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A B S T R A C T

Effect of digestion methods on fluorescence intensity of fluorescent polystyrene (PS) beads was poorly under-
stood, which may affect the accuracy of toxicity test of the fluorescent PS beads exposed to marine organisms.
Therefore, six digestion approaches were compared on fluorescence intensities and properties of three com-
mercial fluorescent PS beads. Among all the protocols, the digestion using KOH (10% w/v, 60 °C) (KOH-di-
gestion) had no effect on the fluorescence intensity, morphology and composition of the three fluorescent PS
beads. Moreover, the extraction efficiency≥ 95.3 ± 0.2% of fluorescent PS beads in Daphnia magna and zeb-
rafish, confirming its feasibility in fluorescent PS beads quantitative analysis. However, the fluorescence in-
tensities of fluorescent PS beads digested by other five protocols were significantly decreased, as well as the
change of morphology and composition on fluorescent PS beads. Overall, the KOH-digestion is an optimal
protocol for extracting fluorescent PS beads in biological samples.

1. Introduction

Plastics are widely used around the world due to its light weight,
long durability, strong plasticity, and low production cost (Ivar and
Costa, 2014). Global virgin plastic production reached 8300mil-
lion metric tons as of 2017, and approximately 60% of all the plastics
ever produced were discarded and are accumulated in landfills or in the
natural environment (Geyer et al., 2017). Approximately,
4.8–12.7 millionmetric tons of plastic waste generated on land of 192
coastal countries in 2010 due to mismanagement entered into oceans
(Jambeck et al., 2015). Plastics debris eventually fragment into pow-
dery or microsized fragments in the beach and seawater environment,
due to ultraviolet radiation and waves, typically not visible to the naked
eye, are called microplastics (MPs), of which the size is< 5mm (Barnes
et al., 2009; Andrady, 2011). Occurrence of MPs in oceans has been
reported throughout the world. For example, the mean abundance of
MPs was 2080 ± 2190 itemsm−3 in the Pacific Ocean (Desforges
et al., 2014). And the MPs (38–234 itemsm−3) even appeared in the ice
cores collected from remote locations in the Arctic Ocean (Obbard
et al., 2014). The maximum concentrations of MPs have reached

100,000 itemsm−3 in Swedish harbour area adjacent to a polyethylene
production plant (Noren and Naustvoll, 2010). Therefore, the fate and
ecotoxicity effects of MPs in marine environment had become one of the
hottest environmental issues (Kanhai et al., 2017).

Because of the small particle size and high content MPs are easily
ingested by aquatic organisms such as copepods (Cole et al., 2013) and
fish (Luís et al., 2015). Ingestion and accumulation of MPs can cause
adverse effects on organisms, such as blocking alimentary canal (Wright
et al., 2013), restricting food intake (Cole et al., 2013), causing neu-
rotoxicity (Barboza et al., 2018), thus inhibiting body growth and de-
velopment (Sussarellu et al., 2016). Furthermore, MPs can act as vec-
tors for hydrophobic organic contaminants in aquatic environment
because of their large surface area to volume ratio and hydrophobic
properties (Ogata et al., 2009). As a result, it is important to investigate
the ingestion of MPs by marine organisms and examine their impact on
the organisms (Rist et al., 2017).

The fluorescent polystyrene (PS) beads are a type of artificially
manufactured commercial plastic microbeads with stable fluorescence
that enable a clear distinction from other environmental plastic parti-
cles (Cole et al., 2013; Watts et al., 2016). And the fluorescent PS beads
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are often used in laboratory toxicity experiments to investigate their
accumulation and transfer in marine organisms (Lu et al., 2016; Rist
et al., 2017). Thus the quantification of fluorescent PS beads ingested
by organisms is crucial to assess their potential impacts to marine
ecosystems. One of the commonly used quantitative methods of fluor-
escent PS beads ingested by organisms is the observation of the tissue
sections using fluorescence microscopy (Batel et al., 2016). However,
this method is less applicable for quantifying fluorescent PS beads in-
gested by organisms, because it is complex, time-consuming, and are
likely to cause omission of fluorescent PS beads (Rist et al., 2017).
Additionally, quantification using fluorescence microscopy is limited by
the particle size of fluorescent PS beads and the resolution of the mi-
croscope (Rist et al., 2017). Consequently, a viable quantitative method
via measuring the fluorescence intensity of the fluorescent PS beads has
been used to determine the content of MPs in biological samples
(Rosenkranz et al., 2009; Lu et al., 2016). Nevertheless, the measure-
ment of fluorescence intensities of the fluorescent PS beads was based
on thoroughly digestion of the biological samples (Rist et al., 2017).
Studies had shown that the digestion reagent such as strong acidic (e.g.,
HCl, HNO3, and HClO4) and alkali (e.g., NaOH and KOH) solution,
strong oxidizing reagent (e.g., H2O2), and Protease K could effectively
remove the organic matters from the biological samples (Lusher et al.,
2017). Among these methods, the protease K was not recommended
because of its complicated procedures and lower extraction efficiency
(Dehaut et al., 2016). Moreover, the extraction efficiency of fluorescent
PS beads was also related to the digestion conditions and the chemical
resistance. However, little was known about the effect of the digestion
approaches on the fluorescence intensity and extraction efficiency of
fluorescent PS beads in the biological samples.

