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Abstract

Microplastics (MPs) are synthetic environmental pollutants increasingly linked to adverse human
health effects. To study their biological impact, researchers require access to environmentally relevant
MPs that can be accurately tracked in biological systems. However, most ambient MPs are composed
of non-conjugated polymers that lack intrinsic fluorescence, limiting their utility in live-cell or in vivo
imaging. To address this challenge, we present two alternative labeling approaches that enable
visualization, distribution tracking, and quantification of MPs. First, we stained nylon and
polypropylene MPs with Rhodamine 6G, a fluorescent dye known for its stability and compatibility
with in vivo applications. These labeled MPs retained strong fluorescence in murine lung tissue for
up to one week, as confirmed by fluorescent microscopy. Second, we conjugated aminated
polystyrene microspheres with IRDye 800CW, a near-infrared fluorophore that reduces tissue
autofluorescence and enables high-resolution imaging via IVIS and confocal microscopy. In vivo
experiments revealed organ-specific accumulation of IRDye-labeled MPs, with a 2.8-fold increase in
the liver and a 5-fold increase in the spleen compared to controls, detectable up to 72 hours post-
injection. These labeling strategies provide researchers with practical tools to visualize and study the
biodistribution of MPs in biological systems, advancing efforts to understand their health
implications.

Keywords: microplastics; fluorescence; in vivo imaging; microscopy; nylon; polypropylene;
polystyrene

1. Introduction

Microplastics (MPs) are particles smaller than 5mm (as defined by US Environmental protection
agency[1], and are pervasive in our environment[2-8]. The impact of MPs on human health is now
drawing greater attention, and in 2022 the World Health Organization published a report outlining
the potential implications of exposure[9]. However, the field of research into the physiologic effects
of exposures is burgeoning and there is an urgent need for plastic particles that: (1) accurately
represent environmental exposures, and (2) can be visualized with commonly available scientific
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equipment. Currently, the most readily available MP (and often used) are polystyrene nanospheres
which are expensive and challenging to visualize in human and animal tissues. Crucially,
nanospheres are morphologically not representative of environmental pollutant MPs, which typically
have rough edges and heterogeneous size distributions. In addition, polystyrene is only one type of
plastic typically found in the environment (mostly originating from food packaging). The other
common pollutants, e.g., polypropylene (bottles, packaging) and polyamide (nylon, clothing) lack
commercially available fluorescent variants [10-12].

Currently available techniques for identifying plastic in tissue primarily distinguish synthetic
particles from organic and mineral matter while providing some insight into their morphology.
Among these, electron microscopy and spectroscopy are commonly used. While spectroscopy,
particularly Raman and Fournier transmitted infrared spectroscopy, have been partially effective in
identifying MPs in human tissue [13,14], several challenges make generalizing these methods
impractical and poorly reproducible, significantly hampering progress in the research
community[15].

Fluorescence microscopy has proven useful for visualizing MP uptake and localization in
biological systems[16]. For example, the use of Nile Red dye staining, classically used as a lipid
droplet stain[17], when combined with fluorescence microscopy enhances MP detection because the
dye selectively binds hydrophobic polymer surfaces and to some degree allows quantification[18].
Unfortunately, since Nile Red binds to MPs with hydrophobic interactions, it can unbind from MPs
in vivo and transfer to lipids due to a stronger affinity. This leads to inaccurate data when using lipid-
rich in vitro and in vivo models to investigate the distribution and physiological effects of MPs. Other
commonly available fluorescent particles can wash out over time, are not readily quantifiable, or do
not transmit at a wavelength that is picked up with commonly available equipment (e.g., In-Vitro
Imaging System, or IVIS Lumina). Finally, Nile Red is not readily detectable in deep tissues, making
in vivo studies that localize or track distribution of MPs difficult.

Here, we present methods that use Rhodamine 6G and IRDye 300 to stain polypropylene, nylon,
and polystyrene, addressing some of these limitations. This approach enables long-lasting staining
and reliable detection of MPs in biological tissues using fluorescence microscopy and in vivo imaging
platforms.

