¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online
View Journal

PERSPECTIVE

Materials science underpinnings of micro

’ '.) Check for updates ‘
and nanoplastics

Cite this: DOI: 10.1039/d5sm00297d

@ Nicholas F. Mendez,® Michele Valsecchi,?
® and Sanat K. Kumar (2 *@

Maninderjeet Singh,
Guruswamy Kumaraswamy

There is considerable interest in microplastics and nanoplastics (MNPL) due to their ubiquity and their
potential for serious health consequences. A framework that allows us to consider all relevant aspects of
MNPL requires us to enunciate (a) their formation mechanisms, their sizes, shapes, and chemical
functionalities (upstream properties); and (b) their health and environmental consequences (downstream
properties). In this perspective, we discuss the materials science underpinnings of MNPL formation, and
the current open questions that need immediate attention from the research community. Specifically,
we highlight the lack of understanding of how angstrom-level environmentally triggered bond-breaking
events lead to the formation of ~10 nm-1 mm-sized fragments. Are there universal theoretical ideas
that unify MNPL formation in disparate situations? What is the role of external stressors, polymer
morphology, and molecular weight? Answering these questions requires us to develop a suite of novel
metrologies — from accurate, accelerated aging tests that mimic natural MNPL creation processes but
speed up these rare events into the normal laboratory time scales; to the extension of standard physico-
chemical characterization tools which are hard to apply in the context of MNPL formation due to small
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1. Introduction

Plastics and synthetic polymers are a ubiquitous part of
modern human society with a global production approaching
500 Mt year '. Despite their usefulness, plastics have un-
intended negative consequences, such as the creation of plastic
waste.”” While primary microplastics - i.e., engineered parti-
culate plastics a few mm in size or smaller, often employed in
cosmetic products in the past - have been widely banned,’ this
perspective focuses on secondary microplastics that form due
to plastic degradation. There is increasing awareness® that
plastics, in use and at their end of life, generate secondary
microplastics (sizes between 1 um and 1 mm)® and nano-
plastics (sizes <1 um)® [MNPL].*” The presence of MNPL in
the environment (air, water, and land) has now been well-
established,®® and analytical methods are currently being
developed to characterize some features of these pollutants,
such as size, shape, and physico-chemical properties.'®*!
Similarly, the potential health consequences of MNPL have
become evident, although this research is still in its nascent
stage.”'”'* Given the ubiquity of plastics in our daily lives, the
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fact that these materials can release micrometer and smaller-
sized objects with the potential to accumulate in human and
animal bodies">*® is alarming. Notably, MNPL have been found
in the human heart,"” brain,'® blood," liver,”® placenta,*"*
breast milk,* kidneys,>* and testicles*® where they are expected
to have significant health effects.’>*®?¢31 While evidence
suggests that the toxicity of MNPL is related to their physical
characteristics®> (size, shape, surface chemistry), we also note
that they can act as carriers of other harmful substances such
as additives (stabilizers, antioxidants, plasticizers) and heavy
metals which can leach into humans/animals with deleterious
health consequences.*

1.1. Formation mechanisms

Although the “downstream” effects of MNPL (i.e., their envir-
onmental prevalence and their health consequences) are a
subject of intense research, the “upstream” side (ie., the
processes by which they are created) is significantly less
explored. It is well-accepted that MNPL creation must be
triggered by bond-breaking events (i.e., polymer chain scission)
caused by wave and/or wind action, exposure to air, water***°,
and/or light (specifically UV radiation),’**® mechanical wear,
among other factors. However, a thorough understanding of
how such angstrom-scale events lead to the formation of these
much larger-sized pollutants remains an open question for
the materials science community. This is the key topic of this
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perspective. A comprehensive understanding of MNPL for-
mation must address how the underpinning fragmentation
physics depends on:

(a) Morphology, ie., the physical ‘“state” of the polymer
determined by molecular and microscale structure (e.g., semi-
crystalline, amorphous glassy, crosslinked rubbers, or filled
polymers; orientation and residual stress) as well as its macro-
scopic form and fabrication protocols (packaging films, molded
objects, fibers; use of additive stabilizer packages).

