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a b s t r a c t

Microplastics (MP), small plastic particles below 5 mm, have become one of the central concerns of
environmental risk assessment. Microplastics are continuously being released into the aquatic envi-
ronment either directly through consumer products or indirectly through fragmentation of larger plastic
materials. The aim of our study was to investigate the effect of polyethylene microbeads from cosmetic
products on duckweed (Lemna minor), a freshwater floating plant. The effects of microbeads from two
exfoliating products on the specific leaf growth rate, the chlorophyll a and b content in the leaves, root
number, root length and root cell viability were assessed. At the same time, water leachates from
microbeads were also prepared to exclude the contribution of cosmetic ingredients on the measured
impacts. Specific leaf growth rate and content of photosynthetic pigments in duckweed leaves were not
affected by polyethylene microbeads, but these microbeads significantly affected the root growth by
mechanical blocking. Sharp particles also reduced the viability of root cells, while the impact of
microbeads with a smooth surface was neglected. It was concluded that microbeads from cosmetic
products can also have negative impacts on floating plants in freshwater ecosystems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Microplastics (MP), defined as small plastic particles below
5 mm (Thompson et al., 2004), have become one of the central
concerns of environmental risk assessment. These small particles
are continuously being released into aquatic environments either
directly through consumer products or indirectly through ultravi-
olet radiation, physical forces, as well as hydrolysis, biological
degradation and disintegration of larger plastic material (Mattsson
et al., 2015). During the last 5 years, MP have been repeatedly
discovered in marine habitats (Cole et al., 2011), various freshwater
ecosystems (Baldwin et al., 2016) and even in remote freshwater
environments, such as mountain lakes (Imhof et al., 2013).

Personal care and cosmetic products (lotions, soaps, facial and
body scrubs and toothpastes) are known to be considerable sour-
ces of MP in freshwater systems (Baldwin et al., 2016; Bhattacharya,
2016; Carr et al., 2016). Everyday use of personal care and cosmetic
products releases MP directly into wastewater. Fendall and Sewell
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(2009) analysed the microbeads content in four water-based
facial cleaners containing polyethylene. The microbeads con-
tained in all brands of facial cleansers showed a variety of irregular
shapes from ellipses, ribbons, and threads, to completely irregular
fragments. Microbeads in the facial cleansers showed a wide size
range with few larger than 1 mm and the majority of particles
smaller than 0.5 mm.

Even back in 2009, Fendall and Sevell had pointed out that MP
can possibly pass through waste water treatment plants (WWTPs)
and enter freshwaters (Fendall and Sewell, 2009). Recent studies
have revealed that the majority of particles are retained by the
WWTPs (Carr et al., 2016), however WWTPs are still considered to
play an important role in environmental MP pollution (Mintenig
et al., 2017). Furthermore, MP can enter freshwater in the case of
overflow from sewage in case of heavy downpour and runoff from
sewage-based fertilizer deposited on agricultural land
(Bhattacharya, 2016). The majority of MP identified in different
effluents within the WWTP had a profile similar to the blue poly-
ethylene particles present in toothpaste formulations (Carr et al.,
2016). Similarly, a report on the monitoring of meso-to micro-
sized floating litter items in four large European rivers (Rhine,
Dalålven, Danube and Po) revealed that polyethylenewas the most
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prevalent material in all rivers (SFRA0025, 2015).
A number of studies have already demonstrated the adverse

effects of MP on various marine and freshwater invertebrates and
vertebrates (Bouwmeester et al., 2015; Mattsson et al., 2015). Most
of the data are available for polystyrene MP, while data for poly-
ethylene derived MP are rather scarce (but see e.g. Mazurais et al.,
2015). In addition, adverse effects on plants are significantly
understudied, with most of the data available only for phyto-
plankton. For example, Bhattacharya et al. (2010) showed enhanced
adsorption of polystyrene nanospheres onto Chlorella and Scene-
desmus sp. resulting in adverse effects on photosynthesis and an
increase in the production of reactive oxygen species (ROS). Poly-
styrene nanospheres reduced the growth of marine diatom Tha-
lassiosira pseudonana, flagellate Dunaliella tertiolecta and Chorella
vulgaris (Sjollema et al., 2016). However, to our knowledge, no other
data on the potential interaction of MP with higher aquatic plants
are currently available.

