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Detection of polystryrene nanoplastics in biological samples based on the
solvatochromic properties of Nile Red: application in Hydra attenuata exposed to
nanoplastics.

Francois Gagné?, Joélle Auclair’, Brian Quinn?,
Aquatic Contaminant Research Division, Environment and Climate Change Canada, Montreal, Quebec, Canada.

School of Health and Life Sciences, University of the West of Scotland, Paisley PAL1 2BE, Scotland, United
Kingdom

Abstract

The release of nanoplastics (NP) from the weathering of microplastics is a major concern for the
environment. Methods for the detection of NP in biological tissues are urgently needed because of
their ability to penetrate not only in tissues but in cells. A simple fluorescence-based methodology
for the detection of polystyrene NP in biological tissues is proposed using the solvatochromic
probe Nile Red. NPs were found to display autofluorescence at 460 and 665-700 nm during
excitation at 400 nm. Although NPs alone increased somewhat Nile red fluorescence, a
characteristic hypsochromic shift in the emission spectra was found when the dye and NP were
incubated with subcellular tissue fraction. To explain this, the probe and NPs (50 and 100 nm)
were prepared in the presence of increasing concentrations of two detergents (Tween-20, Triton
X100) as a proxy to phospholipids. The data revealed that both detergents readily increased
fluorescence values when added to the NP and Nile red. The addition of NPs in tissue extracts blue
shifted further the emission spectra to 623 nm from the normal Nile Red-lipid peak at 660 nm. The
fluorescence intensity was proportional to the NP concentration. A methodology is thus proposed
for the detection of NPs in laboratory-exposed organisms based on the solvatochromic properties
of Nile red. The methodology was used to detect the presence of NP and changes in polar lipid
contents in Hydra attenuata exposed to polystyrene NP.

Key words: polystyrene, nanoplastic, Nile Red, fluorescence, detection.
Contact information: francois.gagne@canada.ca

Introduction

The increase in plastic pollution of the oceans and freshwater bodies has raised concerns for their
possible environment impacts. Pollution of the oceans by plastic material has been raised as early
in the 1970s (Carpenter and Smith, 1972) and reached important proportions some 50 years latter.
Microplastics are operationally defined as particles between 5 mm to 1 um while NP are between
1-1000 nm in size (Gigault et al., 2016). Microplastic materials were detected in water, sediments

and organisms (Browne et al., 2011, vanSebile, 2014). Small bits of plastics could be ingested by
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organisms and find their way through the food chain including humans (Smith et al., 2018). In a
large-scale survey with the freshwater Asian clam, the concentrations of microplastics ranged from
0.3 — 5 items per individual clams, 0.5-3 items/L in water and 15-160 items in sediments (Su et
al., 2018). Invertebrates can be exposed to microplastic contamination given their capacity to feed
on suspended material in the water column and particles at the sediment-water interface (Murphy
and Quinn, 2018; Magni et al., 2018). In another study, clams were exposed to 1 mg/L (20 pm)
polyethylene microplastic for 14 days, was accumulated in tissues and were difficult to eliminate
by depuration (Ribeiro et al., 2017). This resulted led to oxidative damage, DNA damage and

neurotoxicity.

Contamination of organisms with microplastics is considered the “tip of the iceberg” problem
given that most plastics will persist for a long time and subject to degradation in the environment.
Microplastics are expected to degrade by weathering processes which will release, in turn, very
high quantities of nanoplastics (NP) in the environment (Lambert and Wagner, 2016; daCosta et
al., 2016). To highlight this, a recent study revealed that degradation of a polystyrene coffee cup
lid liberated nanoparticles in the order of 1.3x108 particles with a mean particle size of 224 nm
after 56 days. At this scale, NP behave as colloids i.e., will disperse in water and may increase
exposure to aquatic fauna and flora. In addition, NPs are not only bioavailable in tissues but at the
subcellular/macromolecular level as often observed with other nanoparticles (Lovric et al., 2005).
Although plastics in the environment could be considered as biochemically inert in organisms
(Magni et al., 2018), recent evidence suggest that NPs could have some emerging properties at the
nanoscale such as increasing hydrophobic interactions leading to protein conformational changes

as seen with polyamidoamine dendrimers (Auclair et al., 2017) and some redox properties with
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small polyethylene microplastics (Gagné et al., 2018). Hence, the urgent need to have methods at

hand to enable their detection in biological tissues/cells.

