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ABSTRACT: Microplastic pollution, an emerging pollution issue,
has become a significant environmental concern globally due to its
ubiquitous, persistent, complex, toxic, and ever-increasing nature.
As a multifaceted and diverse suite of small plastic particles with
different physicochemical properties and associated matters such as
absorbed chemicals and microbes, future research on microplastics
will need to comprehensively consider their multidimensional
attributes. Here, we introduce a novel, conceptual framework of
the “microplastome”, defined as the entirety of various plastic
particles (<5 mm), and their associated matters such as chemicals
and microbes, found within a sample and its overall environmental
and toxicological impacts. As a novel concept, this paper aims to
emphasize and call for a collective quantification and character-
ization of microplastics and for a more holistic understanding regarding the differences, connections, and effects of microplastics in
different biotic and abiotic ecosystem compartments. Deriving from this lens, we present our insights and prospective trajectories for
characterization, risk assessment, and source apportionment of microplastics. We hope this new paradigm can guide and propel
microplastic research toward a more holistic era and contribute to an informed strategy for combating this globally important
environmental pollution issue.
KEYWORDS: microplastic pollution, microplastome, multidimensional signature, collective characterization, risk assessment,
source apportionment

■ INTRODUCTION
The pollution of microplastics (plastic particles < 5 mm), as a
critical planetary boundary threat,1,2 is currently a global
environmental issue of high concern.3,4 Microplastics are found
in almost all abiotic (including aquatic, terrestrial, and
atmospheric) and biotic (including plants, animals, and
humans) ecosystem compartments on Earth.3−10 Given the
increasing trajectory in annual production and disposal of
plastic products11 and the limited recycling and reuse, as well
as the poor degradability of the materials, this pollution issue
represents a grand environmental challenge that is difficult to
reverse.4,12 Microplastics can affect environmental quality and
biological health through their own physicochemical properties
and their interactions with chemicals and microorganisms in
the ambient medium.12−18 In particular, these particles
carrying adsorbed matters such as chemicals and micro-
organisms travel across biotic and abiotic compartments,
resulting in combined contamination effects.19−21 Moreover,
the toxicity-debt effect (potential long-term consequences of
plastic degradation and pollution release) of microplastics

leads to a potential future toxicity peak.13 Beyond the nature of
ubiquity and ecotoxicity, the microplastic pollution issue is
known for its highly complexity.14,22 Polluted microplastics are
highly variable in physicochemical properties including size,
shape, polymer type, additive, aging time, and associated
matter.6,20,22,23 Variances in these aspects of microplastics have
been demonstrated to have distinct fates and yield distinct
different ecological consequences and impacts.10,23−28 Given
that real-world microplastic contamination is a mixed suite of
diverse particles and their associated contaminants,22 a more
holistic approach is required for effective microplastic research
to support public policy.
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The detection technology for microplastics is currently
advancing at a rapid pace. The successful application and
refinement of advanced detection techniques, such as mass
spectrometry (MS), micro-Fourier-transform infrared (μ-
FTIR) spectroscopy, micro-Raman (μ-Raman) spectroscopy,
laser direct infrared (LD-IR) spectroscopy, and Nile Red (NR)
fluorescent staining, as well as their combinations, in
microplastic research have significantly enhanced the efficiency
of identifying and quantifying microplastics in complex
biological and environmental samples.29−31 Furthermore,
with the evolution of artificial intelligence (AI), the automatic
identification and classification of microplastics based on
machine learning are also becoming increasingly sophisti-
cated.32−34 The swift progress in microplastic detection and
analysis technology facilitates the acquisition of extensive
microplastic data. In this context, it becomes particularly vital
to approach microplastic research with a holistic perspective to
unveil the distribution, fate, and transport patterns of
microplastics, as well as their impacts on the environment
and organisms.
In earlier work, by establishing an analogy between

microplastics and microbial communities, we introduced the
concept of the “microplastic community” and profiled
environmental microplastics across diverse ecosystem types.6

