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The growth phase of the microalga Neochloris oleoabundans
influences the production of useful biotechnological molecules
and extracellular vesicles
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Abstract

Microalgae are versatile microorganisms that produce bioactive compounds with antioxidant, anti-inflammatory, and anti-
microbial properties. Neochloris oleoabundans stands out for its adaptability and promising potential in a wide range of
biotechnological applications, including the synthesis of high-value metabolites. Among the bioactive molecules of interest,
extracellular vesicles (EVs) are gaining increasing attention for their potential in drug delivery and the development of novel
therapeutic and healthcare products. The aim of this study is to investigate the microalga and how different growth phases
can influence the yield of biologically active molecules with biotechnological relevance. For this reason N. oleoabundans
(UTEX 1185) was cultivated for an unusually long period of 60 days. Measurements of the PSII maximum quantum yield
indicated that the cultures remained in a healthy state even after prolonged cultivation, confirming the robustness of this
strain. Biochemical characterisation of both the microalgal biomass and the conditioned medium was performed after 28
and 60 days of cultivation (corresponding to early and late stationary phases, respectively). The results suggest an enhanced
production of high-value bioactive compounds during the early stationary phase, which is particularly advantageous given the
higher biomass concentration at this stage. EVs were detected in the conditioned medium, with a higher abundance observed
after 28 days. Transmission electron microscopy also revealed the presence of vesicles inside the cells, specifically located
between the plasma membrane and the cell wall.
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Introduction et al. 2020). Furthermore, their growth requirements can

be precisely controlled within photobioreactors, enabling

Microalgae are unicellular photosynthetic microorganisms
found in a wide variety of aquatic environments (Thoré et al.
2023). They represent a sustainable resource with numerous
benefits; for example, their rapid growth rates, high biomass
yields, and the ability to be cultivated on non-arable lands,
offer many advantages over traditional crops (Dgbowski
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year-round production independent of seasonal fluctuations
(Wang et al. 2012). Renowned as 'miniature green facto-
ries', they produce a vast array of primary and secondary
metabolites including proteins, pigments, and fatty acids
(Ohse et al. 2015; Del Mondo et al. 2020; Chini Zittelli
et al. 2023). These compounds exhibit a wide spectrum of
beneficial properties such as antioxidant (Baldisserotto et al.
2024), anti-inflammatory (Tabarzad et al. 2020), and anti-
microbial/antiviral activities (Carbone et al. 2021; Baldis-
serotto et al. 2023), demonstrating significant potential for
niche markets. These microorganisms are remarkably ver-
satile with immense potential to address some of the most
pressing challenges of our time, including climate change,
food security, sustainable energy production, and human
health, such as in the development of new pharmaceuticals
and nutraceuticals (Galasso et al. 2019; Ibrahim et al. 2023;
Yang et al. 2023). The metabolites produced by microalgae
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vary significantly depending on the species, the conditions,
and the growth phase. Microalgae growth in batch culture
typically exhibits six distinct phases: lag, exponential, linear,
declining, stationary, and death phases (Mata et al. 2010;
Lee et al. 2015). Cells initially undergo a lag phase to adapt
to new conditions, followed by exponential growth with
rapid division and biomass accumulation. Growth then shifts
to a linear phase, limited by light intensity, until nutrient
depletion leads to a declining rate (Mata et al. 2010). In the
stationary phase, cell division ceases and storage compounds
such as starch or lipids accumulate (Chen et al. 2017; Abdul-
lahi et al. 2023), while protein synthesis is reduced due to
the nitrate-limited condition (Brown et al. 1993; Paes et al.
2016; Boelen et al. 2017; Syazwina et al. 2022; Abdullahi
et al. 2023). Finally, the culture enters the so-called “death
phase” characterised by a rapid decline in cell density, attrib-
uted to nutrient depletion, pH imbalance, or contamination.
As demonstrated in several studies, the metabolic profile
of microalgae is not only influenced by growth conditions
and species but also exhibits significant variation across
different growth phases (Liang et al. 2013; Su et al. 2013;
Vello et al. 2018). Beyond biomass production, the spent
medium deriving from microalgae cultivation, also called
microalgae-conditioned medium (MCM), has emerged as
a valuable resource within a circular economy framework;
for example, it can be used as recycled water-substrate for
microalgae cultivation, thus helping in freshwater saving
and reducing production costs (Sabia et al. 2015), or as
crop biostimulant (Gonzalez-Pérez et al. 2022; Braun and
Colla 2023; Kim et al. 2023; Zuni¢ et al. 2024). Further-
more, MCM is a promising source of biologically active
molecules, such as polysaccharides (Li et al. 2011, 2020)
and extracellular vesicles (EVs) (Picciotto et al. 2021, 2022).
EVs are particles that are released from cells, delimited by a
lipid bilayer, that cannot replicate on their own (Welsh et al.
2024). These vesicles range in size from 30 to 1000 nm and
are classified into categories such as exosomes (30—150 nm)
and microvesicles (100-1000 nm), depending on their size
and how they are formed (Cui et al. 2020; Trentini et al.
2024). EVs carry a variety of cargo, including proteins,
lipids, RNA, and other molecules, which they transfer to
other cells, thereby influencing numerous biological func-
tion (Yanez-Mo et al. 2015). They are essential in processes
like immune modulation, tissue repair, and intracellular
communication (Gill et al. 2019; Gyorgy et al. 2015; Sall
and Flaviu 2023). Due to their ability to deliver materials
between cells, EVs are becoming a focus for therapeutic
innovations, particularly in drug delivery systems and regen-
erative therapies (Du et al. 2023; Ferroni et al. 2024). Micro-
lgal-derived EVs, for instance, contain bioactive compounds
with antioxidant, anti-inflammatory, and healing properties,
making them promising candidates for the development of
new treatments and health products (Adamo et al. 2021,
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2024; Picciotto et al. 2021, 2022). Recently, research has
highlighted the potential of plant-derived EVs, especially
those derived from microalgae, in therapeutic applications
(Picciotto et al. 2022; Adamo et al. 2024). However, little
research has been conducted on the growth conditions of
microalgae related to EVs production and on assessing the
best time to harvest during microalgal growth. Although
limited attention has been given to the influence of growth
conditions on microalgae-derived EV production and to the
identification of the most suitable harvesting stage, recent
advances have highlighted the relevance of these factors. In
particular, cultivation approaches such as batch-refeed and
perfusion cultures have been shown to significantly impact
both EV yield and quality (Paganini et al. 2023; Picciotto
et al. 2025). These insights emphasize the need to investi-
gate growth-phase-dependent EV production, providing a
stronger rationale for optimising cultivation strategies and
harvesting time.

