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Abstract

Winery wastewater (WWW), if released untreated, poses a serious environmental threat
due to its high organic load. In this study, Chlorella vulgaris was cultivated in diluted
WWW to assess its suitability as a culture medium. Two outdoor cultivation systems—a
270 L raceway and a 40 L bubble column—were operated over 33 days using synthetic
medium (control) and WWW. A flow cytometry (FC) protocol was implemented to monitor
key physiological parameters in near-real time, including cell concentration, membrane
integrity, chlorophyll content, cell size, and internal complexity. At the end of cultivation,
the bubble column yielded the highest cell concentrations: 2.85 × 106 cells/mL (control)
and 2.30 × 106 cells/mL (WWW), though with lower proportions of intact cells (25% and
31%, respectively). Raceway cultures showed lower cell concentrations: 1.64 × 106 (control)
and 1.54 × 106 cells/mL (WWW), but higher membrane integrity (76% and 36% for control
and WWW cultures, respectively). On average, cells grown in the bubble column had a 22%
larger radius than those in the raceway, favouring sedimentation. Heterotrophic cells were
more abundant in WWW cultures, due to the presence of organic carbon, indicating its
potential for use as animal feed. This study demonstrates that FC is a powerful, real-time
tool for monitoring microalgae physiology and optimising cultivation in complex effluents
like WWW.

Keywords: winery wastewater; C. vulgaris; flow cytometry; SYTO9; propidium iodide;
raceway; bubble column

1. Introduction
Winery wastewater (WWW) usually results from several steps involved in wine

production, such as water utilised to clean the tanks, grape cleaning and pressing transfer
lines, floor washing, and wine losses [1].

WWW’s organic load consists of sugars, organic acids, alcohols, and polyphenolic
compounds [2]. The large liquid volumes generated (typically 0.5 to 14 L per L of wine
produced) and high content of suspended solids have a negative impact on the environment
if released without any treatment, since untreated WWW can pollute groundwater by
changing its characteristics [3]. Moreover, during the vintage season, discharging WWW
containing high chemical oxygen demand (COD) contents can affect WWW treatment
systems, paralysing them. As a result, very strict limits have been legislated concerning the
WWW parameters before their discharge into the environment [4].
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WWW can be treated by physicochemical, biological, membrane, and advanced ox-
idation processes and combined technologies [4]. Among them, biological processes are
the most suitable to treat WWW due to their high organic content [5]. Activated sludge
is often used to treat WWW, removing the major contaminants, but the associated costs
are high [6]. In addition, the resulting sludge poses environmental challenges due to its
high organic load, low biodegradability, and potential phytotoxicity, which complicate
disposal and limit its reuse [7]. Recent publications showed that the use of microalgae has
been successful in the treatment of various types of agro-industrial wastewater, such as
WWW [1,4,8], dairy wastewater [9], and lignocellulosic materials [10]. Ali et al. [11] stated
that this approach can be effective and economical, as microalgae can grow on a variety of
wastewaters, require relatively low energy inputs, and efficiently reduce nutrient and or-
ganic loads while generating minimal waste sludge. In addition, microalgae can efficiently
remove heavy metals from wastewaters, resulting in a microalgal biomass contaminated,
which requires further treatment [12]. This problem is not a major concern when using
WWW, which typically contains low levels of such contaminants, and the resulting biomass
may be suitable for feed or biofertilizer.

C. vulgaris is considered a robust and pollution-tolerant microalga and is thus appro-
priate to treat sewage sludge and wastewater of different types [13–15]. However, when
grown on such effluents, C. vulgaris cells are exposed to potentially toxic compounds such as
polyphenols, organic acids, and esters [8], which may compromise cell growth and thus the
process productivity. Therefore, obtaining timely information on the physiological status of the
culture will allow for adapting process parameters and improving yields. Traditional biomass
monitoring methods—such as dry cell weight or ash-free dry weight—are time-consuming
and do not provide early information, as results are available too late for in-process adjust-
ments [16]. In contrast, flow cytometry (FC) enables rapid, at-line assessment of individual
cell physiological characteristics, such as chlorophyll content, membrane integrity, cell size,
and granularity [17]. These parameters offer deep insight into culture health and physiolog-
ical dynamics. For bioreactor control, FC is particularly advantageous as it allows prompt
detection of stress responses or population shifts, enabling timely interventions (e.g., nutrient
adjustment, aeration, light management, etc.) before productivity declines. This is especially
relevant when cultivating microalgae on variable and complex substrates like WWW, which
contains inhibitory compounds that may affect cell physiology [18,19]. Importantly, industrial
effluents usually contain microorganisms and particles that interfere with traditional biomass
quantification [20,21]. FC overcomes this limitation by using chlorophyll autofluorescence and
light scatter to distinguish C. vulgaris cells from debris, non-photosynthetic microorganisms,
and background particles, thus enabling targeting microalgal populations, which allows
accurate quantification of several cell parameters in complex matrices. Fluorescence–scatter
gating strategies have been successfully validated for C. vulgaris in mixed cultures [22,23],
while spectral “virtual filtering”—a computational technique used in spectral flow cytometry
to isolate specific fluorescence signals—further enhances the discrimination of microalgal cells
from non-cellular particles and background noise [24]. The present work reports a flow cyto-
metric protocol for monitoring C. vulgaris cultivations grown on WWW. Different fluorescent
dyes (SYTOX Green, carboxyfluorescein diacetate, SYTO9, propidium iodide) were previously
tested to evaluate the microalgae cells’ viability in terms of membrane integrity. The selected
dyes were then used to monitor the cultures grown on a synthetic medium as a control assay,
and on WWW, in a 750 L raceway and 100 L bubble column, for comparison of the impact of
these systems on the microalgae cells, in terms of microbial population dynamics, chlorophyll
production, cell size, and membrane integrity. The final microalgal biomass was further
characterised in terms of protein and carbohydrate content for further potential applications.
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2. Materials and Methods
2.1. Inoculum

Chlorella vulgaris inoculum was supplied by the company A4F (Póvoa de Santa Iria,
Portugal), in a synthetic medium, with the following composition (g/L): KH2PO4 1.25;
NaHCO3 0.50; KNO3 1.25; MgSO47H2O 1.00; CaCl2·2H2O 0.11; Fe-EDTA 0.012; 1 mL of
trace element solution. The composition of the trace elements solution was as follows (g/L):
H3BO3 2.860; MnSO4·4H2O 2.030; ZnSO4 0.220; CoSO4·7H2O 0.090; CuSO4 0.050.

