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Background: Cells in general secrete nanoparticles (NPs) which are
believed to mediate intercellular communication. Recently, great
efforts have been made to utilize them as delivery vectors. We aimed
to harvest and identify NPs from liquid cultures of two marine
microalgae Dunaliella tertiolecta and Phaeodactyum tricornutum.
Methods: NPs were isolated from the culture conditioned media by
differential ultracentrifugation by the protocol used for the isolation
of extracellular vesicles. Microalgae and isolated NPs were examined
by scanning electron microscopy (SEM) while isolated NPs were
examined also by cryogenic transmission electron microscopy (cryo-
TEM). The Triton X-100 detergent and temperature sensitivity of NPs
was assessed by dynamic light scattering (DLS) through monitoring
the intensity of the scattered light (I) and the distribution of
hydrodynamic radii of NPs (R},).

Results: Two mechanisms of formation of NPs with average Ry, 200
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nm were observed in the D. tertiolecta culture: a disintegration of
tubular protrusions, and cell decay. A part of the imaged D. tertiolecta
NPs were membrane-enclosed vesicles, but the isolates also contained
electron-dense NPs and nanofilaments. P. tricornutum NPs in the
culture and in the isolate were homogeneous in size and shape. Their
average Ry, was 104 nm. The addition of surfactant to isolates resulted
in a change in Ry, distribution and a decrease of I in samples from both
species, indicating decay of a part of NPs. Changes in the width of the
I(Ry,) peaks were observed at temperatures above 45 °C. Conclusions:
A part of NPs found in isolates from microalgae D. tertiolecta and P.
tricornutum were membrane-enclosed vesicles. However, the isolates
obtained by a standard protocol for extracellular vesicle isolation by
ultracentrifugation contained also a significant amount of other
similar-sized nanoparticles. The isolates were partly susceptible to the
addition of detergent and to temperature up to 80 degrees.
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Plain language summary

The Future and Emerging Technologies (FET) Open Horizon
2020 project Ves4Us funded by EU Commission investigated
nanoalgosomes that were isolated from conditioned media
of microalgae. It was our aim within this project, to identify
NPs in isolates and reveal the mechanisms of their formation.
Here we present our findings on material isolated from the
conditioned media of two marine microalgae: Dunaliella
tertiolecta and Phaeodactylum tricornutum. We have applied
cryogenic transmission electron microscopy (cryo-TEM) and
scanning electron microscopy (SEM) to assess their morphol-
ogy. We have assessed the susceptibility of NPs to surfactant
(Triton X-100) and to temperature by using dynamic light scat-
tering (DLS). We have found NPs in conditioned media and
in isolates from conditioned media of both microalgal spe-
cies. Some of them were membrane-enclosed vesicles. The NPs
were partly susceptible to surfactant Triton X-100 and to the
increase in the temperature in the range between 10°C and 80 °C.

Introduction

Extracellular vesicles (EVs) are membrane-enclosed particles
released by cells that have recently gained increasing
attention because of their role in cellular communication'™, and
we have already published a recent paper in this area?. EVs
have been recognized as a means of effective intercellular
communication for their particular structure: the lipid-based
membrane encloses the cargo and transfers proteins, DNA,
and RNA between neighbouring or distant cells. Due to their
high biocompatibility, limited immunogenicity, and higher
stability compared to synthetic vesicles, EVs have been
investigated as potential drug delivery systems’. To obtain a
material with optimal properties, methods are being developed
to engineer and produce nanoparticles (NPs) with well-defined
properties from natural sources®. Plant-derived NPs are being
considered as a convenient source due to their immunomodu-
latory, antitumor, and regenerative activities’, and have been
shown to deliver functional exogenous proteins into human cells®.
Recent works'? proposed microalgae as a promising renewable
source of EVs (named nanoalgosomes) with potential use
as new generation biogenic nanocarriers of bioactive molecules.