Nile red (NR) is a fluorescent probe that detects hydrophobic environments and is currently used
as a stain for lipid droplets in cells (Greenspan et al, 1985) and for microplastic detection using
epifluorescence microscopy (Erni-Cassola et al., 2017). NR is soluble in water and its fluorescence
is greatly enhanced in the presence of hydrophobic agents (lipids) but not by proteins when
excitated at 400-500 nm. The NR staining method was able to stain different types of plastics such
as polyethylene, polypropylene, polystyrene, polycarbonate, polyurethane and poly(ethylene-vinyl
acetate) but does not work for polyvinylchloride, polyamide and polyester (Shim et al., 2016). In
addition to the increased fluorescence, the emission maxima undergo a hypsochromic shift (blue
shift) as the environment becomes more hydrophobic. For example, the emission spectra is shifted
to shorter wavelength as the polarity decreases: from 620 nm in acetone to 520 nm in n-heptane.
NR is also used to detect microplastics as it binds to plastic particles and could be observed by
epifluorescence microscopy (Maes et al., 2017). Microplastic particles are isolated from water and
sediment by density-based gradient extraction where they tend to float to the surface in high salt
solution (Quinn et al., 2016). The microplastic particles are then isolated on filter paper, stained
by NR and viewed/counted by microscopy. Positive identification is followed using the standard
Fourier-transform infrared microscopy technique. Although this approach is very convenient to
detect microplastics, the method does not work nanoplastics (NP) of size below of 0.1 um since
they are not observable by photon microscopy. Although NP could be detected by electron
microscopy, the approach is not quantitative and a rapid and simple methodology for NP detection
in tissues would be of value. Since NP could pass to the intracellular environment as often

observed with other nanomaterials (Lovric et al., 2005), the development of methods to detect their
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occurrence in tissues/cells is urgently needed. Recently, 2 other methods were proposed to detect
polystyrene NPs in tissues which makes use of molecular rotor and fluorescence polarisation
probes (Gagne, 2019; Gagné et al., 2019). However they do not provide the additional lipid
measurement with NR which could provide additional effects of NP-induced effects at the
subcellular levels. It is hypothetized that the hydrophobic nature of NP introduce hydrophobic
interactions in the intracellular media given their high surface area/volume ratio which could be
sensed by solvatochromic dyes such as NR. The purpose of this study was to determine whether
changes in NR fluorescence in invertebrates (mussel and Hydra) tissues could be used to detect
for the presence of polystyrene NP in addition to lipid droplets. A method is proposed for the semi-

quantitative detection of NP in biological tissues in organisms exposed to polystyrene NPs.

Methods

Reagents and tissue preparation

Triton X-100, tween-20, dimethylsulfoxide (DMSO), methanol, Nile Red (NR; 9-diethylamino-5-
benzo[a]phenoxazinone) were purchased from Sigma chemical company (ON, Canada). Uncoated
polystyrene plastic nanobeads of 100 and 50 nm diameter were purchased from Polyscience
(USA). The validation of the methodology was performed using subcellular extracts of digestive
gland of freshwater mussels Elliptio complanata because of the higher quantities of tissues than in
Hydra and the eventual application to bivalves exposed to NPs given the recent literature data. The
developed methodology was applied on Hydra attenuata exposed to NPs for 96 h was described
below. The tissue extracts were prepared from freshwater mussels (Elliptio complanata) as
follows. Adult mussels (76£6 mm shell length) were dissected on ice for the digestive gland and
homogenized at 20% (w/v) in ice-cold 100 mM NaCl containing 25 mM Hepes-NaOH, pH 7.4,