2.2. Growth Media

WWW was kindly supplied by Adega Cooperativa de Palmela (winery producer,
Palmela, Portugal) and was generated from the washing of equipment and other storage
vessels in the cellar. Non-sterile WWW was diluted 1:1 with tap water since this dilution
was found to provide the most favourable conditions for algal growth. Previous experi-
ments showed that C. vulgaris grew poorly on pure WWW compared to the 1:1 dilution
(unpublished data), likely due to the high organic load and the presence of inhibitory
compounds present in the undiluted WWW. These experiments also demonstrated that
the microalgal growth required nitrogen and phosphorous supplementation; otherwise, no
growth occurred. In this way, 4.25 g/L of NaNO3 and 0.34 g/L of KH2PO4 were added
to the diluted WWW (WWW medium), which had the following original composition:
11,217.5 mg O2/L COD, 4.00 mg/L total nitrogen, 6.49 mg/L nitrate, 23 mg/L total phos-
phate, 0.18 g/L lactic acid, and 4.27 g/L acetic acid. In all assays, before inoculation, the
medium’s pH was adjusted to 7.0 with NaOH. The synthetic medium was used as a control
for the raceway and bubble column experiments.

2.3. Chlorella vulgaris Raceway Outdoor Cultivations

Two identical 750 L raceways of glass fibre (3 × 1 m, surface area/volume ra-
tio = 11.1/m) were filled up to 270 L (corresponding to a liquid height of 10 cm), one
with synthetic medium (control) and the other with WWW diluted 1:1 with tap water,
supplemented with NaNO3 and KH2PO4. Each raceway had two channels separated by a
glass fibre island placed in the middle. Mixing was performed by paddle wheels placed
at the end of the raceway, and each paddle wheel contained two blades, utilising natural
light (Figure 1). The linear velocity was set to 30 cm/s (8.2 rpm). Chlorella inoculum (10%
v/v) was added to both raceways at the same time. No air bubbling or CO2 supply was
provided. The microalgal cultures were cultivated under natural sunlight.

 

Figure 1. Chlorella vulgaris cultivations in raceways. Left side: raceway containing WWW; right side:
raceway containing synthetic medium (control).
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2.4. Chlorella vulgaris Bubble Column Outdoor Cultivations

For the bubble column trials, two identical acrylic cylinders 0.22 m in diameter and
1.78 m in height (100 L maximum) were used as bubble column photobioreactors, one
containing 40 L of synthetic medium and the other containing 40 L of diluted (1:1) WWW,
supplemented with NaNO3 and KH2PO4, utilising sunlight. The columns were covered
with an acrylic lid with a hole big enough to allow the tubes to pass through (Figure 2).
The spargers, fixed to the bottom of each column, had a three-pointed star shape (10 cm in
diameter), with a sprinkler at the end of each arm. Each sprinkler contained five evenly
spaced holes (2.5 mm in diameter, 2 mm apart), designed to ensure uniform air distribution.
Aeration was supplied at a rate of 0.2 vvm using a Resun LP-100 high-blow air pump
(Resun, China). No air filter was used, as the cultivation was conducted under non-aseptic
conditions. A 10% (v/v) C. vulgaris inoculum was added simultaneously to both bubble
columns. The cultures were grown under natural sunlight.

 
Figure 2. Chlorella vulgaris cultivations in bubble columns. Left side: bubble column containing
WWW; right side: bubble column containing synthetic medium (control).

2.5. FC Analysis

Samples taken throughout the microalgal cultivations in the raceways and bubble
columns were analysed by FC for cell count, size, internal complexity and membrane
integrity, using a flow cytometer (Beckman Coulter, CytoFLEX Flow Cytometer, Brea, CA,
USA) equipped with two solid-state lasers, emitting at 488 and 638 nm, and two sensors
for the detection of light scatter: forward (FSC) and side (SSC). FSC is proportional to cell
size, while SSC is proportional to cell internal complexity. The equipment also includes
six fluorescence detectors, FITC (525/40 bandpass (BP), PE (585/42 BP), PC5.5 (690/50),
PC7 (789/60), and APC (660/10 BP), which detect intracellular fluorescent compounds,
such as pigments or cells stained with specific fluorochromes for physiological status
characterisation. The microalgae cells were identified based on their chlorophyll content.
Since chlorophyll is a fluorescent compound that emits fluorescence between 600 nm
and 700 nm, it was detected in the APC-A channel (660/10 BP). In this way, C. vulgaris
populations could be discriminated from the background, and cells were counted by FC.
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A few fluorescent dyes were previously tested to evaluate the physiological status of
C. vulgaris. SYTOX Green (SYTOX, Invitrogen, Carlsbad, CA, USA) and carboxyfluorescein
diacetate (CFDA, Invitrogen, Carlsbad, CA, USA) were used to evaluate the cell membrane
integrity and enzymatic activity, respectively. SYTO9 and SYBR Green I (SYBR, Invitrogen,
Carlsbad, CA, USA) fluorescent dyes were used in association with propidium iodide
(PI) to evaluate the cell membrane integrity. SYTOX and PI dyes do not cross the plasma
membranes of intact cells but easily penetrate cells with compromised membranes (per-
meabilized cells). In this way, it is possible to differentiate intact from permeabilized cells.
CFDA is a hydrophobic molecule that enters intact cell membranes. Once inside the cell
cytoplasm, CFDA is enzymatically hydrolysed by cellular esterases into carboxyfluorescein,
which is a fluorescent and hydrophilic compound, thus revealing cells that have intact
membranes and active esterases. SYBR Green I and SYTO9 enter all the cells, binding to
DNA and increasing the cells’ fluorescence, so they are used to differentiate cells from the
background and are particularly helpful when cells are growing in media containing a high
proportion of particles such as industrial effluents, including WWW. These dyes are usually
used in association with PI for cell membrane integrity detection [25].

