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Abstract

Micro- and nano-plastics (MNPs), polymer particles less than 5 mm in dimension, are abundant and
globally pervasive anthropogenic pollutants. However, their true abundance in natural systems remains
poorly constrained by the lack of high-throughput, standardized analytical methods for their
characterization. Here, we present Skittles, a multicolor flow cytometric workflow for the high-throughput
characterization of MNPs in liquid suspension that simultaneously provides fluorescence-based
discrimination, particle enumeration, and SSC-calibrated PS-equivalent size distributions. The workflow
was optimized and analytically validated using laboratory reference standards and environmental
samples, demonstrating high precision (CVs typically <4%), quantitative recovery (mean 103%), and
strong agreement with epifluorescence microscopy (R? = 0.99), while polymer classifications were
independently corroborated using Raman spectroscopy. Application of Skittles to heterogeneous
laboratory and environmental samples demonstrated its ability to characterize particle populations
spanning multiple polymer types, morphologies, and sizes, including fragments, clumps, and fibers.
Together, these results establish Skittles as a high-throughput analytical workflow for micro- and nano-
plastic characterization in aquatic environments.

Short Synopsis Statement

Skittles enables single-instrument high-throughput characterization of micro- and nano-plastics,
improving environmental monitoring and assessment of ecological plastic pollution risks.

Introduction

Plastics have become ubiquitous in modern society due to their low cost, lightweight, and versatile
characteristics'. However, the same durability and chemical resilience that underpins their utility have
also led to the accumulation of mismanaged plastic waste in the environment?. Consequently, plastic
pollution is now considered one of the greatest threats to marine ecosystems®%. Once plastic enters the
environment, it is subjected to mechanical (abrasion, erosion), chemical (photodegradation, oxidation),
and biological degradation processes that drive its continuous fragmentation into smaller size

classes /~'1. While the threat of entanglement, suffocation, and ingestion of larger plastic fragments by
birds, turtles, fish, and marine mammals is well-documented #2717, the extent to which smaller plastic
particles, particularly micro- and nano-plastic, compromise environmental sustainability remains unclear.
Studies on relatively large marine plastics (i.e., macroplastics) demonstrate that their abundance
increases rapidly with decreasing size'®2°. Extrapolating this inverse abundance-size distribution to
smaller size classes suggests that a substantial proportion of environmental plastics occurs within the
micro- (MP; 1-5000 pm) and nano- (NP; <1 um) size ranges?’3%31. However, little is known about the
abundance, size distribution, and composition of micro- and nano-plastics (MNPs) in aquatic
environments. This gap persists largely due to the absence of rapid, high-throughput methodologies

capable of effectively detecting, identifying, and quantifying MNPs in environmental samples%32.
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Fluorescence staining, in combination with microscopy and spectroscopic techniques, is widely used for
the detection and quantification of MPs 33737 However, accurately quantifying and determining the
polymeric composition of microplastics cannot typically be achieved with a single analytical technique.
Consequently, microscopic and spectroscopic analyses are typically combined within the same workflow
when assessing MNPs. These techniques are time-consuming, laborious, and limited to the detection of
microplastic particles (=1 pm) 38741, An alternative approach is to combine fluorescent staining with flow
cytometry (FCM). FCM enables the high-precision detection and characterization of particles suspended
in a liquid medium based on their light-scattering and/or fluorescence properties through the utilization
of hydrodynamic focusing to pass suspended particles individually through a laser beam (or for a
multicolor FCM, a series of laser beams). The scattering and fluorescence properties of particles are
then collected and amplified through a series of photomultiplier tubes. This method enables the
simultaneous measurement of multiple parameters for individual particles down to a size range of 30
nm at a rate of up to 50,000 particles per second*2. Traditional FCM characterizes particles according to
their size (forward scatter), surface and internal granularity (side scatter), and fluorescence properties
(either autofluorescence or using a molecular fluorescence marker). The advent of multicolor or multi-
laser flow cytometry (MFCM), along with a dramatic increase in commercially available fluorochromes,
has expanded the number of accessible parameters, enabling more precise and detailed

characterization of particles #3745,

One promising fluorophore for microplastic detection using MFCM is 4-dimethylamino-4'-nitrostilbene
(DANS)®°. DANS possesses several properties that make it especially well-suited for plastic detection. It
exhibits solvatochromic fluorescence in response to different plastics, with its emission spectrum
shifting across a broad wavelength range, from blue to red, according to the polarity of the bound
plastic®®. Consequently, DANS produces distinct fluorescence emission patterns across different
polymer types, enabling discrimination among common MNPs over a broad spectral range. DANS also
provides strong polymer sensitivity due to the wide spectral shift*®, and its broad spectral response
makes it particularly well suited for multicolor flow cytometric analysis, allowing simultaneous
characterization of heterogeneous particle populations. Moreover, it provides reliable staining across
various plastic types, including materials like polyethylene terephthalate (PET) and weathered
particles®®.

Here, we introduce Skittles, a multicolor flow cytometric workflow for the high-throughput
characterization of micro- and nano-plastics. We optimize the analytical workflow, evaluate its analytical
performance, and demonstrate its application to environmental samples through cross-validation with
fluorescence microscopy and Raman spectroscopy.