However, the underlying mechanisms of EV formation and
action are not yet fully understood. EV isolates usually contain
a spectrum of submicron-sized materials with overlapping
physicochemical properties’. It is therefore a challenge to
define the composition, properties and biological activity of the
individual components, the interplay between them and the
basic mechanisms of NPs formation.

In microalgae, the production of membranous NPs has already
attracted the attention of researchers a few times in the past.
Thin tubular membrane protrusions and EVs were isolated
from the conditioned medium of Ochromonas danica'*"?, in
Chlamydomonas sp., formation of flagellar EVs was observed
during gamete mating'*", and in Emmiliana huxleyi, increased
production of EVs modulating the host-virus dynamics was
noted during viral infection'®. Recently, a systematic study of
microalgal NPs was performed in search of the organisms with
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an optimal yield of NPs'. The expression “nanoalgosomes”
has been introduced®>. The marine microalgae Tetraselmis
chuii (T. chuii) has been characterized in detail> and the abil-
ity of NPs to transfer material to the recipient cells has been
demonstrated>. However, as microalgac are a group of very
different organisms, the physiological roles and dynamics of
nanoalgosome production in different phyla remain unexplored.

In this work, we focused on two cultures of marine unicellular
algae - a green flagellate without a cell wall - Dunaliella
tertiolecta (D. tertiolecta) and an atypical pennate diatom
Phaeodactylum tricornutum (P. tricornutum)'. We harvested
extracellular material from conditioned media by differential
centrifugation, according to methods commonly used for the
isolation of extracellular vesicles!”. Samples were examined
using scanning electron microscopy (SEM) and cryogenic
transmission electron microscopy (cryo-TEM) to reveal the
structure of the isolated NPs and collect some evidence of their
formation and release.

While electronic microscopy is key in the identification of
particles in the samples and reveals their size and shape,
complementary information on the samples is provided by the
methods which assess the averages over a very large number
of NPs in the samples. Dynamic light scattering (DLS) gives
information proportional to the abundance and size of
NPs by means of the intensity of the scattered light /, and
hydrodynamic radius R . NPs stability was assessed by changes
in / and in R, distribution that reflect the influence of the
sample conditions (i.e. addition of surfactant Triton X-100
and increase of the temperature) on the NPs.

Methods

Design of the study

Microalgae were cultured in a respirometer with controlled
temperature, air ventilation and light. NPs were isolated by
differential ultracentrifugation as described in detail below.
Microalgal cultures and isolates from conditioned media were
fixed with osmium and analyzed by SEM to inspect the sur-
face structure and the three-dimensional shape of particles. NP
isolates were analysed also by cryo-TEM to inspect the NPs’
ultrastructure. The size of limited number of NPs was estimated
from the electron micrographs while the size distribution of
a very large population of NPs was estimated by their R, deter-
mined by DLS. The sensitivity of NPs to Triton X-100 and to
temperature was assessed by DLS by monitoring / and R, .

Cultivation of the algae

Cultures of D. tertiolecta CCAP 19/22, and P. tricornutum
CCAP 1052/1A from the Culture Collection of Algae and
Protozoa (CCAP) of SAMS (Oban, Scotland) were grown
in artificial seawater (Reef Crystals, Aquarium Systems,
France). A total of 22 g of salt was dissolved in one litre
of distilled water, sterile filtered (0.2-micron cellulose filters,
ref. 11107-47-CAN, Sartorius Stedim Biotech GmbH, Germany),
autoclaved, and supplemented with Guillard’s (F/2) Marine
Water Enrichment Solution (ref. GO0154, Sigma Aldrich,
USA)'®. Cultures were grown in a respirometer (Echo, Slovenia)
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in 0.5-L borosilicate bottles, at 20 °C and 20 % illumination
(approximately 250 pmol/m?s) with a 14-hour light / 10-hour
dark cycle, with aeration of 0.2 L/min.

