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Anthropogenic pressures on aquatic ecosystems have led to threats, including nanoplastics, defined as
plastic particles less than 1 um in diameter. This is concerning as cyanobacterial abundance is expected to
increase under rising temperatures and carbon dioxide levels. Cyanobacterial cell surfaces are significant in
nutrient and metal uptake and cycling; negatively charged functional groups and extracellular polymeric
substances (EPS) help promote calcium carbonate formation along cell surfaces. Yet, the impacts of
nanoplastics on cyanobacterial physiology and surface properties remain unclear. Here, we investigated
the effects of polystyrene nanoplastics on cell growth, morphology, and surface properties of marine
Synechococcus sp. PCC8806 and freshwater Spirulina platensis, crucial primary producers and players in
many biogeochemical processes, under environmentally relevant nanoplastic concentrations. Nanoplastic
aggregation and elevated secretion of EPS minimized negative impacts on growth and morphology by
Received 29th December 2024, reducing potential nanoplastic-cell interactions. Polystyrene nanoplastics modified cell surface
Accepted 16th April 2025 compositions by increasing polysaccharide and lipid contents by up to 35% and 37% in Synechococcus
and Spirulina, respectively. Additionally, cell wall thickness increased by 15-20 nm for both cyanobacterial
species. Together, these findings demonstrated the impacts of nanoplastics on cell surfaces and the coping
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rsc.li/es-nano mechanisms cyanobacteria employ against polystyrene nanoplastics.

Environmental significance

With the rapid rise of plastic production globally, there are ecological and human health concerns about the increased presence of nanoplastics within
aquatic environments. Cyanobacteria and their cell surfaces provide key ecosystem services as primary producers. In this study, we examine the impacts of
polystyrene nanoplastics at environmentally relevant concentrations on the physiology and cell surface properties of freshwater and marine cyanobacteria.
Our findings showcased the role of extracellular polymeric substances (EPS) secretion and cell surface modifications as coping mechanisms cyanobacteria
employ to mitigate any negative impacts of polystyrene nanoplastics on cyanobacterial physiology. Studying the impacts of polystyrene nanoplastics on cell
surface properties can provide insights into the physiological and biogeochemical functions that cyanobacteria contribute to aquatic environments.

Introduction transported into aquatic systems, NPIs can also be generated
from the progressive degradation of bulk plastic particles
and microplastics (MPs).* The formation processes of NPls
can lead to physical and chemical heterogeneity of NPls and
their environmental fate.” The size, shape, surface charge,
and chemical reactivity of NPIs are influenced by their
formation processes and environmental factors, i.e., pH,
ionic strength, and natural organic matter. For example,
weathering and fragmentation of bulk plastics increase the
abundance of oxygen and hydroxyl radicals (OH:) on the
“ Biogeochemistry Group, Department of Physical and Environmental Sciences, plastic surface, making bulk plastics more susceptible to
University of Toronto Scarborough, 1065 Military Trail, Toronto, ON, M1C 1A4, photodegradation and further degradation to NPIs.°
Canada. E-mail: m.dittrich@utoronto.ca Weathering of NPIs by ultraviolet radiation can lead to cracks

b ) -
Department of Earth Sciences, University of Toronto St. George, 22 Ursula . . . . 7
Franklin Strees, Toronto, ON, M5S 3B1, Canada due to the oxidation of active functional groups.” Conversely,

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ the charge of surface functional groups on NPIs and
10.1039/d4en01223b interacting environmental factors can promote or hinder

Plastic pollution, a pressing global threat, has far-reaching
adverse consequences. The plastic debris, often discarded in
landfills, can end up in aquatic environments through
processes like surface runoff and wastewater treatment plant
(WWTP) effluent." Within aquatic systems, plastic debris can
undergo weathering processes, forming nanoplastics (NPIs),
plastic particles less than 1 pm in diameter.>® When
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aggregation.”® Aggregation of positively and negatively
charged PS NPIs was reported when exposed to sodium
chloride (NaCl) greater than 5%; the hydrodynamic diameter
of PS NPIs increased drastically as NaCl concentrations
increased.’

NPIs can actively interact with cyanobacterial cell surfaces.
In Gram-negative bacteria, consisting of most freshwater and
marine cyanobacteria, bacterial cell walls are rich in hydroxyl,
carboxyl, and phosphate functional groups and contain a
thin peptidoglycan layer.'® The electrostatic interactions
between the bacterial cell surfaces and NPIs can determine
the extent of the impacts of NPIs. The overall negative surface
charge makes cell surfaces more susceptible to positively
charged NPIs."" Cyanobacterial cell surface properties and
the secretion of extracellular polymeric substances (EPS) are
involved in nutrient and metal uptake, biogeochemical and
metabolic processes, and aggregation and adhesion of
bacterial communities to surfaces.'** For instance, EPS and
negatively charged surface functional groups sorb metal
cations such as calcium ions (Ca>"); after EPS is degraded,
the release of Ca** may yield locally high concentrations and
favor calcium carbonate (CaCO;) formation.'* Electrostatic
interactions between the bacterial cell surfaces and NPIs can
determine the extent of the impacts of NPIs. The sorption
and subsequent bioaccumulation of NPIs has been observed
to inhibit growth rate and photosynthetic activity
significantly; the decline in algal growth and photosynthetic
activity of Chlorella vulgaris was related to the observed
adsorption of PS NPls on microalgal surfaces."® Additionally,
the presence of NPIs induces the production of reactive
oxygen species (ROS), such as superoxide anion (O,:),
hydrogen peroxide (H,0,), and OH., by disrupting the
transfer of electrons to oxygen within the electron transport
chain or through the oxidative degradation of NPIs."*™*® ROS
accumulation can damage DNA/RNA and impact the
structure and functionality of the cell membrane of living
organisms."® Under the presence of NPIs, cyanobacteria can
secrete EPS; EPS can promote aggregation and act as a
protective barrier against NPIs.*

Picocyanobacteria (0.2-2.0 pum) genera Synechococcus are
major primary producers in oceans and large freshwater
lakes.* Cyanobacteria genera Spirulina are widely distributed
in freshwater and marine environments and are an essential
source of algal biomass, pigments, and antioxidants.**
Synechococcus and Spirulina are important, particularly as
abundances of both cyanobacterial species are expected to
increase under rising temperatures and CO, levels.*® In
addition, Synechococcus and Spirulina can combat CO,
increases in freshwater and marine environments through
photosynthetic activity and CaCO; formation along their cell
surfaces, which serves as a buffer against the acidification of
water bodies.*”*® With the combination and increasing
nano-fractions of plastics based on future trends of bulk
plastic production and degradation®**” and increased
cyanobacterial populations due to climate change, there will
potentially be more interactions between NPls and
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cyanobacterial cell surfaces. Any slight reduction in
cyanobacterial populations, primary production, or nutrient
cycling by NPIs will severely affect ecosystem services and
functioning, zooplankton, and young fish populations.

The effects of NPIs on cell surfaces remain understudied
despite the importance of cyanobacterial cell surfaces. To the
best of our knowledge, no studies have been documented on
the detailed impact of NPIs on the cell surface properties of
Synechococcus and Spirulina. Furthermore, an essential aspect
of interpreting laboratory studies and upscaling the findings
for environmental systems is the choice of NPl
concentrations reported in nature. So far, most laboratory
studies have used high NPl concentrations, including studies
exposing Synechococcus to NPIs.> Such concentrations would
only be applicable based on future trends of plastic waste in
aquatic environments. These laboratory studies may not
accurately represent the environmental impact of NPIs since
field studies on NPIs documented a range of concentrations
obtained with different protocols. The lack of a defined set of
protocols limits the determination of environmentally
relevant NPl concentrations. However, multiple studies
suggested that environmentally relevant concentrations are
2-20 mg L' NPIs.>**" Accordingly, we tested a concentration
range of 2-20 mg L™ at the laboratory scale to reflect
concentrations that could be found in natural systems.