(b) Forcing fields, i.e., (i) mechanical stresses generated by
either external flow fields, abrasion, or solvent swelling, and
(ii) chemical reactions induced by polymer-environment inter-
action (including UV irradiation, oxidation, hydrolysis, enzy-
matic action).

1.2. Metrologies

An intimately related question is how one can monitor and
quantify MNPL formation. Recognizing that real-life MNPL
formation, especially under quiescent conditions, can be a rare
event motivates us to develop accelerated aging tests that
faithfully mimic the environmental creation of these materials.
In addition to speeding up these processes, such accelerated
tests also allow us to create sufficient amounts of MNPLs that
can be characterized by available in situ and ex situ experi-
mental probes. Looking ahead, there is a pressing need to
develop experimental methods that determine MNPL size and
shape distributions, but more importantly the accumulation of
chemical and structural changes that accompany both the local
degradation processes and the associated release of the MNPL
under environmental conditions where their concentrations
are low, at the edge of detection by conventional probes.

This perspective begins with a detailed discussion of for-
mation mechanisms, especially focusing on the postulated
roles of morphology and external drivers. We then have a brief
consideration of metrologies, followed by a final section
focused on the open questions that we believe need to be
immediately addressed by the research community to under-
stand and mitigate MNPL pollution.

2. Formation of micro and
nanoplastics

2.1. Definitions

It is important that we define what we mean by micro and
nanoplastics. These are loosely defined in the literature as
objects in the size ranges discussed above. To provide more
context, we first recognize that MNPLs are formed by the
degradation of polymeric materials and hence they must have
the chain-like molecular structure of the starting, parent mate-
rial. Further, each possesses its own size and shape, although
samples of secondary micro and nanoplastics invariably
assume rather polydisperse size distributions. A degrading
polymeric material could yield oligomeric fragments, which
are commonly accepted to have liquid-like behavior. Addition-
ally, they sometimes result in objects comprised of longer
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chains, with entanglements, crystals, or crosslinks holding
the sample together. These objects are usually thought to be
solid-like. While both types of degradation products warrant
interest due to their potential toxicity, their persistence as
clearly defined objects depends strongly on the environmental
conditions that they encounter. For example, a droplet of
oligomers could coalesce with other droplets or could dissolve
in the surrounding medium at low concentrations.

To rigorously distinguish between these two types of degra-
dation products (i.e., liquid vs. solid-like), we adapt a definition
of a transient solid proposed by Rubinstein and Semenov in the
context of reversibly associating polymers.’” These workers
define two relevant time scales: first, is the lifetime of a network
that is formed by the reversible association of polymers into a
percolating structure. Second, is the relaxation time of this
percolating cluster. The material is considered to be solid-like
in its mechanical response when its relaxation time is larger
than its lifetime (i.e., the time it persists in the environment).

By analogy, we propose a refined definition of a micro/
nanoplastic as a finite-sized object in the nm to mm
range whose relaxation time is longer than its lifetime in the
environment.

Thus, a semicrystalline fragment has a relaxation time that
is typically much longer than its lifetime. Fragments comprised
only of oligomeric species, which have shorter relaxation times
than their lifetimes, are considered to be liquids. These liquid-
like fragments represent pollutants whose environmental fate
is incompletely understood.*® It is possible that such liquid-like
species, especially when they arise from oxidative degradation,
might be metabolized by microbes - they could also lead to
compounds with potential carcinogenecity.*>*® Thus, while
liquid-like oligomeric fragments have their own interesting
behavior, below we focus on solid-like objects that we shall
exclusively term MNPLs.

2.2. MNPL formation mechanisms

Fig. 1 top panel shows an overview of the formation pathways of
MNPL from bulk plastics. However, we do not know when the
underpinning bond-breaking events lead only to the formation
of oligomers and smaller fragments versus when they addition-
ally form MNPL. What are the relevant time scales for these
processes?