Among microalgae of biotechnological interest, Neochlo-
ris oleoabundans (syn. Ettlia oleoabundans) is a unicellular
freshwater green species of Chlorophyceae (Chlamydomon-
adales). Its cells show a spherical shape and typically meas-
ure 3—6 um in diameter; its chloroplast is usually parietal
and cup-shaped, enclosing thylakoids and a large pyrenoid,
the latter being surrounded by a starch shell (Baldisserotto
et al. 2014). Neochloris oleoabundans exhibits morpho-
logical and physiological plasticity in response to a variety
of growth conditions (Safi et al. 2021). The microalga can
grow, besides autotrophy, in mixotrophic or heterotrophic
conditions (Baldisserotto et al. 2016), in addition freshwater
or seawater media can be used for its cultivation (De Jaeger
et al. 2018; Rashidi and Trindade 2018; Safi et al. 2021).

Based on these considerations, the aim of the present
study was to highlight the possible impact of the early and
late stationary growth phases of N. oleoabundans on the
production of compounds of biotechnological interest, such
as proteins, phenolics, polyamines and EVs, obtainable
from both microalgae biomass and MCM. It is reasonable
to think that early or late stationary growth phases are appro-
priate times for harvesting, as they are usually correlated
with higher biomass yield than lag and exponential phases.
However, it is also necessary to verify the biotechnological
relevance of the microalgal biomass and its spent medium
during the above-mentioned growth phases (Abu Hajar et al.
2017; Altunoz et al. 2017; Li et al. 2020; Barten et al. 2022).
Moreover, the morphological and biochemical profiling of
N. oleoabundans cells during its cultivation, especially at the
abovementioned growth phases, was investigated to obtain
a more accurate assessment of the microalgal culture and to
target its subsequent exploitation. Indeed, at the best of our
knowledge, no information is reported on N. oleoabundans
at the late vs early stationary phase of growth. By linking
growth phases with the production of both metabolites and
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EVs, this work provides insights that can be applied to define
optimal harvesting strategies, which in turn may improve the
scalability, reproducibility, and sustainability of microalgae-
based biotechnological applications.

Materials and methods
Microalgal cultivation and culture conditions

Neochloris oleoabundans UTEX 1185 (syn. Ettlia oleoabun-
dans) was obtained from the Culture Collection of Algae
at the University of Texas (www.utex.org). The alga was
cultured in BG11 medium (for recipe, see Table S1) and
maintained in a growth chamber at 24 + 1 °C, 30 umol,j;,qions
m~2 s~! of photosynthetically active radiation (PAR; white
LED LS5020E-NW, Arena Luci Design, Italy) with a light-
darkness photoperiod of 16:8 h. CO, supply was not pro-
vided according to previous studies and static conditions
were chosen (only manual shaking two/three times a week)
(Baldisserotto et al. 2020). Once the stationary growth phase
was reached and a cell density between 20 and 22 x 10°
cells mL~! was achieved, cells were inoculated at least in
triplicate in 500-mL Erlenmeyer flasks (total volume equal
to 350 mL) at a density of (0.5+0.1)x 10° cells mL~! and
maintained at the conditions described above. To monitor
the growth and the dry microalgal biomass yield increase,
3 flasks were set up and routinely used for measurements.
In detail, aliquots of culture were collected from each flask
after 0, 3, 7, 10, 14, 21, 28 and 60 days of cultivation for
growth measurements. Additionally, at 0, 7, 28 and 60 days
of cultivation, microalgal biomass was harvested by cen-
trifugation at 4000 X g for 10 min at room temperature (RT).
The supernatant was discharged, and the cell pellets were
frozen at —20° C until further biochemical analyses includ-
ing protein and phenolic content (PC) were carried out. For
protein analysis, after centrifugation and removal of the
supernatant, the biomass was resuspended in 2 mL of wash-
ing buffer (2 mM Na,EDTA in PBS buffer 1 x; for 1L of
10X PBS buffer stock solution: 80 g NaCl, 2 g KCI, 144 g
Na,HPO,.2H,0, 2.4 g KH,PO, dissolved in distilled water)
and centrifuged at 4000 X g for 10 min at RT. Subsequently,
supernatant was removed, and the samples were immersed
in liquid nitrogen for 1 min, and then stored at —20 °C.

Analyses of N. oleoabundans cultures

Growth parameters

Growth of microalgae cultures was assessed through the
measurement of cell density (10° cells mL~"!) and dry bio-

mass yield (gpy mL~!, where DW refers to the dry biomass
of microalgae cultures). The cell density was estimated by

counting cells with a Thoma counting chamber (HBG, Ger-
many) under the light microscope (Zeiss, model Axiophot,
Carl Zeiss, Germany). Growth rates (y; day™") were also
evaluated, using the following equation (Glenn and Doty
1992):

(InN; — InN,)

day™") =
p(day™) G-t

where u is the growth rate, N, is the cell density at time ¢,,
N, is the cell density at time 7. The time interval (days) is
identified as the difference between ¢; and ¢,,.

The DW was obtained as per Popovich et al. (2012), by
adding a set volume of culture (depending on the cell den-
sity) to a pre-dried and pre-weighed glass-fiber filter (What-
man GF/C; 1.2 um pore size); the filter paper containing the
microalgae was then rinsed with distilled water (dH,0O) to
remove excess salts, dried for 48 h at 60 °C, and weighted
to determine the dry biomass yield per unit volume. The pH
of the medium was measured using a Jenway mod. 3510
(UK) bench pH-meter. The measurement was conducted
after separating the medium from the microalgal biomass
by centrifugation at RT at 500 X g for 5 min.

Morphological observations of N. oleoabundans cells: light
and transmission electron microscopy

To assess the morphological traits of the cells, samples were
collected routinely. Microscope images were obtained using
the light microscope mentioned above and equipped with a
VisiCam Pro 20C digital camera (20 megapixels). Ultra-
structure of the cells was also observed after preparation
as described in Baldisserotto et al. (2023): culture samples
were collected by centrifugation (600 X g, 10 min, RT) and
prepared as follows: glutaraldehyde (3% v/v in phosphate
buffer 0.1 M, pH 7.2; 3 h, 4 °C) was used for fixation, and
0sO, (2% v/v in phosphate buffer; 1 h, RT) for post-fixa-
tion. Thereafter, cells were dehydrated in acetone series and
embedded in Araldite resin. Ultrathin sections were finally
stained with lead citrate and uranyl acetate (Baldisserotto
et al. 2020). For observations, a Talos L. 120 C G2 transmis-
sion electron microscope (Thermo Fisher Scientific, USA)
was employed, and pictures were taken with a Ceta camera
(16 million pixels; Thermo Fisher Scientific), at the Electron
Microscopy Center of the University of Ferrara.