Isolation of nanoparticles (NPs)

NPs were isolated by differential centrifugation, using a
protocol widely used for the isolation of EVs'®. Briefly, the
cells were removed by low-speed centrifugation (300 g, 10 min,
4°C, centrifuge Centric 260R with rotor RA 6/50 (Domel,
Slovenia)), using 50 mL conical centrifuge tubes (ref.
S.078.02.008.050, Isolab Laborgerite GmbH, Germany);
and 2000 g, 10 min, 4°C (Centric 400R centrifuge with rotor
RS4/100 (Domel, Slovenia)), using 15 mL conical centrifuge
tubes (ref. S.078.02.001.050, Isolab Laborgerite GmbH,
Germany). Each step was repeated twice. Then, the
cell-depleted medium was centrifuged twice at 10 000 g
and 4°C for 30 min (Beckman L8-70M ultracentrifuge,
rotor SW55Ti (Beckman Coulter, USA)), using thin-wall
polypropylene centrifuge tubes (ref. 326819, Beckman Coulter,
USA) to remove larger cell debris. Finally, NPs were pelleted
by ultracentrifugation at 118 000 g and 4°C, for 70 min in
the same type of ultracentrifuge and ultracentrifuge tubes.
The isolate (i.e. pellet of NPs after differential ultracen-
trifugation) obtained from about 30 mL of conditioned
media was not visible by eye. For assessment, the isolates
were suspended in artificial seawater.

Scanning Electron Microscopy (SEM)

Samples were fixed according to our previously published
protocol (see ref. 4). They were loaded onto 0.05-micron
Mixed Cellulose Ester (MCE) filters (MF-Millipore™,
ref. VMWPO01300) and incubated in 2% OsO, for two hours.
Then the osmium was removed, and the filter was taken out
from the holder and further treated in a 24-well plate by
changing the bath solution. After washing three times in
distilled water, the samples were dehydrated in a graded series
of ethanol (30%, 50%, 70%, 80%, 90%, absolute), treated with
hexamethyldisilazane (30%, 50% mixtures with absolute
ethanol, followed by pure hexamethyldisilazane), and air-dried.
Samples were sputtered with Au/Pd (PECS Gatan 682) and
examined with a JSM-6500F Field Emission Scanning Electron
Microscope (JEOL Ltd., Tokyo, Japan).

Cryogenic Electron Microscopy (Cryo-TEM)

For Cryo-TEM, samples of NPs isolates were prepared by
using Vitrobot Mark IV (Thermo Fisher Scientific, Waltham,
MA, US). Quantifoil® R 2/2 (or 1.2/1.3), 200 mesh holey carbon
grids (Quantifoil Micro Tools GmbH, GrofBlobichau, Germany)
were glow discharged at 20 mA for 60 s and at positive polarity
in the air atmosphere (GloQube® Plus, Quorum, Laughton,
UK). Conditions were set at 95% relative humidity, 4 °C, blot
force: 4 and blot time: 5 s. 2 pyL of the sample containing
nanoparticles in suspension was applied to the grid, blotted,
and vitrified in liquid ethane. Samples were visualized under
cryogenic conditions. A 200 kV microscope Glacios with Falcon
3EC detector (Thermo Fisher Scientific, Waltham, MA, US) was
used.