The dye concentrations and incubation times were previously optimised. Whenever
necessary, samples were diluted in a phosphate-buffered solution (PBS) prepared using
commercial tablets (pH 7.4; VWR International, LLC, Aurora, OH, USA) in a total volume
of 500 µL, and incubated in the dark with 5 µL of SYTOX 30 µM solution for 25 min [SYTOX
30 µM solution was obtained by dilution of SYTOX 5 mM commercial solution (Invitrogen,
Thermo Fisher Scientific, Carlsbad, CA, USA) in DMSO]. SYTOX is detected in the FITC-A
channel when excited with radiation at 488 nm. A 3 µL amount of CFDA (Invitrogen by
Thermo Fisher Scientific, Carlsbad, CA, USA) stock solution (10 mg/mL, diluted with
acetone) was added to 500 µL of cell suspension, and incubated for 10 min in the dark,
before FC analysis. CFDA is detected in the FITC-A channel when excited with radiation at
488 nm. For cells double-stained with SYBR and PI, 2 µL of SYBR solution [1:30 dilution of
SYBR Green I commercial stock (from Invitrogen) solution made in dimethyl sulfoxide] and
2 µL of PI (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA) solution 1 mg/mL
were added simultaneously to 500 µL of sample and incubated for 30 min in darkness.
For cells double-stained with SYTO9 and PI, 3 µL of SYTO9 solution [1:50 dilution of
5 mM commercial stock (Invitrogen) solution, made in dimethyl sulfoxide] and 2 µL of
PI (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA) solution 1 mg/mL were
added simultaneously to 500 µL of sample, and incubated for 20 min in the dark. SYBR
and SYTO9 are detected in the FITC-A channel and PI in the PC5.5-A channel.

All the light scatter and fluorescence signals were plotted in logarithmic-scale cy-
tograms using CytExpert 2.4 software (Beckman Coulter, USA). The equipment was cali-
brated daily using a suspension of around 3 µm fluorospheres with an emission range from
410 to 800 nm (Beckman Coulter, CytoFLEX Daily QC Fluorospheres, Brea, CA, USA).

All samples, before FC analysis, were subjected to cellular ultrasonic disaggregation
(TranssonicT660/H, Elma, Singen, Germany) for 10 s, at 35 kHz, followed by vigorous ho-
mogenization, to remove cell aggregates. The event flux was also adjusted to 300 events/s.
For control, unstained cells were previously run in the FC to adjust the cells’ autofluores-
cence to the first log decade in the fluorescence density plots (FITC versus PC5.5 channels).
The autofluorescence adjustment in the density plots, focusing on the first logarithmic
decade, improves the separation of stained and unstained cells by minimising the influence
of background fluorescence. This approach involves setting the instrument’s photomulti-
plier tube voltages so that unstained cells fall within the first log decade of the fluorescence
scale, essentially “zeroing out” the autofluorescence background. This strategy allows for
a clearer distinction between the fluorescence signals from stained cells and the inherent
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autofluorescence of cells. FC controls were carried out using C. vulgaris cells under op-
posed physiological states as described by Taborda et al. [26]. For the control of cells with
intact membranes (intact cells), an exponentially growing C. vulgaris culture was used as a
positive control. A heat-treated C. vulgaris culture—prepared by incubating the cells in a
boiling water bath at 100 ◦C for 30 min—was used as a negative control, as this treatment
disrupts the cell membrane structure and results in fully permeabilized cells.

2.6. Protein and Carbohydrate Content

The protein content was assessed using the Kjeldahl method with a nitrogen-to-protein
conversion factor of 6.25 [27]. The carbohydrate content was determined by quantitative
acid hydrolysis of the biomass [28], followed by the phenol–sulfuric acid method [29] and
spectrophotometry (490 nm) using the glucose standard curve.

2.7. Calculation of the Sedimentation Velocity of Chlorella vulgaris Cells

The velocity of sedimentation for an individual falling spherical particle in a diluted
solution can be predicted using Stokes’s equation [30], since Chlorella cells are spherical:

vs =
2
9
× ∆ρ

η
× g × ri

2 (1)

where vs is the velocity of the spherical particle in water, ∆ρ is the density difference
between the particle and the liquid, η is the viscosity of the liquid, g is the gravitational
acceleration and ri is the particle radius.

3. Results and Discussion
3.1. Previous Fluorescent Dye Selection

Figure 3 shows the histograms (cell count/FITC-A channel) concerning SYTOX, CFDA,
SYBR/PI, and SYTO9/PI C. vulgaris cell staining. There were no significant changes be-
tween the SYTOX florescence emitted by untreated (intact cells) and heat-treated (perme-
abilised) C. vulgaris cells stained with SYTOX (Figure 3a), which means that SYTOX staining
did not allow for differentiation between intact and permeabilised C. vulgaris cells. Indeed,
variations in SYTOX staining, as well as difficulty in establishing intensity thresholds for
separating live and dead cells in phytoplankton have been recorded for SYTOX [31].

