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ABSTRACT: The ubiquitous presence of microplastics in the environment makes
it imperative to understand their effects. In particular, we must understand
exposure, i.e., how many microplastics are ingested by organisms. This has proved
difficult because counting microplastics in an organism’s gut content provides only
a snapshot in time. Here, we show a method that uses a digestible fluorescent
coating (DFC) to quantify cumulative microplastic ingestion. Our method enables
precise and automated enumeration of cumulative microplastic ingestion with the
flexibility to track different microplastic types and sizes with distinct fluorescent
tracers. We confirm the coating is not acutely toxic and is not preferentially
ingested by several invertebrate species. This method provides a unique and
reliable approach to quantify cumulative microplastic ingestion in laboratory
exposure studies, and can be used to advance our understanding of the impact of microplastics to wildlife.

■ INTRODUCTION

Emissions of plastic waste to aquatic1,2 and terrestrial3

ecosystems is a growing concern. In particular, microplastics
(particles <5 mm in size) are recognized as a global concern,4,5

and have been extensively studied in recent years. Micro-
plastics interact with a wide range of organisms6,7 either
directly, via dermal contact or ingestion,8 or indirectly, via
trophic transfer9 (where microplastics outside of an organism’s
typical prey size are consumed because they have been
previously ingested by or attached to their typical prey). Their
impact on ecosystems can be twofold. Microplastics can adhere
to, and be ingested by, organisms, and have the potential to
cause harmful physical effects including internal abrasions,
blockages, translocation throughout the body and inflamma-
tion.2 Microplastics can also be a source of hazardous
chemicals from their production10 or via sorption of priority
pollutants,11,12 and a source of microorganisms.13 To fully
assess the impact that microplastics will have on biota, it is
critical to be able to measure exposure, including the amount
of microplastics that are ingested.
Though existing enumeration techniques (e.g. counting

micro-plastics in the gut and/or feces or subsampling the
exposure water,6,14−18) determine the amount of plastics
ingested at a given time point, they cannot easily be adapted to
accurately quantify cumulative ingestion. However, visual
sorting of the exposure vessel (e.g. beaker or tank) to identify
plastics in fecal pellets does provide a cumulative measure of
ingestion over the exposure period. Nevertheless, this approach
suffers from its own key limitations: (1) microplastics that pass
through the digestive tract without being encased in a fecal

pellet are not counted; (2) microplastics on the surface of
animals or fecal pellets can be misidentified as ingested; and
(3) manually identifying and counting is labor intensive,
operator-dependent and susceptible to error, particularly for
studies with smaller organisms (<1 mm) and small plastics
(<100 μm) where washing to remove attached plastics is not
practical.
To address these limitations and accurately quantify

cumulative microplastic ingestion, we developed a method
that coats plastic particles with a digestible fluorophore-
conjugated protein that is removed from microplastics upon
passing through the digestive tract of an organism. We
functionalized the microplastics with biotinylated molecules,
onto which we bound avidin−fluorophore conjugates. When
an organism ingests microplastics with a digestible fluorescent
coating the peptide bonds in the protein coating are
hydrolyzed by proteases in the gut, and the attached
fluorophore is released allowing identification by loss of
fluorescence. Our method is compatible with different plastic
types and sizes, under varying water quality parameters, and
with different species. We demonstrate proof-of-concept with
four lower trophic level invertebrates with varying feeding
strategies and different native habitats, including freshwater
Daphnia magna and saltwater Artemia salina, Tigriopus
californicus and Tisbe biminiensis.
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■ MATERIALS AND METHODS

Digestible Fluorescent Coating Preparation. Coated
microplastics were prepared by functionalizing the micro-
plastics (various plastic types, sizes and shapes) with biotin
(Figure 1A) by exposure to oxygen plasma for 6 min to create
surface carboxyl groups. Subsequently, amine-terminated
biotin (poly(ethylene glycol) 2-aminoethyl ether biotin,
Aldrich, Catalog #: 757764, no CAS Number) was covalently
linked to the carboxyl groups at the surface of microplastics
using N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
(EDC, Aldrich, CAS Number: 25952-53-8) mediated coupling
reaction assisted by N-hydroxysuccinimide (NHS, Aldrich,
CAS Number 6066-82-6).19 To bind the fluorophore-Avidin to
the biotin (Figure 1B), biotin functionalized plastics were
immersed in a 20 mg/mL solution of fluorescein−avidin
(ThermoFisher Scientific Avidin, FITC conjugate, Catalog #:
A821) or Alexa Fluor 405-Streptavidin (ThermoFisher
Scientific Streptavidin, Alexa Fluor 405 conjugate, Catalog #:
S32351) in pH 7.4 phosphate buffered saline (ThermoFisher,
Gibco, Catalog #: 10010023) for 2 h. The resulting protein/
fluorophore coated plastics were washed and resuspended
before use via centrifugation. The biotin functionalization step
is unnecessary if commercially available biotin-coated micro-
plastics are used.
For organism exposures and fluorescence stability experi-