The objective of this study is to examine the effects of
polystyrene  (PS) NPIs at environmentally relevant
concentrations on the cell growth, morphology, and surface
properties, such as surface charge and composition of marine
Synechococcus PCC8806 (henceforth referred to as PCC8806)
and freshwater Spirulina platensis (Spirulina). We hypothesize
that the interactions between NPIs and cell surfaces will
decrease cell growth and deform cell morphology. As a
response to PS NPIs, cells will secrete EPS. The interactions
between PS NPIs and cell surfaces, supposedly dependent on
environmental pH, will alter the composition of cell surface
functional groups (i.e., favoring one surface macromolecule
over another) and decrease negative surface charge. This will
influence the cycling of nutrients and metals like carbon via
CaCO; formation and primary productivity. To test the
hypothesis, we analyzed growth rates and overall cell surface
charge of cells exposed to NPls, whereas various
spectroscopic methods such as Attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) and X-ray
spectroscopy (XPS) were used to assess the changes in the
composition of surface functional groups. EPS was
characterized and visualized with laser scanning confocal
microscopy (LSCM). Finally, we visualized morphology for
potential interactions between NPIs and cell surfaces using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). PS was chosen as it is a synthetic,
resilient thermoplastic polymer widely used in tableware and
packaging and represents the most commercially available
form of synthetic NPIs.>* Notably, almost half of NPI
toxicological studies (~48%) are performed with PS NPls,
notwithstanding the prevalence of different plastic polymers

This journal is © The Royal Society of Chemistry 2025
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that comprise more of the total plastic produced globally
than PS.*® Nevertheless, any observed impacts on cell
physiology and surface properties can be generalized to other
NPl polymers as the primary mode of interaction is via
sorption of NPIs onto cell surfaces.

Methods

Characterization of PS NPIs

Synthetic 600 nm diameter PS NPIs were purchased from
Sigma-Aldrich as 10% solids aqueous solutions with a density
of 1.05 ¢ mL™". The stock PS NPIs underwent dialysis under
ambient conditions against 400 mL deionized (DI) water for
five days using benzoylated dialysis tubing with a molecular
weight cut-off of 2000 in 500 mL beakers. This was done to
circumvent any potential influences from the presence of
additives and/or surfactants that could amplify the impacts
of PS NPIs. The DI water was replaced daily throughout the
dialysis process.

The morphology of PS NPIs was characterized using TEM
(Hitachi H-7500, Tokyo, Japan) at an accelerating voltage of
80 kv. Samples were sonicated, vortexed, and suspended in
DI water and then dried at room temperature on carbon-
coated 200 mesh copper grids. Particle size analysis of the PS
NPIs was performed using Image] software on the TEM
images.

Zeta potential (ZP) and hydrodynamic diameter (HD)
values of the three PS NPI concentrations (2, 10, and 20 mg
L™") in the two growth media (ASN-III and Zarrouk) and DI
water were measured using a NanoBrook Omni (Brookhaven
Instruments, Holtsville, NY, USA). Furthermore, ZP
measurements of 2, 10, and 20 mg L™ PS NPIs in 0.1 M
NaNO; at pH values ranging from 4 to 10 were performed.
The pH values were chosen to reflect natural and predicted
conditions.®® The pH was adjusted using 0.1 M HCl or 0.1 M
NaOH. Samples were vortexed before each measurement and
were measured at 25 °C. Measurements were performed as
triplicates with three measurements per replicate (n = 9).
Particle number concentrations of 2, 10, and 20 mg L™ PS
NPIs were calculated (see ESI).

Cyanobacterial cell cultures

Synechococcus sp. PCC8806 (NCBI: txid195249; accession
number: AF448077), isolated from a lagoon in Port-Gentil,
Gabon, was received from the Pasteur Culture Collection.
Spirulina platensis LB 2340 (NCBI: txid1521533; accession
number: DQ39280), isolated from Natron Lake in Chad,
was obtained from the University of Texas (UTEX) Austin
Culture Collection of Algae. PCC8806 was grown in ASN-III
medium under a constant light intensity of 38 + 3 UE m™
s (HOBO Micro Station H21-002 light sensor), room
temperature (24 + 1 ©°C), and shaken at 130 rpm
continuously. Spirulina was grown in Zarrouk medium
under continuous light intensity (29 + 7 uE m™ s7),
temperature (33 + 1 °C), and shaken at the same speed as
PCC8806. See ESIf for culture media composition. All
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culture media were prepared using autoclaved DI water;
glassware was washed with 5% (v/v) nitric acid (HNO;),
followed by rinses with Milli-Q grade water (18.2 MQ cm).

Rinsed glassware was autoclaved before exposure
experiments.
Cell count calibration curves were constructed for

PCC8806 and Spirulina based on optical density (OD)
readings (Fig. S1t). OD readings were measured at 680 nm
for Spirulina and 650 nm for PCC8806 using a GENESYS 10S
ultraviolet-visible (UV-Vis) spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). OD 650 and OD 680 were
chosen as they represent the number of living cyanobacterial
cells with chlorophyll pigments on their intact cell surfaces."”
The cell count calibration curves were based on previous
studies of the strains from our research group.*****> The
validation arises from plotting the cell numbers against the
OD readings.

Exposure of cyanobacteria to PS NPls

PCC8806 and Spirulina were grown in 125 mL flasks
containing 75 mL ASN-III and Zarrouk media with an
initial cell count of 2.8 x 10° cells per L and 1.1 x 10° cells
per L, respectively. Cultures were inoculated from parent
cultures at the early exponential phase. The cyanobacteria
were then exposed to environmentally relevant PS NPI
concentrations (2, 10, and 20 mg L"), with a negative
control of 0 mg L. We chose these environmentally
relevant NPl concentrations based on predicted and
previous MP and NPI studies ranging from 0.01 to 100 mg
L™.?® Each experimental condition had three independent
replicates with separate cultures and was exposed to the
same growing conditions described above. Each replicate
was spaced sufficiently to avoid overshadowing or
interferences amongst the flasks. Experiments
conducted at the Biogeochemistry Lab at the Department of
Physical and Environmental Sciences at the University of
Toronto, Scarborough (43°47'14" N, 79°11'26" W).

OD readings were conducted daily until the cells reached
the stationary phase, at 60 days for PCC8806 and 27 days
for Spirulina. The OD readings of the PS NPIs in the growth
media were subtracted from the OD readings of the cells
exposed to PS NPIs. Average specific growth rates were
obtained from Gompertz model curve fitting using cell
counts. Visualization of morphology and ultrastructure and
measurement of cell surface properties were performed at
the exponential growth phase, at 48 and 12 days of
exposure for PCC8806 and Spirulina, respectively.

To avoid potential contamination from environmental
NPIs or MPs, cotton lab coats and powder-free nitrile gloves
were worn throughout the experiments. In a biosafety
cabinet, measurements and sample preparation involving
cyanobacteria were performed under sterile conditions
(using sterile glassware) within a biosafety cabinet. Benches
and surfaces were cleaned and disinfected with 70% (v/v)
ethanol.

were
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Scanning electron microscopy and transmission electron
microscopy

To visualize cell morphology under the presence of PS NPIs,
cell suspensions were centrifuged at 10610 X g for 10 min at
room temperature; the growth medium was discarded. The
pellets were washed four times with Milli-Q water before
being fixed with 2% (wt/vol) glutaraldehyde in 0.1 M sodium
cacodylate (pH = 7.4) for two hours at 4 °C in the dark. After
the incubation, the pellets were washed twice with Milli-Q
water and filtered through 0.2 pm black polycarbonate (PC)
filters."**® The filters were air-dried overnight, mounted on
metal stubs, and sputter-coated with gold. SEM images were
obtained on a field-emission SEM (FESEM; Hitachi SU-7000,
Tokyo, Japan) using an acceleration voltage of 1.5 kV.