Figure 3. Untreated (green line) and heat-treated (red line) C. vulgaris cells developed on WWW
stained with SYTOX (a); CFDA (b); SYBR + PI (c); SYTO9 + PI (d).

Reavie et al. [32] reported that SYTOX was unable to stain nuclei of Scenedesmus cells
(small green algal species) in killed samples, and so dead cells were falsely identified as
alive. In this work, the same was observed for C. vulgaris cells.
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The fluorescence of untreated and treated CFDA-stained C. vulgaris cells is shown
in Figure 3b. Despite the fluorescence of untreated cells being higher than that observed
for treated cells (as expected, since the enzymatic system and membrane integrity of heat-
treated cells were destroyed), the heat-treated cells were also stained with CFDA; therefore,
the difference between treated and untreated cells’ CFDA fluorescence peaks did not allow a
good separation and thus a clear differentiation between intact cells with enzymatic activity
from cells with no enzymatic activity. As far as we know, there are no published references
on the use of CFDA for Chlorella cells. Nevertheless, this dye was successfully used to
evaluate the enzymatic activity of Tetradesmus obliquus cells [33]. The difference between
the behavior of Chlorella vulgaris and Tetradesmus obliquus cells, when stained with CFDA,
was probably due to differences in the enzymatic activity system of each microalga; indeed,
the latter showed higher esterase activity under those specific conditions, promoting CFDA
conversion, resulting in an increase in cells’ fluorescence.

The separation between treated and untreated cells was enhanced using SYBR/PI and
SYTO9/PI double-staining (Figure 3c,d). However, the difference between the fluorescence
peak maxima of treated and untreated cells was 850 for SYBR/PI, compared to 4900
for SYTO9/PI. This result demonstrates the higher efficiency of the latter procedure in
distinguishing intact from permeabilized C. vulgaris cells. For this reason, the SYTO9/PI
dual-staining method was selected for further monitoring of C. vulgaris cultivations.

3.2. FC Controls

A few cytometric controls were carried out before monitoring the microalgal cul-
tivations on synthetic medium and WWW. The corresponding dot plots are shown in
Figures 4–6, to demonstrate the efficacy of the staining protocol (SYTO9 + PI) in identifying
C. vulgaris populations (shown as green dots) grown on non-sterile WWW (thus containing
other microorganisms). The identification of C. vulgaris cells was based on the chlorophyll
fluorescence signal emitted by the cells, detected in the APC-A channel. This population
was shown in green, in the H2-UR quadrant, displayed in the APC-A/SSA density plots
(Figure 4a). The orange population included other non-photosynthetic cells, debris and
particles (noise) since they did not emit chlorophyll fluorescence.

Figure 4. Flow cytometric controls for unstained and untreated exponentially growing C. vulgaris
cells developed on WWW. (a) APC-A/SSC-A density plot; (b) FSC-A/SSC-A density plot; (c) FITC-
A/PC5.5-A (SYTO9/PI) density plot; (d) FITC-A/PC5.5 (SYTO9/PI) density plot, after H2-UR
quadrant (from Figure 4a) backgating. AM—autotrophic microalgae; HM—heterotrophic microor-
ganisms; N—noise; green population: autotrophic microalgae cells; orange population: heterotrophic
cells and noise.
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Figure 5. Flow cytometric controls for SYTO9+PI-stained and untreated exponentially growing C.
vulgaris cells developed on WWW. SYTO9/PI density plots: (a) APC-A/SSC-A density plot; (b) FSC-
A/SSC-A density plot; (c) FITC-A/PC5.5 (SYTO9/PI) density plot; (d) FITC-A/PC5.5 (SYTO9/PI)
density plot, after H2-UR quadrant (shown in Figure 5a) backgating. AM—autotrophic microalgae;
HM—heterotrophic microorganisms; N—noise; green population: autotrophic microalgae cells;
orange population: heterotrophic cells and noise.

Figure 6. Flow cytometric controls for SYTO9/PI-stained and heat-treated exponentially growing
C. vulgaris cells developed on WWW. (a) APC-A/SSC-A density plot; (b) FSC-A/SSC-A density
plot; (c) FITC-A/PC5.5 (SYTO9/PI) density plot; (d) FITC-A/PC5.5 (SYTO9/PI) density plot, after
H2-UR quadrant (from Figure 6a) backgating. AM—autotrophic microalgae; HM—heterotrophic
microorganisms; green population: autotrophic microalgae cells; orange population: heterotrophic
cells and noise.

Backgating is a valuable technique in FC used for identifying specific cell populations.
It enables the confirmation of staining patterns or gating strategies by tracking the selected
population across different parameter plots using specialised software. In this study,
backgating was applied to highlight and identify the microalgal population in various
density plots using the CytExpert 2.4 software. By applying the H2-UR quadrant defined
in Figure 4a, the C. vulgaris population (shown in green) was successfully visualised in the
FSC-A (cell size) versus SSC-A (internal complexity) plots (Figure 4b). This demonstrated
the clear differentiation between the autotrophic microalgae cell population and other
microbial populations and noise. The orange population should include mostly bacteria
and yeast, since they show an FSC (size) profile lower than the microalgae cells (green
spot), as depicted in Figure 4b. In this plot (FSC-A/SSC-A), the microalgal cells appeared
as a comet shape, typical of a population containing events with different sizes and internal
complexities. Indeed, C. vulgaris cells show different sizes and shapes when grown in a
liquid medium, since the cells are in different growth stages (mother and daughter cells, the
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latter being smaller with lower FSC/SSC signals, and the former being bigger, displaying
higher FSC/SSC signals) [34]. In these plots, the orange population also appeared as
a comet, indicating that those cells also had different sizes and internal complexities,
which supports that this population is composed of different types of microorganisms
and particles.