PSIl maximum quantum yield

During cultivation, aliquots of each biological replicate were
harvested by centrifugation at 10,000 X g for 5 min at RT.
The pellet was resuspended and placed as a single drop on
a wet filter paper (Pharma laboratory paper, myCordenons,
Italy). After 15 min of dark adaptation, variable fluorescence
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measurements were done using a Junior pulse amplitude
modulation (PAM) fluorimeter (Walz, Germany) (Ferroni
et al. 2018). Samples were exposed to a saturating light pulse
(0.6 s) via a fiber optic system, and the basal (F,) and maxi-
mum (F,,) fluorescence levels were recorded to calculate
the F\/F,, ratio ((Fy;— Fy)/F);), i.e., the maximum quantum
yield of PSII (Kalaji et al. 2014; Ferroni et al. 2018).

Photosynthetic pigments

During cultivation, chlorophyll (Chl) a and b and total carot-
enoids (Car) were extracted and quantified as described in
(Baldisserotto et al. 2023). Briefly, the samples were cen-
trifuged (10,000 X g, 10 min, RT) and 1 mL of pure metha-
nol was added to the microalgal pellet. Subsequently, the
samples were placed for 15 min in a thermoblock (uni-
BLOCHTHERM, LLG Labware) preheated to 80 °C. At
the end of the extraction run, the samples were centrifuged
(20,000 x g), obtaining a clear extract separated from the
cell debris. The absorbance was measured spectropho-
tometrically using a Pharmacia Biotech Ultrospec2000
UV-vis spectrophotometer (1 nm bandwidth; Amersham
Biosciences, USA) at 665 nm (Chla), 653 nm (Chlb),
470 nm (Car) and 750 nm (background noise). All manipu-
lations were performed under dim green light to avoid photo-
degradation of pigments. Quantification of pigment concen-
tration in the cuvettes was calculated as follows (Wellburn
1994):

Chla(pug mL™") = 15.65 - (Aggs — A750) — 7-34 - (Agss — Ass0)
Chlb(pug mL™") =27.05 - (Agss — Azs0) — 11.21 - (Agge — A70)

1000 - (A479 — A759) — 2.86Chla — 129.2Chlb
221

Car(;zg mL‘l) =

where A, Agss Ay, and A5 are the optical densities at
664, 653, 480, and 750 nm, for Chla, Chlb, Car, and back-
ground noise, respectively.

Data were adjusted considering microalgal volume used
for extraction, dilution factors, microalgal DW, and then
the results were expressed in micrograms per milligrams of
microalgal DW (ug mgpy ).

Protein extraction and quantification

At 0, 7, 28 and 60 days, total proteins were extracted fol-
lowing the method described by Baldisserotto et al. (2023).
To disrupt cells, the frozen sample was subjected to 3
freeze—thaw cycles (2 min in liquid nitrogen followed by
2 min at 80 °C, each) and homogenized with glass beads
(0.40-0.60 pm diameter; Sartorius, Germany) by vortexing
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for 10 min (30 s vortexing, 30 s cooling). After centrifuga-
tion at 1500 X g for 10 min at RT, the supernatant was col-
lected in a clean Eppendorf tube. The pellet was re-extracted
with 500 uL of the same extraction buffer, vortexed for
2 min, and incubated at 60 °C for 15 min to obtain a sec-
ond extract. These extracts were combined and 30 pL of the
final extract were used for quantification using the Lowry
assay (Lowry et al. 1951) with slight modification. Bovine
serum albumin (BSA; Sigma Chemicals, USA) was used as
standard. Protein content was expressed as percentage of
microalgal DW (%DW).

Total phenolic compounds extraction and quantification

At 0, 7, 28 and 60 days, a culture volume containing
150 x 10° cells was harvested by centrifugation (10,000 % g,
10 min, RT) and the pellet was stored at —20 °C until extrac-
tion. Microalgal extract was obtained using a modified ver-
sion of the methods described in (Haoujar et al. 2019) and
(Jerez-Martel et al. 2017). Briefly, 600 pL of pure methanol
was added to the pellet. The mixture was then mechanically
disrupted by continuous vortexing for 15 min, followed by a
30-min sonication bath, and concluding with 10 min of con-
tinuous vortexing. Samples were subsequently centrifuged
(10,000 x g, 10 min, RT), and the supernatants were col-
lected for quantification of total phenolic compounds (PC).
The Folin-Ciocalteu method was used for total phenolics
quantification, as described in Haoujar et al. (2019) with
minor modifications. Briefly, 100 pL of extract were mixed
with 750 pL of Folin-Ciocalteu reagent (Merck, Germany;
1:10 diluted with dH,0), followed by the addition of 750 pL
of sodium carbonate solution (Na,CO;, 60 g L"), After a
5-min incubation at RT, the mixture's absorbance was meas-
ured at 725 nm. The total PC of the methanol extracts was
expressed as milligrams of coumaric acid equivalents per
gram of microalgal DW (mgEqyum ac Eow ™ )-

Microalgae-conditioned medium (MCM) harvesting
and extracellular vesicles isolation

The MCM was collected at time 28 and 60 of cultivation
through centrifugation at 300 g for 10 min (RT), to separate
it from the microalgal biomass. The separated spent medium
was then recollected in a clean tube and immediately sub-
jected to further treatment in order to isolate the vesicles,
according to the MISEV guidelines (Welsh et al. 2024). The
MCM underwent multiple centrifugation steps to remove
increasingly dense debris. First, samples were centrifuged
at 650 x g for 10 min at RT, followed by 3000 X g for 30 min,
and then at 10,000 x g for 1 h, at 4 °C. After centrifugation,
the supernatant was passed through 0.22 pm vacuum filtra-
tion systems (Sartorius, Germany) to achieve a higher level
of purity. The filtrate was centrifuged at 15,000x g for 1 h
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at 4 °C. After discarding the resulting pellet, the supernatant
underwent a final ultracentrifugation step at 110,000 X g for
1.5 h to precipitate the vesicles. The pellet was then resus-
pended in 1 mL of PBS (Thermo Fisher Scientific) and
stored at —80 °C prior to subsequent analyses.