Therefore, six digestion reagents were selected to study the effect of
different digestion approaches on the fluorescence intensity, surface
morphology, and extraction efficiency of three common commercial
fluorescent PS beads. The specific objectives were to: (1) investigate the
effects of the six published digestion methods that commonly used in
literatures on the fluorescence intensity and morphology of fluorescent
PS beads; (2) explore the effects of the volume of the digestion reagents,
digestion temperature and duration time on the fluorescence intensities
of fluorescent PS beads; (3) evaluate the extraction efficiency of fluor-
escent PS beads in the biological samples by the optimal method; and
(4) elucidate the underlying mechanisms responsible for the decreased
fluorescence intensity of fluorescent PS beads resulted from the diges-
tion protocols. These findings will screen an optimal digestion protocol
for quantitative analysis of the fluorescent PS beads in the biological
samples using fluorescence spectrophotometer, which is helpful for
investigating and predicting the ecotoxicity effects of fluorescent PS
beads in marine ecosystems.

2. Materials and methods

2.1. Fluorescent PS beads preparation

Three kinds of fluorescent PS beads were purchased from Thermo
Fisher Scientific (MA, United States), Baseline ChromTech Research
Centre (Tianjin, China), and Big Goose ChromTech Research Centre
(Tianjin, China), respectively. The properties of the pristine fluorescent
PS beads were shown in Table S1. All of the stock solutions were dis-
persed in 2 L Milli-Q water and sonicated for 15min at 120W (FB 120,
Fisher Scientific, USA) to avoid aggregation. The composition of the
pristine fluorescent PS beads without treatment was confirmed by
Fourier transform infrared spectroscopy with attenuated total re-
flectance accessory (ATR-FTIR, L1600401, Spectrum, UK), and there
was no significant difference in the composition of the pristine fluor-
escent PS beads (Fig. S1).

2.2. Digestion and determination of the fluorescent PS beads

Six digestion methods were selected according the published studies
to investigate their effects on fluorescence intensity of the fluorescent
PS beads, and each group set 3 parallels. Briefly, the fluorescent PS
beads (1.0 mg) and the desired volume of digestion solution were added
to 10mL or 100mL glass bottles with caps to avoid contamination.
Then, the samples were digested in a constant temperature water bath.
The specific procedures for the six digestion methods were shown in
Table 1. Subsequently, the pristine fluorescent PS beads and digested
fluorescent PS beads were diluted with Milli-Q water to a final volume
of 100mL and the fluorescence intensity was measured using a fluor-
escence spectrophotometer (F-4600, Hitachi, Japan).

To investigate the effect of digestion conditions including volume of
the digestion reagent, digestion temperature, and duration time on the
fluorescence intensities of fluorescent PS beads, the experiments were
divided into three groups and each group was set for triplicates. In the
first group, the effect of the digestion reagent volume on the fluores-
cence intensity of fluorescent PS beads was explored. The volumes for
these reagents are shown in Table S2, i.e., HNO3: 0.2–1.5mL,
HNO3:HCl: 0.2–1.4mL, HNO3:HClO4: 0.5–2.0mL, H2O2: 2.0–90mL,
NaOH: 10–60mL and KOH: 10–60mL, the digestion temperature was
60 °C and duration time was 24 h. In the second group, the effect of the
digestion temperature from 20 °C to 90 °C on the fluorescence intensity
of fluorescent PS beads was investigated. The volumes of HNO3,
HNO3:HCl, HNO3:HClO4 were 10mL and the volumes of H2O2, NaOH
and KOH were 60mL, the fluorescence intensity of the fluorescent PS
beads had reached a steady state in the above volumes, and the dura-
tion time was 24 h. In the third group, the effect of the duration time
from 10min to 72 h on the fluorescence intensity of fluorescent PS
beads was compared. The digestion reagent volumes were same as the

Table 1
The details of six selected digestion protocols for extracting fluorescent PS beads.