Materials and Methods
Precautions to reduce cross-contamination
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To minimize plastic contamination, all experiments and samples were conducted or handled,
respectively, under a clean and sanitized fume hood*’. To reduce contamination from clothing, 100%
cotton shirts were worn with 100% cotton lab coats when handling samples or conducting experiments,
and stored in wool garment bags when not in use. All tools and equipment were serially cleaned with
detergent, rinsed with DI water, 70% ethanol, and autoclaved before use. Samples were contained in
combusted borosilicate glass test tubes (450 °C, 24 h) and covered in combusted aluminum foil. Glass
or metal tools were used for transfers whenever possible; plastic was restricted to necessary items (e.qg.,
flow cytometry tubes and transfer pipettes), and the duration of plastic use was minimized. DANS stock
solution and MNP stock solutions were stored in amber glass vials, with caps covered in combusted
aluminum foil to prevent contamination from the polyvinyl chloride (PVC) cap.

MNP preparation

Method development and optimization experiments utilized commercially available and isolated nano-
and micro-plastics (Table 1). Four polymer types were selected based on their commercial availability in
the nano- and micro-size range and their documented prevalence in natural aquatic environments 470,
For commercial particles, concentration was estimated based on material density and mean particle
diameter. Although polyethylene terephthalate (PET) and polypropylene (PP) were not commercially
available in nano- or micro-particle form, they were prepared due to their status as abundant and
pervasive environmental pollutants*164%51:52 Furthermore, PET was included to evaluate method
performance on irregular particle morphologies.

Polyethylene terephthalate particles were prepared from PET bottles following Rodriguez-Hernandez>?
and Hernandez et al®*. Polypropylene particles were prepared by dissolving isotactic pellets (average
Mn ~ 5,000 g mol™) (Sigma-Aldrich, St. Louis, MO) in 50 mL of ACS-grade xylene (Fisher Chemical,
Waltham, MA) at 130°C for two hours under constant stirring. The polymer solution was then
precipitated by slowly adding it to 200 mL of cold methanol (Fisher Chemical, Waltham, MA). Any excess

methanol was decanted, and the resulting polymer powder was dried under a stream of N, for 8 h,
followed by vacuum drying at 40°C for an additional 24 h.

Table 1
Types and sources of polymers used in this study.
Polymer Shape Size (um)  Source
Polystyrene (PS) Sphere 0.1-10.0  Cospheric & Sigma-Aldrich
Polyethylene (PE) Sphere 0.2-9.9 Cospheric
Polyethylene Terephthalate (PET) Fragment <0.2 PET Bottles
Polypropylene (PP) Fragment <20 Sigma-Aldrich

Plastic particles were pre-treated to modify their surface wettability (i.e., reduce hydrophobicity) by
suspending them overnight in 0.1% (w/v) Tween-20 solution (Sigma-Aldrich, Darmstadt, Germany).
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Synthesized MNPs (PET and PP) were vacuum filtered through a 20.0 pm pore-sized polycarbonate (PC)
filter (47mm PCTE, STERLITECH, Auburn, WA, USA) to remove larger particles that may obstruct the
MFCM, and then transferred into an autoclaved flask, and stored under the fume hood at RT. For recovery
rate experiments, plastic stock solutions were prepared at a starting concentration of 1.0 x 107 particles
mL™. For all other treatments, 25 mg mL™ suspensions of the different MNPs in UP water were used.

DANS staining Optimization

A 500 uM stock staining solution was prepared by dissolving DANS (Sigma-Aldrich, Darmstadt,
Germany) in ethanol. For evaluating the optimal DANS stain concentration, stain concentrations ranging
from 1.4 to 25 mM were used. For all other treatments, 50 pL of DANS solution was added to the
samples.

To assess DANS staining conditions for micro- and nano-plastics (MNPs) analysis, samples were
subjected to a series of controlled treatments and analyzed by multicolor flow cytometry (MFCM). The
effects of DANS concentration, filtration, heating, stock stability, and post-staining storage on
fluorescence intensity, particle recovery, and polymer discrimination were evaluated using MFCM. All
treatments were compared to a reference condition consisting of MNPs stained with 50 pL of unfiltered
DANS, heated for 60 min at room temperature in the dark, and analyzed within 12 h. Staining
performance was assessed based on fluorescence intensity, discrimination among polymer types,
variability in fluorescence emission maxima, and accuracy of particle concentration estimates.

Undissolved DANS particles were observed microscopically in stock solutions. Therefore, filtered and
unfiltered DANS stock solutions were compared to evaluate the effect of dye filtration on MFCM
performance. Specifically, DANS solutions were filtered through 0.2 pm polytetrafluoroethylene syringe
filters (Finetech) before application to MNP samples. To test the shelf life of the staining solution,
filtered and unfiltered DANS stock solutions were used to stain MNP fresh and after 10, 20, and 30 days
of storage at RT. To test the effect of applying heat during MNP staining on fluorescent intensity
measured by MFCM, filtered and unfiltered DANS stock solutions were used to stain MNP samples.
Stained samples were either heated at 80°C for 60 min before analysis or measured immediately. To
evaluate the shelf life of the stained samples, particle counts and fluorescence measurements were
obtained immediately after staining and then re-measured after 12, 24, and 36 h of storage in the dark at
RT. For both the sample-storage and DANS shelf-life treatments, only PS and PE were used.