Drawing on the multidimensional data handling principles

frequently utilized in community ecology research, we retained
the multidimensional nature of microplastic pollution and
investigated the variability and connections of microplastics in
different ecosystem types.6 Our concept and methodology
have been widely recognized and adopted in subsequent
environmental microplastic studies.35−41

While employing the term “microplastic community”, we
recognized a potential source of confusion for certain
researchers who might misconstrue it as a reference to the
microbial community associated with microplastics, which is
better captured by the term “plastisphere microbial commun-
ity”.19,42,43 This concern prompted us to seek a more
appropriate term for denoting the entirety of microplastics
within a specific location at a given time. The suffix “-ome”
conventionally signifies “all constituents considered collec-
tively”, indicating a comprehensive and systematic approach to
studying and categorizing various components, processes, or
entities within a specific context. This suffix has gained broad
acceptance across diverse research domains, extending beyond
its original application in the characterization of pools of
biological molecules such as the genome, transcriptome, and
proteome. Examples encompass the metallome (including
subdivisions like environmetallome and agrometallome)44−46

and exposome.47 Expanding upon this groundwork, we hereby
propose the new term “microplastome”, with a broader

Figure 1. Pervasive, complex, and interlinked microplastomes in various biotic and abiotic ecosystem compartments. Pollution sources and
environmental properties of the ambient medium jointly shape the compositional signature of the microplastome, and conversely, the
compositional signature of the microplastome can also mirror environmental conditions and pollution sources. The diversity of microplastics
characterizes the contamination complexity, which in turn reflects the difficulty in effective management. Whether a correlation exists between the
diversity and the impact of microplastics is unclear. Equal concentrations of microplastics do not represent equal risks, and the collective risk of the
entire set of microplastics is not equal to the sum of the risks of individuals. Consequently, a holistic standpoint should be taken for uncovering the
real-world ecological and health impacts posed by microplastics.
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meaning than the previous “microplastic community”, defined
as “the entirety of various plastic particles (<5 mm), and their
associated matters such as chemicals and microbes, found within a
sample, and its overall environmental and toxicological impacts”.
With this new concept, we aim to underscore the significance
of collectively characterizing and quantifying microplastics and
their impacts in both environmental and biological samples
(Figure 1). Derived from this novel lens, we outline some new
thinking below concerning microplastic research using a
comprehensive perspective to help identify and assess real-
world impacts of microplastics.

■ ENHANCING MICROPLASTIC POLLUTION
CHARACTERIZATION USING A HOLISTIC VIEW

The description and comparison of microplastic pollution
across time and space necessitate a comprehensive perspective
regarding their multidimensional attributes, such as size, color,
shape, polymer, additives, aging time, and associated matters.
Overlooking the variations and interconnections within the
multidimensional compositional signatures of microplastomes
would disregard valuable information. For example, a similar
composition of two microplastomes indicates a homogeneous
property of their embedded environmental media, as well as a
similarity in the pollution source profiles. Likewise, variation in
the composition of microplastomes can signal dissimilarities in
environmental matrices or disparities in pollution sources and
their different impacts on ecosystems and their inhabitants.
Moreover, a significant correlation between compositional
variations could indicate the potential transfer or exchange of
microplastics between the two locations or fluxes across
ecosystems. Studying compositional patterns and dynamics of
the microplastome by maintaining its multidimensional
features would help elucidate the sources, fate, and transport
mechanisms of microplastics, thus being of great importance to
support effective risk management.
Multidimensional data analysis tools can be employed to

explore the dynamics and connections of microplastomes
under various scenarios, including different sites, ecosystem
compartments, or time scales. For instance, principal
component analysis (PCA)/principal coordinate analysis
(PCoA) can effectively visualize the compositional (dis)-
similarities of microplastomes in different samples and different
groups. When analyzing microplastic type compositional data
alongside external environmental factors such as ambient
physicochemical properties and anthropogenic factors, tools
like redundancy analysis (RDA) and the Mantel test can be
instrumental in identifying potential factors driving micro-
plastome variability. Pinpointing key drivers behind high-risk
microplastic compositions allows for informed actions to
mitigate these risks (The methods for determining the risk
level of microplastomes with varying compositional features
are discussed in the following section.).
What needs to be emphasized is the immense application