A sample from the exponential culture was run without stains, displaying autofluores-
cence, as shown in Figure 4a–d. Most of the untreated autotrophic microalgae cells (69.79%,
Figure 4c) depicted a higher signal in the PC5.5 detector, as a result of their chlorophyll
content (which was also detected in this channel), and a low signal detected in the FITC-A
channel, located in the lower right quadrant H1-LR (Figure 4c), indicating that they did
not produce pigments that emitted fluorescence at those wavelengths (525/40 nm). The
non-photosynthetic microorganisms and noise appeared in the lower left quadrant (H1-
LL) since they do not produce chlorophyll (Figure 4c). Applying quadrant H2-UR (from
Figure 4a) to the dot plot FITC/PC5.5 (Figure 4c), only the target microalgal population
appeared (Figure 4d).

When the exponentially growing culture was stained with SYTO9/PI, the density
plots APC-A/SSC-A (Figure 5a) and FSC-A/SSC-A (Figure 5b) were the same as those
obtained for unstained cells (Figure 4a,b) since these cells were not exposed to any treatment.
Most of the microalgae cells were double-stained with SYTO9 and PI (49.96%, H1-UR
quadrant, Figure 5c), indicating that these cells had intact membranes. Most of the non-
photosynthetic cell population (33.70%, H1-UL) was also double-stained with SYTO9 and
PI, which showed that they had intact membranes. Noise (1.90%) was also revealed in
Figure 5c, corresponding to material that was not stained by any of those stains (cell
debris and medium particles). Figure 5d resulted from the application of quadrant H2-UR
(Figure 5a) to Figure 5c, just showing the microalgal population: 79.03% of the cells had
intact membranes and 20.97% had permeabilised membranes. This result was expected,
since exponentially growing cultures may contain cells from the fully metabolically active
state to death, resulting from a few factors, such as fast growth, medium pH changes,
inhibitor metabolites, etc. [35].

Comparing the chlorophyll fluorescence emitted by untreated (Figure 4a) and heat-
treated C. vulgaris cells (Figure 6a), a decrease of 97% in the APC-A fluorescence signal
was recorded when the cells were heat-treated (untreated cells’ APC-A fluorescence signal:
666,514.6, quadrant H2-UR, Figure 4a); (heat-treated cells’ APC-A fluorescence signal:
22,415.1, quadrant H2-UR in Figure 6a), which means, as expected, that the heat treatment
denatured the chlorophyll pigment. The dot plot of the heat-treated sample stained with
SYTO9/PI (Figure 6c) showed a major population (92.95%) located in the H1-LR quadrant,
which was stained with PI, but not with SYTO9, corresponding to all the microbial cells with
permeabilised membranes. The percentage of events identified as noise (4.49%) located in
the H1-LL quadrant increased compared to the untreated sample (1.90%, Figure 5a), due
to the cell debris resulting from cell lysis. By backgating, applying the H2-UR quadrant
(Figure 6a) to the FITC/PC5.5 plot (Figure 6c), only the microalgal population is shown,
with almost all the permeabilised cells located in the H1-LR quadrant (96.47%, Figure 6d)
due to the harsh heat treatment which collapsed the cell membrane.

These controls allowed the identification of all the events, based on the chlorophyll
fluorescence detected in the APC-A channel, which allowed us to differentiate the microal-
gal population from other events such as non-photosynthetic microorganisms, medium
particles and debris; in addition, FC coupled with the SYTO9 and PI double-staining proto-
col also allowed us to distinguish intact from permeabilised cells. These protocols were
further used to monitor the cultures developed on WWW, in the 100L bubble column and
the 750 L raceway.
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3.3. Outdoor Raceway Experiments

The two raceway ponds of 750 L (working volume of 270 L), containing synthetic
medium (control) and WWW, were inoculated with C. vulgaris and monitored over
33 days (Figure 7). The cell number profiles were similar, reaching approximately
1.54 × 106 cells/mL for the control and 1.64 × 106 cells/mL for the WWW cultivation
(Figure 7a), indicating that both media, when supplemented with NaNO3 and K2HPO4,
supported comparable final biomass concentrations.
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Figure 7. Raceway cultivation profiles: C. vulgaris cell count (a); natural logarithmic of C. vulgaris
cell count (b); percentage of intact cells (c); chlorophyll fluorescence (d); percentage of heterotrophic
cells (e). Blue line: control (synthetic medium); orange line: WWW medium.
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The initial period (up to t = 3 d) was marked by faster cell growth in both cultures,
suggesting favourable starting growth conditions. However, after this stage, both cultures
grew slower (Figure 7b), which suggests possible limitations in nutrients such as CO2, light
or others. This pattern is commonly observed in microalgal cultures under nutrient-limited
conditions [36]. For the control assay, the percentage of intact cells increased up to 71.63%
(t = 26 d), having decreased to 36.03% (Figure 7c). This percentage increased over the
WWW cultivation, attaining 76.2% at the end of the assay.

