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Amethod for the determination ofmicroplastic (MP) content in seafood is proposedbased on the selective diges-
tion of seafood without the degradation of MP. A simple approach was developed using diluted acid with
microwave-assisted wet digestion. The following parameters were evaluated: nitric acid concentration (0.5 to
14.4 mol L−1), digestion temperature (180 to 220 °C), irradiation program holding time (10 to 30 min), MP par-
ticle size (0.3 to 5 mm), and the seafoodmass (0.5 to 2 g). To develop a reliable method for the determination of
MP amount, up to 2 g of an in natura seafood samplewere spikedwith a known amount ofMP (100mg ofmixed
MP). Suitable conditions were obtained using 1 mol L−1 HNO3 at 200 °C (10 min holding time). Digests were fil-
tered and the plastic content was gravimetrically determined. The heating program was 20 min, which repre-
sents a significant reduction in the time normally reported in the literature for MP analysis (from few hours up
to 3 days). The proposed method allowed gravimetric determination of eight plastic types (polyethylene tere-
phthalate, polystyrene, expanded polystyrene, polypropylene, high and low density polyethylene, polycarbonate
and polyvinyl chloride) with particle size ≥0.3 mm. Up to 2 g of an in natura seafood sample (shark species,
acoupa weakfish, tuna fish, trahira, and pink shrimp) were efficiently digested, which opened the possibility of
using the proposed digestion method for determining elemental contaminants (Al, As, Ca, Cd, Co, Cr, Cu, Fe,
Hg, La, Mg, Mn, Mo, Ni, Pb, and Zn). Thus, as themain feature of the proposed digestion method is the possibility
of determining MP and elemental contaminants using the same digestion protocol, saves time and reagents and
provides accurate and precise information about different classes of marine pollutants (MP and elemental
contaminants).
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1. Introduction

The production and availability of plastics have grown signifi-
cantly in this century due to low cost, versatility and reliability.
Since 2000, the global production of plastics has increased exponen-
tially, reaching 359 million tons in 2018 (PlasticEurope, 2019; WWF,
2019b). The increase in plastic production, associated with ineffi-
cient waste management systems, resulted in more than eight mil-
lion tons (Jambeck et al., 2015) of plastic entering the oceans
annually. In 2015, an estimated 236 tons of plastic floated in oceans
(Peng et al., 2020). Although plastics have been produced as an
inert material, which is welcome for many industrial purposes, plas-
tic waste in general presents a low degradability rate, being only
fragmented when exposed to the environment. Plastic fragmenta-
tion is the result of several processes, such as those that are radioac-
tive (photooxidation of the chemical structure and further bond
cleavage), thermal, and biological (biodegradation by microorgan-
isms) and, when considering a marine environment, the friction
caused by wave action combined with the abrasion process from
sediment particles (Dawson et al., 2018; González-Pleiter et al.,
2019; Hernandez et al., 2019; Liu et al., 2020).

When fragments of plastic present dimensions lower than 5 mm,
they are commonly classified asmicroplastics (MPs). The presence of
MPs has been reported in air, surface and deep-sea waters, soil, sed-
iments, and biota at a global scale, including in the extreme poles
(Arctic and Antarctica) (González-Pleiter et al., 2020; Jamieson
et al., 2019; Kelly et al., 2020; Peng et al., 2020; Zhu et al., 2019). If
MPs are intentionally produced in micro scale, and used in commer-
cial products such as exfoliating/abrasive creams and toothpaste
(cosmetic industry) and synthetic fabrics with microscope polyester
fibers (textile industry), they are classified as primary MPs. Second-
ary MPs, for instance, comprise fragments resulting from environ-
mental exposure (e.g., friction), which may act on larger plastic
wastes and reduce the size (Prata et al., 2019b).

Some studies have reported the impact of MPs in the marine envi-
ronment, biota and, recently, in humans (Cole et al., 2011; Peng et al.,
2020; Prata et al., 2020). Recently, it was demonstrated that human in-
gestion of MPs is about 120 thousand particles annually, coming from
water, food, and even air (Cox et al., 2019). The ingestion of MP can re-
sult in the blockage of the digestive tract and the subsequent leaching of
the additives and chemicals introduced during the production process,
such as stabilizers and flame retardants. Besides the undesirable effects
directly related to MP ingestion, MPs have relatively high superficial
areas, prone to adsorbing substances present in the environment, such
as elemental contaminants and/or persistent organic pollutants
(POPs) (Andrady, 2017; Guo and Wang, 2019).

In addition to the problems of MP ingestion, MP have been shown
to be potential carriers of toxic elements (Brennecke et al., 2016;
Godoy et al., 2019). In addition to the elements adsorbed on the sur-
face of MPs in the environment, some elements are added intention-
ally in the manufacturing process of plastics or come from catalysts,
pigments and stabilizers (Godoy et al., 2019). When the elemental
contaminants supported in the MPs enter the human organism,
they induce toxicity, such as carcinogenic and mutagenic effects
(Wang et al., 2020). The main elements adsorbed in MPs include
Cd, Cr, Cu, Co, Ni, Pb, and Zn (Brennecke et al., 2016; Godoy et al.,
2019; Holmes et al., 2014; Wang et al., 2020).

Taking into account the possible sources of human exposure to
MPs, it is well known that consumption of fish is the primary source.
It is important to measure possible human exposure through the MP
contaminant of fish. A comprehensive review published by European
Food Safety Authority (EFSA) (EFSA, 2016) demonstrated several
studies where MPs were found in marine fish and shellfish. MPs
were present in an amount up to 7 particles per fish, and 10 parti-
cles/g of shellfish, with particle sizes ranging from 0.13 to 5 mm. Ad-
ditionally, the quantification of MPs in fish tissues corroborates the
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significance human actions on the marine environment through
the incorrect disposal of plastics. For both situations, human expo-
sure by ingestion or the anthropogenic effect on the environment,
the protocols must be efficient enough to provide information
about the amount of MP, without its degradation.

Several methods have been used for identification and character-
ization of MPs, including, electron microscopy (EM), infrared spec-
troscopy (IR), Raman spectroscopy, and pyrolysis gas
chromatography mass spectrometry (Py-GC–MS), among others
(Schwaferts et al., 2019). These methods provide information about
size, shape, morphology and chemical composition of MPs. However,
they present limitations when looking for quantification, despite the
associated high cost (Schwaferts et al., 2019). Recently, Bolea-
Fernandez et al. (2020) demonstrated the possibility of using single
particle inductively coupled plasma mass spectrometry (SP-ICP-
MS) for the detection, quantification and size characterization of
MPs in water samples. However, this method had limitations when
samples with biological matrices were used, requiring an additional
sample preparation step. In spite of that, for any method of identifi-
cation or quantification of MP content, a filtration step is required
for separating the plastic particles from the supernatant. To this
end, filter paper is usually used, normally with a vacuum pump,
with pore sizes ranging from 0.3 to 200 μm. Pore size limits the size
of the MP that can be retained and, thus, determined (Hidalgo-Ruz
et al., 2012; Prata et al., 2019a). This approach is easy to use, wide-
spread, and presents low cost and is considered a feasible method
for the determination of MP content.

