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Highly efficient Nile red staining for the rapid
quantification of microplastic number

concentrations using flow cytometry

Yuki Kuruma,

*ab Hiromu Sakurai

® and Tomoaki Okuda 2

Fluorescent staining of microplastics (MPs) with Nile red (NR) improves the sensitivity of optical techniques,

including microscopy and flow cytometry (FCM), and is commonly employed to quantify MP number

concentrations. However, staining efficiency varies depending on the polymer type and surface

characteristics, often resulting in insufficient fluorescence intensity. This study presents an improved

protocol using a swelling-mediated NR staining method, which enables NR to be encapsulated within

MPs rather than merely adsorbed on the surface, as in conventional methods. This technique yields
strongly fluorescent MPs, improving detection sensitivity and allowing identification of MPs smaller than
a few micrometers. Using this method in combination with FCM, we successfully quantified MP number
concentration for particles with diameters less than 10 um. The pretreatment and staining procedures

were optimized using polystyrene particle suspensions (2, 5, and 10 pum) with known number

concentrations. The staining efficiencies were close to 1. Recovery tests were also carried out using

simulated environmental samples with tap water as the matrix. After correcting for the FCM's counting
efficiency, the recovery rates were 0.993 + 0.038 (2 um), 0.988 + 0.029 (5 um), and 0.846 + 0.100 (10
um). Differences in recovery rates were attributed to instrument-specific counting efficiency, with no
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evidence of systematic uncertainty associated with the staining process. Our findings indicate the

effectiveness of the swelling-mediated NR staining technique for quantifying MPs and highlight its

DOI: 10.1039/d5ay01093d

rsc.li/methods with high-throughput FCM.

1 Introduction

Microplastics (MPs) are plastic particles smaller than 5 mm and
have garnered significant attention due to concerns regarding
their environmental impact and potential health effects on
humans.* Recent studies suggest that MPs released into marine
and freshwater environments may be transferred from lower
trophic organisms, such as plankton, to higher trophic organ-
isms, such as fish,>* underscoring the urgent need to elucidate
their ecological impacts. To address this, various approaches
have been undertaken, including quantitative evaluations
through sampling and measurement, spatial distribution
assessments via modeling and simulations, and biological and
cellular experiments.*”

Field studies have investigated environmental MPs through
field sampling and quantified their size and number concen-
tration. The analysis of MP samples collected from various
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potential as a rapid and reliable approach for analyzing MPs in environmental samples when combined

environmental media—including the ocean, rivers, soil, and
atmosphere—requires preliminary concentration procedures,
as well as chemical treatments and density separation to
remove impurities composed of organic and inorganic matter.*®
Measurement methods for MP samples after pre-treatment
include imaging techniques for shape and size analysis using
microscopes; spectroscopic techniques for material identifica-
tion using infrared (IR) or Raman spectroscopy, and pyrolysis
gas chromatography, which analyzes materials based on the
gases produced by the thermal decomposition of MPs.'>'
Although these measurement techniques are well established,
they have limitations in terms of measurable particle size;
specifically, the lower detection limit for individual particles is
typically greater than 1 um,* making it challenging to quantify
MPs smaller than a few micrometers. Furthermore, with
microscopic and spectroscopic methods such as IR and Raman,
MPs collected on filters or substrates are counted, which
requires an adequate number of particles to achieve statistically
reliable results and generally involves substantial time and
labor. Recently, many novel measurement techniques have
been proposed to address shortcomings of conventional
methods, particularly those related to particle size limitations
and low throughput. Among these, flow cytometry (FCM)"*** has
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attracted attention as a promising method for the rapid
measurement of MP size and number concentration.

FCM determines the particle size (approximately 100 nm-
100 pm) and number concentration of suspended particles by
analyzing light scattering and fluorescence as particles or cells
pass through a laser-irradiation area in a flow cell. Similar to
fluorescence microscopy, fluorescent labeling enables FCM to
distinguish MPs from impurity particles based on their fluo-
rescence signals. FCM measures particles in prepared suspen-
sions rather than on filters. For environmental samples, up-
front preconcentration is often necessary; however, the
measurement itself does not require filter-based collection,
unlike fluorescence microscopy or IR/Raman imaging. It can
automatically measure particle suspensions within minutes,
enabling faster evaluation of MP number concentration
compared to conventional methods. In FCM- and microscopy-
based MPs measurements, Nile red (NR) staining is frequently
used to improve detection sensitivity and to distinguish MPs
from non-MP materials through selective labeling."*'® NR is
a hydrophobic dye with good affinity for various types of MPs
and readily adsorbs onto their surfaces. Fluorescence detection
using appropriate excitation light and fluorescence filters—
such as a blue light (“Crime lite”, 450-510 nm) in combination
with an orange filter (529 nm)—is feasible.'* However, while NR
fluorescence staining is expected to enhance the sensitivity of
optical measurements like FCM and microscopy, the efficiency
of NR adsorption onto MPs (i.e., the ease of staining) depends
on the polymer type and surface characteristics (chemical
functional groups), which can sometimes result in insufficient
fluorescence intensity for detection. For example, earlier studies
have reported that certain polymer types exhibit low fluores-
cence intensity, making detection difficult with FCM.">"” Effi-
cient fluorescence staining of MPs with NR is therefore crucial
for achieving high-sensitivity measurements using optical
techniques.

