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ABSTRACT: Microplastics and nanoplastics are emerging
pollutants, widespread both in marine and in freshwater environ-
ments. Cyanobacteria are also ubiquitous in water and play a vital
role in natural ecosystems, using photosynthesis to produce
oxygen. Using photography, fluorescence microscopy and cryo-
genic and scanning electron microscopy (cryo-SEM, SEM) we
investigated the physicochemical response of one of the most
predominant seawater cyanobacteria (Synechococcus elongatus, PCC
7002) and freshwater cyanobacteria (S. elongatus Nageli PCC
7942) when exposed to 10 ym diameter polystyrene (microPS)
and 100 nm diameter polystyrene (nanoPS) particles. Marine and

Marine medium Freshwater medium

Nanopolystyrene and cyanobacteria

Micropolystyrene and cyanobacteria

freshwater cyanobacteria formed aggregates with the nanoPS, bound together by extracellular polymeric substances (EPS), and these
aggregates sedimented. The aggregates were larger, and the sedimentation was more rapid for the marine system. Aggregate
morphologies were qualitatively different for the microPS samples, with the bacteria linking up a small number of particles, all held
together by EPS. There was no sedimentation in these samples. The cyanobacteria remained alive after exposure to the particles. The
particle size- and salt concentration-dependent response of cyanobacteria to these anthropogenic stressors is an important factor to
consider for a proper understanding of the fate of the particles as well as the bacteria.

B INTRODUCTION

About 200 million tons of plastic are in the world’s oceans
currently,1 and around 8 million additional tons are added each
year.” Land-based sources that bring plastic pieces to both
ocean and fresh waters include stormwater runoff, visitors to
beaches and lakes, industrial sources, construction activities,
personal care products, and illegal dumping.”~> The fishing
industry and aquaculture are one of the main ocean-based
sources of plastic.6 Ultraviolet (UV) radiation and wind action
eventually break down large pieces into either microplastic
(size between 0.1 ym to S mm) or nanoplastic (size less than
0.1 um) particles.”” Degradation of most plastics is extremely
slow,® and deleterious effects caused by ingestion of these
particles by ocean species are now well documented.”"’

The interaction of microplastics and microorganisms
remains an open area of study. Particularly, there is a lot of
interest in understanding the interaction of microplastics and
cyanobacteria (CB), also known as blue-green algae, due to its
importance to the earth’s primary production of oxygen."' ™"
Oberbeckmann et al.'* and Kaiser et al.'> found that
cyanobacteria represent the majority of the attached microbial
communities on a variety of plastics types in the ocean. These
surfaces seem to offer stability and protection to prokaryotes,"*
making it an attractive place for microorganisms to colonize.
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Poly(methyl methacrylate) and polystyrene microparticles in
sizes varying from 106 ym to 250 ym and from 106 ym to
lower were exposed to two freshwater (Microcystis panniformis
and Scenedesmus sp.) and two marine (Tetraselmis sp. and
Gleocapsa sp.) cyanobacteria by Cunha et al.'® They showed
that aggregation relied on the production of extracellular
polymeric substances (EPS), and therefore the interaction
between cyanobacteria and microplastics was species specific.
Bacterial EPS are macromolecules excreted in response to
physiological changes because of environmental factors;'”"®
these EPS have a variety of functions'”*” such as cell adhesion
to surfaces,'”*"** cell aggregation,18 and cell protection."”

In addition, Frére et al.”* showed by collecting and analyzing
microplastics from the Bay of Brest that the bacterial
assemblages vary with polymer type. They found that
polystyrene presents distinct bacterial communities compared
to polypropylene and polyethylene samples. Lagarde et al.”*
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Figure 1. SEM images of (a) marine CB, (b) freshwater CB, (c) nanoPS, and (d) microPS.

also found differences between two polymers (polypropylene
and polyethylene) regarding freshwater cyanobacteria colo-
nization (Chlamydomas reinhardtii). Consequently, the inter-
action between cyanobacteria and microplastics depends on
the bacteria and microplastic type.

The marine Synechoccocus cyanobacterium is one of the most
predominant bacterial genus in the ocean environment."’
Similarly, freshwater Synechoccocus is one of the most common
genus in lakes around the world.'””** Given the ubiquitous
presence and importance of these cyanobacteria, it is important
to understand the impact of the micro and nanoplastics on
these algae.