Microalgae-derived EVs quantification
and characterization

Nanoparticle Tracking Analysis (NTA) was used to measure
vesicles concentration, size and distribution; it utilizes light
scattering to estimate particle concentrations in suspension
and measures their size based on Brownian motion. This
analysis was performed using the NanosightPro instrument
(Malvern Panalytical, UK). Microalgae-derived EVs sam-
ples were diluted in 1 mL of PBS buffer (Thermo Fisher
Scientific, pH 7.4) to optimize the particle concentrations for
detection (between 1 x 10%and 1 x 10° particles mL™"). The
sample was introduced into a flow chamber at a rate of 3 pL.
min~!, illuminated by a laser beam and a camera recorded
the scattering light. Five sets of 5-min recordings were ana-
lysed using the Nanosight software which tracks particle
movements in the suspension. The system calculated particle
concentration (particles mL™") and size distribution (nm),
considering sample temperature, viscosity, and dilution. Pro-
tein content was determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific), following the manu-
facturer’s protocol. Absorbance was measured at 570 nm
with a Victor 3 multilabel plate reader (PerkinElmer, Italy).
To evaluate the morphology of the microalgae-derived
EVs, the vesicles were observed through scanning electron
microscopy (SEM). After isolation, microalgae-derived EVs
were fixed by resuspension in 1 mL of 2% glutaraldehyde
prepared in phosphate buffer. The fixed particles were left
to settle by gravity for 1 h on a clean coverslip at RT (25
°C). For SEM analysis, the sample underwent dehydration
through sequential washes with ethanol at increasing con-
centrations (50%, 70%, 80%, 90%, 100%). The coverslip was
then mounted on an appropriate support and sputter-coated
with gold according to standard procedures. Imaging was
carried out under high-vacuum conditions using a Zeiss
GeminiSEM 460 (Zeiss, Germany) at the Electron Micros-
copy Center of the University of Ferrara.

Extraction and determination of polyamines
from the MCM

At 28 and 60 days of cultivation, MCM was harvested, sepa-
rated from the microalgal biomass as previously described,
and lyophilised. The extraction process was conducted as
described by Sabia et al. (2015) through addition of 300
pL of 4% perchloric acid to 30 mg of accurately weighted
freeze-dried sample. The mixture was left on ice for 1 h

and subsequently centrifuged at 10,000 X g for 15 min. The
supernatant, separated from the precipitate, was used for
analysis following derivatisation. For the HPLC separa-
tion (VP Shimatzu), a Kinetex C18 chromatographic col-
umn (Phenomenex), 150 X 4.6 mm, with core—shell spheri-
cal particles of 5 um diameter and thermostatted at 36 °C,
was used. The separation was performed with a flow rate
of 1 mL min~" in a gradient starting with H,O 42%, ace-
tonitrile (ACN) 58%; in 7 min H,O 40% and ACN 60%;
in the following 5 min reaching ACN 100%, which was
maintained for 4 min, and finally in 4 min returning to the
starting conditions. For each run, 10 pL of derivatised sam-
ple was injected. The derivatisation reaction followed the
Learey et al. (2018) method and was performed directly in
the HPLC vial. To 100 puL of sample or standard, 250 pL of
saturated sodium carbonate and 250 uL of dansyl chloride
(DNS-CI) were added. After shaking for 1 min, the mixture
was left at 40 °C for 45 min. Then, 100 pL of glycine was
added, and after 10 min, 500 pL of ACN.

Data analyses

Statistical analysis was performed using R version 4.2.2 (R
Core Team 2022). The results of biochemical composition
were compared using two-tailed t-test, adopting a signifi-
cance level of 95% (¢ =0.05), for two-groups comparisons.
In the cases of comparison among more than two groups, a
One-way ANOVA test was used (a=0.05). If the assumption
of homogeneity of variance and normality were not satisfied,
the data were transformed through square root or logarithm.
If the ANOVA test indicated p <0.05, a Tukey’s post-hoc
was conducted. If the data transformation did not fulfil the
assumptions, non-parametric Kruskal-Wallis tests was per-
formed. If the test indicated p < 0.05, a post-hoc Dunn’s test
with Bonferroni correction was conducted to identify pair-
wise differences between groups. Image analysis was per-
formed through Imagel free software (Schneider et al. 2012).

Results
Growth parameters

Cell density was monitored to determine growth kinetics
(Fig. 1A). A typical increasing trend was observed dur-
ing the first 28 days of cultivation. The exponential phase
developed immediately after the inoculation within the first
14 days of cultivation, showing the highest growth rate
(u=0.22 day~") compared to those recorded for the follow-
ing time intervals, i.e. between 14 and 28 days, when the
cells continued to divide at a slower rate (u=0.07 day_l),
and between days 28 and 60, when the lowest growth
rate (u=0.02 day'l) was measured (ANOVA, p <0.05).
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Fig.1 Growth parameters of N. oleoabundans culture over 60 days
of cultivation. (A) Growth kinetics: cell density values (10 cells
mL™1), plotted on a base 2 logarithmic scale. (B) Dry biomass yield
(gpw L. (C) Trend of pH of the culture medium. Data refer to
mean + standard deviation (n=3)
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Throughout the entire cultivation period, the maximum
cell density value of 27.2 x 10° cells mL~! was recorded on
day 28. By the 60th day, the cell density remained almost
unchanged, showing only a slight decrease of about 3 x 10°
cells mL~!. Analogously, the dry biomass yield showed an
increasing trend for the first 14 days (Fig. 1B): with an initial
value of 0.02 g L™! and a value of 0.15 gpy, L™! on day
14, the data reflected the trend observed for cell density.
Subsequently, the values tended to further increase to 0.29
Zow L~! at day 21, then stabilizing to a yield of about 0.31
and 0.36 gy L™ at days 28 and 60, respectively. The pH of
the cultures, as reported in Fig. 1C, showed an immediate
and rapid increase from 7.4 to 9.7 during the first 10 days;
after a temporary further increase recorded at the 21st day
(10.4) of cultivation, in the following days, i.e. from 21 to
60 days, the pH remained quite stable to values around 10.