Although there has been some research into the processes
responsible for MNPL generation via fragmentation,*" a uni-
fying framework elucidating the role of different forcing fields
(e.g., mechanical forces, chemical reactions, photooxidation
among others) and polymer morphology (e.g., semicrystalline,
amorphous, crosslinked) is not established. While research is
needed to delineate a comprehensive picture, ideas borrowed
from materials science and polymer physics qualitatively antici-
pate the size and shape distributions of MNPL fragments
formed under the control of these different variables.

There are two key concepts in this context: the length scales
that describe the material microstructure, including the chain
radius of gyration, R,, entanglement length, and crystal/
amorphous sizes, and those that describe the forcing fields,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Micro- and nanoplastics (MNPL) generation from bulk plastics and the relevant length scales. The top panel shows an overview of MNPL
generation pathways from bulk plastics, including bulk plastics to microplastics, microplastics to nanoplastics, bulk plastics to nanoplastics, and
nanoplastics to oligomers and monomers. The bottom panel shows the relevant length scales which underpin the formation and persistence of MNPL
including forcing field length scales such as hydrolysis, oxidation, enzymatic action, UV irradiation, and polymer-based length scales such as crystal
morphology, elastoadhesive length, chain radius of gyration (Rg), crosslink density, entanglement length, size of density fluctuations etc.

including reaction-induced changes in the elastoadhesive
length.** These length scales provide approximate bounds for
the maximum size of the fragments generated. Clearly, their
impact on the MNPL properties is determined by comparison
of their magnitude with the object’s linear dimension (L).

2.2.1. Role of forcing fields. Forcing fields can be applied
to samples either under quiescent conditions or when an
external (mechanical) force is applied to the polymer. Since
the physics in these situations are likely different, we discuss
MNPL under these two conditions separately.

2.2.1.1. Quiescent degradation. Under quiescent conditions,
MNPL formation occurs when the failure stress of the material
becomes negligibly small. These poor mechanical properties
arise due to successive bond-breaking events. Such bond-
breaking can be driven by a variety of factors, e.g., by hydrolysis,
oxidation, enzymatic action, and UV irradiation. In photooxida-
tion, one natural length scale is the absorption length Az, of the
UV radiation, which limits the depth at which oxidative damage
can occur. Similarly, in chemical degradation (e.g., oxidation or
hydrolysis), the reaction-diffusion length Arp = /D/K (where
D is the reactant’s diffusivity and K a characteristic reaction
rate) determines the linear size of the degraded region. Pre-
vious work has used such ideas to decide if degradation is a
surface effect or occurs throughout the bulk of the polymer.**

This journal is © The Royal Society of Chemistry 2025

Such concepts are also likely relevant to MNPL creation, espe-
cially deciding if it is a surface phenomenon or a bulk one, and
to the sizes of the resulting fragments - however these ideas
have not been tested to date in this field.

Provided that the fragmentation driving force acts homo-
geneously on a material and is scale-invariant, theoretical
arguments by Kolgomorov** and more recent authors demon-
strate that the fragment sizes should tend towards a log-normal
distribution at intermediate times and a power law distribution
at long times for one-dimensional processes. This concept was
recently demonstrated in the formation of chemically etched
cellulose nanocrystals.*> However, the hypothesis of scale
invariance must inevitably break down at small enough scales
where either the external forces are unable to cause bond
breaking or material inhomogeneities become apparent.

2.2.1.2. MNPL formation under external stresses. Next we
discuss the role of stresses. When the externally imposed stress
is (locally) larger than the failure stress of the material, a crack
can nucleate and eventually cause the formation of a fragment.
Ideas inspired by Eyring®® and Zhukov'” allow us to develop
connections between macroscopically imposed stresses
and bond scission events. For example, the activation energy
associated with bond breaking can be lowered by an imposed
stress (scaled with an appropriate molecular volume) in an
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anisotropic manner. Such an approach has recently been
employed in the context of chain failure in elastomers*® and
polymer melts.” We propose that these ideas should be
extended to MNPL formation.