2. Materials and Methods

2.1. Aims

This study aims to address critical limitations in the visualization and tracking of MPs in
laboratory settings in biological systems by developing novel fluorescent labeling methods.
Specifically, we seek to develop and optimize fluorescent staining protocols using Rhodamine 6G
(Millipore Sigma, St. Louis, MO, USA) for polypropylene and nylon MPs and IRDye® 800CW NHS
Ester (LI-COR Biosciences, Lincoln, NE, USA; Cat. #929-70020) conjugated to polystyrene MPs. We
aimed to validate the fluorescent staining of labeled MPs using in vivo models and detecting them
using accessible imaging platforms.

2.2. Plastics

Nylon (polyamide 66; 19um diameter, AM32-FB-000120) and polypropylene fibers (28um
diameter, PP30-FB-000147) were purchased from Goodfellow Corporation (Pittsburgh, PA, USA).
Aminated polystyrene (PS) microspheres (Spherotech Inc. Lake Forest, IL, USA) were obtained in
sizes ranging from 1-1.4um diameter and were supplied in a 5.0% w/v suspension.

2.3. Rhodamine 6G Staining and Microplastic Preparation

Rhodamine 6G (Millipore Sigma, St. Louis, MO, USA) was selected as the fluorescent stain for
nylon and polypropylene fiber labeling due to its optimal combination of spectroscopic and practical
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properties for biological applications, as previously reported[19]. When excited at 488 nm the dye
emits red light (Aem ~ 548 nm), well outside the typical cellular autofluorescence range (200-450 nm).
Rhodamine 6G possesses a remarkably high fluorescence quantum yield (0.95) and exceptional
photostability, ensuring bright and consistent fluorescence signals without significant
photobleaching or endogenous fluorescence interference. The dye demonstrates fluorescent stability
under physiological pH, and is widely known for its excellent biocompatibility, making Rhodamine
6G suitable for studies involving biological systems[20].

For fluorescent visualization, plastic fibers were stained using a standardized Rhodamine 6G
protocol. Cutting the polypropylene and nylon to micron size was by a method adapted from Cole,
which has proven to be straightforward and reproducible[21]. In this approach, commercially
available plastic fibers on a spool are wrapped around a platform with two rust-proof metal posts
(all steps are shown in Supplementary Figure 1). This is submerged in an acetone dye bath containing
10g/L Rhodamine 6G for 24 hours at room temperature to ensure sufficient dye penetration.
Following staining, samples undergo thorough rinsing with acetone followed by deionized water to
remove surface-bound dye. The freshly dyed fibers are then submerged in water for 72 hours with
daily water changes to allow excess dye to leach out, ensuring that only dye incorporated into the
polymer matrix remains.

The fibers are then imbedded in Optimal Cutting Temperature (OCT) compound (Scigen US,
Paramount, CA, USA), frozen at -80 °C, and then cut into smaller segments before being assembled
into a single block. This block is subsequently sectioned into microparticles using a cryotome,
allowing control over particle size. This technique has been successfully applied in several
publications and has consistently yielded reliable results in our own work[22-24]. Size analysis using
Scanning Electron Microscopy (Hitachi SU1000 Flex SEM 490-1) indicates variation in size that should
be accounted for experimentally if choosing the 1-, 5- or 10-micron thickness settings (Figure 1,
Supplementary Figure 2 and Table 1). Size analysis was performed by measuring the dimensions of
50 microplastic particles from high resolution scanning electron microscopy images. Measurements
from two independent observers were averaged to yield a consensus value. The resulting dataset was
then subjected to descriptive statistical analysis, including median, percentiles and range. Size
measurements were calculated using image] software (National Institutes of Health, Bethesda, MD,
USA) and descriptive statistical analysis was conducted and graphed using GraphPad Prism version
10.4.1 (GraphPad Software, San Diego, CA, USA). Rhodamine-stained MPs were visualized using
fluorescent microscopy (Keyence BZ-X700).

Table 1. Size Distribution of Cryotome-Sectioned Microplastic Particles at Different Thickness Settings.