potential of machine learning in microplastic research. On one
hand, based on the physical and chemical compositional
features of microplastomes in known samples under different
scenarios, we can develop machine learning models, such as
random forest, support vector machine, and deep learning, to
determine the most representative changes in the microplastic
type composition resulting from known variables.48 This aids
in clarifying pollution characteristics and distribution mecha-
nisms of microplastics in different scenarios. On the other
hand, these models, once trained with compositional features

of microplastomes from known scenarios, could potentially be
used to deduce the sources of unknown samples based on their
microplastic type composition. Moreover, training these
models with known microplastic type compositions and
concentrations under specific environmental conditions
enables the prediction of the microplastic pollution status by
inputting environmental parameters. The potential applications
of machine learning in risk assessment and source apportion-
ment are detailed in subsequent sections.

The diversity of microplastics reflects the inherent complex-
ity of microplastic pollution within abiotic and biotic matrices
and also highlights the grand challenges in microplastic
monitoring and management (Figure 1).6 A higher diversity
of microplastic types may indicate a broader array of pollution
sources6 and highlights the difficulties of effective management
of both point and nonpoint sources. Furthermore, in cases
where the contamination suite comprises a greater variety of
microplastic types, addressing microplastic pollution neces-
sitates considering an array of strategies for their removal.
Therefore, their diversity also implies the intricacies involved
in postrelease environmental management. In addition, it is
still unclear whether variations in the diversity of microplastic
types can result in different impacts and whether the
relationship between the type diversity and impact of
microplastics is scenario and context specific. If so, then
there is a greater need for quantitatively characterizing the
microplastic diversity in relevant research to indicate the
potential severity of ecological consequences, and future
research needs to look at the links between microplastic
diversity and ecological consequences in different scenarios. In
our previous study, we established a microplastic diversity
integrated index (MDII) considering multidimensions together
(eq 1), which can give a relatively comprehensive and
quantitative characterization of the complexity of environ-
mental microplastics6
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i

m

1

1/

=
= (1)

where m is the number of feature dimensions of a
microplastome, and Simpsoni is the Simpson diversity of
microplastics in the dimensioni. Dimensions of a microplastome
include size, color, shape, polymer, chemical composition,
additives, aging time, etc. Similar to the Simpson index, the
value of MDII also ranges from 0 to 1, with a higher value
representing a higher diversity.

Furthermore, analysis of the composition and diversity of
the microplastome relies on the relative abundance of different
types of microplastics irrespective of their absolute quantities.
This effectively addresses the obstacle�poor reproducibility
and comparability of quantitative analyses for microplastics
across laboratories and different environments�caused by
inconsistent study protocols.23,49 Within individual investiga-
tions, it is important to undertake a comprehensive character-
ization profile of microplastic conditions in environmental or
biological samples from abundance/concentration, type
diversity, and patterns, dynamics, and driving factors of
compositional signatures.
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■ USING A HOLISTIC PERSPECTIVE TO SUPPORT A
RATIONAL RISK ASSESSMENT

Understanding potential ecological and public health effects of
microplastic pollution is a prerequisite for a comprehensive
assessment of their risk. Furthermore, evaluating risk of
microplastics is essential to identify hot spots and hot
moments that need to be prioritized for effective manage-
ment.24,50 Given that changes in features, such as size, color,
shape, polymer, and associated matters, of microplastics can
lead to different ecological impacts,22,27,28,51−53 pollution with
comparable concentrations of microplastics may result in very
different ecological consequences due to compositional
differences (Figure 1). In light of this cocktail effect, the
evaluation of microplastic risk necessitates acknowledging its
mixture nature and unparalleled complexity14 and cannot rely
solely on concentration data.27 If we can assign a risk score to
each type of microplastics, and based on relative abundance of
each type of microplastics as well as the absolute abundance,
mass, or volume of the entire set of microplastics, we may
obtain a relatively comprehensive evaluation, considering the
multidimensional features of plastic particles and their varying
degrees of ecotoxicological impact (eqs 2 and 3, proposed by
this study)