To visualize the ultrastructure, the cell suspensions were
centrifuged and washed four times in Milli-Q water before
being fixed with 2% (wt/vol) glutaraldehyde in 0.1 M sodium
cacodylate (pH = 7.4) overnight at 4 °C in the dark.*” The cell
pellets were then embedded in 12% (wt/vol) gelatin and
rinsed three times in 1x phosphate buffer saline (PBS)
washing buffer (pH = 7.4). After the rinses, the cell pellets
were fixed with 1% (wt/vol) osmium tetroxide in the washing
buffer for two hours at room temperature. Following the
fixation, the cell pellets underwent a graded ethanol
dehydration series (50%, 70%, 95%, and 100% ethanol). The
pellets were infiltrated under various ratios of 100% ethanol-
Spurr resin (5:1, 3:1, 1:1, 1:3, 1:3, pure resin, and pure
resin) before being embedded in fresh resin. After
embedding, thin sections were cut by a DIATOME Ultra 45°
diamond knife under a Leica Ultracut UCT ultramicrotome
microscope and mounted on copper grids. The grids were
stained with uranyl acetate and lead citrate and dried for
electron contrast in TEM images. TEM images were taken on
a Hitachi H-7500 TEM, using an accelerating voltage of 80
kV. As a control, 2 mL of stock PS NPIs underwent the same
sample preparation. Cell wall thickness was measured from
the TEM images using Image].

Filters and grids were stored within plates to mitigate any
dust and/or NPIs/MP deposition from the surroundings.

Analysis of cyanobacterial cell surface properties

Once the OD readings were taken, cell pellets at the
exponential phase were harvested and centrifuged at 10610 x
g for 10 min at room temperature; the growth medium was
discarded. Afterward, the pellets were washed once in Milli-Q
water and resuspended in 0.001 M
ethylenediaminetetraacetic ~acid (EDTA). The washing
procedure was repeated four times under the same
conditions. The washed pellets were transferred to sterile
ceramic crucibles and freeze-dried overnight at -50 °C using
a FreeZone 2 freeze dryer (Labconco, Kansas City, MO, USA).
The freeze-dried biomass was stored at —-20 °C before ZP
measurements were performed.

ZP measurements were conducted by resuspending 0.1 mg
dried bacteria per mL in 0.1 M sodium nitrate (NaNOj3); 0.1

3142 | Environ. Sci.: Nano, 2025, 12, 3139-3157

View Article Online

Environmental Science: Nano

M NaNO; was selected as the background electrolyte. After
the OD readings were measured, the pH was adjusted (pH 4-
10) using 0.1 M HCIl or 0.1 M NaOH, and the bacterial
solution was equilibrated for 1-1.5 hours.*® Measurements
were performed in triplicate with five measurements per
replicate (100 runs at a temperature of 25 °C) at pH 4-10.
Samples were shaken and vortexed before each
measurement. Based on the observation under
epifluorescence microscopy, most freeze-dried cells maintain
their morphology. Therefore, the ZP measured originated
from freeze-dried cells.

ATR-FTIR spectra serve as a valuable tool in our research,
providing crucial information on the presence of functional
groups associated with macromolecules present on cell
surfaces. These macromolecules, mainly comprised of
carbohydrates/polysaccharides, nucleic acids, proteins, and
lipids, are pivotal in determining cell surface functionality
and stability. ATR-FTIR (Bruker Ltd., ON, CA) equipped with
a single reflection diamond crystal and operating with the
OPUS software (v. 7.5 and 8.5) was used to analyze the
impacts of NPIs on cell surfaces. The diamond crystal was
cleaned with ethanol, and a background spectrum
(accumulation of 256 scans) of only the diamond crystal was
performed before placing the freeze-dried cells. All
measurements were conducted at room temperature, and
data were collected from the accumulation of 256 scans from
1800-600 cm ™" with a spectral resolution of 1 cm™. ATR-FTIR
spectra of the freeze-dried cells were taken for each control
and NPI treatment group replicate. The averaged ATR-FTIR
spectra (as triplicates) were baseline-corrected and
normalized to the amide II band. Deconvolution of peak area
at ~990 cm' and ~1656 cm ' (representative of
polysaccharides and proteins, respectively) was determined
using the Peak Deconvolution app within the OriginPro
software (OriginLab Corporation, Northampton,
Massachusetts, USA). Peak area ratios at ~990 cm™' and
~1656 cm™ were calculated between the peak area of the
NPl-exposed samples and the peak area of the control
sample.

Complementary information about cell surfaces under NPI
exposure was obtained using XPS. XPS Analyses were
conducted on the freeze-dried cell biomass using a Thermo
Scientific =~ K-Alpha  photoelectron  spectrometer with
monochromatized Al Ko X-ray radiation (nominal 400 um
spot, 10 um area of analysis). XPS analysis was also done on
freeze-dried PS NPIs. Individual peak and survey analyses
were obtained for each sample (as duplicates) with a pass
energy of 150 eV and 0.2 eV step. High-resolution spectra of
carbon (Ci1s), oxygen (O1s), and nitrogen (N1s) were
measured using a pass energy of 50 eV and 0.1 eV step. To fix
the C1s component to C-C bonds, 284.8 eV was set as the
binding energy scale. In addition, the O1s components were
adjusted to exclude the sodium auger peak present due to
the washing procedure. XPS technique collects information
only from the outermost molecular layers of the surface (2 to
5 nm) due to inelastic scattering of electrons in the sample.

This journal is © The Royal Society of Chemistry 2025
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Avantage software was used to fit the XPS spectra peaks. The
atomic concentration ratios were calculated based on the
fitting of the peak areas normalized to the basis of the
acquisition parameters and sensitivity factors provided by the
manufacturer. Refer to ESI{ for details on the deconvolution
of carbon, nitrogen, and oxygen peaks and their functional
group assignments.

The surface composition of cell walls can be presented
based on three «classes of essential constituents:
polysaccharides, hydrocarbon-like compounds (lipids), and
peptides (proteins). Compounds such as peptidoglycans are
considered a combination of peptides and polysaccharides.**
This corresponds to CsH;Os5 for polysaccharides and CH,, for
hydrocarbon-like compounds. The weight fraction ratios of
protein (Cp,/C), polysaccharide (Cps/C), and hydrocarbon-like
compounds (Cyc/C) to total carbon were estimated from the
XPS analyses according to the following equations:*°

[N/Clops = 0.279(Cp;/C) 1)
[O/Clops = 0.325(Cp/C) + 0.833(Cps/C) (2)
1 = (Cp,/C) + (Cps/C) + (Curc/C) 3)

EPS measurements and visualization

Cell suspensions were preserved in 4% buffered
paraformaldehyde (containing 1% sodium dodecyl sulfate) in
1x PBS (pH = 7.4) and stored in —20 °C before EPS extraction
and visualization. Cell suspensions were transferred to 1.5
mL microcentrifuge tubes and centrifuged at 11648 x g for
10 min to remove the preservative and growth medium.
Afterward, the cell pellets were washed three times with 1x
PBS.

EPS was extracted according to Khatiwada et al.*° Briefly,
1.5 mL of 0.9% (wt/vol) NaCl was added to the cell pellets;
the samples were then incubated in an 80 °C water bath for
30 min with moderate shaking conditions. After cooling the
samples to room temperature for 30 min, they were
centrifuged at 7455 x g for 10 min, and the supernatant was
collected. Total polysaccharide content was determined using
the phenol-sulfuric acid method.*' 50 uL of the supernatant
was added to a 96-well plate, followed by 150 upL of
concentrated sulfuric acid and 30 pL of 5% (v/v) phenol. The
microplate was placed in a water bath at 90 °C for 5 min and
then cooled down at room temperature for 5 min. The
microplate was reheated and cooled to room temperature.
Once dried, the absorbance of the solution was recorded at
490 nm spectrophotometrically. Blank samples were prepared
using DI water instead of the supernatant. Calibration curves
were constructed using different glucose concentrations (mg
L) as a standard. Measurements were performed with three
measurements per replicate.

Calcofluor white was used to stain (exo)polysaccharides
within EPS and cells, specifically f-p-glucopyranose

This journal is © The Royal Society of Chemistry 2025
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polysaccharides.*? After preserving and washing the cells with
1x PBS, the samples were stained with 100 uL of 300 mg L™*
calcofluor white (dissolved in water) and incubated at room
temperature for 30 min in the dark. The stained cells were
washed two times using 1x PBS to remove any excess stains
before preparing glass slides. The samples were observed
under LSCM (Leica Stellaris, Wetzlar, Germany). The
excitation/emission wavelengths of cells and calcofluor white
were 570/680 nm (red) and 405/435 nm (blue), respectively.
Images were taken using a 63x/1.40 (numerical aperture) oil
lens with a pinhole of 95.5 pm.