Microtome setting 10 um 5 um 1um
Minimum (pm) 8.66 4.06 112
25% percentile (um) 10.93 6.13 2.28
Median (pum) 14.16 7.16 2.95
75% percentile (pm) 16.77 8.68 4.04
Maximum (um) 26.62 13.68 9.12
Range (um) 17.97 9.61 8.00
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Figure 1. (A) Scanning electron micrographs (SEM) of nylon microplastic fibers sectioned with a cryotome at a

10um setting. (B) Whisker plot showing size distribution of plastics cut in the 10, 5, and 1um settings.

IRDye conjugation with polystyrene

We conjugated IRDye® 800CW NHS Ester (LI-COR Biosciences, Lincoln, NE, USA; Cat. #929-
70020) to 1 um amine-functionalized polystyrene spheres. IRDye 800CW is a near-infrared dye
classically used to label antibodies for Western blotting, protein assays, and molecular activity
measurements. IRDye 800CW contains a reactive N-hydroxysuccinimide (NHS) ester group which
allows it to be conjugated to primary or secondary amines.

The amine-functionalized beads were first washed and buffer-exchanged into a bicarbonate
buffer (pH 8.3). The IRDye 800CW was then added to the washed beads and incubated at room
temperature for two hours. Following incubation, the excess dye was removed, and the beads were
washed three times with PBS using 100kDa spin columns (centrifuged at 10,000 x g for 10 minutes).
The dyed beads can be stored at 4°C for up to two weeks, after which there is significant degradation
of the fluorescent signal. IRDye conjugated PS-MPs were visualized using Confocal microscopy
(Olympus Evident FV4000).

2.4. Visualizing MPs In-Vivo

Nylon and Polypropylene MPs were placed in a 5 mL Eppendorf tube and sterilized in in a
Stericycle autoclave at 121°C for 30 minutes, followed by a 30-minute drying cycle. All animal
procedures were approved by the Institutional Animal Care and Use Committee under protocol
#A24-146. To evaluate Rhodamine 6G labeling in-vivo, Rhodamine-stained polypropylene and nylon
MP fibers were instilled intratracheally into C57BL/6 mice (Charles River Laboratories, Wilmington,
MA, USA). One-week post-instillation, animals were sacrificed, lungs were harvested, and tissue
sections were prepared for microscopy to assess the presence of microplastics via fluorescent
microscopy. To evaluate IRDye labeling in-vivo, IRDye® 800CW-labeled aminated PS microspheres
were injected into the tail vein of C57BL/6 mice (3x108 particles, approximately 6 mg/kg; n=6, in 100uL
solution). Control groups received 100uL of 17.2 uM IRDye-saline solution (n=2) or 100uL saline
(n=2). The concentration of free IRDye used in control groups (17.2 uM) was selected to approximate
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the amount of dye conjugated to polystyrene beads in experimental formulations, based on an
estimated 10% conjugation efficiency. Whole-body imaging was performed using an in vivo imaging
system (IVIS; PerkinElmer, Waltham, MA, USA) at 0-, 24-, 48-, and 72-hours post-injection.
Fluorescent signals were acquired and analyzed using Living Image software (version 4.1
PerkinElmer). After 72 hours, mice were then euthanized, organs harvested, and ex-vivo imaging
and histological analyses were conducted. Statistical comparisons of ex vivo fluorescent signal and
organ flux were performed using two-way ANOVA followed by Tukey’s post hoc test, conducted
using GraphPad Prism version 10.4.1 (GraphPad Software, San Diego, CA, USA). A p-value < 0.05
was considered statistically significant.

All tissues were fixed in 10% neutral buffered formalin for 24-48 hours, flash frozen, and
embedded in OCT compound. Sections were prepared using a cryostat and visualized using confocal
(Olympus Evident FV4000), fluorescent, brightfield, or polarized light microscopy. IRDye-labeled
polystyrene beads were imaged using the confocal microscope under the IRDye 800CW channel,
while Rhodamine 6G-stained polypropylene and nylon MPs were visualized using a Keyence BZ-
X700 microscope under the TRITC channel. A board-certified veterinary pathologist performed
blinded histopathologic evaluation of the lung tissue.