Reagents Concentrationa Volumeb (mL) Temperaturec (°C) Duration timed (h) References

KOH 10% (w/v) 40.0 60 24 Dehaut et al., 2016
NaOH 10M 40.0 60 24 Cole et al., 2014
H2O2 30% (w/w) 40.0 65 24 Li et al., 2015
HNO3 69% (w/w) 1.0 70 2 Lu et al., 2016
HNO3:HCl 1:1 (v/v) 1.0 80 1/2 Desforges et al., 2014
HNO3:HClO4

e 4:1 (v/v) 1.0 20/90 12/(1/6) De Witte et al., 2014

a 10% (w/v) indicated the concentration of KOH was 100 g L−1; 30% and 69% (w/w) indicated the mass fraction of H2O2 and HNO3 was 30% and 69%,
respectively; 1:1 (v/v) and 4:1 (v/v) indicated the volume ratio of HNO3:HCl and HNO3:HClO4 was 1:1 and 4:1, respectively, and the mass fraction of HCl and HClO4

was 37% and 71%.
b Volume indicated the amount of the reagent that used in the digestion.
c Temperature indicated the constant temperature during digestion.
d Duration time indicated the duration time used in the digestion.
e The fluorescent PS beads were digested using HNO3:HClO4 at 20 °C for 12 h, then at 90 °C for 1/6 h.
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second group, and the digestion temperature was 60 °C. Besides, the
detailed changes of digestion reagent volume, digestion time and di-
gestion temperature were presented in Table S2. After digestion, the
fluorescence intensities of the digested fluorescent PS beads was mea-
sured as aforementioned.

2.3. Characterization of fluorescent PS bead samples

After digestion, the fluorescent PS beads solution was dropped onto
a blood cell count plate and observed the changes of fluorescence under
a fluorescence microscope (FEICA DM-2500) at a magnification of 20
times. The remaining fluorescent PS beads solution was filtered using a
0.45 μm mixed-fiber membrane, and the fluorescent PS beads remained
on the membrane was lyophilized for 3 days. Then, the fluorescent PS
beads were identified by ATR-FTIR to determine the changes of the
functional groups. And the remaining fluorescent PS beads were ex-
amined using scanning electron microscopy (SEM, JSM-6390LV, JEOL,
Japan).

2.4. Extraction efficiency of fluorescent PS beads in biological samples

Based on the above studies, the optimal digestion method which has
no/little impact on the fluorescence intensities of digested fluorescent
PS beads was applied to extract the fluorescent PS beads in the biolo-
gical samples, and to verify the reliability of the screened method by
calculating their extraction efficiency. The Daphnia magna (D. magna)
and zebrafish were chosen as the tested organisms, which had been
cultured in our laboratory for over three months. They were starved for
24 h before the experiments to allow full gut depuration.

In the first experiment, the pristine fluorescent PS beads were
simply mechanically mixed with D. magna or zebrafish to determine the
extraction efficiency. In brief, one hundred individuals of D. magna or a
zebrafish (20 ± 5mg) was executed and homogenized, then added
into a glass bottle containing 2mg spiked pristine fluorescent PS beads.
The spiked pristine fluorescent PS beads were diluted, measured the
fluorescence intensity and calculated the concentration (C0) using the
standard curve of pristine fluorescent PS beads (Fig. 1F) before adding
into the glass bottle. The content of the spiked pristine fluorescent PS
beads was calculated and recorded as Q0. Subsequently, this mixture
was digested using KOH-digestion at 60 °C for 72 h and the fluorescence
intensity of the mixture solution after digestion was measured and the
concentration of fluorescent PS beads (Cm) was calculated according to
the standard curve (Fig. 1F). Thus the content of fluorescent PS beads
after digestion (Qm) was calculated. The extraction efficiency (Rm) of
the fluorescent PS beads mechanically mixed with D. magna or zebrafish
was calculated as following:

= ×R QQ / 100%.m m 0

In the second experiment, the D. magna or zebrafish was exposed to
the pristine fluorescent PS beads solution to confirm the extraction ef-
ficiency. In detail, one hundred D. magna or a zebrafish after depuration
for 24 h was randomly added into a 100mL beaker containing 40mL
Mili-Q water and 2mg fluorescent PS beads, then cultured in a constant
temperature incubator (25 °C, light: dark= 12: 12) for 24 h. After the
exposure, the D. magna or zebrafish was collected and rinsed with Mili-
Q water three times to remove the adhered pristine fluorescent PS beads
from these organisms. Each treatment was set for triplicates. The ex-
posed organisms were homogenized and digested as the first recovery
experiment. Subsequently, the fluorescence intensity was measured and
the content of fluorescent PS beads ingested by D. magna and zebrafish
was calculated and recorded as Qi−1. Besides, the fluorescence intensity
of the fluorescent PS beads remained in the Mili-Q water without di-
gestion was also measured and the content Qi−2 was calculated. Thus
the extraction efficiency (Ri) of the fluorescent PS beads ingested by D.
magna or zebrafish was calculated as following:

= +− −Q Q Qi i 1 i 2

= ×R Q Q/ 100%i i 0

The blank was set as follow: one hundred individuals of D. magna or
a zebrafish was executed and homogenized. Subsequently, the homo-
genate was digested by KOH-digestion as above, and zeroing the
fluorescence intensity with the digestion solution before measuring the
fluorescence intensity of fluorescent PS beads both mechanically mixed
and ingested by the organisms.

2.5. Data analysis

The results were expressed as mean values ± standard deviation
(n=3). The significance of the various parameters was tested by one-
way analysis of variance (ANOVA) using Turkey HSD test and the
correlation was analyzed using Pearson test (two-tailed) at P < 0.05
for the control and digested groups. All of the analyses were performed
using Statistical Product and Service Solutions (SPSS, 20.0). A P
value < 0.05 was accepted as significant difference.

3. Results

3.1. Effects of the digestion methods on the fluorescence intensities of
fluorescent PS bead

The fluorescence intensities of the fluorescent PS beads digested by
the six selected protocols (Table 1) were shown in Fig. 1. Obviously, the
concentrations and fluorescence intensities of the pristine fluorescent
PS beads were significantly linearly correlated. After the acid-digestion
using HNO3, HNO3:HCl, and HNO3:HClO4, the fluorescence intensity
sharply decreased by 97.7–99.9% (Fig. 1A–C). However, the H2O2-di-
gestion had no effect on the fluorescence intensity at the lower con-
centration of fluorescent PS beads (< 3mg L−1), while significantly
decreased the fluorescence intensity by 6.65–17.7% at the higher con-
centration (≥5mg L−1, Fig. 1D). On the contrary, the alkali-digestion
using NaOH (Fig. 1E) and KOH (Fig. 1F) had less effect on the fluor-
escence intensity compared to those of the acid- or H2O2-digestion.
Moreover, the KOH-digestion had less effect on the fluorescence in-
tensity relative to the NaOH-digestion (0.51–3.06% vs 3.24–16.3%).
Similarly, for the other two fluorescent PS beads, the six digestion
protocols showed the similar effects on the fluorescence intensities
(Figs. S2–3).

3.2. Effect of the digestion reagent volumes on the fluorescence intensities of
fluorescent PS beads

The effect of the digestion reagent volumes on the fluorescence in-
tensities of fluorescent PS bead was shown in Fig. 2. For the HNO3-
digestion, the fluorescence intensities of fluorescent PS beads at lower
volume (0.2 mL) of digestion reagent were significantly higher than
those of the higher volume (0.5–1.5 mL) treatments (Fig. 2A). For the
HNO3:HCl-digestion, the fluorescence intensities of fluorescent PS
beads decreased with increasing volume of the digestion reagents
(Fig. 2B). Inconsistently, for the HNO3:HClO4-digestion, the fluores-
cence intensities showed an increasing tendency with the increasing
volume of the digestion reagent when the fluorescent PS beads con-
centration was lower than 8mg L−1, but the fluorescence intensities
significantly decreased with the increasing volume of the digestion
reagent when the concentration of fluorescent PS beads was at
10mg L−1 (Fig. 2C). Generally, the fluorescence intensities of the
fluorescent PS beads were significantly decreased after the acid-diges-
tion even using the lowest volume of digestion reagents when compared
with pristine fluorescent PS beads. For the H2O2- and NaOH-digestion,
the fluorescence intensity slightly changed when the reagent volume
increased, but the fluorescence intensity of the fluorescent PS beads was
basically stable when the volumes of H2O2 and NaOH reached 40mL
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and 50mL, respectively (Fig. 2D–E). However, there were no significant
differences in the fluorescence intensities of the fluorescent PS beads
digested using different volumes of KOH solution (Fig. 2F). For the
other two fluorescent PS beads, the fluorescence intensities showed the
similar volume-dependent response to these six digestion reagents
(Figs. S4–5).