Dynamic Light Scattering (DLS)
The average hydrodynamic radius (R,) of NPs and the average
intensity of light (/) scattered from NPs in the samples were
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assessed for characterization of NPs by Dynamic Light
Scattering (DLS). The value of / was interpreted as a meas-
ure of NP concentration (in the case of preserved particle size
distribution) or as a topological change (in the case of
altered particle size distribution)'®!”. For analysis of the samples
we used Instrument 3D-DLS-SLS cross-correlation spectrom-
eter from LS Instruments GmbH (Fribourg, Switzerland) with
a 100 mW DPSS laser (Cobolt Flamenco, Cobolt AB, Sweden)
having a wavelength A, = 660 nm. Before measurements, sam-
ples were equilibrated in a decalin bath at 25 °C for 15 min.
The scattered light was measured at an angle 6 = 90° for
120 s. The correlation functions and integral time-averaged
intensities I(0)= I(g) (where ¢ is the scattering vector, defined
as g =(4nn /L) sin(0/2), with n, the refractive index of the
medium, in our case estimated by the corresponding value for
water, i.e. n, = 1.33 at 25°C and }»0 the wavelength of the light),
were recorded simultaneously. The R, values of NPs were
obtained from the diffusion coefficients (D) that were assessed
from the correlation function of the scattered electric field (g,(?)).
The g () function was calculated from the measured correlation
function of the scattered light intensity g,(f) by applying Sieg-
ert’s relation”?' (please find the values of g () in the files linked
as given in the data availability section at the end of the manu-
script). To convert D to R, the Stokes-Einstein equation was used
(R, = kTonnD, where k is the Boltzmann constant, T is the
absolute temperature, and #x is the viscosity of the medium,
in which the particles diffuse). It was assumed that particles
have a spherical shape. The viscosity of the medium was
not known. We approximated the viscosity value to that of
water at 25°C. The analysis was carried out using an in-house
created software based on the inverse Laplace transform
program CONTIN. The in-house software performs the same
functions as the program CONTIN. The code for the program
CONTIN (freely available here). was accessed 25. 1. 2011.
We collected several intensity correlation functions for each
setting. Curves were analyzed independently and compared
with the averaged curve. The correlation curves were fitted with
up to 50 exponents.

To test the effect of Triton X-100 on NPs, 0.1% (V/V) of Triton
X-100 was added to the sample before the measurement.
The change in R, distribution and the change of scattered
light intensity (Al = L e Isample+0_l%,TrilonX-lUO) was determined.
Thermal stability analysis was performed wusing the
LitesizerTM 500 instrument (Anton Paar GmbH). Samples
were heated from 15 °C to 80 °C in 5 °C steps. When the
target temperature was reached the samples were equilibrated
for another 5 minutes before 10 measurements of 20 s duration
were performed. The size distributions were determined from
the mean correlation function using the program Kalliope™,
Version 2.16.0 (Anton Paar GmbH), applying the
CONTIN approach. A new version of Kalliope™ 4.12.0 is
freely available online here.

Results

SEM analysis of D. tertiolecta and P. tricornutum cells and

respective NPs

Figure 1 shows SEM images of D. tertiolecta cells (Panels a-f)

and of the respective NPs isolated from the conditioned media

(Panels g,h). The cells of D. tertiolecta have two flagella

(Panel a) but exhibited also tubular protrusions of different
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Figure 1. SEM visualization of D. tertiolecta cell culture and of NP isolates from the respective conditioned media. a: D. tertiolecta
cells (white arrows point to flagella), b: D. tertiolecta cells with short tubular protrusions (white arrowheads) and long undulated tubular
structure adhered to the cell body (black arrow). ¢: Close-up of a part of the beaded protrusion. The white arrowhead points to a short
protrusion. d: Group of decaying cells (white arrow), and a cell with short protrusions (white arrowheads point to two of the protrusions),
e: Fragmenting flagellum, f: Higher magnification image of the fragmenting part of the flagellum, g: NPs isolated by differential centrifugation,
h: Higher magnification image of a selected region (some globular nanoparticles are marked with white arrowheads).

lengths (Figure 1b—d). Most of these protrusions were shorter
than 1 um (Figure 1b-d, white arrowheads). Dead cells
disintegrated into irregularly shaped chunks (Figure 1d,
white arrow). In isolates, globular particles (Figure 1h, white
arrowheads) were enclosed in deposits of amorphous
material (Figure 1g,h). The undulation of the tubular structures
(e.g. flagella) and their decomposition into pearls were observed
(Figure 1b (black arrow) and c,e.f).