DRI Abundance Score
j

n

j j
1

= ×
= (2)

where DRI (dimensional risk index) is the risk index of
microplastics in a given dimension (such as size, shape, or
polymer), n is the number of types of microplastics in this
dimension, Abundancej is the relative abundance of the typej of
microplastics, and Scorej is the risk score of the microplastic
typej

ORI Amount DRI
i

m

i
1

= ×
= (3)

where ORI is the overall risk index of a microplastome, Amount
is the absolute abundance, mass, or volume of total
microplastics per unit mass or volume of sample, m is the
number of feature dimensions of a microplastome, and DRIi is
the risk value of a microplastome in the dimensioni. Dimensions
of a microplastome include size, color, shape, polymer
composition, additive, aging time, etc.
Of the three quantitative parameters (absolute abundance,

mass, and volume), absolute abundance quantified by number
of individuals should be the most labor-efficient one as well as
the one with the lowest detection limit for particle size, which
can be more accurately and rapidly determined with the
development of high-throughput microplastic identification
technology.32−34 Volume, which incorporates the three-
dimensional (3D) properties of microplastics, is perhaps the
most comprehensive metric.54 The overall volume of a
microplastome can be estimated using the newly established
Barchiesi model.54 Currently, accurately ranking or scoring the
risk of various features of microplastics is still challenging.
Bucci and Rochman recently ranked the risk of different types
in each microplastic dimension (including size, shape, polymer,
and environmental chemistry of the medium) based on the
literature and their understandings.25 This work offers
pragmatic information for risk ranking of microplastic features
based on the currently available body of knowledge. Future
research endeavors are needed to establish a comprehensive

and refined ranking or scoring system for diverse features of
microplastics. This could be achieved through ecotoxicological
experiments that concentrate on one given dimension while
holding the other dimensions constant, ultimately analyzing
the collective and independent impact of each dimension on
(eco)toxicity. Notably, the risk ranking or scoring of
microplastic features needs to take into account both direct
and indirect effects including their interactions with other
chemical contaminants55,56 and microorganisms19,43,57,58 in
their immediate environment. The long-term consequences of
plastic degradation and pollution release also need to be
considered in the risk scoring.13,59

Although we introduce a potential risk assessment model for
microplastics while concomitantly considering their multi-
dimensional features and mixed composition, ultimately, it is
still a simplification of what microplastics are like in the real
world. The overall effects of the entire microplastome, whether
physical, chemical, or biological, cannot be equated to the sum
of the individual effects. Antagonistic or synergistic effects may
occur when different types of microplastics are aggregated. For
example, the physical effects of clusters formed by entangled
fibrous microplastics can cover other shapes of microplastics
contained therein, and chemical reactions may happen among
the additives released from the degradation of different types of
microplastics.60 Therefore, to fully elucidate the actual risk
posed by microplastics, studying and modeling from a holistic
perspective are essential in the future.

To achieve this, an assessment of the complete micro-
plastome would be employed for relevant ecotoxicological
experiments instead of limiting studies to single polymers,
shapes, or sizes. The full microplastome can be obtained either
by extracting microplastic mixtures from actual samples or by
configuring representative types of microplastics based on the
known concentration and compositional features of micro-
plastics in the target environment (The methods for obtaining
microplastic pollution characteristics are discussed in the
previous section.). Utilizing these prepared microplastomes for
microcosmic experiments facilitates the capture of their real-
world ecotoxicological effects. Encouragingly, recent research
has started to leverage this idea, striving to reconstruct the
ecological impacts of complex microplastics in actual environ-
mental settings.61,62 By adjusting the composition (adjusting
the relative proportions of different types of microplastics)
with a constant concentration and adjusting the concentration
with a constant composition, a concentration-composition-
effect model can be developed with machine learning. This
model enables us to identify which compositional signatures
pose a higher risk and to pinpoint the key microplastic types
that dominate the overall ecotoxicological effects. By
integrating external environmental factors, such as the
physicochemical properties of the media and anthropogenic
influences, we can discern the external drivers of microplastic
risk. This understanding aids in identifying environments that
are particularly susceptible to high-risk microplastics and
formulating potential mitigation strategies.

