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Abstract: Recently, environmental pollution from microplastics (MPs) has become a significant reason
for increasing the number of studies to develop analysis methods. The Nile red staining method
(NR-S), which is staining polymer particles with Nile red (NR) dye, has been widely used for the
analysis of MPs in environmental samples. However, this method has several limitations, as it is
difficult to stain MPs covered with organic matter residues. In this study, we modified the NR-S
method into an NR plate method (NR-P), where the plate is coated with NR instead of staining MPs
directly. The optimum concentration of NR solution was obtained (1000 mg/L), and the effectiveness
of the NR-P method for the analysis of MPs was assessed using different types (polypropylene,
polyethylene, polyethylene terephthalate, and polystyrene), sizes (100–1000 µm), and shapes (sphere,
fiber, film, and flake) of plastic materials. The NR-P method demonstrated improved resolution in the
overall types, shapes, and sizes of MPs and was better than the control (without NR plate method)
and NR-S method. In particular, the NR-P method can effectively observe MPs covered with organic
matter, which was a major limitation of the NR-S method. Finally, MPs in sewage field samples were
analyzed by the NR-P method with an accuracy of 78% confirmed by FT-IR. We demonstrated that
this method is a convenient and efficient alternative for identifying MPs, even for field samples.
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1. Introduction

Microplastics (MPs), defined as plastics with a size below 5 mm, originate from plastic beads in
cosmetic and personal care products, synthetic fiber laundering, tire abrasion, and the mechanical and
photo-oxidative fragmentation processes of larger plastic items [1–5]. Recently, MPs have received great
attention as emerging contaminants owing to their global distribution and association with potential
ecotoxicological risk [6–10]. As their distribution in various environmental matrices, including marine
and aquatic environments, has exponentially increased, convenient and accurate analytical methods
are required to monitor and understand the behavior of MPs [11–16].

MPs in environmental matrices are visually identified using microscopes after proper
pretreatments, which allow for the determination of their number, sizes, and shapes [17,18]. However,
these techniques have limitations of slow speed and low reliability due to errors caused by analyst
proficiency [19,20]. To overcome these limitations, fluorescence staining methods using a Nile red
(NR) dye were recently proposed [21]. NR dye (9-diethylamino-5H-benzo(α)phenozazine-5-one),
which is a lipophilic fluorescent solution, has been known to stain MPs, owing to their hydrophobic
property caused by the multiple C–H bonds in their polymer chains, and the stained MPs are then
identified using a fluorescence microscope [21–26]. However, NR staining methods (NR-S) coupled
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with a fluorescence microscope still have severe limitations, such as co-staining of residual natural
lipids or organic materials along with the MPs, leading to the inability to distinguish MPs from other
materials [21,27]. Shim et al. [21] and Erni-Cassola et al. [22] reported that some organic residues,
such as wood lignin and chitin, were readily co-stained with NR solution, leading to confusion between
MPs and organic particles. To improve this issue, this study seeks to modify the NR-S method to
effectively distinguish MPs from other residues. Additionally, we attempted to use a UV light instead of
using a fluorescence microscope as a cost-effective approach. Hereafter, the modified method of NR-S
is called the NR plate (NR-P) method. This NR-P method uses an NR solution to color the transparent
plate, which is an MP holder, instead of staining MPs directly, and MPs are located on the colored
plate and analyzed. This study is the first to propose such a quantitative analysis method. Herein,
we assessed the performance of the NR-P method in MP observation using diverse polymer types, sizes,
and shapes of MPs. The morphology of MPs observed were captured photographically, quantified
using i-Solution image processing, and used to calculate the area of MPs recorded. The calculated MP
areas detected with the NR-P method were compared with those of the controls to acquire its accuracy
in MP detection. Furthermore, this new method was applied to MPs which were intentionally covered
with organic materials to prove its effectiveness in the clear observation of MPs in the presence of
organic matter. Finally, the NR-P method was performed for the quantitative identification of MPs
which exist in sewage and sludge samples for its applicability to field samples.

