
Contents lists available at ScienceDirect

Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

Review

Recovering microplastics from marine samples: A review of current practices

Michaela E. Millera,c,⁎, Frederieke J. Kroonb,c, Cherie A. Mottib,c

a College of Science and Engineering, James Cook University, Townsville, Queensland 4811, Australia
b Australian Institute of Marine Science, PMB 3, Townsville, Queensland 4810, Australia
c AIMS@JCU, Division of Research and Innovation, James Cook University, Townsville, Queensland 4811, Australia

A R T I C L E I N F O

Keywords:
Marine plastic pollution
FTIR
Visual separation
Density flotation
Acid digestion
Enzymatic digestion

A B S T R A C T

An important component of microplastic research is development of reproducible methods for microplastic
recovery and characterization. Presented is a review of the literature comparing microplastic separation and
identification methodologies from seawater, sediment and marine organisms. The efficiency of methods was
examined, including processing time, recovery rates, and potential destruction of microplastics. Visual ex-
amination and acid digestion were the most common separation methods for seawater samples and organisms,
while density flotation was the primary method for sediment. Few studies reported recovery rates, or in-
vestigated the physical or chemical impact on plastics. This knowledge gap may lead to misidentification of
plastic or unreliable pollution estimates. Further investigation of the impact chemical treatments have on plastic
is warranted. Factors, i.e. biomass loading, recovery rates, and chemical compatibility, must be considered to
allow for appropriate methodology. Standardizing this will contribute to efficient sample processing, and allow
for direct comparison of microplastic contamination across environments.

1. Introduction

Marine plastic pollution has become a global environmental con-
cern and is a growing issue as a result of the exponential increase in the
production of plastics. As of 2015, global production of petroleum-
based plastics exceeded 300 million metric tons (Avio et al., 2015),
with the majority of manufacturing attributed to six main plastic types:
polyethylene (PE) (Majewsky et al., 2016), polypropylene (PP)
(Majewsky et al., 2016), polyvinyl chloride (PVC), polyurethane (PUR),
polystyrene (PS), and polyethylene terephthalate (PET) (Wu et al.,
2016). Annual production is estimated to yield a cumulative production
of 33 billion metric tons by 2050 (Barrows et al., 2017; Rochman et al.,
2013a). One consequence of this mass production is an increased
abundance of plastic litter in the ocean and along the shoreline
(GESAMP, 2015). It is estimated that 4.8 to 12.7 metric tons of plastic
litter enters the ocean environment each year, making this issue one of
upmost importance (Andrady, 2011; Barrows et al., 2017). Further-
more, this pollution has the potential to accumulate organic con-
taminants, such as carcinogenic polychlorinated biphenyls (PCB)
(Bellas et al., 2016; Frias et al., 2010; Teuten et al., 2009), polycyclic
aromatic hydrocarbons (PAHs) (Rochman et al., 2012; Rochman et al.,
2013b) and polybrominated diphenyl ethers (PBDEs) (Tanaka et al.,
2012), as well as toxic metals (Nakashima et al., 2011), eventually
making its way into and through the marine food web (GESAMP, 2016;

Vandermeersch et al., 2015).
Marine plastic pollution has been reported for the past 45 years, and

is broadly divided into mega-plastic (> 100 mm diameter), macro-
plastic (> 20 mm), meso-plastic (5–20 mm), micro-plastic (< 5 mm)
(Barnes et al., 2009; GESAMP, 2016) and nano-plastic (< 100 nm)
(Koelmans et al., 2015). Reference to microplastic contamination first
appeared in the literature in 1972 (Carpenter et al., 1972), but has only
been studied in detail in the past decade or so (Avio et al., 2016; Ivar do
Sul and Costa, 2014; Zarfl et al., 2011). The terms ‘primary’ and ‘sec-
ondary’ microplastics refer to the source, with particles being either
specifically manufactured for particular applications (e.g. resin beads,
microbeads used in cosmetic products), or produced as a result of
fragmentation from larger items (Arthur et al., 2008; GESAMP, 2016).
Among the different categories of marine plastic pollution, micro-
plastics are of particular concern due to their ready uptake by marine
organisms (Avio et al., 2016; Wright et al., 2013), including some that
are consumed by humans, i.e. crabs, oysters, mussels, and fish
(Claessens et al., 2013; Cole and Galloway, 2015; Van Cauwenberghe
and Janssen, 2014). Indeed, microplastics have been reported from
surface waters of every major ocean (Cozar et al., 2014), in sediment
types such as intertidal mangroves, beach and deep sea sand (Nor and
Obbard, 2014; Quinn et al., 2017; Van Cauwenberghe et al., 2013), and
organisms such as bivalves (Li et al., 2016; Vandermeersch et al., 2015)
and a wide range of fish species (Guven et al., 2017; Nadal et al., 2016).
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The body of literature investigating the presence and abundance of
microplastics in the marine environment has been growing ex-
ponentially since the seminal paper by Thompson et al. (2004). How-
ever, methods describing the separation and identification of micro-
plastics from environmental samples are highly variable (Hidalgo-Ruz
et al., 2012; Shim et al., 2017) preventing robust comparisons of
findings across different studies. Existing separation methods include
visual separation (Ivar do Sul et al., 2014; Lusher et al., 2014), flotation
separation (Frias et al., 2010; Hall et al., 2015), and acid (Claessens
et al., 2013; Desforges et al., 2014), alkaline (Tanaka and Takada, 2016;
Zhao et al., 2016), oxidative or enzyme digestion (Cole et al., 2014;
Courtene-Jones et al., 2017). Many studies, however, do not report on
the exact procedures used, nor do they determine the recovery rate of
microplastics from digestion methods that have the potential to damage
the structure or physical characteristics of plastic polymers (Cole et al.,
2014; Quinn et al., 2017). For identification of microplastics, the cur-
rent recommended method is attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), due to the simplicity of
analysis and diagnostic spectral information that it provides (Shim
et al., 2017). However, polymer characterization of microplastics using
chemical techniques (i.e. FTIR) does not always occur (Baldwin et al.,
2016; Ivar do Sul et al., 2014), and is rarely used in the few studies that
report on microplastic recovery rates. Importantly, most studies do not
report on details such as the time required to process samples, and to
separate and identify microplastics from environmental samples,
making it difficult to determine the most (cost-)effective and suitable
methods for their processing.

In this study, we 1) review the current methods used to separate and
identify microplastics in marine environmental samples, i.e. seawater,
sediment and marine organisms, 2) describe the sampling and pre-
servation protocols used, 3) provide a synthesis of the separation and
identification methods applied and 4) report on the established re-
covery rates of microplastics, specifically for the commonly reported
chemical separation methods that may have an adverse effect on the
structural or chemical integrity of plastic items in environmental sam-
ples. We also present recommendations to establish reproducible
methodologies, including the need for robust testing of chemical se-
paration methods on common plastic pollutants. Implementation of
protocols addressing these factors will contribute towards more effi-
cient processing of microplastics from environmental samples, and
allow better comparison of microplastic contamination in seawater,
sediment and marine organisms.

1.1. Literature search strategy

A systematic literature review was conducted using the search en-
gine Google Scholar and several online databases: Web of Science,
PubMed, ScienceDirect and James Cook University's OneSearch
(Proquest's Summon 2.0). The iterative search, conducted between
December 2016 and April 2017, used various combinations of the fol-
lowing keywords: microplastics, methodology, extraction, isolation,
identification, recovery, chemical, enzymatic, digestion, density, flota-
tion, separation, seawater, sediment, biological organisms, and marine
pollution. The specific keyword ‘microplastic’ was the primary inclu-
sion criteria. A detailed review of the reference lists of each retrieved
article identified additional articles. In total 71 research articles were
included within this literature review.

1.2. Seawater samples

Since the first study in 1972 (Carpenter et al., 1972), microplastic
particles and fibers have been documented in the surface waters of
every major ocean (Cozar et al., 2014). The primary method used for
collecting seawater samples is a neuston net tow through the water
(Table 1; Supplementary Material Table 1). Originally intended for
plankton monitoring, the use of these nets allows for large volumes of

water to be sampled with relative ease. Mesh sizes of nets have varied
throughout the literature, ranging from 200 μm (Hall et al., 2015) to the
most commonly used size of 333 μm, (Brandon et al., 2016; Carpenter
and Smith, 1972; Guven et al., 2017; McCormick et al., 2014; Sutton
et al., 2016; van der Hal et al., 2017). A mesh size of 333 μm or smaller
significantly increases the amount of plastic particles collected
(Barrows et al., 2017; Song et al., 2015) but also increases the en-
trapment of biological biomass. Sampling has been conducted at the
surface, subsurface (at an average depth of 3 m) (Cozar et al., 2014),
along the benthos (0–2 m above the bottom) (Lima et al., 2014; Morris
and Hamilton, 1974) and from ice cores (Lusher et al., 2015).

Apart from neuston nets, a continuous intake system with a mesh
filter size ranging from 250 to 300 μm has been used on larger research
vessels like those utilized by Enders et al. (2015), Lusher et al. (2014),
and Desforges et al. (2014). This method often requires the water
sample to travel through multiple mesh filter sizes. For example,
Desforges et al. (2014) initially passed samples through a coarse 5 mm
filter to remove large debris and organisms, then consecutively through
a series of copper sieves of 250 μm, 125 μm and 62.5 μm aperture size.
Wastewater management and monitoring relies on different techniques
for sampling, including the use of pumps and sieves with a significantly
smaller mesh size (12.5 μm); modified versions of this method have
been implemented by Majewsky et al. (2016), Dyachenko et al. (2017),
and Mintenig et al. (2017) for seawater samples. The potential for loss
of microplastics, i.e. trapped in the mesh filters, has yet to be estab-
lished, with recovery rates for microplastics at each filtration step lar-
gely unknown, although filter specifications may provide some insight.
Lusher et al. (2014) did, however, demonstrate that by stacking re-
plicate 250 μm mesh sieves followed by a visual assessment, that a
single 250 μm mesh sieve was< 100% effective at removing particles
from seawater samples. These results suggest an underestimation of
microplastic abundance across samples.

The majority of studies do not mention the use of a preservation
method (Dyachenko et al., 2017; Gallagher et al., 2016; Majewsky
et al., 2016), or specifically state that samples were processed im-
mediately following collection (Cole et al., 2014; Hall et al., 2015;
Lusher et al., 2014). The exclusion of a preservation method for sea-
water samples is acceptable, especially if the primary focus of the study
is to recover microplastics, and not the characterization of the biolo-
gical material (Government du Québec, 2009). However, this has not
always been the aim of investigations that sample marine habitats.
Historically, reporting of microplastics from seawater samples has been
secondary, with sampling and preservation techniques implemented
primarily to obtain information on the biological material (Cole et al.,
2013; Frias et al., 2014). Preservation techniques are employed to re-
tard the chemical and biological changes that inevitably continue after
the sample is removed from the parent source (U. S. Environmental
Protection Agency, 1983). This is in direct contrast to the current re-
search into marine pollution, with the primary concern being to
quantify microplastics within samples. Nonetheless, some investiga-
tions still include biological preservation methods, since maintaining
the integrity of the biological matter may still be crucial to other aspects
of the study i.e. to establish microplastic:zooplankton ratios (Frias et al.,
2014). In these studies, biological preservation methods are generally
applied and include using a 4% formalin solution (Frias et al., 2014;
Ivar do Sul et al., 2014). If the identification and characterization of the
biological material within a sample is not relevant to the study, simple
preservation methods such as refrigeration or freezing could be used, if
any, since the degradation of the organic material to liberate micro-
plastics is actually preferred.