ments in this study, the microplastics used were 13.0−17.9 μm
polystyrene biotin-coated microspheres commercially available
from Spherotech. As a proof-of-concept, virgin plastics of
different sizes, shapes and types, were coated using the above
functionalization steps. Alexa Fluor 405-Streptavidin con-
jugated fluorophore (excitation/emission: 401/421 nm) was
used in taste preference experiments to distinguish digestible
fluorophore coated beads from permanently fluorescent beads
(Spherotech, excitation/emission: 440/500 nm). FITC-Avidin
conjugated fluorophore was used in all other experiments. The
DFC microplastics’ fluorescence intensities were characterized
via fluorescence microscopy and image analysis software
(ZenLite, Fisher Scientific Array Scanner, Cellomics Array-
Scan Platform, and ImageJ). Using image analysis software
allows for automation of the image analysis portion where the
plastics are identified and characterized (average intensity) by

fluorescence. More details on the coating protocol can be
found in the Supporting Information.

Quantification of Microplastic Ingestion Using DFC
Plastics. Each experiment was completed with fluorescence
intensity references to account for intensity losses not due to
ingestion (e.g., photobleaching and secreted enzymes). Two
references were used: (1) exposure vessels containing plastics
too large for the organisms to ingest, and (2) regularly sized
plastics, but no organisms. The first reference provides
information on organism-related fluorescence degradation,
and the second on spontaneous degradation (see Supporting
Information for details on fluorescence degradation and
reference selection). First, the entire contents of each exposure
and reference well (1 mL) with microplastics was imaged using
fluorescence microscopy to determine the number of coated
plastics. Next, the organisms to be studied were added to the
exposure vessel and left for 24 h (see Supporting Information
for further details about organisms and exposures). Finally, the
organisms were euthanized (via thermal shock for 10 min at 70
°C to ensure they were immobilized during the microscope
imaging procedure) and the entire contents of each exposure
and reference well (1 mL) was imaged to determine the
number of plastics with a fluorescence intensity above a
threshold. The threshold can be determined from the intensity
distribution of the references (see Supporting Information for
details). The number of plastics ingested is determined as the
difference between the amount of initially fluorescent micro-
plastics and the amount that remain above the threshold. The
intensity of plastics was determined by fluorescence micros-
copy, then subsequent image analysis with ImageJ and ZenLite
as described above.

Confirmation of DFC Fluorescence Reduction Upon
Ingestion. To determine the relative reduction in fluores-
cence intensity of the digestible coatings upon ingestion,
fluorescence of microplastic was measured after ingestion. To
account for loss of fluorescence due to processes other than
ingestion, we also determined the reduction after exposure to
organisms with no ingestion. In the trials, suspended
microplastics that remained fluorescent were scored as
noningested and those encapsulated in fecal pellets as ingested.
Experiments were conducted in 1 mL wells on a 48-well plate
filled with 1 mL of seawater containing ∼500 plastics, ∼2000
T. weisssflogii algae cells and three T. californicus. After 12 h, T.

Figure 1. Methods and Concept. (A) Plastic preparation: coating plastics with biotin; NHS: N-hydroxysuccinimide; EDC: N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride. Amine-terminated biotin: poly(ethylene glycol) 2-aminoethyl ether biotin. (B)
Bead coating: binding fluorescein−avidin conjugate to biotin on plastic surface. (C) Dye degradation mechanism: depiction of how bead
fluorescence decreases when microplastics are ingested and passed. (D) Images of beads passed and in organism gut. Plastic: 13.0−17.9 μm
polystyrene microbeads in A. salina. Scale bars are 200 μm.
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californicus were euthanized via thermal shock (10 min at 70
°C). We analyzed 15 noningested and 11 ingested micro-
plastics using ImageJ software. The results are summarized in
Figure 2A. To be sure that imaging plastic inside a fecal pellet

does not interfere with accurate fluorescence quantification,
the fluorescence intensity of permanently fluorescent dyed
microplastics (Phosphorex) encapsulated in a fecal pellet were
compared to those in free suspension. They were determined
to be similar (Figure S1).
Enumeration Method Trials. We used the DFC method

to enumerate cumulative microplastic ingestion over 12 h. We
also counted the plastics in fecal pellets left in each vessel, and
in the T. californicus guts, at the end of the 12 h to compare our
method with others. Trials were conducted in 48-well plates
filled with 1 mL of seawater containing ∼500 plastics, ∼2000
T. weissflogii algae cells and three T. californicus copepods. After
12 h, copepods were euthanized via thermal shock (10 min at