Figure 2 shows SEM images of P. tricornutum cells and NPs
in the culture (Panels a-e) and the isolate from conditioned
media (Panels f and g). The cells were mostly in fusiform shape
(Panels a,d). While some of the observed NPs of different sizes
had smooth surfaces (Panel c), numerous NPs in the isolate
were homogeneous in shape and size (Panel f). The estimated
average size of NPs in the isolate was between 50 and 200 nm
(Panel g). NPs tended to cluster into groups (Panels b,c.f,g).
In some cells, nanostructures with rough surface were observed
on epitheca (Panels d and e).

Cryo-TEM analysis of NPs isolates from D. tertiolecta and
P. tricornutum conditioned media

Cryo-TEM of isolates from the D. tertiolecta conditioned
media revealed the presence of membrane-enclosed vesicles

(Figure 3a; white arrowheads), double-lined elongated struc-
tures (Figure 3a; twin arrows, Figure 3f-h), and electron-dense
globular structures of different sizes (Figure 3a,b, black
arrowheads; and Figure 3e). A close-up shows a membrane
coat formed by radially oriented fibres, reaching the width of
the coating up to 50 nm (Figure 3 c¢,d).

Cryo-TEM of the P. tricornutum isolates indicated the presence
of membrane-enclosed vesicles decorated by a coat of
radially oriented fibres (Figure 4a—d, white arrowheads) and
electron-dense NPs (Figure 4a,b,e; black arrows). The sample
was abundant with long nanofilaments (Figure 4b, white arrow;
and Figure 4e) and short branched nanofilaments (Figure 4b,e,
black arrowheads). On a close-up, a zigzag form of the long
nanofilaments (Figure 4f) and a branched form of short
nanofilaments (Figure 4g) could be observed.

Stability analysis of NPs by DLS

The results of NP stability analysis by DLS are summarized
in Figure 5 and Figure 6. Figure 5 shows the effect of adding
the surfactant Triton X-100 to the isolates and Figure 6 shows
the effect of temperature 7 on the position and height of the
main peak.
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500nm

Figure 2. SEM visualization of P. tricornutum in cell culture and of NP isolates from the conditioned media. a: P. tricornutum fusiform
cells with NPs on the surface (some are marked with black arrowheads), b: A cluster of NPs on the cell surface, ¢: Higher magnification
image of the region, d: Fusiform cell with many nanostructures on the epitheca, e: Higher magnification image of the region, f, g: Isolate

from conditioned media.

Figure 3. Cryo-TEM visualization of NP isolates from the D. tertiolecta cell culture conditioned media. a: Membrane enclosed
spherical vesicles (white arrowheads), electron-dense spherical structure (black arrowhead), and double-lined elongated structure (black
twin arrows); b,e: Electron dense spherical structures (black arrowheads) and deposited amorphous material (white arrow); ¢,d: Membrane
coat formed on membrane-enclosed vesicles, dashed-lined circle in (d) surrounds the coat of radially oriented fibres; f-h: Double-lined

elongated structures.
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Figure 4. Cryo-TEM visualization of NP isolates from the P. tricornutum conditioned media. a: Numerous membrane-enclosed
spherical vesicles (white arrowheads) and electron-dense clusters (black arrows); b: Membrane-enclosed vesicles (white arrowheads),
electron-dense clusters (black arrow), long nanofilaments (white arrow) and shorter branched nanofilaments (black arrowheads); ¢,d: High
magnification images of nanovesicles with a coat of radially oriented fibres; e: Electron dense NPs, long nanofilaments and shorter branched
nanofilaments (black arrowheads); f: Close-up on the zigzag form of long nanofilaments g: High magnification image of a short branched
nanofilament.
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Representative ~ (intensity =~ weighted) R, distributions  for
isolates from D. tertiolecta and P. tricornutum mostly display
3 peaks in the nanometre size range (Figure 5). The population
with the highest contribution to 7 is the one with mean R,
values between 100 and 200 nm (c.f. the highest or the main
peak). Particles with mean R, below 10 nm and around 20 nm
were the most numerous ones (number distributions not
shown). Also particles with mean R, larger than 1 um
(mostly around 10 pm; not shown in Figure 5) were found in
the samples.