Low density MP, such as polyethylene microbeads with a spe-
cific density <1 g cm�3, are abundant in the water surface micro-
layer (Eerkes-Medrano et al., 2015) and thus can affect floating
plants that have their entire bottom surface and roots in permanent
contact with the water surface. Furthermore, floating plants may
also possibly aggregate MP during their movement on the water
surface (Prokin et al., 2015). Freshwater MP are often retained in
lakes and reservoirs (Zhang et al., 2015), both of which are typical
habitats for floating duckweeds of the Lemnaceae family. Duck-
weeds are very important plants in aquatic ecosystems: they
represent food for fish andwaterfowl and serve as a nursery habitat
for many species, providing both protections from predators and
enhanced feeding opportunities (Van Hoeck et al., 2015). In-
teractions of MP with floating plants have not been investigated so
far and more knowledge is needed due to the crucial role of
duckweeds in aquatic ecosystems.

The aim of our study was to investigate the effect of poly-
ethylene cosmetic microbeads on the duckweed Lemna minor. The
effects of MP on the specific leaf growth rate, the leave chlorophyll
content, root number, root length and root cell viability were
assessed.

2. Materials and methods

2.1. Microplastics extraction and preparation

Two exfoliating products (A and B) containing polyethylene
were chosen for the experiment. In order to extract microbeads,
cosmetic products were dissolved in deionized water and then
filtered via vacuum filtration using Whatman™ filter paper (pore
size 4e12 mm). The retainedmicrobeads werewashed several times
by filtration of deionized water through the filter paper to remove
any remaining ingredients from the cosmetic products. Microbeads
were carefully washed from the filter into glass beakers and dried
overnight in a laboratory dryer (Kambi�c, Slovenia) at 60 �C. A stock
solution of microbeads (100 mg L�1) was prepared by dispersion of
10 mg of microbeads in 100 mL of Steinberg medium (ISO 20079,
2005) and mixing with a magnetic stirrer for 5 min.

2.2. Duckweed Lemna minor

Duckweed Lemna minor L. originated from a laboratory culture
of the Institute of Chemistry and Technology of Environmental
Protection (Faculty of Chemistry, Brno University of Technology,
Czech Republic). In our laboratory, it has been successfully culti-
vated in Steinberg medium (ISO 20079, 2005) under controlled
conditions (temperature 23 ± 2 �C, photoperiod 16/8 h) for more
than seven years.
2.3. Experimental design

The experiment was conducted in 6-well culture plates (TPP®,
Switzerland) and each well was filled with 10 mL of test solution.
Concentration of microbeads in the experiment were 0, 10, 50, and
100 mg L�1. Concentrations were prepared by dilution of the
microbeads stock solution by Steinberg medium. These concen-
trations were chosen based on the concentration range used in
previous MP toxicity studies with freshwater crustaceans
(Besseling et al., 2014). Each experiment included 3 replicates of the
same exposure concentration and each experiment was repeated
twice. The initial number of fronds was six, leaving more than 50%
of surface area for further growth. The experiment was performed
in a climate test chamber at 24 ± 2 �C and high humidity (>70%) to
minimize evaporation of the test media. All treatments were illu-
minated by daylight fluorescent lamps with a photoperiod of 16/8 h
(light/dark) at a light intensity 3507 ± 529 lux (mean ± SD, n ¼ 10)
at plant level. The experiment proceeded for seven days and at the
end of the experiment the number of fronds was counted. After-
wards, the duckweed was gently collected and washed several
times with demineralized water to remove attached microbeads
from the fronds and roots for further analyses.

2.4. Photosynthetic pigment determination

Photosynthetic pigments were determined according to Radi�c
and Pevalek-Kozlina (2010), with some modifications. Approxi-
mately, 20 mg of fresh plant material per treatment was used for
analyses of photosynthetic pigments (chlorophyll a and b). Samples
were homogenized in the dark with 95% ethanol (v/v) and stored in
a freezer at - 28 �C. Absorbance of the supernatant was read at
664.2 and 648.6 nm (Cary 50 UV-VIS, Varian).

2.5. Measurement of the root length

Duckweed plantlets were arranged in Petri dishes together with
millimeter paper and photographed with a Canon 1000D digital
camera and EF-S 60mmmacro lens (Canon, Japan). Root lengthwas
measured on acquired images in Fiji (Schindelin et al., 2012).

2.6. Assessment of root cell viability (Evans Blue staining)

Duckweed was transferred from the tested solutions to vials
containing 0.05% Evans Blue in distilled water. Staining was per-
formed for 10 min on a rotary shaker at 60 rpm, followed by
3 � 5 min washes in distilled water to remove unabsorbed stain.
Roots were observed and photographed with an Axioskop 2 MOT
microscope, Plan Neofluar 10 � /0.30 objective and AxioCam MRc
camera (Zeiss, Germany). As a positive control for assessment of
root cell viability, plants were treated with 0e100 mg L�1 K2Cr2O7
in Steinberg medium for seven days, followed by Evans Blue
staining as above.