2. Materials and Methods

2.1. Reagents and MP Sample Preparation

NR powder (C20H18N2O2, ≥95.0%) was obtained from Aladdin Chemicals (Shanghai, China).
Chloroform (CHCl3, 99.5%) and sulfuric acid (H2SO4, 95.0%) were purchased from Samchun Chemical
Co., Ltd. (Seoul, Korea). Hydrogen peroxide (H2O2, 35%) and iron (II) sulfate heptahydrate
(FeSO4·7H2O, guaranteed reagent) were purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan),
and polystyrene (PS) Petri dishes (Ø60 mm) were obtained from Hyundai Micro Ltd. (Seoul, Korea).

Polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), and PS of 100–1000 µm
(purity 100%) were purchased as MP samples from MJ powder in Korea and were used to assess the
performance of the NR-P method in analyzing the various types and sizes of MPs. To identify different
forms of MPs using the NR-P method, commercial products, such as bottle caps (PP), disposable bags
(PE), Styrofoam (PS), and garments (polyester, PEs), which were cut into pieces smaller than 1 mm in
various forms, were used. Prior to the analysis, all MPs were washed with distilled water (DI) and
dried for 24 h at 24–25 ◦C. To explore whether the NR-P method can identify MPs in the presence of
organic materials, sludge sampled from a wastewater treatment plant was intentionally mixed with PP
(<1 mm, purity 100%) for 24 h and then separated with tweezers and dried for 24 h at 24–25 ◦C.

For the application of the NR-P method to the field samples, sewage influent water and sludge
were sampled from Ilsan Wastewater Treatment Plant (Goyang-si, Korea) in February 2020. Stainless
buckets attached to ropes were used for sewage sampling to minimize plastic contamination and were
lowered into sewage influent for sample collection. Sludge cake was collected using a shovel after a
dehydration process. Both samples were stored at 4 ◦C prior to analysis. One liter of sewage influent
and 1 g of sludge, which was dissolved with 100 mL of DI water, were sieved using both 1 mm and
0.3 mm sieves to effectively remove large and small wastes.

For the pretreatment to digest organic matters in the field samples, 100 mL of 35% H2O2 was
added to the field samples and sieved and mixed for three days at 24–25 ◦C [28]. After going through
the wet H2O2 oxidation process, an additional 20 mL of 0.05 M Fe (II) sulfate and H2O2 solutions were
introduced to remove the remaining waste [29,30]. The pretreated sewage influent and sludge samples
were filtered using a track-etched polycarbonate (PCTE) filter (pore size of 20 µm and a diameter
47 mm) (GVS, Sanford, ME, USA) and then dried in a desiccator prior to analysis to minimize air
contamination. Then, filtered sewage influent and sludge samples were analyzed using the NR-P
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method along with a microscope. Fifty luminescent particles each were randomly selected using
tweezers from sewage influent and sludge. Then, a total of a hundred luminescent particles were
analyzed using FT-IR to assess the accuracy of the NR-P method in MP analysis.

2.2. NR-P Method Procedure

NR powder was added to chloroform, which is known to show a higher MP recovery rate than
other solvents (e.g., acetone and n-hexane), and mixed until complete dissolution was observed [27].
While the NR-S method was applied as described by Fischer et al. [31], the NR-P method involved
dropping 1 mL of NR solution (10, 100, and 1000 mg/L) on the middle of the Petri dish to color the
plate and was then dried in a desiccator for 24 h. At this point, it is important to evenly distribute the
NR on the plate. Subsequently, the targeted MPs (not dyed) were transferred with tweezers to the
middle of the NR-colored plate and analyzed. In the case of the field samples, a transparent PCTE
filter, including field MPs, was placed on the NR-colored plate.

2.3. MPs Analyses

To illuminate MPs samples, a UV wavelength of 365 nm, which was reported as an optimal
wavelength for MP luminescence, was applied using UV light [30,32,33]. Subsequently, the MPs were
observed using a stereoscopic microscope (Discovery V8, Carl Zeiss, Oberkochen, Germany) and
recorded using an IMT cam 6.3 camera (IMT i-solution Inc., Canada) in dark conditions to maximize
the luminescence of MPs [34].

