
Citation: Gao, Z.; Wontor, K.;

Cizdziel, J.V. Labeling Microplastics

with Fluorescent Dyes for Detection,

Recovery, and Degradation

Experiments. Molecules 2022, 27, 7415.

https://doi.org/10.3390/

molecules27217415

Academic Editor: Marin Senila

Received: 30 September 2022

Accepted: 24 October 2022

Published: 1 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Labeling Microplastics with Fluorescent Dyes for Detection,
Recovery, and Degradation Experiments
Zhiqiang Gao, Kendall Wontor and James V. Cizdziel *

Department of Chemistry and Biochemistry, University of Mississippi, University, MS 38677, USA
* Correspondence: cizdziel@olemiss.edu

Abstract: Staining microplastics (MPs) for fluorescence detection has been widely applied in MP
analyses. However, there is a lack of standardized staining procedures and conditions, with different
researchers using different dye concentrations, solvents, incubation times, and staining temperatures.
Moreover, with the limited types and morphologies of commercially available MPs, a simple and
optimized approach to making fluorescent MPs is needed. In this study, 4 different textile dyes,
along with Nile red dye for comparison, are used to stain 17 different polymers under various
conditions to optimize the staining procedure. The MPs included both virgin and naturally weathered
polymers with different sizes and shapes (e.g., fragments, fibers, foams, pellets, beads). We show
that the strongest fluorescence intensity occurred with aqueous staining at 70 ◦C for 3 h with a
dye concentration of 5 mg/mL, 55 mg/mL, and 2 µg/mL for iDye dyes, Rit dyes, and Nile red,
respectively. Red fluorescent signals are stronger and thus preferred over green ones. The staining
procedure did not significantly alter the surface, mass, and chemical characteristics of the particles,
based on FTIR and stereomicroscopy. Stained MPs were spiked into freshwater, saltwater, a sediment
slurry, and wastewater-activated sludge; even after several days, the recovered particles are still
strongly fluoresced. The approach described herein for producing customized fluorescent MPs and
quantifying MPs in laboratory-controlled experiments is both straightforward and simple.

Keywords: microplastics; fluorescence; textile dyes; Nile red; hydrophobicity

1. Introduction

Microplastics (MPs) have been found nearly everywhere in the environment, includ-
ing in surface water, both freshwater [1,2] and seawater [3], the atmosphere [4], sand [5],
organisms [6], and foodstuffs [7,8]. This overwhelming prevalence is concerning because
MPs are potentially harmful in several aspects. Not only can they potentially cause physical
damage to organs, but they may also be toxic due to both their chemical or elemental
additives as well as the pollutants they adsorb from the environment [9]. Many studies
have therefore investigated the occurrence, fate, and identification of MPs due to their
pervasiveness and potential for harm. However, the absence of an established systemically
harmonized MP analysis procedure makes it challenging to compare results within these
studies. This is further compounded by the lack of commercially available MPs that closely
resemble weathered (environmentally aged) MPs, although some metrology institutes such
as BAM in Germany now offer MPs that are “artificially aged” with UV light. Without envi-
ronmentally relevant certified standards, it becomes difficult to not only compare the results
of various studies but also to assess recoveries from sampling and analysis procedures.

It is common to use fluorescent MPs, such as polystyrene (PS) and polyethylene (PE)
microbeads, to study MPs in laboratory experiments [10–12]. For instance, 20 µm commer-
cial fluorescent PS microbeads were used to examine their adsorption onto edible seaweed
and their ability to be washed off [13]. Smaller plastic microbeads (1–5 µm) were used to
characterize MP ingestion and their effects on the behaviors of oyster larvae [14]. While
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convenient due to commercial availability, microbeads are not representative of environ-
mental MPs, as most MPs extracted from water, sediments, atmosphere, and food are
typically weathered fibers, fragments, or films. Further, microbeads are less common in the
natural environment and are increasingly being banned in personal care products [15–17].
Additionally, although PE and PS account for 36% of global plastic production, other types
of polymers, such as PVC (10%), polyurethane (7.9%), and PC (1.5%), are considered more
hazardous based on their monomer composition and additives [18]. This suggests that MP
toxicity studies based primarily on PE and PS microbeads may be heavily biased.

In addition to microbeads, MP fragments (>500 µm) have been used to assess method-
ology due to their commercial availability and easy identification [19–21]. However, this
size category generally accounts for a small proportion of MPs extracted from environ-
mental and biological samples. The larger-sized MPs may also not respond to sample
preparation methods in the same way as the more abundant smaller MPs. As such, their
recovery rates should not be used to correct MP abundances in environmental samples [22].

Due to the lack of appropriate standards, a variety of dyes have been proposed to
fluorescently label homemade plastic particles, enriching available MP morphologies and
polymer types. These dyes include Nile red and its derivatives, oil red EGN, Rose Bengal,
Neutral Red, Tryphan Blue, and some commercial textile dyes [12,23–26]. While all these
dyes have proven suitable for staining MPs, each dye’s affinity for different polymers varies.
Nile red is the most used dye for MP staining. However, it is poorly soluble in water and
exhibits a significant chromophore sensitivity to solvent polarity (Martinez and Henary,
2016). Due to this, the color emission of MPs stained by Nile red depends on MP surface
hydrophobicity and can range from deep red to strong yellow gold. One concern with
the use of Nile Red is that MPs hydrophobicity could be altered due to contamination
from other materials (e.g., biofilms, grease). To avoid this issue, several commercial textile
dyes containing aromatic amines (iDye pink, iDye blue, Rit pink, and Rit blue) have also
been studied. These textile dyes performed well for PS, PET, and PVC fragments, HDPE
microspheres, PET, and PAN fibers with signals that were several times stronger than that
of Nile Red in most cases [12].