Several protocols were already developed, which aim at the re-
moval/separation of the organic tissue without damaging the MPs.
In this sense, sample preparation protocols using acids (Claessens
et al., 2013; De Witte et al., 2014; Naidoo et al., 2017), bases
(Karami et al., 2017; Kühn et al., 2017), oxidation (Avio et al.,
2015; Prata et al., 2019b), and enzymes (Karlsson et al., 2017) have
been used. Despite the good efficiency of these methods for separa-
tion (or even digestion) of organic tissue for further determination
of MPs, some plastics can be degraded (i.e., polyethylene and poly-
styrene with concentrated nitric acid) depending on the chemical
structure and can contribute to underestimated results (Avio et al.,
2015). Moreover, the digestion process in most protocols for seafood
containing relatively high fat contents required long reaction times,
such as 14 h (Claessens et al., 2013), 48 h (Kühn et al., 2017) or
72 h (Karami et al., 2017).

Considering that time is an important aspect for making decisions
and selecting a protocol and taking into account the requirement for
protocols that do not underestimate the amount of MPs, microwave-
assisted wet digestion (MAWD) is a feasible approach for the digestion
of biological tissue, with relatively fast and high efficiency (Muller et al.,
2015a). A MAWD protocol was used for the extraction of MPs from fish
samples (Karlsson et al., 2017; Leslie et al., 2017). As reported, this
method might be considered unsuitable for further MP quantification
because two heating programs were applied in sequence, using
7 mol L−1 HNO3 and 30% H2O2. Thus, due to the use of such conditions
and the risk to attack the matrix and digest MPs (such as polyethylene
during the extraction step), this approach was not appropriate for the
determination of the amount of MPs.

Thus, this work aims to develop a quick, economic and efficient
method for the determination of theMP content in seafood to help eval-
uate the environmental impact generated by human action. Conditions
for the simultaneous determination ofMPs and elemental contaminants
were optimized. In this way, theMAWD based on single reaction cham-
ber (SRC) technology was used. Diluted acid was used for the selective
digestion of the biological matter for further elemental contaminant de-
termination and saved MPs for further evaluation. The elemental con-
taminants (trace elements) were determined by ICP-based techniques,
but MPs were quantified after a simple gravimetric process just involv-
ing filtration and weighing steps.



Table 1
Operational conditions for the determination of elemental contaminants by ICP-OES and
ICP-MS and Hg by CVG-ICP-MS.

Parameter ICP-MS ICP-OES

Power (W) 1300 1400
Plasma gas flow-rate (L min−1) 15 12
Auxiliary gas flow-rate (L min−1) 1.2 1.0
Nebulizer gas flow-rate (L min−1) 1.08 1.0
Spray chamber Cyclonic double pass
Nebulizer concentric cross-flow
Sample and skimmer cones Pt –
CVG-ICP-MS
Acid solution (HCl, mol L−1) 1.0 (2.0 mL min−1) –
Reductant solution (NaBH4, % m/v) 0.05 (2.0 mL min−1) –
Carrier gas flow-rate (L min−1) 1.12 –

Analytes m/z Wavelength (nm)
Al n.d. 394.401
As 75 n.d.
Ca n.d. 396.847
Cd 114 n.d.
Co 59 n.d.
Cr 52 n.d.
Cu 63 n.d.
Fe n.d. 259.941
Hg 202 n.d.
La n.d. 408.672
Mg n.d. 280.270
Mn 55 n.d.
Mo n.d. 202.095
Ni 60 n.d.
Pb 208 n.d.
Zn n.d. 213.856

n.d. – not determined.
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2. Materials and methods

2.1. Samples, reagents and materials

To evaluate the MP degradation when submitted to acid digestion,
nine plastic samples were used: polyethylene terephthalate (PET),
polystyrene (PS), expanded polystyrene (EPS), polypropylene (PP),
high-density polyethylene (HDPE), low-density polyethylene (LDPE),
polycarbonate (PC), polyvinyl chloride (PVC), and polyurethane (PU).
All plastics used as MPs were obtained as new products at local market.
Plastic samples were cut manually to obtain particle size lower than
5 mm. Afterward, theMPs were sieved in a sieve shaker (serial number
8708, Bertel, Brazil) to separate the particle size between 0.3 and
0.8mm, 0.81 to 1.69mmand 1.7 to 5mm. All optimizations of digestion
and MP separation from fish muscle were performed with a Prionace
glauca shark species selected as a model sample for method develop-
ment. The optimized method was applied for MP determination in
pink shrimp (Panaeus brasiliensis), acoupaweakfish (Cynoscion acoupa),
tuna fish (Thunnus spp.), and trahira (Hoplias malabaricus). All fishmus-
cles and shrimp were purchased in a local market. For all the experi-
ments, the in natura sample (fresh tissue) was used. To evaluate the
accuracy of themethod for elemental contaminant determination, a cer-
tified reference material (CRM) of dogfish muscle (DORM-2) was used.

Water was purified in a Milli-Q system (Merck Millipore Corp.,
Bedford, USA, 18.2 MΩ cm) and was used for cleaning materials and
for the preparation of all standards, solutions and dilutions. For the sam-
ple digestion, nitric acid (65%, Merck, Darmstadt, Germany) was used.
When the quantification of elemental contaminants was performed,
the nitric acid was distilled using a sub-boiling system (DuoPur, Mile-
stone, Sorisole, Italy). Potassium hydroxide (Merck, Darmstadt,
Germany)was used for alkaline digestion, whichwas used as a compar-
ative method. For the preparation of analytical standards in 5% HNO3, a
multielement stock reference solution (PlasmaCal calibration solution,
10 mg L−1, SCP33MS, SCP Science, Quebec, Canada) was used. For Hg
determination by chemical vapor generation (CVG), hydrochloric acid
(37%, Merck, Darmstadt, Germany) distilled in a sub-boiling system
and sodium tetrahydroborate (NaBH4, Vetec) were used. Analytical
standards for Hg were prepared from a stock solution of 1000 mg L−1

(Merck, Darmstadt, Germany). Carbon reference solutions used for dis-
solved carbon determination were prepared by dissolution of citric acid
(Merck) in water (25 to 500 mg L−1 of C). Yttrium (1.0 mg L−1, Spex
CertPrep, Metuchen, New Jersey, USA)was used as an internal standard
in all samples, blanks and reference solutions for dissolved carbon
determination.