Blue fluorescence represents polysaccharides, and red
fluorescence represents chlorophyll. Within the overlay
images, a purple fluorescence signal indicates a higher
fluorescence intensity of polysaccharides than the chlorophyll
fluorescence signal, likely EPS coating the cells. A pink
fluorescence signal represents a lower concentration of EPS
coating cell surfaces.

Statistical analysis

Standard deviations and standard errors for the three
independent replicates were calculated using the OriginPro
2024b software. The normality of the data was tested using
the Shapiro-Wilk test. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by post
hoc Tukey's honest significant difference (HSD) test. The
homogeneity of variance was tested using the Brown-
Forsythe test. Statistical significance was defined as p < 0.05.

Results and discussion

Characterization of PS NPIs under freshwater and marine
conditions

TEM images showed PS NPIs with an average particle
diameter of 549.5 + 25.6 nm (Fig. 1a and S2t), a significant
discrepancy from the manufacturer's reported diameter. A
significant difference in average ZP and HD values of PS NPIs
was observed in ASN-III, Zarrouk, and DI water
(Fig. 1b and c). The higher HD values indicate aggregation
compared to the nominal size of PS NPIs (549.5 + 25.6 nm).

The positive trend in ZPs and higher HDs can be
attributed to the solution's ionic strength; the ionic strength
of ASN-III is higher than the ionic strength of Zarrouk and DI
water. Based on the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, a higher ionic strength reduces the stability of
individual particles and decreases electrostatic repulsion
between negatively charged PS NPls due to electrostatic
charge screening of the NPIs' surfaces and compression of
the electrical double layer.** Charge neutralization by cations
produces a less negative ZP due to the screening of negatively
charged surfaces.” Thus, the more positive ZP of 20 mg L™
NPIs in ASN-III (-14.31 + 0.96 mV) compared to the ZPs in
Zarrouk (-29.39 + 1.69 mV) and DI water (-48.09 + 1.63 mV)
at the same NPl concentration (Fig. 1b) illustrates the
influence of electrostatic charge screening.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4en01223b

Open Access Article. Published on 28 aprile 2025. Downloaded on 08/02/2026 19:46:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Environmental Science: Nano

B 20 mg L'NPIs
b B 10 mg L NPIs
B 2 mg L' NPIs

Zeta Potential (mV)
: o o
L= ] o
1 1

N
o
L

-50 4

ASN-III DI Water

Zarrouk

Medium

3000 1 B 2 mg L' NPis

a 10mg L' NPIs
I 20 mg L' NPIs

N

A

t=

S
1

n

o

S

S
1

1500 4

1000

500 1

Average Hydrodynamic Diameter (nm)

ASN-IlI

Zarrouk DI Water

Medium

Fig. 1 Visualization and measurements of PS NPls in growth media and DI water. a. TEM image of 10 mg L™* PS NPls in DI water. Average b. ZPs
and c. HDs of the three PS NPIs concentrations in ASN-IIl (MM), Zarrouk (FM), and DI water. ZPs and HDs of PS NPls in DI water were measured as
a control. Values are shown as mean * standard deviation (SD), n = 9. Different letters indicate significant differences between treatments (p <

0.05).

The compression of the electrical double layer promotes
the aggregation and sedimentation of PS NPIs, thereby
increasing HD via van der Waals interactions." Indeed, we
observed significantly higher HDs for 2, 10, and 20 mg L™*
PS NPIs in ASN-III (1626.59 + 116.43 nm, 806.75 + 17.55
nm, and 614.51 + 12.70 nm, respectively) compared to
Zarrouk and DI water (Fig. 1c; p < 0.05). Likewise, in
Schmidtmann et al,** the aggregation and sedimentation
of 1 um PS MPs in 10 mM NaCl were reported despite
highly negative ZPs. Additionally, the HDs of PS NPIs in DI
size of PS NPIs.
Individual particles remain stable due to electrostatic
repulsion at high positive or negative ZPs: ZPs higher than
30 mV or lower than -30 mvV.*? This scenario applies to

water were similar to the nominal

3144 | Environ. Sci.: Nano, 2025, 12, 3139-3157

environments with low ionic strength, ie., freshwater
environments.”” Therefore, we expect PS NPIs to persist
mainly as individual particles in freshwater environments,
whereas, in marine environments, we expect PS NPIs to
form agglomerates. Furthermore, our findings suggest that
the formation and sedimentation of agglomerates
potentially mitigate the effects of PS NPIs on aquatic biota
more in marine than in
Combined with other environmental factors such as
dissolved organic matter, this has implications for the fate,
stability, and transport of NPIs in aquatic environments

freshwater environments.

and the extent of their impacts on cyanobacterial cell
surfaces. Since agglomerates of PS NPIs will eventually
settle to the sediment, this removal of PS NPIs in the water

This journal is © The Royal Society of Chemistry 2025
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column will reduce the likelihood of NPl exposure to
cyanobacteria.

Electrostatic interactions between NPIs also depended on
pH conditions. Under a constant electrolyte, 0.1 M NaNO;,
we recorded significant differences in the average ZPs of 2,
10, and 20 mg L™" PS NPIs at pH 4-10 (Fig. $3). The HDs of
2, 10, and 20 mg L™ PS NPIs in 0.1 M NaNO; were
comparable at pH > 5 and higher than the nominal size of
PS NPIs (p < 0.05). For example, at pH 7, the HDs of 2, 10,
and 20 mg L™ PS NPIs were 698.50 + 23.53 nm, 723.34 + 8.09
nm, and 729.61 + 5.29 nm, respectively. The surface
functional groups on NPI surfaces can become protonated or
deprotonated depending on the pH and their acidity
constants (pK,), resulting in different ZPs.'>*®* Changes to pH
will influence the degree of charge screening and
suppression of the electrical double layer, thereby promoting
agglomeration.*

PS NPIs did not impact cell growth, morphology, and
ultrastructure

We reported no statistically significant difference in the
specific growth rates between the control PCC8806 and
Spirulina cells and those exposed to PS NPIs (Table 1; p >
0.05). Therefore, PS NPIs did not inhibit the specific growth
rates of PCC8806 and Spirulina at the tested concentrations,
contrary to what we hypothesized. Moreover, under PS NPI
exposure, the cell morphology and ultrastructure of PCC8806
and Spirulina remained unchanged when exposed to the
tested concentrations (Fig. 2 and S4f). These results are
consistent with previous studies involving Synechococcus and
other cyanobacteria that reported no impact on cell growth
and morphology."*>*”™*° For instance, no significant effect on
cell growth was observed for Microcystis aeruginosa after PS
NPI exposure for 30 days.’® Another study reported stagnant
growth and no changes in the cell morphology of marine
Syn. PCC7002 after seven days of 500 mg L' PS NPI
exposure.”  Yet, the sorption and  subsequent
bioaccumulation of NPIs are expected to inhibit
cyanobacterial growth and deform cell morphology. A
decrease in cell growth, fragmentation, and loss of cellular
integrity was observed in Spirulina exposed to 10 mg L™ PS
NPIs for 20 days.>

Homo-agglomeration (refers to the aggregation of two or
more identical colloidal particles) of PS NPIs and cells could

Table 1 Average specific growth rate (k, as per day) + standard error
(SE), obtained from Gompertz model curve fitting of the growth data (n =
3) from the lag to the stationary phase. Different letters indicate
significant differences between treatments (p < 0.05)

PS NPI concentration PCC8806 (k + S.E.) Spirulina (k + S.E.)