In the case of the field sample analysis, due to their impurities, they were additionally analyzed
using an FT-IR spectroscope (Spotlight 400, Perkin Elmer, Waltham, MA, USA) to confirm whether
the light-emitting particles in the field sample were plastics. The resolution was 8 cm−1 and collected
spectra had an average of 16 scans. Detected spectra were searched and matched with PerkinElmer
software library (PerkinElmer Spectrum version 10.5.1).

2.4. Image and Statistical Analyses

The size of the luminescent particles recorded by an IMT cam 6.3 camera was quantified using
i-Solution software (IMT i-Solution Inc., Canada). Images were sized to 5 × 7.5 cm, and backgrounds
were erased using Photoshop to highlight the luminous sections (Adobe Photoshop 7.0.1). Prior to
analyzing the image, all image sections designated as luminescent were highlighted by applying the
contrasting method (threshold: 155) with i-Solution (IMT i-Solution 26.1 × 64). After this process,
the area of MPs quantified by i-Solution was compared by calculating the degree of accuracy achieved
by dividing the quantified areas of each treatment (controls, NR-S, and NR-P methods) by that of light
only with Equation (1).

Accuracy (%) =
MPs area detection with each treatment

MPs area detection with light only
(1)

In this study, light only indicates MP observation using light without the NR-stained plate and
the controls mean MP observation with UV but no NR-stained plate. A t-test was conducted for a
two-sample comparison to determine if there was a statistical difference between the samples, where a
p-value of 0.05 determined significance.

3. Results

3.1. Optimization of NR-P Method

To maximize the capability of the NR-P method in MP analysis, various concentrations of NR
solution (0, 10, 100, and 1000 ppm) were applied to the plates and assessed. The plates colored with NR
solution showed an increasing red color intensity as the concentration of NR solution rose, as expected
(Figure 1a). While the MPs were observed as slightly blurry in the MP boundary at 10 and 100 ppm,
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the highest concentration (1000 ppm) showed the clearest MPs (Figure 1b). Therefore, all subsequent
experiments used 1000 ppm when the NR-P method was applied.

Figure 1. (a) Nile red plate analysis with respect to solution concentration and (b) identification of
polypropylene (PP) particle under a microscope (×30).

3.2. Validation of the NR-P Method in MP Analysis Using Diverse MPs

The performance of the NR-P method for the MP observation was assessed using different types of
polymers (PP, PE, PET, and PS (100% purity)) with an average size of 300–500 µm (Figure 2). The NR-P
method showed a clearer resolution of all types of MPs assessed than the control, for which the
plate was not colored. Thus, no impact of MP type on their luminescence was observed with the
NR-P method.

Secondly, PP MPs with different sizes in the range of 100 to 400, 400 to 700, 700 to 1000,
and ≥1000 µm were identified using the NR-P method (Figure 3). The MP areas detected using the
NR-P method and the controls were quantified using i-Solution software and compared with those
of light only (standard) to acquire the accuracy of the NR-P method in MP detection (Figure 3 and
Table 1). No statistical difference in the MP detection with the NR-P method was observed in the range
of 400 to 1000 µm MPs compared to the controls (Table 1). However, smaller MPs (100–400 µm) with
the NR-P method showed much improved MP area quantification than the controls (p = 0.049) with
53 ± 15% and 84 ± 21% accuracy, respectively (Table 1). Thus, as MP particle size decreases, the NR-P
method is beneficial for MP analysis.
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Figure 2. Identification of plastic types sized in the range of 300 to 500 µm (PP, polyethylene (PE),
polyethylene terephthalate (PET), and polystyrene (PS)).

Figure 3. Identification of microplastics based on size. (a) Above 1000 µm, (b) 700~1000 µm,
(c) 400~700 µm, and (d) 100–400 µm).
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Table 1. Comparison of detected area to original size for the control and Nile red plate (NR-P) methods.

