of the studies included in the systematic review addressing the Animal health domain.

Author Environmental Experimental Model
Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Year f N ope
Medium Exposure Conditions
Experimental model: laboratory
To evaluate the ecotoxicological bioassay
ecotoxicological effects of Tobacco product investigated: smoked cigarette
cellulose acetate nanoplastics Mortality, growth inhibition, butts, unsmoked cigarette butts
derived from smoked and nanoplastic uptake, oxidative Exposure conditions: adult Allolobophora
Bakr et al. Eovpt In vivo laboratory unsmoked cigarette butts on stress biomarkers, antioxidant Artificial soil caliginosa were exposed to 100 mg/kg artificial
2025 [46] gYP experimental study the earthworm Allolobophora  enzyme activity, detoxification (exposure medium) soil containing CCA-NPs, SCB-NPs or
caliginosa and compare their enzyme activity, DNA damage USCB-NPs for 30 days. Each treatment included
toxicity with commercially (Comet assay) 3 replicate chambers, each containing 20 adult
available cellulose worms in 1000 g of artificial soilunder controlled
acetate nanoplastics. laboratory conditions (20 &+ 2 °C; 12 h light;
70-80% relative humidity).
To evaluate the effects of
sublethal concentrations of Experimental model: laboratory bioassay
cigarette-butt leachate on Plasma biochemical parameters, Tobacco product investigated: smoked
blood biochemical parameters, hepatic oxidative-stress . conventional cigarette butts from five brands
. A . . Dechlorinated freshwater °. . .
Banaee et al. In vivo laboratory hepatic oxidative-stress biomarkers, total antioxidant . Exposure conditions: sixty smoked cigarette
Iran . . s Sy (leaching/ ) o .

2024 [47] experimental study biomarkers, and the capacity, lipid peroxidation, and exposure medium) butts from five brands, weighing approximately
biochemical profile of liver Raman-spectroscopy profiles of P 15 g, were immersed in 1 L of water for 72 h.
and muscle tissues in Nile liver and muscle tissues. Nile tilapia were exposed to 0, 0.5, 1.0, 1.5 and

tilapia after 21 days 2.0 uL/L of cigarette-butt leachate for 21 days.
of exposure.
Experimental model
Particle characterization, Laboratory ecotox1c0.10g1ca.l bioassay
To evaluate the acute and - Tobacco product investigated
. .. . nicotine content, LC-HRMS . R .
chronic toxicity of cigarette . - Smoked conventional cigarette filters (GSF);
. . . oo chemical profiling, . . -
filter-derived microplastics in . e . non-smoked conventional cigarette filters (CAF).
. . immobilisation, mortality, OECD freshwater test 2.

Cho et al. h In vivo laboratory Daphnia magna and . . fi . Exposure conditions

2025 [48] South Korea experimental study investigate the physiological reproduction, time to first brood, medium Acute exposure: D. magna neonates (<24 h)

’ offspring body length, oxidative (exposure tmedium) L !

reproductive and molecular
mechanisms underlying their
toxic effects.

stress, and expression of stress-,
detoxification-, endocrine- and
moulting-related genes.

6.25-100 mg/L for 48 h (OECD 202).
Chronic exposure: individual daphnids, 6.25 and
12.5 mg/L for 21 days (OECD 211). Test
microplastics were obtained by cryomilling
smoked and non-smoked cigarette filters.
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Table 3. Cont.

Author Environmental Experimental Model
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
. Experimental model: laboratory
LCso, m:;gf; ;)t(}:l’ilcjc;jt}é growth, ecotoxicological bioassay
To evaluate the acute and acetvicholinesterase a,c tivit Tobacco product investigated: smoked
sub-chronic toxicity of hi,tathione S-transferase Y conventional cigarette butts; non-smoked
. smoked and non-smoked g utatiuon o s . conventional cigarette butts.
Couto et al. In vivo laboratory - . activity, lipid peroxidation, Artificial seawater (elutri- N
Portugal . cigarette butt elutriates on . . . Exposure conditions:
2025 [49] experimental study . : catalase, glutathione peroxidase, ate/exposure medium) . "
Artemia franciscanaunder Jutathione reductase. total Acute exposure: A. franciscana nauplii,
current and projected & lutathione. re duC(,a d 0.188-4.0 CB/L for 48 h at 25 or 30 °C.
warming scenarios. . ub-chronic exposure: 0. —0. or
ing i & lutathlo’ne and Sub-chronic exp 0.03125-0.5 CB/L f
& . 7 days at 25 or 30 °C (10 replicates x 6 organisms
oxidized glutathione. per treatment)
To evaluate t}}e toxicological . Experimental model: laboratory
effects of cigarette butt Trace metal concentrations, ecotoxicological bioassa
leachate on the tropical PAH concentrations, lysosomal Tobacco product i r%vesti ated: Zmoke d
Ferreira-Griz . In vivo laboratory mussel Mytella charruana by membrane stability (Neutral Artificial seawater (leach- prodt oshg )
Brazil . . . . ; : conventional cigarette butts
et al. 2026 [50] experimental study assessing lysosomal Red Retention Time, NRRT), ing/exposure medium) Exposure conditions: Mytella charruana (n = 160)
membrane stability and the trace metal bioaccumulation P al VY leach i I,
bi lati ¢ d PAH bi lati exposed to serial smoked-CB leachate dilutions
ioaccumulation of trace an ioaccumulation. (0.01-10%) for 24 and 120 h
metals and PAHs. ' ’ ’
Experimental model
Laboratory ecotoxicological bioassay
Tobacco product investigated
Smoked conventional cigarette filters and
To investigate and compare Particle size, chemical unsmokec]lz)c(orc:\szlel?etlé);:éictli%igette filters.
the ecotoxicological effects of characterization (metals and . . pPo: s
) ) . . Microplastics obtained by cryo-milling smoked
microplastics produced from organic compounds), survival, and unsmoked cigarette filters were
. smoked cigarette filters and growth, total haemocyte count, Lufa 2.2 agricultural soil . 8 .
Dolar et al. Slovenia In vivo laboratory unsmoked cigarette filters on ~ haemocyte viability, haemocyte and freshwater media characterized and tested on terrestrial and
2025 [51] experimental study & Y Y Y aquatic invertebrates. Porcellio scaber and

terrestrial and aquatic
invertebrates, together with
their physicochemical
characterization

differentiation,
acetylcholinesterase,
glutathione S-transferase,
electron transfer system.

(exposure media)

Tenebrio molitor were exposed in Lufa

2.2 agricultural soil containing 0.06%, 0.5% and

1.5% (w/w) MPs for 14 and 28 days, respectively.
Daphnia magna and Brachionus calyciflorus

were exposed in freshwater media to 1, 10 and

100 mg/L MPs for 96 h and 24 h, respectively.

Biomarkers, growth and survival
were evaluated.
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Table 3. Cont.

Author ] o Er}vironm?ntal Experimental Modfel
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
Laboratory leaching experiment; mesocosm
exposure experiment.
Tobacco product investigated: Artificially
smoked cigarettes with two different filter
To assess lethal and sublethal materials: conventional cellulose acetate filters
effects of increasing versus biodegradable unbleached cellulose filters.
“from smoked dgaretes.  Adult mortality/time to death wrt prepared by soaking 14 moked butts/ L o
containing eigther juvenile B. tentaculata survival; eitlfer Ic)ellulos}e/ acetategor cellulose filters in
. and sublethal behavioural . . . .
conventional cellulose acetate includi t Filtered filtered rainwater for 18 h at approximately
Green et al. United In vivo laboratory filters or biodegradable respo?ifs, e tTn% movdemen / rainwater/freshwater 18 °C, with gentle agitation at 100 rpm.
2020 [52] Kingdom experimental study cellulose filters on four /11erlr(;gbachlv1. y anl (leaching/ Mesocosms contained 400 mL freshwater and
freshwater invertebrate open/closed behavioural states, exposuremedium) were exposed to 0 (control), 0.2, 1, or 5 smoked
species, and to determine assessed across exposure butts/L of either filter type. Each treatment had
I\?vheth’er biodegradable concentrations, filt.er types and 5 replicate mesocosms (r}l,z 5; N = 35). Water was
cellulose-filter butts are less exposure times. maintained at approximately 15 °C, pH 8.13,
harmful than conventional salinity <0.05 ppt, under a 12:12 h light/dark
cellulose acetate butts. cycle. Exposure lasted 120 h, with mortality and
behaviour assessed every 24 h. Each mesocosm
contained one adult Dreissena polymorpha,
Polycelis nigra, Planorbis planorbis and Bithynia
tentaculata, plus five juvenile B. tentaculata.
Experimental model: Laboratory
ecotoxicological bioassay.
Tobacco product investigated: Microfibers
To assess the toxicity of Wet weight; body length; derived from artificially smoked conventional
microfibers derived From cumulative molting; carapace cigarette butts with cellulose acetate filters.
smoked CBs, with specific structure anq thickness; .relative Exposure conditions: Shrimp wei.ghirfg 06-09¢g
focus on éxoskeletal endocuticle/exocuticle were exposed to CB-derived microfibers at a
Kim et al. 2023 Republic In vivo laboratory alterations in the whitele thickness; carapace Ca and Mg Artificial seawater single concentration of 1.86 mg/L for 28 days.
[53] of Korea experimental study & content and Ca:Mg ratio; (exposure medium) Three individual shrimp were housed separately

shrimp Penaeus vannamei,
including effects on the
carapace and
molting-related responses.