Analysis of variance (ANOVA) was used to assess the effects of various staining treatments on MNPs
measured by MFCM. Statistical analysis was performed using R statistical software (Posit PBC, Boston,
MA) within the RStudio interface (version 4.4.1). Model assumptions were verified using the Shapiro-Wilk
test for normality and Levene’s test for homogeneity of variance. Post-hoc pairwise comparison of
means was based on Tukey'’s honest significance difference tests. When ANOVA assumptions were
violated, non-parametric analysis was conducted using the Kruskal-Wallis H test, followed by the Mann-
Whitney U test. The alpha level for all significance tests was set at 0.05.

Page 5/26



Flow Cytometry configuration

Suspensions of DANS-labeled plastic particles were measured using a BD FACS-Celesta flow cytometer
equipped with violet (405 nm), blue (488 nm), and red (610 nm) excitation lasers, along with
corresponding emission filters configured to detect DANS fluorescence from each MNP type (Table 2).
The BD FACS-Celesta supports analysis of particles approximately 30 nm to 20 ym in size. Before each
analysis, the MFCM was cleaned, and the flow rate was measured manually (uL min~ ")°. Detection was
triggered on V525/50LP and V450/25LP channels, and the noise threshold was calibrated to < 20 events

sec” ! using a blank consisting of UP water. Trigger channels were selected to maximize detection of

DANS-labeled particles while minimizing background events. Sample concentration and flow rate were

adjusted to achieve an event rate of 200-800 events sec”™ ', providing statistically robust particle counts.

Laser and emission configurations for MNP analysis are listed in Table 2. Obtained .fcs files were
analyzed using FCS Express software version 7.20 (De Novo Software, Pasadena, CA). Bivariate plots
used to distinguish individual MPNs and mixed MPN samples are also listed in Table 2.

Optimal laser and emission conﬁgJ:eut::f)rlzs for MNP analysis and distinction.
Polymers Laser Threshold Bivariant MNP discrimination
PET B488 LP575/25 SSC vs B575/25
PS V405 LP525/50 SSC vs V525/50
PE V405 LP450/50 SSC vs V450/25
PP V405 LP450/50 V450/50 vs V525/50
Three Mixed MNPs  B488; V405 LP575/25;LP525/50 V780/60 vs B575/25

Method validation

Method performance was evaluated following standard analytical validation criteria, including analytical
blanks, recovery, repeatability, cross-method comparison, and environmental application. Analytical
blanks (ultrapure (UP) water and artificial seawater (ASW) amended with DANS) were used to quantify
instrumental and reagent background noise and to determine limits of detection (LOD) and
quantification (LOQ). Filtered seawater and sterile (autoclaved) seawater blanks amended with DANS
were included to assess the influence of matrix treatment on background particle detection. Matched
seawater processed without DANS served as a negative staining control.

To assess method performance in complex natural matrices and evaluate potential interference from
organic matter and biological constituents, spike-recovery experiments were conducted using
commercially available polystyrene (PS) and polyethylene (PE) standard particles. Briefly, stock particle
concentrations were estimated on manufacturer-reported material densities and mean particle
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diameters. PS and PE particles were spiked into UP water, ASW, untreated natural seawater, and
seawater amended with axenic and non-axenic algal cultures across a concentration range of 5.8 x 10%
to 6.4x10° particles mL™ . Axenic monocultures of Gephyrocapsa huxleyi coccolithophores (CCMP 371)
and non-axenic cultures of Tisochrysis lutea (also known as Isochrysis sp. (T-ISO); obtained from NOAA
Milford Laboratory, CT, USA) were grown and sampled as outlined in Supplementary Methods section.

For cross-validation of particle enumeration, MNP samples, including laboratory standards and
environmental samples, were analyzed using the optimized Skittles workflow (Fig. 1) and subsampled
for parallel enumeration by epifluorescence microscopy. For epifluorescence microscopy, 1-5 mL of the
DANS-stained MNP sample was vacuum filtered onto a 0.2 pm black PC filter (Cytiva Marlborough, MA,,
25mm), rinsed with UP water, transferred to a sterilized glass slide, overlaid with a glass cover slide, and
examined immediately by fluorescence microscopy. Imaging of DANS-labeled samples was performed
using an Olympus BX51 upright compound microscope, powered by the X-Cite 120Q fluorescent lamp
(EXCELITAS, Waltham, MA), and equipped with an OLYMPUS DP71 digital camera. A minimum of 75
fields and 200 MNPs were recorded using a wide UV filter with ex 330—-385, Dm 400, and Em 420 for PE,
PP, and PET MNPs and a wide blue filter with ex 450—-480, Dm 500, and Em 520 for PS MNPs.
Enumeration derived from MFCM and epifluorescence microscopy was compared using Type
geometric mean regression in RStudio, which minimizes orthogonal deviations from the fitted line.