3.3. Effect of the digestion temperature and duration time on the
fluorescence intensities of fluorescent PS beads

The effect of the digestion temperature on the fluorescence in-
tensities of the fluorescent PS beads bought from Thermo Fisher
Scientific was presented in Fig. 3A. For the acid-digestion using HNO3,
HNO3:HCl, and HNO3:HClO4, the fluorescence intensities of the di-
gested fluorescent PS beads decreased by 33.5%, 94.5% and 47.3% at
20 °C when compared with the pristine fluorescent PS beads, and the
fluorescence intensities decreased by 91.5–99.9%, 99.8–99.9% and

74.7–99.6%, respectively when the temperature increased from 40 to
90 °C. For the H2O2-digestion, the fluorescence intensities showed
fluctuation state with 13.3–42.0% reductions as the digestion tem-
perature increased from 20 to 90 °C. For the NaOH- or KOH-digestion,
the fluorescence intensities of the digested fluorescent PS beads slightly
decreased by 2.08–7.76% and 3.95–6.00% compared to the pristine
fluorescent PS beads with temperature increasing from 20 to 70 °C,
respectively. However, when the temperature reached above 80 °C, the
fluorescence intensities of digested fluorescent PS beads decreased by
19.8–20.1% for NaOH and 10.7–13.6% for KOH compared with the
pristine fluorescent PS beads. Besides, the effects of digestion tem-
perature on the fluorescence intensities of the other two fluorescent PS
beads were consistent with this one (Fig. 3C, E).

The effect of digestion duration time on the fluorescence intensities
of the fluorescent PS beads was shown in Fig. 3B. Compared with the
pristine fluorescent PS beads, the acid-digestion using HNO3,
HNO3:HCl, and HNO3:HClO4 decreased the fluorescence intensities of
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Fig. 1. Effect of the selected digestion methods on the fluorescence intensities of the fluorescent PS beads bought from Thermo Fisher Scientific. The digestion
conditions are shown in Table 1. P-FMPs and D-FMPs indicated the pristine and digested fluorescent PS beads, respectively. (A) HNO3; (B) HNO3:HCl; (C)
HNO3:HClO4; (D) H2O2; (E) NaOH; (F) KOH. The error bars are standard deviation (n=3).
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fluorescent PS beads by 99.7%, 99.9% and 99.9% respectively when
digested for 10min, and the remained fluorescence intensity almost
unchanged with increasing digestion time. In the H2O2-digestion, the
fluorescence intensities decreased by 1.91% to 66.0% as the digestion
time increased from 10min to 72 h. For the NaOH-digestion, the
fluorescence intensities only decreased by 0.72% to 4.76% as the
duration time increased from 10min to 72 h. However, in the KOH-
digestion, as the duration time increased, no changes were observed for
the fluorescence intensities of the fluorescent PS beads compared to the
pristine ones. Moreover, the changes of fluorescence intensity of the
other two fluorescent PS beads upon these digestion with different

duration time showed the consistent pattern (Fig. 3D, F).

3.4. Effect of the digestion methods on morphology of the fluorescent PS
beads

The pristine fluorescent PS beads were well monodisperse with
strong fluorescence intensity (Fig. 4A). After the acid-digestion using
HNO3, HNO3:HCl, and HNO3:HClO4, their fluorescence intensities
markedly decreased, and the fluorescent PS beads aggregated. How-
ever, the H2O2-, NaOH-, and KOH-digestion had little effect on the
fluorescence intensities, and the fluorescent PS beads were well
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dispersed (Fig. 4E–G). For the other two kinds of domestic fluorescent
PS beads, these digestion methods showed the similar influences on
their surface morphology (Figs. S6–7). Specifically, for the fluorescent
PS beads bought from Big Goose ChromTech Research Centre digested
by HNO3:HCl and HNO3:HClO4, their fluorescence intensities dis-
appeared completely, and the fluorescent PS beads bought from Big
Goose ChromTech Research Centre can only be observed by turning the
fluorescence microscope into a bright field of view (Fig. S7C–D).

The FTIR spectra showed that the pristine fluorescent PS beads were
typical PS beads with characteristics functional groups (Fig. 5, Figs.
S8–9). The band at 3026 cm−1 was assigned to the stretching mode of
the aromatic CeH bonds and the bands at 2924 cm−1 were the CeH