70 °C). The number of plastics ingested were enumerated
using the DFC method as described. The number of plastics
present in the organism gut and fecal pellets were visually
counted using brightfield microscopy.

Taste Preference Experiments. To determine if the
coating causes plastics to be ingested preferentially, we
compared the relative ingestion of coated, uncoated and
permanently fluorescent beads by all four species individually.
Experiments were run in 48-well plates with each well
containing 1 mL of water with ∼1000 polystyrene micro-
spheres (13.0−17.9 μm) in total (approximately 450 uncoated,
200 permanently fluorescent, and 350 DFC microspheres),
and 1−4 organisms (one D. magna, two A. salina and four T.
biminiensis and T. californicus per well ensured sufficient
ingestion of microplastics). There were 10 or 11 replicate wells
per species (12 replicates were completed, but those where the
organisms did not ingest beads were not included in analysis).
All three categories of plastics were included in each well: (1)
uncoated microplastics, (2) permanently fluorescent micro-
plastics (Phosphorex), and (3) DFC microplastics, in
proportions of 45:20:35, respectively. The exact proportion
for each well was determined via prescanning each exposure
well. Ingestion was determined by counting the number of
each category of plastics present in an organism’s gut and in
fecal pellets using brightfield (uncoated) and fluorescence
(permanently fluorescent and DFC) microscopy. The
proportion of each type of plastic ingested, in each replicate
well, was compared to the proportion available in each well to
determine the normalized ingestion (i.e., ingestion relative to
available proportion). More details on the normalization and
data analysis can be found in the Supporting Information.

Toxicity Testing. To determine if the coating is toxic to
organisms, survival in the presence of coated versus uncoated
beads was compared with all four species. Toxicity tests were
run in 24-well plates containing ∼2000 DFC or uncoated
polystyrene microspheres (13.0−17.9 μm) and 1 organism in 2
mL of freshwater (D. magna) or saltwater (T. biminiensis, A.
salina, and T. californicus) per well. There were 15 wells per
species per treatment. Survival was measured at 24, 48, and 72
h.

Stability Experiments. Experiments were run to deter-
mine how stable the coating is under various water quality and
light conditions. DFC microplastics were suspended in
prepared water conditions, with varying levels of salinity, pH,
and temperature (Figure 3A and Table S1) in 48-well plates
(∼100 microspheres per well, 13.0−17.9 μm) with no
organisms. For each treatment level, 3 replicate wells with 5
randomly selected microplastics per well, were measured.
Fluorescence intensity reduction was determined by pre- and
postimaging using fluorescence microscopy and subsequent
image analysis with ZenLite software. To determine stability
under different water quality conditions, fluorescence intensity
was measured over 24 h in the dark. To determine stability
under different light conditions, fluorescence intensity was
measured over time in fresh- and saltwater. More details on the
water quality stability and photostability experimental setup
can be found in the Supporting Information.

Statistics. Statistical analyses were completed using R
(version 3.3.2). We tested for significant differences (n = 10 or
n = 11; α < 0.05) in preference between digestible fluorescent
coatings, uncoated and permanently fluorescent plastics by
performing a one-factor analysis of variance (ANOVA) with
factor plastic-type using the normalized ingestion proportions

Figure 2. Digestible fluorescent coating method effectiveness. (A)
Box plots displaying fluorescence intensities of microplastics exposed
to T. californicus but noningested, and ingested by T. californicus
(exposed: N = 15, ingested: N = 11, whiskers represent min and max
values). (B) Mean (±S.D.) microplastics ingested by T. californicus
over 24 h using different enumeration methods: count microplastics
in gut (single time point measure), count microplastics in feces
(cumulative), DFC method (cumulative). (C) Mean (±S.D.)
proportion of each type of plastic found in gut and feces of model
organisms relative to the proportion of each type of plastic in the
water they were cultured in. * indicates significant differences (p <
0.05) using ANOVA in ingestion proportions of each plastic type (n =
10 or 11). (D) Survival of different species exposed to DFC
microplastics (green) and uncoated microplastics (gray; out of 15
individual animals per species).
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data from the ingestion experiment. Tests were run for each
species individually. Normality and homogeneity of variance
were confirmed by observing the normal probability plots of
residuals and using Levene’s Test. For statistically significant
ANOVA results, post hoc Tukey HSD tests were completed.
Results of this analysis are summarized in Tables S2−11.