For filtration, a filter paper with pore size lower than 2 μm
(Whatman No. 589/3 Florham Park, MI) was used. Before any filtration,
the filter paper was washed with water to eliminate any retained parti-
cle and dried at 105 °C for 1 h in an oven (Nova Ética, Vargem Grande
Paulista, Brazil).

Statistical evaluation was performed using a t-test (Statistica
StatSoft Inc., Version 10) with a 95% confidence level for all compari-
sons. For method development, a known amount of MP was used in
each evaluation. Then, statistical comparisonswere carried out between
the recovery of each experiment and the added amount (t-test) and
among the recoveries (ANOVA) for all the conditions in a range
optimized.

2.2. Instrumentation

All digestion procedures were performed in a microwave-assisted
single reaction chamber system (Ultrawave™, Milestone, Sorisole,
Italy). A fifteen vessel rack (disposable glass vessels, 15 mL) was placed
in a polytetrafluoroethylene liner. The cover was placed in a microwave
cavity (1 L), which was sealed and pressurized with 40 bar of Ar
(99.996%, White Martins, São Paulo, Brazil) before microwave irradia-
tion. System was set to operate at a maximum power of 1500 W, with
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a maximum operational temperature and pressure of 270 °C and
160 bar, respectively.

An inductively coupled plasma optical emission spectrometer
(Spectro Cirus CCD, Spectro Analytical Instruments, Kleve, Germany)
and an inductively coupled plasma mass spectrometer (NexION 300×,
Perkin Elmer, Thornhil, USA) were used for the determination of ele-
mental contaminants. The operational parameters for measurements
by inductively coupled plasma optical emission spectrometry (ICP-
OES) and inductively coupled plasma mass spectrometry (ICP-MS) are
shown in Table 1. Dissolved carbon was determined through ICP-OES
bymonitoring thewavelength of 193.030 nm (yttriumwas the internal
standard at 371.029 nm). Mercury was determined by chemical vapor
generation coupled with ICP-MS (CVG-ICP-MS). For this, a homemade
flow-injection (FI) system was used, consisting of a peristaltic pump
(Ismatech, Zurich, Switzerland), an injection valve fitted with 100 μL
sample loop and a U type gas-liquid separator for gases. Solutions of
0.05% m/v NaBH4 and 1 mol L−1 HCl were used.

2.3. Resistance of MPs to acid protocol

The degradation ofMPs submitted to acid protocolwas evaluated for
nitric acid concentrations from 0.5 to 14.4 mol L−1 HNO3. For this,
100 mg of each MP (without fish tissue) was submitted to a digestion
procedure with 6 mL of digestion solution. The digestion vessel with
MPs and HNO3 was placed into the SRC system (lined with TFM, con-
taining 130 mL of water and 5 mL of HNO3) with the aid of a rack. The
systemwas then sealed and pressurizedwith 40 bar of Ar. The digestion
temperature was evaluated from 180 to 220 °C, with a maximum pres-
sure and power of 160 bar and 1500 W, respectively. The heating time
was also evaluated, ranging from 10 to 30 min (ramp time of 10 min
up to maximum temperature).

After digestion, the obtained solutionswere cooled to room temper-
ature and then transferred to polypropyleneflasks passing through a fil-
ter paper for retention and separation of theMPs. In this step, a vacuum
system was used to increase the filtration process speed. After the
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filtration and retention of MPs on the filter paper, the filter paper was
dried at 120 °C for 1 h in an oven. The dried filter paper containing the
MPs was weighed using an analytical balance (model AY 220, 0.1 mg
of resolution, Shimadzu, Kyoto, Japan). A blank sample was obtained fil-
tering only nitric acid in all the evaluated concentrations to check a pos-
sible degradation of the filter paper. Dried filter paper was weighed
before and after filtration. MP recovery in all experiments was calcu-
lated using Eq. (1).

Recovery %ð Þ ¼ Wa−Wb
Wi

� 100 ð1Þ

where “Wa” is the weight of the dry filter paper after filtration, “Wb” is
the weight of the dry filter paper before filtration, and “Wi” is the initial
weight of MPs.

2.4. Seafood digestion

To evaluate the efficiency of the proposedmethod for degradation of
the biological material, the seafood sample was selectively digested
using the method previously optimized for saving MPs (condition of
minimumMP degradation). For this, 0.5 to 2 g of in natura sharkmuscle
(without MPs) were added to each digestion vessel, which was filled
with 6 mL of 1 mol L−1 HNO3. After the heating program (ramp of
10 min up to 200 °C, and 10 min of holding time at 200 °C), the digests
were transferred to volumetric flasks and diluted with ultrapure water
up to 25 mL for further determination of dissolved carbon by ICP-OES,
which was used to evaluate the digestion efficiency.

2.5. Determination of microplastic content in seafood

A known amount of MP was mixed with an in natura shark sample
(called a spiked sample) and was digested using diluted HNO3. For
this, 2 g of an in natura sample were spiked with 100 mg of a mix of
eight MPs (PET, PS, EPS, PP, HDPE, LDPE, PC, and PVC). This approach
was performed to evaluate the efficiency of the separation protocol
(seafood tissue digestion followed by filtration for MP separation). The
spiked sample was transferred to a digestion vessel with 6 mL of
1 mol L−1 HNO3 and followed the same protocol previously optimized
for saving MPs (ramp of 10 min up to 200 °C, and 10 min of holding
time at 200 °C). The digests were transferred to volumetric flasks and
filtered using a vacuum system. MPs retained in the filter paper were
weighed to calculate the recovery of MPs (according to Eq. (1)).

To evaluate the applicability of the proposed method, three more
fish species (acoupa weakfish, tuna fish, and trahira) and shrimp were
submitted to an optimized digestion protocol. The efficiency of acid di-
gestion was evaluated by the determination of dissolved carbon in di-
gests through ICP-OES. Further, all seafood samples were spiked with
a 100 mg mix of MPs and submitted to the same optimized protocol.
After the digestion program, the final solution was vacuum filtered to
retain the MPs and to evaluate the efficiency of the proposed protocol.

For comparison of the results obtained by the proposed acid diges-
tion method, an alkaline digestion method, adapted from Karami et al.
(2017), was also carried out. For this, 5 g of in natura shark muscle
were spiked with a 0.5 g mix of MPs (HDPE, LDPE, PET, PVC, PS and
PP) and transferred to a polypropylene vessel. As a digestion solution,
60 mL of 10% KOHwas used, which was in contact with the fish sample
spiked with MP at 40 °C for 48 h. After the digestion, the MP particles
were filtered under a vacuum and dried at 50 °C for 5 h. The dried filter
paper was weighed and the MP recovery was calculated using Eq. 1.

