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A B S T R A C T

Arthrospira platensis is a filamentous cyanobacterium valued for its high protein content and biotechnological 
versatility. This study explores the influence of key environmental parameters—temperature, pH, irradiance, and 
agitation—on both the morphological characteristics and biomass productivity of A. platensis. Using Micro
deep™, a novel AI-integrated microfluidic microscope, filament traits such as length, diameter, and structural 
integrity were quantified alongside dry mass equivalent (DME), serving as a proxy for biomass concentration. 
Optimal growth conditions were identified at 40 ◦C, pH 9–10, and an irradiance of 200 μmol⋅m− 2⋅s− 1, under 
which cultures exhibited maximal filament elongation and biomass yield without structural degradation. Across 
experimental conditions, filament lengths ranged from 30 to 420 μm and diameters from 6 to 11 μm, highlighting 
dynamic morphological plasticity. Under adverse conditions—extreme pH (6 or 11), high irradiance (2200 
μmol⋅m− 2⋅s− 1), or non-optimal temperatures (10 or 45 ◦C)—filaments experienced fragmentation, reduced 
elongation, and biomass decline, primarily driven by stress-induced necridia formation and photodamage. The 
Microdeep™ system demonstrated a high degree of accuracy in biomass estimation, with dry matter equivalent 
measurements showing a linear correlation to gravimetric dry weight (R2 

> 0.99). This confirms its suitability for 
real-time cultivation monitoring and opens avenues for precision-controlled photobioreactor operations. Overall, 
the study reinforces the utility of AI-enhanced imaging tools in optimizing microalgal bioprocesses through 
detailed, quantitative analysis of morphological and physiological traits.

1. Introduction

Arthrospira platensis, commonly known as Spirulina, is a filamentous 
cyanobacterium renowned for its exceptional nutritional and biotech
nological properties. Nutritionally, A. platensis contains 50–75 % protein 
by dry weight, alongside essential polyunsaturated fatty acids such as 
linoleic and linolenic acids, B-complex vitamins, vitamins C, D, E, and 
bioactive pigments like phycocyanin—traits that have led to its classi
fication as a “superfood” [1,2]. A study published in the Journal of the 
Science of Food and Agriculture emphasized its value as one of the 
richest microbial protein sources, with protein yields ranging from 460 
to 630 g⋅kg− 1 dry weight, and highlighted the importance of developing 
effective extraction strategies for biorefinery processes [3]. Economi
cally, the global production of Spirulina reached approximately 18,000 t 
in 2023, with a market value estimated at US$577 million and a pro
jected compound annual growth rate (CAGR) of 9.3 % extending 

through 2032 [4].
To date, the vast majority of commercial A. platensis cultivation is 

performed in open raceway systems, with culture volumes ranging from 
10 to 1000 m3 [5,6]. In these settings, mechanical paddle wheels are 
commonly employed to ensure adequate mixing and homogenization of 
the culture [7]. Open raceways are widely favored for their simple 
design, ease of operation, and low capital and operational costs [5]. 
However, this approach is not without limitations. Open systems are 
particularly vulnerable to biological contamination by protozoa, 
competing microalgae, and pathogenic bacteria, as well as to chemical 
contamination from external sources [8].

A. platensis thrives in alkaline-saline conditions (optimal pH 9–10), 
which naturally inhibit the growth of many contaminant organisms. 
This ecological advantage, coupled with the organism's high photosyn
thetic efficiency and resilience under environmental stress, makes it 
highly suitable for cultivation in marginal lands and circular-resource 
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systems [1,2]. Morphologically, A. platensis forms helical, multicellular 
filaments typically measuring 50–500 μm in length and 6–12 μm in 
diameter [1]. It reproduces via binary fission, during which necri
dia—segments that facilitate filament division—preserve genetic con
tinuity while enhancing population expansion [9]. This robust 
filamentous structure is essential for efficient biomass harvesting, as it 
supports mechanical stability and maintains yield quality throughout 
downstream processes.