2.7. Effect of microbeads’ water leachates

Additional treatment was prepared to assess the possible impact
of cosmetic ingredients leached from microbeads. Microbeads
(100mgL�1)weredispersed in theSteinbergmediumand incubated
under the same experimental conditions as used in the tests with
duckweed. After seven days of incubation, microbeads in Steinberg
medium were filtered through 0.45 mm filter and the undiluted
filtrate (microbeads leachate) was used for the test with duckweed
as described above (Chapter 2.3.). The impact of leached cosmetic
ingredients on leaves and roots were assessed by measuring the
specific leaf growth rate, root length and root cell viability.
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2.8. Data analysis

The average specific leaf growth rate for the period of seven days
is calculated according to (ISO 20079, 2005) as follows:

m ¼ ln
�
Nj
�� lnðNiÞ
t

where m (d�1) is the average specific leaf growth rate, Nj (/) is the
number of fronds at the end of the experiment, Ni (/) is the number
of fronds at the beginning of the experiment and t (d) is a time
period of exposure (seven days).

Chlorophyll (Chl) a and b content was calculated according to
Lichtenthaler (1987). The results are given as mg of chlorophyll per
gram of fresh weight (Chla or Chlb$g�1

FW).
The statistical significances of the differences between the

control and exposed groups were assessed by usingMann-Whitney
U test, where differences were considered significant if p < 0.05
using OriginPro 8.0 software (OriginLab Corp., Northampton, MA,
USA).
3. Results

3.1. Microbead characteristics

Microbeads were extracted from two cosmetic products labeled
as A and B. Both products were body scrubs and contained white
particles of irregular shapes (Fig. 1). The B product contained also
blue particles. According to the producers, the microbeads in both
products were made of polyethylene. It was also confirmed by IR
analysis (Kal�cikova and �Zgajnar Gotvajn, 2016). Microbeads from
the A product were within the size range of 30 mme600 mm (mean
particle size 71.30 ± 34.29 mm, n ¼ 3), while microbeads from the B
product were between 40 mm and 400 mm (mean particle size
Fig. 1. Irregular shapes of A microbeads and B microbeads. Upper pictures are from a field
�Zgajnar Gotvajn, 2016), while lower pictures are from a light microscope (Leica MZFLIII, Le
96.00 ± 69.99 mm, n ¼ 3). The A and B products contained 853 and
625 particles per mg of microbeads, respectively (Kal�cikova and
�Zgajnar Gotvajn, 2016).

3.2. Effect of microbeads on leaves

After seven days of incubation none of the treatments affected
the specific leaf growth rate of duckweed leaves. All concentrations
(10, 50, and 100 mg L�1) of microbeads A caused less than 10%
inhibition in comparison to control (5%, 8%, and 5% respectively)
and similar low effect was observed for the same concentrations of
microbeads B (3%, 8%, and 6% respectively). No significant reduction
of photosynthetic pigment concentration (chlorophyll a and b) in
comparison to controls was found in any of the investigated
treatments (Fig. 2).

3.3. Effect of microbeads on roots

None of the tested concentrations of microbeads A and B (10, 50,
and 100 mg L�1) significantly affected the number of roots in
comparison to controls (Fig. 3A). However, all concentrations of
both microbeads caused a significant decrease in the length of
duckweed roots (Fig. 3B). The mean root length in the case of
control, 10, 50 and 100 mg L�1 was 3.13, 2.82, 2.34 and 2.37 cm
(n ¼ 15), respectively, in the case of microbeads A and 3.58, 3.01,
2.99, and 3.00 cm (n¼ 20), respectively, in the case of microbeads B.

The negative impact of microbeads on roots has been also
confirmed by staining of roots with Evans blue dye (Fig. 4). The
presence of microbeads compromised plant cell membrane integ-
rity resulting in a bluish color of the roots (Fig. 4). When compared
to a standard compound K2Cr2O7, all tested concentrations of
microbeads A (10, 50 and 100 mg L�1) caused an effect comparable
to 10 mg L�1 of K2Cr2O7.

On the other hand, all concentrations of microbeads from the B
emission scanning electron microscope (SEM) Supra 35VP (Carl Zeiss) (Kal�cikova and
ica microsystems, Germany, 4 x magnification).