The mean R, value in the isolate from D. tertiolecta
conditioned media was ~200 nm and in the isolate from
P. tricornutum conditioned media was ~100 nm (Table 1).
Low values of I (<100 kHz/mW) indicated a low number
of NPs in the isolates of both species (Figure 5b,d
and Table 1). Treatment of isolates with 0.1% Triton X-100
resulted in a loss of more than half of the original / (Table 1)
and lead to a broadening of the distribution with a concomitant
shift to slightly higher mean R, values (Figure 5b,d). This
was more evident in the case of P. tricornutum (Figure 5b:
the mean R, value for P. tricornutum was shifted from 104 nm
to 140 nm). The shape of the correlation functions G,(7)
at shorter correlation times ¢, i.e. in the initial part (compare
the full black and the dashed grey lines in Figures 5a and b),
indicated that Triton X-100 caused some degradation of NPs

into smaller particles and simultaneous formation of larger
particles.

Figure 6 shows the effect of an increase in temperature
on the R, distributions. Note that R, distributions are not
normalized in these plots. In the case of D. tertiolecta
(Panels a and c), the height of the peak of the R, distribution
was not significantly affected by 7. However, an increase in
T shifted the curves to lower mean R, values and lead to a
narrowing of the size distributions with a concomitant decrease
in total scattering intensity (Figure 6c). The decrease in [
was steeper at temperatures above 40°C, which was accom-
panied by a significant decrease in R, values (Figure 6c).
In P tricornutum, the effect of temperature was different.
The main peak of the size distribution was broader at
temperatures below 50°C and the peak height was lower
(Figure 6b). However, the total intensity of the scattered
light remained constant throughout the temperature interval and
the mean R, values decreased only gradually (Figure 6d).

Discussion

Intercellular communication and modulation of the local
milieu are fundamental to increasing cell survival and
thus are important drivers of organismal evolution. Studies
of cell secretions help us to understand cell physiology, includ-
ing mechanisms of resistance (adaptation to environmental
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Table 1. Stability parameters of NPs (mean hydrodynamic radius
of the main peak R,, corresponding intensity of the scattered light
I and relative change of the intensity I due to the addition of the
detergent Triton X-100 AI/I) in the isolates from conditioned media
of D. tertiolecta and P. tricornutum as determined by DLS.

(AI/1)%x100 (0.1% Triton X-

R, [nm] I[kHz/mW] 100)
D. tertiolecta 200 72 -61 %
P tricornutum 104 52 -54 %

stresses) and opportunistic proliferation. Peri-membrane com-
ponents, such as glycocalyx-imposed forces may contribute
to the formation and the regulation of the size and shape of EVs?.

The scientific community is beginning to understand the
importance of NPs in cell-to-cell communication. Of these,
sub-micron-sized membrane-enclosed particles that cannot
replicate (EVs) are of special interest and are gaining
increasing attention®. In addition to their numerous important
biological functions, NPs’ physicochemical properties make
them promising tools for the fine-tuned delivery of
biologically relevant compounds®. However, for efficient and
safe application, knowledge about their mechanisms of action
should be deepened.

Following characterization of nanoalgosomes from Tetraselmis
chuii?, we here present new results (cryo-EM morphological
analysis, and stability assessment) on nanomaterial from
D. tertiolecta and P. tricornutum. Our results show that isolates
from both species contain membrane-enclosed vesicles
decorated with a coat formed by radially oriented fibers of
various extensions (Figure 3a,c,d, and Figure 4a-d), but
also other types of NPs. SEM images of NPs isolated from
P. tricornutum conditioned media (Figure 2 and Figure 4,
respectively) revealed numerous particles homogeneous in size
and shape (Figure 2c—g).