Observation of microalgae cell morphology

Light microscopy (LM) and transmission electron micros-
copy (TEM) aimed at improving information on cell mor-
phology and ultrastructure of N. oleoabundans at the early
(28 days) and late (60 days) stationary growth phase. For
LM, an intermediate point was added to check the micro-
algae cell overall morphology at the exponential phase: in
detail, at 7 days of cultivation algae were mostly occupied
by a large chloroplast that took almost the entire volume
of the cell, and had a cell diameter usually around 4 pm
(Fig. 2A and D; Table 1). In contrast, at day 28 cells were
quite variable in size: besides cells with an overall appear-
ance similar to that observed for the cells at day 7, smaller
and bigger cells were also present (from 3 to 11 pm in diam-
eter) (Fig. 2B and E; Table 1). At 60 days of cultivation, the
cells still appeared green, they were homogeneously larger
than at both day 7 and 28, but several of them were empty
(Fig. 2C and F; Table 1).

TEM images refer to N. oleoabundans cells at 28
(Fig. 3A-F) and 60 (Fig. 3G-K) days of cultivation. At the
early stationary phase (28 days), cells sometime showed
cytoplasmic vacuolisation. Both groups of cells showed the
typical main feature of the microalga: one nucleus per cell
and a large, cup-shaped chloroplast containing a pyrenoid
surrounded by starch and crossed by thylakoids (Fig. 3F
and K). Interestingly, many cells from both growth phases
showed vesicles of different size between the cell membrane
and the cell wall. In particular, in cells from 28 day cul-
tures, vesicles (Fig. 3B) from the top to the bottom measured
142.24 nm, 184.47 nm, 179.34 nm, 342.46 nm, 229.76 nm
and 60.20 nm in diameter, respectively (Table 2). Some
vesicles were surrounded by a bilayer membrane and meas-
ured around 100 nm in diameter (Fig. 3D-E). These vesi-
cles were evidently accumulated in the periplasmic space
between membrane and cell wall. The cell wall appeared
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Fig.2 Light microscopy images 7 days 28 days 60 days
of N. oleoabundans at day 7 (A-
D), 28 (B-E) and 60 (C-F) of A B (o]
cultivation. Arrows, chloroplast. .
Bars: 5 ym /
A .
/ . , Q\
D E F
\‘,
% # ! |

Table 1 Morphometric measurements of the cell diameter of
N. oleoabundans at 7, 28 and 60 days of cultivation. Values are
mean =+ standard deviation (n=20)

Day of cultivation Mean diameter Minimum (um)  Maxi-
(um) mum
(um)
7 4+1° 3 7
28 5+2° 3 11
60 6+0° 5 7

Different superscript letters indicate statistically significant differ-
ences between column means (Kruskal-Wallis test, p<0.05)

differently compact in some 60-day-old cells, as shown in
Fig. 31. Indeed, when observing the cell in the image, the
cell wall appears less compact on the right and more on
the left side (asterisks). The presence of vesicles was also
observed in 60 days-old N. oleoabundans cells. In Fig. 3H,
from the top to the bottom, vesicles pointed by arrows meas-
ured 137.38 nm, 124.71 nm, 544.54 nm, 504.68 nm, and
126.01 nm, respectively (Table 2). In Fig. 3], the vesicles
appeared to detach from the membrane. Finally, Fig. 3F and
K show an overall image of the samples: in detail, Fig. 3K
shows a high concentration of cyst wall residues, that was
not observed in the sample at 28 d of cultivation.

Photosynthetic parameters

PSIl maximum quantum yield

The F\/F,, values, starting from 0.597 at time 0, showed a
gradual increase which stabilized at around 0.680 between

14 and 28 days of cultivation (Fig. 4). Subsequently, a slight
decrease in the general trend was observed, with values of

0.653 at 60 days of cultivation. In general, there was a ten-
dency for F\/F,, values to increase over time during the first
28 days of cultivation, and then to decrease at the end of
experimentation. Statistical analysis indicates that there were
significant differences among times (p <0.05).

Photosynthetic pigment content

Photosynthetic pigment concentrations, expressed as ug
mgpy ', are shown in Fig. 5 (A-C). Chla concentration
showed a slight, negligible decrease in the first days of
cultivation, reaching a minimum around the 3rd-7th day.
Subsequently, an increase was observed until a maximum
peak was reached on the 21st day, with a value of 64.92 g
mgpy . After the peak, a decrease in concentration was
recorded, with Chla concentration dropping to values similar
to that at the inoculum time (Fig. 5A). Chlb followed a trend
similar to that of Chla, with an initial decrease, followed
by an increase to the maximum peak around the 21st day
(25.42 pg ngW_l), and then a final a decrease that kept
stabilized values both at the 28th and the 60th day (14.04 pg
ngw‘l) (Fig. 5B). Similarly, carotenoids tended to follow
the same trend as chlorophylls content, with the maximum
concentration reached on the 21st day (11.25 pg ngW‘l)
(Fig. 5C).

Total proteins and phenolics of the microalgal
biomass

The highest content of total proteins was present in micro-
algal biomass after one week from the beginning of the
cultivation (day 7; ca 54% DW), with respect to those at
28 and 60 days (41% and 30% DW respectively; Fig. 6A).
The values at the early and late stationary phases did not

@ Springer



Journal of Applied Phycology

Fig.3 TEM images of N. oleoabundans cells. The two groups of
images represent microalgae at 28 days of cultivation (A-F) and at
60 days of cultivation (G-K). Arrows, vesicles; white arrowhead,
pyrenoid; v, vacuolisation; er, endoplasmic reticulum; c, cyst and

show significant differences due to the high variability of
28 days samples (z-test, p > 0.05). Similarly, results on
total phenolics (Fig. 6B) showed that the highest concen-
tration was observed in the biomass harvested after 7 days
(807.7 mgE¢qum ac Eow ' )» Which was significantly higher
than at day 0, 28, and 60 (ANOVA, p <0.05). Moreover,
phenolic content at day 28 was also significantly higher
than that at day 60 (10.83 vs 5.53 mgEcoum ac Epw >
respectively; p <0.05).