2.6. Determination of the elemental contaminants by ICP-OES and ICP-MS

Taking into account the ingestion of seafood, whichwould represent
a source of toxic elements to humans (from the seafood and the ele-
ments adsorbed in MPs), the digested solutions obtained after the
4

proposed protocolwere evaluated for the determination elemental con-
taminants. Thus, digests obtained from shark samples before filtration
were collected in volumetric flasks and diluted up to 25 mL with
water for further determination of elemental contaminants by ICP-OES
and ICP-MS (Hg by CVG-ICP-MS).

To evaluate the possibility of elemental contaminants simulta-
neously with the determination of MPs, the following sample prepara-
tion procedures were carried out with the use of 6 mL of 1 mol L−1

HNO3 as a digestion solution:

i). digestion of in natura shark muscle (without MPs) using a 2 g of
sample and

ii). digestion of in natura shark muscle (2 g) spiked with 100 mg of
the mixture of MPs.

These combined steps (i and ii) allowed the determination of the
amount of elemental contaminants present in the shark sample (step
“i”). Furthermore, in step “ii”, it was possible to estimate the leachate el-
ements from MPs by increasing the shark sample contamination. For
evaluating the accuracy of the proposed procedure for determining ele-
mental contaminants, a CRM of dogfish muscle (DORM-2) was used.

2.7. Quality assurance

Robustness of the sample preparation protocol was evaluated taking
into account variations in the following parameters: MP/seafood mass
ratio (in %), sample mass, irradiation holding time, digestion tempera-
ture, and concentration of acid solution. The intraday precision (repeat-
ability) and inter dayprecision (intermediate precision)were estimated
based on the relative standard deviation (RSD) by analyzing the applica-
tion of the proposed protocol to each seafood sample on three different
days and with three replicated analyses per day. The accuracy of the
proposed method was evaluated by comparing the proposed protocol
with a method based on alkaline digestion performed according to pre-
vious literature, as well as by using CRM of dogfish muscle (DORM-2).

3. Results and discussion

Due to the worldwide concern about the risks that MPs can bring to
environmental and human health, the development of protocols to de-
termine the MP content in fish muscle is required. Although several
methods have already been developed, the majority are not feasible
for laboratory routine because since they tend to require long pretreat-
ment times, the use of concentrated reagents (normally HNO3 or HCl)
for the total degradation of organic matter, or specific and costly equip-
ment, such as SEM and Py-GC–MS (Schwaferts et al., 2019). Addition-
ally, these methods may result in MP solubilization or degradation,
leading to underestimated final results (Avio et al., 2015).

3.1. Evaluation of the MP behavior exposed to the acid digestion protocol

For each MP, the effect of the acid treatment (acid concentration,
temperature, heating time, and MP particle size) over the MP recovery
was evaluated. In this step, each MP was evaluated alone, and it was
possible to select themost appropriate condition to provide aminimum
digestion condition, or any MP degradation. The evaluated parameters
are described in the following sections.

3.1.1. HNO3 concentration
It is worthmentioning that the filter paper used for filtration did not

suffer any appreciable degradation from the acid solution. It was evalu-
ated using the acid solution at room temperature, and the filtration pro-
cess happens quite fast (less than 5 s). Using this condition, regardless of
the acid solution concentration, no significant change in the filter paper
mass was observed when weighing it before and after contact with the
acid solution. It was assumed that this procedure did not interfere in
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determining of the amount of MPs. Further, the MP degradation was
evaluated using different concentrations of HNO3. As observed in the
Fig. 1a, when using concentrated HNO3 (14.4mol L−1) all the evaluated
MPs were almost completely dissolved (higher than 80%). The only ex-
ception was PVC, which presented recovery close to 60%. PET was
completely dissolved using 7 mol L−1 and concentrated HNO3 and
remained as a white precipitate after the heating program. This white
precipitate led to an overestimated evaluation about PET resistance to
acid treatment, and these two acid concentrations were not considered
for PET. PU, for instance, was very prone to acid attack. All HNO3 concen-
trations recoveries below 20% were obtained (mass of the undissolved
PU), and this kind of plastic was not used for further experiments. De-
spite PU, when considering more diluted HNO3 solutions (0.5, 1 and
Fig. 1. Evaluation of the parameters for minimum degradation of MPs by MAWD-SRC
treatment and gravimetric determination of the MP content. A) Nitric acid
concentration; B) Digestion temperature; C) Holding time at maximum temperature.
Conditions: A) 180 °C as digestion temperature and holding time of 10 min;
B) 1 mol L−1 HNO3 as digestion solution and holding time of 10 min; C) 1 mol L−1

HNO3 as digestion solution and digestion temperature of 200 °C. Dotted line represents
recovery of 100%. Error bars represent the standard deviation (n = 3). Letters above the
columns represent significance marks, where conditions with the same letter do not
have a significant difference (ANOVA, 95% of confidence level).

5

3mol L−1), allMPs presented recoveries near or higher than 80%. Taking
into account the previous literature about organic matter digestion
(Bizzi et al., 2017b), aswell as developing amethod that avoidsMP deg-
radation, the concentration of 1 mol L−1 HNO3 was chosen for further
evaluations. For the purpose of this work, PU was not included in the
list of MP covered herein.

3.1.2. Evaluation of the maximum temperature of the heating program
As reported in the literature, when the digestion temperature is

higher, the oxidation of organic matter is more efficient (Bizzi et al.,
2017b). On the contrary, considering that MPs must be quantitatively
recovered, the temperature used in the proposed protocol must be
low enough for avoiding any possible degradation. Thus, in looking for
a protocol for MPs and determining elemental contaminants in fish tis-
sue, a compromise condition ofmaximum temperature for better diges-
tion efficiency without MP degradation must be found.

In this sense, 180, 200, and 220 °C were evaluated (Fig. 1b). PC and
PVC did not degrade even when submitted to the highest evaluated
temperature (220 °C). For the other MPs, when the heating program
was set to 200 °C, recoveries closer to 100% were obtained. The excep-
tion to this behavior was LDPE, which presented low resistance at
higher temperatures. For this MP, the recovery gradually reduces from
90, 70, and 50%, whereas the temperature increases from 180, 200 and
220 °C, respectively. In spite of the low recovery obtained for LDPE,
even when setting the temperature to 220 °C the recovery of PET, PS,
EPS, PP, and HDPE was close to 90%. Among the eight MPs evaluated,
it is possible to assume that only LDPE presented a behavior that could
require the use of lower temperatures. Considering that all of the evalu-
atedMPs presented chemical resistance to temperatures normally used
for acid digestionprotocols, 200 °Cwas selected as the compromise con-
dition for further evaluations.