The estimated diameters of vesicles observed by SEM in our
samples (Figure 1gh, Figure 2c—g) were between 50 nm
and 200 nm and the average R, of NPs in isolates were 200nm
in D. tertiolecta and 104 nm in P. tricornutum. It is expected,
that the intensity-weighted distribution (I over R ) is inclined
towards larger particles, due to their stronger light scattering
properties. In a previous report', the nanoalgosomes in the
isolates from conditioned media of D. tertiolecta and
P. tricornutum had mean diameters of 160 nm and 90 nm,
respectively, (determined by NTA), while intensity-weighted
mean hydrodynamic diameters (determined by DLS) were
approximately 400 nm and 200 nm, respectively.

We observed two types of globular particles within this size
interval in the images of isolates from P. tricornutum by
cryo-TEM: membrane-enclosed vesicles and electron-dense
NPs (Figure 4a—d). Shape, size, and surface roughness of struc-
tures observed on the epitheca of some cells in the culture

(Figure 2d,e) seem similar to NPs with rough surface found
in isolate (Figure 2f,g) which indicates that the mechanism
of formation of these particles could be budding of the cell wall
(Figure 2d,e). It was previously shown that peri-membrane
features, such as glycocalyx-imposed forces may contribute to
the formation of NPs, and the regulation of the size and shape
of EVs?. As the frustule has a well-ordered structure, the
uniform size of the buds and the NPs could be indicated.
Considering that the P tricornutum frustule contains
silica-containing material it can be expected that they would
appear electron-dense in cryo-TEM (Figure 4a). As for EVs,
it remains unclear how would the vesicles with a coat of
radially oriented fibers (Figure 4a) be imaged by SEM. Also
we did not observe indications of the mechanism of
formation of membrane-enclosed EVs that were found in
the isolate (Figure 4a).

The NP isolates (from both species) contained besides EVs
also other types of NPs. Most notably, long filaments and
shorter branched nanofilaments can be seen in isolates from
P. tricornutum (Figure 4b,e). Structurally similar extracellular
components (e.g. polysaccharides”, proteoglycans®**) can be
found in complex tissues of multicellular organisms.

Budding of the cell surface was observed in the study by
Silverman et al. (2008), who examined the secretions of
the kinetoplastid Leishmania donovani*®. Globular buds in
Leishmania cells were evenly distributed over the entire cell

surface during the transformation from promastigote to
amastigote’. The authors confirmed the presence of
orthologous proteins characteristic for EVs released from

eukaryotic cells®. Several glycolytic enzymes were detected
in their isolates®, possibly related to the mechanisms of
polysaccharide cell coating restructuring required for vesicle
release and uptake. Buds of P tricornutum in culture
(Figure 2d,e) were of similar size and shape, however, of
different surface roughness.

We found vesicles in isolates from D. tertiolecta conditioned
media, however, not in a sufficient quantity to consider
them a prevalent type in the isolates. Under the influence
of various stress factors (e.g. hypoosmotic surroundings), the
cells of D. tertiolecta form giant vesicles”. In SEM images,
NPs have diverse shapes (Figure 1d), and such shapes have not
been indicated by the minimum of the membrane free energy?.
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According to SEM and cryo-TEM, isolates from D. tertiolecta
were significantly poorer in vesicles than isolates from
P. tricornutum while DLS indicated higher I and larger R in
isolates from D. fertiolecta culture conditioned media than in
respective isolates from P. tricornutum (Table 1). This could
be explained by the presence of larger aggregates found in the
SEM of the isolates from D. ftertiolecta (Figure 1lh) as well
as by the thick fibrous layer visible on the cryo-TEM images
(Figure 2 f,g, Figure 4a), contributing to the increased
hydrodynamic radii of the decorated NPs. Namely, the presence
of larger particles causes stronger scattering of light despite
of their smaller number in the sample.

In general, susceptibility of NPs in the isolates to transformation
by surfactants, specifically Triton X-100, indicates the key role
of the membrane in contrast to the role of protein complexes
of similar size”. Different populations of vesicles have
different susceptibilities to lysis with surfactants, but according
to the study by Osteikoetxea et al.*, 0.1 % Triton was expected
to solubilize most of them. By using DLS we found that
approximately 40 % of the material in the isolates from both
species was resistant to degradation with 0.1 % Triton X-100
(Table 1). Partial resistance to detergents was previously
observed also in isolates from microalgae 7. chuii*. As many
topologically distinct particles were observed in our isolates,
the possible varying impact of detergents on them would need
further examination.