In the control cultivation, the chlorophyll fluorescence peaked at 2.89 × 106 at
t = 26 d, then sharply declined to 1.24 × 106 by the end of the assay. This indicates a
reduction in the microalgae autotrophic metabolic activity at that time, likely due to
inorganic carbon limitation, as no air or CO2 supplementation was provided during
the raceway experiments. This limitation may have triggered partial cell lysis by the
end of the assay, as supported by the ≈64% proportion of damaged cells observed at
t = 33 d (Figure 7c). Cell lysis could have released organic carbon into the medium,
enabling a metabolic shift of C. vulgaris from autotrophy to heterotrophy. Indeed, C.
vulgaris is known for its nutritional flexibility, being capable of switching to mixotrophic
or heterotrophic metabolism under suitable conditions [37]. The increase in cell num-
ber observed at t = 33 d for the control raceway (Figure 7a) may thus be attributed
to heterotrophic growth supported by organic carbon released from lysed cells. Over-
all, the chlorophyll fluorescence values were much higher for the control than for the
WWW cultivation, demonstrating that the synthetic medium promoted the autotrophic
metabolism, unlike WWW cultivation, which showed more stable and lower chlorophyll
fluorescence values throughout the entire assay (8.44 × 105 at t = 33 d, Figure 7d). This
result was expected, since the control medium did not contain organic carbon, while
WWW contained a high organic carbon load, as previously mentioned, promoting a shift
toward heterotrophic metabolism. Additionally, the presence of suspended particles and
other microorganisms in the non-sterile WWW cultivation likely reduced light penetra-
tion, because these suspended solids and microorganisms can absorb and scatter light,
creating shading effects and limiting the amount of light reaching the microalgae cells,
further limiting the photosynthetic activity of C. vulgaris [38].

As expected, throughout most of the cultivation period, the percentage of het-
erotrophic cells was higher in the WWW cultures than in the control (Figure 7e), likely
due to the presence of organic carbon and reduced light penetration caused by suspended
solids in the WWW. These conditions favoured the proliferation of heterotrophic microor-
ganisms and promoted a shift in C. vulgaris metabolism toward heterotrophy or mixotro-
phy, reducing reliance on photosynthesis—an effect supported by the consistently low
chlorophyll fluorescence signals observed throughout the WWW cultivation (Figure 7d).

3.4. Outdoor Bubble Column Experiment

The bubble column cultures reached 2.85 × 105 cells/mL and 2.30 × 106 cells/mL
for the control and WWW cultivations, respectively, at the end of the assay (t = 33 d,
Figure 8a). Both values were higher than those obtained for the raceway cultivations
(1.54 × 106 and 1.64 × 106 cells/mL for the control and WWW assays, respectively, at
the end of the assays; Figure 7a). Both cultures entered the stationary phase at t = 17 d,
achieving a plateau, typical of a limitation due to total nutrient starvation (most probably
nitrogen) (Figure 8b).
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Figure 8. Bubble column cultivation profiles: cell count (a); natural logarithm of cell count (b);
percentage of intact cells (c); chlorophyll fluorescence (d); percentage of heterotrophic cells (e). Blue
line: control (synthetic medium); orange line: WWW medium.

The proportion of intact cells was always below 50% during the entire time course
of both assays (Figure 8c), indicating that the cells were exposed to more adverse con-
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ditions during the evolution of both cultivations, compared to the raceway cultivations
(Figure 7c). Several factors might have contributed to the microalgae cells’ stress response.
Firstly, the nutrient starvation referred to above might have been responsible for the lower
proportion of intact cells, a condition that did not occur in the raceway cultivations, as
already mentioned, since the cells did not enter the stationary phase (Figure 7b). Secondly,
shear stress might have contributed to the lower proportion of intact Chlorella cells, as
reported by Khoo et al. [39], Wang and Lan [40] and Zhang et al. [41]. Shear stress is a
type of hydrodynamic stress generated by mixing and/or aeration, critical when consid-
ering microalgal cultivations, since microalgal cell walls and membranes may be affected
by this condition. Shear stress is generated when aerating and mixing a liquid medium,
both essential for successful microalgal cultures, and particularly important for large-scale
microalgal farming. However, excessive shear stress can cause severe cell damage which
can culminate in cell lysis, reducing the biomass productivity [40]. For this reason, cells
grown in bubble columns, in which the gas phase is dispersed into the liquid medium in
the form of bubbles by means of a gas sparger placed in the bottom of the column, are
usually exposed to higher shear stress levels than in raceways due to bubbles rising and
bursting [40,42,43]. These two factors explain the lower intact cell percentage recorded for
both bubble columns, compared to the raceway cultivations (Figures 7c and 8c).

As expected, the chlorophyll fluorescence values were always higher for the control
than for the WWW bubble column (1.83 × 106 and 1.54 × 106, at the end of the control
and WWW cultivations, respectively; Figure 8d) since the control medium did not contain
organic carbon, nor particles, and was clearer than WWW, thus allowing more efficient
light penetration, conditions that promoted the autotrophic metabolism.

The higher proportion of heterotrophic cells present in the WWW bubble column
compared to the control—22.70% versus 14.2% at the end of the cultivation—(Figure 8e)
supports the conclusion that the synthetic medium favoured the autotrophic metabolism
as it lacked organic carbon.

3.5. Comparison Between Control and WWW Cultivations Across Raceway and Bubble
Column Systems

The cultivation of C. vulgaris under different reactor configurations and media revealed
distinct physiological and metabolic behaviours.

Bubble column systems supported higher C. vulgaris cell concentrations than raceways
(Figures 7a and 8a), likely due to more efficient mass transfer and improved CO2 availability,
as previously reported by Assunção and Malcata [43] and Zhang et al. [41]. In addition,
bubble columns promote more effective light penetration compared to raceway systems,
owing to their greater illuminated surface area. The vertical, cylindrical geometry of bubble
columns allows light to enter from both the lateral and top surfaces of the liquid column,
whereas raceways are primarily illuminated from the top surface only [40].