Fig. 2. Chlorophyll a (A) and chlorophyll b (B) concentration in the leaves of Lemna minor exposed to microbeads A and B. Mean value and standard deviation are shown (n ¼ 6).
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product did not considerably affect root cells and roots exposed to
100 mg L�1 of microbeads B showed only a very light bluish color
comparable to 1 mg L�1 of standard compound K2Cr2O7.
3.4. Effect of leached cosmetic ingredients on leaves and roots

To evaluate the possible effect of cosmetic ingredients that may
leach out from incompletely washed microbeads, an additional
leaching experiment was prepared. After seven days of experiment,
leachate from the highest concentration of microbeads A and B
used in the experiment, 100 mg L�1, caused less than 10% of specific
leaf growth rate inhibition in comparison to control (8% and 9%,
respectively). The root length was not significantly affected by any
of investigated leachates (from the A and B microbeads); the in-
hibition of root length in leachate from the A and B microbeads in
comparison to control was 2% and 3%, respectively (data not



Fig. 3. The effects of microbeads A and B on the root number (A) and average root length (B) of Lemna minor. Mean value and standard deviation are shown (n ¼ 15 for microbeads A
and n ¼ 20 for microbeads B). A statistically significant difference in comparison to the control is marked with ** (0.001<p<0.01) and *** (p<0.001).
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shown). Similarly, leachates did not caused any visible staining of
roots by Evans blue (Fig. 5). Therefore, the contribution of leached
cosmetic ingredients during the experiment can be neglected and
the actual impact on duckweed may be attributed only to
microbeads.
4. Discussion

In the last decade, polyethylene microbeads have replaced
natural exfoliating materials in many cosmetic products (Fendall
and Sewell, 2009), which has led to an increase in these particles



Fig. 4. Lemna minor roots stained with 0.05% Evans Blue to visualize dead cells in control (0) and in roots exposed to K2Cr2O7 (1, 10, 50, and 100 mg L�1), microbeads A and B (10, 50
and 100 mg L�1).
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in the environment (Eerkes-Medrano et al., 2015). Polyethylene
microbeads extracted from various cosmetic products usually have
irregular shapes and sometimes cosmetic products contain a small
portion of smooth spheres. When we compared the photos of
microbeads used in our study (purchased in Slovenia) with those
obtained from cosmetics purchased in New Zealand (Gregory,1996;
Fendall and Sewell, 2009) or in the USA (Chang, 2015) we found
substantially similarly-shaped microbeads. Most of these products
have comparable irregularly-shape attributes and can be easily
recognized among other MP particles. Nevertheless, microbeads
obtained from two different facial body scrubs investigated in this
study did differ in their size and shape.

Although there is evidence that polyethylene microbeads from
cosmetics are released into freshwaters (Eerkes-Medrano et al.,
2015) their environmental concentrations are practically un-
known because they have not been separately identified among
secondary MP samples. Polyethylene microbeads have a low den-
sity between 0.91 and 0.96 g cm�1 (Napper et al., 2015), and can
thus preferably float on the water's surface and neustonic envi-
ronment. The concentrations of floating MP (whether polyethylene
microbeads from cosmetics or other floating particles) retained in
lakes is very variable, e.g. at the remote Lake Kh€ovsg€ol, Mongolia
the concentration of particles was on average 20,264 particles/km2

(particles > 333 mm) (Free et al., 2014), in the three of Laurentian
Great Lakes, USA it was in average 43,157 particles/km2
(particles > 355 mm) (Eriksen et al., 2013) and in the Three Gorges
Reservoir, China it was 13,617,500 particles/km2

(particles > 112 mm) (Zhang et al., 2015). However, in the literature,
results are often inconsistent due to differences in sampling,
identification and enumeration techniques as well as the expres-
sion of results (Eerkes-Medrano et al., 2015). Therefore we are
unable to estimate whether the microbeads used in this study can
be considered environmentally relevant.