3.1.3. The holding time at maximum digestion temperature
Heating time is a crucial parameter for achieving higher digestion ef-

ficiency of organic matter. A long heating time leads to more effective
contact between the oxidant agent and organic matter (Giancarlo
et al., 2017). However, whereas the digestion efficiency of fish tissue is
better with a long irradiation time, this approach might increase MP
degradation. In order to evaluate how MPs behave while increasing
the heating time, MPs were submitted to holding times that increase
from 10 to 30 min (maximum temperature set at 200 °C, with a ramp
time of 10 min).

As shown in Fig. 1c, PS, EPS, PP, HDPE, PC, and PVC presented a sim-
ilar behavior that is resistant for all of the evaluated holding times, with
recoveries higher than 90%. PET, for instance, presented a significant re-
duction in its recovery when exposed to a longer heating time (from 85
to 67% when the holding time increases from 15 to 30 min, respec-
tively). LDPE, as expected, presented recoveries that ranged from 70 to
20% when the holding time was increased from 10 to 30 min,
respectively.

Although a hold time of 30 min can contribute better efficiency for
tissue digestion, a compromise condition for saving MPs was obtained
at 10 min of holding time at 200 °C using 1 mol L−1 HNO3 (recoveries
were near to 100%, except for LDPE). This condition represents a drastic
reduction in the timementioned in the literature for MP determination,
which should be as long as 72 h (Karami et al., 2017). In view of the pos-
sibility of determining the higher number of MPs, with recoveries close
to 100% (except LDPE), the holding time of 10 min was selected.

3.1.4. Effect of the size of the MPs submitted to the acid treatment
Since the MP definition considers a wide range of sizes (plastic par-

ticles lower than 5 mm), which was proposed by the National Oceanic
and Atmospheric Administration in 2008 (Arthur et al., 2009), it be-
comes essential to evaluate how different sized particles would behave
under acid treatment at relatively higher temperatures.
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In this sense, each MP was separated into three size ranges (0.3 to
0.8, 0.81 to 1.69, and 1.7 to 5 mm). Each size range was submitted to
the optimized heating program (ramp of 10 min up to 200 °C, followed
by 10 min holding at 200 °C) using 1 mol L−1 HNO3. As it is possible to
observe in Fig. 2, all MPs that were evaluated did not suffer influence of
theproposed acid treatment, regardless of theMP size range (from90 to
100% for PET, PS, EPS, PP, HDPE, PC, and PVC, as well as 70% for LDPE).
Based on this result, the proposed approach proved to be feasible for
MPs with a size range as low as 0.3 mm.

Taking into account the results obtained from the evaluation about
the behavior of eachMPwhen submitted to conditions of sample diges-
tion, it is possible to assume that quantitative recoveries are possible.
The proposed acid digestion was optimized using 1 mol L−1 HNO3 as a
digestion solution, maximum digestion temperature of 200 °C, with a
hold time of 10 min (20 min of total heating program), which is able
to obtain recoveries of approximately 70% for LDPE and higher than
90% for PET, PS, EPS, PP, HDPE, PC, and PVC.
3.2. Digestion efficiency of seafood using optimized heating program for the
determination of MP amount

After optimizing the conditions related to acid digestion (HNO3 con-
centration, maximum temperature and holding time, and MP particle
size), as well as how they affect the recovery of MPs, evaluation of the
efficiency of the optimized protocol was carried out. Although most of
the protocols for seafood digestion tend to use concentrated HNO3

(Duarte et al., 2009; Schmidt et al., 2013), in order to keep the integrity
of the MPs, the use of diluted acid becomes necessary for this method
development. The use of diluted HNO3 has been reported for digesting
organic matter in several reports devoted to sample preparation for
atomic spectrometry. The efficiency of diluted HNO3 can be improved
using oxygen or hydrogen peroxide as auxiliary reagents (Bizzi et al.,
2014, 2017a; Gonzalez et al., 2009; Iop et al., 2017). Despite this, the
use of auxiliary was not evaluated in the present work because it
would contribute to MP degradation.

When looking at previous literature focused onMP isolationwith ni-
tric acid, Naidoo et al. (2017) investigated its efficiency for juvenile fish
digestion and MP extraction. Complete digestion was obtained using
10 mL of 55% HNO3 (approx. 12 mol L−1) for 1 g of whole fish under
overnight incubation at room temperature (or 3 g at 80 °C, in 30 min).
It was reported that nylon was totally degraded whereas HDPE, PS,
polyester and PVC were resistant. In addition, the evaluation of fish tis-
sue degradation for MP isolation using 5% (approx. 0.7 mol L−1) and
concentrated HNO3, or 5% (approx. 0.7 mol L−1) and concentrated HCl
at room temperature by 96 h was performed by Karami et al. (2017).
Fig. 2. Evaluation of the particle size of MPs submitted to the MAWD-SRC pretreatment
and determination of MP content by gravimetry. Conditions: 1 mol L−1 HNO3 as
digestion solution, digestion temperature of 200 °C and holding time of 10 min. The
dotted line represents a recovery of 100%. Error bars represent the standard deviation
(n = 3). Letters above the columns represent significance marks, where conditions with
the same letter do not have significant difference (ANOVA, 95% of confidence level).
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Although efficient digestion was achieved using concentrated reagents,
nylon suffered high destructive effects caused by acids. When diluted
acid (5%) was used, the authors reported low digestion efficiency,
with the remaining solid particles prone to blocking the filter mem-
brane, and this made the use of diluted acids infeasible.

As already reported, the use of diluted reagents tends to require
higher digestion temperature. This is the main reason why a compro-
mise condition between higher digestion temperature with lower acid
concentration was optimized with the aim of achieving insignificant
MP degradation. Owing to the relatively high digestion temperature
used in the proposed protocol (200 °C), the use of diluted acid for
seafood digestion became a feasible approach. Then, 0.5 to 2 g of in
natura shark muscle were digested using 1 mol L−1 HNO3, following
exactly the same protocol already evaluated for saving the amount of
MPs present in the sample. The digestion efficiency was evaluated by
determining the dissolved carbon in final digests. As expected, the in-
crease in the fish sample's mass caused an increase in the dissolved
carbon (Fig. 3), and the solution become gradually yellowish. However,
even when using a sample mass as high as 2 g, a final digest with
suspended particles was not observed, which was visually confirmed
after a filtration process.

Furthermore, when the sample mass is higher, the limit of quantifi-
cation (LOQ) for both elemental contaminants and MPs is lower. The
LOQ used for MPs depends on the balance capability, calculated from
the minimum mass that can be weighed in an analytical balance.
Using amass of fish as high as 2 g, a LOQ of 0.5%w/w ofMPs in fishmus-
cle can be obtained using an analytical balance. Whether a micro-
analytical balance is used, with a minimum weight of 2 mg, the LOQ
can be reduced to only 0.1% w/w of MPs in fish tissue.