The staining method that uses the swelling phenomenon of
polymers is an effective technique.'® This method is hereafter
referred to as the swelling-mediated staining method. The
process begins with the preparation of a particle suspension by
dispersing MPs in a poor solvent, typically ultrapure water. A
small amount of an organic solvent—one that serves as a good
solvent for the MPs—is then added, causing the MPs to swell.
This swelling enables the penetration of fluorescent dye mole-
cules into the interior of the MPs. The dye is then added to stain
the swollen MPs. After staining, the organic solvent is removed
using separation techniques such as evaporation and centrifu-
gation, causing the MPs to shrink back to their original size and
encapsulate the dyes within. The swelling-mediated staining
method yields fluorescent particles with high fluorescence
intensity and minimal dye leakage, making it a simple and
efficient approach for fluorescent labeling. Previous studies
have demonstrated the applicability of this technique for
staining polystyrene (PS),">>* polymethyl methacrylate,”® and
polypropylene* using various organic and inorganic fluorescent
dyes, such as NR,** fluorescein isothiocyanate,'® tris(2,2’-bi-
pyridyl)ruthenium(u) chloride,'® and chlorophyll a.®

9382 | Anal. Methods, 2025, 17, 9381-9393

View Article Online

Paper

Earlier studies have demonstrated the effectiveness of the
swelling-mediated staining method; however, accurately deter-
mining particle number concentration after staining remains
challenging. For example, interference from unreacted dyes can
adversely affect number concentration measurements. Unreac-
ted fluorescent dyes often remain in MP suspensions following
swelling-mediated staining and can form aggregates that
interfere with optical detection. To remove these unreacted
dyes, previous studies have employed centrifugation*®***>** and
vacuum filtration."**** However, such separation and purifi-
cation procedures may lead to particle adsorption onto the
inner walls of centrifuge tubes or the surfaces of membrane
filters, resulting in particle loss. In particular, the recovery rate
of MPs from membrane filters is highly dependent on the filter
material,*® introducing considerable uncertainty in the quanti-
fication of MP number concentrations. Given the inherent
limitations of conventional methods such as centrifugation and
vacuum filtration in achieving complete recovery, the direct
quantification of fluorescent MP number concentration
following swelling-mediated staining remains largely
unexplored.

This study presents a fluorescence staining protocol for
accurately quantifying MP number concentrations using optical
techniques such as FCM. To our knowledge, this is the first
report to quantify particle number concentration while explic-
itly evaluating the effect of residual unreacted dye remaining
after the swelling-mediated staining method. Unlike conven-
tional staining methods that rely on the adsorption of NR onto
the surface of MPs, the proposed method achieves high-
sensitivity fluorescence detection and accurate quantification
by using a swelling-mediated staining method. The main
difference between the swelling-mediated staining method
used in earlier studies and the method used in this work is that
we remove the organic solvent by room-temperature evapora-
tion rather than by centrifugation and vacuum filtration. This
modification minimizes particle loss during the staining
procedure. This paper discusses the optimization of the
swelling-mediated staining procedure through a systematic
evaluation of experimental conditions. To validate this method,
staining efficiencies and recovery rates were assessed using PS
particle suspensions with accurately determined number
concentrations. Recovery tests were also conducted using
simulated environmental samples with tap water as the matrix.
The target MP samples for this method are those already
collected from environmental media, subjected to necessary
pretreatment (including preconcentration, density separation,
and chemical digestion), and provided either as aqueous
dispersions or powders.

2 Experimental
2.1 Reagents and microplastic particles

2.1.1 PS standard suspension. Spherical PS particles were
used as MP samples to evaluate the performance of the
proposed method. PS particles with nominal diameters of 2 um
(Cat. no.: 07310-15), 5 pm (Cat. no.: 17135-5), and 10 pm (Cat.
no.: 17136-5) were purchased from Polysciences, Inc. The width

This journal is © The Royal Society of Chemistry 2025
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of the particle size distribution, expressed as the coefficients of
variation, was 3%, 5%, and 10%, respectively. The stock
suspensions were aqueous dispersions containing 2.5% solids
by mass. Aliquots of these suspensions were diluted with
ultrapure water to prepare a “PS standard suspension” with
a particle number concentration of 1 x 10° particles mL . Prior
to use, the PS standard suspensions were redispersed and
homogenized by ultrasonication for 2 min, followed by rotary
shaking for 10 min.

The particle number concentrations of the PS standard
suspensions were accurately calibrated using the mass-
measurement-type optical particle counting (M-OPC) method.
The M-OPC method is a highly reliable absolute measurement
technique for measuring particle number concentrations in
liquids, and its details are described in the literature.””*® A brief
overview is provided below. The particle number concentration
is determined by simultaneously measuring the particle count
using a liquid-borne particle counter and the suspension mass
using an electronic balance. The uncertainty associated with the
M-OPC method was thoroughly evaluated, and the resulting
particle number concentrations were traceable to the Interna-
tional System of Units (SI). Furthermore, the method's validity
was corroborated by comparison with an independent tech-
nique—the microscopic counting method—which showed
agreement within the range of measurement uncertainty.

2.1.2 Kaolin particles and tap water as simulated environ-
mental samples. A mixture of kaolin particles and tap water was
used as a simulated environmental sample. Kaolin particles
were used as model particles to represent the insoluble impu-
rities commonly found in environmental samples. Kaolin,
a type of clay mineral, is recognized in the Japanese Industrial
Standards as a turbidity standard for industrial water testing,
where a particle suspension prepared by adding a defined
amount of Kaolin to pure water is used as a standard suspen-
sion.” In this study, a kaolin-based turbidity standard suspen-
sion with a turbidity of 100 (Cat. no.: 206-06701, Fujifilm Wako
Pure Chemical) was used.

Unlike ultrapure water, tap water contains a more complex
chemical composition, including dissolved substances and
insoluble fine particles—some of which may originate from
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water pipes. The tap water used in the experiments was
collected from a laboratory faucet.

A simulated environmental sample was prepared by mixing
20 pL of the kaolin turbidity standard solution with 480 pL of
tap water. This mixture was employed in the recovery test
described in Section 3.7.

2.1.3 Fluorescent dye. NR (Cat. no.: 140-08813, Fujifilm
Wako Pure Chemical Corp.) was employed as the fluorescent
dye for MPs. Powdered NR was dissolved in tetrahydrofuran
(THF) (Cat. no.: 204-08745, Fujifilm Wako Pure Chemical Corp.)
to prepare an NR solution at a concentration of 1 mg mL*. The
prepared NR solution was filtered employing a poly-
tetrafluoroethylene (PTFE) syringe filter with a 0.22 pm pore size
(Millex-LG, Merck KGaA) to remove impurities.

2.1.4 Surfactant. To improve the dispersion stability of the
MP suspensions and suppress NR aggregation, Tween-20 (Cat.
no.: 166-21115, Fujifilm Wako Pure Chemical Corp.) was used
as the surfactant. Tween-20 was diluted with ultrapure water to
prepare a 10% (v/v) aqueous solution. The prepared Tween-20
solution was filtered using a PTFE syringe filter with a 0.22
um pore size to remove fine particles.