body/carapace pigmentation,
including SSI and CI; gill
histopathology and lamellar
tissue density.

in 1-L beakers, with three replicate setups for
both control and exposed groups (18 shrimp in
total). Artificial seawater was maintained at
25 °C, aerated to maintain dissolved oxygen at
6.7-7.52 mg/L, and renewed every 7 days.
Shrimp were fed daily with pellets
corresponding to 5% of body mass.
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Author
Year

Country

Study Design

Objective

Outcomes Assessed

Environmental
Matrix/Experimental
Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

Lian et al.
2025 [54]

China

In vivo laboratory
experimental study

To investigate the multi-level
toxic effects of cigarette butts
on the marine rotifer
Brachionus plicatilis by
integrating behavioral,
metabolic and mitochondrial
endpoints; specifically, to
assess inhibition of feeding
and motility, elucidate the
pathway linking oxidative
stress to mitochondrial
dysfunction and
lipid-metabolism disturbance,
and compare the toxicity
mechanisms of CB fibers and
leachates from different
cigarette-butt types, with
particular attention to residual
ash from smoked cigarettes.

Feeding behavior (grazing and
filtration rates); swimming
behavior (velocity, acceleration
and rotation angle); oxidative
stress (ROS, SOD, CAT and
MDA); lipid metabolism
(neutral lipid content, AMS and
LPS activities, TG content);
mitochondrial function (ATP
and MMP); lysosomal function
and autophagy; expression of
genes involved in mitophagy
and mitochondrial
fission/fusion; effects of
antioxidant NAC treatment;
correlations among biomarkers;
and integrated biomarker
response index (BRI).

Artificial seawater
(leaching/exposure
medium)

Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Three
cigarette-butt-derived materials were compared:
SCB = smoked cigarette butts with 1.0 cm
residual tobacco; SF = smoked cigarette filters
without residual tobacco; USF = unsmoked
cigarette filters without tobacco residues.
Exposure conditions: CB leachates were
prepared in artificial seawater at 25 °C for 7 days.
Rotifers were subsequently exposed for 24 h to
fibers or leachates from SCB, SF or USF at 0.03,
0.3 and 3 CB/L, plus a 0 CB/L control. The
lowest concentration (0.03 CB/L) was selected as
environmentally relevant to Yellow Sea coastal
waters, whereas 3 CB/L represented an extreme
pollution scenario. Treatments generally
included at least three biological replicates.

Olah-Kovacs
et al. 2025 [55]

United
Kingdom

In vivo laboratory
experimental study.

To investigate the effects of
smoked CB leachate on
survival, reproductive success,
growth, and feeding rate of L.
stagnalis, and to assess the
potential for recovery after
cessation of exposure.

Mortality and survival
probability; shell-length and
fresh-biomass growth; feeding
rate; clutch production; clutch
size; egg production; egg
viability /hatching success; egg
abnormalities;
post-exposure recovery.

ISO freshwater medium
(leaching/exposure
medium)

Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Field-collected
smoked conventional cigarette butts.
Exposure conditions: A stock leachate was
prepared by leaching 30 CBs in 2 L ISO medium
for six days under orbital shaking at 150 rpm. L.
stagnalis were exposed for four weeks to 0
(control), 0.25, 0.5, or 1 CB L1, followed bya
three-week recovery period in uncontaminated
ISO medium. The lowest treatment was selected
as a high but environmentally
realistic concentration.
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Author Environmental Experimental Model
Year Country Study Design Objective Outcomes Assessed Matrix/Experimental Tobacco Product Investigated
Medium * Exposure Conditions
Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Smoked
conventional cigarette butts.
To investigate the toxic effects Prot.ein carbonyl content; Exp.osure conditions: Cigarett'e butt stock
of cigarette butt leachate on glutathione perox.ldase activity; sc?lutlon was prepared by soaking 5 smoked
the freshwater snail Pila virens reduced glutathione content; cigarette butts/L water for 2 }}, followed by
by assessing changes in glutathione S-transferase magnetic stirring and filtration through
Srikanth et al. India In vivo laboratory oxic}llative S tre%s antigo “idant activity; acetylcholinesterase Freshwater/distilled water Whatman No. 1 paper. The stock solution was
2025 [56] experimental study. defense. and néurotoxicity activity; lipid peroxidation; (leaching/exposure media)  diluted with distilled water to obtain 10%, 25%,

biomarkers following
exposure to different leachate
concentrations for 24 and 48 h.

concentration- and time-related
changes in oxidative stress,
antioxidant defense, and
neurotoxicity biomarkers.

and 50% v/v exposure concentrations. P. virens

were exposed for 24 and 48 h; 10 snails were

used for each concentration and control group,

and experiments were conducted three times for

each concentration. Before exposure, snails were

acclimated for 15 days under laboratory
conditions at 21 £ 1 °C, 12:12 h light/dark
photoperiod and pH 7.30 % 0.02.

Note. CB: cigarette butts. Tables 1-3 include only studies classified as addressing a single One Health domain. Studies addressing two or more One Health domains
were classified as multi-domain and are reported exclusively in Table 4; therefore, no study is duplicated across Tables 1-4. * Environmental matrix/experimental
medium indicates, as applicable, the environmental matrix directly sampled or experimentally used, the field sampling setting, or the medium used for leaching,
exposure, degradation, or other experimental procedures. The specific function is reported in parentheses.
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Table 4. Characteristics of the studies included in the systematic review addressing the multiple One Health domain.

Author
Year

Objective

Outcomes Assessed

Environmental
Matrix/Experimental Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

One Health
Domain

Belzagui
etal.
2021 [57]

To evaluate the release rate,
acute aquatic toxicity, and
aquatic thermo-oxidative and
photo-degradability of cellulose
acetate microfibres detached
from smoked cigarette filters,
and to estimate their potential
contribution to global
microfiber pollution.

Microfiber release rate, microfiber
size, acute immobilisation of
Daphnia magna, EC50, EC100,
physical entanglement,
chemical-structure changes, mass
loss and degradability.

Distilled water (leaching/release
medium); synthetic seawater and
freshwater (degradation media);
freshwater (ecotoxicity
exposure medium)

Experimental model: laboratory
ecotoxicological bioassay
Tobacco product investigated: smoked filters from
four conventional cigarette brands; unsmoked
conventional cigarette filters were used in the
degradation experiments.
Exposure conditions
Microfiber release: 1 SF/L in distilled water,
continuous slow agitation, 2 weeks.
Ecotoxicity: filtered leachate vs leachate containing
~1-mm microfibres; 0.010-10 SF/L; D. magna, 48 h
(4 replicates x 5 organisms).
Degradability: distilled water/synthetic seawater +
UV/agitation (1 month); freshwater + natural
sunlight (18 months).

Environmental
health + Animal
health

Bonanomi
etal.
2026 [58]

To investigate the long-term
decomposition of cigarette butts
over a 10-year period by
evaluating mass loss, chemical
transformations, microbial
succession and ecotoxicological
changes under different
environmental conditions.

Mass loss, nitrogen dynamics,
chemical transformations (*C
CPMAS NMR), microbial diversity
and community composition,
ecotoxicity (bioluminescence
inhibition, algal growth inhibition,
immobilisation, morphological
alterations and root elongation),
VOC profiles and SEM-EDX
morphology.

Grassland and sand-dune soils
(degradation media); freshwater
(leaching/ecotoxicity medium)

Experimental model: Laboratory
ecotoxicological bioassay
Tobacco product investigated
Smoked conventional cigarette butts; unsmoked
conventional cigarette butts (reference samples).
Exposure conditions
Degradation: 12,000 smoked cigarette butts

incubated under five laboratory /field conditions
(no soil, grassland soil, or sand dune soil) for 30, 90,
180, 360, 720, 1080, 1800, and 3600 days. Ecotoxicity:

leachates tested on A. fischeri, R. subcapitata, D.
magna, H. vulgaris, and S. saccharatum.

Environmental
health + Animal
health +
Plant health

Lazoetal.
2024 [59]

Country Study Design
Spain In vivo laboratory
P experimental study
Ital In vivo laboratory eco-
ay toxicological bioassay
. In vitro laboratory
Chile experimental study

To evaluate the environmental
impact of cigarette butt leachates
on coastal ecosystems by
assessing their phytotoxicity to

Lactuca sativa and Lolium perenne,

and to characterize chemical
changes and metal release under
experimental conditions
simulating cigarette butt
contamination of coastal sand.

Leachate pH; FTIR
characterization; Fe, Zn and Cu
concentrations by atomic
absorption spectroscopy; seed
germination; radicle and shoot
growth; Relative Germination
Percentage (RGP); Germination
Index (GI); Relative Radicle
Growth (RRG);
Hypocotyl/Coleoptile Growth
(HG); and toxicity classification
based on normalized
germination/root-
elongation indices.