The focus of this work is the physicochemical aspects of
cyanobacteria interacting with micro- and nanopolystyrene
particles, an important first step in the response of these
microorganisms to the presence of these particles. Polystyrene
is chosen because it is one of the most commonly found, and
refractory, polymers in ocean and fresh water.”"">’ We use
photography, fluorescence microscopy, and cryogenic and
scanning electron microscopy (cryo-SEM, SEM) to follow the
formation of CB—particle aggregates and their sedimentation.

B MATERIALS AND METHODS

Materials. Synechococcus elongatus Nageli PCC 7942 cyanobacteria
(freshwater CB) and Synechococcus sp. PCC 7002 cyanobacteria
(marine CB) were obtained from ATCC (American Type Culture
Collection). BG-11 and A+ media were obtained from UTEX Culture
Collection of algae. A 2.5 wt % suspension of monodispersed
polystyrene spheres with diameters of 0.1 ym (nanoPS) and 10 ym
(microPS) were obtained from Sigma-Aldrich. Glutaraldehyde (3% v/
v) and 0.1 M phosphate buffer were purchased from Electron
Microscope Sciences. Hexamethyldisilazane (HDMS), and Sytox
Green Nucleic Acid Stain (S mM solution in DMSO) were obtained
from ThermoFisher. Bioreactors (500 mL) were obtained from

3964

Grofizz. Deionized (DI) water was obtained from a Millipore Milli Q
system.

Sample Preparation. NanoPS and microPS suspensions were
centrifuged at 18 S00 g for 45 min (microPS) and 4 h (nanoPS), the
supernatant was removed, and the resulting pellet resuspended in DI
water. This process was repeated twice. Centrifugation and washing
removed the bactericide sodium azide and other preservatives from
the stock suspensions.

Freshwater CB and marine CB were grown for 3 weeks in 100 mL
of BG-11 and A+ medium, respectively, inside bioreactors with air
bubbling. Both strains were cultured at 30 °C and exposed to 12 h/12
h light/dark periods in a Controlled Low Temperature Illuminated
Incubator (Model 818, Fisher Scientific). Prior to exposure to
polystyrene particles, the viability of the CB was verified live/dead
assay using the Sytox probe and fluorescence microscopy.’ A range of
particle loadin%s, from 0.0004 to 0.005 g/mL, has been reported for
natural water.’*> The CB samples in our experiments were exposed
to a particle loading of 0.005 g/mL. The control experiments
consisted of monitoring CB without exposure to particles and
monitoring nanoPS and microPS in growth media without any CB.
After addition of the CB to the particle suspension, the samples were
placed on a Scilogex SK-O180-E Orbital shaker rotating at 100 rpm at
30 °C for the duration of exposure.

B SAMPLE CHARACTERIZATION

Settling. A 2.5 cm long quartz cuvette was loaded with CB,
particles, or mixtures of CB with particles in both fresh and marine
water. The transient optical density (OD) was monitored for 6.5 h,
with readings taken every 15 min (Jasco, Tokyo, Japan). The beam
slit was 1 cm high, and its midpoint was located 1 ¢cm from the
bottom of the cuvette. Optical densities were normalized by the values
at the beginning of each experiment. Sample vials were imaged at the
end of 6.5 h.

Scanning Electron Microscopy. The SEM and cryo-SEM
analysis were performed on a Zeiss Sigma VP field emission SEM
equipped with a cryogenic chamber and cold stage (Gatan Alto
2500). Regular SEM was used to observe CB morphology and study
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Figure 2. Images of vials after 6.5 h of exposure, and optical density (OD) data. The vials have a diameter of 2.8 cm: (a) nanoPS$ exposed to marine
CB; (b) bottom of the vial showing aggregates of marine CB nanoPS; (c) nanoPS$ in marine medium; (d) marine CB in marine medium; (e)
nanoPS$ exposed to freshwater CB; (f) bottom of the vial showing aggregates of freshwater CB nanoPS; (g) nanoPS in freshwater medium; (h)
freshwater CB in a freshwater medium; (i) microP$S exposed to marine CB; (j) bottom of the vial showing aggregates of marine CB microP$
(marked by arrows); (k) microP$S in marine medium; (1) microP$S exposed to freshwater CB; (m) bottom of the vial showing aggregates of
freshwater CB microPS (marked by arrows); (n) microPS in freshwater medium; (o) normalized OD versus time for nanoP$S samples; (p)

normalized OD versus time for microPS samples.