The proportion of intact cells was consistently lower in the bubble column cultures
(generally <31%) compared to the raceway cultivations (Figures 7c and 8c), regardless of
the medium used. This difference can be attributed primarily to the higher shear stress
conditions in the bubble column system, as mentioned above. In contrast, the raceways,
mechanically mixed using paddle wheels, generated lower shear forces, thus providing a
gentler environment for microalgae. As a result, the raceway cultures maintained higher
proportions of cells with intact membranes (mostly >45%) throughout the cultivation period.

Regarding the media used, control assays, grown on synthetic medium (without or-
ganic carbon) mostly promoted autotrophic metabolism, as evidenced by higher chlorophyll
fluorescence values detected by FC, in both systems (Figures 7d and 8d). In contrast, WWW
cultures—rich in organic compounds such as sugars, acetate, and lactic acid—showed lower
chlorophyll fluorescence signals, suggesting a shift toward mixotrophic or heterotrophic
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metabolism, where reliance on photosynthesis is reduced [21,37]. This is consistent with the
high proportion of heterotrophic cells found in both WWW assays. Indeed, the visual colour
differences observed between the two cultivations (Figures 1 and 2)—a greener appearance
in the control cultures and a browner tone in the WWW cultures—were consistent with the
chlorophyll fluorescence data obtained by FC. The higher chlorophyll fluorescence in both
control assays explains their more intense green coloration, whereas the lower chlorophyll
content and the presence of naturally coloured compounds in the WWW medium (e.g.,
polyphenols, tannins, and fermentation by-products) likely contributed to the browner
appearance of those cultures.

Although all assays were inoculated with the same C. vulgaris culture, the distinct
media compositions likely promote different growth conditions that drove different mi-
crobial dynamics at the beginning of the assays (t = 3d, Figures 7e and 8e). The control
medium, being synthetic and free of inhibitory compounds, possibly offered a favourable
environment for opportunistic heterotrophic microorganisms to rapidly proliferate during
the early phase of cultivation. This heterotrophic bloom, shown as a sharp peak at t = 3 d
(Figures 7e and 8e), could have been supported by organic carbon released from the algal
inoculum, in the form of cell debris or exudates. As C. vulgaris grew and altered the environ-
ment (e.g., by changing pH, depleting nutrients, or producing metabolites), the availability
of the organic carbon decreased, leading to the observed decline in heterotrophic cell pro-
portions after t = 3 d in the control cultivations. In contrast, WWW, although rich in organic
carbon (e.g., sugars and acids), also contains inhibitory compounds—such as polyphenols,
ethanol, and acidic components—known to suppress or delay heterotrophic microbial
growth. These conditions might have prevented the early peak of heterotrophs but al-
lowed a more sustained and stable heterotrophic population throughout the cultivation, as
observed in Figures 7e and 8e.

Altogether, these comparisons highlight the importance of both reactor configuration
and medium composition in shaping microalgal physiology and overall process perfor-
mance. While WWW supplies nutrients that support microalgal growth, reactor-specific
constraints must be considered to optimise productivity and harvesting efficiency.

3.6. Changes in the Microalgae Cell Size

Samples collected from the bubble column and raceway cultivations were analysed in
terms of cell size (FSC) and internal complexity (SSC) at the beginning (t = 0 d) and end
(t = 33 d) of all the assays (Figure 5).

All FSC and SSC signal profiles were similar and below 45 at the beginning of the
cultivations (Supplementary Material Figure S1a,b).

At t = 33 d, both control experiments showed broader FSC and SSC profiles than the
WWW cultivations (Supplementary Material Figure S1c,d), indicating that, at that time,
cells with different sizes and internal complexities were present. Indeed, the life cycle
of Chlorella vulgaris comprises the following stages: (i) early cell growth phase; (ii) late
cell growth phase; (iii) early cell division phase; (iv) late cell division phase; (v) daughter
cell maturation phase; and (vi) autospore release phase [44]. During all these stages, the
microalgae cells changed their size and internal complexity. Indeed, dividing cells (in the
division phases (iii) and (iv)) show higher size and internal complexity, and thus higher
FSC and SSC signals, respectively, due to their higher DNA content, compared to daughter
cells and autospores (phases (i)–(vi)) [35]. On the contrary, sharper FSC and SSC peaks
were detected for the WWW cultivations (Supplementary Material Figure S1c,d), revealing
that, in this case, the microalgae cells had similar sizes and complexities, indicating lower
microalgae cell growth stage diversification. Since lower FSC and SSC signals were detected
for the cells grown on control cultures at t= 33 d, they might have been present in these
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cultures in the early stages of the cell cycle (stages (i) and (ii)) with lower size (FSC) and
internal complexity (SSC). This suggests that the control assays might have contained fewer
microalgae cells in stages (iv)–(vi) than the WWW assays at the end of the experiments
(t = 33 d).

In addition, significant differences between the FSC signals of cells collected from the
raceway and the bubble column grown on WWW cultures were detected at t = 33 d. Until
t = 10 d, C. vulgaris cells’ FSC signals (proportional to cell size) were similar in both systems,
but from that day onwards, these signals were higher for the cells grown on the bubble
column than in the raceway cultivation (Supplementary Material Figure S2). At t = 33 d,
the mean FSC signal for the cells grown in the bubble column was 374,944.1 au, and for the
raceway, it was 455,946.0 au (Supplementary Material Figure S2), which indicated that cells
grown in the former system became larger in size (and thus, in diameter, since Chlorella
cells are spherical) than those grown in the bubble column, corresponding to a difference of
22%. This difference might be due to the different growth phases of Chlorella cells cultivated
in the raceways and bubble columns. As mentioned above, at the end of the cultivations
(t = 33 d), the microalgae cell counts for both raceway cultivations were still increasing
(Figure 7b) while the cell counts observed for both bubble columns cultivations reached
a plateau (at t = 17 d, Figure 8b). According to Chioccioli et al. [45], when Chlorella cells
reached the stationary phase, they increased their diameter, and thus their size. Therefore,
the different Chlorella growth phases observed in the raceways and bubble columns at the
end of the experiments explained the different cell sizes observed for the two cultivation
systems. According to the above results, the radius of Chlorella cells grown in the bubble
column is 22% larger than the radius of Chlorella cells grown in the raceway.