@ Springer

cell wall residues; n, nucleus; black arrowhead, membrane blebbing;
asterisks: cell wall details. Bars: A=1 pm; B, C, G, =500 nm; D, H,
J=200 nm; E=50 nm; F, K=2 pm

Microalgae-derived extracellular vesicles

In the context of the 28-day microalgae cultures, a compre-
hensive analysis of microalgae-derived EVs in the micro-
algae-conditioned medium (MCM) revealed a heterogene-
ous distribution, as illustrated in Fig. 7A. The maximum
particle concentration was observed at 111 nm, reaching
approximately 4 x 10° particles mL~". Most of the isolated
vesicles exhibited sizes predominantly ranging from 60 to
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Table 2 Dimensions of

. . Vesicles dimension (diameter,
some representative vesicles

R . nm)

highlighted by arrows in the

transmission electron images 28 days 60 days

of N. oleoabundans at 28 and

60 days of cultivation 142.24 137.38
184.47 124.71
179.46 544.54
342.46 504.68
229.76 126.01
60.20

See vesicles from the top to the
bottom in Fig. 3B and H

0.8+
0.7
s
S 064
LL +
0.5+
04 I 1 1 I I
7 14 21 28 60
Time (days)

Fig.4 Time course variations of PSII maximum quantum yield
(F\/F), ratio) in N. oleoabundans cells during the 60 days-long culti-
vation. Values are mean + standard deviation (n=3)

150 nm, alongside a notable presence of larger vesicles.
The total particle concentration was 8.6 + 1.8 x 10° parti-
cles mL~!. Figure 7B illustrates EVs derived from cultures
at the 60th day. The maximum particle concentration was
detected at 127 nm, reaching 1.4 x 10° particles mL~'. The
size distribution in this later stage appeared somewhat less
heterogeneous, showing a shift towards larger vesicles com-
pared to those identified in the 28-day cultures. The overall
concentration of microalgae-derived EVs was numerically
lower, with a value of 7.1+ 1x 10° particles mL~!, how-
ever, the difference in total particle number between the two
time points was not statistically significant (p >0.05; n=3).
BCA assay revealed protein concentrations of 502 + 38 and
575+53 ug mL~! in microalgal-derived EVs harvested
at 28 and 60 days, respectively, with no significant differ-
ence between the two sampling times (p > 0.05) (Fig. 7C).
SEM images confirmed the presence of EVs in the sam-
ples (Fig. 7D, E). The vesicles appeared as spherical struc-
tures with sizes consistent with those reported by the NTA
analysis.
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Fig.5 Time-course variations of photosynthetic pigment concentra-
tions (ug mgpw 1) in N. oleoabundans biomass during the 60 days-
long cultivation. Graphs show the concentration in ug mgpy,~' of (A)
Chla, (B) Chlb, and (C) Car. Values are mean =+ standard deviation
(n=3)
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Fig.6 Time course variations of (A) total protein and (B) phenolic
contents in the microalgal biomass of N. oleoabundans at 0, 7, 28 and
60 days of cultivation. Different letters indicate statistically signifi-
cant groups (ANOVA, p<0.05). Values are mean+standard devia-
tion (n=3)

Polyamine contents in the microalgae-conditioned
medium

The bar chart with results on polyamine (PA) content in the
MCM showed the presence of three compounds: spermine,
spermidine, and putrescine (Fig. 8). The y-axis represents
the concentration of the polyamines in pmol mL~!, while
the x-axis displays the different PAs. The data indicate

@ Springer

that spermine and spermidine were present in significantly
higher concentrations compared to putrescine at both times,
28 and 60 days. The level of spermidine was higher in the
28 days MCM when compared to the 60 days MCM (18.7 vs
11.7 pmol mL~%; p <0.01). The levels of spermine appeared
to remain relatively stable at both experimental period days,
while putrescine was only detected in the MCM collected on
day 28 (6.8 pmol mL™").

Discussion

The morphological and biochemical techniques used in the
present work aimed to give more information about the best
time, between early and late stationary growth phase (28
and 60 days, respectively), related to the highest concentra-
tion of bioactive compounds in the biomass and MCM of
autotrophic cultivations of the green microalga N. oleoabun-
dans. This is noteworthy considering that N. oleoabundans
has interesting features and composition, and it has been
considered for many biotechnological applications (Valev
et al. 2020; Morocho-Jacome et al. 2022; Baldisserotto et al.
2024), in addition to biodiesel production (Baldisserotto
et al. 2016).

The measurement of the cell density allowed to iden-
tify both the growth kinetics of N. oleoabundans and its
maximum cell density, which is an important parameter for
developing application of microalgae. The overall growth
curve showed, after 28 days, a very long stationary phase.
Indeed, after 60 days, the culture was still quite stable in
cell density and maintained a good physiological condition,
as highlighted by the F\/F,, ratios. It is assumed that, even
for microalgae, values of the PSII maximum quantum yield
below 0.6 usually refers to a condition of stress and ageing
of cultures, while values over 0.6 indicate a good “health”
status (Ferroni et al. 2018; Baldisserotto et al. 2022). At
the inoculum time cultures were in a quite good state and
reached a higher maximum quantum yield of PSII already
at the 7th day of cultivation, thus confirming not only that
cells were not stressed, but also that the culture conditions
were even favourable. The slight decrease in F\/F,, values
at 60 days was probably due to the ageing of the culture.

Cell morphology was observed both by LM and TEM.
Measurements of the cell diameter highlighted a value of
around 3 um at the beginning of the experiment and a sub-
sequent, gradual mean increase with time, supporting the
more evident increase in dry biomass yield at 28—-60 days.
However, the main morphological results were derived from
TEM analyses, which showed very interesting features of
the intracellular and extracellular environments. Besides
the most common characteristics of N. oleoabundans cells,
like the presence of the nucleus and a chloroplast with a
large pyrenoid (Baldisserotto et al. 2024), the cells showed
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Fig.7 Analysis of microalgae-derived EVs extracted from the micro-
algae-conditioned medium (MCM) of N. oleoabundans cultures at
28 and 60 days of cultivation. In (A) and (B), Nanoparticle Tracking
Analysis (NTA) representative graphs showing the size distribution
and concentration of EVs extracted from MCM at 28 days (A) and
60 days (B). The MCM of cultures at 28 days exhibit a heterogeneous
distribution of vesicles, predominantly ranging from 60 to 150 nm.
The 60-day MCM shows a size distribution numerically shifted
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Fig.8 Polyamine content in the microalgae-conditioned medium
of N. oleoabundans at 28 and 60 days of cultivation. Values are
mean +standard deviation (n=3). *, significant differences between
samples (t-test, p <0.05)

towards larger vesicles. (C) Protein quantification of the microalgae-
derived EVs (ug mL™!) at 28 and 60 days. (D) and (E), Scanning
Electron Microscopy (SEM) images of microalgae-derived EVs iso-
lated from the MCM at 28 days of cultivation (D) and at 60 days of
cultivation (E), respectively (MAG, 30.00 KX; WD, 4.4 mm; EHT,
5.00 kV; High Vacuum; bars: 1 um). In (C), values are mean + stand-
ard deviation (n=3); t-test indicates no significant difference between
samples (p > 0.05)