The critical aspect of microplastic research relates to the separation
of microplastics from the biological biomass (i.e. plankton). Flotation
separation methods have been widely used for the isolation of micro-
plastics from seawater samples, either standalone (flotation) (Carpenter
et al., 1972), with elutriation (Claessens et al., 2013), combined with a
hypersaline solution (density flotation) (Hall et al., 2015; Lima et al.,
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2014) or with a surfactant such as sodium dodecyl sulfate (SDS,
150 g L−1) (Enders et al., 2015). The most commonly used methods
typically involve the sample being placed into a hypersaturated saline
(sodium chloride, NaCl) solution and either agitated for several minutes
via manual stirring (Hall et al., 2015), or left overnight (Majewsky
et al., 2016; Masura et al., 2015; Mintenig et al., 2017) to separate.
Manual sorting, based on physical characteristics, of the floating par-
ticulates is then performed. As of current, we are not aware of any
studies reporting recovery of microplastics in seawater samples using
any of these flotation methods.

Acidic, oxidative, alkaline or enzymatic digestion methods are also
used for separation of microplastics from the organic material in sea-
water samples, and are often paired with or follow density flotation
separation (Guven et al., 2017; Majewsky et al., 2016; Mintenig et al.,
2017). Dubaish and Liebezeit (2013) used a two-part digestion starting
with 30% hydrogen peroxide (H2O2, oxidant and weak acid) followed
by treatment with 40% hydrofluoric acid (HF, a strong acid). Majewsky
et al. (2016) used a zinc chloride (ZnCl2) solution for initial density
flotation separation before oxidizing the organic residue with 30%
H2O2, resulting in recovery rates of 85% and 91% for PE and PVC
particulates, respectively. Both Dyachenko et al. (2017) and Masura
et al. (2015) utilized a combination of 30% H2O2 and 0.05 M iron (II)
sulfate (FeSO4, catalyst). Although Masura et al. (2015) did not report
recovery rates, Dyachenko et al. (2017) determined a 87% recovery of
PS beads. While chemical digestions can be effective in reducing or-
ganic material within samples, they may impact on the structural or
chemical integrity of the microplastic. For example, PS and PC particles
may not be recovered intact from two-part acid digestions due to their
susceptibility towards harsh acids, such as HF (Dubaish and Liebezeit,
2013; Thermo Fisher Scientific, 2017). Furthermore, recovery rates
were not reported for these plastic particles. Desforges et al. (2014) and
Brandon et al. (2016) both used 10% hydrochloric acid (HCl, a strong
acid) to digest the organic material; neither established recovery rates
of microplastics. Cole et al. (2014) compared acid (HCl), alkaline (so-
dium hydroxide, NaOH) and enzymatic (Proteinase-K) digestion
methods, both alone and paired with ultrasonication. The enzymatic
treatment alone yielded the highest digestion efficiency (88.9%

determined by the difference in pre- and post-digestion weight). Al-
though visual inspection confirmed the plankton tissue was fully di-
gested without damaging the physical structure of the plastics, this
study did not establish whether the chemical integrity of the plastic
polymers was compromised. Given that microplastic identification
methods in these studies varied from visually assessing physical char-
acteristics (Desforges et al., 2014; Dubaish and Liebezeit, 2013), to
undertaking chemical characterization i.e. FTIR (Brandon et al., 2016;
Cole et al., 2014) and thermogravimetry coupled to differential scan-
ning calorimetry (TGA-DSC) (Majewsky et al., 2016), it is not possible
to directly compare recovery rates (in those instances where they were
established).

The many discrepancies between sampling, separation, character-
ization and identification methods used across studies into seawater
plastic pollution, and the fact that many are time and labour intensive,
highlights the need for a single reliable, standardized and efficient
approach. Only three studies on seawater samples conducted a recovery
check, however, none of these used chemical analytical techniques (i.e.
FTIR or Raman spectroscopy, TGA-DSC) both before and after spiking.
To establish the most appropriate sample processing method to re-
producibly and reliably separate microplastics while retaining struc-
tural and chemical integrity of microplastics, standardized spike-and-
recovery studies should be performed. Ideally, chemical characteriza-
tion (i.e. FTIR or Raman spectroscopy) and polymer identification
would be done before and after the spiking experiment to monitor for
any change in the chemical composition.

1.3. Sediment samples

Analyzing sediment samples for the presence of microplastics began
to appear in the scientific literature 15 years ago, and with greater
frequency in the last 7 years. Sediment types investigated include deep
sea (core) sand, beach sand, river sand, intertidal mangrove mud and
municipal soil (Table 2; Supplementary Material Table 2), as a result
sampling methods vary greatly (Besley et al., 2017). Maximum depth
collected varied from 2 cm (Frias et al., 2010; Martins and Sobral,
2011) to 5 cm (de Carvalho and Baptista Neto, 2016; Wessel et al.,

Table 2
Summary of sampling, separation and identification methods used to collect and characterize microplastics in marine sediment.

Depth (cm) Sediment Separation method Separation details Identification
methods

Location Reference

N/D Municipal Pressurized fluid extraction CH3OH, hexane & dichloromethane FTIR Australia Fuller and Gautam
(2016)

N/D N/D Elutriation & density
flotation

NaI Known Belgium Claessens et al. (2013)

N/D Beach N/D N/D FTIR NZ Gregory (1977)
N/D Beach Density flotation NaCl FTIR UK Thompson et al. (2004)
3 Beach Density flotation NaCl FTIR UK Browne et al. (2010)
2 Beach Density flotation NaCl FTIR Portugal Frias et al. (2010)
3–4 Mangrove Density flotation NaCl FTIR Singapore Nor and Obbard (2014)
7 & 2 Beach Density flotation NaCl FTIR Belgium Claessens et al. (2011)
2 Beach Density flotation NaCl FTIR Portugal Martins and Sobral

(2011)
Sediment

cores
Deep sea Density flotation NaI Raman Atlantic &Mediterranean van Cauwenberghe et al.

(2013)
3–4 Beach Density flotation & oxidant NaCl & 30% H2O2 PC Canada Mathalon and Hill (2014)
5 Beach Density flotation NaCl PC Brazil de Carvalho and Baptista

Neto (2016)
3–6 Beach Density flotation N/D FTIR Mexico Wessel et al. (2016)
10 River Density flotation ZnCl2 Raman UK Horton et al. (2017)
5 Shallow & deep Density flotation & oxidant NaCl & 30% H2O2 PC Europe Maes et al. (2017b)

Density flotation ZnCl2 FTIR Lab Maes et al. (2017a)
N/D Beach Density flotation NaCl, NaBr, NaI & ZnBr2 FTIR Scotland Quinn et al. (2017)
5 Beach Oil extraction protocol (OEP) Canola Oil, NaI & CaCl2 FTIR Canada Crichton et al. (2017)
N/D Beach Density flotation,

oxidant & catalyst
Lithium metatungstate, 30%
H2O2 & FeSO4

PC USA Masura et al. (2015)

N/D = not determined or mentioned within literature, PC = physical characteristics.
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2016) to sediment cores of unknown depths (Claessens et al., 2011; Van
Cauwenberghe et al., 2013). Preservation methods for sediment sam-
ples were not mentioned within the literature, most likely due to the
low organic loading.

Density flotation methods using either sodium chloride (NaCl, most
commonly of 140 g L−1) or sodium iodide (NaI) were widely used,
regardless of the sediment type or depth of sampling. Most studies
suspended the sediments in hypersaline NaCl solution after which they
were allowed to settle (10 min to overnight) (Browne et al., 2010;
Claessens et al., 2011; de Carvalho and Baptista Neto, 2016; Frias et al.,
2010; Nor and Obbard, 2014), while others (Claessens et al., 2011;
Martins and Sobral, 2011) conducted multiple (exhaustive) settlements
to ensure all plastics were recovered. Horton et al. (2017) implemented
a 3-step procedure involving visual inspection of whole sample, density
flotation in ZnCl2, followed by further visual inspection of unfloated
sample. This procedure revealed the inefficiency of visual sorting
through sediment samples (37% recovery of total plastics), yet the ef-
fectiveness of a ZnCl2 density separation (75% recovery). While these
recovery rates were not established from spiked samples, the difference
demonstrates the importance of density flotation separation when
processing sediment samples. Maes et al. (2017a) similarly suggests a
ZnCl2 density separation, saying a solution with density of 1.37 g mL−1

will allow for the flotation of PA, PS, PVC, PET, PE, and PP. In addition,
Maes et al. (2017a) proposed an alternative method allowing for the
identification of plastic particles from sediments by staining samples
with a Nile Red (NR) acetone solution. While this method proved ef-
fective at allowing for slightly faster visual inspection and promises
(with further validation) general particle categorization, it is unknown
whether this additional step (~60 min) would speed up analysis of
samples. In addition, any subsequent FTIR analyses of NR-stained
plastic particles is reliant on the use of “very small amounts” i.e. final
concentration of 1, 10 or 100 μ g mL−1 suspension, and requires
adaptation of the FTIR imaging optics (Maes et al., 2017a). Masura
et al. (2015) suggested using a commercial separator lithium meta-
tungstate solution as an alternative due to its greater density
(1.62 g cm−3) compared to NaCl. This allows for denser particles (i.e.
PVC, PET) to be recovered more readily (Quinn et al., 2017).

Claessens et al. (2013) used elutriation, whereby an air stream lifts
lower density particles to the surface, followed by decanting and
sieving. They suggest the implementation of thorough cleaning, as well
as procedural blanks when using an elutriation method for field sam-
ples, since there is the potential for contamination during extraction.
Wessel et al. (2016) used a custom-made automated density flotation
separator with> 35 PSU filtered water, which achieved an average
recovery rate of 97.25% (± 2.5) in only 26 min. Crichton et al. (2017)
proposed an innovative and cost-effective flotation methodology ex-
ploiting the oleophilic properties of microplastics by using retail grade
canola oil yielding average recovery rates of 96.1%, and proving a more
time efficient method than NaI or CaCl2 methods, although this method
will impact on any subsequent chemical analysis, particularly FTIR.
More recently, Fuller and Gautam (2016) investigated pressurized fluid
extraction using methanol (CH3OH) and dichloromethane as a means of
chemically extracting the microplastics. This extraction procedure dis-
solved the plastics, producing plastic residues, thereby destroying the
morphology of microplastic particles making physical characterization
impossible. Only three studies reported using an alkaline, acid or oxi-
dative digestion on sediments (Fuller and Gautam, 2016; Masura et al.,
2015; Quinn et al., 2017).