the marine CB-microplastic aggregates. A 300 uL aliquot of the CB
suspension (with or without microplastics) was filtered through a 0.08
um filter (Whatman, Nucleopore Hydrophilic Membrane). The cells
on the filter were fixed with 3% v/v glutaraldehyde for 2 h at 4 °C.
The filter specimen was washed twice with a 0.1 M phosphate buffer
solution. The specimen was then dehydrated for 15 min during each
step through a graded ethanol series of 50% v/v, 70% v/v, 90% v/v,
and twice with 100% v/v ethanol. The filter was submerged in HDMS
and air-dried.**"** The specimen was then sputtered with gold on a
Cressington 105 sputter coater and imaged on the SEM at room
temperature.

3965

Cryo-SEM was used to observe the freshwater CB—microplastic
aggregates in their native, hydrated state. Three microliters of each
suspension were pipetted on a cryo-SEM stub and frozen in a liquid
nitrogen slush. The frozen specimens were transferred under vacuum
to the prechamber at —130 °C, where the samples were fractured
using a cold flat-edge knife and sublimed for 3 min at —100 °C to
enhance surface topology. After the temperature was lowered back to
—130 °C, the specimens were sputtered for 60 s with gold. The
specimens were kept at —130 °C and imaged at 3 kV acceleration
voltage using an Everhart—Thornley secondary electron detector.

https://dx.doi.org/10.1021/acs.langmuir.9b03644
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Fluorescence Microscopy. Fluorescence microscopy was used to
test CB viability after exposure to particles. At several time points
during CB incubation with particles, 100 yL of the sample was
collected and stained with Sytox Green Nucleic Acid Stain, for a final
concentration of 1 yM.* Dark field and fluorescence images were
acquired by using a Cytoviva microscope equipped with a Dual Mode
Fluorescent Module. CB with intact cell membranes emit red due to
chlorophyll autofluorescence, whereas those with damaged cell
membranes emit green or yellow-orange, easily allowing the
differentiation between live and dead CB. A rough estimate of
aggregate sizes is obtained using image analysis. These sizes represent
the diameters of circles with the same area as the aggregates.

B RESULTS AND DISCUSSION

Scanning Electron Microscopy Results. SEM images of
both marine and freshwater CB are shown in Figure la,b.
Marine CB is a coccoid bacterium about 1.5 ym in length, and
1.0 pm in diameter.”® Fresh water CB is a rod-shaped
bacterium, about 2 gm in length and ~0.75 ym in diameter.””
The polystyrene particles are shown in Figure lc,d. The
nanoP$ particles are approximately 10 times smaller than CB,
and the microPS particles are approximately 10 times larger
than CB.

Particle Size and Water Salinity Effects. Figure 2 shows
images of sample vials taken after 6.5 h of CB incubation with
nanoPS$ and microPS. These samples are in 0.6 M NaCl. The
most striking observation is the formation of large nanoPS—
marine CB aggregates with sizes varying between 50 and 100
pum, which sediment within several hours, leaving a clear water
layer on top (Figure 2a). Aggregates can also be seen at the
bottom of the vial (Figure 2b). The nanoPS suspension in this
medium is turbid (Figure 2c), implying some aggregation.
However, these aggregates are easily dispersed with gentle
shaking, and they do not sediment. Figure 2d shows that the
CB remained stably suspended and showed no evidence of
settling.

The freshwater results for nanoPS are shown in Figure 2e—
h. The freshwater CB exposed to nanoP$S shows sedimentation
within 6.5 h of exposure (Figure 2e), much less dramatic than
the marine CB—nanoPS$ system. NanoP$S and some aggregates
are visible at the bottom of the vial (Figure 2f). The nanoPS in
the freshwater culture medium (Figure 2g) showed no
evidence of sedimentation. The freshwater CB by itself did
not show any settling over this 6.5 h period (Figure 2h).