a broad range of vesicles size, both at 28 and 60 days of
cultivation. The heterogeneous features of the microalgal
cell wall, which appeared more compact on the left side and
less compact on the right side of the cell shown in Fig. 31,
could be due to nutrient depletion and/or to the release of
cell wall remodelling enzymes from vesicles. The “‘compact”
region reflects the features of the N. oleoabundans cell wall
previously described by Safi et al. (2021), namely a wall
consisting of two rigid layers, which are clearly visible in
Fig. 31 (asterisk on the left), and its magnification in Fig. 3J.
Concerning the less compact side, it has been demonstrated
that the thickness of the Chlorella sp. cell wall — which
exhibits morphological features similar to N. oleoabundans
—increases by 70% when cultivated under nitrogen-depleted
conditions (Yap et al. 2016; Safi et al. 2021). As for the
involvement of cell wall remodelling enzymes, compara-
ble findings have been reported in plants, where vesicles
associated with the cell wall were observed, suggesting a
role in modifying cell wall texture (De La Canal and Pinedo
2018). This finding could be extended to microalgae, N.
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oleoabundans included, suggesting that it may be the con-
tents of the vesicles themselves that promote their release
through the cell wall, a very strong structure capable of
preventing the release of materials, especially large ones
(microvesicles, based on their size), to the external envi-
ronment (Leliaert et al. 2012). Beyond speculation, certain
characteristics of the vesicles might provide more precise
indications. In both 28- and 60-days samples, the size of
the vesicles varied within cells. Exosomes are usually 30 to
150 nm in diameter, while bigger diameters, ranging from
200 to 500 nm, are likely associated with exocyst positive
organelles, called EXPO (Regente et al. 2009; Wang et al.
2011). EXPO, described by Wang et al. (2011) and observed
in the model plant Arabidopsis thaliana, are spherical, dou-
ble membrane-enclosed structures that fuse with the plasma
membrane, releasing a single membrane vesicle outside
the plasma membrane and inside the cell wall. As demon-
strated in the present study, in addition to vesicles within
the cell, EVs have been found in N. oleoabundans MCM.
Most of these vesicles measured between 60 and 150 nm
and thus can be referred as exosomes. In microalgae it is
still unknown how vesicle cross the cell wall to be released
in the external environment as EVs, and even in plants the
mechanism remains unclear. Plant EVs were firstly isolated
from extracellular fluid of imbibed sunflower seeds, and they
contained defence and cell wall-related proteins (Regente
et al. 2009). EVs are flexible and elastic, and they also par-
ticipate in cell wall remodelling in both plants and fungi
(Brown et al. 2015; De La Canal and Pinedo 2018).

This, together with the findings described by Brown et al.
(2015), can help explain how EVs could be released in the
external medium of thick-walled organisms (Cai et al. 2019)
such as N. oleoabundans. In the microalga, the variation
in size, coupled with a significantly high concentration of
microalgae-derived EVs in its MCM, suggests an active
and robust release mechanism during the early stationary
growth phase (Fig. 7A). Regarding the role of vesicles and
EVs in N. oleoabundans, the presence of a well-defined
lipid bilayer surrounding the vesicles is associated to the
essential feature that underpins their functionality and sta-
bility (Skotland et al. 2020). Additionally, TEM analysis
highlighted the accumulation of low electron-dense vesicles
within the space between the plasma membrane and the cell
wall (Fig. 3A-D and 3G-J), indicating an intricate interplay
of vesicle dynamics within the cellular architecture. This
accumulation, along with the observed size distribution,
strongly suggests that the cargo of these vesicles could be
primarily enriched with biomolecules, including miRNAs
and proteins, which are characteristic constituents of plant-
derived extracellular vesicles (Trentini et al. 2022, 2024).
Such structural and compositional features underscore the
potential roles of these vesicles in the mediation of cellular
communication and regulatory processes, emphasizing their
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significance in the physiological responses of the alga to
growth-phase transitions and stress factors such as nutri-
ent availability. The lower concentration of EVs observed
in 60-day-old samples (Fig. 7B) suggested a reduction in
vesicle production or release at the late stationary phase of
growth, and it may reflect a response of the algae to pro-
longed growth. The BCA and SEM analyses of the microal-
gae-derived-EVs provided complementary information for
the characterisation of EVs and confirmed their presence in
the MCM. The protein concentration measured by BCA was
numerically higher in the EVs isolated from the 60-day-old
culture (575 ug mL~") compared to that from the 28-day-old
culture (502 ug mL™"), a difference that was not statisti-
cally significant (p > 0.05). This trend may be linked to the
shift towards larger EVs sizes observed via NTA, suggesting
that larger vesicles could potentially contribute to a greater,
though variable, protein content. However, this should be
regarded only as a hypothesis, which deserves specific fur-
ther investigation. In addition, SEM imaging supported find-
ings on size of vesicles, also revealing spherical shape and
showing intact morphology. Together, these results not only
confirm the successful isolation of EVs but also highlight
the reliability of combining multiple analytical techniques
to assess their abundance, size distribution, and structural
integrity. Although this study did not investigate the specific
mechanism underlying the release of EVs from microalgae,
it is important to consider this aspect. While EVs are pro-
duced by all cell types examined to date, including bacteria,
plant, fungi, metazoans, and human being (Deatherage and
Cookson 2012; Tannetta et al. 2014; Schwechheimer and
Kuehn 2015; Budnik et al. 2016), the mechanism of EV
release in plant cell and microalgae remain largely unclear.
Many mechanisms of EVs release are already well described
in other organisms (Beer and Wehman 2017), including
exocytosis, where vesicles are released from multivesicular
bodies, and ectocytosis, involving direct budding from the
plasma membrane (Welsh et al. 2024). In plant cells and
microalgae, however, the presence of a rigid cell wall intro-
duces additional complexity. Understanding the mechanisms
of EV release in these organisms is particularly important, as
it could inform strategies to optimise harvesting processes,
maximise yield, and ensure the quality of EVs for biotech-
nological applications.