From a bioprocessing standpoint, the morphology of 
A. platensis—particularly filament length, spiral integrity, and biomass 
density—is a critical determinant of both harvestability and biomass 
quality. Structurally robust filaments not only improve separation effi
ciency during harvesting but also reflect a physiologically healthy cul
ture state conducive to high productivity [10]. Morphological features 
are highly responsive to environmental cues such as temperature, pH, 
irradiance, and shear stress, making them sensitive indicators of the 
culture's physiological status [11,12].

For example, elevated temperatures may accelerate cell metabolism 
and division but can also lead to increased filament fragmentation or 
spiral unwinding, especially when exceeding the optimal thermal range 
[12]. Similarly, extreme pH values—both acidic and highly alkalin
e—can destabilize cell wall integrity and promote necridia formation, a 
phenomenon associated with filament breakage and stress responses 
[9]. Light intensity also plays a dual role: while moderate irradiance 
enhances biomass accumulation and elongation of filaments, excessive 
irradiance induces photodamage, resulting in shortened and degraded 
filaments [13].

Despite these dynamic morphological responses, most industrial 
systems rely on bulk optical parameters such as optical density or 
chlorophyll fluorescence to estimate growth, which often overlook 
structural changes occurring at the cellular level [14]. Incorporating 
real-time morphological analysis into cultivation workflows could serve 
as an early diagnostic tool to detect suboptimal conditions and forecast 
declines in culture productivity before they become apparent through 
bulk metrics. Hence, morphology not only correlates with immediate 
harvestability but also serves as a functional proxy for overall culture 
health and performance.

In this context, the present study investigates the morphological 
response of A. platensis to variations in key cultivation parameter
s—including temperature, pH, irradiance, and agitation—using a novel 
microfluidic imaging system known as Microdeep™. This platform 
combines real-time optical imaging with artificial intelligence to auto
matically analyze critical morphological features such as filament 
length, diameter, and integrity, alongside quantifying biomass through 
dry matter equivalent (DME). Unlike traditional bulk measurements like 
optical density or chlorophyll content, the Microdeep™ system enables 
high-resolution, population-scale analysis of structural traits, offering 
deeper insights into culture health and dynamics [15].

The main objective of this study is to determine how different 
environmental factors shape filament morphology and biomass pro
ductivity, using DME as a real-time, image-based proxy for dry weight 
concentration. By integrating morphological and physiological data, this 
approach enables the development of more precise, responsive control 
strategies for large-scale photobioreactor systems. AI-powered moni
toring tools such as Microdeep™ thus offer a significant advancement 
toward the automation and optimization of microalgal bioprocesses, 
especially in applications aiming for high-value biomass and reduced 
operational risks [10,14].

2. Materials and methods

2.1. Microorganism and culture medium

The microalgal strain used in this study was A. platensis, provided by 
Algaria (Italy). Cultivation was conducted in a modified Arnon medium 
designed to support optimal growth conditions for filamentous 

cyanobacteria. The medium was enriched with sodium bicarbonate and 
sodium nitrate as primary carbon and nitrogen sources, respectively, 
while conventional micronutrient solutions were replaced by Karentol, a 
commercial trace element mix. The complete composition of the culture 
medium per litre of distilled water was as follows: 16.8 g⋅L− 1 NaHCO₃, 
0.85 g⋅L− 1 NaNO₃, 0.174 g⋅L− 1 K₂HPO₄, 0.124 g⋅L− 1 MgSO₄⋅7H₂O, 0.015 
g⋅L− 1 CaCl₂⋅2H₂O, 0.117 g⋅L− 1 NaCl, 2.9 × 10− 3 g⋅L− 1 Fe-EDTA, and 
0.02 g⋅L− 1 Karentol. The medium was sterilized via autoclaving at 
120 ◦C for 1 h.