Natural beach sand
(sampled /experimental matrix);
ultrapure deionized water
(leaching medium)

Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay
Tobacco product investigated: Smoked
conventional cigarette butts.

Exposure conditions: Three experimental scenarios
were evaluated in triplicate: (A) sand only, (B) CBs
only, and (C) CBs + sand. Scenarios containing CBs
received 6 g of ground CB material, while
sand-containing scenarios received 200 g of cleaned
and dried natural beach sand. Leachates were
prepared with 500 mL ultrapure deionized water,
gently agitated for 10 min and allowed to leach for
24 h; leachate collection was repeated three times to
simulate continued environmental exposure. Final
leachates collected on day 37 were used for
phytotoxicity testing. Twenty seeds of each plant
species were exposed to 5 mL leachate for 120 h
under species-specific germination conditions.

Environmental
health +
Plant health
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Table 4. Cont.

Author
Year

Country Study Design

Objective

Outcomes Assessed

Environmental
Matrix/Experimental Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

One Health
Domain

Lucia etal.
2023 [7]

Multicomponent
laboratory experimental
study (ecotoxicological
bioassays, ex vivo and
in vivo) with chemical
characterization and
quantitative
WOE assessment

Italy

To characterize the toxicological
effects of cigarette butts on
marine organisms across
different levels of biological
organization and to integrate
chemical, ecotoxicological, and
biomarker evidence through a
quantitative Weight of Evidence
approach (WOE).

Chemical contaminant release,
ecotoxicological effects,
bioaccumulation, biomarker
responses, and integrated
ecotoxicological risk (WOE).

Artificial seawater
(leaching/exposure medium)

Experimental model:

Laboratory leaching experiment; laboratory
ecotoxicological bioassay; whole-cigarette butt
exposure bioassay.

Tobacco product investigated
Naturally smoked cigarette butts from different
brands, consisting of intact filters, covering paper,
residual unsmoked tobacco and ash, collected from
covered cigarette receptacles within one week
after smoking.

Exposure conditions:

For leaching, CBs were soaked in artificial seawater
at 100 CBs/L (LEAC_A) and 25 CBs/L (LEAC_B)
for 24 h at 18-20 °C under agitation, with three
replicates. Serial dilutions of both leachates were
used for standardized ecotoxicological bioassays. Ex
vivo PCTS were exposed to 50% LEAC_A,
corresponding to 50 CBs/L, for 24,48 and 72 h at 18
°C. For the whole-CB in vivo experiment, 240 M.
galloprovincialis were divided among tanks
containing 0, 0.5, 1 or 5 CBs/L in artificial seawater
for 14 days, with water and CBs renewed every 72 h.

Environmental
health + Animal
health

Mihajlovi¢
etal.
2026 [60]

Bosnia and
Herzegovina

Laboratory
experimental study

To quantify Pb, Cd, Cr and Mn in
smoked and unsmoked butts
from conventional cigarettes and
used HEETS tobacco sticks from
a heated tobacco product
(referred to as “e-cigarette butts
in the original study),
characterize their leaching
kinetics under different acidic
conditions, and estimate
potential carcinogenic and
non-carcinogenic human health
risks associated with metals
released into water.

”

Total Pb, Cd, Cr and Mn content;
metal concentrations released
during leaching; effects of pH,

leaching agent and contact time;

leaching reaction order and
half-life; carcinogenic risk for Cd
and Cr (ILCR); non-carcinogenic
risk for Pb and Mn (HQ); ingestion
and dermal exposure pathways;
separate risk estimates for adults
and children.

Simulated acidic
water/ precipitation
(leaching medium)

Experimental model: Laboratory leaching
experiment and human health risk assessment.
Tobacco product investigated: Smoked and
unsmoked conventional cigarette butts and HEETS
tobacco sticks from a heated tobacco product
(referred to as “e-cigarette butts” in the
original study)..

Exposure conditions: For the leaching experiment,
four Heets HEETS tobacco-stick samplesand two
Chesterfield Blue conventional CB samples were
exposed to 25 mL of acidic solutions under two
experimental series. Series 1 used 0.1-M CH3; COOH
(pH 4.10),0.1 M HCI (pH 1.23) and 1 M HCI (pH
0.23); Series 2 used 0.1 M HNO; (pH 1.99), 1M
HNO;3 (pH 0.28) and 2 M HNOj3 (pH 0.18). Leaching
was evaluated over approximately 0-28 days, with
3-h agitation at 25 °C and 200 rpm at the
sampling points.

Environmental
health + Human
health
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Author
Year

Country

Study Design

Objective

Outcomes Assessed

Environmental
Matrix/Experimental Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

One Health
Domain

Nitschke et al.
2023 [61]

Sweden

Combined field and
in vivo laboratory study

To investigate personal and
contextual predictors of cigarette
littering and assess the acute and

chronic toxicity of smoked and
unsmoked cigarette filters to the
freshwater invertebrate
Chironomus riparius, including
potential drivers of filter toxicity.

Cigarette-littering behaviour and
personal/contextual predictors;
acute larval immobility; chronic

mortality, growth and
development; frequency and
severity of mouthpart deformities;
and differences according to
smoked versus unsmoked filters,
filter fibres versus leachates, and
water versus sediment exposure.

Public urban environments
(sampling setting); dechlorinated
tap water and sediment-water
system (leaching/exposure media)

Experimental model: Field survey; laboratory
ecotoxicological bioassay.

Tobacco product investigated: Smoked and
unsmoked conventional cigarette filters.
Exposure conditions: Acute toxicity was assessed by
exposing first-instar C. riparius larvae for 48 h to
smoked or unsmoked cigarette-filter material at
0.125,0.25,0.5, 1, and 2 filter equivalents /L, using
three exposure types: unwashed fibres, filter
leachates, and washed fibres. Leachates were
prepared by stirring filter fibres in dechlorinated tap
water for 24 h. For chronic exposure, whole smoked
or unsmoked filters were leached for 3 weeks in a
sediment-water system at 1 filter/L water and 1
filter/166.5 mL sediment; larvae were subsequently
exposed separately to the contaminated water or
sediment for 7 days.

Environmental
health + Animal
health

Nongdren
etal.
2024 [62]

India

Environmental risk
assessment study.

To assess cigarette butt littering
in Aizawl city, identify spatial
and seasonal littering patterns

and hotspots, estimate the
potential contribution of littered
cigarette butts to downstream

surface-water pollution using a

newly developed water
pollution potential index, and
assess potential human health
risks associated with ingestion of
cigarette-butt-derived
contaminants.

Cigarette butt density and
spatial/seasonal distribution;
littering hotspots according to land
use; WPPI; potential contaminant
concentrations in sewage/surface
water; CDI and lifetime intake
through ingestion; NCR; HQ and
HI; CR; and relative contributions
of heavy metals, PAHs, BTEX
compounds, aromatic amines, and
nicotine to estimated exposure
and risk.

Urban roadside and sewer
environment (sampling setting);
municipal sewage and
downstream surface water
(modelled
environmental compartments)

Experimental model: Field survey.
Tobacco product investigated: Littered smoked
cigarette butts.

Exposure conditions: Not applicable for the
field component.

Environmental
health + Human
health

Nongdren
etal.
2026 [63]

India

Environmental risk
assessment study.

To quantify the environmental
impacts of cigarettes across the
full cradle-to-grave life cycle,
including upstream production,
consumption, and end-of-life
phases; identify environmental
hotspots; compare alternative
cigarette-butt end-of-life
management strategies and
biodegradable filter materials;
and assess the sensitivity and
uncertainty of the model results.

Life-cycle midpoint and endpoint
environmental impacts;
environmental hotspots across
production, consumption, and
end-of-life phases; freshwater,
marine and terrestrial ecotoxicity;
eutrophication; human
carcinogenic and non-carcinogenic
toxicity; global warming and
resource-related impacts; relative
environmental performance of
alternative end-of-life strategies
and biodegradable filter materials;
and sensitivity and uncertainty of
modelled impacts.

Air, terrestrial, freshwater and
marine environments (modelled
environmental compartments)

Experimental model: Not applicable.
Tobacco product investigated: Conventional
cigarettes with cellulose acetate filters and smoked
cigarette butts; alternative biodegradable cigarette
filters composed of flax, hemp, jute, and cotton were
additionally modelled.

Exposure conditions: Not applicable.

Environmental
health + Human
health

https:/ /doi.org/10.3390/toxics14100846


https://doi.org/10.3390/toxics14100846

Toxics 2026, 14, 846

27 of 46

Table 4. Cont.

One Health

Experimental Model
Domain

Tobacco Product Investigated

Author
Year

Country

Study Design

Objective

Outcomes Assessed

Environmental

Matrix/Experimental Medium *

Exposure Conditions

Experimental model: Laboratory leaching

Olivaetal.
2021 [64]

Ttaly

In vivo laboratory
experimental study.

To evaluate the toxicity of
smoked and unsmoked cigarette
butt leachates at different
concentrations using batteries of
ecotoxicological bioassays
representative of marine and
freshwater environments.