Since fragmentation ultimately entails localized failure of a
material, a particularly important class of polymer length scales
are those obtained by appropriately combining continuum-
level material constants relevant to fracture mechanics. In general,
the propensity of a material to fragment arises from the competi-
tion of elastic and adhesive forces. This principle is central to
Griffith’s theory of linear elastic fracture®® and is implemented
in tribological models of abrasion such as Rabinowicz’s criterion
for fragment release in adhesive wear. One example of such a
material-specific length scale is the elastoadhesive length Az, =
GE,** ie., the ratio of the critical strain energy release rate
needed to propagate a crack during fracture (G., with dimen-
sions of surface energy) and Young’s modulus (E, with dimen-
sions of energy density). This quantity characterizes the linear
size of the deformed region ahead of a crack tip and is known for
several polymeric materials (ranging from microns to milli-
meters). Note that G, in polymers depends on the velocity of
crack propagation and on the fracture mode, implying that the
characteristic size of the fragments is expected to vary depending
on the mechanical process involved (e.g., collisional impact or
abrasion). Further, other quantities with dimension of energy
density (such as the yield stress gy) can be used instead of E to
obtain additional length scales.

Thus, in stress-driven fragmentation of bulk plastics,
MNPLs with a characteristic size are generated for a given
applied stress. Recent work®>>> suggests that the length scales
obtained with this prescription are strongly correlated with the
mean size of MNPL released by polymers under diverse
mechanical actions. Other work,>™* primarily using sonica-
tion or blending, suggests that the mean particle size decreases
monotonically with increasing power input. Thus, for large
power, NPLs of size 100 nm can be found. Also, the number
of particles produced is large (typically between 10'' and
10" particles liter™'), with this quantity increasing with
increasing power input into the system. While it has been
postulated that this is a direct manifestation of fracture
mechanics, this picture is not found to capture the size varia-
tions with input power, even to the level of predicting the right
power law scaling for this relationship. Thus, new ideas need to
be developed to understand the physics in these situations.

2.2.1.3. Wear. In addition to such fracture-related ideas,
another relevant concept is one of wear. Rubber tires wear
during use and in these cases, they generate MNPL.>® That tire
wear can create fragments that get washed into water streams
in a well-accepted concept, but the newer findings are that
they also create airborne MNPL that are charge stabilized.
While concepts such as Archard’s law,”” which determines
the amount of rubber worn by the applied stress, and Griffith’s
ideas of fracture®® all appear to be relevant in these cases, the
underpinning physics is not clear. Additionally, there are no
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control studies that look first purely at unfilled rubbers and
then at the role of added filler.

Biomedical polymer implants such as radiation-crosslinked
ultrahigh molecular weight polyethylene hip implants experi-
ence high stresses and cyclic loading during their use life. Their
wear has been extensively studied and rationalized using
classical tribological theories.”®*®" Biomedical joints wear at
their surfaces when they abrade against each other, or when
there are particles between abrading surfaces. Tribology sug-
gests that wear is governed by abrasion, adhesion between
surfaces, and the nature of loading (for example cyclic
loading).®” While there are many wear studies, how these relate
to MNPL sizes and shapes that result remain less well-explored
at this time.

2.2.2. Role of morphology, molecular weight, and struc-
ture. The previous section highlights the fact that fragments
generated by polymers can be of very different size if their G,
values are different. This can happen even if other length scales
of the fragmentation process match. Since G.’s are very much
determined by polymer morphology, we next discuss the role of
this variable.

Fig. 2 illustrates the three major morphologies, glassy,
semicrystalline, and rubbers, and schematically sketches the
mechanisms by which bond breaking leads to MNPLs in each
of these cases. Glassy amorphous polymers are homogeneous
at all scales greater than the typical range of density fluctua-
tions (of the size scale of a Kuhn length, i.e., 1 nm) - thus, since
there is no large length scale in the problem, we expect that
only oligomeric products are generated early in the fragmenta-
tion process. A second scale is one defined by entanglements -
glassy, entangled polymers can transmit shear and tensile
stresses internally through their entanglement network.®
As degradation or wear proceeds, a decrease in entangle-
ment density should occur due to a decrease in chain length.
When the molecular weight drops below about 4-5 times
critical entanglement molecular weight M., the material as a
whole should turn brittle and fragment readily under external
shear® leading to polydisperse objects with no characteristic
size.