The risk thresholds of microplastic pollution for the
biological community level would be determined by establish-
ing species sensitivity distribution (SSD) models based on
complex, species-level, ecotoxicological experiments, which
would be sublimated if trophic cascades can be incorporated as
the ecosystem-level effects of microplastics are regulated by
complex trophic cascades in ecosystems.63 The effects of
microplastics on ecological processes are usually overlooked in
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risk assessments from the viewpoint of ecotoxicology. As an
emerging global change factor, microplastics can alter the
physicochemical properties of environmental media, intervene
with the biogeochemical cycling of elements, and affect crop
growth and food security and safety in terrestrial and aquatic
ecosystems.14,28,64−70 Therefore, ecological consequences need
to also be considered more fully to obtain a comprehensive
assessment of microplastic risk. For example, the impact of
microplastics on (micro)biodiversity, ecosystem organic
carbon sequestration, water quality, greenhouse gas emissions,
and crop yields may be incorporated as ecotoxicological end
points. Furthermore, the overall impacts caused by micro-
plastics vary depending on the scenario (e.g., ecosystem
type71). On one hand, microplastics in various scenarios may
exert distinct physical, chemical, and biological effects due to
their interactions with ambient substances of different
properties. On the other hand, even with identical microplastic
pollution conditions, the overall impact can vary significantly
across different populations, communities, and ecosystems.
Therefore, future investigations of microplastic risks under
different scenarios are needed so that policymakers and
regulators can develop scenario-specific actions. Finally, by
harnessing publicly accessible extensive data and machine
learning, we would establish robust tools that could inform the
level of risk in specific scenarios by entering microplastic
concentration and composition data.

■ NEW INSIGHTS INTO SOURCE APPORTIONMENT
OF MICROPLASTICS

Unraveling pollution sources and transport pathways of
microplastics is pivotal for developing precise strategies and
countermeasures to support pollution abatement and effective
management. However, the complex nature of microplastic
pollution leads to difficulties in source apportionment and
attribution, and thus far, validated source analysis frameworks

are lacking. Source apportionment of microplastics also
requires an aggregate perspective rather than just extrapolating
separately the potential origins of individual particles or a given
type of particles. For example, in the context of large ecosystem
compartments, what proportion of microplastics in marine
environments stems from river transport versus airborne
deposition? To what extent do microplastics in rivers derive
from nearby land, wastewater treatment plants, industries, and
atmospheric deposition? On a smaller scale, what portions of
microplastics in agricultural soils result from sewage irrigation,
sludge reuse, and neighboring contaminated soils? Moreover,
how do contributions from sources such as food, drinks, air,
and frequently touched surfaces such as cell phones and door
handles compare in terms of the microplastic presence within
the human body?

Once we ascertain the contributions of potential contami-
nation sources of microplastics at the target location, we can
discern zones that warrant prioritized management or a special
focus. To achieve this, a (micro)plastic emission inventory that
catalogues the compositional information on microplastics
from key microplastic pollution sources needs to be established
to facilitate source apportionment of target samples. Then, by
comparing observed compositional signatures of microplastics
in these samples with those from known sources, we can
retroactively trace their potential pollution origins. Multivariate
receptor models, such as principal component analysis-multiple
linear regression (PCA-MLR), UNMIX, and positive matrix
factorization (PMF), which are commonly used for source
apportionment of other contaminants such as particulate
matter,72 heavy metals,73 and antibiotics,74 may be effective
tools for the source analysis of microplastics. Furthermore,
well-established tools such as SourceTracker75 and fast
expectation-maximization for microbial source tracking
(FEAST),76 which are commonly used in source apportion-
ment for microorganisms, may also be applicable for the source
analysis of microplastics. Notably, in addition to the physical