0.1 mM dithiothreitol and 1 ug/mL apoprotinin. The homogenate was centrifuged at 15 000 x g
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for 20 min at 2°C. The resulting supernatant (S15 fraction) were collected from the pellet and upper
lipid layer and stored at -85°C until analysis. This fraction was named the subcellular fraction in
the text. The NP suspensions did not precipitate at this centrifugation speed and freezing at -85°C
did not produce any precipitation after thawing and centrifugation. The subcellular fraction of the
digestive gland from 3 individuals were pooled for fluorescence studies. Total proteins were
determined using the protein dye binding potential (Bradford, 1976). Briefly, the assay run in clear
96-well microplates, with 10 uL of diluted homogenate or subcellular fraction was mixed with 150
pL of water and 40 pL of the Coomassie blue G250 dye reagent. After mixing, the absorbance at
590 nm was measured using a microplate reader (Synergy-4, Biotek Instruments, USA). Standard

solutions of serum bovine albumin (2-10 pg/mL) were used for calibration.

Fluorescence analysis of NPs

The stock solution of NR was prepared in methanol at 1 mM and stored in the dark at 4°C. The
NR probe was diluted at 10 uM in MilliQ water just before the fluorescence assays. A sample
volume of 50 pL of increasing concentration of NP (final concentration: 0, 0.1, 0.2, 0.4 and 0.8
pg/mL) in water or in the presence of the subcellular fraction (0.15 mg/mL total protein) was
mixed with 200 pL of 10 uM NR probe for 10 min in dark 96-well microplates. The emission
spectra between 530-800 nm was obtained at 500 nm excitation using a microplate fluorimeter
(Synergy-4, Biotek, USA). To determine the influence of detergents (analoguous to phospholipids)
on the observed emission signals, the probe (200 uL) was mixed with increasing concentrations of
triton X-100 and tween-20 (50uL sample volume) between 0.2-0.8 pug/mL. The detergent tween-
20 was heavier and denser (CsgH114026, MW=1227 g/mol, 1.12 g/mL) than triton X-100

(C14H220(C2H40)9-10, 624 g/mol, 1.07 g/mL) thus providing more hydrophobic interactions.
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Hydra exposure to NP

Hydra attenuata were exposed to 50 nm polystyrene NP following a previously described
methodology (Blaise et al., 2018 and supplementary file). Briefly, the Hydra were cultured in 20-
cm diameter crystallisation bowls at room temperature in the incubation medium: 1 mM CacCl;
and 0.5 mM TES buffer, pH 7.0. Three individuals were placed in each 12-well (N=3x3 Hydra per
exposure concentration) microplates and exposed to increasing concentrations of 50 nm
polystyrene NP: 0, 1.25, 5, 10, 20, 40 and 80 mg/L for 96-h at 20°C. After the exposure period,
The hydra were rinced once with the hydra culture medium: 1 mM CaCl, and 0.5 mM TES buffer,
pH 7.0 and homogenized in 50mM NaCl, 25mM Hepes 0.1mM dithiothreitol pH 7.4. A 100 pL
of the homogenate was mixed with 25 pL of 10 uM NR dye for 15 min and analyzed for
fluorescence at 500 nm excitation and emission between 530-800 nm. The fluorescence intensity
at 660 and 623 nm was taken for polar lipids (Luo et al., 2009) and NP accumulation assessments
respectively. Fluorescence data were expressed as relative fluorescence units (RFU)/Hydra. In a
parallel experiment, Hydra were exposed to fluorescein-labeled polystryrene NPs of the same size
(Polyscience, USA) in the same conditions as described above to confirm the availability of
fluorescently-labeled NP and correlation with transparent polystyrene NP as determined by the
present methodology (supplementary file). At the end of the exposure period, hydra were collected,
washed in culture media and homogenized as above. The level of fluorescein was measured at 485
nm excitation and 520 nm emission. The data are presented in the supplementary material (Fig

s1).

Data analysis

Spectra scans data were obtained from the Synergy-4 microplate reader operating software

(Biotek, USA), imported to an Excell spreadsheet and analysed with SYSTAT software (version
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13.2; USA). Fluorescence analyses were performed in triplicates samples for method development
and the exposure experiments of Hydra to NPs were performed in triplicates. The theoretical limit
of detection was defined as the concentration that produced a fluorescence signal corresponding
to twice the standard deviation of the NR blank. The data were analysed by regression analysis
and the least square method. Data significance were verified by analyse of variance (ANOVA)

following Dunnett’s t test. Significance was set at p<0.05.