Meanwhile, the morphologies of semicrystalline® or highly
crosslinked®® polymers have inherent structural features (e.g.
crystalline domains or crosslinks) that might be more resistant
to degradation and also have characteristic sizes that may play
a critical role in the sizes of the MNPLs formed. In these cases,
the enhanced stability of the crystals (as compared to amor-
phous MNPL) must have a measurable impact on their accu-
mulation in the environment and living organisms. This aspect
is particularly relevant since semicrystalline materials comprise
~70% of all consumer plastics.®® It is well-accepted that
chain scission events accumulate in the amorphous phase of
a semicrystalline polymer. We have shown that this leads to
mechanical failure and the concurrent release of particulate
MNPLs comprised of polydisperse stacks of lamellae even
under quiescent conditions.®® The precise conditions under
which this failure occurs are unclear and remain a topic of
continuing interest.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Mechanistic pathways of micro- and nanoplastic (MNPL) formation from bulk polymers. (A) (Semi-) Crystalline MNPL are predominantly expected
to be formed as a result of tie-chain scission of semicrystalline polymers. (B) Amorphous plastics form micro- and nanoplastics by random scission of
polymer chains into smaller fragments. (C) Cross-linked micro- and nanoplastics are formed by the fragmentation of cross-linked polymers such as

rubbers and thermosets.

Rubbers represent a distinct morphology that is between
amorphous melts and brittle, highly crosslinked networks - the
elasticity of these lightly crosslinked materials is expected to
affect the fragmentation behavior. With sparse crosslinking,
rubbers may not degrade completely to oligomeric molecules,
but may instead yield small particles, e.g., via tire wear that is
aerosolized or that deposits on roads as discussed above.®

This journal is © The Royal Society of Chemistry 2025

Furthermore, a significant fraction of consumer plastics
utilize fillers for property improvements. Some of these fillers
may be benign, but others, such as silica, could pose health
hazards.®”°® Degradation and fragmentation of these compo-
sites may free these fillers into the environment, exposing
their hazardous form, compounding potential toxicity from
the MNPL and filler.
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These broad classes convey some key differences between
different polymer morphologies. Nevertheless, there is also a
further distinction to be made within each morphology class
based on polymer properties and processing conditions used to
create a plastic product. These tunable details may alter degra-
dation and fragmentation behavior. For example, different
industrial processes applied to the production of semicrystal-
line thermoplastics can result in spherulitic morphologies
(e.g., extrusion, injection molding®®) or oriented shish-kebab
morphologies (e.g. fiber spinning, blow molding”®). Orientation
could result in highly anisotropic mechanical and barrier
properties, but could also qualitatively change the connectivity
of the amorphous and crystalline regions.”" It is not obvious if
these stiffer plastics would be more resistant to MNPL for-
mation, or if the change in semicrystalline morphology and the
residual stresses due to orientation would render these more
susceptible to fragmentation. Alternatively, in polymer compo-
sites, the dispersion of fillers is more important for the
mechanical reinforcement of the polymer’> and homogenous
dispersion versus heterogenous aggregation may play important
roles in MNPL formation and persistence. More detailed stu-
dies and information on morphological and processing con-
siderations may, in the future, help us to understand what
factors play key roles in MNPL formation and toxicity, and may
lead to ways to mitigate their release (or potentially accelerate
their degradation once released).

Independent of these factors, all polymers possess key
features such as molecular weight and architecture (e.g,
branching and stereoregularity) that can also influence the
properties and stress transmission (i.e., fragmentation beha-
vior) in these materials. Higher molecular weight polymers
possess higher entanglement density as entanglement density
increases with molecular weight before plateauing”’® and, in the
case of semicrystalline materials, higher tie chain content
(stress transmitters between crystalline lamella).”* Similar effects
are seen with branching in linear low-density polyethylene.””®
An increase in stress transmitters should lead to less
MNPL release as the bulk material will be less susceptible to
breakdown.