Raman spectroscopy was used to cross-validate the chemical composition of particles detected in
environmental samples. Fifty-milliliter subsamples were chemically digested to remove organic material
by combining samples with 150 mL of 10% KOH and incubating for 24 h at 40°C in a shaking incubator.
Following digestion, samples were neutralized with 1 M citric acid and vacuum filtered onto glass fiber
filters (47 mm; 0.7 ym pore size; Whatman Glass/Avantor, Radnor, PA). Filters were wrapped in aluminum
foil for transport and analyzed within 3—5 days. Raman measurements were performed using a Thermo

Fisher Scientific DXR 3 Raman microscope equipped with a 532 nm laser operating at 1-5 mW. Spectra

were collected over the range of 500 to 3000 cm™ ' with a spectral resolution of 1.7 mm™" and an

integration time of 0.5 s per acquisition (32 accumulations). Individual particles were selected manually
from the filter surface for point analysis. Spectral processing, including baseline correction, was
conducted using OMNIC software (version 9.16). Polymer identification was confirmed by comparison to
reference spectra and validated using MNP standards.

Scatter-based particle size determination

Particle size calibration within the Skittles workflow was performed using forward and side scatter
signals measured by flow cytometry. Four PS bead standards with certified mean diameters (0.1, 1, 5,
and 10 pm; Sigma-Aldrich, Darmstadt, Germany; Cospheric LLC, Somis, CA) were used to evaluate
scatter-based particle sizing within the Skittles method. For each size class, approximately 10 pL of
stock suspension was diluted to 2% (v/v) in UP water in autoclaved glass test tubes and stained
following the optimized Skittles protocol (Fig. 1).
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Particle detection was triggered on the V450 and V525 fluorescence channels to select DANS-stained
particles. Flow cytometry event data were exported as CSV files and analyzed in MATLAB. Forward
scatter area (FSC-A) and side scatter area (SSC-A) were extracted for all triggered events. For each bead
size and replicate, scatter distributions were summarized using the geometric mean. Size calibration
was performed using log—log linear regression relating geometric mean scatter intensity to nominal PS
bead diameter, following the form log,4(D) = A + B-log,y(scatter). Separate calibration models were fit for
SSC-A and FSC-A, and equations were applied only within the bead-calibrated size range. Particle sizes
are reported as polystyrene-equivalent diameters. Calibration precision was assessed by calculating
coefficients of variation (CVs) of geometric mean scatter values across replicate measurements.

Environmental Samples

To evaluate the applicability of the optimized methodology to natural field samples, five independent
seawater samples (800-1000 mL) were collected from the subsurface layer (0.3 m depth) at various
locations within the Mississippi Sound (30.3140°N, 89.24319°W; 30.2649°N, 89.18379°W, 30.2052°N,
89.1067°W; 30.2236°N, 89.0607°W; 30.2483°N, 89.2494°W). Samples were collected in 1L autoclaved
glass jars covered with aluminum foil and sealed with PP lids. For each sample, 5 mL subsamples were
filtered through a 20 pm PCTE filter (47 mm; Sterlitech, Auburn, WA, USA). Four samples were processed
and analyzed using the cross-validation framework described above, including enumeration by MFCM
and epifluorescence microscopy. Due to the low abundance of MNPs in environmental samples, MFCM
measurements were conducted at a medium flow rate with a 5-min acquisition time to maximize total
particle detection, rather than targeting an optimal event rate. The remaining sample was processed to
cross-validate polymer composition assignments obtained using the Skittles method with Raman
spectroscopy.

Drinking water samples were also analyzed to evaluate method performance under lower particle
abundance and lower background conditions. Samples were collected through a citizen science
framework, in which volunteers across the Mississippi (MS) and Louisiana (LA) coastal region collected
500 mL water samples from household sources, including direct tap water, home-filtered tap water (e.g.,
pitcher-style activated carbon filtration), or commercially bottled water, using pre-cleaned glass
containers. Samples were subsequently shipped to the laboratory for analysis, enabling evaluation of
method performance under realistic, non-controlled collection conditions and low particle and low
background matrices. Additionally, tap water from three independent locations was analyzed to evaluate
PS particle size distributions.

Light scattering depends on particle refractive index and geometry; size calibration is inherently polymer
and particle shape-dependent. In this study, size calibration was restricted to spherical PS particles due
to the availability of certified bead standards. Accordingly, the calibration curve was only applied to
environmental particles classified as putative PS based on their Skittles fluorescence signature. Event-
level PS bead-equivalent diameters were calculated by applying the SSC-based calibration equation to
fluorescence-triggered particles identified as PS. Events were flagged as within calibration range when
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SSC-A values fell within the minimum and maximum SSC-A values defined by bead size standards,
corresponding to spherical PS particles of diameters 100 - 10,000 nm. Size estimates for events within
this range were considered quantitatively reliable. Events outside the calibration range were retained for
qualitative assessment of size structure but interpreted as extrapolated estimates. All reported sizes are
expressed as PS spherical-equivalent diameters. PS-equivalent size distributions are presented to
evaluate the lower limits at which the Skittles method can resolve particle size structure under low-
abundance conditions. All data processing and statistical analyses were performed in MATLAB
(MathWorks, Natick, MA). For each sampling location and replicate, particle size distributions were
evaluated as Log,y-transformed PS-equivalent diameter space and summarized using non-parametric
statistics to account for skewed size distributions. Kernel density estimates (KDEs) were determined
when event counts were = 20. To assess the internal consistency of staining and detection, fluorescence
intensity was examined as a function of SSC-A for each location.