Experiments were conducted in 15 independent bubble-column 
photobioreactors, each with a working volume of 300 mL. Cultures 
were aerated continuously at a rate of 0.2 v/v/min using filtered air. To 
regulate pH, pure CO₂ was injected on-demand into the airstream before 
entering each reactor. Temperature control was achieved by stabilizing 
the environment of the culture chamber housing the reactors. Illumi
nation was provided by overhead fluorescent lamps, which were auto
mated to provide the requested irradiance. Dissolved oxygen was 
maintained at 100 % saturation through continuous air bubbling.

All experiments were performed in batch mode. For inoculation, a 
starter culture grown in Erlenmeyer flasks under continuous illumina
tion (200 μE⋅m− 2⋅s− 1) was used. The inoculum volume was adjusted to 
30 % of the total reactor volume at the beginning of each experiment. 
This strategy ensured a moderate initial biomass concentration, facili
tating a robust assessment of the influence of specific cultivation pa
rameters. Throughout the experiments, each reactor was monitored 
daily. Parameters recorded included biomass concentration (via gravi
metric analysis or optical density), chlorophyll fluorescence (as a proxy 
for photosynthetic activity), and detailed morphological analysis using 
the Microdeep™  imaging system. The latter allowed real-time micro
scopic assessment of filament structure, length distribution, and integ
rity across all conditions tested.

2.2. Microfluidic microscope (Microdeep™)

The Microdeep™ apparatus is a state-of-the-art microfluidic micro
scope designed for high-resolution imaging and quantitative analysis of 
microalgae cultures (Fig. 1). Developed to facilitate real-time 

Fig. 1. Schematic representation and image capture example from the Micro
deep™ system.
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morphological monitoring, the system integrates a precision Olympus 
UPLFLN 20× objective lens, complemented by a blue excitation filter 
(UQG Optics, CM-500) and a linear polarizer (Thorlabs, LPVISE050-A). 
The core imaging operations are handled by the Microdeep™  Mk II 
platform, which captures and processes digital images through an iPad 
Air 5 interface using the dedicated Microdeep™ iPadOS application.

The fluidic network features a Y-shaped channel design with dual 
inlets: one delivering undiluted culture and another introducing distilled 
water for real-time dilution and rinsing of the fluidic system. These flows 
are driven by Gröthen G328 peristaltic pumps and merge into an Ibidi 
μ-Slide flow chamber with a channel depth of 0.4 mm, where imaging 
occurs under laminar flow conditions. The optical and fluidic integration 
allows non-invasive analysis of cells in motion, closely replicating in situ 
cultivation conditions.

An embedded AI model—based on the YOLOv5 object detection 
architecture [16] and trained on a curated dataset of A. platensis 
images—automatically detects individual filaments in brightfield im
ages. The YOLOv5-based model was trained with more than 20,000 
annotated A. platensis images and achieves optimal segmentation accu
racy at filament concentrations between 4 × 107 and 5 × 108 fila
ments⋅L− 1 (0.08–0.57 g⋅L− 1 DW), a range in which real-time processing 
(≈12 fps) and minimal filament overlap are simultaneously ensured. For 
each bounding box, a binary mask is generated using Gaussian adaptive 
thresholding, enabling robust segmentation under variable illumination. 
Within each box, contours are extracted and only the largest contour is 
retained to represent the filament. Length and diameter are then derived 
from the contour's surface area and perimeter, assuming a constant 
cross-sectional diameter—a biologically valid approximation that in
troduces only minor errors over the length scale of interest. Notably, the 
image processing pipeline is optimized for real-time performance on 
iPadOS without relying on OpenCV, which was found to be too slow for 
embedded deployment.

Key outputs include filament concentration (filaments⋅mL− 1), 
length, diameter (μm), and dry mass equivalent (DME) in mg⋅L− 1. For 
accurate quantification, the system is calibrated using the KOO param
eter, a linear proportionality constant that compensates for depth-of- 
field limitations inherent to the microchannel geometry. This constant 
depends on both the object detection model and optical configuration 
and is determined through a three-point gravimetric calibration.