(mg L™)

0 0.074 + 0.005% 0.128 + 0.015%
2 0.079 + 0.005% 0.128 + 0.0222
10 0.078 + 0.005 0.169 + 0.023%
20 0.079 + 0.007% 0.149 + 0.016"

This journal is © The Royal Society of Chemistry 2025
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explain the lack of impacts on cell growth, morphology, and
ultrastructure.® Given the ionic strength of the media, NPIs

can agglomerate due to the charge screening and
compression of the electrical double layer. Eventually, the
agglomerates will sediment, thereby reducing the
bioavailability of NPIs to cells. In addition, large

agglomerates of PS NPIs have a lower surface area than their
single particle counterparts, reducing the contact area and
lessening any damage to cell surfaces.”® Our results are
consistent with previous studies.”**** For instance, Bergami
et al.”® observed no significant impact on the cell growth of
marine green microalga Dunaliella tertiolecta after exposure
to 10-40 mg L™ negatively charged carboxylate-modified PS
NPIs. They attributed the lack of effects to the strong
aggregation patterns and reduced bioavailability of negatively
charged PS NPIs in the growth medium. The
homoagglomeration of cells was observed, especially for
PCC8806 exposed to PS NPIs (Fig. 2). More than eight cells of
PCC8806 were agglomerated (Fig. 2a, ¢, e and g); as Spirulina
cells are large and filamentous, on the Fig. 2d and h, one cell
was observed far away from the second cell. The homo-
agglomeration of cells would reduce the surface-to-volume
ratio and result in fewer cell-PS NPl agglomerates.”*>* Still,
the lack of changes in cell morphology and internalization of
PS NPIs despite the sorption of NPIs could be attributed to
electrostatic repulsion exerted by the negatively charged
functional groups on cyanobacterial cell surfaces.
Nonetheless, the sorption of NPIs will elicit a reaction to cell
surfaces, including changes in the composition of functional
groups.

Sorption of PS NPIs altered cyanobacterial surface
composition

The net negative surface charge of PCC8806 and Spirulina
and the downward trend of ZP at pH 4-10 indicate the
dominance of acidic functional groups (Fig. 3)."® The surfaces
of Synechococcus are known to be dominated by acidic
carboxylic and phosphoric functional groups.’*** Acidic
functional groups deprotonate when the pH becomes more
basic, resulting in a net negative surface charge.

PS NPIs significantly altered the surface charge of
PCC8806 at pH 4-10 (Fig. 3a; p < 0.05); this is supported by
SEM imagery (Fig. 2). At pH 7, the ZPs of PCC8806 10 and 20
mg L™ (-16.73 = 0.70 mV and -20.12 + 0.69 mV) were
significantly lower than the control (-13.44 + 0.97 mV). A
decreased negative ZP with increasing NPIs concentrations
indicates interactions between cell surfaces and PS NPlIs, as
the sorption of negatively charged NPIs blocks positively
charged surface functional groups. This blockage and
subsequent charge screening increases the proportion of
negatively charged groups, thereby influencing cyanobacterial
surface charge and promoting electrostatic repulsion.
Considering the significance of cyanobacterial surface
functional groups, any changes to the surface charge by the
sorption of NPIs will impact nutrient and metal uptake and
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Spirulina

Fig. 2 Morphology of PCC8806 and Spirulina exposed to PS NPls. SEM images of PCC8806 and Spirulina cells at the exponential phase: a and b.
control, ¢ and d. with 2 mg L™ PS NPIs, e and f. with 10 mg L™ PS NPIs, g and h. with 20 mg L™* PS NPls. Surface interactions between PS NPls and
cyanobacterial cells were observed. The arrows indicate the presence of PS NPls and EPS.

cycling.>®*® In particular, any inhibition in the uptake of

trace and heavy metals by negatively and positively charged
binding sites by bacterial surfaces, especially of dominant
cyanobacterial species like Synechococcus, will have drastic
consequences in primary productivity and growth of higher
trophic-level organisms.”®*’

Moreover, the compression of the electrical double layer
and sorption of opposite charge ions, particularly under high
ionic strength, can reduce ZPs by promoting more NPl-cell
surface interactions."” Similar hypotheses have been
proposed to explain the drop in the ZPs of Gram-negative
bacteria Klebsiella pneumoniae and green algae Scenedesmus

3146 | Environ. Sci.: Nano, 2025, 12, 3139-3157

exposed to negatively charged NPIs.'”** Furthermore, the ZPs

of PCC8806 significantly decreased as PS NPl concentrations
increased. A ZP dependence on PS NPI concentrations lets us
assume that increasing particle concentration would enable
more sorption and blockage of positively charged functional
groups on cell surfaces.

Interestingly, the ZPs of Spirulina were found to be
exclusively altered at lower pH values (pH 4-6) by PS NPIs
(Fig. 3b; p < 0.05), contrary to the significant decrease in the
ZPs of PCC8806 by the presence of PS NPIs at pH 4-10. Our
results indicate a considerable pH dependence on the
impacts of NPIs on the surface properties of Spirulina. This

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Surface charge of PCC8806 and Spirulina under PS NPl exposure. Effects of PS NPls on the ZPs of a. PCC8806 and b. Spirulina cells at the
exponential phase in 0.1 M NaNOs at pH 4-10. Values are shown as mean * SD, n = 15. Statistical significance is defined as p < 0.05.

pH dependence for cell-NPI interactions carries profound
implications for cyanobacterial adaptation to plastic
pollution in the face of globally changing aquatic
environments. The pH of natural waters ranges from pH 2-
12, depending on the buffering capacities of water bodies
and dissolved organic matter; fluctuations in pH values can
occur during periods of high primary productivity and
acidification.”® The phenomenon of pH homeostasis, which
regulates differences in intracellular and extracellular pH, is
primarily maintained by channeling cations like sodium
(Na*) and Ca** through cell membranes and begins with the
sorption of cations onto cell surfaces.’®>® Sorption of NPls
would block channel proteins, hindering pH homeostasis
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and resulting in more susceptibility to cell lysis. Further
consequences of the presence of NPIs include impacts on the

uptake and transport of metals and nutrients, ie.,
phosphorus (P) and cyanobacterial-induced CaCO;
formation, as both are linked to cell surfaces.***® Wwe
hypothesize that surface-driven cyanobacterial CaCO;

precipitation will also be affected by NPIs.

The ATR-FTIR spectra of PCC8806 exhibited strong peaks
associated with polysaccharides, including peaks at ~990
and ~1040 cm™" relating to C-O and C-C stretching and at
~1150 em™" for C-O stretching in glycosidic bridges (Fig. 4a).
Peaks associated with proteins were also observed, including
peaks at 1536 cm ™' (N-H bending, C-N stretching, and C=0
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Fig. 4 ATR-FTIR spectra of PCC8806 and Spirulina under NPl exposure. ATR-FTIR spectra of a. PCC8806 and b. Spirulina under control and NPl-
exposed conditions. See Tables S1 and S27 for specific assignments of the ATR-FTIR peaks for PCC8806 and Spirulina.
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stretching) and ~1656 cm™* (C=O0 stretching) of amides in
proteins (Table S27). Similar findings have been reported in
Paulo et al;** peaks associated with polysaccharides (i.e., at
~1000 cm™*) and proteins (i.e., at ~1650 cm™*) were observed
within the ATR-FTIR spectra of PCC8806 grown under
different P concentrations. The ATR-FTIR spectra of Spirulina
revealed strong peaks relating to proteins (Fig. 4b). This
includes peaks at ~1650 cm™* and ~1540 cm*
corresponding to amide I and II, respectively. Broad bands
were detected within the polysaccharide region, such as at
~990 and ~1150 cm ™", corresponding to C-O stretching and
C-C of pyranose (Table S371). The obtained ATR-FTIR spectra
of Spirulina are consistent with a previous study by Kavitha
et al.,®® where strong peaks associated with amide I and II
bands and C-O stretching (1070 cm™) of glycogen were
observed. Minor nucleic acid and lipids peaks were also
discovered in PCC8806 and Spirulina ATR-FTIR spectra.

Variations in the macromolecular composition of cell
surfaces are expected in the presence of stressors, such as PS
NPIs. For instance, Déniel et al.®' reported increased protein
content in the FTIR spectra of microalgae Chlamydomonas
reinhardtii exposed to 1 mg L™ PS NPIs. Principal component
analysis revealed slight variations in polysaccharide and
protein bands, indicating a reaction between PS NPIs and C.
reinhardtii.*!