Use of Artificial Intelligence

During preparation of this manuscript, the authors used ChatGPT (OpenAl) to assist with manuscript
editing and scientific writing. Specifically, ChatGPT was used to improve grammar, readability,
organization, and scientific clarity, and to assist with MATLAB code development for data processing
and visualization. ChatGPT was not used to generate experimental data, perform data analyses, or
independently interpret scientific results. All analyses, code, figures, interpretations, conclusions, and
final editorial decisions were developed, critically reviewed, and approved by the authors, who assume
full responsibility for the accuracy and integrity of the manuscript.

Results and Discussion

Development and Optimization of Skittles Workflow

To optimize DANS staining of MNPs, a range of DANS concentrations (1.38-50 mM) was tested.
Quantitative MFCM analysis exhibited a typical saturation profile with increasing DANS concentration,
consistent with binding site occupancy (Fig. 2a). Notably, the optimal DANS concentration was
dependent on MNP surface area (Fig. 2b). Furthermore, when the stain concentration was optimized
according to the power law equation, MNP concentration had no appreciable effect over the range
tested.

Applying heat during staining had no significant effect on MNP counts obtained from MFCM (3-way
ANOVA, p-value = 0.41). Polystyrene fluorescence intensity, however, was significantly reduced in
unheated samples compared to heated ones (2-sample t-test, p < 0.00) (Fig. 3). Moreover, in heated PS
samples, fluorescence intensity deteriorated significantly over time (36 h; ANOVA; p-value < 0.001);
although signal intensity could be restored by reheating the samples within 1 h of analysis. Heat had no
detectable effect on the fluorescence intensity of the other MNP types tested. Although heating
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significantly increased fluorescence intensity, no measurable shift in SSC distributions or particle
abundance was observed for either PS or PE particles (Fig. 3), indicating that the heating step did not
alter the scatter-based particle characteristics used for enumeration and PS-equivalent size estimation.

Freshly prepared DANS maintained consistent staining performance over the 36-h evaluation period, with
no significant change in particle counts (two-sample one-tailed t-test; p value 0.159). Conversely, the
DANS stock solution showed substantial temporal degradation over the 30 days, evidenced by a
significant alteration in particle counts applied to PS and PE samples (two-sample one-tailed t-test p-
values of <0.001 and 0.040, respectively). This degradation in staining efficiency suggests that
prolonged storage of the DANS stock solution can compromise quantitative MFCM analysis by reducing
signal strength and particle detectability. Accordingly, DANS stock solutions should be prepared fresh
before use.

At high DANS concentrations, evidence of oversaturation (e.g., solid dye particles) was observed from
epifluorescence microscopy. This may result in false positives and lead to overestimating MNP
content*2°6 Filtering DANS stock solution improved epifluorescence visualization of MNP by removing
unbound dye particles but did not affect fluorescence intensity or particle counts obtained by MFCM
(One-way ANOVA, P-value = 0.520 and 0.880, respectively). This is likely due to the peak excitation and
emission wavelengths (740-780 nm) of unbound DANS falling outside of the set detection range for our
MFCM measurements of MNPs.

The final optimized Skittles workflow is outlined in Fig. 1. Briefly, samples were filtered through a 20 ym
PCTE filter (47 mm, STERLITECH, Auburn, WA, USA), stained with 50 pL of 11.6 mM DANS solution,
heated at 80°C for 1 h, shaken vigorously, transferred to a PS round-bottom flow cytometry tube
(Corning, Phoenix, AZ), and analyzed by MFCM using the laser and emission configurations outlined in
Table 2. Application of the optimized workflow enabled simultaneous fluorescence-based discrimination
and enumeration of heterogeneous particle populations representing four polymer types across a
particle size range of approximately 0.2—20 pm within a single analysis (Fig. 4). DANS fluorescence
signatures generated by polarity-dependent shifts in emission spectra enabled discrimination among
particle populations, while scatter measurements provided complementary information on particle size
and morphology. Together, these results demonstrate the ability of the Skittles workflow to characterize
heterogeneous MNP populations exhibiting a range of sizes and morphologies, including fragments,
clumps, and fibers.

Analytical Performance and Method Validation

Blank analyses were conducted to distinguish analytical background from matrix-derived particle signals
and to establish method detection limits for micro- and nano-plastic quantification. Analytical blanks
consisting of ultrapure (UP) water and artificial seawater (ASW) amended with DANS yielded no
detectable events, indicating negligible instrumental and reagent background. In contrast, seawater-
based blanks exhibited detectable DANS-positive particle signals. Filtered and sterile (autoclaved)
seawater blanks yielded signal levels comparable to untreated seawater, indicating that these
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treatments did not substantially reduce DANS-positive particles. Seawater samples processed without
DANS exhibited markedly lower particle counts, demonstrating that detection under the selected trigger
conditions was strongly dependent on DANS staining. Collectively, these results indicate that seawater
blanks represent environmental particle baselines rather than analytical background. Accordingly, no
blank subtraction was applied to reported environmental MNP concentrations. Detection limits were
estimated from Poisson counting statistics, where the 95% upper confidence bound for zero observed
events corresponds to approximately three events, yielding an estimated LOD of ~ 3/V and LOQ of ~
10/V, where V is the analyzed sample volume.