Results

The fluorescence properties of polystyrene NPs in the presence of the solvatochromic dye NR were
determined in the subcellular extract. The emission spectra of NR (excitation at 500 nm and
emission between 530-800 nm) in the presence of increasing concentrations of NP in a fixed
amount of subcellular extract (0.1 mg/mL) produced a concentration-dependent increase in
fluorescence. In the presence of subcellular extract alone, the emission maxima was at 660 nm.
The addition of 50 nm NP (Figure 1A) and 100 nm (Figure 1B) blue-shifted the spectra forming a
characteristic shoulder in the emission spectra. Indeed, the emission intensity ratio at 623 nm/660
nm was increased from 0.86 to 1.20 when NP was added in the presence subcellular fraction. The
first derivative of the fluorescence spectra of the 50 nm NPs in the subcellular fraction is shown
which confirmed the fluorescence peak at 623 nm which differed from the subcellular fraction
alone (Figure 1C). The emission intensity at 623 nm and 660 nm were determined with increasing
concentrations of 50 and 100 nm NPs with a fixed amount of subcellular fraction (Figures 2A and
2B). The analysis revealed that the emission intensity at 623 nm increased linearly with 50 nm
(r=0.95; p<0.01) and 100 nm (r=0.91; p<0.01) NPs which suggests that NPs could be semi-
quantitatively detected in the presence of NR which is usually used to quantify lipids in

intracellular environments. Interestingly, the addition of NP did increase somewhat the emission
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at 660 nm for polar lipids suggesting that NP could also interfere in the determination of polar
lipids. This could be mitigated by using an analysis of covariance (with the polar lipids as the
covariate) as a mean of correction when testing for the presence of NPs in tissues. Another option
would be to extract the residuals of polar lipids if a significant correlation exists between emission
at 623 and 660 nm. Hence, given the spectral overlap between polar lipids at 660 nm and NP-
induced fluorescence at 623 nm, the method is thus considered semi-quantitative at best. In
situations were the 623/660 ratio > 1.1, this provides an indication of the presence of polystyrene

NP in tissues.

In the attempt to understand NR emission changes with NP when subcellular fraction is added, we
examined the emission spectra of a fixed amount of either 50 nm or 100 nm NP and NR dye (1
pg/mL) with increasing concentrations of 2 detergents differing in molecular weight and density
(Figure 3). In the case of triton X100, increasing its concentration lead to the concentration
dependent increase in emission at 640 nm with a fixed 50 nm NP concentration of 1 pg/mL in
water (no other lipids were present) (Figure 3A). With the 100 nm NP, the emission maxima was
at 654 nm in the presence of increasing concentration of triton X100. In the case of the heavier and
denser detergent tween-20, a concentration dependent increase of emission maximum at 633 nm
was obtained with this detergent at a fixed concentration of 1 pug/mL of 50 nm NP. The emission
maxima was shifted again at 627 nm with the 200 nm NP in a concentration dependant manner.
On the whole the data suggest that both the size of the NP and the nature (hydrophobicity) of the
detergent influenced the emission spectra of NR. Indeed, the higher molecular weight, viscous and
dense detergent tween-20 (1227 g/mol; 330 mPa.sec; 1.12g/mL) (Figures 3C and 3D) produced

emission spectra at lower wavelength than the detergent triton X100 (624 g/mol; 280 mPa.sec;
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1.07g/mL) which suggests less polar interactions (Figures 3A and 3B). The 50 nm NP produced

stronger emission spectra (increase quantum yield) than the 100 nm NPs for both detergents.