While a variety of dyes have been investigated for use in MP staining, the scientific
literature lacks an overall standardized method for staining MPs. Indeed, even among
studies using the same dye, there is a diversity of methods, with each using different
conditions such as dye concentrations, solvents, incubation times, and temperatures. This
study aimed to (1) systematically identify and optimize key factors that influence the
staining of a wide range of polymers by analyzing four commercial textile dyes along with
Nile red, one of the most common dyes used in MP analyses, and (2) develop a simple and
versatile MP staining approach capable of effectively staining a range of environmentally
relevant polymers with different morphologies.

2. Materials and Methods
2.1. Microplastics and Dye Selection

We used both virgin and weathered MPs in this study. Sources and key physical-
chemical characteristics of these polymers are given in Table S1. Briefly, the pristine MPs
were from the Hawaii Pacific University Polymer Kit 1.0, which was designed to “harmo-
nize plastic pollution research”, and which included matching spectral data. However,
because these MPs are relatively large, generally 1–5 mm pellets or beads, and because they
are not fully representative of environmental MPs, we also produced MPs in our laboratory
by cryogenically grinding weathered plastic debris collected from nearby Sardis Lake in
north-central Mississippi. Plastics from the kit were used directly whereas the weathered
plastic was washed and rinsed free of external debris prior to cryomilling. The cryomilled
materials were typically 500–1000 µm in size. Together, our MPs represented 17 polymers
commonly found in the environment. Each was stained with four different textile dyes
(Table S2) along with Nile red dye for testing and comparison.



Molecules 2022, 27, 7415 3 of 13

2.2. Microplastic Staining and Study Design

Several typical polymers (EPS, EVA, HDPE.1, LDPE-w, PA6-w, PEST, PP, and PVC.1)
were selected to test the influence of dye concentration, staining temperature, and staining
time (Table 1). Consistent with previous work [12], the ratio of MP weight (mg) to solution
volume (mL) used was 5:1. Ultrapure water (purified, deionized, and 0.2 µm-filtered;
Milli-Q; Millipore) was used to dilute textile dyes and Nile red since selected textile dyes
are poorly soluble in methanol. Three replicates were performed for each treatment. A
step-by-step procedure for staining MPs is given in Table S3.

Table 1. The design of staining experiments.

Influencing Factors Dyes Series Polymers

Dye concentration (1)

Nile red 0.02, 0.1, 0.5, 2, 10 (µg/mL)

EPS, EVA, HDPE.1, LDPE-w,
PA6-w, PEST, PP, PVC.1

Rit pink dye 1:500, 1:200, 1:100, 1:50, 1:20, 1:1 or
2.2, 5.5, 11, 22, 55, 1100 (mg/mL)Rit blue dye

iDye pink dye 0.2, 0.5, 1, 2, 5, 100 (mg/mL)
iDye Blue dye

Incubation
temperature (2)

Nile red

4◦ C, RT (21 ◦C), 40 ◦C, 70 ◦C and
100 ◦C for 3 h

Rit pink dye
Rit blue dye

iDye pink dye
iDye blue dye

Incubation
duration (2)

Nile red

0.5, 1, 2, 3, 5 h at 70◦C
Rit pink dye
Rit blue dye

iDye pink dye
iDye blue dye

(1) Performed at 70 ◦C and 3 h; (2) concentrations at 5 mg/mL (iDye dyes), 55 mg/mL (Rit dyes), and 2 µg/mL
(Nile red).

To study the influence of dye concentration on staining, we prepared iDye dye concen-
trations at 100, 5, 2, 1, 0.5, 0.2 mg/mL in water, and Rit dye concentrations by diluting the
concentrated dye solution 1:1, 1:20, 1:50, 1:100, 1:200, 1:500 in water, which corresponds
to concentrations of 1100, 55, 22, 11, 5.5, 2.2 mg/mL, respectively. Nile red stock solution
(1 mg/mL) was prepared with methanol and diluted to 10, 2, 0.5, 0.1, 0.02 µg/mL with DI
water. The dyeing process occurred at 70 ◦C in 40 mL glass vials for 3 h in darkness. The
stained MPs were then recovered by filtering through 45 µm mesh sieve. MPs were then
suspended in methanol and DI water three times before being transferred to Petrislide dish,
and dried at 30 ◦C.

To study the influence of incubation temperature on MP staining we tested select MPs
at 4 ◦C, room temperature (21 ◦C), 40 ◦C, 70 ◦C and 100 ◦C for 3 h. The concentrations of
iDye and Rit dyes were 5 and 55 mg/mL, respectively. Nile red solution was used as a
control at 2 µg/mL.

To study the influence of incubation time on MP staining were incubated for 0.5, 1, 2,
3, and 5 h to examine the influence of dyeing time. The iDye dyes, Rit dyes, and Nile red
were diluted to 5 mg/mL, 55 mg/mL, and 2 µg/mL, respectively, and MPs were stained
at 70 ◦C.

To assess the dye stabilities, stained MPs were kept in the lake water, seawater, sedi-
ment slurry, and return activated sludge collected from University of Mississippi wastewa-
ter treatment plant for 1, 3, 5, and 7 days at room temperature under simulated sunlight
(G2V Pico LED). Sediment solution was prepared at a concentration of 1 g/mL by mixing
sediment and DI water. To better represent environmental samples, none of these solutions
were sterilized.
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The influence of solvent was tested by using the appropriate solvent (either methanol
or water) to dilute 1 mg/mL Nile red stock solution to 2 µg/mL in methanol. For both
solvents, 17 polymers were stained at 70 ◦C for 3 h and analyzed under identical conditions.

2.3. Characteristics of Stained Microplastics

Images of stained MPs were taken by a stereomicroscope (SteREO Discovery V12; Carl
Zeiss Jena GmbH, Germany) equipped with 2 channel fluorescence (GFP and Cy3/Rhod/RFP)
and an X-Cite 120Q fluorescence lamp illuminators. Large MPs (>500 µm) were imaged
at 8× magnification and small MPs (<500 µm) were imaged at 40× magnification. This
magnification approach is typically applied in visual enumeration of MPs in environmental
samples [27–29]. The following two fluorescence ranges were chosen: green (excitation at
470/47 nm, emission at 525/50 nm) and red (excitation at 545/25 nm, emission at 605/70 nm).
ImageJ image analysis software was used to assess fluorescence intensities as well as surface
area of the stained MPs. Attenuated Total Reflection-Fourier Transform Infrared spectroscopy
(ATR-FTIR, Cary 600, Agilent Technologies, Santa Clara, CA, USA) was utilized to collect IR
spectra of MPs before and after dyeing.