Spike recovery experiments using PS and PE demonstrated high within-run precision for MFCM particle
concentrations, with coefficients of variation (CVs) typically < 4% and an overall mean recovery of 103%.
In the UP water matrix, average CVs of 3.2% and 4.0%, with mean recoveries of 96% and 113% for PS and
PE spikes, respectively. In untreated seawater, average CVs were 3.0% and 15%, with recoveries of 84%
and 97% for PS and PE, respectively. All values fell within commonly accepted method validation criteria
(recoveries of 80-120% and CV = 15%), with particularly strong performance observed for the complex
seawater matrix. No significant differences in polymer counts were observed between ASW and natural
seawater (two-sample t-test, p value = 0.31 for PE and p-value = 0.13 for PS), indicating that dissolved
organic matter and indigenous microorganisms alone had little effect on MNP detection. Conversely,
ASW amended with T. lutea resulted in quantitative recovery of PS (100%) but substantially reduced
recovery of PE (23%). Similarly, ASW amended with G. hux yielded recoveries of 71% for PS and 18% for
PE. These results are consistent with previous studies demonstrating preferential interaction and
removal of PE by algae cells, likely through surface adsorption or aggregation processes®”-°8. Whether
the reduced PE recovery reflects true biological removal, altered optical properties, or matrix-dependent
detection remains unresolved.

Cross-method comparison of MNP laboratory standards in sterile UP water showed strong agreement
between particle concentrations obtained by MFCM and epifluorescence microscopy across the full
range of MNP types, sizes, and concentrations tested (R2 = 0.99; Fig. 5). At the smallest size range
evaluated, corresponding to PET nanoparticles, MFCM yielded higher particle counts than
epifluorescence microscopy, consistent with increased detection of the smallest particles. Collectively,
these observations indicate that MFCM provides precise, accurate, and sensitive quantification of MNP
particles across a broad size range.

Scatter-Based Particle Size Characterization

In addition to particle identification and enumeration, the Skittles workflow was also evaluated for its
ability to differentiate particle size from forward scattering and side scattering signals. In general, side
scatter area (SSC-A) increased monotonically with PS bead size when particle detection was triggered
on the V450 and V525 fluorescence channels (Fig. 6a). Deviations from linearity across the 1-5 pm size
range likely reflect refractive index—dependent scattering and partial saturation of the SSC collection
angle, which redistributes scattered light outside the detector’'s angular acceptance. Accordingly, particle
sizes are reported as PS-equivalent diameters within the bead-calibrated range.
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Replication precision for particle size determination was high, with CVs of the geometric mean SSC-A of
5.6%, 4.0%, 0.9%, and 0.4% for 100, 1000, 5000, and 10,000 nm beads, respectively (Fig. 7, blue line). As
expected, SSC CVs were slightly higher at the smallest size class; however, CVs below 6% at 100 nm are
considered very good for nanoscale flow cytometry. Precision improved markedly with increasing
particle size, indicating that SSC-A provides a robust and reproducible size proxy for plastic particles
measured using the Skittles method.

In contrast, forward scatter area (FSC-A) exhibited a compressed dynamic range and poor discrimination
between 100 nm and 1000 nm PS beads, rendering FSC-A unsuitable as a primary size proxy for the
Skittles method (Fig. 6b).

Application to Environmental Samples

Natural, unaltered seawater collected from multiple locations within the Mississippi Sound (MS Sound)
contained DANS-stained particles at concentrations ranging from 231 to 1,178 particles mL™ ", with a

mean of 762 + 346 particles mL™'. Consistent with results obtained using laboratory standards, cross-
comparison of environmental samples revealed strong agreement between polymer concentrations
measured by MFCM and epifluorescence microscopy (R? = 0.99), supporting the robustness of the
method in complex environmental matrices. Particles exhibiting fluorescence signatures consistent with
the targeted polymer types (PP, PS, PE, and PET) accounted for 83.9 + 8.3% of total DANS-stained
particles. Accordingly, the mean concentration of putative micro- and nano-plastics was 636 + 296
particles mL™ ", equivalent to ~ 6.4 x 102 particles m™ 3. These concentrations are several orders of
magnitude higher than previously reported estimates for microplastics in the Gulf of Mexico that were
restricted to larger particle sizes (0.7-335 pm), which ranged from 6.0 to 15.7 x 10* particles m™ 2. This
discrepancy is anticipated given that the present study spans a substantially broader size range that
includes nano- and submicron-scale particles. Direct field measurements of MNP abundance reported
as particle number remain extremely limited. Recently, ten Hietbrink et al.>” quantified oceanic nano-
plastics by targeting particles <1 pm using TD-PTR-MS following removal of particles larger than 1 pm,
reporting polymer mass concentrations of approximately 1.5-32 mg m™ 2 across the North Atlantic.
Because these measurements report polymer mass rather than particle counts, direct comparison to
number-based estimates is not straightforward. However, conversion of these mass-based
concentrations to particle numbers using plausible assumptions for particle size and density (e.g.,
diameters of ~ 100-1000 nm) yields inferred abundances on the order of ~ 103-10° particles L™ . This
suggests that the MNP concentrations reported here fall within a reasonable range, given the broader
size range (30 nm to 20 pm) and coastal environment of our measurements. Particles exhibiting
fluorescence signatures consistent with PP and PS were the dominant classified particle populations in
MS Sound samples, while PE and PET contributed 9.1 +2.9% and 1.9 + 1.4%, respectively. Although the
prevalence of PP is consistent with reported microplastic distributions across aquatic environments, PS
is typically observed at lower relative abundance (~ 4%), while PE is often the dominant polymer (~ 23%)
in microplastic surveys °8. Raman spectroscopy was used to independently validate MFCM-based