Algal growth inhibition; bacterial

bioluminescence inhibition; larval

development inhibition; crustacean
immobilization/survival; plant

germination and root growth;
Daphnia magna heartbeat rate;
EC10, EC20, and EC50 values.

Natural seawater and synthetic

freshwater
(leaching/exposure media)

experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Smoked and
unsmoked conventional cigarette filters.
Exposure conditions: Leachates were prepared at
20 CBs/L using natural seawater adjusted to 30 %o
salinity or standard moderately hard synthetic
freshwater. Cigarette filters were leached for 24 hin
darkness at 20 £ 2 °C under orbital shaking, after
which leachates were filtered. Marine and
freshwater bioassays were performed at 100%, 75%,
50%, 25%, and 10% leachate, corresponding to 20, 15,
10, 5, and 2 CBs/L; higher-plant assays were
performed only at the maximum freshwater
concentration. D. magna heartbeat was assessed
after 24, 48, and 72 h exposure.

Environmental
health + Animal
health +
Plant health

Experimental model: Laboratory leaching

Piccardo et al.
2021 [65]

Ttaly

In vivo laboratory
experimental study

To assess and compare the
ecotoxicity of smoked and
unsmoked classic cigarette butt
leachates and materials
described by the original authors
as “electronic cigarette butts”,
and to investigate how
weathering conditions and
duration influence the toxicity of
elutriates from
cigarette-butt-contaminated
sandy sediments.

Bioluminescence inhibition;
microalgal growth inhibition; sea
urchin fertilization inhibition;
larval development abnormalities;
larval body-size reduction;
integrated ecotoxicological Hazard
Quotient and Class of Hazard;
effects of cigarette type, smoking
status, weathering conditions, and
weathering duration on ecotoxicity.

Natural sandy marine sediment
(sampled/experimental matrix);
artificial seawater
(leaching/exposure medium)

experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Smoked and
unsmoked materials described by the original
authors as “electronic cigarette butts”; the specific
electronic-cigarette product/device associated with
these materials was not clearly identified in
the study.
Exposure conditions
Leachates: smoked /unsmoked CCBs and ECBs,
10 CB/L ASW, 1hat 100 rpm;
sediment weathering:smoked /unsmoked CCBs,
0.11 CCB/L natural sandy sediment, dry vs.
simulated rain for 1 or 2 weeks; sediment elutriates
prepared in ASW (1:4 w/v).
Bioassay exposure: A. fischeri 15-30 min; P.
tricornutum 72 h; P. lividus fertilization 20 min and
larval development 72 h.

Environmental
health +
Animal health
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Author
Year

Objective

Outcomes Assessed

Environmental
Matrix/Experimental Medium *

Experimental Model
Tobacco Product Investigated
Exposure Conditions

One Health
Domain

Soleimani
etal.
2023 [66]

To assess the chemical contents
and toxic effects of three types of
cigarette butt
leachates—smoked cigarette
butts with residual tobacco,
smoked filters without residual
tobacco, and unsmoked
filters—on Periophthalmus
waltoni at different
exposure times.

Natural seawater
(leaching /exposure medium)

Experimental model: Laboratory leaching
experiment; laboratory ecotoxicological bioassay.
Tobacco product investigated: Smoked cigarette

butts with residual tobacco; smoked cigarette filters

without residual tobacco; unsmoked cigarette filters.

Exposure conditions: Cigarette butts/filters were
soaked in natural seawater for 24 h. P. waltoni
juveniles were exposed to five concentrations for
each leachate type: SCB: 0.25,0.5,1,2,and 4CB/L;
SF:05,1,2,4,and 8 CB/L; USF: 1, 2,4, 8,and 16

CB/L. Mortality was assessed at 24, 48,72, and 96 h.

Four replicates with five fish per replicate were used
for each concentration. Fish were acclimated for two
weeks before exposure and experiments were
conducted at approximately 25 °C, 35 %, salinity,
with continuous aeration and a 12:12 h
light/dark cycle.

Environmental
health + Animal
health

Torkashvand
etal.
2021 [67]

Country Study Design
I In vivo laboratory
ran .
experimental study
Iran Laboratory

experimental study

To assess the effect of cigarette
butts in municipal solid waste on
heavy metal concentrations in
landfill leachate and to estimate
the associated human health and
ecological risks for Cd, Cr, Ni, Pb,
and Zn.

Concentrations of Cd, Cr, Ni, Pb,
and Zn in landfill leachate; total
heavy metal concentration;
non-carcinogenic human health
risk through ingestion of
leachate-contaminated

groundwater; HQ; cumulative HQ;

ecological risk associated with
heavy metals; and changes in
health and ecological risk under
different proportions of freshly
smoked and littered CBs.

Synthetic municipal solid waste
(experimental matrix); landfill
leachate (analytical matrix)

Experimental model: Laboratory
leaching experiment.

Tobacco product investigated: Freshly smoked
cigarette butts and littered cigarette butts.
Exposure conditions: Three pilot-scale landfills with
identical characteristics were filled with 5.5 kg of
synthetic commingled municipal solid waste based
on the composition of Tehran municipal waste. P1
served as the control without CBs; P2 contained 140
freshly smoked CBs (0.76% w/w); and P3 contained
1.3% w /w littered CBs. Leachate was collected from
the landfill pilots and Cd, Cr, Ni, Pb, and Zn were
quantified. Risk calculations also evaluated
standardized scenarios containing 1% w/w CBs
with different proportions of freshly smoked and
littered CBs: 25:75 (S1), 50:50 (S2), and 75:25 (S3). For
human-health risk assessment, leachate was
assumed to undergo 100-fold dilution in
groundwater, with drinking-water ingestion used as
the exposure pathway.

Environmental
health + Human
health

* Environmental matrix/experimental medium indicates, as applicable, the environmental matrix directly sampled or experimentally used, the field sampling
setting, or the medium used for leaching, exposure, degradation, or other experimental procedures. The specific function is reported in parentheses. Note. Table 4
includes studies addressing two or more One Health domains. The specific combination of domains directly addressed by each study is reported in the “One Health
domain” column. Multi-domain studies are reported exclusively in this table and are not duplicated in Tables 1-3. No study was classified exclusively within the
Human health domain.
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3.1.2. Plant Health Domain

A total of three studies were classified within the plant health domain. Published
between 2022 and 2025, they were conducted in the United Kingdom, Poland/Czech
Republic, and Tiirkiye and used in vivo or in vitro laboratory experimental designs. The
investigated plant models included the freshwater macrophyte Lemna minor, Sinapis alba,
Hordeum vulgare, and Allium cepa.

The studies evaluated exposure to smoked conventional cigarette butts or their
leachates, unsmoked cigarette filters, and, in one study, used disposable e-cigarettes and
extracted e-liquid. Outcomes included biomass, root length, frond number, chlorophyll
content, seed germination and germination indices, as well as cytotoxic and genotoxic
endpoints, including mitotic activity, chromosomal abnormalities, micronuclei, and total
chromosomal damage. Exposure periods ranged from 72 h to 14 days, with cigarette-butt
leachates tested at different concentrations and leaching durations (Table 2).

3.1.3. Animal Health Domain

A total of 12 studies were classified within the animal health domain. Published
between 2020 and 2025, they were conducted in Egypt, Iran, South Korea, Portugal, Brazil,
Slovenia, the United Kingdom, China, and India. All used in vivo laboratory experimental
designs and investigated terrestrial, freshwater, and marine organisms, including earth-
worms, crustaceans, rotifers, molluscs, planarians, insects, and fish.

Experimental exposures involved smoked conventional cigarette butts or filters, un-
smoked filters or cigarette butts, cigarette-butt leachates or elutriates, and cellulose-acetate-
derived micro- or nanoplastics. Exposure media included artificial or agricultural soil,
freshwater and standardized freshwater media, filtered rainwater, and artificial seawater.
The studies assessed acute and chronic or sub-chronic effects across multiple biological
endpoints, including mortality and survival, growth, reproduction, behaviour, feeding and
locomotor activity, oxidative stress and antioxidant responses, neurotoxicity, metabolic and
mitochondrial alterations, genotoxicity, histopathological changes, bioaccumulation, and
molecular responses.

Overall, the animal health studies evaluated the effects of cigarette-butt leachates
and cigarette-filter-derived particulate materials across terrestrial, freshwater, and marine
animal models, using exposure periods ranging from acute assays of 24—48 h to longer-term
experiments lasting several weeks, including assessment of post-exposure recovery in one
study (Table 3).

3.1.4. Multi-Domain Studies and One Health Integration

A total of 12 studies were classified as multi-domain, addressing two or more prede-
fined One Health domains. Published between 2021 and 2026, they were conducted in Spain,
Italy, Chile, Bosnia and Herzegovina, Sweden, India, and Iran. Study designs included
laboratory experimental, in vivo and in vitro laboratory experimental, combined field—
laboratory, and environmental risk assessment studies. The most frequent combination
was environmental health + animal health, while other studies addressed environmental
health + human health, environmental health + plant health, or environmental health +
animal health + plant health.