3. Results and Discussion
3.1. Influence of Dye Concentration

The concentration of Nile red utilized for MP staining ranges from 0.1 µg/mL to more
than 1 mg/mL in published literature [30–35]. In this study, we measured the green and
red fluorescence intensities of polymers dyed with Nile red in concentrations ranging from
0.02 to 10 µg/mL. We found that all selected polymers exhibit visible red fluorescence
across the tested concentrations. EVA showed the greatest affinity to Nile red, as evidenced
by its strong yellow-gold color (even at 0.02 µg/mL). Red fluorescence intensity increased
when the concentration was raised from 0.02 to 2 µg/mL (Figure 1). Beyond this point,
however, most polymers showed a decrease in red fluorescence intensity as the Nile red
concentration rose to 10 µg/mL. These findings are similar to other research, which found
that the ideal concentration of Nile red lies between 0.1 and 2 µg/mL [31]. PE stained
with Nile red at concentrations from 0.005 to 5 µg/mL, with slight quenching at 5 µg/mL,
resulted in an average increase of the fluorescence intensity of PE by a factor of 3.1 [26].
Due to intermolecular interactions at higher concentrations, Nile red aggregates, and hence,
a decrease in fluorescence intensity known as quenching occurs [36]. We also found that
green fluorescence intensities of tested polymers were significantly weaker than red ones
(Independent-samples t-test, p < 0.001). Non-polar polymers (LDPE-w, HDPE.1 PP, and to
a lesser extent, EPS) showed relatively strong green fluorescence (Figure 1) compared to
polar polymers, and PEST fibers did not exhibit visible green fluorescence at any tested
Nile red concentrations. As with the trend of red fluorescence intensity, the strongest green
fluorescence intensity was also found at a Nile red concentration of 2 µg/mL. We therefore
used a Nile red concentration of 2 µg/mL for all further experiments.

Pink textile dyes showed a better staining effect than blue dyes (p < 0.001). Several
MPs stained by textile dyes (EPS, HDPE.1, LDPE-w, PP) showed a similar trend with Nile
red with the increase in dye concentrations (Figure S2). However, the highest concentration
of textile dyes used here blocked the fluorescence intensities of stained polymers. Other
polymers exhibited relatively constant red and green fluorescence intensities across dye
concentrations. Red fluorescence intensities of tested polymers were significantly stronger
than green ones (p < 0.001) with the majority of polymers barely observable under blue
incident light. To obtain the strongest MP fluorescence intensities, we selected standard
concentrations of 55 mg/mL for Rit dyes and 5 mg/mL for iDye dyes for further MP
staining experiments.

All the tested dyes were friendly to polymers since we did not observe any surface area
changes or mass loss in the samples. Because polymers were universally red fluorescent and
had stronger red than green fluorescence signals, we recommend using the red fluorescence
range for the analysis of stained MPs.
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Figure 1. The influence of (A,B) concentrations of Nile red at 70 ◦C for 3 h, (C,D) temperatures at the
Nile red concentration of 2 µg/mL for 3 h, and (E,F) time at the Nile red concentration of 2 µg/mL at
70 ◦C on microplastic staining.

3.2. Influence of Incubation Temperature

Since the majority of MPs have melting points higher than 110 ◦C, the highest temper-
ature tested here was 100 ◦C. MPs were observed to show stronger fluorescent signals with
the increase in temperature. The strongest fluorescence intensities were present at 100 ◦C
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with the exception of PA6-w particles. Other researchers observed that at room temperature
dyes were adsorbed on the surface of the polymer, and suggested that heating could facili-
tate the penetration of dyes into MPs [36]. This may occur due to increasing temperature
loosening the macromolecular polymer chain as well as allowing the dye molecules to
acquire sufficient energy to overcome intermolecular forces at adsorption sites [37]. When
the temperature is then reduced to room temperature, the loose structure condenses, and
the dye molecules become encapsulated in the MPs. The fact that some of the MPs, such
as EPS, PVC.1, PEST, and PA6-w, changed from rigid glassy plastics to rubbery polymers
with increased temperature provides evidence for this mechanism of action. In this rubbery
state, a large amount of free volume between molecules is present [12,38]. This allowed the
dye to be encapsulated rather than just adsorbed. As a result, fluorescence intensities were
significantly higher at temperatures above the polymer’s glass transition temperatures
than those below it (p = 0.007; Figure 2). The transition temperature of PA6-w is 60 ◦C,
and stronger fluorescence intensity was expected to be found with staining temperatures
higher than 60 ◦C. However, PA6-w fragments stained by textile dye showed lower red
fluorescence intensity while the staining temperature was above 70 ◦C (Figure S3). Other
polymers (EVA, LDPE-w, HDPE.1, and PP) are in rubbery states at room temperature, and
increased temperature significantly enhanced the fluorescence intensities, although a de-
crease was observed on textile dye-stained EVA when the temperature exceeded 70 ◦C. The
soft and flexible structure of EVA fragments may facilitate the adsorption of dyes. However,
all low transition temperature polymers exhibited a rapid increase in fluorescence intensity
with increasing temperature.
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Figure 2. Red fluorescence microscope images of (I) PA6-w fragments stained by 55 mg/mL Rit pink
dye, (II) PA6-w stained by 2 µg/mL Nile red, (III) PVC.1 stained by 5 mg/mL iDye pink dye, and
(IV) PVC.1 stained by 2 µg/mL Nile red at different temperatures for 3 h. Scale bar denotes 1 mm.