2.2 Nile red staining via the swelling procedure

This section explains the specific procedures used in the
staining method and FCM measurement. Unless otherwise
noted, MPs were stained using the reagent amounts and
protocols outlined below, and the resulting samples were used
as PS suspensions for FCM measurements. Fig. 1 displays
a schematic diagram of the staining procedure. First, 900 pL of
a PS standard suspension was transferred into a glass vial, fol-
lowed by the addition of 100 pL of a 10% Tween-20 aqueous
solution. Subsequently, 320 pL of THF was added, and the vial
was gently shaken by hand for 5 s to mix, taking care to avoid
foaming. Then, 10 pL of a 1 mg mL~" NR solution was added,
and the vial was gently shaken again for 5 s. At this stage, the PS
particles in the suspension swelled, allowing the NR molecules
to diffuse into the internal polymer matrix of the PS."®**** The
vial was left uncapped at room temperature for 14 h to 20 h to
allow the THF to evaporate. During this process, the PS particles

shrank and returned to their original size, thereby
+ THF + Nile red Evaporation + UPW M
(and surfactant) (THF removal) Dilution factor (DF) = —
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Fig. 1 Schematic diagram of Nile red staining via the swelling procedure.

This journal is © The Royal Society of Chemistry 2025
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encapsulating the NR molecules within them.*®?*** Evaporation
resulted in a mass loss of 300-400 mg, consistent with the
removal of nearly all of the added THF (320 pL). Following
evaporation, 9 mL of ultrapure water was added to the PS
suspension for dilution. The sample was subsequently
homogenized by vortex mixing for 20 s, ultrasonication for 60 s,
and rotary shaking for at least 10 min. The resulting suspension
was diluted 11-fold relative to the initial PS standard suspen-
sion, yielding a particle number concentration of 0.9 x 10°
particles mL~". The masses of both the added PS standard
suspension and final PS suspension were measured using an
electronic balance to accurately determine the dilution factor.
For the quantitative evaluation of staining efficiency using the
swelling-mediated staining method (Sections 3.6 and 3.7), three
replicate PS suspensions were prepared for each particle size.
Moreover, three blank samples—with no PS standard suspen-
sion added—were prepared using the same procedure. For the
recovery test using simulated environmental samples (Section
3.7), 400 pL of the PS standard suspension and 500 pL of the
simulated environmental sample (see Section 2.1) were used
instead of the 900 pL of the PS standard suspension. The same
staining procedure was then applied.

2.3 Flow cytometry

The PS suspension samples were prepared according to the
procedure described in Section 2.2 and analyzed using an FCM.
A CyFlow Space (Sysmex Partec GmbH) was used for the FCM
measurements. A blue laser with a wavelength of 488 nm and an
output power of 200 mW were used for excitation. Side-scattered
(SS) signals detected by the FCM, along with fluorescence (FL)
signals filtered through a bandpass filter centered at 520 nm,
were acquired and analyzed using a high-speed digitizer (PXI-
5122, National Instruments Corp.). The digitizer
controlled by a custom-built LabVIEW program, allowing it to
function as a multichannel pulse height analyzer. The pulse
height (voltage) of each particle was recorded. The sample flow
rate during FCM measurements was set at 1 uL s, and both SS
and FL signals were acquired over a 30 s measurement period.
The total sample volume analyzed per measurement was 30 pL.
The particle number concentration was calculated by dividing
the number of detected particles by the analyzed sample
volume. Each sample was measured in triplicate, and the mean
value was presented. Although our experimental setup used SS,
forward scattering, which is generally more sensitive to particles
size, can also be applicable.

We used a custom-built pulse height analyzer in place of the
FCM's built-in analyzer to eliminate black-box factors during
MPs measurements and to enable more accurate evaluation of
measurement uncertainty. The FCM used in this study provides
no accurate estimate of acquisition dead time; therefore, there
is no reliable basis to quantify the reduction in particle number
concentration caused by coincidence loss. In contrast, the
custom-built analyzer records all information (e.g., pulse width)
required to calculate the probability of coincidence loss. This
capability enables accurate estimation of the uncertainty asso-
ciated with coincidence loss.

was
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For FCM measurements, the SS and FL pulse heights of
individual particles were recorded and visualized as a scatter
plot (e.g., x-axis: SS pulse height, y-axis: FL pulse height). A
region of interest was defined within this scatter plot, and data
within that region were extracted. This enabled the discrimi-
nation of target particles from others—a process commonly
referred to as gating. The specific procedure was as follows.
First, threshold voltages for the SS and FL signals were set based
on the size of the target PS particles (details on how these
threshold voltages were determined are described below). Using
these thresholds, each particle was classified into one of three
categories based on its SS and FL pulse heights: fluorescent
particles (stained MPs), nonfluorescent particles (unstained
MPs and impurities), and background noise. The specific clas-
sification criteria were as follows (see Fig. 2):

1. Particles with SS signal intensities below the SS
threshold—regardless of FL intensity—were considered impu-
rities or background noise and excluded from the count.

2. Particles exceeding the SS threshold but below the FL
threshold were identified as nonfluorescent particles, which
were either insufficiently stained MPs or impurities.

3. Particles exceeding both the SS and FL thresholds were
identified as fluorescent particles stained by the swelling-
mediated staining method, i.e., MPs.

Table 1 summarizes the SS and FL threshold voltages for 2, 5,
and 10 pm PS particles. It also lists the gain levels set for the
photomultiplier tube (PMT) and the flow rates used during
measurement. For example, in the case of 2 pm PS particles, the
SS threshold was set to 380 mV, corresponding to the scattering
intensity of 1 pum PS particles. Particles with SS voltages above
380 mV were counted as 2 um PS particles. The FL threshold was
set to 450 mV to ensure reliable detection of FL signals from 2
um PS particles while excluding background noise. This value

1. Background noise

= 800 :

é 200 - E 3. Fluorescent particles (MPs)
z |

2 600

Q) [}

= 1

= 5004 |

c B I"'

& 400

1 1 2. Nonfluorescent particles
300 | T T T

300 400 500 600 700 800
SS signal intensity (mV)

Fig. 2 Gating strategy for data analysis. Each blue dots represents
a detected particle (event). The vertical and horizontal dashed lines
represent the side-scatter (SS) and fluorescence (FL) thresholds,
respectively. Events above both thresholds are classified as “3. Fluo-
rescent particles”; Events above the SS threshold but below the FL
threshold are classified as “2. Nonfluorescent particles”; all remaining
events (below the SS threshold) are treated as “1. Background noise”.