Figure 2. New paradigm for microplastic research with a holistic perspective.
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and chemical attributes of microplastic particles themselves,
their associated matters, such as absorbed chemicals and
microbes, would also be an important part of indicators for
these source apportionment models.20,77 Importantly, assessing
model performance based on predefined data sets is essential
to illustrate the applicability and reliability of these models.
Generally, with multidimensional data thinking, developing
source analysis tools tailored specifically for microplastic
pollution is still needed to achieve more precise source
apportionment. When we have enough microplastic composi-
tion-source profile data from individual studies, machine-
learning-based modeling could enable us to profile the source
contribution of given samples by inputting their microplastic
compositional data.

■ IMPLICATIONS AND OUTLOOK
Recognizing the complexity and diversity of microplastics as a
class of contaminants,22 we introduce the concept of the
microplastome to advocate for a more holistic approach in
microplastic research. In this context, the term “micro-
plastome” encompasses all plastic particles smaller than 5
mm including nanoscale microplastics. However, some
researchers prefer to treat nanoplastics separately from larger
microplastics due to their unique characteristics, such as
distinct transport patterns, interactions with light and natural
colloids, and bioavailability.78 In research specifically focusing
on nanoplastics, the concept of a “nanoplastome” could be
similarly useful, highlighting the importance of a comprehen-
sive approach to understanding the differences, linkages, and
overall impact of nanoparticles across various biotic and abiotic
compartments. What this paper emphasizes, as a fundamental
idea, is capturing the distribution pattern, fate, and real-world
impacts of these tiny plastic particles by considering them as a
collective entity and leveraging their complexity.
Building upon this perspective, we engaged in a dialogue

regarding our innovative ideas for forthcoming microplastic
research, encompassing facets of characterization, risk assess-
ment, and source apportionment (Figure 2). Understanding
the pollution characteristics of microplastics is a prerequisite
for developing effective management strategies. Therefore,
first, we suggest fully embracing the multidimensional
compositional signatures of complex microplastics. Analyzing
the dynamic patterns of these signatures under various
scenarios will enhance our understanding of microplastic
distribution, fate, and the mechanisms driving these processes.
Following this, a robust microplastic risk assessment frame-
work is necessary to evaluate risks, identifying critical hot spots
and moments that require priority in control or special
attention. For practical application, we suggest using micro-
plastic mixtures extracted from actual samples or those
configured based on the compositional signature information
on the target environment to restore their real-world states for
ecotoxicological experiments. By establishing concentration-
composition-effect models and the SSD model, we can
establish the risk thresholds and assess the risk level of
microplastic pollution in the studied context. If a high-risk level
is diagnosed, then source apportionment becomes necessary to
identify and manage the primary pollution sources. Current
research on microplastic source analysis tools is still in its early
stages. We suggest a scheme for source apportionment based
on the compositional features of complex microplastics
combined with receptor models. Sources identified as major
contributors to the high risk of microplastics can be prioritized

for control measures. Overall, by fully recognizing the
complexity of microplastic contamination and considering
complex microplastics as a collective entity, we propose a new
paradigm for progressing from understanding to controlling
pollution.

With the rapid development of high-throughput and
automated identification, quantification, and classification
technologies for microplastics, large-scale microplastic data
can be more readily available to researchers.32−34 In this
context, this work would serve as a guide for investigating the
distribution, transport, effect, and risk of microplastics from
massive and multidimensional microplastic data. We anticipate
that this new paradigm will serve as a catalyst for the
generation of novel insights and concepts within the scientific
community and among policymakers. We believe that the
development of this paradigm will go a long way toward
unraveling the ecological impacts of microplastics, thereby
aiding in the management and resolution of this pressing global
environmental concern.
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