Raising the temperature did not substantially increase the fluorescence intensities of
MPs stained with blue dyes. MPs stained by both dyes showed relatively low fluorescence
intensities across all incubation temperatures, suggesting that blue textile dyes are not
suitable for fluorescent staining. Morphological changes were not observed among selected
polymers, except for EVA and PA6-w fragments, which were observed to be slightly
deformed at 100 ◦C (Figure 2).
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3.3. Influence of Staining Time

A literature search of incubation times for MP staining found that they ranged from
5 min to more than 24 h, with a majority of studies adopting 30 min [2,37,39]. In this study,
all tested polymers stained by Nile red showed strong red fluorescence intensities after
30 min of staining, especially EVA and PA6-w fragments, which rapidly reached their
strongest red fluorescence intensities within 0.5 h (Figure 1). Other polymers (e.g., HDPE.1,
PP, and PEST) were fully stained by Nile red within 3 h. These results are consistent with
observations of other researchers that PE, PS, and PET stained by Nile red showed increased
red fluorescence intensity with the extension of staining time [36]. Our results also showed
that green fluorescence intensities of Nile Red stained polymers demonstrated a similar
trend, except for several non-green fluorescent polymers (PA6-w and PEST).

Similar to Nile red, textile dyes showed good affinity to EVA and PA6-w fragments,
giving strong fluorescent signals within 30 min. However, the fluorescent signals of PA
decreased with the increase in staining time. In contrast, the signals for non-polar polymers
(EPS, LDPE-w, HDPE.1, and PP) were initially weak but substantially increased with the
extension of staining time. Maximal fluorescent signals were achieved in 3 h for polymers
stained with textile, even though their maximum fluorescent signals were relatively weaker
compared to Nile red.

We did not find any significant mass variation or surface area deviation among the
tested MPs after 5-h staining. Given this lack of damage, combined with the time needed
for textile dyes to reach maximum intensity, we utilized a standard 3 h incubation time for
subsequent studies.

3.4. Staining Efficiency on Various Polymers

To assess the staining efficacy of Nile Red and pink textile dyes, both transparent
and colored, as well as weathered and virgin MPs were used. Nile red-stained MPs can
fluoresce when irradiated under UV, blue, green, and red incident lights with excitation
wavelengths varying from 254 to 580 nm [23,32,40]. Blue fluorescence is typically avoided
as certain polymers (e.g., LDPE, PP, EPS) have no fluorescent response to blue excitation.
Green-yellow fluorescence (excitation at 470/40 nm, emission at 540/50 nm) has been
suggested as the best choice for MP detection as it can sometimes distinguish natural
particles and plastics [23,26]. However, this may also not be suitable for all polymers.
Studies have found that PEST, PET, and PA stained by 5 µg/mL Nile red had a barely
detectable, dim glow of green fluorescence and that polyurethane, PC, PVC, and PET dyed
by 1 µg/mL Nile red exhibited weak green fluorescence [23,41]. We also found very weak
green fluorescent signals for Nile Red stained PC, PA-w, and PETE-w. While biological
tissues can also exhibit strong red fluorescence, most MP extraction methods focus on the
removal of such tissues [41]. Due to this, and the fact that all polymers exhibited higher
intensities of red fluorescence than green, we chose to focus our investigation of polymer
staining efficiency on their red fluorescence signals. Usable levels of red fluorescence were
observed in all polymers, even in the colored plastics. Previous studies have reported that
the presence of additive dyes affects MPs affinity to staining dyes, which was consistent
with our results [37,41,42]. We found that only the edges of black ABS stained by textile
dyes showed red fluorescence (Figure S5). The Nile red-stained black ABS pellets showed
a red intensity of 59.8 ± 2.8 and a green fluorescence intensity of 0, which increased to
221.4 ± 1.8 and 10.1 ± 0.1 in clear ABS pellets, respectively. Similarly, other researchers
demonstrated that brown HDPE and black PP were stained only around their edges, and
red PA, black polyester, and blue acrylic fibers were not stained by Nile red [42].

To assess our staining methods, commercially available fluorescent PE microbeads
(300–330 µm) were used as references. The red and green fluorescence intensities of these
microbeads were 255 and 8.4 ± 0.2 at 8× magnification, respectively. The average red and
green fluorescence intensities for different forms of PE in this study were 193.8 ± 39.5 and
87.1 ± 6.8, respectively, which are comparable with those of the commercial PE microbeads.
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Our results did not demonstrate a relationship between polymer hydrophobicity and
its red fluorescence intensity. The more hydrophobic polymers such as PP, PS, and some
forms of PE did not show stronger red fluorescence intensities than less hydrophobic
polymers (e.g., PET, PVC, EVA, PA, ABS) (p = 0.275). However, weaker green fluorescent
signals were observed for these less hydrophobic polymers (p < 0.001). This is similar to
the literature, which reports that non-polar PE and PP particles had the strongest green
fluorescence intensity, followed by the intermediate polar PEST and PA, and highly polar
PVC only showed a very weak signal [26]. No clear correlation between the polarity of
the polymers and their fluorescence intensity was found among textile dyes either. For
example, polar polymers stained by Rit pink dye had higher red fluorescent signals but
not significant (p = 0.601). For these samples, fluorescent intensity was more related to
the color of the dye used, as both iDye pink dye and Rit pink dye resulted in stronger
fluorescence intensities than the blue textile dyes (Figure S6). This is consistent with results
from a previous study [12].