This journal is © The Royal Society of Chemistry 2025
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Table1 FCM measurement configurations
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PS particles SS threshold FL threshold

The PMT“ gain for SS

The PMT gain for FL Flow rate (uL s~ ")

2 pm 380 mVv? 450 mV 100
5 um 476 mV¢ 550 mV 100
10 um 476 mV° 550 mV 100

250 1
200 1
150 1

@ PMT: photo multiplier tube. ” Median pulse height voltage measured from 1 pum PS standard particles. © Median pulse height voltage measured

from 2 pm PS standard particles.

was determined empirically based on the operator's experience.
The signals from the PMT included offset voltages due to dark
currents, typically around 330 mV for SS and 440 mV for FL. To
minimize contamination from such noise, the threshold volt-
ages were set slightly higher, as presented in Table 1.

2.4 Evaluation of staining efficiency, recovery rate, and
counting efficiency

To assess the performance of the swelling-mediated staining
method, the staining efficiency and recovery rate were evaluated
using FCM. The staining efficiency (nsuin) i the ratio of the
number concentration of MPs exhibiting FL to the total number
concentration of MPs, as determined via SS signal analysis:
Nasin = CrL — CFL,blank (1)
T Css — Cs plank
where Cgp, denotes the number concentration of fluorescent
particles, Cgr plank is the number concentration of fluorescent
particles in the blank sample, Css represents the total number
concentration (based on SS signal), and Css piank indicates the
number concentration of particles in the blank sample detected
by SS. The staining efficiency represents the proportion of MPs
stained with NR among the added MPs added.

The recovery rate (Myecovery) iS defined as the ratio of the
number concentration of fluorescent MPs to the number
concentration of MPs originally added to the PS suspension,
and is calculated as

_ CFL - CFL‘blank
7]re(:overy - CR ¢
e

x DF 2

Here, C,.r denotes the number concentration of the PS standard
suspension as determined by the M-OPC method, and DF
indicates the dilution factor for each PS suspension. The
recovery rate signifies the quantification performance of MPs
when combining the swelling-mediated staining method with
FCM measurement but not including up-front processes such
as preconcentration and separation.

In addition to staining efficiency and recovery rate, the
counting efficiency of the FCM was assessed by analyzing the SS
signal. The counting efficiency (ncount) is defined as the ratio of
the total number concentration obtained from FCM measure-
ments to the reference number concentration of the PS stan-
dard suspension, and is calculated as follows:

_ GCss — Css plank

- DF.
ncount CRef X (3)

This journal is © The Royal Society of Chemistry 2025

Under ideal measurement conditions, the counting efficiency
is equal to 1. However, various sources of uncertainty can cause
deviation from this ideal value. For example, particle loss due to
sedimentation or adsorption within the flow path (from the
sample tube at the FCM inlet to the laser irradiation area in the
flow cell), systematic errors in the sample flow rate, or particle
coincidence events may significantly impact the counting
efficiency.

Notably, the values of Csgplank and Cgy, piank, Obtained from
blank samples, were negligibly small compared to the number
concentration of the added PS particles (0.9 x 10° particles
mL "), accounting to less than 0.8% of the total number
concentration and less than 0.02% of the number concentration
of fluorescent particles. Therefore, blank corrections were
omitted in eqn (1)-(3) during the optimization experiments for
the swelling-mediated staining method (Sections 3.1-3.3). In
contrast, for the quantitative evaluation of staining efficiency
(Sections 3.5-3.7), blank corrections were applied as defined in
eqn (1)—(3).

Notably, the product of the staining efficiency (9stain)
and counting efficiency (neount)y @s obtained from eqn (1)
and (3), respectively, corresponds to the recovery rate

(nrecovery = MNstain X ncount)'

3 Results and discussion

This chapter presents the findings of the optimization of the
swelling-mediated staining method (Sections 3.1-3.3) and the
performance evaluation using PS suspensions as test samples
based on the optimized staining procedure (Sections 3.4-3.7).
Specifically, Sections 3.1-3.3 delineate the optimization of the
THF, NR, and Tween-20 concentrations, respectively. The
outcomes of these optimizations were incorporated into the
staining procedure discussed in Section 2.2. Based on this
optimized procedure, the following results are presented: eval-
uation of FL intensity after swelling-mediated staining (Section
3.4), evaluation of particle number concentration dependence
(Section 3.5), evaluation of particle size dependence (Section
3.6), and recovery tests using simulated environmental samples
(Section 3.7). Here, “optimization” refers to tuning within
limited sample sets. The optimized staining procedure devel-
oped here is tailored to specific environmental matrix and
polymer type, with no claim to universal applicability across
diverse matrices or polymers. We performed a series of
univariate optimizations, which typically provide a local
optimum rather than a global optimum. Nevertheless, the
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staining efficiencies were sufficient to quantify MP number
concentration. Therefore, our approach is a practical option for
users applying the swelling-mediated staining method to their
samples.

3.1 Optimization of the swelling-mediated staining
procedure: THF concentration

To optimize the THF concentration in the swelling-mediated
staining procedure, 2 pm PS suspensions were prepared with
THF concentrations (v/v) of 5%, 10%, 15%, 20%, 25%, 30%,
40%, and 50%. The staining efficiency and counting efficiency,
as determined by FCM, were compared. Here, the volume
concentration refers to the THF concentration at the onset of
evaporation, immediately after the addition of the NR solution.
The NR solution and Tween-20 aqueous solution were added
following the procedure presented in Section 2.2, with final NR
and Tween-20 concentrations set at 10 pg mL ™" and 0.1%,
respectively. Fig. 3 displays the staining and counting efficien-
cies at each THF concentration. No correction was applied using
the number concentration of blank samples (see eqn (1) and
(3)). At THF concentrations =15%, the staining efficiency
remained nearly constant at approximately 1. Conversely, at
concentrations <15%, the staining efficiency decreased signifi-
cantly, falling below 0.1 at 5%.