2.5. Flow Cytometry

Unstained and Rhodamine 6G-stained nylon fibers (10um) were mixed and suspended in
phosphate-buffered saline. The suspension was filtered through a 40pum membrane to remove larger
particulate and prevent instrument clogging. Data was acquired using a BD FACSCanto 1II flow
cytometer. Rhodamine 6G fluorescence was detected using the PE channel, as its excitation and
emission spectra closely align with the spectral parameters of this filter. This alignment enables
optimal signal detection and minimizes spectral overlap. Gating and analysis were performed using
Floreada.io.

3. Results

3.1. Nylon and Polypropylene with Rhodamine 6G

Under fluorescent microscopy Rhodamine 6G-stained nylon (Figure 2) and polypropylene MPs
(Supplementary Figure 3) exhibited strong fluorescence in the TRITC channel. Notably, the
fluorescent signal remained strong even after 4 weeks of storage at 4 °C in the dark, allowing for the
preparation of MPs well in advance of in-vitro or in-vivo experiments. Since there are no in-vitro
replicas of the complex environment that MPs encounter in live biological systems, the definitive
assessment of fluorescence stability requires in-vivo testing. Therefore, we evaluated fluorescence
persistence in live mice. Rhodamine-stained nylon MPs exhibited robust fluorescence one week after
intratracheal instillation (Figure 3). Rhodamine-stained polypropylene demonstrated robust
fluorescence similarly one day after intratracheal instillation (Supplementary Figure 4). These results
confirm that the rhodamine dye remains encapsulated within the polymer matrix and does not leach
into the surrounding tissue.
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Figure 2. Representative images of Rhodamine 6G-stained nylon microplastic fibers sectioned at 5um thickness

X

and visualized under different magnifications. Panels A, B, and C correspond to 4x, 10x, and 40x magnification,
respectively. Each row displays brightfield (left), fluorescence (middle), and overlay (right) images. Fluorescence

imaging was performed using the TRITC channel on a Keyence BZ-X700 microscope.

Figure 3. Representative micrographs illustrating the distribution of 5um rhodamine nylon fibers in mouse lung
tissue post intratracheal administration. Panels A, B, and C correspond to 4x, 10x, and 40x magnification,
respectively. Each row displays brightfield (left), fluorescence (middle), and merged (right) images. Fluorescence
imaging was performed using the TRITC channel on a Keyence BZ-X700 microscope, confirming strong and

stable Rhodamine 6G signal after 1 week in a live mouse.
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To explore complementary detection methods, we evaluated polarized light microscopy for
identifying nylon MPs in tissue sections. In hematoxylin and eosin stained sections of mouse lungs,
we observed bright, birefringent particles of nylon MPs under polarized illumination (Figure 4).

Figure 4. Hematoxylin and eosin stained lung section captured at 20x magnification, showing birefringent

particles under polarized light in different settings.

For quantitative analysis, we evaluated the rhodamine-labeled nylon MPs using flow cytometry.
Rhodamine-stained MPs showed dramatically enhanced fluorescence compared to unstained nylon
fibers (Figure 5), with 84% of particles detected as fluorescence-positive versus 0.84% in unstained
controls. This 100-fold improvement demonstrates the effectiveness rhodamine staining for
cytometric quantification of MP exposure and systemic distribution.
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Figure 5. Flow cytometry was used to assess fluorescence intensity in 5um nylon MPs with and without
Rhodamine staining. Left panels (A,C) show FSC-A vs SSC-A plots used to define the particle population. Right
panels (B, D) display SSC-A vs PE-A fluorescence plots, with gated regions indicating fluorescent particles.
Rhodamine staining resulted in a marked increase in PE* particles (84%) (D) compared to unstained controls (C,
0.84%).