Among all these tested polymers, Nile red-labeled plastics are more likely to be used
for MP staining than textile dyes due to the weaker fluorescence of textile dyes. Polymers
stained by pink dyes showed relatively stronger red fluorescent signals than blue textile
dyes, and weak or no green fluorescent signals were widely found. EPS foams stained with
Nile red and textile dyes did not show extremely strong fluorescence intensity, although
they have mesoporous structures. However, Shim et al. (2016) observed that EPS foams
were brightly stained with Nile red in n-hexane compared to spherical PE particles. Staining
MPs with Nile red under different solvents influences MP fluorescence intensity, which may
be associated with the solvatochromism of Nile red (Figure 3, Figure S6) [26,36,39]. As the
increasing of solvent polarity, the solvatochromic effect markedly caused red shifts in the
fluorescence emission spectrum, especially for non-polar polymers since, as Martinez and
Henary noted, “solvents with large dipole moments are better able to stabilize the Franck-
Condon excited state” and in the polar solvent (water), the lipophilic Nile red absorbs more
strongly onto non-polar MPs than in the less polar organic solvent [23,43]. LDPE-w, PP,
and PS pellets stained by methanol-based Nile red showed red fluorescence intensities
of 12.8 ± 0.6, 22.9 ± 0.3, and 26.9 ± 0.9, respectively. These increased to 137.0 ± 13.9,
147.7 ± 14.7, and 108.2 ± 1.0 when the solvent was changed to water (Figure 4). Using
methanol as a solvent may also have other disadvantages, as it may cause damage to
certain types of plastics. EPS foam MPs shrunk by 25.1% and 61.9% when the temperature
increased to 70 ◦C and 100 ◦C, respectively. This damage may be avoided by reducing the
incubation temperature, as these MPs were intact when the temperature was not higher
than 40 ◦C. However, the trade-off in using a lower incubation temperature is a decrease
in the stained MPs fluorescence intensity. EPS was not the only polymer to experience
changes when stained with a methanol-based solution. PVC.2, which contains phthalates
as an additive, became rigid and tough after staining by methanol-based Nile red as well
as losing 10.23% of its mass (Figure 4). This may be due to the leaching of phthalates from
polymers into solvents. Meanwhile, methanol penetrated into the PVC.2 since methanol
C-O vibration at 1020 cm−1 was observed in PVC.2 stained by the MeOH-based Nile red
(Figure S7). Weak green fluorescent signals of PS, EPS, PEST, PA6, PA66, PETE-w, PVC.1,
and PC stained by either water-based Nile red or methanol-based Nile red were found,
but these polymers showed strong red fluorescent signals, which is consistent with other
studies [32,36,41]. Weathered plastics can be more polar due to the formation of carbonyl
groups through photo-oxidation and altered surface roughness [44]. However, we did not
find a significant increase in the fluorescence intensities of weathered polymers. Therefore,
it may be the MPs polymer type that is the dominant factor for staining.
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In fluorescence microscopy, the magnification used to observe MPs affects the fluores-
cence intensity [42]. As such, we chose 8× and 40× as standard magnifications to observe
all MPs. Our CA particles had a size of 390 ± 290 µm. Pink textile dyes and water-based
Nile red resulted in the maximal red fluorescence intensity (255) at 40× magnifications.
However, at 8× magnification, the intensities dropped to 13.4 ± 2.9 and 145.4 ± 15.9, re-
spectively. This suggests that smaller sizes of MPs may appear to show stronger fluorescent
signals, as they will be observed at higher magnifications.

Compared with undyed MPs, there was no significant change in the surface mor-
phology after 3-h staining at 70 ◦C. Additionally, identical FTIR spectra were observed for
all polymers before and after staining (Figure S7), which corroborates that these dyes are
usually not covalently bonded to polymers, but, according to Gewert et al., adsorbed to
them via “van der Waals interactions with additional dipole interactions” in polar polymer
types [23,44].

3.5. Stability of Fluorescence

Fluorescence stability was assessed for the pink textile dyes along with Nile Red, due to
their higher intensities. Stained particles were placed in four common solutions (freshwater,
seawater, sediment slurry, and returned activated sludge) to test the fluorescence stability at
room temperature. All these dyes were fluorescently stable under these solutions for 7 days
under simulated sunlight (Figure S8). This stability is attributed to strong interactions
between polymers and dyes due to their adsorption to the surface or incorporation into
polymers. While these results are promising, more study is needed on their stabilities
over longer times and in harsher solutions. Red fluorescence intensities of MPs stained
by Nile red at room temperature were observed to reduce significantly after one month
due to the easy desorption of dye from the surface of polymers [36]. KOH and non-polar
solutions, which are common in chemical digestions for MP extractions, have also been
reported to weaken the fluorescence intensities of LDPE fragments, HDPE microbeads, and
polyacrylonitrile fibers stained at 70 ◦C [12].

4. Conclusions

Dye concentration, incubation time, and temperature greatly affect the fluorescence
intensity of stained polymers, with red fluorescent signals being stronger than green ones.
Commercially available textile dyes and Nile red are effectively adsorbed to miscellaneous
polymers under tested conditions. However, the low fluorescence intensities of blue textile
dyes make them unsuitable for MP staining. As demonstrated in this study, Nile red has
advantages over textile dyes, such as its increased fluorescence intensity and good affinity
for a wide range of polymers, but pink textile dyes also have applicable potential. The
staining procedure did not significantly alter the surface, mass, and chemical characteristics
of the particles, based on FTIR and stereomicroscopy. The stability of these textile dyes in
the four solutions meant to mimic environmental matrices also speaks to their suitability
for spiking applications. While Nile Red still remains the optimal choice for MP staining,
pink textile dyes represent a cheaper, yet still potentially viable option.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27217415/s1, Figure S1: Green fluorescence microscopic images of
polymers stained by 2 µg/mL Nile red at 70 ◦C for 3 h. Scale bar denotes 1 mm; Figure S2: The influence
of dye concentrations on microplastic staining at 70 ◦C for 3 h. (A) Rit pink dye; (B) Rit blue dye; (C) iDye
pink dye; (D) iDye blue dye; Figure S3: The influence of temperatures on microplastic staining with Rit
dyes and iDye dyes concentrations of 55 mg/mL and 5 mg/mL for 3 h. (A) Rit pink dye; (B) Rit blue dye;
(C) iDye pink dye; (D) iDye blue dye; Figure S4: The influence of time on microplastic staining with
Rit dyes and iDye dyes concentrations of 55 mg/mL and 5 mg/mL at 70 ◦C. (A): Rit pink dye; (B) Rit
blue dye; (C) iDye pink dye; D: iDye blue dye; Figure S5: Red fluorescence microscope images of black
ABS pellets stained by (A) 55 mg/mL Rit pink dye, (B) 5 mg/mL iDye pink dye, and (C) 2 mg/mL
Nile red, and clear ABS pellets stained by (D) 2 mg/mL Nile red at 70 ◦C for 3 h. Scale bars denote
1000 µm; Figure S6: Different polymers stained by textile dyes (A,B,E,F) and Nile red (C,D,G,H) with
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variable red fluorescence intensities; Figure S7: FTIR spectrum of LDPE.1, PA6, PET.1, PVC.2, and PS
stained by different dyes; Figure S8: Fluorescence intensity stability of Rit pink dye, iDye pink dye, and
water-based Nile red for 7 days in lake water, seawater, sediment slurry, and activated sludge slurry;
Table S1: Summary of polymers’ characteristics and sources; Table S2: Information of applied dyes;
Table S3: Step-by-step procedure for staining of microplastics with fluorescent dyes.
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Nomenclature