After evaluating the digestion efficiency using 1 mol L−1 HNO3, a
spiked shark sample was digested to evaluate the efficiency of MP de-
termination in the tissue. It was performed using 2 g of in natura shark
muscle spiked with a mix of MPs (PET, PS, EPS, PP, HDPE, LDPE, PC,
and PVC). As observed in Fig. 3, recoveries close to 100%were obtained.
The proposed digestion method proved to be efficient for digesting up
to 2 g of in natura shark muscle, and quantitative recoveries of MPs
were obtained.

To check the accuracy of the proposed sample preparation method
for MP determination, adaptation of the alkaline method was per-
formed (Karami et al., 2017) to obtain reference values. For this, the
shark sample was spiked with a mix of six MPs (HDPE, LDPE, PET,
PVC, PS, and PP) by mixing them with the sample. Recovery of 99 ±
5%was obtained,whichwas similar to the recovery obtained by the pro-
posedmethod (96±15%). Despite the fact that both protocols (alkaline
and acid) presented quantitative recoveries for MP the proposed proto-
col spent only 20min, whereas the alkalinemethod needed 48 h. In ad-
dition, the acid digestion method proved to be efficient for oxidizing
Fig. 3.Dissolved carbon (left y axis, light gray line) with the increase of shark samplemass
(x axis) andMP recoveries (right y axis, black line) obtained for shark sample spikedwith
a mix of MPs. Digestion of up to a 2 g sample using 1 mol L−1 HNO3, and 10 min holding
time at 200 °C. Error bars represent the standard deviation (n = 3).



Table 2
Results obtained for elemental contaminants in shark and in sharkmixedwith 100mg of a
mixMPs (5%w/w) after decomposition byMAWD-SRC and further determination by ICP-
OES or ICP-MS. Digestion was performed using 2 g of fish muscle, 1 mol L−1 HNO3 as di-
gestion solution, and 10 min holding time at 200 °C (results in μg g−1, mean ± standard
deviation, n = 3).

Elements Shark
sample

Shark sample + MP
(5% w/w)

Maximum level (μg g−1 of
fresh tissue)

Ala <1.17 <1.17 –
Asb 12.5 ± 1.5 10.6 ± 1.7 1.0e

Caa 37.3 ± 7.0 621 ± 108 –
Cdb <0.006 <0.006 0.05d,e

Cob <0.005 <0.005 –
Crb 0.535 ± 0.032 0.529 ± 0.077 –
Cub <0.120 0.475 ± 0.026 –
Fea 0.815 ± 0.028 3.36 ± 0.05 –
Hgc 0.828 ± 0.216 1.17 ± 0.12 1.0d,e

Laa <0.039 <0.039 –
Mga 265 ± 42 275 ± 49 –
Mnb <0.040 0.159 ± 0.020 –
Moa <0.068 <0.068 –
Nib <0.085 <0.085 –
Pbb <0.011 0.027 ± 0.004 0.3d,e

Zna 3.27 ± 0.76 5.95 ± 1.16 –

a ICP-OES.
b ICP-MS.
c CVG-ICP-MS.
d Limit established by EC No 1881/2006.
e Limit established by RDC No 42.
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organic matter, opening the possibility for further determination of ele-
mental contaminants using the single sample preparation protocol.

The applicability of the proposed protocol was evaluated for separa-
tion and quantification of MPs in three fish species: acoupa weakfish
(Cynoscion acoupa), tuna fish (Thunnus spp.), trahira (Hoplias
malabaricus), and pink shrimp (Panaeus brasiliensis). All of the seafood
samples were digested using the conditions already optimized. Thus,
2 g of each seafood sample without MPs were digested to determine
the dissolved carbon by ICP-OES, as well as to evaluate the presence of
remaining suspended particles by filtration. The dissolved carbon was
about 7 to 10 g L−1 for all of the evaluated seafood sample, which was
similar to previous results obtained for the shark sample (7 g L−1).
The particulate matter that remained after digestion without MPs was
lower than 0.5% w/w for all of the evaluated seafood species. When
the evaluated seafood species were spikedwith 100mg of MPs, quanti-
tative recoveries of MPs were obtained (103± 6% for acoupa weakfish,
110 ± 1% for tuna fish, 116 ± 6% for trahira, and 105 ± 3% for shrimp).
Furthermore, the proposed protocol can be applied for the separation
and quantification of MPs also from shrimp, acoupa weakfish, tuna
fish and trahira, expanding the applicability of the proposed protocol
even for different seafood species.

3.3. Evaluation of the proposed sample preparationmethod for determining
elemental contaminants

MPs and elemental contaminants are commonly classified as two
different classes of pollutants in seawater. Due to the high superficial
area of MPs, they can adsorb several elements (even toxic elements,
such as As, Cd, Cr, Hg and Pb) and further release them into marine or-
ganisms, such as fish (i.e., under appropriate pH condition). Thus, fish
can be a source of pollutants, elemental contaminants, and MPs for
humans (Brennecke et al., 2016; Cole et al., 2011). Industrial waste
and anthropogenic actions (antifouling paint, fuel combustion, etc.)
are the main sources of elemental contaminants in themarine environ-
ment (Deheyn and Latz, 2006). It has been already demonstrated that
some elements, such as Al, Ca, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn, can
be present or adsorbed from the aquatic environment in PET, HDPE,
LDPE, PP, PS, and PVC (Brennecke et al., 2016; Karbalaei et al., 2020;
Rochman et al., 2014). It is also well documented that fish can accumu-
late toxic species of As and Hg (Olmedo et al., 2013). In view of the risks
of elemental contaminants to marine organisms and humans, the pro-
posed method, optimized for MP determination, was also explored for
elemental determination. Such a possibility was only considered be-
cause MPs were accurately determined and the digestion of fishmuscle
was efficient.

The shark sample was digested using the conditions optimized for
MP determination, and elemental contaminants (Al, As, Ca, Cd, Co, Cr,
Cu, Fe, La, Mg, Mn, Mo, Ni, Pb, and Zn) were directly determined by
ICP-OES or ICP-MS, whereas Hg was determined by CVG-ICP-MS. To
evaluate the effect promoted by the presence of MPs, two conditions
were evaluated: i) digestion of in natura shark sample (free of MPs);
and, ii) digestion of in natura shark sample spiked with a mix of MPs.
Both results are presented in Table 2.