The multi-domain studies investigated contaminant and microfiber release, cigarette-
butt degradation, environmental occurrence and littering, ecotoxicological effects, and
ecological or human health risks. Experimental and observational approaches encom-
passed freshwater and marine environments, soils, coastal and urban settings, landfill
systems, and modelled environmental compartments. Biological outcomes included mor-
tality, immobilization, growth, reproduction and development, phytotoxicity, biomarker
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responses, bioaccumulation, and community-level effects, while risk-oriented studies as-
sessed ecological and human health metrics, including hazard quotients, carcinogenic and
non-carcinogenic risks, and life-cycle environmental impacts.

Overall, these studies integrated environmental contamination or waste-related pro-
cesses with direct assessments of animal, plant, or human-health-related outcomes. Tobacco
products investigated included smoked and unsmoked conventional cigarette butts or fil-
ters and, in some studies, electronic or heated tobacco product waste (Table 4).

3.2. Methodological Quality of the Included Studies
3.2.1. Methodological Quality of In Vitro Studies

Seven studies included an in vitro component and were assessed using ToxRTool. All
seven studies were classified as reliable without restriction, with total scores ranging from
16/18 to 18/18. Bonanomi et al. (2026) and Lazo et al. (2024) achieved the maximum score
(18/18) [58,59], while Guttmann et al. (2024), Jakimiuk et al. (2022), Michael et al. (2022),
and Piccardo et al. (2021) scored 17/18 [33,36,44,65]. Martinez-Ruiz et al. (2026) received
the lowest score (16/18) [35], but remained within the reliable without restriction category.
Overall, the in vitro evidence showed consistently high methodological reliability, with no
study classified as reliable with restrictions or not reliable (Table S2a).

3.2.2. Methodological Quality of In Vivo Studies

Twenty studies included an in vivo component and were assessed using ToxRTool.
Sixteen studies were classified as reliable without restriction, whereas four were classified
as reliable with restriction; no study was classified as not reliable. Total scores ranged
from 16/21 to 20/21. Cho et al. (2025), Dolar et al. (2025), Olah-Kovacs et al. (2025), and
Soleimani et al. (2023) achieved the highest score (20/21) [48,51,55,66].

The four studies classified as reliable with restriction were de Arragao Ferreira-Griz
et al. (2026), Green et al. (2020), Green et al. (2023), and Sadic et al. (2025), with scores
ranging from 16/21 to 17/21 [43,45,50,52]. Overall, the in vivo evidence showed predomi-
nantly high reliability, with 80% (16/20) of the assessed studies classified as reliable without
restriction (Table S2b).

3.2.3. Methodological Quality of Other Environmental and Experimental Studies

The review-specific methodological quality checklist was applied to the environmental
and laboratory experimental studies that were neither in vivo nor in vitro, including the
relevant observational /environmental components of mixed-design studies. Among the
22 studies listed in Table S3, 9 were classified as having high methodological quality, 12
as moderate quality, and 1 as low quality. Scores ranged from 12/16 to 16/16 among
non-modelling studies and from 12/20 to 17/20 among studies for which all ten domains
were applicable.

The highest score among non-modelling studies was obtained by Yona et al. (2025)
(16/16) [42], while El Hadri et al. (2021) and Nongdren et al. (2026) achieved the highest
score among studies assessed across all ten domains (17/20) [31,63]. Kouhi et al. (2025)
was the only study classified as low methodological quality (12/20) [34]. For mixed-
design studies, only the observational/environmental component was considered in this
assessment, while in vivo or in vitro components were evaluated separately using the
corresponding study-design-specific tool (Table S3).

3.3. Main Findings According to One Health Domains
3.3.1. Environmental Health Domain

Studies addressing the environmental health domain documented the release, oc-
currence, persistence, degradation, and environmental fate of chemical contaminants
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and particulate materials derived from cigarette butts (CBs) and related tobacco product
waste. Chemical analyses identified nicotine and cotinine; polycyclic aromatic hydro-
carbons (PAHs); benzene, toluene, ethylbenzene, and xylenes (BTEX); polychlorinated
biphenyls (PCBs); organochlorine pesticides; aromatic amines; phenolic compounds; and
metals [22,27,68]. Release patterns varied according to chemical class, contact time, smoking
status, cigarette-butt component, environmental ageing, and experimental conditions. PAH
concentrations progressively increased during prolonged water contact, whereas BTEX com-
pounds were rapidly released, reaching equilibrium within approximately 15 min [24,38].

Nicotine emerged as a prominent chemical contaminant in the available evidence.
Dobaradaran et al. (2024) reported aqueous nicotine concentrations ranging from 0.04
to 3.04 mg/L, with release detected within the first 5 min of contact with water and
concentrations exceeding predicted no-effect concentrations by several orders of magnitude;
the resulting risk quotients indicated high ecological risk (RQ > 10) from the earliest
investigated time point [25]. Nongdren et al. (2026), using a life-cycle assessment approach,
estimated nicotine release at 2.095 mg per butt and identified nicotine as the dominant
contributor to freshwater ecotoxicity during the littering phase, accounting for 93.31% of
the estimated impact [63]. Similarly, Tan et al. (2026) reported a nicotine concentration of
744 mg/kg in discarded cigarette-butt waste and estimated that nicotine accounted for
75.15% of cumulative toxicity, identifying it as the principal contributor to acute toxicity [27].

Other chemical constituents also showed contaminant-specific release and risk pro-
files. PAHs, including benzo(a)pyrene, fluoranthene, anthracene, and naphthalene, were
associated with aquatic contamination and, in some studies, concentrations exceeding
environmental quality or risk-based thresholds [28,38]. Aromatic amines, including ani-
line and 2-naphthylamine, and phenolic compounds such as phenol, o-cresol, and 2,4-
dimethylphenol also exceeded predicted no-effect concentrations under some experimental
conditions [40,68]. Metals including Pb, Cd, Cr, Fe, Cu, Zn, and Mn were detected in
cigarette-butt waste or leachates, with release kinetics varying according to the element
and environmental conditions [28,29,36,42]. In seawater, for example, Yona et al. (2025)
observed an early release peak for Cd, whereas Zn concentrations progressively increased
over 30 days, and Fe showed a delayed peak after approximately one week [42]. Overall,
these findings indicate that CBs release complex mixtures of chemical contaminants charac-
terized by markedly different release kinetics, persistence, and environmental-risk profiles.

Several studies also documented the release and persistence of cellulose-acetate-
derived particulate material. Belzagui et al. (2021) showed sustained release of microfibres
from cigarette filters and limited degradation of cellulose acetate after prolonged exposure
to aquatic media and natural sunlight [60]. Similarly, Mohammadi et al. (2025) reported
a time-dependent increase in microfiber release from cigarette filters over 60 days, with
greater release in seawater than in distilled water [57]. Long-term decomposition experi-
ments similarly showed that, although CB mass and toxicity decreased over time, cellulose
acetate degradation remained incomplete, and measurable biological effects persisted after
up to 10 years [58].

Field investigations documented substantial CB contamination in urban and coastal en-
vironments, with abundance varying according to location, land use, season, and sampling
approach. Yang et al. (2023) documented CB occurrence across beach, park, and market
settings and combined field occurrence data with laboratory characterization of metals,
PAHs, and plastic-derived particles [28]. Garshasbi et al. (2026), for example, reported
a mean density of 3.71 CBs/m? in an urban stormwater network, with all investigated
stations classified as extremely dirty according to the applied Cigarette Butt Pollution
Index [37].
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Where comparisons among tobacco-product types were available, environmental
profiles differed according to product composition. Mihajlovi¢ et al. [29] compared conven-
tional cigarette butts with used HEETS tobacco sticks from a heated tobacco product (HTP).

The original study referred to the HEETS residues as “e-cigarette butts”; however,
HEETS are consumables of heated tobacco products and should not be classified as
electronic-cigarette waste.

Conventional smoked CBs contained higher mean Pb, Cr, and Cd concentrations,
whereas Mn was higher in used HEETS tobacco sticks. Metal mobilization in both product
types was strongly influenced by pH and contact time [29].

At the community level, dos Santos et al. (2024) reported concentration-dependent
reductions in freshwater phytoplankton cell density and species richness, together with
progressive alterations in community composition following exposure to cigarette-butt
leachate [32].

Overall, environmental health studies characterized tobacco-product waste as a source
of both complex chemical mixture and persistent particulate contamination, with con-
taminat release, environmental behaviour, and persistence varying according to chemical
properties, product characteristics, environmental conditions, and ageing (Figure 2).
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Figure 2. Environmental release, persistence, and transport of chemical contaminants and cellulose-
acetate-derived particles from cigarette butts and related tobacco-product waste. (a) Release of
nicotine, polycyclic aromatic hydrocarbons (PAHs), metals, and cellulose-acetate particles from
discarded cigarette butts into the environment; (b) ageing of cigarette butts over time and persistence
of cellulose-acetate fibers/microplastics; (¢) occurrence and transport of cigarette-butt waste in
stormwater, coastal settings, and urban littered surfaces; (d) product-specific differences in leaching
from conventional cigarette butts and electronic-cigarette /heated-tobacco-product waste, influenced
by pH and contact time.
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3.3.2. Animal Health Domain

Studies addressing the animal health domain reported lethal and sublethal effects
across terrestrial, freshwater, and marine organisms. Outcomes included mortality and
survival, immobilization, growth, reproduction and development, behavioral changes,
oxidative stress, neurotoxicity, metabolic and mitochondrial dysfunction, genotoxicity,
histopathological alterations, and bioaccumulation. Concentration-dependent responses
were common, although effect magnitude and shape differed across species, life stages,
exposure durations, and endpoints.