Ultra-low-density ethylene ULDPE
Low-density polyethylene LDPE
Linear low-density polyethylene LLDPE
Medium-density polyethylene MDPE
High-density polyethylene HDPE
Polypropylene PP
Polyester PEST
Polyethylene terephthalate PET
Ethylene-vinyl acetate EVA
Acrylonitrile-butadiene-styrene ABS
Expanded polystyrene foam EPS
Polystyrene PS
Nylon 6 PA6
Nylon 6,6 PA66
Polyvinyl chloride PVC
Cellulose acetate CA
Weathered polycarbonate PC
Weathered low-density polyethylene LDPE-w
Weathered polyethylene terephthalate PETE-w
Weathered nylon 6 PA6-w
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1. Grbić, J.; Helm, P.; Athey, S.; Rochman, C.M. Microplastics entering northwestern Lake Ontario are diverse and linked to urban

sources. Water Res. 2020, 174, 115623. [CrossRef]
2. Scircle, A.; Missling, K.; Cizdziel, J.V.; Li, L.; Vianello, A. Single-Pot Method for Collection and Preparation of Natural Water for

Microplastic Analyses: Microplastics in the Mississippi River System During and After Historic Flooding in 2019. Environ. Toxicol.
Chem. 2020, 39, 986–995. [CrossRef]

3. Uurasjärvi, E.; Pääkkönen, M.; Setälä, O.; Koistinen, A.; Lehtiniemi, M. Microplastics accumulate to thin layers in the stratified
Baltic Sea. Environ. Pollut. 2021, 268, 115700. [CrossRef]

4. Wright, S.L.; Ulke, J.; Font, A.; Chan, K.L.A.; Kelly, F.J. Atmospheric microplastic deposition in an urban environment and an
evaluation of transport. Environ. Int. 2020, 136, 105411. [CrossRef]

5. Gao, Z.; Wontor, K.; Cizdziel, J.V.; Lu, H. Distribution and characteristics of microplastics in beach sand near the outlet of a major
reservoir in north Mississippi, USA. Microplastics Nanoplastics 2022, 2, 10. [CrossRef]

http://doi.org/10.1016/j.watres.2020.115623
http://doi.org/10.1002/etc.4698
http://doi.org/10.1016/j.envpol.2020.115700
http://doi.org/10.1016/j.envint.2019.105411
http://doi.org/10.1186/s43591-022-00029-z


Molecules 2022, 27, 7415 12 of 13

6. Bagheri, T.; Gholizadeh, M.; Abarghouei, S.; Zakeri, M.; Hedayati, A.; Rabaniha, M.; Aghaeimoghadam, A.; Hafezieh, M.
Microplastics distribution, abundance and composition in sediment, fishes and benthic organisms of the Gorgan Bay, Caspian
Sea. Chemosphere 2020, 257, 127201. [CrossRef]

7. Mercogliano, R.; Avio, C.G.; Regoli, F.; Anastasio, A.; Colavita, G.; Santonicola, S. Occurrence of microplastics in commercial
seafood under the perspective of the human food chain. A review. J. Agric. Food Chem. 2020, 68, 5296–5301. [CrossRef]

8. Zhang, D.; Liu, X.; Huang, W.; Li, J.; Wang, C.; Zhang, D.; Zhang, C. Microplastic pollution in deep-sea sediments and organisms
of the Western Pacific Ocean. Environ. Pollut. 2020, 259, 113948. [CrossRef]

9. Sun, J.; Dai, X.; Wang, Q.; van Loosdrecht, M.C.; Ni, B.J. Microplastics in wastewater treatment plants: Detection, occurrence and
removal. Water Res. 2019, 152, 21–37. [CrossRef] [PubMed]

10. Tagg, A.S.; Harrison, J.P.; Ju-Nam, Y.; Sapp, M.; Bradley, E.L.; Sinclair, C.J.; Ojeda, J.J. Fenton’s reagent for the rapid and efficient
isolation of microplastics from wastewater. Chem. Commun. 2017, 53, 372–375. [CrossRef]

11. Long, Z.; Pan, Z.; Wang, W.; Ren, J.; Yu, X.; Lin, L.; Lin, H.; Chen, H.; Jin, X. Microplastic abundance, characteristics, and removal
in wastewater treatment plants in a coastal city of China. Water Res. 2019, 155, 255–265. [CrossRef]

12. Karakolis, E.G.; Nguyen, B.; You, J.B.; Rochman, C.M.; Sinton, D. Fluorescent dyes for visualizing microplastic particles and fibers
in laboratory-based studies. Environ. Sci. Technol. Lett. 2019, 6, 334–340. [CrossRef]

13. Sundbaek, K.B.; Koch, I.D.W.; Villaro, C.G.; Rasmussen, N.S.; Holdt, S.L.; Hartmann, N.B. Sorption of fluorescent polystyrene
microplastic particles to edible seaweed Fucus vesiculosus. J. Appl. Phycol. 2018, 30, 2923–2927. [CrossRef]