3.2. Polystyrene with IRDye 800CW

The polystyrene MPs were successfully conjugated to the IRDye, resulting in strong fluorescent
signals with the IVIS and confocal microscopy (Figure 6). When the dyed particles were injected
intravenously into mice, the IVIS showed consistently higher fluorescence in the experimental mice
compared to saline controls, and increased abdominal localization compared to free dye controls.
Notably, abdominal accumulation in experimental mice was detected as early as 15 minutes post-
injection with fluorescence remaining strong for the full 72-hour period (Figure 7). Ex-vivo imaging
of mouse organs revealed a 2.8-fold increase in liver fluorescence (p = 0.0006) compared to saline
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control when measuring total flux through the organs. There was a 5-fold increase in spleen
fluorescence (p = 0.045) compared to saline control when the flux was normalized to organ weight
(Figure 8). Confocal microscopy of organ sections (Figure 9) confirmed the IVIS findings of MPs in
both the liver and spleen of experimental animals while also being located in the lungs, highlighting
the ability to use near-infrared dyes to label MPs for detection and tracking in vivo.
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Figure 6. The left panel (A) shows 40x confocal microscopy images of 1um IRDye-labeled polystyrene spheres.
The right panel (B) demonstrates strong signal from the IRDye labeled spheres in IVIS system using 745 and
excitation in the ICG channel.
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Figure 7. Representative images acquired using the IVIS Spectrum system (ICR 745 channel) following tail vein
injection showing (A) live in vivo imaging of mice infused with (n=6) 3 x 10® IRDye-labeled polystyrene (PS)
microplastics (MPs), free dye (n=6), or saline control (n=2) on the left panel and (B) Fluorescent imaging of Ex-
vivo extracted whole organs with representative color scale. Free dye control exhibited diffuse whole-body

fluorescence on day 0 followed by a rapid decrease on day 1 and 2 indicating excretion of free dye. Mice injected
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with PS-MPs exhibited robust signal corresponding to the abdominal region compared to saline control and
remained strong even on day 3 indicating successful IRDye-PS MP capture and fluorescence. Ex-vivo liver

demonstrates the highest signal in the PS-MP group.
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Figure 8. Bar graphs summarizing (A) ex-vivo fluorescence signal intensity in major organs collected on post-
injection day 3. (B) When normalized by weight, the spleen demonstrated statistically significant signal in the

IRDye labelled MPs compared to saline control.

Figure 9. Confocal fluorescence microscopy (40x) showing IRDye-labeled Microplastics (red) within mouse (A)
liver, (B) spleen, and (C) lung tissue. Green autofluorescence highlights native tissue architecture.
Corresponding hematoxylin and eosin-stained sections (D-F) are shown below each confocal image. To note

these sections do not correspond to the same tissue section above (red arrows denote Microplastics).

4. Discussion

We demonstrate that Rhodamine 6G is a highly effective fluorescent label for nylon and
polypropylene MPs, exhibiting strong and stable fluorescence in aqueous environments and under
relevant biological conditions. By using acetone as a swelling agent, we enable rhodamine molecules
to penetrate and become physically entrapped within the polymer matrix rather than merely coating
the surface. This intercalation mechanism provides several critical advantages: (1) the dye cannot
readily dissociate in biological environments since it's sterically trapped within the polymer network,
(2) the fluorophore is protected from enzymatic degradation and pH fluctuations that would affect
surface-bound dyes, and (3) the labeling is permanent for the experimental timeframe, as
demonstrated by our week-long in vivo stability. The dye’s quantum yield of 0.8-1 in water and
ethanol, and exceptional photostability enabled reliable visualization of MPs both in-vitro and in-
vivo, with detectable signals persisting 1-week post-instillation [25-27]. In contrast, Nile Red, while
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showing respectable quantum yields around 0.7 in nonpolar environments, experiences a dramatic
drop to as low as 0.02 in water-based solutions[28]. This quenching effect significantly reduces its
fluorescent capabilities in aqueous environments. Given that cellular and organ systems are water-
based, the superior performance of rhodamine dyes in such polar environments makes them more
suitable for biological imaging applications and correlate positively with our findings.

The cryosectioning approach maintains the irregular morphology characteristic of environmental
MPs. Unlike commercial spherical particles or chemical synthesis methods that produce uniform shapes,
our method generates fragments with rough edges and varied aspect ratios (as shown in our SEM data)
that better simulate real-world MP particles. This morphological authenticity is essential for accurately
studying cellular uptake mechanisms, tissue penetration, and inflammatory responses, as particle shape
significantly influences biological interactions. Meanwhile, quantitative reliability is essential for dose-
response studies, biodistribution analyses, and risk assessment models.