The microPS-containing samples behaved differently from
those with nanoPS. Figure 2i shows microPS exposed to
marine CB. The sample remained turbid within the 6.5 h of
exposure, and sedimented microPS particles could be seen at
the bottom of the vial (Figure 2j). The microPS$ particles in the
marine medium sedimented within a few hours, as shown in
Figure 21. When microP$ particles were exposed to freshwater
CB, the sample remained turbid (Figure 2m), but sedimented
particles were easily detected (Figure 2n). The microP$S
particles by themselves settled within a few hours when
exposed to a freshwater medium (Figure 20).

The key observations from the transient OD results shown
in Figure 2p,q are (i) that the marine and freshwater CB
remain stably suspended in their respective media, (ii) nanoP$S
in freshwater and in marine water remains fairly well dispersed,
while microPS particles in both freshwater and marine water
settle rapidly, (iii) nanoPS-CB aggregates in a marine medium
settle quickly, but they do not settle as rapidly in a freshwater
medium, and (iv) microP$S particles settle rapidly and leave
most of the CB suspended stably in the vial.
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The settling of semidilute suspensions in a finite container
involves complex interactions between the downward moving
particles and the upward flow caused by the displaced fluid.
The transient optical density plotted in Figure 20,p reflects the
concentrations of aggregates averaged over the 1 cm height of
the excitation beam. For a single spherical particle of diameter
d, and density p, suspended in a fluid of density ps and
viscosity u, the particle settling velocity u can be estimated
4,5, — ng

18u

acceleration due to gravity. Using the polystyrene density p, =
1.06 X 10° kg/m®, the marine water (0.6 M NaCl in water)
density p,,,, = 1.03 X 10° kg/m?, and the freshwater density as
Py = 1.00 X 10° kg/m?, a nanoP$ particle settles about 3.8 ym
in marine water and 7.6 pm in freshwater in 6.5 h. This
distance is reduced further because the settling of the particles
in a concentrated solution induces a compensating backflow of
solvent that reduces the average sedimentation velocity. The
sedimentation front does not pass through the beam at a
location 1.5 cm from the top. However, a microPS particle
settles 3.8 cm in marine and 7.6 cm in fresh water over 6.5 h.
Both these dimensions are larger than the depth of the vial. For
microPS particles by themselves in both marine and fresh
water, the sedimentation front moves past the excitation beam
and the OD drops. This is reflected in Figure 2p. If a particle
suspension is allowed to equilibrate under the influences of
Brownian motion and gravity only, the particle number
concentration will decay exponentially with position, with a
decay length kT/{v,(p, — pg)}g Here v, is the volume of a
particle and p; is the density of the surrounding fluid. The
decay lengths for the nanoPS particle concentrations in
freshwater and marine media at 30 °C are 1.3 and 2.6 cm,
respectively. These lengths are comparable to the depth of the
suspensions in the vials. For microPS particles the decay
lengths in freshwater and marine media are 13.6 and 27.2 nm
respectively, well below the depth of the suspensions in the
vials. These length scales are consistent with the observations
that nanoPS particles remain suspended in the vial, while
microP$S particles sediment. Using a particle loading of 0.005
g/mL, the average interparticle distance between nanoPS$ and
microPS$ particles can be estimated to be ~500 nm and ~50
um, respectively. Interparticle interactions between the PS
beads can therefore be neglected.

Using this analysis and the experimental observations, we
hypothesize the following: (a) NanoPS particles aggregate, and
marine bacteria excrete exopolymeric substances (EPS) after
exposure to nanoP$ particles to create aggregates40 that are S50
pum to 100 pm in diameter, causing them to sink. Indeed,
biofouling is known to be a crucial component in the sinking of
microplastics.'”'“** Both particle—particle and particle—CB
aggregation are required, as such large aggregates are not
formed when nanoPS particles are exposed to CB in fresh
water. Particle—particle aggregation is induced by the presence
of salt in the marine medium. (b) MicroPS$ particles sediment
quickly in both marine and freshwater media. The time scales
involved in EPS secretion and then aggregation of microPS$ and
CB are longer than the sedimentation time scale. Thus, the
microPS particles sediment and leave behind a stable
suspension of the CB. These CB were responsible for the
turbid appearance and the nonzero optical density of the
sample after 6.5 h.