As for seawater samples, FTIR was the identification method of
choice in sediment samples, used in over 60% of papers reviewed.
Other methods included chemical characterization by Raman spectro-
scopy (Horton et al., 2017; Van Cauwenberghe et al., 2013), or using
physical characteristics to identify plastics (de Carvalho and Baptista
Neto, 2016).

Similar to the seawater samples, only a small number of sediment
studies conducted recovery checks to establish robustness of their

methods. Claessens et al. (2011) spiked uncontaminated sediment
samples with known microplastics and achieved a recovery efficiency
range of 68.8%–97.5% dependent on sediment and polymer type. In
another experiment using elutriation, clean sediments were spiked with
known PVC or PE, and fibers collected from environmental samples,
with a 100% and 98% separation efficiency, respectively Claessens
et al. (2013) achieved similar recovery rates to Claessens et al., 2011
study, reporting a 69–98% recovery with control beach samples (un-
known plastic polymer types). Quinn et al. (2017) observed higher
recovery rates with increasing solution density, from a 55%–90% range
in saturated NaCl (1.17 g cm−3), to 91% in saturated NaI
(1.57 g cm−3) and 99% in saturated 25% ZnBr2 (zinc bromide,
1.71 g cm−3). Nor and Obbard (2014) obtained recovery rates for
spherical PE beads from spiked mangrove sediment samples of 55–72%
after grinding samples with a mortar and pestle, followed by two
density flotation separations using NaCl. Implementing a grinding step
is not recommended for environmental samples as it can physically
damage and break apart plastic particles, especially if already weath-
ered (Pers. Observation). Fuller and Gautam (2016) spiked composted
municipal waste sediments with known plastic polymers and, after
grinding, separated the microplastics using a pressurized fluid (di-
chloromethane) extraction protocol, producing a microplastic residue
and average recoveries of> 80%. FTIR analysis of the microplastics
was also performed before (beads) and after (residue) spiking. Although
the appearance of the plastic beads was altered due to the solvent ex-
traction process, the FTIR spectra revealed no significant chemical
changes to the plastic residue. However, the application of this tech-
nique is limited by the fact that the residue may contain mixtures of
plastics requiring sophisticated spectral deconvolution.

Based on our review of the recovery rates from density flotation
techniques applied to sediments, the use of ZnBr2 is recommended
(Quinn et al., 2017), however, this method has not been validated for
all polymer types. To ensure all plastic particles (fragments and fibers)
are recovered from sediment samples, an elutriation method, similar to
that reported by Claessens et al. (2013), is also recommended. As for
seawater samples, there is a need to establish a reliable, standardized
and efficient approach for the separation and characterization of mi-
croplastics from sediments, with an emphasis on determining recovery
rates.

1.4. Biological organisms

Microplastics are ingested by marine organisms (Nadal et al., 2016;
Tanaka and Takada, 2016; Taylor et al., 2016), including species con-
sumed by humans (Avio et al., 2015; Foekema et al., 2013; Neves et al.,
2015; Possatto et al., 2011; Rochman et al., 2015; Wright et al., 2013).
These findings have raised concerns particularly regarding the un-
known impact on human health. Subsequently research in this area is
on the rise with the majority of literature published since 2015
(Table 3; Supplementary Material Table 3). The blue mussel (Mytilus
edulis; soft tissue, gills and digestive glands) is the most common or-
ganism investigated to date, followed by various fish species (i.e. gut
contents of: Atlantic herring Clupea harengus, sardine Sardina pilchardus,
swordfish Xiphias gladius and dogfish Scyliorhinus canicula), marine in-
vertebrates (digestive tract of sea cucumber Holothurian spp., whole
zooanthids), and a multitude of bird species (digestive tracts of:
common buzzard Buteo buteo and black kite Milvus migrans lineatus).
Organisms were either obtained from the field via bottom trawling
(Collard et al., 2015), opportunistic coastal collection (Claessens et al.,
2013; Santana et al., 2016), or from aquaculture farms and fishmongers
(Vandermeersch et al., 2015). Most studies examined the stomach
contents (Bellas et al., 2016; Collard et al., 2015; Zhao et al., 2016) or
the gastrointestinal tract (Avio et al., 2015), while others investigated
the entire organism (Courtene-Jones et al., 2017; Vandermeersch et al.,
2015).

Preservation methods are more commonly used for biological
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organisms, compared to seawater or sediment samples. The majority of
studies froze the samples at −20 °C (Bellas et al., 2016; Courtene-Jones
et al., 2017; Dehaut et al., 2016; Guven et al., 2017; Li et al., 2016;
Nadal et al., 2016; Romeo et al., 2015; Tanaka and Takada, 2016;
Terepocki et al., 2017; Vandermeersch et al., 2015; Zhao et al., 2016).
Several studies preserved specimens in formaldehyde-based fixatives
including 10% formalin (Phillips and Bonner, 2015; Vendel et al.,
2017), 37% formaldehyde (Collard et al., 2015) or 4% Baker's calcium
formol (von Moos et al., 2012). Alternatively, Taylor et al. (2016)
stored deep-sea organisms in 70–80% ethanol until processing. Remy
et al. (2015) used 99% bidistilled glycerin to preserve invertebrate di-
gestive tracts during visual analysis, however, it was noted that sub-
sequent (undefined) washing techniques to rid plastic fibers of the
glycerin were “destructive” hindering the ability to identify micro-
plastics. The method of preservation should be taken into consideration
when storing samples for microplastic recovery.

Although visual separation is commonly used to separate micro-
plastics from tissue (Jensen, 2017; Rummel et al., 2016), based on
physical characteristics such as size, appearance, shape and color or the
‘hot needle test’ (Devriese et al., 2015; Hall et al., 2015; Nadal et al.,
2016; Romeo et al., 2015; Taylor et al., 2016; Terepocki et al., 2017;
Vendel et al., 2017), the likelihood of microplastics being trapped
within tissues and therefore not detected is high. As a result, acid,
oxidative, alkaline or enzymatic-based digestion of tissue and gut
contents is most often employed prior to visual sorting. For acid di-
gestion, 69% nitric acid (HNO3) is the most widely used (Claessens
et al., 2013; Collard et al., 2015; Dehaut et al., 2016; Vandermeersch
et al., 2015); other methods include 65% perchloric acid (HClO4, strong
acid) (Vandermeersch et al., 2015), or a 4:1 v:v mixture of 65% HNO3

and 68% HClO4 (Devriese et al., 2015). Oxidative digestion using 30%
H2O2 (Avio et al., 2015; Li et al., 2016), or 0.27 M peroxodisulfate
potassium (K2S2O8, oxidizing agent; acidic in water) (Dehaut et al.,
2016) is also widely applied. Avio et al. (2015) determined that a
combination of NaCl (flotation) and 30% H2O2 worked best on gut
contents of mullet (Mugil cephalus) compared to 69% HNO3. For alka-
line digestion 2–10 M sodium hydroxide (NaOH, alkaline) (Bellas et al.,
2016; Dehaut et al., 2016), and 10% potassium hydroxide (KOH, al-
kaline) (Dehaut et al., 2016; Zhao et al., 2016) are most commonly
reported. A two-step alkaline:acid digestion using 9% sodium hyper-
chlorite (NaClO, alkaline) and 65% HNO3 (1:10 v/v) with ultrasonica-
tion was found to completely digest fish tissues (Collard et al., 2015).
Roch and Brinker (2017) suggested a similar method, utilizing a three-
step process of exposing fish gut tissues to an alkaline solution (1 M
NaOH), acid solution (65% HNO3), and density flotation (NaI). With
recovery rates of PS ranging from 95 to 100% from whitefish (Coregonus
lavaretus L.) gut contents, and method validation on field samples of
round gobies (Neogobius melanostomus) and common barbels (Barbus
barbus), this method proved very effective at separating microplastics
from gastrointestinal tracts. Dehaut et al. (2016) compared the diges-
tive efficiency of 10% KOH, 0.063 M HCl, 65% HNO3, 65% HClO4,
10 M NaOH, and 0.27 M K2S2O8 solutions on gut contents of blue
mussels (M. edulis) and black seabream (Spondyliosoma cantharus), with
the alkaline methods considered the most effective. Tissue digestion
efficiencies of 99.6% for 10% KOH and 99.8% for NaOH:K2S2O8 were
achieved, based on weight, although microplastic recovery rates were
not determined. One study determined that an optimal concentration of
0.3125% trypsin effectively and efficiently digested M. edulis tissue
(Courtene-Jones et al., 2017) compared to other proteolytic enzymes
i.e. papain and collagenase. No changes in overall shape, color or size of
microplastics were observed yet no recovery rates were determined.
Catarino et al. (2017) compared the efficiency of various concentrations
of NaOH, HNO3 and Corolase 7089 (a neutral protease) to remove PET,
HDPE and PA from M. edulis tissues. Corolase 7089 ranging from 1 to
100 mL was reported to work best, with recovery rates of 93% for all
plastic types, with HNO3 being the least recommended due to its ability
to ‘meld together’ PET and HDPE fragments, and completely digest PA

within spiked samples.
As a complete alternative to visual separation and chemical diges-

tions altogether, Wagner et al. (2017) suggested a methodology uti-
lizing Pulsed Ultrasonic Extraction (PUE), consisting of a series of
square envelope bursts modulated by a 39–41 kHz sweep wave form to
break apart the tissues of Japanese medaka (Oryzias latipes). When
compared to a 10% KOH digestion, this method did not leave behind
any tissue residues or reaction products, however, it did effectively
break apart the fish gut tissue and allowed for accurate FTIR identifi-
cation. Wagner et al. (2017) also reports this method is relatively short
to implement (~1 h) and eliminates any chemical hazards. While
method validation confirmed the applicability of this method to field
fish gut samples (family Myctophidae), recovery rates were not re-
ported. Caution should be taken implementing this method, as weath-
ered, more brittle plastics may be susceptible to break apart during
ultrasonification.

While FTIR and Raman spectroscopy have been used to chemically
identify microplastics in some tissue studies (Guven et al., 2017; Lusher
et al., 2013; Remy et al., 2015) microscopy, to determine physical
characteristics, such as shape, color, or size is more often employed
(Bellas et al., 2016; Hall et al., 2015; Taylor et al., 2016; von Moos
et al., 2012). Given that harsh acid treatments can cause discoloration
or physical alteration of plastic particles (Claessens et al., 2013; Li et al.,
2016; Vandermeersch et al., 2015) relying on visual assessment only
means that identification is speculative at best, making comparison
between studies difficult.