In freshwater gastropods, survival progressively declined with increasing CB-leachate
concentration, with juvenile Bithynia tentaculata showing greater sensitivity than adults. At
5 CBs/L, fewer than 20% of juveniles survived after 24 h, while behavioral impairment
occurred at lower concentrations [52]. Notably, biodegradable cellulose-filter CBs were not
less toxic than conventional cellulose-acetate-filter CBs under the tested conditions.

Soleimani et al. [66] observed concentration- and time-dependent acute toxicity in Pe-
riophthalmus waltoni, with toxicity consistently following the order smoked CBs > smoked
filters > unsmoked filters. The 96 h LC50 values were 1.37, 2.90, and 7.46 CB/L, respec-
tively, and smoked CB leachates contained higher PAH and metal concentrations than
the other materials [66]. Concentration-dependent toxicity was also observed in marine
foraminifera, with marked species-specific sensitivity and shell decalcification; Rosalina
globularis was the most sensitive taxon, with a 48 h LC50 of 1.9 CB/L in smoked-CB
leachate corresponding to a nicotine concentration of approximately 3.7 mg/L [30].

Cigarette-filter-derived particles also produced adverse effects. Chronic exposure to
CB-derived microfibres in whiteleg shrimp was associated with increased molting activity,
reduced cuticle thickness, altered pigmentation, and gill damage [23]. In the marine rotifer
Brachionus plicatilis, CB exposure impaired feeding and swimming behaviour and induced
oxidative stress, metabolic disruption, and mitochondrial dysfunction, with adverse re-
sponses generally increasing with CB concentration [53]. Oxidative and antioxidant-system
alterations were also reported in the freshwater snail Pila virens following CB exposure [54].

In Daphnia magna, smoked-filter microplastics caused greater acute and chronic tox-
icity than microplastics from unsmoked filters, including reproductive impairment and
changes in oxidative-stress-, endocrine-, and moulting-related gene expression. Notably,
nicotine was released from smoked-filter-derived microplastics in the Daphnia gut, suggest-
ing that these particles may also act as carriers of associated chemical contaminants rather
than exerting exclusively particle-mediated effects [48]. Similarly, Dolar et al. [51] found
that microplastics derived from smoked cigarette filters generally produced stronger physi-
ological and survival effects than particles derived from unsmoked filters across terrestrial
and aquatic invertebrates. The authors related the greater toxicity of smoked-filter particles
to their associated chemical load, including nicotine and metals, further supporting the
combined chemical-particulate nature of cigarette-filter waste [51].

Direct comparisons with alternative cigarette products were less frequent. Piccardo
et al. (2021) compared classic and electronic cigarette butts in marine bioassays and
reported greater ecotoxicity for classic CBs, particularly smoked classic CBs, whereas
electronic cigarette butts were associated with lower hazard classifications under the tested
conditions [65].

Overall, the animal evidence showed substantial variability among models but repeat-
edly identified stronger biological effects for smoked conventional CB- or filter-derived
materials than for corresponding unsmoked materials; where direct comparisons with
electronic cigarette waste were available, conventional cigarette butts generally produced
greater ecotoxicological effects (Figure 3).
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Figure 3. Main ecotoxicological effects of cigarette-butt and filter-derived waste across terrestrial,

freshwater, and marine animal models, including concentration-dependent responses and product-
related differences.

3.3.3. Plant Health Domain

Studies addressing the plant health domain evaluated seed germination, root and
seedling development, biomass, chlorophyll-related parameters, mitotic activity, and cy-
togenetic alterations. Responses varied according to plant species, tobacco-product type,
exposure concentration, and experimental conditions.

In Allium cepa, both smoked CB and unsmoked-filter leachates produced concentration-
dependent physiological, cytotoxic, and genotoxic effects. Increasing concentrations pro-
gressively reduced root growth and mitotic activity and increased chromosomal abnormali-
ties and micronuclei, with smoked CB leachate generally producing stronger effects than
unsmoked-filter leachate [45].

Jakimiuk et al. (2022) reported species-dependent and biphasic responses in Sinapis
alba and Hordeum vulgare. Low CB exposures occasionally stimulated germination or root
growth, whereas increasing CB concentrations progressively reduced seed germination,
germination indices, and root length, particularly in S. alba [44]. Lazo et al. (2024) similarly
observed inhibition of germination and seedling growth in Lactuca sativa and Lolium
perenne, with L. sativa showing greater sensitivity [59].

A direct comparison between conventional CB waste and electronic-cigarette-related
waste was provided by Green et al. [43]. Exposure to one conventional CB/L stimulated
Lemna minor biomass, root growth, frond number, and chlorophyll-a, whereas closed
disposable e-cigarettes, experimentally opened/disassembled disposable e-cigarettes, and
isolated e-liquid significantly reduced frond production. The responses to experimentally
opened/disassembled devices and isolated e-liquid were similar, suggesting an important
contribution of residual e-liquid under the tested experimental conditions. However,
these two treatments represented experimentally modified exposure scenarios rather than
exposure to an intact discarded device [43].

Thus, plant responses were not uniformly inhibitory and depended strongly on prod-
uct type, plant species, and exposure level. The limited comparative evidence indicates
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that conventional CBs and disposable electronic-cigarette waste may produce qualitatively
different biological responses under the specific experimental conditions tested (Figure 4).
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Figure 4. Plant responses to cigarette-butt and disposable-electronic-cigarette-related waste, high-
lighting species- and exposure-dependent effects and possible biphasic responses.

3.3.4. Multi-Domain Studies and One Health Integration

Multi-domain studies simultaneously addressed environmental processes and out-
comes relevant to animal, plant, or human health. The identified combinations included
environmental health + animal health, environmental health + plant health, environmental
health + human health, and environmental health + animal health + plant health.

Belzagui et al. [60], classified as environmental health + animal health, directly linked
microfiber release and environmental persistence with biological effects in Daphnia magna.
The 48 h EC50 decreased from 0.067 SF/L for leachate alone to 0.017 SE/L in the presence of
microfibres, while cellulose acetate showed limited degradation, thereby linking particulate
persistence with increased biological toxicity [60].

Bonanomi et al. [58], addressing environmental, animal, and plant health, integrated
long-term CB decomposition, chemical transformations, microbial-community changes,
and ecotoxicological testing. Although toxicity declined during ageing, 10-year-old CBs con-
tinued to produce measurable effects, demonstrating the persistence of both environmental
and biological impacts over prolonged time periods [58].

Several multi-domain studies provided direct comparisons among tobacco-product
types. Oliva et al. (2021) compared smoked and unsmoked conventional-cigarette-filter
leachates across marine and freshwater bioassays and generally observed greater toxicity
for smoked materials, although concentration-response patterns varied among organisms
and were not uniformly monotonic [56]. Piccardo et al. (2021) extended this comparison
to materials described by the original authors as “electronic cigarette butts”, reporting
higher overall toxicity for classic cigarette butts, particularly smoked classic CBs, while the
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materials classified as “electronic cigarette butts” in the original study showed lower hazard
under the investigated conditions; toxicity was also modified by weathering conditions
and duration [65].

Studies incorporating human health did so through quantitative risk assessment rather
than direct measurement of human health effects. Mihajlovi¢ et al. [29] compared conven-
tional cigarette butts with used HEETS tobacco sticks from a heated tobacco product and
found product-specific differences in metal content and leaching, while modelled carcino-
genic risk for Cd and Cr exceeded the authors” acceptable thresholds under the assessed
scenarios [29]. Torkashvand et al. (2021) similarly showed that the presence of cigarette
butts increased heavy-metal concentrations in landfill leachate and resulted in higher esti-
mated human-health hazard quotients and ecological risk, with freshly smoked cigarette
butts producing greater effects than littered cigarette butts [64]. Nongdren et al. (2024)
integrated CB littering, predicted surface-water contamination, and human-health risk esti-
mates, whereas Nongdren et al. (2026) extended the assessment to the full cigarette life cycle
and compared conventional cellulose acetate filters with biodegradable alternatives [63,67].
In the latter study, nicotine release during the littering phase was estimated at 2.095 mg per
butt and accounted for 93.31% of the modelled freshwater ecotoxicity impact, identifying
nicotine as a major chemical driver of the environmental burden associated with discarded
cigarette waste [63].

In the latter LCA, alternative end-of-life strategies and biodegradable filters showed
different environmental profiles from conventional cellulose acetate filters. Filters con-
taining high proportions of flax, hemp, or jute reduced modelled impacts, with >90% of
jute- or hemp-based filters showing the best endpoint performance among the alternatives
evaluated [63].