Loss of I was accompanied by a shift in R distribution
toward higher R values in both types of microalgae
(Figure 5b,d). Upon heating, the distributions narrowed
towards smaller R, at temperatures above 45°C in isolates from
conditioned media of both types of microalgae (Figure 6a,b).
In D. tertiolecta, the effect of temperature was also evident
from the decrease in average I and R, values above ~45°C
(Figure 6c), whereas in P. tricornutum, I and R, remained
approximately constant (I) or decreased slightly (R,) within
the temperature range examined (Figure 6d).

All three techniques used (SEM, cryo-TEM, and DLS) are
subjected to limitations. The isolation procedure and
preparation for SEM and cryo-TEM may considerably affect
specific types of NPs. Preparation of samples for SEM
imaging involves drying of the samples which may shrink
the vesicles; in cryo-TEM, the vesicles get squeezed within a
thin layer of ice and albeit they preserve their closed
structure, they may be flattened and presented by a deformed
contour; DLS does not measure the size of the particles
but instead, their average effective hydrodynamic radius
in motion (that is with a weight proportional to the form
factor and the square of the mass). Presently available methods
for NP isolation, identification, and characterization are limited
due to the complexity, fragility, and transient identity of the
material, as well as due to the small size of the particles
considered. Observation of nano-sized particles is beyond
the use of optical microscopy and requires preparation of the
samples for electron microscopy which may however cause

Open Research Europe 2022, 2:121 Last updated: 20 OCT 2022

profound changes in their structure. Advanced technological
solutions and further study of the mechanisms of formation
of NPs are needed.

Ethics and consent
Ethical approval and consent were not required.

Data availability

Underlying data

Zenodo: Scanning electron microscope images of Dunaliela
tertiolecta and Phaeodactylum tricornutum cultures and scanning
electron microscope images and cryogenic electron microscope
images of isolated small cellular particles from respective
conditioned media, https://doi.org/10.5281/zenodo.6908895%'.

Zenodo: Raw data on dynamic light scattering assessment
of small cellular particles isolated from conditioned culture
media of Dunaliella tertiolecta and  Phaeodactylum
tricornutum. Effect of Triton X-100 and temperature, https://doi.
org/10.5281/zenodo.7016692%.

This underlying data contains 34 data files:

- The files: DLS raw data Dunaliella tertiolecta isolate.csv
and DLS raw data Dunaliella tertiolecta isolate
TX100.csv pertain to the species D. tertiolecta (plain
samples and samples with added detergent Triton X-100).

- The files: DLS raw data Phaeodactylum tricornutum
isolate.csv. and DLS raw data Phaeodactylum
tricornutum isolate TX100.csv pertain to the species
P. tricornutum (plain samples and samples with added
detergent Triton X-100).

- The files: Dt_isolate_temperature_sensitivity overal.csv
and Pt_isolate_temperature_sensitivity overal.csv
pertain to the summed up data on the temperature
sensitivity analysis of D. fertiolecta and P. tricurnutum
isolates, respectively.

- The files: Dt _isolate_temperature_sensitivity TX(YoC).
csv and Pt_isolate_temperature_sensitivity TX(YoC).csv
where X stands for the number of sample and Y stands
for the temperature in degrees (Celsium), pertain to
D. tertiolecta and P. tricurnutum isolates, respectively.
There were 14 different temperatures considered,
pertaining to 14 files for each species of microalgae.

Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).

Software availability

The DLS analysis was performed by using the program
Kalliope™, Version 2.16.0 (Anton Paar GmbH), applying the
CONTIN approach. The version 2.16.0 is not freely available
but the new version of Kalliope™ 4.12.0 is freely available
online here.
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