Although recovery checks are more commonly reported for biolo-
gical tissues they remain under-reported. Claessens et al. (2013) spiked
soft tissues of M. edulis with PS and polyamide (nylon) fibers and ap-
plied a 69% HNO3 digestion method. The nylon fibers disintegrated and
the PS spheres melted together, indicating that 69% HNO3 may be too
corrosive for the separation of at least some microplastics. On a similar
note, Roch and Brinker (2017) reported a method including NaOH, 65%
HNO3 and NaI caused a color change in PET and PVC particles, caused
PA to completely dissolved, resulted in LDPE clumping together, and
corroded the edges of PS. Similarly, Avio et al. (2015) found that di-
gestion of PE and PS-spiked gastrointestinal tracts of M. cephalus with
22.5 M HNO3 followed by boiling caused dissolution of both polymers
(being melted and fused) giving a recovery yield of only 4% while
oxidative digestion with 30% H2O2 extracted almost 70% of spiked
particles, greater than that achieved by visual assessment (~60%). Avio
et al. (2015) also acquired FTIR spectra of samples before and after a
combined treatment with NaCl (filtered twice) followed by 15% H2O2

oxidative digestion of residual organic matter and established that with
this protocol the chemical integrity of plastics was not compromised. A
spectral similarity of 93% for PE and> 87% for PS was reported.
Collard et al. (2015) assessed possible degradation of microplastics
subjected to 9% NaClO, 65% HNO3, and CH3OH added in succession;
the spectra revealed that the chemical composition was not affected. Li
et al. (2016) exposed PE and PES fibers to hypersaline NaCl and 30%
H2O2 (in succession) and reported a 95% recovery rate. However, the
30% H2O2 bleached and discolored the microplastics, indicating that
the chemical composition of the microplastics might have been com-
promised. Mathalon and Hill (2014) used the same methodology as Li
et al. (2016), with recovery rates not stated and an effect of H2O2 not
reported. At this time, the effect of H2O2 on microplastics is not fully
known.

In summary, to initially liberate microplastics from biological tissue,
and to reduce the biomass within samples prior to visual separation,
alkaline and oxidative digestion methods have proven effective.
However, results are inconsistent concerning whether certain digestion
treatments (30% H2O2 or 69% HNO3) will chemically alter polymers
within samples. For example, Collard et al. (2015) mentioned there was
no chemical degradation resulting from a treatment of 65% HNO3, yet
Claessens et al. (2013) noted that nylon fibers and PES fragments were
physically altered following exposure to the same treatment. Further
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Table 4
Summary of each separation method reviewed within the literature, outlining the advantages and disadvantages of each method.

Method Advantages Disadvantages

Visual separation
Manual sorting • No chemical hazards

• Can be applied to all sample types

• Easy methodology

• Verified method of all polymer types

• Low cost for equipment/tools required

• Ability to use FTIR/Raman following separation

• Lengthy time; can take weeks/months to process

• Often unreliable due to human error/variation, recovery rates may vary

• Potential high cost for employment of visual analyzer

Flotation
Elutriation • No chemical hazards

• Easy methodology

• Recovery rates of 98–100%f

• Ability to use less NaCl or NaI solution when this step is added

• Inexpensive to implement

• Verified method for PE, PP, PS, PES, and PAf

• Ability to use FTIR/Raman following separation

• Relatively time-intensive

• Cannot be applied to non-sediment samples

NaCl • Inexpensive ($118/kg)a

• Easy methodology

• Low chemical hazards

• Verified method for PS, PA, PP, PVA, and PEq

• Ability to use FTIR/Raman following separation

• Easily accessible – common in labs

• Multiple density separations must occur to achieve high recovery rates

• Can be time-intensive due to multiple density flotations required

• Recovery rates only 85%–95%e

• Applicability to all sample types unknown

NaI • Easy methodology

• Low chemical hazards

• Greater density of than NaCl

• Ability to use FTIR/Raman following separation

• Easily accessible – common in labs

• Relatively expensive ($860/kg)a

• Recovery rates of only 83%d

• Applicability to all sample types unknown

• Can be time-intensive due to multiple density flotations required

• Only verified method for PS, PA and PVCf

ZnBr2 • Easy methodology

• Low chemical hazards

• Relatively inexpensive ($321/kg)a

• Recovery rates of 99%e

• Verified for PP, LDPE, HDPE, PE, PS, PVC, PET and PAe

• Ability to use FTIR/Raman following separation

• Easily accessible – common in labs

• Not confirmed for application to non-sediment samples

• Can be time-intensive due to multiple density flotations required

Canola oil • Easy methodology

• No chemical hazards

• Fast methodology as only one density separation required

• Very inexpensive ($4.50/L)b

• Recovery rates high (96.1%), especially for PVC (high density)d

• Verified method for PS, PVC, ABS, PES, and PAd

• Ability to use FTIR/Raman following separation

• Easily accessible – common in labs

• Not confirmed for application to non-sediment samples

• Additional cleaning step must be applied to allow for FTIR/Raman

Lithium metatungstate • Easy methodology

• Fast methodology

• Low chemical hazards

• Greater density than NaCl

• Relatively expensive ($650/L)a

• Recovery rates unknown

• Effect on polymer types unknown

• Applicability to all samples unknown

• Ability to use FTIR/Raman following separation unknown
Sodium dodecyl sulfate • Easy methodology

• Low chemical hazards

• Surfactant removes organic materials from the plastic and
prevents adherence to collection vessel

• Ability to use FTIR/Raman following separation

• Short overnight methodology

• Recovery rates unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• Relatively expensive ($489/kg)a

Alkaline
NaOH • Easy methodology

• Low chemical hazards

• Relatively inexpensive ($206/kg)a

• Ability to use FTIR/Raman following separationg

• Easily accessible – common in labs

• Lengthy time; digestion time of 3 weeksg

• May be required to heat sample, may cause loss of plastics

• Applicability to all sample types unknown

• Effect on polymer types unknown

KOH • Easy methodology

• Some chemical hazards

• Relatively inexpensive ($145/kg)a

• Ability to use FTIR/Raman following treatmentg

• Short digestion time of only 24 h

• Recovery rates show no change in weightg

• Easily accessible – common in labs

• Recovery rates only reported by weight, not abundance

• Applicability to all sample types unknown

• Effect on polymer types unknown

• Known to leave behind reaction residue on plastics; may hinder FTIR if
not cleanedr

(continued on next page)
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Table 4 (continued)

Method Advantages Disadvantages

Acid
HCl • Easily accessible – common in labs

• Short digestion time of only 12 hm

• Easy methodology

• Recovery rates showed a weight change after treatmentg

• Relatively expensive ($650/L)a

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• High chemical hazards - corrosive acid

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

HF • Relatively expensive ($1320/L)a

• Recovery rates unknown

• Digestion times unknown

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• High chemical hazards - corrosive acid

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

HNO3 • Relatively inexpensive ($264/kg)a

• Easy methodology

• Overnight digestionf,o

• Ability to use Raman following treatmento

• Easily accessible – common in labs

• Not applicable to all polymer types - recovery checks show alteration
to PS and PA following treatmentf

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• High chemical hazards - corrosive acid

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

HClO4 • Easy methodology

• Overnight digestiono

• Easily accessible – common in labs

• Recovery rates showed a weight change after treatmentg

• Relatively expensive ($877/L)a

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• High chemical hazards - corrosive acid

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

Oxidant
H2O2 • Easy methodology

• Relatively inexpensive ($302/L)1

• Short digestion times of only 30 mink to 24 hj

• Ability to use FTIR/Raman following separationh

• Recovery rates reported of 85–91%i

• Can be applied to all sample types

• Easily accessible – common in labs

• May discolor or bleach plasticsj

• Effect on polymer types unknown

• High chemical hazard - corrosive acid

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

FeSO4 (catalyst) • Relatively inexpensive ($151/kg)a

• Easy methodology

• Short digestion times of< 1 hk,n

• Recovery rates of 87% reportedk

• Low chemical hazards

• Easily accessible – common in labs

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• Often needs to be heated/boiled to digest biologically rich samples,
which could result in loss of plastics

Enzyme
Proteinase-K • Short digestion time of ~3 hp

• Low chemical hazards

• Ability to use FTIR/Raman following separation

• Recovery rates unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• Relatively very expensive ($448/100 g)a

• Methodology more complex than simple acid digestion

• Not common in labs
Corolase 7089 • Easy methodology

• Fast methodology of ~1 h

• Recovery rates of 93%s

• Verified method for PET, HDPE and PAs

• Ability to FTIR/Raman following separation

• Low chemical hazards

• Needs to heat sample to 60 °C – may result in loss of plastic

• Applicability to all sample types unknown

• Not common in labs

Trypsin • Short digestion time of 30 minl

• Low chemical hazards

• No physical alteration of PET, HDPE, PVC, PP, PS and PA
confirmedl

• Recovery rates unknown

• Ability to use FTIR/Raman following separation unknown

• Applicability to all sample types unknown

• Effect on polymer types unknown

• Very expensive ($4210/100 g)a

• Methodology more complex than simple acid

• Not common in labs

(continued on next page)
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research confirming these impacts on a variety of plastic types is
needed.

1.5. Recommendations for future research

One of the major shortcomings in the monitoring microplastics in
environmental samples is the varied sampling and separation methods
used (summarized in Table 4). With regards to the acid, alkaline, oxi-
dative and enzymatic digestions, in some instances it is not known
whether the chemicals used impact on the structural and/or chemical
integrity of microplastics, possibly reducing the accuracy of identifi-
cation. Only a few studies have to date implemented recovery checks to
ensure their methods were appropriate for the separation of micro-
plastics, with only two (Avio et al., 2015; Fuller and Gautam, 2016),
incorporating FTIR spectroscopy both before and after spiking. While
both studies indicated no significant change in chemical composition
resulting from separation methods, the same recovery procedure has
yet to be conducted for the more commonly used acid (HCl, HNO3) and
enzyme (trypsin) digestions. Multiple studies have noted that the loss of
or damage to microplastics is a direct result of the use of acidic solu-
tions in digestion methods (Dubaish and Liebezeit, 2013;
Vandermeersch et al., 2015; Dehaut et al., 2016; Li et al., 2016),
however, no evidence of chemical degradation was provided.

A major bottleneck in microplastic research at the present is the
lengthy time required to manually process the environmental samples
(regardless of source), this has the added disadvantage of affecting the
reliability and efficiency of the separation of the microplastic particles.
Of the papers reviewed here, only Courtene-Jones et al. (2017) and
Quinn et al. (2017) have discussed the need for more time efficient
processing methods. While both studies present alternatives to previous
separation methods (trypsin and ZnBr2, respectively), neither produced
evidence that their method allows for accelerated processing of

microplastic samples that can also be chemically characterized. It is
important to establish a time efficient, reproducible methodology for
processing microplastic samples, as this will allow for better compar-
isons across studies and a more reliable estimation of microplastic
contamination in the environment.