Page 12/26



polymer identification using nearshore water collected at Pass Christian Harbor, showing spectral
features indicative of PS, PE, and PET that were consistent with MFCM classifications (Fig. 8). Moreover,
the relative peak intensity of PS in Raman spectra (Fig. 8b) suggested PS dominance at this site, in
agreement with MFCM measurements. Cross-validation between MFCM, epifluorescence microscopy,
and Raman spectroscopy underscores the reliability of this methodology for fluorescence-based
polymer discrimination and enumeration. The successful application of Skittles to natural seawater
demonstrates that the workflow is applicable to environmentally weathered particle assemblages.
Future studies incorporating controlled weathering experiments will help determine how particle aging
influences fluorescence signatures and analytical performance across polymer types.

Water samples collected across MS and LA through a citizen science framework exhibited a wide range
of DANS-stained particle concentrations, with mean values ranging from 12.7 mL™ " (Glacéau®
Smartwater) to 94.7 mL™ " (tap water from New Orleans, LA). These results demonstrate the sensitivity
of the method for detecting low concentrations of MNPs in drinking water matrices. Particles classified
as the targeted polymer types accounted for an average of 72.5 + 25.6% of total DANS-stained particles.
Among identified polymers, PP contributed the largest mean fraction (35.3 + 25.3%), followed by PET
(9.3%+11.3%), PE (7.8 £13.6%), and PS (6.5 + 12.6%). Polymer distributions observed in our drinking
water samples align with broad trends recently reported®®¢°. Estimated particle concentrations, however,
were two to three orders of magnitude higher than the pooled mean value of 56.98 particles L™ ! reported
for micro-plastics in tap water based largely on measurements obtained from microscopy, Raman, and
FTIR analyses. That pooled estimate largely reflects studies focused on particles > 10 um, with few
extending measurements to < 1 pm (i.e., 2 out of 30 studies). As particle abundance is generally thought
to increase with decreasing size in environmental systems, inclusion of smaller micro- and nano-plastic
size fractions is expected to increase reported particle concentrations.

SSC-based PS spherical-equivalent particle size distributions spanned approximately two to three orders
of magnitude across all samples (Fig. 9a). The locations varied in their geometric mean particle
diameter (GMD), with Gulfport having the smallest particles (84 nm; GSD = 10) and Ocean Springs the
largest (605 nm; GSD = 18) (Table S1). Quantitative size inference was restricted to the bead-calibrated
SSC range (100 - 10,000 nm), which encompassed 25-67% of detected events depending on sampling
location. Fluorescence intensity scaled linearly with side scatter across all samples (Fig. 9b), indicating
coherent staining of particle populations across the entire size spectrum. Although only a subset of
events fell within the bead-calibrated SSC range, the preserved fluorescence—scatter relationship
suggests that out-of-range events represent real particles extending beyond the current calibration
domain rather than background or noise. Thus, quantitative size inference was limited by the density of
bead calibration coverage relative to the observed SSC range, rather than by particle detection or
fluorescence classification. Improved quantitative size resolution will require bead calibration ladders
that more densely bracket the SSC domain occupied by fluorescence-classified particles, particularly
within the nanoscale size range. In addition, reliable characterization of particle size distributions
requires sufficient event counts; based on this analysis, a minimum of ~ 50 events per polymer type is
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recommended to support stable summary statistics and density-based analyses. Finally, extension of
size characterization to additional polymers will require polymer-specific bead standards matched in
both material and size range.