In order to assess the analyzed volume necessary for calculating the 
DME, two critical factors of the MicroDeep system were considered: the 
image area and the optical depth. Based on the calibrated conversion 
from pixels to microns, it is established that an image with dimensions 
1600 × 1200 pixels corresponds to an area measuring approximately 
1.432 mm2 (1.158 pixels per micron). The depth of field associated with 
the objective lens utilized by the MicroDeep system is specified as 5.79 
μm. To refine this value, it is adjusted using a correction coefficient 
(KOO) that compensates for the optical constraints inherent in the 
microfluidic chamber. Upon applying this correction, the effective depth 
of field is determined, resulting in a final analyzed volume of approxi
mately 0.0337 μL for each field of view captured in the image. To 
ascertain the concentration of filaments, which is expressed in units of 
filaments per litre, the procedure involves dividing the overall count of 
detected filaments by the comprehensive volume analyzed. This 
comprehensive volume is ascertained by multiplying the volume 
attributed to a single field by the total number of fields evaluated during 
the analysis process. The number of analyzed fields is automatically 
defined by the acquisition duration and flow rate, typically encom
passing 100–300 sequential frames captured from the continuous 
laminar flow of the culture; hence, each field represents an independent 
time-step rather than a static region, ensuring statistical representa
tiveness of the filament population. The resulting data are exported in 
high-resolution image formats and structured .csv files, enabling 
downstream statistical and morphological analyses.

3. Results and discussion

3.1. Use of Microdeep™ for dry biomass determination

Accurate determination of dry biomass is a fundamental parameter 
for the effective operation, monitoring, and optimization of microalgae 
cultivation systems, including those based on A. platensis. Biomass 
concentration is directly linked to productivity, culture health, and 
downstream processing efficiency [17,18]. Traditionally, dry weight is 
measured through gravimetric analysis, which involves filtration and 
oven-drying of culture samples. While this method is precise, it is time- 
intensive—requiring several hours to yield results—and unsuitable for 
rapid decision-making or real-time process control in dynamic cultiva
tion environments [19]. To circumvent this limitation, fast optical 
methods such as spectrophotometry have become widely used to esti
mate biomass through absorbance or turbidity readings. However, these 
techniques are prone to inaccuracies due to their sensitivity to 
morphological variability, pigmentation levels, and cell aggregation, 
especially in filamentous species like A. platensis [12]. Consequently, 
continuous recalibration of correlation curves is necessary, undermining 
their robustness in automated systems.

In this context, the emergence of image-based biomass quantification 
platforms, such as Microdeep™, presents a promising alternative. These 
systems allow for the direct assessment of dry mass via real-time 
microscopic observation and AI-driven morphological analysis. In the 
present study, Microdeep™ was calibrated against conventional gravi
metric measurements using a six-day batch culture of A. platensis. Each 
day, culture samples were analyzed by both gravimetric dry weight 
(DW) and optical DME, derived from Microdeep™, which uses a com
bination of optical density and filament morphology to compute Dry 
Mass Equivalent (g⋅L− 1). In practice, DME is derived from a hybrid 
optical–morphological algorithm that correlates image brightness with 
the total filament area and length obtained from segmentation, cali
brated against gravimetric dry weight to correct for differences in fila
ment structure and pigmentation. A key aspect of this calibration was 
determining the KOO parameter, a corrective factor built into the 
Microdeep™ software to account for imaging distortions caused by the 
depth of the microfluidic chamber and object detection: this enables to 
discard out-of-focus filaments from the analysis. The calibration pro
duced a highly linear relationship between DW and DME, described by 
the Eq. (1), with a KOO value of 4.06 (Fig. 2). The derived linear 
regression exhibited an R2 > 0.99, including for samples from a batch 
culture on which both growth rate and biochemical composition varies 
significantly, demonstrating agreement between Microdeep™ estima
tions and gravimetric standards. 