3. Metrology of micro and
nanoplastics

The number density of MNPL in nature is small, and hence it is
difficult to collect them in sufficient quantities for standard
characterization. Thus, if we assume that we have spherical
100 nm MNPL at a concentration of 10° particles liter " in
water, then 1000 liters of solution would only yield ng of MNPL!
This is a very small quantity, and applying standard character-
ization tools is difficult. Further, environmental samples are
invariably contaminated by other substances or populated by
microorganisms. Thus, there is a key need to mimic natural
processes in a laboratory setting, which can simultaneously
address the quantity issue and those arising from contami-
nants. While the mimics of natural processes are useful to
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understand the formation and persistence of MNPL in nature,
these have the same issues in terms of amounts generated as
discussed above. Alternatively, accelerated aging protocols for
the generation of MNPL can result in larger quantities needed
for studying the persistence and the consequences of MNPL.
Below, we address these accelerated aging protocols; we also
sketch the characterization tools that have already been devel-
oped, with some notes on how they may be improved to handle
the typically low concentrations of environmental MNPLs.

3.1. Accelerated aging protocols

Fig. 3 details the different pathways for the generation of
MNPL, including their generation in natural environments,
lab-based mimics, and accelerated generation of MNPL.3®¢°
In natural environments, MNPL are produced by processes
including hydrolysis, oxidation, UV irradiation, mechanical
wear, wave action, and microbial degradation, as discussed
above. These processes can be mimicked in the lab using
hydrolysis below the glass transition temperature (Tg), chemical
oxidation, simulated UV irradiation, low-intensity water shear,
low-concentration microbial degradation, and simulated wear
and tear, respectively. While natural processes can take years or
decades for the MNPL generation, lab mimics can be made
significantly faster, yielding realistic MNPL samples in months
or weeks. This can be achieved by raising the temperature or
increasing the concentration of degrading agents. While these
processes are accelerated relative to their natural analogs, they
proceed via the same underpinning bond-breaking mechan-
isms. Thus, we have used accelerated aging protocols on a
variety of polymers to generate MNPL and to further study
them.®® Going further, in principle, data from these accelerated
aging tests can be mapped into real-life natural processes using
concepts such as the venerable time-temperature superposition
principle. These ideas were used, for example, by Arhant et al.*
whose ideas can be used to show that PET can be expected to
generate MNPLs by ester hydrolysis under quiescent, room
temperature conditions over time frames of 50-100 years.
While such natural time scales are outside the purview of most
normal experiments, the use of accelerated aging along with
well-established ideas in the polymer community allow us to
readily reproduce these rare events in nature and anticipate
their rates under natural conditions.

We mention in passing that several recent studies also
report methods for MNPL generation through wear under
controlled conditions that afford mechanistic insights into
the governing mechanisms for particle formation. Our recent
work on tire wear’” demonstrated that MNPL formation was
governed by the energy input for tire rotation on the road. The
tribology community has reported test methods to examine
the effect of surface roughness, adhesion, and cyclic loading on
MNPL formation.”®®

3.2. Characterization

For a detailed and thorough characterization of the physical,
chemical, mechanical, and mobility characteristics and toxicity
of MNPLs produced naturally or in lab studies, multiscale

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 MNPL metrology for studying naturally formed MNPL, lab mimics of natural processes and MNPL generated via accelerated processes in the lab.

characterization tools are needed. In the context of this per-
spective, we (briefly) focus on MNPL characterization for a
range of properties that impact their environmental persistence
and stability. Notably, several other reviews cover the character-
ization of MNPL in detail.>'***®” Among the different physical
characteristics of MNPL, molecular weight, crystallinity, crosslink
density, size and shape distributions, mechanical properties, and
chemical functionalities are expected to play an important role in
dictating their stability, persistence, and biological interactions.
Notably, MNPL with higher polymer molecular weight, crystal-
linity, and crosslinking density are expected to be more stable as
compared to their counterparts with lower molecular weight,
crystallinity, and crosslinking density.