The sample preservation technique used should be carefully con-
sidered and applied with caution when processing samples, especially if
the biological material is to be preserved for analyses other than mi-
croplastic separation and identification. For example, Remy et al.
(2015) chose glycerin, commonly used to preserve organic material, to
store gut contents of macroinvertebrates prior to Scanning Electron
Microscopy and microplastic separation. Unfortunately, glycerin coats
the particulates and chemically contaminates them, making the spectral
interpretation of Raman and similar techniques (FTIR) at best chal-
lenging. Furthermore, subsequent washing of glycerin-contaminated
cellulose fibers within samples proved destructive (Remy et al., 2015).
If chemical characterization of particles found within a sample is de-
sired i.e. by FTIR, preservation methods should consist of a solution that
is chemically inert to plastics and which is readily removed by washing
or evaporation i.e. ethanol. Indeed, if characterization of the biological
material is not relevant to the study, chemical-based preservation
methods should be excluded from sampling procedures altogether.

There exists within the literature an inconsistency in the procedures
used for microplastic separation methods, limiting the ability to directly
compare studies and to accumulate data worldwide. While a density
flotation separation methodology utilizing either ZnBr2 or elutriation is
recommended for sediment samples, based upon high recovery rates
and suitability for chemical characterization, not enough is known re-
garding the impact of chemical and enzymatic digestion treatments on
different polymer types to recommend a universal method for sediment
and tissue samples. Indeed, it is advisable to consider the many ad-
vantages and disadvantages of the chosen method to ensure it is

Table 4 (continued)

Method Advantages Disadvantages

Other
Pulsed Ultrasonic Extraction • Easy methodology

• Relatively inexpensive

• No chemical hazards

• Easily accessible – common in labs

• Fast methodology (~6 min; fish)r

• Verified method for PVC, PE, PP, PS, PET & fibersr

• Applicability to all sample types unknown

• Recovery rates unknown

Dying with Nile Red • Easy methodology

• Relatively inexpensive

• Low chemical hazards

• Easily accessible

• Fast methodology (~1 h)t

• Ability to FTIR/Raman following separation

• Verified for PA and PEt

• Not an actual separation method, still need to implement additional
techniques

• While quick, could add on time to methodology depending on actual
separation technique chosen.

• Recovery rates unknown

• Applicability to all sample types unknown

a Prices from Sigma-Aldrich Australia.
b Local supermarket price.
c lmtliquid.com.
d Crichton et al. (2017).
e Quinn et al. (2017).
f Claessens et al. (2013).
g Dehaut et al. (2016).
h Avio et al. (2015).
i Majewsky et al. (2016).
j Li et al. (2016).
k Dyachenko et al. (2017).
l Courtene-Jones et al. (2017).
m Brandon et al. (2016).
n Masura et al. (2015).
o Vandermeersch et al. (2015).
p Cole et al. (2014).
q Claessens et al. (2011).
r Wagner et al. (2017).
s Catarino et al. (2017).
t Maes et al. (2017a).
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compatible with the type of micro particulates under investigation and
with the method of identification. The development of a universal
protocol allowing for the efficient recovery of microplastics from var-
ious sample types (i.e. seawater samples, sediment samples and biolo-
gical organisms) and for the comparison of results across studies is
highly desirable. Ideally, this protocol will rapidly and reproducibly
separate microplastics from environmental samples, without altering
their structural or chemical integrity, and without introducing addi-
tional contamination, allowing for chemical characterization, and ac-
curate estimation of microplastic pollution. Since method choice is
currently dependent upon biomass loading, desired polymer types (i.e.
fragments, fibers or both), and environmental medium, standardizing
methods may be more achievable in the nearby future, than developing
a universal technique. Furthermore, development of protocols allowing
for the processing of samples regardless of biomass loading, as well as
allowing for all polymer types to be recovered. Such protocols will
significantly advance research efforts, allowing for more extensive long-
term monitoring of microplastic pollution and its effects on our oceans.

Author contributions statement

F.K., C.M. and M.M. developed the idea and project together. M.M.
conducted the literature search preliminary drafts. F.K. and C.M. pro-
vided edits and contributed literature. All authors discussed and re-
viewed the manuscript.

Competing financial interests

The authors declare no competing financial interests.

Acknowledgements

Thanks to AIMS@JCU for the Pilot Research Award to M.M. Special
thanks to Dr. Kathryn Berry for her critique of the draft manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2017.08.058.

References

Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62,
1596–1605. http://dx.doi.org/10.1016/j.marpolbul.2011.05.030.

Arthur, C., Baker, J., Bamford, H., 2008. International Research Workshop on the
Occurrence, Effects, and Fate of Microplastic Marine Debris.

Avio, C.G., Gorbi, S., Regoli, F., 2015. Experimental development of a new protocol for
extraction and characterization of microplastics in fish tissues: first observations in
commercial species from Adriatic Sea. Mar. Environ. Res. 111, 18–26. http://dx.doi.
org/10.1016/j.marenvres.2015.06.014.

Avio, C.G., Gorbi, S., Regoli, F., 2016. Plastics and microplastics in the oceans: from
emerging pollutants to emerged threat. Mar. Environ. Res. http://dx.doi.org/10.
1016/j.marenvres.2016.05.012.

Baldwin, A.K., Corsi, S.R., Mason, S.A., 2016. Plastic debris in 29 Great Lakes tributaries:
relations to watershed attributes and hydrology. Environ. Sci. Technol. 50,
10377–10385. http://dx.doi.org/10.1021/acs.est.6b02917.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and frag-
mentation of plastic debris in global environments. Phil. Trans. R. Soc. Lond. B Biol.
Sci. 364, 1985–1998. http://dx.doi.org/10.1098/rstb.2008.0205.

Barrows, A.P.W., Neumann, C.A., Berger, M.L., Shaw, S.D., 2017. Grab vs. neuston tow
net: a microplastic sampling performance comparison and possible advances in the
field. Anal. Methods 9, 1446–1453. http://dx.doi.org/10.1039/c6ay02387h.

Bellas, J., Martinez-Armental, J., Martinez-Camara, A., Besada, V., Martinez-Gomez, C.,
2016. Ingestion of microplastics by demersal fish from the Spanish Atlantic and
Mediterranean coasts. Mar. Pollut. Bull. 109, 55–60. http://dx.doi.org/10.1016/j.
marpolbul.2016.06.026.

Besley, A., Vijver, M.G., Behrens, P., Bosker, T., 2017. A standardized method for sam-
pling and extraction methods for quantifying microplastics in beach sand. Mar.
Pollut. Bull. 114, 77–83. http://dx.doi.org/10.1016/j.marpolbul.2016.08.055.

Boerger, C.M., Lattin, G.L., Moore, S.L., Moore, C.J., 2010. Plastic ingestion by plankti-
vorous fishes in the North Pacific central gyre. Mar. Pollut. Bull. 60, 2275–2278.
http://dx.doi.org/10.1016/j.marpolbul.2010.08.007.

Brandon, J., Goldstein, M., Ohman, M.D., 2016. Long-term aging and degradation of

microplastic particles: comparing in situ oceanic and experimental weathering pat-
terns. Mar. Pollut. Bull. 110, 299–308. http://dx.doi.org/10.1016/j.marpolbul.2016.
06.048.

Browne, M.A., Galloway, T.S., Thompson, R.C., 2010. Spatial patterns of plastic debris
along estuarine shorelines. Environ. Sci. Technol. 44, 3404–3409. http://dx.doi.org/
10.1021/es903784e.

Carpenter, E.J., Smith, K., 1972. Plastics on the Sargasso Sea surface. Science 175,
1240–1241.

Carpenter, E.J., Anderson, S.J., Harvey, G.R., Miklas, H.P., Peck, B.B., 1972. Polystyrene
spherules in coastal waters. Science 178, 749–750.

de Carvalho, D.G., Baptista Neto, J.A., 2016. Microplastic pollution of the beaches of
Guanabara Bay, Southeast Brazil. Ocean Coast. Manag. 128, 10–17. http://dx.doi.
org/10.1016/j.ocecoaman.2016.04.009.

Catarino, A.I., Thompson, R., Sanderson, W., Henry, T.B., 2017. Development and opti-
mization of a standard method for extraction of microplastics in mussels by enzyme
digestion of soft tissues. Environ. Toxicol. Chem. 36, 947–951.

Cincinelli, A., Scopetani, C., Chelazzi, D., Lombardini, E., Martellini, T., Katsoyiannis, A.,
Fossi, M.C., Corsolini, S., 2017. Microplastic in the surface waters of the Ross Sea
(Antarctica): occurrence, distribution and characterization by FTIR. Chemosphere
175, 391–400. http://dx.doi.org/10.1016/j.chemosphere.2017.02.024.

Claessens, M., De Meester, S., Van Landuyt, L., De Clerck, K., Janssen, C.R., 2011.
Occurrence and distribution of microplastics in marine sediments along the Belgian
coast. Mar. Pollut. Bull. 62, 2199–2204. http://dx.doi.org/10.1016/j.marpolbul.
2011.06.030.

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M.B., Janssen, C.R., 2013. New
techniques for the detection of microplastics in sediments and field collected or-
ganisms. Mar. Pollut. Bull. 70, 227–233. http://dx.doi.org/10.1016/j.marpolbul.
2013.03.009.

Cole, M., Galloway, T.S., 2015. Ingestion of nanoplastics and microplastics by Pacific
oyster larvae. Environ. Sci. Technol. 49, 14625–14632. http://dx.doi.org/10.1021/
acs.est.5b04099.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., Galloway, T.S.,
2013. Microplastic ingestion by zooplankton. Environ. Sci. Technol. 47, 6646–6655.
http://dx.doi.org/10.1021/es400663f.

Cole, M., Webb, H., Lindeque, P.K., Fileman, E.S., Halsband, C., Galloway, T.S., 2014.
Isolation of microplastics in biota-rich seawater samples and marine organisms. Sci
Rep 4, 4528. http://dx.doi.org/10.1038/srep04528.

Collard, F., Gilbert, B., Eppe, G., Parmentier, E., Das, K., 2015. Detection of anthropogenic
particles in fish stomachs: an isolation method adapted to identification by Raman
spectroscopy. Arch. Environ. Contam. Toxicol. 69, 331–339. http://dx.doi.org/10.
1007/s00244-015-0221-0.

Courtene-Jones, W., Quinn, B., Murphy, F., Gary, S.F., Narayanaswamy, B.E., 2017.
Optimisation of enzymatic digestion and validation of specimen preservation
methods for the analysis of ingested microplastics. Anal. Methods 9, 1437–1445.
http://dx.doi.org/10.1039/c6ay02343f.

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J.I., Irigoien, X., Ubeda, B., Hernandez-Leon,
S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-Puelles,
M.L., Duarte, C.M., 2014. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. U. S.
A. 111, 10239–10244. http://dx.doi.org/10.1073/pnas.1314705111.