The waste profiles of conventional cigarettes and emerging nicotine products dif-
fered substantially. Conventional CB waste primarily consisted of spent filters containing
residual tobacco- and combustion-derived contaminants and cellulose acetate, whereas
disposable ENDS generated a more heterogeneous waste stream involving the device and
residual e-liquid [43]. Heated tobacco product waste represented a distinct category and
should not be conflated with ENDS; in the available evidence, used HEETS tobacco sticks
showed metal profiles and leaching behaviour that differed from conventional CBs [29].
Overall, comparative evidence across tobacco-product types was limited but informative.
Conventional smoked cigarette butts generally showed greater chemical or ecotoxicolog-
ical impacts than corresponding unsmoked materials, while the study by Piccardo et al.
reported lower hazard for materials described as “electronic cigarette butts”, whereas
disposable e-cigarette exposures produced inhibitory plant effects in Lemna minor under
the specific experimental conditions tested [43,65]. Biodegradable filter alternatives showed
lower modelled life-cycle impacts in one LCA, whereas biodegradable cellulose filters did
not reduce leachate toxicity in one freshwater animal study. Given the limited number of
direct comparisons and the substantial differences in product design, composition, and
resulting waste, findings for one type of tobacco- or nicotine-product waste should not be
extrapolated to other product categories without product-specific evidence (Figure 5).
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Figure 5. One Health integration of environmental contamination, ecological effects, product-specific
differences, and modelled human-health risks associated with tobacco-product waste.

4. Discussion

This systematic review shows that cigarette butts (CBs) and related tobacco product
waste represent persistent sources of environmental contamination, releasing both chemi-
cal contaminants and cellulose-acetate-derived particles. Across the 47 included studies,
evidence encompassed environmental contamination, effects on animal and plant models,
and, in a smaller subset of multi-domain studies, modelled human-health-related risks.
Despite substantial heterogeneity in study designs, exposure conditions, environmental ma-
trices, biological models, and endpoints, recurrent findings included contaminant release,
persistence of filter-derived particulate material, and adverse biological responses. Con-
sistent with previous reviews [3,13], these findings confirm the environmental persistence
and ecotoxicological relevance of CB waste, while extending previous evidence through
more recent data on dose-dependent effects, environmental risk assessment, emerging-
tobacco-product waste, and their integration within an explicitly operationalized One
Health framework.

The contribution of tobacco-product waste should also be considered relative to other
pollution sources. While nicotine represents a characteristic tobacco-derived contami-
nant, PAHs and metals are not specific to cigarette waste and originate from multiple
anthropogenic sources, including combustion, traffic, industrial activities, and urban runoff.
Therefore, the available evidence does not allow the contribution of CBs to the overall
environmental burden of PAHs and metals to be reliably quantified relative to these other
sources. In contrast, cellulose acetate microfibers released from cigarette filters represent a
more tobacco-product-specific source of particulate pollution [57,60]. Overall, the environ-
mental relevance of cigarette butts lies in their widespread occurrence and their capacity to
simultaneously release chemical contaminants and persistent plastic-derived particles.

The methodological appraisal showed that most individual studies met the reliability
or methodological-quality criteria of the study-design-specific assessment tools applied.
However, these findings should not be interpreted as indicating high certainty of the over-
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all body of evidence. In particular, some methodological categories were represented by
relatively few studies; for example, only seven studies included an in vitro component
and were assessed using ToxRTool. Although all seven were classified as reliable without
restriction, ToxRTool assesses the methodological reliability of individual studies and does
not provide an inferential assessment of the certainty, consistency, or generalizability of
the evidence base as a whole. Accordingly, the results of the methodological appraisal
should be interpreted primarily as a structured descriptive characterization of the included
studies. Limitations related to sampling representativeness, exposure characterization, ana-
lytical procedures, input data quality, modelling assumptions, and uncertainty assessment
remained relevant in some studies.

The included studies documented the release of multiple contaminants, including nico-
tine, metals, PAHs, VOCs and BTEX, phenolic compounds, aromatic amines, pesticides, and
cellulose-acetate-derived microfibers, microplastics, and nanoplastics [7,25,38,40,62]. These
findings support considering CBs as hybrid chemical-particulate contaminants, rather than
solely as sources of individual pollutants. Cellulose acetate filters can release persistent
particles while simultaneously acting as reservoirs of tobacco- and combustion-derived
chemicals [39,48,60]. This dual nature is relevant in the broader context of environmental
microplastic exposure [46,69]. However, most studies did not distinguish the relative
contribution of particles from that of associated chemicals; therefore, additive or interac-
tive effects should be considered hypotheses requiring further investigation rather than
established mechanisms.

The toxicological relevance of several chemical classes detected in CB waste is inde-
pendently established. Metals such as cadmium, lead, and chromium can produce multiple
toxic effects depending on chemical form, dose, and exposure conditions [70]; several PAHs
have recognized carcinogenic properties and environmental exposure to BTEX compounds
has been associated with a range of adverse health outcomes [71]. Nevertheless, their
occurrence in CB waste demonstrates a toxicologically relevant source of environmental
contamination but does not, by itself, demonstrate adverse effects in environmentally
exposed human populations.

Quantitative evidence frequently showed increasing biological responses with CB
concentration and, in some studies, exposure duration. Acute and sublethal effects were
observed in some animal models, including mortality or immobilization, oxidative stress, re-
productive and developmental impairment, and behavioral changes. Dose—effect patterns,
however, were not uniform: non-monotonic or biphasic responses, species-specific sensitiv-
ity, and modification by environmental conditions were also observed. Consequently, the
available evidence does not support a single toxicity threshold applicable across CB waste;
effects depend on concentration, duration, product characteristics, biological model, and
environmental context.

Within the environmental health domain, CBs were shown to release contaminants
at different rates and to remain environmentally relevant after ageing. PAHs were pro-
gressively released during prolonged water contact, whereas BTEX compounds showed
more rapid release; nicotine, aromatic amines, phenolic compounds, metals, and particulate
material also displayed condition-specific release patterns [25,38,40]. Long-term experi-
ments documented progressive degradation and chemical transformation but persistence
of cellulose acetate and measurable biological effects after extended ageing [58]. Field
investigations further documented CB accumulation in urban, coastal, recreational, and
stormwater environments [37,61,72]. Thus, the environmental relevance of CB waste ex-
tends beyond visible littering to chemical release, particulate pollution, persistence, and
contaminant transport.
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Within the animal health domain, effects across terrestrial, freshwater, and marine
organisms included mortality, impaired growth and reproduction, developmental and
behavioral alterations, oxidative stress, neurotoxicity, metabolic dysfunction, genotoxic-
ity, histopathological changes, and bioaccumulation [41,47,56]. Smoked CBs or smoked-
filter-derived materials frequently showed greater toxicity than corresponding unsmoked
materials, although this pattern was not universal. Particle-associated effects were also
reported: cellulose acetate microfibers increased toxicity and physically interfered with
Daphnia magna, while filter-derived microplastics affected reproductive and molecular
endpoints [48,60]. The diversity of affected taxa and endpoints supports the biological
activity of CB-derived contaminants, although heterogeneity among experimental models
limits extrapolation to population- or ecosystem-level effects.

Evidence within the plant health domain was less extensive but showed effects on
germination, root and seedling development, biomass, chlorophyll-related parameters,
mitotic activity, and chromosomal integrity. Responses varied by species and exposure level,
ranging from inhibition at increasing concentrations to biphasic responses characterized
by stimulation at lower exposures. Cytotoxic and genotoxic effects were also observed in
Allium cepa [45]. These findings indicate that plant responses are heterogeneous and cannot
be inferred directly from animal ecotoxicological evidence.

The limited comparisons between conventional CBs and waste from alternative to-
bacco or nicotine products suggest product-specific environmental effects. Piccardo et al.
(2021) compared classic cigarette butts with materials described by the original authors
as “electronic cigarette butts”; however, the specific electronic-cigarette product or device
associated with these materials was not clearly identified, limiting the reproducibility
and interpretation of this comparison [65]. Green et al. (2023) found distinct responses
of Lemna minor to conventional CBs, disposable-electronic-cigarette waste, and residual
e-liquid [43,65]. Although Green et al. clearly characterized the disposable e-cigarettes
investigated, the disassembled-device and isolated-e-liquid treatments should be inter-
preted as experimentally modified scenarios useful for identifying potential sources of
toxicity rather than as direct simulations of the most common post-consumption disposal
condition. Interpretation of [29] et al. also requires caution, as the residues described as
“e-cigarette butts” were in fact used HEETS tobacco sticks from a heated tobacco product,
highlighting the importance of accurate product identification [29]. Because conventional
cigarette butts and HEETS tobacco sticks derive from products with different designs, ma-
terials, and physicochemical processes, differences in metal content and leaching should be
interpreted as product-specific comparisons rather than as evidence of a general difference
between conventional cigarettes and electronic nicotine delivery systems. Environmental
pollution from electronic cigarettes is also likely to vary according to device configuration.
Disposable e-cigarettes may enter the waste stream as assembled units containing batteries,
electronic circuitry, metallic and plastic components, wicks, and residual e-liquid, whereas
refillable tank systems and pod- or cartridge-based devices generate different combinations
of replaceable components and residual-liquid-containing waste. Consequently, the relative
importance of electronic waste, metallic and plastic components, and direct e-liquid release
may differ substantially among device types. These differences should be considered when
designing environmentally realistic exposure studies and preclude extrapolation of find-
ings from one e-cigarette configuration to another [49]. Regulatory frameworks, collection
and recycling systems, and extended producer responsibility schemes may further influ-
ence the environmental fate of these products. Alternative filter materials also produced
inconsistent findings: biodegradable cellulose filters did not necessarily reduce leachate
toxicity in freshwater organisms, whereas life-cycle modelling suggested lower impacts
for some biodegradable filter compositions [52,63]. The current comparative evidence is
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therefore limited not only by the small number of studies but also by inconsistent product
terminology, incomplete characterization of some investigated residues, differences in
product design and physicochemical characteristics, and limited environmental realism of
some experimental exposure scenarios. Accordingly, the available evidence is insufficient
to establish a consistent hierarchy of environmental hazard among conventional cigarettes,
electronic cigarettes, heated tobacco products, and alternative filters.