MNPL polymer molecular weight can be measured using gel
permeation chromatography (GPC),'® otherwise known as size
exclusion chromatography (SEC), and nuclear magnetic reso-
nance (NMR)." The crystallinity of MNPL, crystallite size, and
interlamellar spacing can be quantified using (small and wide
angle) X-ray scattering,® differential scanning calorimetry
(DSC),*® and Raman spectroscopy.>® The crosslinking density
of MNPL can be measured via time-domain NMR and spectro-
scopy techniques.'® Optical and electron microscopy, atomic
force microscopy (AFM),® and scattering techniques® are rele-
vant for the measurement of MNPL size and shape. MNPL
mechanical properties, which are expected to be dependent on
polymer molecular weight, polymer type, crystallinity, and
crosslinking, can be measured using AFM and nanoindentation
techniques.®® The chemical functionalities of MNPL can be
determined using spectroscopy techniques.'®'*

Notably, there are significant challenges associated with
MNPL characterization. Most commonly, the low sample
volume'® of environmental samples limits the use of many
of the above-mentioned techniques, such as GPC, DSC, etc.
Such samples might require pre-concentration and the use of

This journal is © The Royal Society of Chemistry 2025

sensitive techniques for MNPL characterization. MNPL present
in biological tissues, for example, needs to be separated,
isolated, and concentrated before analysis.*>° Furthermore,
MNPL contamination with extraneous materials causes addi-
tional problems for characterization,®*®° and pre-treatment
might be needed to remove contaminants. Commercial plastics
usually have additives such as plasticizers, flame retardants,
antioxidants, and pigments, and these additives can end up in
the MNPL, thus causing further challenges for characterization.
Given these challenges, MNPL characterization should be per-
formed with care, with pre-concentration and pre-treatment
where needed, such that the effects are impurities and additives
can be delineated during characterization.

4. Outlook and open questions

Although a considerable amount has been learned about MNPL
over the past few years, a detailed understanding of MNPL
generation pathways, their environmental and health conse-
quences, and strategies to mitigate them have yet to be devel-
oped. Currently, there are a number of open questions in the
field of MNPLs that need immediate attention from the
research community. Below, we frame a list of open questions
that we deem critical for developing a thorough mapping of the
relevant parameter space.

(1) What leads from local bond-breaking events in a polymer
at the sub-nanometer scale (that occur due to environmental
cues) to the formation of MNPL?

(2) Is fragmentation a unifying concept in determining the
formation of micro and nanoplastics?

(3) Does MNPL generation cause the release of additional
harmful chemicals, including additives, catalysts, fillers, and
other secondary products?
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(4) What are the health consequences of MNPL? Do frag-
ments with different morphologies (crystalline vs. amorphous
vs. crosslinked) possess different bioactivity?

(5) How long do MNPL persist in the environment and living
organisms before undergoing degradation to molecular-level
species? Does this process depend on the crystalline vs. amor-
phous nature of the micro and nanoplastics?

(6) Can MNPL accumulating in human and animal bodies
degrade using enzymatic or other degradation routes?

(7) How can this knowledge be translated to the design of
better materials that are less prone to the generation of MNPL?

Given that there is growing evidence of the accumulation
of MNPL in living organisms and their deleterious health
consequences, there is an urgent need to develop strategies
for degrading or removing MNPL in living organisms. Alterna-
tively, developing lightweight materials and plastics not prone
to the generation of MNPL would be a viable long-term strategy.
However, it has been noted that replacing lightweight plastic
materials with heavier glass, ceramic, or metal-based products
increases greenhouse gas emissions.”’

As we learn more about the breakdown of plastics it is clear
that we will need multi-faceted approaches to design and create
plastic products considering their fate at their ‘end-of-life’.
In this developing field of research, it is imperative to look
for unifying behaviors across plastics but also to look at where
those unifying behaviors break down and the underlying
physics that controls these differences.
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