Under PS NPI exposure, polysaccharide bands at ~990 and
~1040 cm™" shifted towards higher wavenumber for PCC8806
and Spirulina (Tables S2 and S3+t). Furthermore, an increase
in the peak area ratio at ~990 cm™ was detected for
PCC8806 exposed to 2 and 20 mg L™ PS NPIs and Spirulina
under all tested PS NPl concentrations compared to the
control (Fig. S10at). Both observations indicate that PS NPIs
react with cyanobacterial surfaces, producing more
polysaccharides. This contrasts with decreased
polysaccharide-related peak intensities in PS NPl-exposed
microalgae Chlorella vulgaris.'®

Table 2 Binding energies (eV), mass fractions (%), and high-resolution XPS spectral band assignments of PCC8806 at the exponential phase
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Moreover, there were spectral variations within the
PCC8806 and Spirulina ATR-FTIR spectra towards lower and
higher wavenumbers at peaks relating to the protonation and
deprotonation of carboxylic acid or ester functional groups in
proteins and lipids (at ~1340 em ™', ~1399 cm ™', and ~1739
em™). The peak area ratio at ~1656 cm ' increased and
decreased for PCC8806 and Spirulina by PS NPl exposure,
respectively (Fig. S10bt). The increased PCC8806 protein
content is in agreement with previous studies.®®* A
decreased protein content in Spirulina further confirms that
PS NPIs interacted with cyanobacterial surfaces. In Hazeem
et al,"® an increase in the amide I band was observed in
conjunction with a decrease in the amide III band (~1450
em™). The authors concluded that PS NPIs interacted with
proteins on the cell surfaces of C. vulgaris, resulting in lower
total protein content being detected. C. vulgaris exposed to 20
mg L' PS NPIs revealed a decline in FTIR peak intensities
associated with polysaccharides and proteins (amide I, II,
and II bands) arising from the observed sorption and
destruction of cell membranes. Interestingly, a higher peak
intensity at ~701 cm™ was observed within the Spirulina
FTIR spectra under NPI exposure; this band represents C-H
out-of-plane bending vibrations within the PS structure.*
This confirms the presence of PS NPIs on the cell surfaces of
Spirulina.

Complementary to ATR-FTIR, XPS 1is a surface
characterization method with a penetration depth of a few
nanometers.”® In agreement with the findings by ATR-FTIR,
the XPS spectra of PCC8806 showed that the carbon
component at ~284.8 eV (Ci1s), which corresponded to
carbon bonded solely to carbon and hydrogen,®® was lower
under NPl exposure (Table 2). Total carbon mass fraction
decreased under 10 and 20 mg L™ NPls. Qian et al®
reported similar findings; exposure to PS NPIs decreased Cls
concentrations within EPS. The decrease in Cls
concentrations and lower total carbon mass fraction imply

34,39,63

PCC8806
Peak energy Mass fraction (%)
Element/ratio (eV) Control 2 mg L™ NPls 10 mg L™' NPIs 20 mg L' NPIs Assignment
Total C 284.76 + 0.11 68.4 68.4 55.3 62.1
Total O 399.61 + 0.04 23.6 24.6 38.5 30.5
Total N 531.63 + 0.14 8.0 7.0 6.2 7.4
0O/C 0.3 0.4 0.7 0.5
N/C 0.1 0.1 0.1 0.1
Cils 284.63 + 0.08 53.6 61.2 54.4 54.4 C-(C,H)
Cis A 286.01 + 0.09 29.2 21.2 30.3 29.0 C-(O,N)
Cls B 287.57 £ 0.13 12.6 12.2 10.4 12.9 C=0,; 0-C-0
Ci1s C 288.42 + 0.13 4.6 5.4 4.9 3.7 O=—=C-OH/C=0
O1s 530.68 + 0.09 17.0 31.9 16.0 19.2 O=C; P=O0, P-O-ring
Ols A 531.64 + 0.16 48.9 40.2 50.6 49.2 C-OH; C-0O-C; P-OH
O1s B 532.78 £ 0.10 34.0 28.0 33.3 31.6 HO-C
Nis 399.61 + 0.04 91.7 100 100 98.9 Unprotonated amine or amide
functional groups
Nis A 401.25 £ 0.37 8.3 1.1 Protonated amine or amide
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that hydrocarbons decreased as a response to NPls.
Potentially, the conversion of lipids to polysaccharides and
proteins is evident in increased ATR-FTIR peak ratios (Fig.
S10t). In contrast, we observed only slight differences in C1s
components but increased total carbon mass fractions
between the control and NPl-exposed Spirulina XPS spectra
(Table 3).

Variations in the oxygen components were observed with
the XPS spectra of NPl-exposed PCC8806 and Spirulina cells.
The oxygen component at ~531.7 eV (O1s A), attributed to
hydroxide groups, acetal, and hemiacetal,>>** was higher
under PCC8806 2 mg L'NPIs than the control group; under
10 and 20 mg L' NPIs, concentrations were slightly higher.
The concentrations of the oxygen component at ~532.7 eV
(O1s B), assigned to oxygen forming a single bond with
hydrogen (HO-C), slightly decreased for PCC8806 after
exposure to PS NPIs. The concentrations of the oxygen
component at ~530.7 eV (O1s) were lower for Spirulina
exposed to 2 and 20 mg L™ NPIs and higher under 10 mg L™
NPIs. Overall, higher [O/C] ratios detected in the XPS spectra
of NPl-exposed PCC8806 cells signal that the contents of
oxygenated compounds increased, ie., polysaccharides and
proteins. The opposite trend can be observed for Spirulina
O1s A and O1s B components and [O/C] ratios, signaling that
the contents of oxygenated compounds decreased under PS
NPI exposure.

Both nitrogen components at ~399.5 eV (N1s) and ~400.5
eV (N1s A) were detected in PCC8806 and Spirulina. [N/C]
ratios of PCC8806 and Spirulina were similar under NPl
exposure (Tables 2 and 3), corresponding to no significant
changes in the abundance of nitrogenated compounds, such
as amino acids and proteins. These observations differ from
our ATR-FTIR results. In particular, the peak area ratio
associated with proteins increased for PCC8806 in the
presence of PS NPIs (Fig. S10bt). This can be linked to the
penetration depth of X-rays during XPS analysis of a few

Table 3 Binding energies (eV), mass fractions (%), and high-resolution XPS spectral band assignments of Spirulina at the exponential phase
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nanometers versus the penetration depth for ATR-FTIR
between 0.9 pm at 1800 cm* and about 2.7 um at 600 cm™*
(see ESIf). The diameters of the studied cells are ~2 pum
(PCC8806) and ~5 pm (Spirulina). The penetration depth of
ATR-FTIR in the spectral area of interest of 1000-1800 cm ™
is about 0.9 pm; thus, cell surfaces were analyzed for
Spirulina cells, and whole cells were analyzed for PCC8806
with ATR-FTIR. For both cyanobacterial species, the outer cell
layers were analyzed by XPS. Similarly to our study, the XPS
techniques was applied to investigate the impact of PS NPIs
on EPS composition of activated sludge,®* demonstrating that
the XPS spectra of PS NPIs has a negligible nitrogen peak.
This fact is supported by our findings (Fig. S157%)
demonstrating that nitrogen components were notdetectable
for PS NPls (Fig. S15 and Table S9f). Additionally, the
composition of C1s, C1s A and C1sB components as well as
O1sA and O1sB components of PS NPIs (Fig. S15 and Table
S9t) differ distinct from the XPS data for the experiments
with cyanobacterial cells. Therefore, we can be certain that
the cells outer layer was characterized during the XPS
acquisitions.