stretching vibration of PS (Torres et al., 2007). The bands at 1601 and
1452 cm−1 were the aromatic C]C stretching (Yu et al., 2014), and
1026 cm−1 was the bending mode of the CeH bonds in the aromatic
ring (Wang et al., 2017). In addition, the bonds of the CeH on the
aromatic ring out of plane was at 758 and 698 cm−1 and CeC skeleton
stretching vibration for phenyl ring was at 540 cm−1 (Rebollar et al.,
2008; Wang et al., 2017). The functional groups of the three digested
fluorescent PS beads which were digested by HNO3, HNO3:HCl, and
HNO3:HClO4 were identical, but they were different from the pristine
fluorescent PS beads. New chemical bonds including C]O at 1650 and
1276 cm−1, CeO stretching at 1092 cm−1 and OeH stretching vibra-
tions at 839 cm−1 were observed on the digested fluorescent PS beads
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Fig. 3. Effects of the digestion temperature (left column, duration time was 24 h) and duration time (right column, digestion temperature was 60 °C) on the
fluorescence intensities of the fluorescent PS beads bought from Thermo Fisher Scientific (A, B), Baseline ChromTech Research Centre (C, D) and Big Goose
ChromTech Research Centre (E, F). The volumes of HNO3, HNO3:HCl, HNO3:HClO4, H2O2, NaOH and KOH were 10, 10, 10, 60, 60, and 60mL, respectively.
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using HNO3, HNO3:HCl, and HNO3:HClO4 (Cui et al., 2015; Luo et al.,
2017; Yang et al., 2017). However, no difference in the functional
groups was observed between the pristine and digested fluorescent PS
beads by using H2O2 or alkali-digestion.

The SEM images of these digested fluorescent PS beads were shown
in Fig. 6. The pristine fluorescent PS beads showed a state of uniform
dispersibility, and the surface of these particles was smooth (Fig. 6A).
However, after the acid-digestion using HNO3, HNO3:HCl, and
HNO3:HClO4, a series of mechanical damages were appeared on their
surface, such as agglomeration, bubbles, shallow scratches, and deep
depressions (Fig. 6B–D). Slight damages and aggregations appeared on
the surface of the digested fluorescent PS beads using H2O2 (Fig. 6E).
Moreover, stronger aggregations appeared on the surface of digested
fluorescent PS beads by the NaOH-digestion (Fig. 6F1). However, after
the KOH-digestion, the digested fluorescent PS beads dispersed homo-
geneously relative to the pristine fluorescent PS bead with no changes
on the surface (Fig. 6G). The SEM images of the other domestic fluor-
escent PS beads were consistent with fluorescent PS beads bought from
Thermo Fisher Scientific (Figs. S10–11).

3.5. Extraction efficiency of the fluorescent PS beads in the biological
samples using the KOH-digestion

The extraction efficiency of the fluorescent PS beads bought from
Thermo Fisher Scientific using the KOH-digestion at 60 °C for 72 h was
shown in Table 2. The KOH-digestion had a relatively high efficiency
for extracting fluorescent PS beads from biological samples of zebrafish
and D. magna. The extraction efficiency of the fluorescent PS beads
mechanically mixed with the zebrafish and D. magna was 99.5 ± 0.9%

and 99.6 ± 0.7%, respectively. Moreover, the efficiency of the fluor-
escent PS beads ingested by the zebrafish and D. magna was
95.7 ± 0.2% and 95.3 ± 0.2%, respectively.

4. Discussion

4.1. Effect of the digestion methods on fluorescent PS beads

Among the six selected protocols, the KOH-digestion had little im-
pacts on the fluorescence intensity (Fig. 1F) and morphology (Fig. 6G)
of the fluorescent PS beads compared with the pristine ones. Moreover,
the extraction efficiency of fluorescent PS beads that mechanically
mixed or ingested by the organisms after KOH-digestion were over than
95.3 ± 0.2% (Table 2). These results suggested that the KOH-digestion
was a feasible and credible approach for extracting and quantifying
fluorescent PS beads in the biological samples. However, the other five
digestion methods decreased the fluorescence intensity (Fig. 1A–E) and
changed the characteristics of the fluorescent PS beads with varying
degrees (Fig. 6B–F). Consequently, the accumulation and pollution le-
vels of fluorescent PS beads in organisms would be underestimated by
these five digestion methods, especially for the acid-digestion, which
almost eliminated all the fluorescence intensities of the fluorescent PS
beads. For example, the uptake and accumulation of the fluorescent PS
beads in zebrafish were probably underestimated by Lu et al. (2016)
reported, who used HNO3-digestion (70 °C, 2 h) to extract fluorescent
PS beads from zebrafish tissues.