With regards to other biochemical features useful for the
biotechnological use of N. oleoabundans biomass and its
MCM, some compounds were evaluated. The photosyn-
thetic pigments in the microalgal biomass were quantified
during cultivation: Chls and Car contents showed a similar
trend, with a peak at 21 days. Regardless of 21 days, the
pigment content remained essentially unchanged between
28 and 60 days, indicating the maintenance of the biomass
quality related to them. This is of high biotechnological
interest since chlorophyll derivatives are suggested to have
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a medicinal application because of their wound-healing
and anti-inflammatory properties (Ferruzzi and Blakeslee
2007). Together with pigments, total proteins and phe-
nolics were measured. Proteins, which are the most used
microalgae-derived molecules for food and feed applica-
tions (Safi et al. 2014) and are usually sold as supplements
(Wells et al. 2017), showed the highest concentration at
7 days (54% DW). This result was expected as proteins are
usually synthetised during the exponential phase of growth
(Amorim et al. 2021), a behaviour confirmed by lower value
in the later stages. In any case, a higher protein content was
observed in the biomass harvested at 28 days compared to
that at 60 days (41 vs 30% DW, respectively), although the
difference was not statistically significant. Regarding total
phenolic content, a peak at 7 days was observed (808 mg
gDW_l), then the value tended to decrease, but with higher
concentration at 28 than at 60 days of cultivation (10.8 and
5.5 mg gpw |, respectively). In microalgae, variations in
light or nutrient availability strongly influence the phe-
nolic content to avoid cell damage (Goiris et al. 2015). This
explains the observed trend, with a high phenolic content
after 7 days, probably due to the changes in the environment
after inoculum, and a progressive decrease as the culture
grew and resources diminished. Besides the meaning of
phenolics inside microalgae cells during their cultivation,
the comparative result between 28 and 60 days indicates a
higher quality of microalgal biomass at the early station-
ary phase than at the late one. Phenolics are indeed poten-
tial substitutes for bioactive agents in pharmaceutical and
medicinal sections to promote human health but can also
play protective roles against abiotic and biotic stresses (Sun
et al. 2023). For example, phenolic compounds are used as
food preservatives against fungal and bacterial contami-
nations (Zamuz et al. 2021; Sun and Shahrajabian 2023).
Based on the high applicability of phenolics in several sec-
tors as antioxidants and anti-aging agents, the use of micro-
algal biomass rich in phenolic compounds, in place of higher
plant-derived ones, has been proposed, for example, for the
development of cosmeceutical products (Norzagaray-Valen-
zuela et al. 2017; Gupta et al. 2021).

Finally, polyamines content in the MCM was quantified
to better evaluate the presence of bioactive compounds to be
valorised in biotechnological applications. MCM from the
microalga cultivated in freshwater BG11 contained spermi-
dine, spermine and putrescine, which are the most common
polyamines in microalgae (Lin and Lin 2018). The amounts
of the above-mentioned polyamines were higher at 28 days
than at 60 days of cultivation, and this result is in accord-
ance with what is reported in the literature. Indeed, it is
reported that polyamines biosynthesis requires nitrate, and
their concentration is reduced under N-limited conditions
(Park et al. 2015), a situation that, even if not verified in this
work, could have occurred at 60 days. Moreover, it is known

that polyamines promote the growth of microalgae, and the
increase of putrescine and spermidine during the exponen-
tial growth phase of N. oleoabundans suggests that these
molecules can be closely related to cell division (Treves
et al. 2017; Agarwal et al. 2020); this is a possible explana-
tion to the reduction of spermidine and the total absence
of putrescine observed at 60 days. Besides in microalgae,
polyamines also play important roles in plants, specifically
in morphogenesis, growth, embryogenesis, organ develop-
ment, leaf senescence, and biotic and abiotic stress response
(Kusano et al. 2008). For this reason, among others, micro-
algae have been suggested as biostimulants in agriculture
(Mogor et al. 2018). Regarding human health, spermidine
and spermine are well recognised polyamines. For example,
spermidine is a well-known autophagy inducer that main-
tains cellular and neuronal homeostasis, thus it is proposed
as a therapeutic strategy in neurological disorders (Ghosh
et al. 2020); in addition, dietary intake of both spermidine
and spermine is recognised to contribute to human health
and longevity (Soda et al. 2021). The richness in spermi-
dine and spermine inside the MCM at 28 days represents a
further goal in order to exploit the N. oleoabundans cultiva-
tion for commercial purposes. However, the concentrations
measured in this study (6.8, 18.7, and 10.9 pmol mL~! for
putrescine, spermidine and spermine, respectively) are rela-
tively low compared to levels reported to induce significant
plant growth responses (Mogor et al. 2018). Therefore, the
MCM is unlikely to be immediately usable as a commercial
biostimulants without an additional concentration or extrac-
tion step. Based on Lavandosque and Vischi Winck (2025),
the low levels of free polyamines also likely reflect the fact
that the culture was not harvested during the optimal growth
phase for polyamine accumulation; during the late growth or
stationary phase, much of the polyamines may be bound or
metabolised, reducing the levels of free compounds avail-
able in the medium. Nonetheless, the presence of these com-
pounds indicates that the residual medium could represent
a valuable source of bioactive molecules if appropriately
processed.

On the whole, the opportunity to combine the exploita-
tion of both the microalgal biomass and the MCM from the
same cultivation represents an added value in large-scale
microalgal production. Among the various biomolecules
investigated within the MCM, EVs represent a novelty, as
they have never been observed before in N. oleoabundans
cultures (cells and spent medium), to the best of the authors'
knowledge. Most of the studies present in literature related
to EVs from microalgae mainly refer to their bioactivity,
toxicity, biocompatibility and potential application, not to
the best harvesting time (Adamo et al. 2021, 2024; Picciotto
et al. 2022). These studies are fundamental for the further
development of therapeutic and related applications, but it
is also crucial to know the behaviour and the biology of the
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organism producing the vesicles (or other compounds), as
well as the best growing conditions, in order to optimally
target the production process.

Conclusions

The analysis of N. oleoabundans cultures revealed that the
28-day-old biomass exhibits improved biochemical char-
acteristics, particularly in terms of protein (41% DW) and
phenolic content (10.83 mgE ¢, ac Eow ' )> When compared
with 60-day-old cultures. At the same cultivation time, the
MCM was found to be enriched in microalgae-derived EVs,
reaching a concentration of 8.6 x 10° particles mL~. This
production was higher in the early stationary phase than in
older cultures.

The co-occurrence of EVs and bioactive metabolites
such as polyamines in the 28-day MCM, together with the
improved biochemical characteristics of the biomass at the
same cultivation stage, opens promising opportunities for
the application of both elements in areas such as nutraceuti-
cal, agriculture, and biomedicine (Mégor et al. 2018; Ghosh
et al. 2020; Soda et al. 2021).

Overall, this study identified 28 days of cultivation as the
most suitable time for maximising both metabolite and EVs
production, while ensuring the valorisation of both condi-
tioned medium and the microalgal biomass. Future work will
focus on the in-depth characterisation of microalgae-derived
EVs and intracellular vesicles to unravel their molecular
content and biological roles.
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