■ RESULTS AND DISCUSSION

Enumeration Method Trials. The digestible fluorescent
coating method enables identification of microplastic particles
that pass through the digestive tract and are not encased in
fecal pellets, based on a marked fluorescence decrease (Figure
2A), allowing us to determine cumulative microplastic
ingestion (Figure 2B). The fluorescence intensity drop
resulting from ingestion largely precludes misidentification of
a noningested particle as ingested (Figure 2A). Figure 2B
illustrates the importance of determining cumulative ingestion.
Single-time-point measures including instantaneous gut
content, as well as alternative cumulative measures which
consider plastics in feces excreted over some time period,
provide underestimations of true ingestion. Figure 1D
illustrates how a plastic that has been ingested, but is not
encased in a fecal pellet would be misidentified as not ingested
without the DFC method. These results illustrate the capability
of the DFC method in accurately enumerating cumulative
microplastic ingestion.
Compatibility with Organism Exposure. The coating

should be nontoxic and should not elicit any abnormal feeding
behavior. Compared to uncoated plastics and permanently
fluorescent microspheres − typically used in microplastic
literature,8,9,17,18 − the DFC microbeads were not ingested
preferentially (Figure 2C). We tested whether any of the
plastic types were ingested preferentially (One-factor ANOVA
with post hoc Tukey HSD, summarized Table S2−11), and did
not observe a significant difference in the proportion of each
type of plastic ingested for A. salina (F2,27 = 1.598, P = 0.221),
and D. magna (F2,30 = 0.749, P = 0.482). We did observe

differences in ingestion for T. californicus (F2,27 = 5.472, p =
0.01) and T. biminiensis (F2,30 = 7.058, p = 0.003). T.
californicus ingested less permanently fluorescent plastics
relative to uncoated plastics (Tukey HSD: uncoated-
permanently fluorescent p = 0.008), and T. biminiensis ingested
less permanently fluorescent plastics relative to uncoated and
DFC plastics (Tukey HSD: uncoated-permanently fluorescent
p = 0.003, permanently fluorescent-DFC p = 0.03). This may
suggest some chemosensory cue from the permanently
fluorescent beads because copepods exhibit taste discrim-
ination.20,21 Still, neither T. californicus nor T. biminiensis
ingested DFC plastics differently than uncoated plastics
(Tukey HSD T. biminiensis: uncoated-DFC p = 0.620, Tukey
HSD T. californicus: uncoated-DFC p = 0.100). In general,
none of the four organisms ingested any of the plastics
drastically differently; even in the cases where permanently
fluorescent plastics were ingested less preferentially to
uncoated or DFC plastics, the difference was no greater than
13% (Table S15). Furthermore, the fluorescence degraded for
all organisms upon ingestion, and the coatings are not acutely
toxic, as organism mortality in the presence of microplastics
was similar (within 10%) for DFC and uncoated plastics
(Figure 2D).

Compatibility with Diverse Exposure Conditions. The
method is compatible with a wide range of sizes, types and
shapes of plastics and different water quality parameters,
allowing for it to be used in a variety of microplastic exposure
scenarios. The coating fluorescence is stable, with low
degradation (average of 6.5%, at most 14%), in a wide range
of pH, salinity and temperature conditions after a 24 h dark
period (Figure 3A). Furthermore, the coating is stable (<30%
fluorescence degradation) under continuous light exposure (13
μmol photons m−2 s−1) for 48 h, and stable (<20%) up to 96 h
in the dark (Figure 3B).
Most exposure experiments will be conducted under

light:dark cycling, so constant light represents an extreme
case in terms of degradation. However, even under constant
light, the coating fluorescence is stable up to 48 h where the