This reduction in staining efficiency at low THF concentra-
tions (<15%) was likely because of insufficient swelling of the PS
particles, which may have hindered NR diffusion into the
particle interiors, resulting in lower FL intensity. Conversely,
the counting efficiency decreased at high THF concentrations
(>30%), possibly due to irreversible changes caused by excessive
swelling of the PS particles—such as partial dissolution in the
solvent or fusion between swollen particles—that prevented the
particles from returning to their original size after THF evapo-
ration. Similar irreversible changes, including adsorption and
fusion of MPs under high organic solvent concentrations, have
also been reported in previous studies.*® Based on the results
presented in Fig. 3, both staining and counting efficiencies

1 —
>
2 0.1 1
Q0
L
E —@— Staining efficiency
—@— Counting efficiency
0.01 1 1 IlIIIII 1 1 L

1 10 100

THF concentration (volume %)

Fig. 3 Effect of THF concentration on the staining and counting
efficiencies of 2 um PS particles.
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approached 1 (100%) within the THF concentration range of
15% to 30%. Therefore, a THF concentration of 25% was
adopted for subsequent experiments.

3.2 Optimization of the staining procedure: Nile red
concentration

To optimize the NR concentration in the swelling-mediated
staining procedure, 2 um PS suspensions were prepared with
NR mass concentrations of 1, 2, 5, 10, 20, 50, 100, 200, and 300
pg mL~". These values represent the final concentrations after
removal of the organic solvent by evaporation. FL and scattered
light intensities obtained by FCM, as well as staining and
counting efficiencies, were compared across these concentra-
tions. THF and Tween-20 aqueous solutions were added
according to the procedure described in Section 2.2, with the
THF concentration adjusted to 25% and the Tween-20 concen-
tration set at 0.1%. The staining efficiency, counting efficiency,
the modal FL signal intensity, and 1-D histograms of FL signal
intensity at each NR concentration are displayed in Fig. 4(a)—(c).
Here, FL intensity refers to the most frequent voltage value in
the pulse height distribution of the FL signal. No correction was
applied using the number concentration of blank samples (see
eqn (1) and (3)). At NR concentrations =50 pg mL ™', both
staining and counting efficiencies remained nearly constant at
approximately 1. Conversely, at NR concentrations =100 g
mL ", staining and counting efficiencies exhibited substantial
fluctuations in opposite directions (Fig. 4(a)). Regarding FL
intensity (Fig. 4(b) and (c)), the maximum value (approximately
530 mV) was observed when the NR concentration was between
5and 10 ug mL™".

At high NR concentrations (>100 pug mL '), the apparent
fluctuations in staining and counting efficiencies were artifacts
caused by the formation of NR aggregates rather than actual
changes in staining performance. Previous studies have indi-
cated that most NR aggregates are smaller than approximately 1
um.'”?¢ In this study, the side-scatter (SS) signal detected NR
aggregates up to approximately 2 pm in size, overlapping with
the signal peak corresponding to PS particles. As a result, the
total particle number concentration (Css) increased when the
NR concentration exceeded 200 pg mL™". In aqueous media, NR
molecules aggregate via - stacking to form H-aggregates,**>?
a state known to strongly reduce transition probability and
promote nonradiative decay (aggregate-induced quenching);*
therefore, NR aggregates exhibit no fluorescence.”*® Accord-
ingly, the number concentration of fluorescent particles
measured by FCM (Cy;) remained constant or decreased, while
Css increased. Therefore, the apparent inverse variation in
counting and staining efficiencies observed in Fig. 4(a) can be
attributed to this phenomenon. The asymmetry in counting and
staining efficiencies resulted from inconsistent variations in Csg
and the Cgy.. A detailed analysis of the underlying mechanism is
beyond the scope of this study. As shown in Fig. 4(b), the modal
FL intensity peaked at NR concentrations between 5 and 10 pg
mL~", and then decreased with increasing NR concentration. At
NR concentrations below 5 pg mL™", the modal FL intensity
declined, likely due to a reduced amount of NR encapsulated

This journal is © The Royal Society of Chemistry 2025
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mV).

per particle. A similar decrease in the modal FL intensity was
observed at higher concentrations (>20 pg mL™%), likely due to
the formation of NR aggregates. As previously mentioned, NR
forms nonfluorescent aggregates, and higher NR concentra-
tions are expected to result in a greater proportion of these
aggregates within the stained PS particles. Consequently, the FL
intensity may decrease. Summarizing the results shown in
Fig. 4(a)—(c), both staining and counting efficiency approached
approximately 1 (100%) within the NR concentration range of 1-
50 pg mL~". Based on these findings, an NR concentration of 10
ug mL ™', which maximizes FL intensity per particle, was
adopted for subsequent experiments.

3.3 Optimization of the staining procedure: Tween-20
concentration

To optimize the concentration of Tween-20 during the swelling-
mediated staining procedure, a series of 2 um PS suspensions
were prepared with varying volume concentrations (v/v) of
Tween-20: 0.001%, 0.005%, 0.01%, 0.05%, 0.1%, 0.5%, and 1%.

This journal is © The Royal Society of Chemistry 2025

The staining and counting efficiencies obtained from FCM
measurements were compared across these concentrations.
Here, the volume concentration refers to the value after the
sample was diluted 11-fold with ultrapure water following the
evaporation of THF. THF and NR solution were added according
to the procedure described in Section 2.2, with final concen-
trations adjusted to 25% for THF and 10 pg mL~" for NR. The
staining and counting efficiencies at each Tween-20 concen-
tration are illustrated in Fig. 5. No correction using the number
concentration of blank samples (see eqn (1) and (3)) was
applied. For the Tween-20 concentration at =0.05%, both
staining and counting efficiencies remained nearly constant at
approximately 1. Conversely, for concentrations at =<0.01%, the
efficiencies demonstrated significant fluctuations.