Size (µm) Accuracy (%) p-Value

Control NR-P
1000 86 (±8.5) 96 (±3.1) 0.20

700–1000 87 (±5.4) 93 (±4.3) 0.18
400–700 76 (±12.8) 93 (±3.5) 0.11
100–400 53 (±15) 84 (±21) 0.04

The commercial plastic products (PP, PE, PS, and PEs) with different forms were analyzed using the
NR-P and NR-S methods (Figure 4 and Table 2, respectively). Visually, the NR-P method showed a clear
observation of the diverse forms of MPs, whereas the NR-S method showed a dim-glow observation of
MPs assessed. The MP analysis using only light was provided as a standard to compare the effectiveness
of each method (Figure 4). In the NR-S method, PS Styrofoam was shown blurrily, leading to large area
integration, compared with light only. This study integrated five MPs of each different form and the
statistical power was provided (p-value) for each observation (Table 2). The detected areas of PEs (fiber),
PE (film), and PP (flake) with the NR-P method were above 90% of the integrated areas compared
with light only, thus confirming good accuracy of the NR-P method. However, the NR-S method
showed 89 ± 6.4%, 37 ± 14.9%, and 58 ± 4.5% accuracy for fiber, film, and flake MPs, respectively
(Table 2). In particular, PS (Styrofoam) was melted in the NR-S method applied, probably owing to its
strong chloroform solvent property and which led to the blurry PS (Styrofoam) observation. It appears
that PEs (fiber), PE (film), and PP (flakes) were not dyed completely by the NR solution in the NR-S
method (Figure 4). This is hypothesized because these commercial plastic items contain other additives
(e.g., stain-resistant compounds, flame retardants, and fabric softeners), making staining difficult.

Figure 4. Identification of shape of microplastics on the Nile red plate (NR-P) and Nile red staining
(NR-S) (PS: sphere, Polyester (PEs): fiber, PE: film, and PP: flake) and recovery rate.
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Table 2. Comparison of detected area to shape of microplastic for NR-S and NR-P methods.

Shape Recovery Rates (%) p-Value

NR-S NR-P
Sphere - 90 (±2.7) -
Fiber 89 (±6.4) 100 0.0004
Film 37 (±14.9) 98 (±3.8) 0.0146
Flake 58 (±4.5) 92 (±14.3) 0.0005

3.3. Effect of Organic Materials on MP Analysis with NR-P Method

As reported in the previous studies, the major limitation of the NR-S method is co-staining organic
matter along with MPs, which requires exhaustive pretreatment [21,28,30,35]. Therefore, to improve
this issue, the NR-P method is applied to the MP analysis in the presence of organic matter. As shown in
Figure 5, light only confirmed the presence of organic matter on the surface of MPs. The NR-P method
clearly showed the MPs even in the presence of organic matter, whereas the controls (i.e., without
colored plate) revealed undistinguishable MPs with organic matter. Therefore, the NR-P method is
expected to compensate for the disadvantages associated with the NR-S method, such as co-staining of
other residues, with MPs being hard to distinguish.

Figure 5. Identification of effect of organic matter contamination by control and NR-P methods.

3.4. Application of NR-P Method in Field Sample Analysis

The sewage water and sludge samples were observed with the NR-P method and supplementally
analyzed with an FT-IR instrument to confirm whether the luminescent materials were MPs in the field
samples. The numbers of luminescent materials in the sludge samples were recorded in the control
and the NR-P method as six and eleven MPs in the sewage influent water, respectively (Figure 6).
Thus, the NR-P method can capture more luminescent items than the controls. Figure 6 showed that
the NR-P method can effectively identify the fiber type of MPs regardless of their various shapes.
The results of the FT-IR analysis revealed that 78% of the luminescent materials, which we assumed
to be MPs in the field samples by the NR-P analysis, were identified as polymers (i.e., plastic items)
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(Figure 7). The remaining 22% of items were composed of solidified oil components and organic matter.
In the field samples of MPs, polynorbonene (PN) was predominantly detected, followed by PE, PEs,
PP, cellulose acetate (CA), and silicone, which accounted for 57%, 18%, 11%, 6%, and 5%, respectively,
of the illuminant materials (Figure 7). PN is commonly used in automotive parts, such as bumpers
and door sealing, at car repair shops, or in the manufacturing industry [36,37]. Large amounts of PN
likely detected in the Ilsan sewage treatment plant may originate from the numerous car repair and
sale shops near the plant. Other than PN, the proportions of PE, PEs, and PP were similar to the other
sewage treatment plant study [38]. Less than 1% of polyamide (PA), polyolefin (PO), and polyurethane
(PU) were detected in the field sample (Figure 7).