Our results also showed that the chemical digestion may affect the
morphology of fluorescent PS beads, such as scratches, folds, damages
and aggregation (Fig. 6). Although plastics are polymers with the

( (

(B) (b) 

(C) (c) 

(E) (

(A) 

(D) 

)G()F(

Fig. 4. Photographs of the pristine (A) and digested fluorescent PS beads bought from Thermo Fisher Scientific using (B, b) HNO3; (C, c) HNO3:HCl; (D) HNO3:HClO4;
(E) H2O2; (F) NaOH; and (G) KOH, respectively. The digestion conditions are shown in Table 1. Compared with the pristine fluorescent PS beads (A), the fluorescence
intensities of fluorescent PS beads after the acid-digestion using HNO3 (B), HNO3:HCl (C) and HNO3:HClO4 (D) distinctly decreased, and the fluorescent PS beads
aggregated (the yellow arrows). Moreover, the fluorescent chemicals leaked from the fluorescent PS beads (the red arrows). However, the H2O2-, NaOH-, and KOH-
digestion had little effect on the fluorescence intensities, and the fluorescent PS beads were well dispersed (Fig. 4E–G). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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chemically resistant characteristic, other studies also found that the
acid digestion can disrupt its morphology and structure probably due to
the strong oxidation and corrosion (Lusher et al., 2017), it was con-
sistent with our results shown in the SEM images (Fig. 6B–D). The acid
digestion for the MPs was too aggressive, resulting in a much lower
extraction efficiency of about 4% (Avio et al., 2015). Moreover, the
acid-digestion induced new functional groups such as C]O and OeH,
and characteristic absorption peak of the outward bending vibration of
two adjacent hydrogen atoms on the para-substituted benzene ring in
the surface of the extracted fluorescent PS beads, and stretching modes
for phenyl rings at ~1601 cm−1 disappeared (Fig. 5). These new
functional groups may be generated by the strong oxidation of the
concentrated acids. These changes of the surface morphology and
functional groups in fluorescent PS beads induced by the digestion
could disturb their characterization, thus affect the accuracy of quali-
tative and quantitative analysis of fluorescent PS beads in the biological
samples (Andrady, 2011; Renner et al., 2017). Moreover, H2O2 and
NaOH solution had been demonstrated to digest biogenic materials to
collect MPs ingested by the organisms (Li et al., 2015; Dehaut et al.,
2016; Karami et al., 2017). However, scratches and aggregates ap-
peared on the surface of fluorescent PS beads after H2O2- and NaOH-
digestion (Fig. 6E–F). It was reported that a part of MPs were lost when
digested by H2O2 because of the generation of heat (Munno et al.,
2018). And Cole et al., 2014 also showed that NaOH-digestion caused
partial destruction of nylon fibres and melding of polyethylene frag-
ments because the corrosive of NaOH. Besides, Rist et al. (2017) stated
that the digestion using H2O2 and NaOH solution resulted in strong
agglomeration of fluorescent PS beads. In contrast, no changes on the
morphology and composition of the fluorescent PS beads after KOH-
digestion in our study (Fig. 6G) confirmed the feasibility and credibility

of the KOH-digestion for extracting and quantifying fluorescent PS
beads from biological samples. Consistently, Dehaut et al. (2016) re-
ported that KOH-digestion (10%w/v, 60 °C, 24 h) led to an efficient
degradation of biomass but no significant effect on polystyrene parti-
cles.

4.2. Effect of digestion methods on fluorescence intensities of the fluorescent
PS beads

The fluorescent PS beads were mainly produced by wrap the
fluorescent materials inside of the PS shell to produce stable fluores-
cence (Rosenkranz et al., 2009; Zhang and Dragan, 2009). The 4-chloro-
7-nitro-benzofurazan (NBD-Cl), a commonly used fluorescent dye
which had no fluorescent itself, could produce a fluorescent product
when it reacted with amines (Maroulis et al., 2008). Therefore, the
reduction of fluorescence intensities of fluorescent PS beads probably
resulted from the following two aspects. On the one hand, strong ag-
gregations appeared among the fluorescent PS beads after digestion
(Fig. 6B–F), which was consistent with the results reported by Rist et al.
(2017), leading to a decrease of the fluorescence intensity. On the other
hand, the digestion reagents such as HNO3, HNO3:HCl, and
HNO3:HClO4 might react with the CeN bonds in the fluorescent ma-
terials that were formed by amine and NBD-Cl, weakening or quenching
the fluorescence intensity of fluorescent PS beads. For example, NBD-Cl
yield the yellow fluorescence when reacted with lisinopril (with
amines) in alkaline medium (El-Emam et al., 2004). Dang et al. (2002)
also demonstrated that the CeN bond was easy to fracture under the
attack of HNO3. Overall, KOH was the suitable digestion reagent for
extracting fluorescent PS beads in biological samples, because it neither
destroyed the surface morphology of the fluorescent PS beads (Fig. 6G)
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Fig. 5. The ATR-FTIR spectra of the pristine fluorescent PS beads (CK) and digested fluorescent PS beads according to the methods shown in Table 1 using KOH;
NaOH; H2O2; HNO3; HNO3:HCl, and HNO3:HClO4, respectively. The fluorescent PS beads in this figure were bought from Thermo Fisher Scientific.
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nor reacted with the amine groups of the fluorescent materials.