We also demonstrated the feasibility of using polarized light to detect MPs under microscopy. This
is beneficial as polarized light is a readily available feature on most pathology microscopes and has been
used in environmental and biomedical studies to identify birefringent polymer particles[29,30]. Several in
vivo mice studies have demonstrated the utility of this technique for visualizing ingested and inhaled
MPs within tissues[31,32], although confirmation with chemical identification methods is generally
recommended to ensure specificity. These findings suggest that polarized light microscopy may serve
as a rapid, low-cost adjunctive method for initial screening of tissue sections, particularly in laboratories
without immediate access to advanced imaging or spectroscopy platforms.

While Nile Red has been widely used in flow cytometry for microplastic quantification with
appreciable efficiency[33], its poor water solubility and tendency to form aggregates presented
significant analytical challenges. These aggregates often overlap with the signal from dispersed MPs,
creating a continuum of background noise that complicates gating and reduces quantification
accuracy. Even with methodological improvements, studies have reported persistent background
signals from Nile Red aggregates in blank samples, highlighting the limitations of Nile Red in
aqueous systems[34]. Our findings of 84% of nylon microplastics being stained and detected using
flow cytometry confirm the robustness of Rhodamine 6G labeling, offering an additional
reproducible and analytically sound method for MP exposure analysis.

The In Vivo Imaging System (IVIS) is an optical imaging system that uses a highly sensitive
camera to detect bioluminescent and fluorescent signals, enabling non-invasive visualization and
quantification of biological activity inside animals. This system is commonly used to track disease
progression, gene expression, and therapeutic efficacy in the same animal over time. Despite its high
sensitivity, several challenges exist with using the IVIS for in-vivo tracking of MPs. First, fluorophores
that emit at visible wavelengths (400-550 nm) tend to overlap with autofluorescence signals from
skin, fur, blood, liver, and the gastrointestinal tract. Autofluorescence drops off at wavelengths
greater than 650 nm[35]. As such, using the IVIS for in vivo fluorescence detection requires
fluorophores that emit outside of this range. A second challenge is that tissues tend to absorb and
scatter fluorescent signals, preventing them from being detected with the IVIS camera. To minimize
tissue absorbance and scattering, fluorophores with longer excitation and emission wavelengths are
ideal. Near-infrared dyes are especially useful for IVIS applications because they have high tissue
penetrance and reduced overlap with autofluorescence signals[35-37].

Considering these limitations, IRDye 800CW was chosen for our experiments due to its near-
infrared excitation/emission spectrum and ease of conjugation to particles containing free amine
groups. The conjugated IRDye 800CW-PS MPs exhibited robust fluorescent signal in the IVIS,
overcoming the challenges described above. The IRDye labeled polystyrene facilitated deep tissue
imaging and revealed organ-specific accumulation. This has major benefits as a non-invasive method
to longitudinally monitor MP distribution in live animals. We believe this is the first report of
successful conjugation of IRDye 800CW to MPs for in-vivo imaging. More importantly, the
conjugation process is straightforward and can be performed using cheap, readily available
instruments, making this approach highly accessible for in vivo imaging studies.
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5. Conclusions

The principle of solvent-induced swelling for dye incorporation can be adapted to virtually any
synthetic polymer by selecting appropriate swelling solvents. This versatility enables researchers to
create fluorescent versions of specific MPs relevant to their local environmental contamination
profiles or exposure scenarios. The simplicity and low cost of our protocol democratizes MP research.
The entire rhodamine labeling process requires only basic laboratory equipment (cryostat, standard
solvents, and rhodamine dye) while allowing it to be expanded to other plastic subtypes. Similarly,
the IRDye conjugation method can technically be done in any lab setting and applied to any plastics
that have a free amine group. Laboratories with basic histological capabilities can complete the
labeling process within several days, enabling rapid production of customized MPs. These methods
unlock previously inaccessible research avenues such as chronic exposure studies, translocation
tracking across biological barriers, multiplexed polymer-specific biodistribution studies, and high-
throughput screening of interventions. All in all, Our approach combines robust fluorescent labeling,
near-infrared imaging, and simple optical techniques which provides standardized, reproducible,
and inexpensive methods that could facilitate inter-laboratory comparisons and meta-analyses,
ultimately contributing to evidence-based policy decisions regarding plastic pollution.
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