The maximum levels for Cd, Pb and Hg in fish muscle have been
established by the European Union, according to EC No 1881/2006. Al-
though the limits were established according to the fish species, Cd,
Pb and Hg are tolerated in concentrations up to 0.05, 0.3, and
1.0 μg g−1, respectively. Despite the well-known harmful effects of As,
no limit has been established by the European Union. In Brazil,
1.0 μg g−1 is the maximum level considered for As (RDC No 42, pub-
lished by the National Health Surveillance Agency - ANVISA), whereas
Cd, Pb, and Hg have the same limits established by EC 1881/2006.

Taking into account the fish sample digested without MPs (Table 2),
results obtained for Cd, Pb and Hg were below the maximum
established levels (EC No 1881/2006 and RDC No 42). However, the
value obtained for As is approximately 10 times higher than the
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legislation limit. Although it is outside the scope of this manuscript, a
possible cause of such a highAs concentration is the selectedfish species
(shark),which is a large, long-livingmarine top predator that is prone to
the accumulation and biomagnification of some elements (Barreto et al.,
2017). Despite this, shark is largely consumed (WWF, 2019a) and is also
a possible source of human exposure to Ca, Cr, Fe, Mg and Zn, as ob-
served in the obtained results.

Although the dissolved carbon remained infinal digestion using a 2 g
fish sample (7 g L−1), which might cause spectral and/or non-spectral
interferences during elemental determination through ICP-based tech-
niques, it was not observed in the results obtained in the present
work. The effects related to the dissolved carbon were well related in
previous studies (Bizzi et al., 2017b; Muller et al., 2015b; Pardinho
et al., 2018), being mainly dependent on the analyte behavior and
plasma conditions. As an example, interferences can be observed for
As, Cd, and Pb with dissolved carbon in concentrations higher than
345, 1000 and 2000 mg L−1, respectively. However, the dilution factor
used in the quantification step by ICP-OES and ICP-MS (400 times for
As and 10 times for the other elements) avoids possible interferences
in the obtained results. Furthermore, the use of CVG for Hg determina-
tion by ICP-MS allows determinationwith non-detectable interferences,
since there is a previous step of analyte separation from the matrix
(such an approach can also be used for the determination of As) (Gao
et al., 2013). Low blank values were obtained by both ICP-based tech-
niques used in the proposed protocol. This aspect is an advantage
resulting from the use of diluted nitric acid in the sample preparation
procedure, which affects the LOQ of the elements.

After evaluating the concentration of elemental contaminants in fish
muscle, a fish sample spiked with MPs was digested. This was per-
formed in order to evaluate the possibility of determining elemental
contaminants using the same sample preparation approach optimized
for MP determination. Additionally, it was expected that the contribu-
tion fromMPs in relation to the total amount of elemental contaminants
present in the evaluated fish sample would be observed. To this end, a
2 g fish sample was spiked with 0.1 g of a mix of MPs (PET, PS, EPS,
PP, HDPE, LDPE, PC, and PVC), representing 5% w/w of MPs in relation
to the total sample mass. The spiked fish sample was submitted to the
acid digestion previously optimized for the determination of MP con-
tent. Elemental contaminants were determined before the filtration



Table 3
Results for elemental contaminants in CRM of dogfish tissue after decomposition by
MAWD-SRC and further determination by ICP-OES or ICP-MS following the protocol for
the determination of MP content. Digestion performed using 100 mg sample, 1 mol L−1

HNO3 as digestion solution, and 10 min holding time at 200 °C. (Results in μg g−1,
mean ± standard deviation, n = 3).

Elements DORM-2 (dogfish muscle)

Found value Reference value

Ala <23.3 10.9 ± 1.7
Asb 15.4 ± 1.2 18.0 ± 1.1
Cdb 0.034 ± 0.004 0.043 ± 0.008
Cob 0.166 ± 0.010 0.182 ± 0.031
Crb 33.8 ± 2.1 34.7 ± 5.5
Cub 1.98 ± 0.12 2.34 ± 0.16
Fea 138 ± 10 142 ± 10
Hgc 4.80 ± 0.18 4.64 ± 0.26
Mnb 3.34 ± 0.21 3.66 ± 0.34
Nib 17.0 ± 1.4 19.4 ± 3.1
Pbb 0.057 ± 0.009 0.065 ± 0.007
Zna 26.1 ± 2.3 25.6 ± 2.3

a ICP-OES.
b ICP-MS.
c CVG-ICP-MS.

Table 4
Parameters of selected sample preparation protocols used to digest the organic matter prior to

Pre-treatment Evaluated polymers Elements
determined

Exper

Acid digestion PET, PS, EPS, PP, HDPE, LDPE, PC and PVC Al, As, Ca, Cd, Co,
Cr, Cu, Fe, Hg, La,
Mg, Mn, Mo, Ni,
Pb, Zn

2 g of

PS and PA n.d. 3 mus

Alkaline
digestion

LDPE, HDPE, PP, PS, PET, PVC and PA n.d. 5 g of
KOH

LDPE, HDPE, PP, PS, PET, PVC, EPS, PA and CA n.d. 7.5 g

PP, PE, PET and PA C, O, Al, P, Ca
and Si

20 g o

ABS, CA, EVA, HDPE, GPPS, LDPE, NBR, PA, PBT,
PC, PE, PET, PP, PS, PU, PVC, SAN and
biodegradable plastics (Bio4Pack, Cradonyl,
Mater-Bi, PHB, PLA and Wenterra

n.d. 1 g of
1 mol

Oxidant
treatment

PE and PS n.d. 0.8 to
250 m
imme

LDPE, HDPE, PP, PS, PET, PVC, EPS, PA and CA n.d. 7.5 g
H2O2

Enzymatic PP, PE, PET, EPS and LDPE n.d. Gastro
of hom
pH 8,
CaCl2

n.d. – not determined.
Polymers: PET– polyethylene terephthalate; PS– polystyrene; EPS– expandedpolystyrene; PP
polycarbonate; PVC – polyvinyl chloride; PA – polyamide; CA – cellulose acetate; PE – polyethy
purpose polystyrene; NBR – nitrile butadiene rubber; PBT – polybutyleneterephthalate; PU – po
acid.
Analytical techniques: ICP-OES – inductively coupled plasma optical emission spectrometry; IC
spectroscopy; SEM – scanning electronmicroscopy; ATR-FTIR – attenuated total reflectance-Fo
croscopy with energy dispersive X-ray spectroscopy.
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step of MPs in order to avoid possible contamination from the mem-
brane. As observed in Table 2, the presence of MPs increased the con-
centration of Ca, Cu, Fe, Hg, Mn, Pb, and Zn. For Hg, the obtained value
becomes higher than that allowed by EC 1881/2006 (1 μg g−1). For all
other elements (Al, As, Cd, Co, Cr, La, Mg, Mo and Ni), no difference
was observed any difference when comparing the sample digested
with and without MPs.