14. Bringer, A.; Cachot, J.; Prunier, G.; Dubillot, E.; Clérandeau, C. Thomas, H. Experimental ingestion of fluorescent microplastics by
pacific oysters, Crassostrea gigas, and their effects on the behavior and development at early stages. Chemosphere 2020, 254, 126793.
[CrossRef]

15. Kim, J.S.; Lee, H.J.; Kim, S.K.; Kim, H.J. Global pattern of microplastics (MPs) in commercial food-grade salts: Sea salt as an
indicator of seawater MP pollution. Environ. Sci. Technol. 2018, 52, 12819–12828. [CrossRef]

16. Klein, M.; Fischer, E.K. Microplastic abundance in atmospheric deposition within the Metropolitan area of Hamburg, Germany.
Sci. Total Environ. 2019, 685, 96–103. [CrossRef]

17. Alfonso, M.B.; Arias, A.H.; Ronda, A.C.; Piccolo, M.C. Continental microplastics: Presence, features, and environmental transport
pathways. Sci. Total Environ. 2021, 799, 149447. [CrossRef]

18. Björnsdotter, M. Leaching of Residual Monomers, Oligomers and Additives from Polyethylene, Polypropylene, Polyvinyl
Chloride, High-Density Polyethylene and Polystyrene Virgin Plastics. Bachelor’s Thesis, Örebro University, Örebro, Sweden, 2015.

19. Hurley, R.R.; Lusher, A.L.; Olsen, M.; Nizzetto, L. Validation of a method for extracting microplastics from complex, organic-rich,
environmental matrices. Environ. Sci. Technol. 2018, 52, 7409–7417. [CrossRef]

20. Raju, S.; Carbery, M.; Kuttykattil, A.; Senthirajah, K.; Lundmark, A.; Rogers, Z.; Suresh, S.C.B.; Evans, G.; Palanisami, T. Improved
methodology to determine the fate and transport of microplastics in a secondary wastewater treatment plant. Water Res. 2020,
173, 115549. [CrossRef] [PubMed]

21. Gao, Z.; Cizdziel, J.V.; Wontor, K.; Lu, H. Are Rural and Small Community Aerated Wastewater Stabilization Ponds a Neglected
Source of Microplastic Pollution? Water 2021, 13, 2833. [CrossRef]

22. Simon, M.; van Alst, N.; Vollertsen, J. Quantification of microplastic mass and removal rates at wastewater treatment plants
applying Focal Plane Array (FPA)-based Fourier Transform Infrared (FT-IR) imaging. Water Res. 2018, 142, 1–9. [CrossRef]
[PubMed]

23. Maes, T.; Jessop, R.; Wellner, N.; Haupt, K.; Mayes, A.G. A rapid-screening approach to detect and quantify microplastics based
on fluorescent tagging with Nile Red. Sci. Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

24. Ziajahromi, S.; Neale, P.A.; Rintoul, L.; Leusch, F.D. Wastewater treatment plants as a pathway for microplastics: Development of
a new approach to sample wastewater-based microplastics. Water Res. 2017, 112, 93–99. [CrossRef] [PubMed]

25. Prata, J.C.; da Costa, J.P.; Duarte, A.C.; Rocha-Santos, T. Methods for sampling and detection of microplastics in water and
sediment: A critical review. Trends Analyt. Chem. 2019, 110, 150–159. [CrossRef]

26. Sturm, M.T.; Horn, H.; Schuhen, K. The potential of fluorescent dyes—Comparative study of Nile red and three derivatives for
the detection of microplastics. Anal. Bioanal. Chem. 2021, 413, 1059–1071. [CrossRef]

27. Talvitie, J.; Mikola, A.; Koistinen, A.; Setälä, O. Solutions to microplastic pollution–Removal of microplastics from wastewater
effluent with advanced wastewater treatment technologies. Water Res. 2017, 123, 401–407. [CrossRef]

28. Capolupo, M.; Franzellitti, S.; Valbonesi, P.; Lanzas, C.S.; Fabbri, E. Uptake and transcriptional effects of polystyrene microplastics
in larval stages of the Mediterranean mussel Mytilus galloprovincialis. Environ. Pollut. 2018, 241, 1038–1047. [CrossRef]

29. Tagg, A.S.; do Sul, J.A.I. Is this your glitter? An overlooked but potentially environmentally-valuable microplastic. Mar. Pollut.
Bull. 2019, 146, 50–53. [CrossRef]

30. Desforges, J.P.W.; Galbraith, M.; Dangerfield, N.; Ross, P.S. Widespread distribution of microplastics in subsurface seawater in the
NE Pacific Ocean. Mar. Pollut. Bull. 2014, 79, 94–99. [CrossRef]

31. Rumin, J.; Bonnefond, H.; Saint-Jean, B.; Rouxel, C.; Sciandra, A.; Bernard, O.; Cadoret, J.P. Bougaran, G. The use of fluorescent
Nile red and BODIPY for lipid measurement in microalgae. Biotechnol. Biofuels 2015, 8, 42. [CrossRef]