Figure 3. Digestible fluorescent coating method versatility. (A) Water quality stability. Mean (±S.D.) normalized fluorescence intensity of coating
in various water quality conditions (normalized to initial intensity, n = 3, N = 15). (B) Photostability. Mean (±S.D.) normalized fluorescence
intensity of coating in different light conditions in fresh- and saltwater over time (normalized to initial intensity, n = 3, N = 15). (C) Images
depicting algae chlorophyll (red) and different sized polystyrene beads (3 and 16 μm) with different fluorescent coatings (green and blue). Scale
bar is 50 μm. (D) Digestible fluorescent coatings on different plastic types: (left to right) polyethylene terephthalate; polyvinyl chloride; low
density polyethylene; polypropylene; polystyrene. Scale bars are 200 μm.
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level of fluorescence degradation is below 30% (this is
acceptable as ingestion reduces fluorescence intensity by an
average of ∼70% (Figure 2A)).
The DFC method should also be compatible with organisms

from a coating stability perspective, meaning the fluorescence
intensity of the coatings should degrade in the presence of
organisms due to plastics being eaten, not other factors. There
is potential for enzymes to be excreted by organisms into the
exposure water and cause a decrease in fluorescence of uneaten
plastics. This was tested using plastics too large to be ingested
by the 4 model species, and results showed exposure to
organisms did cause reduction compared to the blank
treatments reduction (Figure 2A, Figure S2). However, this
reduction is much smaller (∼20%, Figure S2) than the
fluorescence reduction from ingestion (∼70%, Figure 2A).
Furthermore, these experiments represent an unrealistically
high concentration of organisms per volume (2 organisms/mL
for the larger D. manga and A. salina and 6 organisms/mL for
the copepods T. bimensisis and T. californicus), which would
cause higher concentrations of any gut enzymes. Hence, the
compatibility of the DFC method with this artificially high
concentration situation suggests it is likely compatible with
normal exposure scenarios. This indicates the coatings are
robust enough for a wide range of scenarios, however this
noningestion degradation is a factor that likely varies by
organisms studied, and must be considered in use of this
method via reference treatments. In general, the DFC method
relies on the presence of sufficient enzymatic activity to
degrade the coatings, and as such its applicability with a given
organism depends on that species’ gut enzyme activity, which
should be considered.
Another consideration beyond fluorescence stability is that

though our method can identify which plastics have been
ingested, it cannot identify whether a plastic has been ingested
multiple times. The result is a slight underestimate of the total
plastic ingestion, depending on duration, concentration, vessel
size, and other factors. For this reason, we advise shorter
durations (1−2 days) to minimize “repeat ingestion”. This
duration is sufficient for microplastic exposure experiments
looking at acute effects which typically last from a couple hours
to up to 1 or 2 days.6,8,14,22 The duration is also acceptable for
chronic experiments where microplastics can be dosed daily.23

Thus, both fluorescence degradation and the potential of
plastics being ingested multiple times are compatible with
acute exposure experimental durations, and can be remedied
by daily dosing of microplastics for chronic exposure
experiments.
In general, this method can be used to answer several

questions, including how many plastics are ingested, whether
animals prefer a certain type, shape or size of microplastic, and
how feeding behavior varies among species. This method is
compatible with a wide variety of commercially available avidin
or streptavidin conjugated fluorophores (Figure 3C), and is
compatible with a wide range of plastics. As a proof-of-concept,
we successfully coated polyethylene terephthalate, polyvinyl
chloride, low density polyethylene, polypropylene, and
polystyrene (Figure 3D). Coating efficiency may vary based
on polymer type, shape and surface characteristics, and could
be improved with optimization for a particular application.
Being able to coat two different plastic types with identical size
and shape with different fluorophores enables the researcher to
differentiate between them, and determine which type of
plastic was preferentially ingested independent of shape or size.

Moreover, even if the plastics can be distinguished by size or
shape, using multiple fluorophores can increase the exper-
imental throughput by enabling multichannel microscopy and
automated particle counting with image analysis software.
Additionally, different combinations of protein and ligand −
beyond avidin and biotin − could be used to improve or tailor
this method to specific needs. The uniformity of the coated
microplastics could also be improved by screening fluo-
rescence-activated sorting using a flow cytometer, prior to
application.
Overall, the compatibility of our method with a wide range

of potential plastic sizes, types and shapes, as well as its
robustness to different exposure conditions and species, make
it compatible with a wide range of microplastic exposure
experiments. We hope that others will use and adapt this
method to increase our understanding of microplastics and
their interactions with organisms in the environment and build
on this work by improving the method and tailoring it to
specific exposure experiments with different combinations of
coating/fluorophore.
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