Crichton, E.M., Noël, M., Gies, E.A., Ross, P.S., 2017. A novel, density-independent and
FTIR-compatible approach for the rapid extraction of microplastics from aquatic
sediments. Anal. Methods 9, 1419–1428. http://dx.doi.org/10.1039/c6ay02733d.

Davison, P., Asch, R.G., 2011. Plastic ingestion by mesopelagic fishes in the North Pacific
subtropical gyre. Mar. Ecol. Prog. Ser. 432, 173–180. http://dx.doi.org/10.3354/
meps09142.

Dehaut, A., Cassone, A.L., Frere, L., Hermabessiere, L., Himber, C., Rinnert, E., Riviere, G.,
Lambert, C., Soudant, P., Huvet, A., Duflos, G., Paul-Pont, I., 2016. Microplastics in
seafood: benchmark protocol for their extraction and characterization. Environ.
Pollut. 215, 223–233. http://dx.doi.org/10.1016/j.envpol.2016.05.018.

Desforges, J.P., Galbraith, M., Dangerfield, N., Ross, P.S., 2014. Widespread distribution
of microplastics in subsurface seawater in the NE Pacific Ocean. Mar. Pollut. Bull. 79,
94–99. http://dx.doi.org/10.1016/j.marpolbul.2013.12.035.

Devriese, L.I., van der Meulen, M.D., Maes, T., Bekaert, K., Paul-Pont, I., Frere, L.,
Robbens, J., Vethaak, A.D., 2015. Microplastic contamination in brown shrimp
(Crangon crangon, Linnaeus 1758) from coastal waters of the Southern North Sea and
channel area. Mar. Pollut. Bull. 98, 179–187. http://dx.doi.org/10.1016/j.marpolbul.
2015.06.051.

Dubaish, F., Liebezeit, G., 2013. Suspended microplastics and black carbon particles in
the Jade system, Southern North Sea. Water Air Soil Pollut. 224. http://dx.doi.org/
10.1007/s11270-012-1352-9.

Dyachenko, A., Mitchell, J., Arsem, N., 2017. Extraction and identification of microplastic
particles from secondary wastewater treatment plant (WWTP) effluent. Anal.
Methods 9, 1412–1418. http://dx.doi.org/10.1039/c6ay02397e.

Enders, K., Lenz, R., Stedmon, C.A., Nielsen, T.G., 2015. Abundance, size and polymer
composition of marine microplastics ≥10 μm in the Atlantic Ocean and their mod-
elled vertical distribution. Mar. Pollut. Bull. 100, 70–81. http://dx.doi.org/10.1016/
j.marpolbul.2015.09.027.

Foekema, E.M., De Gruijter, C., Mergia, M.T., van Franeker, J.A., Murk, A.J., Koelmans,
A.A., 2013. Plastic in north sea fish. Environ. Sci. Technol. 47, 8818–8824. http://dx.
doi.org/10.1021/es400931b.

Frias, J.P., Sobral, P., Ferreira, A.M., 2010. Organic pollutants in microplastics from two
beaches of the Portuguese coast. Mar. Pollut. Bull. 60, 1988–1992. http://dx.doi.org/
10.1016/j.marpolbul.2010.07.030.

Frias, J.P., Otero, V., Sobral, P., 2014. Evidence of microplastics in samples of zoo-
plankton from Portuguese coastal waters. Mar. Environ. Res. 95, 89–95. http://dx.
doi.org/10.1016/j.marenvres.2014.01.001.

M.E. Miller et al. Marine Pollution Bulletin xxx (xxxx) xxx–xxx

11

http://dx.doi.org/10.1016/j.marpolbul.2017.08.058
http://dx.doi.org/10.1016/j.marpolbul.2017.08.058
http://dx.doi.org/10.1016/j.marpolbul.2011.05.030
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0010
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0010
http://dx.doi.org/10.1016/j.marenvres.2015.06.014
http://dx.doi.org/10.1016/j.marenvres.2015.06.014
http://dx.doi.org/10.1016/j.marenvres.2016.05.012
http://dx.doi.org/10.1016/j.marenvres.2016.05.012
http://dx.doi.org/10.1021/acs.est.6b02917
http://dx.doi.org/10.1098/rstb.2008.0205
http://dx.doi.org/10.1039/c6ay02387h
http://dx.doi.org/10.1016/j.marpolbul.2016.06.026
http://dx.doi.org/10.1016/j.marpolbul.2016.06.026
http://dx.doi.org/10.1016/j.marpolbul.2016.08.055
http://dx.doi.org/10.1016/j.marpolbul.2010.08.007
http://dx.doi.org/10.1016/j.marpolbul.2016.06.048
http://dx.doi.org/10.1016/j.marpolbul.2016.06.048
http://dx.doi.org/10.1021/es903784e
http://dx.doi.org/10.1021/es903784e
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0065
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0065
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0070
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0070
http://dx.doi.org/10.1016/j.ocecoaman.2016.04.009
http://dx.doi.org/10.1016/j.ocecoaman.2016.04.009
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0080
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0080
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0080
http://dx.doi.org/10.1016/j.chemosphere.2017.02.024
http://dx.doi.org/10.1016/j.marpolbul.2011.06.030
http://dx.doi.org/10.1016/j.marpolbul.2011.06.030
http://dx.doi.org/10.1016/j.marpolbul.2013.03.009
http://dx.doi.org/10.1016/j.marpolbul.2013.03.009
http://dx.doi.org/10.1021/acs.est.5b04099
http://dx.doi.org/10.1021/acs.est.5b04099
http://dx.doi.org/10.1021/es400663f
http://dx.doi.org/10.1038/srep04528
http://dx.doi.org/10.1007/s00244-015-0221-0
http://dx.doi.org/10.1007/s00244-015-0221-0
http://dx.doi.org/10.1039/c6ay02343f
http://dx.doi.org/10.1073/pnas.1314705111
http://dx.doi.org/10.1039/c6ay02733d
http://dx.doi.org/10.3354/meps09142
http://dx.doi.org/10.3354/meps09142
http://dx.doi.org/10.1016/j.envpol.2016.05.018
http://dx.doi.org/10.1016/j.marpolbul.2013.12.035
http://dx.doi.org/10.1016/j.marpolbul.2015.06.051
http://dx.doi.org/10.1016/j.marpolbul.2015.06.051
http://dx.doi.org/10.1007/s11270-012-1352-9
http://dx.doi.org/10.1007/s11270-012-1352-9
http://dx.doi.org/10.1039/c6ay02397e
http://dx.doi.org/10.1016/j.marpolbul.2015.09.027
http://dx.doi.org/10.1016/j.marpolbul.2015.09.027
http://dx.doi.org/10.1021/es400931b
http://dx.doi.org/10.1021/es400931b
http://dx.doi.org/10.1016/j.marpolbul.2010.07.030
http://dx.doi.org/10.1016/j.marpolbul.2010.07.030
http://dx.doi.org/10.1016/j.marenvres.2014.01.001
http://dx.doi.org/10.1016/j.marenvres.2014.01.001


Fuller, S., Gautam, A., 2016. A procedure for measuring microplastics using pressurized
fluid extraction. Environ. Sci. Technol. 50, 5774–5780. http://dx.doi.org/10.1021/
acs.est.6b00816.

Gallagher, A., Rees, A., Rowe, R., Stevens, J., Wright, P., 2016. Microplastics in the Solent
estuarine complex, UK: an initial assessment. Mar. Pollut. Bull. 102, 243–249. http://
dx.doi.org/10.1016/j.marpolbul.2015.04.002.

GESAMP, 2015. Sources, fate and effects of microplastics in the marine environment: a
global assessment. In: Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection, London, U.K.

GESAMP, 2016. Sources, fate and effects of microplastics in the marine environment: part
two of a global assessment. In: Kershaw, P.J., Rochman, C.M. (Eds.), Joint Group of
Experts on the Scientific Aspects of Marine Environmental Protection. U.K, London,
pp. 220.

Government du Québec, 2009. In: Centre d' expertise en analyse environmentale du
Québec (Ed.), Methods for Taking, Preserving and Analyzing Samples to Monitor the
Water Quality Of Pools and Other Artificial Reservoirs. Government du Québec,
Québec.

Gregory, M.R., 1977. Plastic pellets on New Zealand beaches. Mar. Pollut. Bull. 8, 82–84.
Guven, O., Gokdag, K., Jovanovic, B., Kideys, A.E., 2017. Microplastic litter composition

of the Turkish territorial waters of the Mediterranean Sea, and its occurrence in the
gastrointestinal tract of fish. Environ. Pollut. 223, 286–294. http://dx.doi.org/10.
1016/j.envpol.2017.01.025.

van der Hal, N., Ariel, A., Angel, D.L., 2017. Exceptionally high abundances of micro-
plastics in the oligotrophic Israeli Mediterranean coastal waters. Mar. Pollut. Bull.
116, 151–155. http://dx.doi.org/10.1016/j.marpolbul.2016.12.052.

Hall, N.M., Berry, K.L.E., Rintoul, L., Hoogenboom, M.O., 2015. Microplastic ingestion by
scleractinian corals. Mar. Biol. 162, 725–732. http://dx.doi.org/10.1007/s00227-
015-2619-7.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine
environment: a review of the methods used for identification and quantification.
Environ. Sci. Technol. 46, 3060–3075. http://dx.doi.org/10.1021/es2031505.

Horton, A.A., Svendsen, C., Williams, R.J., Spurgeon, D.J., Lahive, E., 2017. Large mi-
croplastic particles in sediments of tributaries of the River Thames, UK - abundance,
sources and methods for effective quantification. Mar. Pollut. Bull. 114, 218–226.
http://dx.doi.org/10.1016/j.marpolbul.2016.09.004.

Ivar do Sul, J.A., Costa, M.F., 2014. The present and future of microplastic pollution in the
marine environment. Environ. Pollut. 185, 352–364. http://dx.doi.org/10.1016/j.
envpol.2013.10.036.

Ivar do Sul, J.A., Costa, M.F., Fillmann, G., 2014. Microplastics in the pelagic environ-
ment around oceanic islands of the western tropical Atlantic Ocean. Water Air Soil
Pollut. 225. http://dx.doi.org/10.1007/s11270-014-2004-z.

Jensen, L., 2017. Ingestion of microplastic by Pomacentrus moluccensis and the occur-
ence of microplastics in the surface water of the Great Barrier Reef. In: Marine
Biological Section. University of Copenhagen.

Koelmans, A.A., Besseling, E., Shim, W.J., 2015. Nanoplastics in the aquatic environment.
Critical review. In: Marine Anthropogenic Litter. Springer, pp. 325–340.