At Tween-20 concentrations at or below 0.01%, the staining
efficiency appeared to decrease from 1, while the counting
efficiency appeared to increase—possibly due to NR aggregation
caused by reduced surface activity of Tween-20, rather than
actual changes in efficiency. NR is a hydrophobic dye that
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readily aggregates in aqueous media lacking surfactants.'”*> As
described in Section 3.2, NR aggregates emit no FL. The number
concentration of fluorescent particles remained constant or
decreased, whereas the total particle number concentration
increased. Consequently, these observations explain the
apparent opposite trends in counting and staining efficiencies
shown in Fig. 5. The asymmetry in these efficiencies resulted
from inconsistent variations in Cgg and the Cgy, as discussed in
Section 3.2. Summarizing the results shown in Fig. 5, both
staining and counting efficiencies approached nearly 1 (100%)
within the Tween-20 concentration range of 0.05% to 1%. Based
on these results, a Tween-20 concentration of 0.1% was adopted
for subsequent experiments, as higher surfactant concentra-
tions increase the risk of bubble formation.

3.4 Performance evaluation: comparison between the
swelling and nonswelling staining methods

To assess the fluorescent staining performance of the swelling-
mediated method, we visually compared PS suspension

y

View Article Online

Paper

samples with and without the staining treatment. Fig. 6 pres-
ents fluorescence microscope images of 10 um PS particles
stained with and without prior swelling. Fig. 6(a) and (b) present
the bright-field and dark-field FL images, respectively, taken
from the same field of view. For dark-field FL imaging,
a mercury lamp was used as the light source. An excitation filter
of 400-440 nm and an emission filter transmitting wavelengths
above 475 nm were used to capture the particle images. The
stained particles with swelling (denoted as “Swelling”) were
prepared following the procedure described in Section 2.2. The
stained particles without swelling (denoted as “No swelling”)
were prepared using the same procedure, except that ethanol—
a poor solvent for PS—was used in place of THF, thereby pre-
venting particle swelling during staining. As presented in
Fig. 6(a) and (b), the FL intensity of swollen and nonswollen
particles, observed under identical conditions, differed mark-
edly, with the THF-swollen PS particles exhibiting substantially
stronger FL. These results show that the swelling-mediated
staining method is a highly effective fluorescent staining
technique.

3.5 Performance evaluation: dependency on particle number
concentration

The applicability of the swelling-mediated staining method
described in Section 2.2 was assessed across various particle
number concentrations. Test samples containing 2 pm PS
suspensions were prepared by varying the volume of the PS
standard suspension added to the vials, resulting in concen-
trations ranging from 1000 particles mL ™" to 100 000 particles
mL~". The FCM results for each concentration, along with the
corresponding staining and counting efficiencies, are displayed
in Fig. 7(a) and (b), respectively. According to eqn (1) and (3), the
FCM-derived number concentrations of fluorescent and total
particles were corrected by subtracting the values obtained from
blank samples. The horizontal axis labeled “Reference concen-
tration” denotes the particle number concentration of the PS
standard suspension, determined using the M-OPC method
and adjusted for the dilution factor. As presented in Fig. 7(a),

)

No swelling

Swelling

Fig. 6 Fluorescence microscope images of a mixture of 10 pm PS particles stained with and without prior swelling. (a) Bright field image, (b) dark

field fluorescence image.
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the particle number concentration obtained by FCM exhibited
a positive linear correlation with the reference concentration.
Furthermore, as illustrated in Fig. 7(b), both staining and
counting efficiencies remained close to 1 across the entire
concentration range tested. These findings show the effective-
ness of the swelling-mediated staining method within the range
of 1000 particles mL ™" to 100 000 particles mL~'. Additionally,
the FL and scattered light intensities of individual PS particles
were unaffected by the particle number concentration and
remained stable (data not shown).

The applicable concentration range is more strongly influ-
enced by the counting performance of FCM than by the staining
method itself. For low-concentration samples, the particle
counts measured by FCM decrease, leading to greater variability
and reduced statistical reliability. For example, at the lowest
tested concentration (1000 particles mL "), the total particle
count from three repeated measurements was approximately
100 particles, and this variability became the primary source of
measurement uncertainty. For environmental samples con-
taining low number concentrations of MPs, either preconcen-
tration prior to swelling-mediated staining or an increase in the
sample volume per FCM measurement is required. There is no
widely accepted standard protocol for preconcentration of MPs
smaller than 100 um, and it remains a common challenge
across many measurement techniques, including FCM. Pre-
concentration is outside the scope of this study; no further
discussion is provided.

At high FCM concentrations, coincidence loss can become
a primary source of measurement uncertainty. Coincidence loss
reduces the apparent particle count, leading to an underesti-
mation of the MP number concentration. The rate of coinci-
dence loss depends on particle number concentration, flow
rate, and sensor dead time.**** To analyze environmental
samples with high MP number concentration, dilution to the
optimal concentration range is necessary. Alternatively, the
measured number concentration can be corrected using the

This journal is © The Royal Society of Chemistry 2025

calculated coincidence loss rate. At the highest particle number
concentration tested in this study (1 x 10° particles mL™"; see
Fig. 7), the coincidence loss rate was approximately 0.1%,
indicating a negligible influence on the measured
concentration.

In conclusion, the swelling-mediated staining method was
shown to be an effective FL staining technique across the
particle number concentration range suitable for FCM
measurements.