The dominant macromolecules of PCC8806 and Spirulina
cell envelopes proteins and polysaccharides,
respectively. Under PS NPl exposure, we observed an
increased relative proportion of polysaccharides by up to
35% for PCC8806 exposed to 10 and 20 mg L™ PS NPls

were

(Fig. 5a); a decrease in the weight fraction of lipids
accompanied this increase. The relative proportion of
proteins  remained  relatively = stable. Lower  Cils

concentrations, spectral variations within ATR-FTIR spectra,
and the increased ATR-FTIR peak area ratios of
polysaccharides and proteins (Fig. S10a and Table S27)
reinforce these observations. A decrease in hydrocarbon
content could be attributed to favorable interactions of PS
NPIs with lipids. PS NPIs could interact with the headgroups
of membrane lipids or fatty acid residues within the lipid

34,39,63

Spirulina
Peak energy Mass fraction (%)
Element/ratio (eV) Control 2 mg L™ NPls 10 mg L™' NPIs 20 mg L' NPIs Assignment
Total C 284.65 + 0.05 55.9 61.0 59.9 68.3
Total O 399.43 + 0.35 41.1 33.2 36.5 26.7
Total N 531.11 + 0.49 3.0 5.8 3.6 5.0
0O/C 0.7 0.5 0.6 0.4
N/C 0.1 0.1 0.1 0.1
Cils 284.61 + 0.01 52.3 45.0 51.5 50.9 C-(C,H)
Cis A 285.98 + 0.11 18.0 33.0 22.6 18.8 C-(O,N)
Cls B 287.31 £ 0.55 9.7 14.5 8.9 8.5 C=0; O-C- O
Ci1s C 288.58 + 0.42 20.1 7.6 17.0 21.8 O=C-OH/C=
O1s 530.70 £ 0.11 66.5 33.2 74.2 35.2 O=C; P=0, P- O -ring
Ols A 531.74 + 0.34 19.9 23.0 18.3 24.9 C-OH; C-0O-C; P-OH
O1s B 532.72 £ 0.20 13.6 43.7 7.6 39.9 HO-C
Nis 399.61 + 0.06 100 87.4 100 94.8 Unprotonated amine or amide
functional groups
Nis A 399.58 + 1.36 12.6 5.2 Protonated amine or amide

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Effects of NPls on the cell envelope. Weight fractions (%) of the predominant macromolecules in a. PCC8806 and b. Spirulina cell
envelope. Calculations were based on XPS-measured [O/C] and [N/C] ratios.

bilayer.®® This can modify lipid concentrations within the cell
walls of PCC8806.

Additionally, increased polysaccharide contents within the
cell walls of PCC8806 could arise from increased levels of
pectin and cellulose. Higher pectin and hemicellulose levels
were observed within the cell walls of C. vulgaris exposed to 1
mg L' PS NPIs; pectin and cellulose influence the strength
and fluidity of cell walls.®® Even though the cell wall remains
intact, NPIs can elicit cellular mechanisms that modify and
coat cell surfaces. Alterations to the structures and
composition of polysaccharides and lipids can occur
depending on their charge and affinity to NPIs; this will
influence the relative proportions of lipids, polysaccharides,
and proteins on cell surfaces.®>*”

On the other hand, the weight fraction of lipids for
Spirulina increased markedly under PS NPI exposure (Fig. 5b
); variations in the relative proportions of polysaccharides
and proteins were observed in conjunction with the increase
in lipid weight fraction (increase in lipids content from 0.2%
to up to 37%). These results are connected to the shifts in
wavenumbers and decreased peak area ratios relating to
protein contents in our Spirulina ATR-FTIR spectra (Fig. 4
and S10bt). However, we could not detect any variations
within the lipid region by PS NPIs using ATR-FTIR.
Nevertheless, we can assume that PS NPIs interacted more
with oxygenated compounds on Spirulina cell surfaces,
thereby increasing the proportion of hydrocarbons, or
promoted the contents of hydrocarbons and proteins. PS
NPIs have been reported to interact with polysaccharides and
proteins on the cell surfaces."®®® Similar to our findings, PS
NPIs impacted polysaccharide and protein levels on the cell
surfaces of Scenedesmus obliquus.®®

Lipid accumulation and secretion are coping mechanisms
that cyanobacteria employ to protect against environmental
stressors.”’ Lipids can serve as energy sources that cells

3150 | Environ. Sci.: Nano, 2025, 12, 3139-3157

utilize under unfavorable conditions or as a defensive
mechanism. Accumulation of lipids can exhibit changes in
membrane permeability and cell wall thickness. Relative lipid
and polysaccharide contents increased in the cell surfaces of
C. reinhardtii grown under low N concentrations.®”
Additionally, Dai et al.”" reported that lipid coatings shielded
Gram-negative bacteria E. coli against the interactions of
positively charged PS NPls; higher survivability and lower
ROS concentrations were observed. Despite the importance of
cell wall structure Spirulina for biotechnology purposes, little
structural information on cell walls under different
environmental conditions has been collected in recent
studies.”” It has been shown that under alkaline conditions,
the monomers within the cell surfaces of Spirulina can be
loosened because of the breakage of hydrogen bonds among
molecular chains and some peptide bonds of peptidoglycan.
In those experiments, the lipid content of Spirulina was also
determined to be 1.75 * 0.18% (wt/wt).”> Hence, lipids
secreted by Spirulina may play a similar role, acting as a
protective barrier and altering membrane permeability to
counter the sorption of PS NPlIs.

Furthermore, our TEM observations documented that cell
wall thickness for PCC8806 and Spirulina increased under
NPI exposure (Fig. S8 and S91). The cell wall thickness of
PCC8806 rose significantly in the presence of PS NPIs (34.52
+ 3.32 nm vs. 38.27 + 3.03 nm, 49.51 + 2.18 nm, and 50.56 +
3.02 nm under 2, 10, and 20 mg L' PS NPIs, respectively);
the cell wall thickness of Spirulina increased under 10 and 20
mg L' PS NPIs (Fig. S9; Table S1;f p < 0.05). Similar
observations have been revealed in Chlorella pyrenoidosa
exposed to PS MPs.*® Our results indicate that though the
thickness of cell envelopes increased, there was no uniform
increase in the outer, peptidoglycan, and inner membrane
layers. The outer and peptidoglycan layers
increased for PCC8806, as both layers are

may have
rich in
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Spirulina

polysaccharides. The inner membrane thickness may have
increased for Spirulina, which is mainly composed of
phospholipids. An increase in these layers could be
correlated to the relative proportions of polysaccharides,
proteins, and lipids (Fig. 5). The thickening and changes in
the surface composition of cell walls are another defensive
mechanism we observed, effectively blocking the penetration
of PS NPIs.

Nonetheless, the increased cell wall thickness and changes
in cell surface properties will impact nutrient and metal
uptake and transport. Namely, cyanobacteria have been
reported to influence P cycling by storing P as polyphosphate
(polyP).”* Under low P concentrations, cells can utilize and
cleavage polyP for metabolic processes; polyP dynamics can
serve as a nutrient reservoir and influence carbon flow. Any
changes to surface properties or fluidity can limit the uptake
and storage of P, thereby reducing polyP formation and P
levels in aquatic systems. Despite this importance, no studies
have examined the impacts of NPIs on polyP formation and
metabolism.

Elevation of EPS secretion of cyanobacteria by PS NPls

The presence of PS NPIs increased EPS concentrations
markedly under 10 and 20 mg L™ NPIs for PCC8806 (Fig. 6).
EPS concentrations of Spirulina were significantly higher
compared to the control group (p < 0.05). These observations
indicate that the cells were under stressed conditions.**”*
Wang et al’® revealed that negatively charged sulfonate-
modified PS NPIs elicited higher EPS levels in M. aeruginosa
and connected the results to the downregulation of genes
involved in the citrate (TCA) cycle. Inhibition of the TCA cycle
would limit the metabolism of carbohydrates and lipids,
promoting the accumulation of EPS.*>*° In contrast, genes

This journal is © The Royal Society of Chemistry 2025
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involved in the EPS biosynthetic or related pathways may be
upregulated.”® Upregulation of genes involved in the Calvin
cycle and amino sugar and nucleotide sugar metabolisms
and glycosyltransferases were observed in the marine diatom
Thalassiosira pseudonana after exposure to 50 mg L™ PS NPIs
for 48 hours.”” The promotion of these genes would enable
the production of raw materials and subsequent conversion
into EPS units; these EPS units can be assembled into
polysaccharides.

Notably, using the imagery technique LSCM, we observed
a higher abundance of polysaccharides either near or coating
the cell surfaces of PCC8806 cells under 10 and 20 mg L™
NPIs than the control (Fig. 7). In contrast, we didn't observe
any significant differences in polysaccharide concentrations
in Spirulina (Fig. S171). EPS were observed coating but not
adjacent to the cell surfaces, as seen in PCC8806 and the
SEM images (Fig. 2). The molecular mechanism based on the
downregulation of genes involved in the TCA cycle and
upregulation of genes involved in creating and assembling
EPS units may have occurred in PCC8806. Still, the exact
mechanism for PCC8806 and Spirulina requires further
investigation.