Fluorescence and dark field microscopy were used to analyze
the aggregates formed by the microPS and nanoPS with CB

using well-known Stokes velocity u = , where g is the

https://dx.doi.org/10.1021/acs.langmuir.9b03644
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Figure 3. Fluorescence overlaid with dark field images of the nanoPS and microPS—CB aggregates: (a) marine CB exposed to nanoP$ (large
aggregates are formed); (b) marine CB exposed to microPS; (c) freshwater CB exposed to nanoPS; (d) freshwater CB exposed to microPS; (e)

marine CB in marine medium; (f) freshwater CB in a freshwater medium.

Figure 4. (a) SEM image of marine CB and nanoPS aggregates: (b) SEM image of marine CB and microPS aggregates; (c) cryo-SEM image of
freshwater CB and nanoP$ aggregates; (d) cryo-SEM image of freshwater CB and microP$S aggregates. The red arrows point to EPS strands.

and to evaluate cell viability after 3 days of exposure (Figure
3). A key observation is that the cells remained viable after
exposure to and interaction with the particles (red
fluorescence). Figure 3a shows nanoPS exposed to marine
CB. The aggregates are greater than 100 um in effective

dimensions and contain both marine CB nanoPS. Marine CB
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attached to the microPS, as seen in Figure 3b. The size of the
aggregates was comparable to the size of the particles,
approximately 10 ym.

NanoPS—freshwater CB aggregates are shown in Figure 3c.
The aggregates appear similar to the nanoPS—marine CB
aggregates, although smaller (40—S0 pm) in size. Figure 3d

https://dx.doi.org/10.1021/acs.langmuir.9b03644
Langmuir 2020, 36, 3963—-3969
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shows microPS—freshwater CB aggregates. Little attachment of
CB is observed around the microPS$ particles. When observed
at this scale, particle—CB aggregation varies with particle size,
the type of CB, and the medium. Parts e and f of Figure 3 show
the CB in marine and freshwater media with no evidence of
any aggregates in either case.

A more detailed picture of the attachment of the CB to the
particles emerges from SEM and cryo-SEM images, taken after
3 days of exposure, and is shown in Figure 4. Figure 4a shows
nanoPS exposed to marine CB. The nanoPS particles are
highly aggregated and the CB are distributed within the
aggregates. EPS strands are located around the cells and bind
the particles. Examples of EPS filaments are highlighted in
Figure 4. The difficulty in redispersing these aggregates
indicates that large numbers of these nanoPS particles are
being held together by EPS.'®*' Figure 4b shows the
attachment of marine CB to microPS. Several CB are visible
around the particle, and large numbers of CB are accumulated
below this particle. Strands of EPS are visible around the
particle and between the cells, indicating biofilm formation on
the microP$ particles.””

NanoPS exposed to freshwater CB shows aggregation
(Figure 4c). Strands of CB presumably containing nanoP$
particles form a connected network. This morphology is not
observed in the nanoPS marine CB samples. MicroP$
freshwater CB aggregates show CB attached to the particles,
creating fibrous structures (Figure 4d)."” EPS secretion and
CB—PS particle aggregation is a function of the relative size of
CB to the particles, the type of CB, and the medium. These
electron microscopy results are consistent with our observa-
tions from photographs as well as fluorescence microscopy.

B CONCLUSIONS

We have examined the response of marine and freshwater
cyanobacteria (CB) to polystyrene nano- and microparticles.
These ubiquitous CB respond actively to the presence of the
particles, and they remained viable in all cases. CB were able to
promote the sedimentation of nanoPS within 6.5 h of
exposure. Sedimentation was faster for the marine CB than
for the freshwater CB. CB produced exopolymeric substances
and formed aggregates with the PS particles. The detailed
response of the CB to PS particles depends on the size of the
particles, the type of CB and the medium. These findings have
implications for microPS and nanoPS$ transport and fate in
waters that have CB. They can promote nanoP$ sinking and
therefore subestimation of nanoPS concentrations in natural
water ecosystems if sampling is performed on the surface. The
physicochemical component evaluated in this work is the first
step in the complete response of CB to nano and microPS
particles.
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