The accuracy of the proposed digestionmethodwas evaluated using
a CRMof dogfish tissue (DORM-2). As performed for thefish sample, the
CRM was decomposed using the proposed method, and the elements
were determined by ICP-OES and ICP-MS, whereas Hg was determined
by CVG-ICP-MS. As presented in Table 3, significant differenceswere not
observed (t-test, 95% of confidence level) for the results obtained by the
proposed method with the certified values, which shows the feasibility
of the proposedmethod for further determination of elemental contam-
inants, beyond the possibility of determining the MP content.

The proposed protocol for the determination of MPs and elemental
contaminants presents some advantages when compared with other
works already published in the literature (Table 4). The proposed
sample preparation method allows determining the amount of MPs,
since no significant losses of MP mass were observed. Even using a
diluted acid (1 mol L−1 HNO3), the same protocol can be used for further
the determination of microplastics (MPs).

imental conditions Time Analytical
technique

Reference

fish muscle, 6 mL of 1 mol L−1 HNO3 20 min -MPs: Gravimetry
-Elemental
analysis: ICP-OES
and ICP-MS

Present
work

sels per flask, 20 mL of concentrated HNO3 14 h Gravimetry Claessens
et al.
(2013)

fish muscle +1 g of skin, 60 mL of 10% 48 to
72 h

Gravimetry,
Stereo
microscope, SEM
and Raman
spectroscopy

Karami
et al.
(2017)

of digestive system, 50 mL of 10% KOH 1 h Gravimetry,
ATR-FTIR and
FESEM-EDX

Prata
et al.
(2019b)

f fish tissue, 200 mL of 10% KOH 72 h -MPs: Stereo
microscope and
Raman
spectrometry
-Elemental
analysis:
FESEM-EDX

Karbalaei
et al.
(2020)

stomach and intestine of fish, 20 mL of
L−1 KOH

48 h Gravimetry and
ATR-FTIR

Kühn
et al.
(2017)

22.4 g of gastrointestinal tracts of fish,
L of 1.2 g/cm3 NaCl, followed by
rsion in 15% of H2O2

12 h Stereo
microscope and
ATR-FTIR

Avio et al.
(2015)

of digestive system, 20 mL of 30%
+ Fe

1 h Gravimetry,
ATR-FTIR and
FESEM-EDX

Prata
et al.
(2019b)

intestinal tract and faecal material, 15 mL
ogenization buffer (400 mM Tris-HCl,
0.5% SDS), 500 μg mL−1 proteinase K with
and 30 mL 30% H2O2

16 h Stereo
microscope and
Raman
spectroscopy

Karlsson
et al.
(2017)

– polypropylene; HDPE –highdensity polyethylene; LDPE – low density polyethylene; PC –
lene; ABS – acrylonitrile butadiene styrene; EVA – ethylene-vinyl acetate; GPPS – general
lyurethane; SAN – styrene acrylonitrile resin; PHB – polyhydroxybutyrate; PLA – polylactic

P-MS – inductively coupled plasma mass spectrometry; FTIR – Fourier transform infrared
urier transform infrared spectroscopy; FESEM-EDX – field-emission screening electronmi-
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determination of elemental contaminants by ICP-based techniques (but
not limited to these techniques). The accuracy of the proposed method
was evaluated by comparing the results with those from a method
based on alkaline digestion, as well as using a CRM of dogfish muscle
(DORM-2). The proposed method was considered to be robust because
results do not change in a significant waywhen the following parameters
were changed: MPs/seafood mass ratio from 4.5 to 5.5% and from 15 to
25%; the mass of in natura sample to be digested from 1.8 to 2.2 g; the ir-
radiation holding time from 9 to 11 min; the digestion temperature from
190 to 210 °C; and acid solution concentration from 0.9 to 1.1 mol L−1

HNO3. The repeatability and intermediate precisionwere considered suit-
able, since results changed by less than 5% (by evaluating the RSD).

Efficient methods for the extraction and quantification of MPs from
fish tissues are available in the literature, as described in Table 4. The pres-
ent work demonstrates the feasibility of a single approach for sample
preparation in order to determine the elemental contaminants and the
amount of MPs. The proposed procedure takes 20 min, being at least 3
times faster than the methods already available in Table 4. The use of di-
luted acid combined with microwave-assisted heating saved reagents
and reduced waste generation, which was associated with the possibility
of determiningMP and elemental contaminants in seafood samples using
the same digested solution. These aspects, which represent an advantage
considering the time, reagents, and waste generation, present a versatile
approach for monitoring the environmental impact caused by incorrect
disposal of MPs in oceans. However, further investigations are still neces-
sary for evaluating the applicability and efficiency of the proposed
method for the determination of MPs and elemental contaminants in di-
verse environmental samples collected in possible impacted areas.

4. Conclusion

In view of the effects to the marine environment, as well as to human
exposure, the presence ofMPs infish tissuemust bemonitored. However,
estimating the amount ofMPs infish can be considered an analytical chal-
lenge, mainly because it is necessary to have amethod that can efficiently
separate the biological tissue fromMPs, while alsomaintaining the integ-
rity of MPs. This is why a new digestion protocol was developed in this
study. It used diluted acid (1 mol L−1 HNO3), with a fast reaction time
(20 min), followed by gravimetric determination of MP content retained
in amembrane. The proposedmethod permitted the quantitative separa-
tion ofMPs (PET, PS, EPS, PP, HDPE, LDPE, PC, and PVC) from seafood sam-
ples (shark, pink shrimp, acoupa weakfish, tuna fish, and trahira). LDPE
was the only plastic evaluated that presented a recovery lower than
90%, whereas PU was not covered by this method. The proposed method
resulted in a LOQ of 0.5% w/w for MPs. Considering the use of a micro-
analytical balance, the LOQ can reach 0.1% w/w.

One of the main features of the proposed protocol for the deter-
mination of MP content is the high digestion efficiency of organic
matter, even using diluted HNO3 and a short heating program. Due
to the high digestion efficiency it was possible to use the same proto-
col for the determination of MP content (PET, PS, EPS, PP, HDPE,
LDPE, PC, and PVC) and elemental contaminants (Al, As, Ca, Cd, Co,
Cr, Cu, Fe, La, Mg, Mn, Mo, Ni, Pb, and Zn) determination. In this
case, after treatment of the fish muscle containing MPs, elemental
contaminants can be determined using ICP-based techniques,
whereas MP content can be gravimetrically determined. The ob-
tained results demonstrate that the elements naturally present in
fish can be determined. Additionally, it is possible to consider the
elemental contaminants leached from MPs, which are a potential
source of human exposure through the ingestion of fish.
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