Overall, PS NPIs did not impact cell growth, morphology,
and ultrastructure of PCC8806 and Spirulina. Our findings
bring evidence that EPS played two roles in alleviating the
effects of PS NPls: (1) facilitating agglomeration via
electrostatic interactions between cells and NPls and (2)
providing additional layers of protection for cells to adapt to
the presence of PS NPIs.””*®78 EPS secretion was proposed as
a self-protection mechanism for NPIs to explain the similar
growth rates between control and NPl-exposed M. aeruginosa
cells.”® Other coping mechanisms observed in our study
involve thickening cell walls, lipid accumulation, and
enhanced homo-aggregation of cells and NPIs.

NPIs and cells can form agglomerates, with EPS as a
binding agent."**® We observed the homo-agglomeration and
hetero-agglomeration** of cells and PS NPIls under NPI
exposure and increased EPS levels (Fig. 2 and 6). These
observations are consistent with the findings involving PS
NPl experiments with freshwater Syn. PCC7942 and
PCC7002."* EPS can attach to NPIs through van der Waals or
electrostatic interactions, altering the surface charge and
aggregation kinetics of NPIs.”*”® In addition, PS NPIs may
form agglomerates large enough for sedimentation. Based on
the average Stokes' velocity, the settling distances of PS NPI
agglomerates in FM were between 19.6 and 21.3 mm after 12
days, whereas the settling distances in the MM after 48 days
were between 131.2 and 333.6 mm (Table S117). As NPIs
settle to the bottom, fewer particles are dispersed in the
medium, reducing their bioavailability. Homo-agglomeration
of cells aids in lowering the extracellular stress of NPIs and
minimizing cell-NPI interactions.

Additionally, EPS can serve as a barrier between the cell
surfaces and NPIs for cell-PS NPI agglomerates, minimizing
any adverse impacts on cell physiology. Despite the sorption
of PS NPIs on cell surfaces, the coating of EPS prevented PS
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Fig. 7 EPS secretion of PCC8806 by PS NPIs. LSCM images of PCC8806 cells at the exponential phase. a-c. Control, d—f. with 2 mg L™ PS NPls,
g-i. with 10 mg L™ PS NPls, j-l. with 20 mg L™ PS NPls. Scale bar is 5 um. Cells were stained with calcofluor white (CW) for polysaccharides.
Images (c, f, i and |) represent CW staining and chlorophyll fluorescence overlay. Purple color indicates a higher presence of polysaccharides than

chlorophyll fluorescence.

NPIs from being in direct contact with, overcoming, and
translocating across cell membranes. The contributions from
secreted EPS could influence the presence of certain bonds
and surface macromolecules detected. In particular, EPS has
been shown to reorganize its contents in the presence of
external stressors.'® Thus, besides increased cell
thickness, EPS could explain the spectral shifts, increased

wall

polysaccharide and protein peak area ratios, and increased
relative proportion of polysaccharides and lipids on the cell
surfaces of NPl-exposed cells (Fig. 4 and 5 and S87).
Moreover, EPS and humic acids secreted as a physiological
response to NPIs can facilitate eco-corona formation on NPls,
altering cell surface reactivity and reducing their affinity for

3152 | Environ. Sci.. Nano, 2025, 12, 3139-3157

cyanobacterial surfaces.®>®’ The encapsulation and eco-

corona formation of NPls with humic acids
hypothesized to explain the alleviation of the adverse effects
on cell growth and photosynthetic activity of M. aeruginosa.®

were

However, each EPS strand has a unique electrostatic potential
and role depending on its composition.””** Thus, EPS may
influence ZP, particularly for the cyanobacterial cell surfaces
of NPIl-exposed cells. This has implications for the sorption
and uptake of nutrients and metals dependent on cell
surfaces and maintaining pH homeostasis. Furthermore, the
increased EPS production will influence carbon-to-nutrient
ratios in aquatic environments, potentially increasing the
abundance of higher trophic-level organisms. Interestingly,

This journal is © The Royal Society of Chemistry 2025
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EPS could be a biological strategy for removing NPIs in
WWTPs, as conventional methods cannot be used due to size
limitations and costs.** Currently, MPs and NPIs are removed
mainly by screens, gravity separation, or flocculation with
coagulants such as aluminum and ferric salts.*> However,
residual MPs and NPIs not removed initially will be retained
within the solid phase (sludge); this requires costly and
careful sludge disposal practices or additional treatment.
Therefore, cyanobacteria can serve as a bio-alternative to help
prevent the transport and leakage of NPIs to aquatic systems
through EPS secretion and biodegradation.

Conclusion

Global plastic production and plastic leakage to aquatic
environments are expected to increase drastically over the
next few decades, leading to higher levels of NPIs. Hence,
further studies into the ecological risks of PS NPIs to
cyanobacteria are justified. We observed no significant
impact on the specific cell growth and morphology of
PCC8806 and Spirulina under environmentally relevant PS
NPI concentration despite cell-NPI interactions. We attributed
these observations to the aggregation of NPls, elevated EPS
secretion, and increased cell wall thickness, thereby reducing
the impacts of NPIs. Increased cell wall thickness and EPS
secretion minimized the severity and bioavailability of PS
NPIs to cell surfaces. On the other hand, our experiments
clearly showed that the sorption of PS NPls altered
cyanobacterial cell surface properties since polysaccharide
and lipid contents increased in the cell walls of PCC8806 and
Spirulina, respectively; polysaccharide content in the cell
walls of PCC8806 increased up to 35% whereas lipid content
increased up to 37% for Spirulina. In addition, the presence
of PS NPIs on the cell surfaces of Spirulina was also detected
with ATR-FTIR.

Our findings showcase the coping mechanisms utilized by
cyanobacteria exposed to PS NPls, such as EPS secretion,
changes in cell surface composition, and increased cell wall
thickness. Specifically for cyanobacterial cell walls, the
increases in polysaccharide and lipid contents highlight
different strategies elicited by freshwater and marine
cyanobacteria involving cell walls. Higher pectin and
cellulose levels and increased thickness of outer and
peptidoglycan layers may prevent the bioaccumulation of PS
NPIs while maintaining growth and morphology for
cyanobacteria like PCC8806. Conversely, cyanobacteria like
Spirulina may increase lipid content and the thickness of the
inner membrane as a coping mechanism. Further
investigation is required regarding the molecular
mechanisms involved in the presence of NPIs. Changes in
gene expression within PCC8806 and Spirulina may explain
the modifications in cell surface properties and the lack of
significant changes in cell growth and morphology.
Transcriptomic analysis needs to be conducted in future
research to understand the mechanisms at play in the
presence of PS NPls.

This journal is © The Royal Society of Chemistry 2025
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Studying the impacts of NPIs on cyanobacterial cell
surface properties can provide insights into the
environmental consequences of NPls, especially on the
processes dependent on cyanobacterial cell surfaces in an
increasingly plastic world. NPIs are complex and
heterogeneous contaminants, so their risks to aquatic
systems and cyanobacteria merit further examination.
Though overall cyanobacterial physiology and ecological
resilience were confirmed at environmentally relevant NPI
concentrations, the effectiveness of the coping mechanisms
under higher NPl concentrations remains unclear. Increasing
cell wall thickness and EPS production consumes valuable
resources, so an insufficient response to NPIs will severely
harm cyanobacterial physiology and surface properties. As
cyanobacterial species like Synechococcus and Spirulina are
expected to increase in abundance, they will have an
expanded role in aquatic systems as primary producers and
players in  biogeochemical processes (ie., CaCO;
precipitation). Thus, any reduction in cyanobacterial
populations will have detrimental effects on nutrient cycling
and growth of higher-level trophic organisms and our combat
against climate change and acidification. It is imperative to
understand the ecological risks of NPIs at environmentally
relevant concentrations to mitigate any severe effects on
cyanobacterial cell surfaces that could be exacerbated under
future trends of plastic pollution.
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