The NR methodology was tested with Hydra exposed to increasing concentrations of 50 nm
polystyrene NP for 96 h (Figure 4). Polar lipid contents were determined at 660 nm and NP at 623
nm based on the above observations. The emission ratio at 623/660 was significantly increased
(ANOVA p<0.05, Fisher Least Square p=0.02) in Hydra exposed to 50 nm polystyrene NP at >
2.5 mg/L suggesting the presence of NP in Hydra homogenates. The fluorescence at 623 nm was
significantly increased at NP concentrations > 20 mg/L and the fluorescence at 660 nm for lipids
were increased at 80 mg/L 50 nm NP. In a separate experiment, hydra were exposed to fluorescein-
labeled polystyrene NP of the same size and revealed a similar uptake in NP (Figure S1,
supplementary material). Moreover, the fluorescence at 623 nm (Nile red; unlabelled NP) was
significantly correlated (r=0.6; p<0.01; supplementary data) with the levels of fluorescein-labelled

NP 50 nm in Hydra.

Discussion

The excitation and emission spectra of NR shifted to shorter wavelength as the polarity of the
solvent decreased which makes NR an efficient dye for the detection of hydrophobic material in
cellular extracts (Greenspan and Fowler, 1985). Indeed, the emission maxima could shift from 650
nm in ethanol to 530 nm in iso-octane which makes this probe an efficient hydrophobicity sensor.
It is also used as a dye to detect lipid vesicles and droplets in cells (Greenspan et al., 1985). In the
presence of NP alone, the dye produce low fluorescence (Figure 2) but when lipids (from the

subcellular fraction) or detergents were added with the NP, a characteristic blue shift of the
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emission spectra in respect to polar lipids was observed. This suggests that the polystyrene NP
produce hydrophobic environment than the normal lipid vesicles found in the subcellular extract.
Polystyrene is composed of styrene (propylene-benzene) repeats considered of low polarity
compared to charged fatty acids and phospholipids. Lipids could also adhere at the surface of the
NP and produce a more hydrophobic environment than vesicles composed of polar phospholipids.
The emission maxima of NP in the subcellular extract at 623 nm was somewhat lower than the
emission maxima of NP prepared in tween-20 detergent which yielded an emission maxima at 627
nm for the 100 nm NP. When the NR dye were dispersed in phophatidylcholine or microsome
membrane vesicles (which are present in the subcellular extract), the emission maxima was at 628
nm with an excitation at 549 nm and was blue shifted to 575-600 nm when neutral lipids such as
triacylglycerol was added in vitro (Greenspan and Fowler, 1985). The emission ratio at 623/660
could serve as a means to detect hydrophobic changes by polystyrene NP in biological samples
while determining polar lipids in cells at the same time. The theoretical limit of detection of 50
and 100 nm polystyrene NP was estimated at 0.1 pg/ml (2.5 ng total) and 0.3 pg/ml (7.5 ng)
respectively. More research is needed to find other hydrophobic-sensitive fluorescence probes that
provides better spectral resolution when NPs are present in the subcellular fraction. Again, because
of spectral overlaps between lipids and NPs, the increase in NPs at 623 nm should be used to detect
plastics at this scale in a semi-quantitative way i.e., should be considered as detection test for NP
and not a definitive assay for NPs. Recent studies with other fluorescent dyes (molecular rotor and
fluorescent polarization lipophilic probes) were also shown to detect NPs in tissues although they
do not provide information on lipid contents (Gagné, 2019; Gagné et al., 2019). Indeed, the
molecular rotor probe using 9-(dicyanovinyl)julolidine probe revealed that 50 nm and 100 nm

polystyrene NPs could be directly measured in tissues and was in agreement with the present Nile
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red methodology. In another study, the same NPs also induced anisotropic changes in tissues
spiked with NPs. Evidence of NPs in the digestive gland of mussels exposed to municipal effluents
was found which was measured by fluorescence polarization of fluorescein octadecyl ester probe
(Gagné et al., 2019) and was also in agreement with the present NR methodology. The proposed
Nile red methodology was in agreement with other assays for polystyrene NPs using molecular
rotor and fluorescence polarization probes but has the advantage to detect polar and neutral lipid

contents.