Li, J., Qu, X., Su, L., Zhang, W., Yang, D., Kolandhasamy, P., Li, D., Shi, H., 2016.
Microplastics in mussels along the coastal waters of China. Environ. Pollut. 214,
177–184. http://dx.doi.org/10.1016/j.envpol.2016.04.012.

Lima, A.R., Costa, M.F., Barletta, M., 2014. Distribution patterns of microplastics within
the plankton of a tropical estuary. Environ. Res. 132, 146–155. http://dx.doi.org/10.
1016/j.envres.2014.03.031.

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the
gastrointestinal tract of pelagic and demersal fish from the English Channel. Mar.
Pollut. Bull. 67, 94–99. http://dx.doi.org/10.1016/j.marpolbul.2012.11.028.

Lusher, A.L., Burke, A., O'Connor, I., Officer, R., 2014. Microplastic pollution in the
Northeast Atlantic Ocean: validated and opportunistic sampling. Mar. Pollut. Bull.
88, 325–333. http://dx.doi.org/10.1016/j.marpolbul.2014.08.023.

Lusher, A.L., Tirelli, V., O'Connor, I., Officer, R., 2015. Microplastics in Arctic polar
waters: the first reported values of particles in surface and sub-surface samples. Sci
Rep 5, 14947–14955.

Maes, T., Jessop, R., Wellner, N., Haupt, K., Mayes, A.G., 2017a. A rapid-screening ap-
proach to detect and quantify microplastics based on fluorescent tagging with Nile
red. Sci Rep 7, 44501. http://dx.doi.org/10.1038/srep44501.

Maes, T., Van der Meulen, M.D., Devriese, L.I., Leslie, H.A., Huvet, A., Frère, L., Robbens,
J., Vethaak, A.D., 2017b. Microplastics baseline surveys at the water surface and in
sediments of the North-East Atlantic. Front. Mar. Sci. 4. http://dx.doi.org/10.3389/
fmars.2017.00135.

Majewsky, M., Bitter, H., Eiche, E., Horn, H., 2016. Determination of microplastic poly-
ethylene (PE) and polypropylene (PP) in environmental samples using thermal ana-
lysis (TGA-DSC). Sci. Total Environ. 568, 507–511. http://dx.doi.org/10.1016/j.
scitotenv.2016.06.017.

Martins, J., Sobral, P., 2011. Plastic marine debris on the Portuguese coastline: a matter of
size? Mar. Pollut. Bull. 62, 2649–2653. http://dx.doi.org/10.1016/j.marpolbul.2011.
09.028.

Masura, J., Baker, J., Foster, G., Arthur, C., 2015. Laboratory Methods for the Analysis of
Microplastics in the Marine Environment: Recommendations for Quantifying the
Synthetic Particles in Water and Sediments. NOAA Marine Debris Division, Silver
Spring, USA.

Mathalon, A., Hill, P., 2014. Microplastic fibers in the intertidal ecosystem surrounding
Halifax Harbor, Nova Scotia. Mar. Pollut. Bull. 81, 69–79. http://dx.doi.org/10.
1016/j.marpolbul.2014.02.018.

McCormick, A., Hoellein, T.J., Mason, S.A., Schluep, J., Kelly, J.J., 2014. Microplastic is
an abundant and distinct microbial habitat in an urban river. Environ. Sci. Technol.
48, 11863–11871. http://dx.doi.org/10.1021/es503610r.

Mintenig, S.M., Int-Veen, I., Loder, M.G., Primpke, S., Gerdts, G., 2017. Identification of

microplastic in effluents of waste water treatment plants using focal plane array-
based micro-Fourier-transform infrared imaging. Water Res. 108, 365–372. http://
dx.doi.org/10.1016/j.watres.2016.11.015.

von Moos, N., Burkhardt-Holm, P., Kohler, A., 2012. Uptake and effects of microplastics
on cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure.
Environ. Sci. Technol. 46, 11327–11335. http://dx.doi.org/10.1021/es302332w.

Morris, A., Hamilton, E., 1974. Polystyrene spherules in the Bristol Channel. Mar. Pollut.
Bull. 5, 26–27.

Nadal, M.A., Alomar, C., Deudero, S., 2016. High levels of microplastic ingestion by the
semipelagic fish bogue Boops boops (L.) around the Balearic Islands. Environ. Pollut.
214, 517–523. http://dx.doi.org/10.1016/j.envpol.2016.04.054.

Nakashima, E., Isobe, A., Kako, S.I., Magome, S., Deki, N., Itai, T., Takahashi, S., Tanabe,
S., 2011. Toxic metals in polyethylene plastic litter. In: Omori, K., Guo, X., Yoshie, N.,
Fujii, N., Handoh, I.C., Isobe, A. (Eds.), Interdisciplinary Studies on Environmental
Chemistry-Marine Environmental Modeling & Analysis. TERRAPUB, pp. 271–277.

Neves, D., Sobral, P., Ferreira, J.L., Pereira, T., 2015. Ingestion of microplastics by
commercial fish off the Portuguese coast. Mar. Pollut. Bull. 101, 119–126. http://dx.
doi.org/10.1016/j.marpolbul.2015.11.008.

Nor, N.H., Obbard, J.P., 2014. Microplastics in Singapore's coastal mangrove ecosystems.
Mar. Pollut. Bull. 79, 278–283. http://dx.doi.org/10.1016/j.marpolbul.2013.11.025.

Phillips, M.B., Bonner, T.H., 2015. Occurrence and amount of microplastic ingested by
fishes in watersheds of the Gulf of Mexico. Mar. Pollut. Bull. 100, 264–269. http://dx.
doi.org/10.1016/j.marpolbul.2015.08.041.

Possatto, F.E., Barletta, M., Costa, M.F., do Sul, J.A., Dantas, D.V., 2011. Plastic debris
ingestion by marine catfish: an unexpected fisheries impact. Mar. Pollut. Bull. 62,
1098–1102. http://dx.doi.org/10.1016/j.marpolbul.2011.01.036.

Quinn, B., Murphy, F., Ewins, C., 2017. Validation of density separation for the rapid
recovery of microplastics from sediment. Anal. Methods 9, 1491–1498. http://dx.doi.
org/10.1039/c6ay02542k.

Reisser, J., Shaw, J., Wilcox, C., Hardesty, B.D., Proietti, M., Thums, M., Pattiaratchi, C.,
2013. Marine plastic pollution in waters around Australia: characteristics, con-
centrations, and pathways. PLoS One 8, e80466. http://dx.doi.org/10.1371/journal.
pone.0080466.

Remy, F., Collard, F., Gilbert, B., Compere, P., Eppe, G., Lepoint, G., 2015. When mi-
croplastic is not plastic: the ingestion of artificial cellulose fibers by macrofauna
living in seagrass macrophytodetritus. Environ. Sci. Technol. 49, 11158–11166.
http://dx.doi.org/10.1021/acs.est.5b02005.

Roch, S., Brinker, A., 2017. Rapid and efficient method for the detection of microplastic in
the gastrointestinal tract of fishes. Environ. Sci. Technol. 51, 4522–4530. http://dx.
doi.org/10.1021/acs.est.7b00364.

Rochman, C.M., Hoh, E., Hentschel, B.T., Kaye, S., 2012. Long-term field measurement of
sorption of organic contaminants to five types of plastic pellets: implications for
plastic marine debris. Environ. Sci. Technol. 47, 1646–1654.

Rochman, C.M., Browne, M.A., Halpern, B.S., Hentschel, B.T., Hoh, E., Karapanagioti,
H.K., Rios-Mendoza, L.M., Takada, H., Teh, S., Thompson, R.C., 2013a. Policy:
classify plastic waste as hazardous. Nature 494, 169–171. http://dx.doi.org/10.
1038/494169a.

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013b. Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Sci Rep 3, 3263. http://dx.doi.org/10.
1038/srep03263.

Rochman, C.M., Tahir, A., Williams, S.L., Baxa, D.V., Lam, R., Miller, J.T., Teh, F.C.,
Werorilangi, S., Teh, S.J., 2015. Anthropogenic debris in seafood: plastic debris and
fibers from textiles in fish and bivalves sold for human consumption. Sci Rep 5,
14340. http://dx.doi.org/10.1038/srep14340.

Romeo, T., Pietro, B., Peda, C., Consoli, P., Andaloro, F., Fossi, M.C., 2015. First evidence
of presence of plastic debris in stomach of large pelagic fish in the Mediterranean Sea.
Mar. Pollut. Bull. 95, 358–361. http://dx.doi.org/10.1016/j.marpolbul.2015.04.048.

Rummel, C.D., Loder, M.G., Fricke, N.F., Lang, T., Griebeler, E.M., Janke, M., Gerdts, G.,
2016. Plastic ingestion by pelagic and demersal fish from the North Sea and Baltic
Sea. Mar. Pollut. Bull. 102, 134–141. http://dx.doi.org/10.1016/j.marpolbul.2015.
11.043.

Sanchez, W., Bender, C., Porcher, J.M., 2014. Wild gudgeons (Gobio gobio) from French
rivers are contaminated by microplastics: preliminary study and first evidence.
Environ. Res. 128, 98–100. http://dx.doi.org/10.1016/j.envres.2013.11.004.

Santana, M.F., Ascer, L.G., Custodio, M.R., Moreira, F.T., Turra, A., 2016. Microplastic
contamination in natural mussel beds from a Brazilian urbanized coastal region: rapid
evaluation through bioassessment. Mar. Pollut. Bull. 106, 183–189. http://dx.doi.
org/10.1016/j.marpolbul.2016.02.074.

Shim, W.J., Hong, S.H., Eo, S.E., 2017. Identification methods in microplastic analysis: a
review. Anal. Methods 9, 1384–1391. http://dx.doi.org/10.1039/c6ay02558g.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Rani, M., Lee, J., Shim, W.J., 2015. A
comparison of microscopic and spectroscopic identification methods for analysis of
microplastics in environmental samples. Mar. Pollut. Bull. 93, 202–209. http://dx.
doi.org/10.1016/j.marpolbul.2015.01.015.

Sutton, R., Mason, S.A., Stanek, S.K., Willis-Norton, E., Wren, I.F., Box, C., 2016.
Microplastic contamination in the San Francisco Bay, California, USA. Mar. Pollut.
Bull. 109, 230–235. http://dx.doi.org/10.1016/j.marpolbul.2016.05.077.

Tanaka, K., Takada, H., 2016. Microplastic fragments and microbeads in digestive tracts
of planktivorous fish from urban coastal waters. Sci Rep 6, 34351. http://dx.doi.org/
10.1038/srep34351.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M.-a., Watanuki, Y.,
2012. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting
marine plastics. Mar. Pollut. Bull. 69, 219–222.

Taylor, M.L., Gwinnett, C., Robinson, L.F., Woodall, L.C., 2016. Plastic microfibre in-
gestion by deep-sea organisms. Sci Rep 6, 33997. http://dx.doi.org/10.1038/
srep33997.