The multi-domain evidence is particularly relevant to the One Health interpretation
because these studies directly connected environmental processes with animal, plant, or
human health-related outcomes. Human health was not represented as an exclusive do-
main; human-health-related evidence derived primarily from exposure or risk modelling
rather than epidemiological or biomonitoring studies. Accordingly, the available evidence
does not establish a causal relationship between environmental CB exposure and human
disease. Instead, it identifies potential exposure pathways and modelled risks involving
contaminants of established toxicological relevance. This interpretation is consistent with
the OHHLEP definition of One Health, which recognizes the interdependence of human,
animal, plant, and ecosystem health, and with the Quadripartite One Health Joint Plan of
Action, which explicitly addresses the human—animal-plant-environment interface [19].
Importantly, the evidence in this review was unevenly distributed across these dimen-
sions, with environmental and animal health more extensively investigated than plant or
human health.

These findings also have implications for environmental policy and waste manage-
ment. Prevention of littering, dedicated collection and disposal systems, consumer in-
formation, and extended producer responsibility have been proposed as complementary
approaches to reduce the environmental burden associated with tobacco-product waste [73].
In the European Union, Directive (EU) 2019/904 explicitly includes tobacco products
with filters and filters marketed for use with tobacco products within extended producer
responsibility provisions [74]. Product-design interventions and alternative end-of-life
management strategies may also reduce selected environmental impacts; in one life-cycle
assessment, some alternative filter materials showed lower modelled impacts than conven-
tional cellulose acetate filters [63]. However, biodegradability alone should not be assumed
to result in lower ecotoxicity, since the experimental evidence included in this review did
not consistently demonstrate reduced toxicity for biodegradable filter alternatives. Never-
theless, evidence on the real-world effectiveness of specific mitigation strategies remains
limited, and laboratory or life-cycle modelling results should not be assumed to translate
directly into environmental benefits.

To our knowledge, this is the first systematic review to integrate experimental toxicol-
ogy, environmental monitoring and exposure assessment, risk assessment, and life-cycle
evidence on CB and related tobacco product waste within an explicitly operationalized
One Health framework. This should be distinguished from being the first systematic re-
view of CB pollution, as previous systematic reviews have addressed the environmental
hazards and toxicity of CB waste [3,13]. Additional strengths include the use of study-
design-specific methodological appraisal and the distinction between an environmental
matrix used experimentally and an outcome directly attributable to the environmental
health domain.

Several limitations of the available evidence should be considered. Much of the
evidence was generated under controlled laboratory conditions, while cigarette brands,
smoking status, ageing, leachate preparation, concentrations, exposure duration, analytical
methods, species, and endpoints varied substantially. This heterogeneity is particularly
relevant because the chemical profile of cigarette waste may change according to smoking
status and environmental ageing; for example, primary aromatic amine concentrations
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were substantially higher in freshly smoked cigarette butts than in unsmoked cigarettes
and remained detectable, although generally reduced, in aged cigarette butts collected
from urban environments [26]. Aquatic systems were more extensively investigated than
terrestrial environments, whereas chronic low-dose exposure, repeated contamination,
mixture toxicity, bioaccumulation, trophic transfer, and direct human exposure remain
comparatively understudied. Moreover, some experimental concentrations had uncertain
environmental representativeness, and incomplete chemical characterization of leachates
sometimes limited the attribution of biological effects to individual constituents.

The review process also has limitations. Restriction to peer-reviewed articles published
in English may have excluded relevant evidence. Moreover, substantial heterogeneity in
study designs, exposure metrics, organisms, endpoints, and reporting units precluded quan-
titative meta-analysis and the derivation of a unified toxicity threshold. Consequently, the
evidence was synthesized narratively, supported by structured comparison of quantitative
dose—effect data where sufficiently comparable.

Furthermore, despite the inclusion of 47 studies overall, the evidence was unevenly
distributed across study designs and One Health domains, resulting in relatively small
numbers of studies within some specific methodological categories. This limits the extent
to which domain- or design-specific patterns can be generalized. In particular, the method-
ological quality assessments should be regarded as structured descriptive evaluations of
the individual studies rather than as analytical estimates of the certainty of the evidence
within each domain. This limitation is especially relevant to the in vitro evidence, for which
only seven studies were available for ToxRTool assessment.

Future studies should prioritize standardized CB-leachate preparation and report-
ing, environmentally realistic chronic exposures, comprehensive chemical and particulate
characterization, and harmonized ecotoxicological endpoints. Greater attention is needed
for terrestrial ecosystems, community-level effects, bioaccumulation and trophic trans-
fer, and direct comparisons among conventional cigarettes, electronic cigarettes, heated
tobacco products, and alternative filter materials. Studies involving emerging nicotine
products should ensure accurate identification of the product category and characterization
of the investigated devices or residues, clearly distinguishing electronic nicotine deliv-
ery systems from heated tobacco products, and should adopt exposure conditions that
reflect realistic patterns of use, disposal, physical damage, residual liquid content, and
environmental weathering. Finally, combining environmental monitoring with human
exposure assessment or biomonitoring would help determine whether exposure pathways
identified experimentally translate into measurable human exposure and would strengthen
the assessment of tobacco product waste within a One Health framework.

5. Conclusions

This systematic review supports the recognition of cigarette butts and related tobacco
product waste as an environmental issue extending beyond conventional litter pollution
and requiring consideration within a One Health perspective. Their combined chemical
and particulate nature, together with the interconnections identified across different health
domains, highlights the need for an integrated approach to their environmental assessment
and management.

However, the heterogeneity of the available evidence and the limited integration of
environmental, biological, and human exposure data currently constrain a comprehensive
assessment of their overall impact. In particular, evidence concerning emerging tobacco
and nicotine products remains insufficient to determine whether their environmental
profiles differ consistently from those of conventional cigarettes. Interpretation of the
available comparative evidence is further limited by inconsistent product terminology,
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incomplete characterization of some investigated residues, and differences in experimental
exposure scenarios.

Future research should move towards standardized and environmentally realistic ap-
proaches, with greater integration of environmental monitoring, ecotoxicology, and human
exposure assessment. Studies of emerging products should clearly distinguish electronic
nicotine delivery systems from heated tobacco products and accurately characterize the
devices and residues investigated. Such evidence will be essential to support more robust
One Health risk assessment and to inform prevention strategies, product design, waste
management, and regulatory measures aimed at reducing the environmental burden of
tobacco product waste.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics14100846/s1, Table S1: Review-specific methodological
quality assessment checklist for laboratory experimental studies that are neither in vivo nor in vitro;
Table S2a: ToxRTool reliability assessment of the in vitro components of the included studies (N = 7);
Table S2b: ToxRTool reliability assessment of the in vivo components of the included studies (N = 20);
Table 53: Methodological quality assessment of environmental and non-in vivo/non-in vitro studies
(N = 22); Table S4: Main findings, dose—effect relationships, and study limitations of the included
studies investigating the environmental and ecotoxicological impacts of cigarette butt and related
tobacco product waste.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

ASW Artificial seawater

BTEX Benzene, toluene, ethylbenzene, and xylenes
CBs Cigarette butts

CF Cigarette filter

DW Deionized water

EC50 Median effective concentration

ENDS Electronic nicotine delivery systems
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EU European Union

HHRA Human health risk assessment

ISO International Organization for Standardization
LCA Life cycle assessment

LC50 Median lethal concentration

N/A Not applicable

NPs Nanoplastics

OCPs Organochlorine pesticides

OHAT Office of Health Assessment and Translation
OHHLEP One Health High-Level Expert Panel

PAHs Polycyclic aromatic hydrocarbons

PCBs Polychlorinated biphenyls

PECO Population, Exposure, Comparator, and Outcomes
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PROSPERO International Prospective Register of Systematic Reviews
QA/QC Quality assurance/quality control

RAGS Risk Assessment Guidance for Superfund

RW River water

SW Seawater

ToxRTool Toxicological Data Reliability Assessment Tool
™ Tap water

USEPA United States Environmental Protection Agency
VOCs Volatile organic compounds
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