Figure 6. Identification of field samples: (a) sludge and (b) sewage influent under (left) control and
(right) NR-P methods (×30).

Figure 7. Results of FT-IR analysis of luminescent particles in the field samples using the NR-P method.
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4. Discussion

This study modified the NR-S method to the NR-P method to improve the effectiveness of MP
analysis and overcome the drawbacks of the NR-S method, such as co-staining some organic residues
along with MPs. We assessed the performance of the NR-P method in detecting and quantifying MPs
using various commercial MPs and field samples.

Overall, the NR-P method demonstrated good efficiency in the diverse MP analysis, including
both commercially available MPs and the field samples at 1000 ppm of NR solution applied, which was
found to be an optimal condition. To be more concrete, the NR-P method showed clearer resolution for
various types of polymers (PP, PE, PET, and PS) than the controls. For the size effect of the MP analysis,
while no statistical difference in MP size integration in the range of 400 ~ 1000 µm was observed
between the NR-P method and the controls, all showing more than 90% accuracy, MPs smaller than
400 µm are more effectively observed using the NR-P method than the control, with 84 ± 21% and
53 ± 15% accuracy, respectively. Additionally, the diverse shapes of MPs were obviously observed
using the NR-P method, whereas PS Styrofoam MPs were melted when the NR-S method was applied
due to the strong chloroform solvent property. Film and fiber types of MPs were more clearly observed
in the NR-P method compared with the NR-S method. Additionally, the presence of organic matter
residues did not interfere with the observation of MPs when the NR-P method was applied. Lastly,
when the wastewater samples were analyzed using general microscopes, it was difficult to distinguish
between MPs and other organic materials, especially for the small and non-colored MPs [19]. However,
this study verified that MPs in the field samples were clearly observed using the NR-P method and
this result was correlated with FT-IR analysis, showing 78% of luminescent materials as MPs.

Erni-Cassola et al. [22] acknowledged the weakness of NR-S method when it was applied to
less hydrophobic MPs, such as polycarbonate (PC), polyurethane (PUR), PET, and polyvinyl chloride
(PVC). Given that the principle of the NR-S method is to dye the MPs directly, it is expected that the
polymer type may be an important factor to determine the dyeing tendency of MPs by NR solution.
However, based on the results presented here, this NR-P method removes the issue of the different
dyeing degree of MPs, regardless of MP type. Likewise, the effectiveness of the NR-S method in the
MP analysis was significantly affected by the solvent types which were used for the NR solution
preparation. Tamminga et al. [27] reported that the accuracy of MP analysis was affected by the NR
solvent type since the degree of MP staining was varied depending on the NR solvent. In addition,
Shim et al. [21] insisted that the selection of a suitable solvent was important work for not only staining
MPs but also the filter used. In other words, some specific filter papers which were used for the
MP extraction from environmental matrices can be degraded by a strong solvent. For example, it is
reported that black PC filter paper was highly degraded by ethyl acetate, acetonitrile, dichloromethane,
and toluene and was discolored by methanol, ethanol, and cyclohexane [21]. Thus, the selection of
the NR solvent type was a critical issue for MP analysis in the NR-S method but, however, not for the
NR-P method. In addition, for the NR-S method, the fluorescence excitation and emission wavelengths
were fairly significant factors to determine the resolution of MP analysis and they were affected by the
polymer type [24]. For example, it was reported that the detection of strongly hydrophobic MPs were
was benefited by short excitation/emission wavelength (450–500/≤450–500) and more neutral MPs were
ideally visualized at a longer excitation wavelength (red, 515–560/≥590 nm) [39]. However, since this
NR-P method does not require a fluorescence microscope, these different fluorescence conditions
depending on MP type were not an issue in the NR-P method application. These critical advantages of
the NR-P method are proven to be enough for convenient and efficient application to MP analysis.

However, we expected that the obscured MPs may not be clearly observed with the NR-P method,
considering that this method requires that the NR solution coated on the plate should be passed through
MPs to luminate them. Additionally, given that Erni-Cassola et al. [22] showed that 20–1 mm MPs
were effectively observed with the NR-S method, along with fluorescence microscopy, further research
is required for the observation of MPs smaller than 100 µm with the NR-P method.
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