Conclusion

Various methodologies have been developed to identify and quantify plastic polymers in aquatic
environments, including dye-based approaches®®37 and analytical instruments 167763, However, none
are capable of simultaneously detecting both micro- and nano-plastic-sized particles, and

47,61

comprehensive MNP characterization typically requires the use of multiple instruments®’®", increasing

cost, analysis time, and the risk of cross-contamination326463_|n this study, we developed and optimized
a high-throughput workflow for the enumeration, fluorescence-based discrimination, and size
characterization of micro- and nano-plastics in aquatic samples by combining DANS-based polymer
labeling with multicolor flow cytometry. This single-instrument approach enables characterization of
MNPs in complex aqueous matrices while reducing sample handling and analysis time and extending
analytical capability across the nano- to micro-size range. By integrating particle enumeration,
fluorescence-based discrimination, and PS-equivalent size characterization within a single workflow,
Skittles provides a practical platform for high-throughput characterization of micro- and nano-plastics in
aquatic environments. The current implementation targets four environmentally abundant polymer
classes and reports PS-equivalent particle sizes based on scatter calibration. Future work will focus on
expanding the polymer reference library, extending scatter calibration to additional polymer types, and
evaluating performance across a broader range of environmental matrices. These developments will
further broaden the applicability of Skittles as a flexible platform for high-throughput micro- and nano-
plastic characterization.
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Basic workflow of MNP preparation and analysis in a liquid medium using the Skittles method.
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Figure 2

Optimization of DANS labeling for MNP detection by MFCM. (a) Representative plot (PS shown) illustrating
a typical saturation profile of MNPs detected as a function of DANS concentration. The dashed line
indicates the target detection threshold, with percent recovery estimated from material density and
manufacturer-provided mean particle diameter. (b) Optimal DANS concentration required to achieve target
detection, shown as a function of MNP surface area. (c) MNP particle concentrations detected by FCM as a
function of the volume of MNP stock solution added, using optimal DANS concentration.
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Effect of heating on the optical properties of DANS-stained micro- and nano-plastics. Representative
multicolor flow cytometry density plots of (A) polystyrene (PS) and (B) polyethylene (PE) particles
following staining with DANS under heated (80 °C, 1 h) and unheated conditions. Fluorescence intensity
(V525/50) is plotted against side scatter (SSC). Heating substantially increased PS fluorescence
intensity while producing no detectable shift in SSC distributions for either polymer, indicating that the
heating step enhanced staining efficiency without measurably altering the scatter-based particle
characteristics used for enumeration and PS-equivalent size estimation.
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Figure 4

Visualization and enumeration of micro- and nano-plastics (MNPs) using (a) multi-color flow cytometry
(MFCM) and (b) epifluorescence microscopy. (a) Representative MFCM dot plot of a mixed MNP sample
suspended in UP water, showing separation of different plastic types based on fluorescence emission at
575 nm (488 nm excitation, B) and 525 nm (405 nm excitation, V). (b) Epifluorescence microscopy
images demonstrating the functionality of DANS staining in distinguishing MNP composition via
emission spectrum shifts under 405 nm excitation. Differences in MNP morphology (e.g., shape and
structure) are also evident.
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Figure 5

Linear regression of log-transformed particle counts obtained from MFCM and epifluorescence microscopy
of PS (4.8-5.8 um), PE (0.2-9.8 um), PP (> 20 um), and PET (< 0.2 um) at varying concentrations in UP water.

The dotted line indicates the overall fit of the regression for MNP measurements (R? = 0.99).

Page 23/26



4.0 T T T T T T g T T ¥ L T

lngmi D)= -3.450 + 2383 IngwlSS(‘nM 4 log, (D V= -31.519+ 39013 IngthS{'vM

L R = 0.660 - R*=0519

PS bead diameter ( x10° nm)

0.0

20 4040 QLY EOO0 1000 1200 1400 1600 30 40 50 L] 70 &0 90

SSC-A FSC-A
Figure 6

Polystyrene (PS) bead size calibration. (a) SSC-A—based calibration plotted in log—log space using replicate
geometric mean SSC-A values and the fitted regression used to convert scatter to PS-equivalent diameter.
Shaded region denotes the 95% confidence interval of the mean regression. (b) FSC-A-based calibration
plotted in log—log space and included for comparison only; FSC-A exhibits a compressed dynamic range
and poor discrimination between 100 and 1000 nm beads, demonstrating that FSC-A is not a suitable
primary size proxy for the Skittles method.
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Figure 7

Coefficients of variation (CVs) of geometric mean SSC-A and FSC-A across replicate measurements for
polystyrene bead size standards. SSC-A shows consistently low variability across sizes, whereas FSC-A
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exhibits reduced sensitivity at smaller particle sizes.
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Figure 8

MFCM Bivariate cytogram (top) and Raman wavelength shifts (right) of DANS-stained aquatic samples
from Pass Christian Station Harbor area on the MS coast, along with Raman wavelength shifts from
reference MNPs. (middle).
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Figure 9

Evaluation of side scatter (SSC)-based PS spherical-equivalent size determination for putative polystyrene
(PS) particles detected in tap water samples collected along the Mississippi Gulf Coast: Bay St. Louis (BSL;
N=79; left), Gulfport (GP; N=49; center), and Ocean Springs (0S; N=18; right). Quantitative size inference
was restricted to events within the bead-calibrated SSC range corresponding to spherical PS particles with
diameters of 100-10,000 nm (bounds indicated by dotted lines). (a) SSC-based PS spherical-equivalent size
distributions are shown for all detected events (blue) and for the subset of calibration-bounded events
(orange). Kernel density estimates (KDEs) are shown only for datasets with N = 20. (b) Fluorescence
intensity plotted as a function of SSC-A, demonstrating a linear relationship across all samples and
indicating coherent fluorescence staining of PS particle populations spanning a continuous size spectrum.
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