Exposure of polystyrene NPs in Hydra led to increase accumulation of NPs and increased polar
lipid as determined by the emission at 623 and 660 nm respectively. The increase of lipids was
observed by a number of compounds including nanoparticles and plasticizers. Exposure to zinc
oxide nanoparticles in the yeast Saccharomyces cerevisiae led to cell death which was followed
by stress responses involving in lipid dysregulation and proteostasis such as increased heat shock
proteins, unfolded protein response (cytosolic Hacl splicing) and induction in lipid droplets with
distorted vacuolar morphology (Babele et al., 2018). In another study, exposure of Daphnia
geleata polystyrene nanoplastics (52 nm) lead to mortality at 5 mg/L after 5 days (Cui et al., 2017).
Although the adults showed decreased lipid droplets storage, the embryos displayed increased lipid
droplets, which suggests decreased energy mobilization leading to very low hatching rates. A
recent study identified a number of compounds that could alter fat storage in Daphnia magna that
involved endocrine disruption (Jordao et al.. 2016). The antifouling compound tributytin activated
the ecdysteroid juvenile hormone and retinoic X receptor signalling pathways leading to impaired
transfer of triacylglycerol to eggs leading to lipid droplet accumulation in females. Other
compounds producing similar effects (increased NR staining) included bisphenol A (found in some

plastics), methy farnesoate, pyriproxifen (arthropod insecticide) and 20-hydroxyecdysone (the
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moulting hormone in microcrustaceans). The lipid droplets were enriched in cholesterol and
triacylglycerols at the expense of glycerophospholipids in female daphnids exposed to the
juvenoids pyriproxyfen and methyl farnesoate (Fuertes et al,. 2018). Daphnia magna feeding
activity was reduced by 100 nm polystyrene NP and was retained for longer times in tissues
compared to 2 um microplastics although no effect on reproduction was observed after 24 h

exposure (Rist et al., 2017).

In conclusion, the solvatochromic NR probe used for the quantification of lipids in cells could be
used to detect the presence of 50 and 100 nm transparent polystyrene NP. The characteristic
changes in NR fluorescence suggests that NP introduce more hydrophobic interactions in the
intracellular domain in cells compared to lipid vesicles in the cytoplasm. The toxic outcome of this
phenomenon is still unknown at present and more studies are needed to better understand the
influence of NPs on the mobilization of energy from lipids. The increase in polar lipids observed
in Hydra exposed to 50 nm polystyrene NPs suggests that polystyrene NP could have an obesogen

effect.
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Figure 1. Emission spectra of NR in the presence of increasing amount of NP in subcellular extract.
The emission spectra were taken at 500 nm excitation between 530-800 nm. Increasing
concentrations of 50 nm (A) and 100 nm (B) were added to a fixed amount of subcellular extract
(0.15 mg/mL total protein) and the emission spectra analysed. The first derivative of the
fluorescence spectra of 50 nm NPs is shown (C).
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Figure 2. Relationship between NP concentration and Nile Red fluorescence in tissue

extracts.

Nile fluorescence was determined in tissue extracts (15000 x g supernatant) with increasing
concentration of polystyrene NP at 50 nm (A) and 100 nm (B) diameter. Fluorescence value at 623
nm corresponds to the changes induced by NP while fluorescence at 660 nm corresponds to lipids
in the tissue fraction. A significant linear relationship was obtained for NP 50 nm (r=0.95;
p<0.001; y = 27500 + 40000x) and NP 100 nm (r=0.9; p<0.001; y= 37585+14092x).
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Figure 3. Fluorescence spectra of NP in the presence Nile Red and detergents.

Increasing concentration of detergents were added to a fixed 50 nm and 100 nm NP quantity (1
pg/mL). The concentrations of each detergents are indicated in the insert in each emission scans.
The emission spectra was taken with 50 nm (A) and 100 nm NP (B) in triton X-100 and with 50
nm (C) and 100 nm (D) in tween-20.
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447  Figure 4. Distribution of Nile red fluorescence in Hydra exposed to 50 nm polystyrene NP.
448  Hydra were exposed to increasing concentration of NP 50 nm for 96 h at 22°C. The Hydra were
449  collected and homogenized in 50 mM NaCl, 25 mM Hepes-NaOH, pH 7.4, and 0.1 mM DTT.
450  RFU: relative fluorescence units.
451
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