Therefore, according to Equation (1),

rbubble column ∝ 1.22 × rraceway (2)

(vs)bubble column
(vs) raceway

∝

(
1.2 × rraceway

)2(
rraceway

)2 (3)

(vs)bubble column
(vs) raceway

∝ 1.49 (4)

in which rbubble coum is the radius of Chlorella cells grown in the bubble column, rraceway

is the radius of Chlorella cells grown in the raceway, (vs)bubble column is the velocity of the
Chlorella cells grown in the bubble column, and (vs)raceway is the velocity of the Chlorella
cells grown in the raceway.

Based on the above equations, it was concluded that the sedimentation velocity of the
Chlorella cells grown in the bubble column was 49% higher than that of the Chlorella cells
grown in the raceway cultivation, which is a significant increase in terms of sedimentation
velocity. Thus, these results demonstrate that the microalgae cell size indeed has a direct
impact on the sedimentation velocity.

Microalgae cell size plays a crucial role in downstream processing and microalgal
biotechnology, as it directly influences the microalgal biomass harvesting efficiency. Larger
cells sediment more readily, making them easier to separate from the culture medium than
smaller cells, thereby reducing processing costs [46,47].

The SSC profiles of the cells collected from both systems were coincident without
changes throughout the cultivations, indicating that no changes occurred at the cell internal
complexity level.

In the present study, the two systems—raceways and bubble columns—produced
C. vulgaris cells of different sizes when grown on WWW, which can significantly impact
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the overall process costs associated with each cultivation. Thus, monitoring cell size
throughout microalgal cultivations is essential for optimising downstream operations and
overall process efficiency.

3.7. Biomass Characterisation

The biomass collected at the end of the bubble column cultivations contained a higher
carbohydrate content (>49%) compared to the raceway cultivations (<32%) (Figure 9). Con-
versely, the protein content was higher in the raceway biomass (>48%) than in the bubble
column biomass (<44%). This pattern is consistent with the probable nitrogen limitation
in the bubble column cultures, as proteins contain nitrogen along with carbon, hydro-
gen, and oxygen. The lower nitrogen availability may explain the elevated carbohydrate
accumulation in the bubble column biomass.
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Figure 9. Composition of the biomass collected at the end of the raceway and bubble column cultivations.

Despite these differences, biomass from both cultivation systems grown on WWW
contained over 40% protein (w/w), making it suitable for potential applications such as
animal feed, biofertilizers, and biogas production [48]. The carbohydrate and protein
contents observed here are higher than those reported by [49] for a mixed culture of
Arthrospira platensis and C. vulgaris grown on 20% diluted WWW in an open pond, which
showed 12% and 8% carbohydrate and protein, respectively. Zkeri et al. [1] reported a 59%
protein content in C. sorokiniana biomass from sequential-batch cultures on WWW in shake
flasks, possibly reflecting differences in the wastewater composition.

As mentioned above, no sterilisation was applied to the culture media or systems to
simulate realistic large-scale outdoor conditions with complex substrates such as WWW.
Consequently, microbial consortia were present throughout cultivation. While non-axenic
conditions introduce biological variability, they mirror the reality of industrial-scale microal-
gae production. In addition, co-cultivating microalgae with heterotrophic microorganisms
can foster synergistic interactions [50]. However, these benefits must be balanced against
risks such as competition for nutrients, accumulation of unwanted metabolites, or contam-
ination by pathogens, which could compromise biomass quality—especially for feed or
food uses.
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4. Conclusions
FC was successfully applied to monitor C. vulgaris cultivated on WWW in two outdoor

systems—a 750 L raceway and a 100 L bubble column. This technique enabled the near-
real-time assessment of cell concentration, membrane integrity, chlorophyll content and
cell size, providing early indicators of cellular stress. It thus stands out as a powerful
decision-support tool for dynamic microalgae cultivation on complex effluents.

WWW proved to be a promising culture medium, supplying water, organic carbon, and
naturally occurring nutrients that reduced the need for synthetic inputs. Although some
supplementation was necessary, WWW improved microalgal cultivation’s sustainability and
supported circular economy principles. Biomass produced in WWW cultivations contained
over 40% protein, underscoring its potential for animal feed or other bioproduct applications.

Future work should explore FC’s integration with large-scale photobioreactors and
investigate the impact of microbial consortia on biomass quality, safety, and valorisation in
food, feed, and bio-based sectors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation11080442/s1, Figure S1: FSC and SSC histograms for C. vulgaris
cells collected from all the assays at t = 0 d and t = 33 d. (a) and (b): FSC and SSC signals at t = 0 d; (c) and
(d): FSC and SSC signals at t = 33 d. Navy blue line: Raceway control; Turquois line: Raceway WWW;
Burgundy line: Bubble column control; Pink line: Bubble column WWW; Figure S2: FSC histograms for
C. vulgaris cells collected from cultivations using WWW in the bubble column (green line) and in the
raceway (red line). Samples collected at t = 0 d (a), 3 d (b), 10 d (c), 17d (d), 26 d (e), 33 d (f). Green line:
Bubble column cultivation on WWW; Red line: Raceway cultivation on WWW.
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SSC-A Side scatter area (detector)
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