4.3. Effect of digestion temperature and duration time on the fluorescence
intensities of fluorescent PS beads

The digestion temperature was the key parameters for chemical
digestion (Munno et al., 2018). In the present study, the temperature
had different effects on the fluorescence intensities of fluorescent PS
beads digested by the six methods (Fig. 3B). For the acid-digestion, the
fluorescence intensity significantly decreased at 20 °C and continued to
decrease with increasing temperature. Enders et al. (2017) also

reported that the polystyrene microbeads were subjected to stain or
fading when immersed in the mixture (4:1, v/v) of HNO3 (69%):HClO4

(70%) even at room temperature. The fluorescence intensity decreased
a little after alkali-digestion when the temperature was below 70 °C.
And Dehaut et al. (2016) showed the organic matter could be quickly
and thoroughly removed at 60 °C, leading to little effect on the MPs.
However, the fluorescence intensity obviously decreased when the
temperature reached 80 °C or above, probably due to this higher tem-
perature was very closed to the glass transition temperature (95 °C) of
polystyrene, at which the polystyrene particles become soft and melt
together (Claessens et al., 2013).

Among the six digestion methods, the duration time had no effects
on the fluorescence intensities of the fluorescent PS beads except for
H2O2-digestion (Fig. 3B). In the H2O2-digestion, the fluorescence in-
tensity of the fluorescent PS beads decreased with the increase of
duration time from 10min to 72 h indicating that H2O2 was not suitable
for a long time digestion (Zhao et al., 2017). This was probably resulted
from the strong oxidation and the release of heat during the reaction
(Munno et al., 2018).

5. Conclusion

Among the six published digestion procedures, the KOH-digestion
had no effect on the fluorescence intensity, surface morphology and
composition of fluorescent PS beads. The KOH-digestion was slightly
affected by the digestion reagent volumes, digestion temperature, and
duration time. Moreover, the extraction efficiency of the fluorescent PS
beads in D. magna or zebrafish using the KOH-digestion was

(a) (B) (b) 

(c) (d) 

(e) (f1) 

(f2) (g) 

(D) 

Fig. 6. SEM images of the pristine fluorescent PS beads (A) and the digested fluorescent PS beads using HNO3 (B); HNO3:HCl (C); HNO3: HClO4 (D); H2O2 (E); NaOH
(F1 and F2); and KOH (G), respectively. The fluorescent PS beads were bought from Thermo Fisher Scientific. The digestion conditions were shown in Table 1. The
images of (a–g) were enlarged from the frames in the images of (A–G), respectively. Compared with the pristine fluorescent PS beads (A), a series of mechanical
damages were appeared on the surface of the fluorescent PS beads after the acid-digestion using HNO3 (B); HNO3:HCl (C) and HNO3:HClO4 (D), respectively, such as
agglomeration (the yellow arrows), bubbles (the red arrows), shallow scratches, and deep depressions (the blue arrow). Slight damages and aggregations appeared on
the surface of fluorescent PS beads digested using H2O2 (E) and strong aggregations appeared on the surface of fluorescent PS beads by NaOH-digestion (F1). Clearly,
no changes were observed for the fluorescent PS beads digested by KOH-digestion (G). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2
The extraction efficiency (%) of the fluorescent PS beads in the biological
samples using the optimal KOH-digestion protocol.

Samplesa Extraction efficiency (%)

Zebrafish D. magna

FMPs-M 99.5 ± 0.9 ab 99.6 ± 0.7 a
FMPs-I 95.7 ± 0.2 b 95.3 ± 0.2 b

a The fluorescent PS beads were bought from Thermo Fisher Scientific (MA,
USA). FMPs-M indicated the fluorescent PS beads mechanically mixed with the
zebrafish or D. magna; FMPs-I indicated the fluorescent PS beads ingested by the
zebrafish or D. magna during the exposure test.

b Different small letters indicated significant difference between the treat-
ments that the fluorescent PS beads mechanically mixed with the organisms and
the fluorescent PS beads ingested by the zebrafish or D. magna.
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≥95.3 ± 0.2%, further confirming that the KOH-digestion is an op-
timal protocol with little negative impact and high extraction efficiency
for extracting fluorescent PS beads from the biological samples. The
other five digestion methods significantly decreased fluorescent PS
beads fluorescence intensity due to agglomerations, bubbles, shallow
scratches, and deep depressions, and were not suitable for extracting
fluorescent PS beads from biological matrices.
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