Our study showed that duckweed leaf growth rate was not
significantly affected by any concentration of either type of
microbeads. The most plausible explanation is that floating poly-
ethylene microbeads leave enough space for normal growth,
because it has been shown, that crowding is an important factor in
the limitation of duckweed leaf growth (Driever et al., 2005). It is
very likely that duckweed overgrows these particles that are then
adsorbed on the abaxial part of the leaf. In line with no effect on the
leaf growth, we also found no effect of microbeads on the amount
of photosynthetic pigments (chlorophyll a and b). Similarly,
Sjollema et al. (2016) found no effect of polystyrene MP (0.05, 0.5
and 6 mm) on microalgal photosynthesis. On the contrary,
Bhattacharya et al. (2010) observed a reduction in the photosyn-
thetic activity of algal cells when exposed to polystyrene nano-
plastics (0.02 mm). They anticipated that MP blocked the access of
light to algae, but this was obviously not the case in our study,
because microbeads were only under the water and on the abaxial



Fig. 5. Roots stained with 0.05% Evans Blue to visualize dead cells in the control and in roots exposed to leachates from microbeads A and B. No visible effects were observed. Three
different sections of the root are shown (the tip-upper panel, middle section-middle panel, and the section close to leaves-lower panel).
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part of leaves and thus we do not expect that they could block the
light source from above. In this study, we exposed the duckweed for
7 days. It remains to be investigated if leaf growth would be
affected after a longer exposure period, particularly since the root
length was affected.

On the other hand, both microbeads affected the root growth of
Lemnaminor. We suggest that microbeads were adsorbed onto the
surface of the roots andmechanically blocked root growth resulting
in reduction of root length. Namely, adsorption of microbead A onto
the root surface andmechanical damage of the roots was evidenced
as shown in Fig. 6. Bhattacharya et al. (2010) also suggested that
positively charged plastic particles are attracted to cellulose
Fig. 6. Adsorption of microbead A onto the root surface.
constituents of plant cells due to the electrostatic forces and their
adsorption is also enhanced by the roughness of the plant cellulose
surfaces providing numerous binding sites for plastic particles.
Although the charge of MP was not measured, the polyethylene
microbeads used in our study expressed a high affinity to nega-
tively charged surfaces, e.g. glass walls.

Root cell viability staining assay showed that A microbeads
significantly affected the root cell membrane permeability, while
no such effect was found in the case of B microbeads. Both
microbeads were of similar size range, but differed in the shape:
while A microbeads had sharp edges, B microbeads exhibited a
smooth surface (Fig. 1). Therefore, the most plausible explanation is
that A microbeads mechanically damage the roots. Interestingly,
root length was affected by both types of microbeads, but again A
microbeads caused a greater reduction in root length (by approxi-
mately 25% in comparison to control) than B microbeads (by
approximately 15% in comparison to control). The shape and sur-
face roughness can be a key factor in causingmechanical damage in
organisms. For example, Mazurais et al. (2015) observed a harmless
and fast transit of smooth polyethylene microbeads through the
digestive tract of fish larvae, while Lusher et al. (2013) reported
retained plastic debris such as fibers and fragments of various
shapes in the guts of wildlife.

Our results showed that leachates from both types of microbe-
ads induced no alterations in all monitored parameters in Lemna
minor. This is in agreement with our previous study where leachate
from PET fibers did not affect daphnids and GC-MS analysis found
no chemicals present above the level of detection (Jemec et al.,
2016). On the contrary, several researchers have suggested a
negative impact caused by leakage of chemical stressors adsorbed
on MP (Avio et al., 2015) or additives used during plastics produc-
tion (Sussarellu et al., 2016). It has also been suggested that in
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vertebrates the chemical stressors adsorbed on MP are leached out
under acidic gut conditions (Teuten et al., 2009). On the contrary, in
invertebrates such as crustaceans, the gut conditions are mostly
close to neutral (Hasler, 1935).

We did not observe a clear microbead exposure dose-response
relationship in the case of root length and root cell viability.
Namely, all concentrations above 10mg L�1 caused a similar level of
effect with the exception of the A microbeads effect on root length
which was higher in the case of 50 mg L�1 compared to 10 mg L�1.
Therefore the impact on root length of floating plants above a
certain concentration level most probably cannot be clearly linked
to the amount of microbeads on the water surface, but more likely
is due to its absolute presence or absence. The lack of dose-
response is an additional proof that the impact of MP on the
plant roots is mechanical and not chemical. In the latter case, it
would be expected that the response would depend on the dose.

5. Conclusion

To our knowledge, this is the first report of the impact of poly-
ethylene microbeads on duckweed Lemna minor. Our results
showed that specific leaf growth rate and content of photosynthetic
pigments in duckweed leaves are not negatively affected by poly-
ethylene microbeads. However, investigated particles significantly
affected the root growth. Sharp-shaped particles also reduced the
viability of root cells. We conclude that microbeads do not present a
hazard only to invertebrates and vertebrates after ingestion, but
they can have also negative impacts on floating plants in freshwater
ecosystems.
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