32. Erni-Cassola, G.; Gibson, M.I.; Thompson, R.C.; Christie-Oleza, J.A. Lost, but found with Nile Red: A novel method for detecting
and quantifying small microplastics (1 mm to 20 µm) in environmental samples. Environ. Sci. Technol. 2017, 51, 13641–13648.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.chemosphere.2020.127201
http://doi.org/10.1021/acs.jafc.0c01209
http://doi.org/10.1016/j.envpol.2020.113948
http://doi.org/10.1016/j.watres.2018.12.050
http://www.ncbi.nlm.nih.gov/pubmed/30660095
http://doi.org/10.1039/C6CC08798A
http://doi.org/10.1016/j.watres.2019.02.028
http://doi.org/10.1021/acs.estlett.9b00241
http://doi.org/10.1007/s10811-018-1472-8
http://doi.org/10.1016/j.chemosphere.2020.126793
http://doi.org/10.1021/acs.est.8b04180
http://doi.org/10.1016/j.scitotenv.2019.05.405
http://doi.org/10.1016/j.scitotenv.2021.149447
http://doi.org/10.1021/acs.est.8b01517
http://doi.org/10.1016/j.watres.2020.115549
http://www.ncbi.nlm.nih.gov/pubmed/32086069
http://doi.org/10.3390/w13202833
http://doi.org/10.1016/j.watres.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29804032
http://doi.org/10.1038/srep44501
http://www.ncbi.nlm.nih.gov/pubmed/28300146
http://doi.org/10.1016/j.watres.2017.01.042
http://www.ncbi.nlm.nih.gov/pubmed/28160700
http://doi.org/10.1016/j.trac.2018.10.029
http://doi.org/10.1007/s00216-020-03066-w
http://doi.org/10.1016/j.watres.2017.07.005
http://doi.org/10.1016/j.envpol.2018.06.035
http://doi.org/10.1016/j.marpolbul.2019.05.068
http://doi.org/10.1016/j.marpolbul.2013.12.035
http://doi.org/10.1186/s13068-015-0220-4
http://doi.org/10.1021/acs.est.7b04512
http://www.ncbi.nlm.nih.gov/pubmed/29112813


Molecules 2022, 27, 7415 13 of 13

33. Catarino, A.I.; Macchia, V.; Sanderson, W.G.; Thompson, R.C.; Henry, T.B. Low levels of microplastics (MP) in wild mussels
indicate that MP ingestion by humans is minimal compared to exposure via household fibres fallout during a meal. Environ.
Pollut. 2018, 237, 675–684. [CrossRef] [PubMed]

34. Scircle, A.; Cizdziel, J.V. Detecting and quantifying microplastics in bottled water using fluorescence microscopy: A new
experiment for instrumental analysis and environmental chemistry courses. J. Chem. Educ. 2019, 97, 234–238. [CrossRef]

35. Kang, H.; Park, S.; Lee, B.; Ahn, J.; Kim, S. Modification of a Nile Red Staining Method for Microplastics Analysis: A Nile Red
Plate Method. Water 2020, 12, 3251. [CrossRef]

36. Lv, L.; Qu, J.; Yu, Z.; Chen, D.; Zhou, C.; Hong, P.; Sun, S.; Li, C. A simple method for detecting and quantifying microplastics
utilizing fluorescent dyes-Safranine T, fluorescein isophosphate, Nile red based on thermal expansion and contraction property.
Environ. Pollut. 2019, 255, 113283. [CrossRef]

37. Shruti, V.C.; Pérez-Guevara, F.; Roy, P.D.; Kutralam-Muniasamy, G. Analyzing microplastics with Nile Red: Emerging trends,
challenges, and prospects. J. Hazard. Mater. 2022, 423, 127171. [CrossRef]

38. Bakir, A.; Rowland, S.J.; Thompson, R.C. Competitive sorption of persistent organic pollutants onto microplastics in the marine
environment. Mar. Pollut. Bull. 2012, 64, 2782–2789. [CrossRef]

39. Tamminga, M.; Hengstmann, E.; Fischer, E.K. Microplastic analysis in the South Funen Archipelago, Baltic Sea, implementing
manta trawling and bulk sampling. Mar. Pollut. Bull. 2018, 128, 601–608. [CrossRef]

40. Godoy, V.; Prata, J.C.; Blázquez, G.; Almendros, A.I.; Duarte, A.C.; Rocha-Santos, T.; Calero, M.; Martín-Lara, M.Á. Effects of
distance to the sea and geomorphological characteristics on the quantity and distribution of microplastics in beach sediments of
Granada (Spain). Sci. Total Environ. 2020, 746, 142023. [CrossRef]

41. Shim, W.J.; Song, Y.K.; Hong, S.H.; Jang, M. Identification and quantification of microplastics using Nile Red staining. Mar. Pollut.
Bull. 2016, 113, 469–476. [CrossRef]

42. Stanton, T.; Johnson, M.; Nathanail, P.; Gomes, R.L.; Needham, T.; Burson, A. Exploring the efficacy of Nile red in microplastic
quantification: A costaining approach. Environ. Sci. Technol. Lett. 2019, 6, 606–611. [CrossRef]

43. Martinez, V.; Henary, M. Nile red and Nile blue: Applications and syntheses of structural analogues. Chem.-Eur. J. 2016, 22,
13764–13782. [CrossRef] [PubMed]

44. Gewert, B.; Plassmann, M.M.; MacLeod, M. Pathways for degradation of plastic polymers floating in the marine environment.
Environ. Sci. Process. Impacts 2015, 17, 1513–1521. [CrossRef] [PubMed]

http://doi.org/10.1016/j.envpol.2018.02.069
http://www.ncbi.nlm.nih.gov/pubmed/29604577
http://doi.org/10.1021/acs.jchemed.9b00593
http://doi.org/10.3390/w12113251
http://doi.org/10.1016/j.envpol.2019.113283
http://doi.org/10.1016/j.jhazmat.2021.127171
http://doi.org/10.1016/j.marpolbul.2012.09.010
http://doi.org/10.1016/j.marpolbul.2018.01.066
http://doi.org/10.1016/j.scitotenv.2020.142023
http://doi.org/10.1016/j.marpolbul.2016.10.049
http://doi.org/10.1021/acs.estlett.9b00499
http://doi.org/10.1002/chem.201601570
http://www.ncbi.nlm.nih.gov/pubmed/27406265
http://doi.org/10.1039/C5EM00207A
http://www.ncbi.nlm.nih.gov/pubmed/26216708

	Introduction 
	Materials and Methods 
	Microplastics and Dye Selection 
	Microplastic Staining and Study Design 
	Characteristics of Stained Microplastics 

	Results and Discussion 
	Influence of Dye Concentration 
	Influence of Incubation Temperature 
	Influence of Staining Time 
	Staining Efficiency on Various Polymers 
	Stability of Fluorescence 

	Conclusions 
	References