3.6 Performance evaluation: dependency on particle size

The swelling-mediated staining method was validated using PS
standard suspensions with particle sizes of 2, 5, and 10 pm. As
described in Section 3.5, PS standard suspensions with
a particle number concentration of 1 x 10° particles mL ™" were
used. After staining and dilution, the particle number concen-
tration was 0.9 x 10° particles mL ™. The staining efficiency and
recovery rate for each particle size are presented in Fig. 8(a) and
(b), respectively. Table 2 summarizes the staining efficiency,
recovery rate, counting efficiency, and associated uncertainties.
The FL and total particle number concentrations measured by
FCM were corrected using the blank sample concentrations, as
described in eqn (1) and (2). The error bars on the vertical axis
represent the expanded uncertainties at a level of confidence of
95%. The measurement uncertainties were evaluated in accor-
dance with the Guide to the Expression of Uncertainty in
Measurement (GUM).*® Applying the law of propagation of
uncertainty to eqn (1)—-(3) yielded combined standard uncer-
tainties for the staining efficiency, recovery rate, and counting
efficiency, respectively. Expanded uncertainties were calculated
by multiplying a coverage factor k = 2. The uncertainty in
staining efficiency includes contributions from repeatability,
between-vial variation, and coincidence loss for both the FL
particle number concentration Cg;, and the total particle
number concentration Css. Likewise, the uncertainty in the

recovery rate includes contributions from repeatability,
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Table2 Summary of FCM measurement results for 2, 5, and 10 um PS
particle suspensions

PS particle

suspension Staining efficiency Recovery rate  Counting efficiency

2 pm 0.996 =+ 0.005° 0.968 £ 0.028° 0.972 + 0.026°
5 um 0.976 =+ 0.003° 0.906 =+ 0.022%  0.928 + 0.024°
10 pm 0.997 + 0.003° 0.799 £ 0.126% 0.801 =+ 0.127°

“ Expanded wuncertainty with a of k = 2

(a level of confidence of 95%).

coverage factor

between-vial variation, coincidence loss for Cg;, and the
uncertainty of the reference concentration. As presented in
Fig. 8(a), the staining efficiency was close to 1 for all particle
sizes. According to Fig. 8(b), the recovery rate depended on
particle size, decreasing as particle size increased. For the 10 pm
PS suspension, the recovery rate dropped to as low as 0.8 and
exhibited the largest uncertainty. Component-wise contribu-
tions were quantified using the coefficient of contribution,*”
defined for mutually uncorrelated inputs as A(y,x;) = [cu(x;)/
u(y)], where c; is the sensitivity coefficient, u(x,) is the standard
uncertainty of x;, and w.(y) is the combined standard uncer-
tainty. The A(y,x;) is dimensionless and sum to 1 (100%). Using
this metric, repeatability and between-vial variation together
accounted for 99% of u.(y) for the 10 um PS suspension.

The results presented in Fig. 8(a) show that the swelling-
mediated staining method is effective across the tested
particle size range (2-10 pm). The staining efficiency—defined
as the ratio of the fluorescent particle number concentration to
the total particle number concentration (eqn (1))—was
approximately 1. This indicates that nearly all MPs added
during the swelling-mediated staining process were successfully
stained with NR. Furthermore, the uncertainty associated with
the staining efficiency was less than 0.006 (<0.5%), indicating
that the measurement results were highly reliable.

Fig. 8(b) shows the presence of a size-dependent factor that
introduced a systematic bias in the recovery rate. One possible

9390 | Anal. Methods, 2025, 17, 9381-9393

explanation is the reduced counting efficiency of FCM for larger
particle sizes. A comparison between the recovery rates and
counting efficiencies presented in Table 2 shows that these
values are consistent within the uncertainty range. This
suggests that the reduced recovery rate may be the primary
cause of the low counting efficiency. For environmental
samples, an accurate number concentration of MPs can be
obtained by correcting the measured values using the corre-
sponding counting efficiency.

Gravitational settling contributes to the decrease in counting
efficiency. This is consistent with the observation that larger
particles, which have higher gravitational settling velocities,
exhibit a more pronounced reduction in counting efficiency.
However, complete settling of 10 um PS particles to the bottom
of a test tube (approximately 5 cm in length) positioned at the
FCM inlet takes several hours. As each FCM measurement was
completed within 5 min of sample transfer, factors other than
gravitational settling must also contribute to the observed
particle loss.

Another likely reason is particle adsorption onto the inner
walls of the flow path or flow cell in the FCM, or clogging within
these components. To minimize such adsorption and clogging,
the flow rate for FCM measurements was increased from 1 pL
s to 3 uL s, which improved the counting efficiency to over
0.95 (data not shown). This finding indicates that particle
adsorption and clogging are likely major contributors to the
reduced efficiency. As contamination within the flow path was
suspected to cause significant particle adsorption, thorough
cleaning was performed before and after each FCM measure-
ment. Despite these efforts, the counting efficiency remained
unchanged. Replacing the tubing connecting the test tube to
the flow cell was considered a potentially effective validation
method. However, this approach could not be implemented due
to the difficulty of accessing the FCM interior and associated
risk of laser misalignment.

To explore differences in adsorption characteristics between
samples measured using the swelling-mediated staining

This journal is © The Royal Society of Chemistry 2025
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method and those measured without it, unstained PS particles
were measured using FCM. The results showed that, similar to
the swelling-mediated stained samples, the counting efficiency
exhibited a decreasing trend with increasing particle size. This
finding shows that the decrease in counting efficiency stems
from the intrinsic counting performance of the FCM rather than
from the swelling-mediated staining of MPs. Further detailed
investigations into the factors contributing to reduced counting
efficiency for larger particle sizes, as well as potential
improvements, remain subjects for future research. Notably,
the FCM employed in this study was a modified version, with
flow channel components differing from those of commercial
instruments, which may affect the reproducibility of this
phenomenon.

3.7 Performance evaluation: recovery rate of simulated
environmental samples

A recovery test using simulated environmental samples was
conducted to assess the validity of the swelling-mediated
staining method. The environmental samples consisted of
a mixture of tap water and kaolin particles. Recovery rates were
evaluated for 2, 5, and 10 pm PS standard suspensions spiked
into the mixture. After staining and dilution, the particle
number concentration was 0.4 x 10° particles mL™". The fluo-
rescent and total particle number concentrations measured by
FCM were corrected by subtracting the particle number
concentration of the blank samples, as described in eqn (2). In
addition to the recovery rate defined in eqn (2), a corrected
recovery rate was also calculated by dividing the recovery rate by
the FCM counting efficiency shown in Table 2.