M.E. Miller et al. Marine Pollution Bulletin xxx (xxxx) xxx–xxx

12

http://dx.doi.org/10.1021/acs.est.6b00816
http://dx.doi.org/10.1021/acs.est.6b00816
http://dx.doi.org/10.1016/j.marpolbul.2015.04.002
http://dx.doi.org/10.1016/j.marpolbul.2015.04.002
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0195
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0195
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0195
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0200
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0200
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0200
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0200
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0205
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0205
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0205
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0205
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0210
http://dx.doi.org/10.1016/j.envpol.2017.01.025
http://dx.doi.org/10.1016/j.envpol.2017.01.025
http://dx.doi.org/10.1016/j.marpolbul.2016.12.052
http://dx.doi.org/10.1007/s00227-015-2619-7
http://dx.doi.org/10.1007/s00227-015-2619-7
http://dx.doi.org/10.1021/es2031505
http://dx.doi.org/10.1016/j.marpolbul.2016.09.004
http://dx.doi.org/10.1016/j.envpol.2013.10.036
http://dx.doi.org/10.1016/j.envpol.2013.10.036
http://dx.doi.org/10.1007/s11270-014-2004-z
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0250
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0250
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0250
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0255
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0255
http://dx.doi.org/10.1016/j.envpol.2016.04.012
http://dx.doi.org/10.1016/j.envres.2014.03.031
http://dx.doi.org/10.1016/j.envres.2014.03.031
http://dx.doi.org/10.1016/j.marpolbul.2012.11.028
http://dx.doi.org/10.1016/j.marpolbul.2014.08.023
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0280
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0280
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0280
http://dx.doi.org/10.1038/srep44501
http://dx.doi.org/10.3389/fmars.2017.00135
http://dx.doi.org/10.3389/fmars.2017.00135
http://dx.doi.org/10.1016/j.scitotenv.2016.06.017
http://dx.doi.org/10.1016/j.scitotenv.2016.06.017
http://dx.doi.org/10.1016/j.marpolbul.2011.09.028
http://dx.doi.org/10.1016/j.marpolbul.2011.09.028
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0305
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0305
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0305
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0305
http://dx.doi.org/10.1016/j.marpolbul.2014.02.018
http://dx.doi.org/10.1016/j.marpolbul.2014.02.018
http://dx.doi.org/10.1021/es503610r
http://dx.doi.org/10.1016/j.watres.2016.11.015
http://dx.doi.org/10.1016/j.watres.2016.11.015
http://dx.doi.org/10.1021/es302332w
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0330
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0330
http://dx.doi.org/10.1016/j.envpol.2016.04.054
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0340
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0340
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0340
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0340
http://dx.doi.org/10.1016/j.marpolbul.2015.11.008
http://dx.doi.org/10.1016/j.marpolbul.2015.11.008
http://dx.doi.org/10.1016/j.marpolbul.2013.11.025
http://dx.doi.org/10.1016/j.marpolbul.2015.08.041
http://dx.doi.org/10.1016/j.marpolbul.2015.08.041
http://dx.doi.org/10.1016/j.marpolbul.2011.01.036
http://dx.doi.org/10.1039/c6ay02542k
http://dx.doi.org/10.1039/c6ay02542k
http://dx.doi.org/10.1371/journal.pone.0080466
http://dx.doi.org/10.1371/journal.pone.0080466
http://dx.doi.org/10.1021/acs.est.5b02005
http://dx.doi.org/10.1021/acs.est.7b00364
http://dx.doi.org/10.1021/acs.est.7b00364
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0385
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0385
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0385
http://dx.doi.org/10.1038/494169a
http://dx.doi.org/10.1038/494169a
http://dx.doi.org/10.1038/srep03263
http://dx.doi.org/10.1038/srep03263
http://dx.doi.org/10.1038/srep14340
http://dx.doi.org/10.1016/j.marpolbul.2015.04.048
http://dx.doi.org/10.1016/j.marpolbul.2015.11.043
http://dx.doi.org/10.1016/j.marpolbul.2015.11.043
http://dx.doi.org/10.1016/j.envres.2013.11.004
http://dx.doi.org/10.1016/j.marpolbul.2016.02.074
http://dx.doi.org/10.1016/j.marpolbul.2016.02.074
http://dx.doi.org/10.1039/c6ay02558g
http://dx.doi.org/10.1016/j.marpolbul.2015.01.015
http://dx.doi.org/10.1016/j.marpolbul.2015.01.015
http://dx.doi.org/10.1016/j.marpolbul.2016.05.077
http://dx.doi.org/10.1038/srep34351
http://dx.doi.org/10.1038/srep34351
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0445
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0445
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0445
http://dx.doi.org/10.1038/srep33997
http://dx.doi.org/10.1038/srep33997


Terepocki, A.K., Brush, A.T., Kleine, L.U., Shugart, G.W., Hodum, P., 2017. Size and
dynamics of microplastic in gastrointestinal tracts of northern fulmars (Fulmarus
glacialis) and sooty shearwaters (Ardenna grisea). Mar. Pollut. Bull. 116, 143–150.
http://dx.doi.org/10.1016/j.marpolbul.2016.12.064.

Teuten, E.L., Saquing, J.M., Knappe, D.R., Barlaz, M.A., Jonsson, S., Bjorn, A., Rowland,
S.J., Thompson, R.C., Galloway, T.S., Yamashita, R., Ochi, D., Watanuki, Y., Moore,
C., Viet, P.H., Tana, T.S., Prudente, M., Boonyatumanond, R., Zakaria, M.P.,
Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S., Mizukawa, K., Hagino, Y., Imamura, A.,
Saha, M., Takada, H., 2009. Transport and release of chemicals from plastics to the
environment and to wildlife. Proc. R. Soc. B Biol. Sci. 364, 2027–2045. http://dx.doi.
org/10.1098/rstb.2008.0284.

Thermo Fisher Scientific, 2017. Labware Chemical Resistance Table. thermoscientific.
com.

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W.,
McGonigle, D., Russell, A.E., 2004. Lost at sea: where is all the plastic? Science 304,
838.

U. S. Environmental Protection Agency, 1983. Sample Preservation, Methods for
Chemical Analysis of Water and Wastes, EPA-600/4-79-020. U. S. Environmental
Protection Agency, Cincinnati, Ohio, USA, pp. xv–xx.

Van Cauwenberghe, L., Janssen, C.R., 2014. Microplastics in bivalves cultured for human
consumption. Environ. Pollut. 193, 65–70. http://dx.doi.org/10.1016/j.envpol.2014.
06.010.

Van Cauwenberghe, L., Vanreusel, A., Mees, J., Janssen, C.R., 2013. Microplastic pollu-
tion in deep-sea sediments. Environ. Pollut. 182, 495–499. http://dx.doi.org/10.
1016/j.envpol.2013.08.013.

Vandermeersch, G., Van Cauwenberghe, L., Janssen, C.R., Marques, A., Granby, K., Fait,

G., Kotterman, M.J., Diogene, J., Bekaert, K., Robbens, J., Devriese, L., 2015. A cri-
tical view on microplastic quantification in aquatic organisms. Environ. Res. 143,
46–55. http://dx.doi.org/10.1016/j.envres.2015.07.016.

Vendel, A.L., Bessa, F., Alves, V.E., Amorim, A.L., Patricio, J., Palma, A.R., 2017.
Widespread microplastic ingestion by fish assemblages in tropical estuaries subjected
to anthropogenic pressures. Mar. Pollut. Bull. 117, 448–455. http://dx.doi.org/10.
1016/j.marpolbul.2017.01.081.

Wagner, J., Wang, Z.-M., Ghosal, S., Rochman, C., Gassel, M., Wall, S., 2017. Novel
method for the extraction and identification of microplastics in ocean trawl and fish
gut matrices. Anal. Methods 9, 1479–1490.

Wessel, C.C., Lockridge, G.R., Battiste, D., Cebrian, J., 2016. Abundance and character-
istics of microplastics in beach sediments: insights into microplastic accumulation in
northern Gulf of Mexico estuaries. Mar. Pollut. Bull. 109, 178–183. http://dx.doi.
org/10.1016/j.marpolbul.2016.06.002.

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics
on marine organisms: a review. Environ. Pollut. 178, 483–492. http://dx.doi.org/10.
1016/j.envpol.2013.02.031.

Wu, W.-M., Yang, J., Criddle, C.S., 2016. Microplastics pollution and reduction strategies.
Front. Environ. Sci. Eng. 11. http://dx.doi.org/10.1007/s11783-017-0897-7.

Zarfl, C., Fleet, D., Fries, E., Galgani, F., Gerdts, G., Hanke, G., Matthies, M., 2011.
Microplastics in oceans. Mar. Pollut. Bull. 62, 1589–1591. http://dx.doi.org/10.
1016/j.marpolbul.2011.02.040.

Zhao, S., Zhu, L., Li, D., 2016. Microscopic anthropogenic litter in terrestrial birds from
Shanghai, China: not only plastics but also natural fibers. Sci. Total Environ. 550,
1110–1115. http://dx.doi.org/10.1016/j.scitotenv.2016.01.112.

M.E. Miller et al. Marine Pollution Bulletin xxx (xxxx) xxx–xxx

13

http://dx.doi.org/10.1016/j.marpolbul.2016.12.064
http://dx.doi.org/10.1098/rstb.2008.0284
http://dx.doi.org/10.1098/rstb.2008.0284
http://thermoscientific.com
http://thermoscientific.com
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0470
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0470
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0470
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0475
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0475
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0475
http://dx.doi.org/10.1016/j.envpol.2014.06.010
http://dx.doi.org/10.1016/j.envpol.2014.06.010
http://dx.doi.org/10.1016/j.envpol.2013.08.013
http://dx.doi.org/10.1016/j.envpol.2013.08.013
http://dx.doi.org/10.1016/j.envres.2015.07.016
http://dx.doi.org/10.1016/j.marpolbul.2017.01.081
http://dx.doi.org/10.1016/j.marpolbul.2017.01.081
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0500
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0500
http://refhub.elsevier.com/S0025-326X(17)30732-4/rf0500
http://dx.doi.org/10.1016/j.marpolbul.2016.06.002
http://dx.doi.org/10.1016/j.marpolbul.2016.06.002
http://dx.doi.org/10.1016/j.envpol.2013.02.031
http://dx.doi.org/10.1016/j.envpol.2013.02.031
http://dx.doi.org/10.1007/s11783-017-0897-7
http://dx.doi.org/10.1016/j.marpolbul.2011.02.040
http://dx.doi.org/10.1016/j.marpolbul.2011.02.040
http://dx.doi.org/10.1016/j.scitotenv.2016.01.112

	Recovering microplastics from marine samples: A review of current practices
	Introduction
	Literature search strategy
	Seawater samples
	Sediment samples
	Biological organisms
	Recommendations for future research

	Author contributions statement
	Competing financial interests
	Acknowledgements
	Supplementary data
	References