The recovery rates for each particle size, along with the
recovery rates corrected for counting efficiencies, are presented
in Fig. 9(a) and (b), respectively. The error bars on the vertical
axis represent the expanded uncertainties at a level of confi-
dence of 95%. The uncertainty in the recovery rate includes
contributions from the repeatability of the fluorescent particle

number concentration (Cy), between-vial variation,
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coincidence loss, and uncertainty in the reference concentra-
tion. The uncertainty in the corrected recovery rate includes
these factors as well as the uncertainty in the counting effi-
ciency. As illustrated in Fig. 9(a), the recovery rates and their
expanded uncertainties for the 2, 5, and 10 pm PS suspensions
were 0.965 £ 0.030, 0.917 + 0.022, and 0.678 + 0.079, respec-
tively. Consistent with the trend observed in Fig. 8(b), the
recovery rates exhibit a size-dependent trend, with lower values
corresponding to larger particle sizes. Specifically, the recovery
rate for 10 pm PS suspension was 0.678, accompanied by the
largest uncertainty. The primary sources of uncertainty for the
10 um PS suspension were repeatability and between-vial vari-
ation, which together accounted for 97% of the combined
standard uncertainty. As presented in Fig. 9(b), the corrected
recovery rates and their expanded uncertainties for the 2, 5, and
10 pm PS suspensions were 0.993 + 0.038, 0.988 + 0.029, and
0.846 £ 0.100, respectively. Correction for counting efficiency
increased the recovery rates for all particle sizes, bringing them
closer to 1 compared to Fig. 9(a). In particular, the values for the
2 and 5 pm PS suspensions agreed with 1.0 within the range of
uncertainty. These results demonstrate that the PS standard
suspensions added to the simulated environmental samples
were effectively recovered. For the 10 pm PS suspension, the
correction yielded a recovery rate of 0.846, reflecting a moderate
shortfall in the correction.

The results presented in Fig. 9(a) suggest that the measure-
ment outcomes for the simulated environmental samples were
consistent with those obtained using the ultrapure water
medium (see Section 3.6). Both sample types exhibited
a particle size dependence in the recovery rate, with the lowest
value observed for the 10 um PS suspensions. The combined
standard uncertainties were also comparable between the
samples, and the measurement uncertainty was primarily
dominated by repeatability and between-vial variation. These
findings show that, at least for the 2 and 5 um PS suspensions,
no significant sources of wuncertainty would lead to
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Fig. 9 Recovery test of simulated environmental samples with 2 um, 5 pm, and 10 um PS particles. (a) Recovery rates and (b) corrected recovery
rates for 2 um, 5 um, and 10 um PS particle suspensions. The error bars represent the expanded uncertainty. A coverage factor of k = 2 was

adopted for an approximate level of confidence of 95%.
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discrepancies between the results obtained using the ultrapure
water and the simulated environmental matrices.

The corrected recovery rates shown in Fig. 9(b) show that
accurate quantification of MP number concentrations was
achieved for the 2 and 5 um PS suspensions, as they were
successfully corrected using the counting efficiencies.
Conversely, the corrected recovery rate for the 10 um PS
suspension remained below 1, highlighting a deviation from
full recovery. This outcome was likely due to the limited
reproducibility of the FCM counting efficiency. Particle
adsorption, described in Section 3.6 as one of the major sources
of uncertainty, appears to have contributed to this outcome.
Because adsorption depends on the surface condition of the
internal flow path in the FCM, it can behave inconsistently.
Indeed, substantial day-to-day variations in counting efficiency
were observed, and even same-day measurements occasionally
produced inconsistent results. Gaining insight into the origin of
this variation and implementing countermeasures is critical in
achieving accurate quantification of MP number concentra-
tions. Although some sources of uncertainty affecting the 10 um
PS suspension remain to be identified, the observation that the
corrected recovery rate exceeded 0.8 is significant and supports
the potential for reliable quantification. Thus, this degree of
accuracy denotes a viable level for screening applications
requiring semiquantitative assessments.

Summarizing the above findings, we demonstrated that the
swelling-mediated staining method is effective even for samples
containing trace amounts of non-MPs impurities. MP samples
collected from the environment typically contain various inor-
ganic and organic substances, as well as impurity particles,
depending on the sampling location. The experiments con-
ducted in this study represent validation tests under controlled
and limited conditions. In MP analysis of marine, river, soil, or
atmospheric samples, pretreatment steps such as organic
matter decomposition and density separation are typically
performed to remove impurities. These pretreatment processes
are generally similar across different types of environmental
samples. Thus, swelling-mediated staining is expected to be
effective for such pretreated samples; however, the staining
protocol requires optimization for individual sample matrices
and polymer types. The performance evaluation presented in
this study serves as a preliminary assessment of the practical
application of the swelling-mediated staining method across
various environmental matrices. Future studies applying this
method to MPs of mixed sizes and different polymer types,
including potentially weathered MPs in environmental
samples, will advance rapid MPs quantification using FCM.
Furthermore, the observed size-dependent variations in count-
ing efficiency reflect the inherent performance characteristics of
the FCM used, rather than systematic uncertainties associated
with the swelling-mediated staining method.

4 Conclusions

In this study, we demonstrated the rapid quantification of MP
number concentrations by optimizing a highly efficient staining

method based on the swelling technique for FCM
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measurements. This method uses the swelling behavior of
polymers in organic solvents to stain the interior of MPs. The
staining efficiency of micrometer-sized PS particles was nearly
1.0 (100%), and these stained particles exhibited significantly
higher fluorescence intensity under fluorescence microscopy
than those prepared by conventional methods, in which NR is
merely adsorbed onto the particle surface. We also confirmed
that staining is feasible for environmental samples containing
trace amounts of non-MPs impurities. In addition, counting
efficiency, recovery rate, and associated measurement uncer-
tainties were accurately determined using standard suspen-
sions with  precisely determined particle number
concentrations. The recovery rates obtained from FCM
measurements exhibited a size-dependent trend, with larger
particles tending to have lower recovery rates, primarily due to
decreased counting efficiency in FCM. Nevertheless, MP
number concentrations could be accurately quantified by cor-
recting the measurement results based on the counting effi-
ciencies. The applicability of this method to polymers other
than PS remains a subject for future research. This method is
simple and cost-effective, requiring only inexpensive reagents.
We anticipate that combining the swelling-mediated staining
method and FCM will enable high-throughput quantitative
assessment of MPs, particularly “missing plastics”*****® in the
environment.
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