DW = KOOOO⋅DME (1) 

The calibration was validated within a biomass concentration range 
of 0.08 to 0.57 g⋅L− 1, as determined by gravimetric analysis. Within this 
range, the DME estimated by the Microdeep™ system showed a strong 
linear correlation with actual dry weight measurements, ensuring high 
accuracy and reproducibility. For concentrations exceeding 0.57 g⋅L− 1, 
it is recommended to dilute the culture using the onboard microfluidic 
system to maintain measurements within the optical and analytical 
limits of the imaging setup. This validated range is highly relevant to 
practical microalgal cultivation scenarios. In large-scale production 
systems—particularly open raceway reactors, which dominate com
mercial A. platensis cultivation—typical steady-state biomass concen
trations range from 0.3 to 0.8 g⋅L− 1, with reported peaks reaching up to 
1.5 g⋅L− 1 under optimal light and nutrient conditions [12,20]. Thus, the 
Microdeep™ platform effectively covers the operational range of most 
industrial-scale cultures, offering a robust tool for non-destructive, real- 
time biomass monitoring and control.

The integration of such image-based monitoring methods into open 
systems represents a significant step forward, given the inherent vari
ability in environmental parameters affecting productivity. The capacity 
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to rapidly detect deviations in biomass density without relying on time- 
consuming gravimetric techniques or less reliable spectrophotometry 
enhances process control and decision-making in commercial operations 
[17]. This confirms that Microdeep™ offers a fast, accurate, and non- 
destructive solution for biomass quantification—an advancement with 
substantial implications for automated photobioreactor control and 
bioprocess optimisation.

3.2. Use of Microdeep™ for morphology characterization

Beyond its validated utility for real-time dry weight estimation, the 
Microdeep™  system also enables advanced morphological profiling of 
filamentous A. platensis. This capability is critical for tracking structural 
adaptations and growth dynamics, particularly under varying cultiva
tion conditions. In this study, Microdeep™ was employed to assess the 
morphological evolution of A. platensis over a six-day batch culture, 
providing quantitative insights into filament development and popula
tion dynamics. Filament lengths were sorted into 60 discrete classes, 
each spanning 10 μm wide, to cover the full range from 0 to 600 μm. This 
resolution permits statistically robust, population-wide assessments of 
morphological trends, enabling the identification of elongation phases, 
fragmentation events, and the formation of necridia—biological in
dicators of growth phase and culture health. Notably, this measured 
range aligns well with values reported in the literature, which describe 
A. platensis filaments as typically ranging from 50 to 500 μm in length 
and 6 to 12 μm in diameter [1,9,10]. Variations outside these bounds 
may reflect either extreme environmental stress or abnormal filament 
development, making continuous monitoring essential for bioprocess 
optimization.

Temporal evolution of filament length distribution in A. platensis 
during batch culture performed is showed in Fig. 3. At the beginning (0 
h), the filament population displayed a uniform distribution across the 
analyzed length intervals, reflecting the homogeneous nature of the 

inoculum. Over the first 24–48 h, filament elongation remained limited, 
consistent with the lag phase typically observed in microbial systems as 
cells adapt to new nutrient and environmental conditions [11]. How
ever, subtle increases in filament numbers within the 20–120 μm range 
were noted, attributable to early-stage binary fission events and the 
emergence of necridia—specialized breakage zones that promote fila
ment segmentation [9,10]. These morphological processes signal the 
beginning of cellular acclimation and population expansion. During this 
period, a dynamic equilibrium began forming in the mid-length ranges 
(130–220 μm), where the influx of newly divided short filaments 
counterbalanced the outflux of elongating ones. This balance indicates 
active remodeling of the filament population, where structural expan
sion and fragmentation co-occur as key mechanisms governing popu
lation density and uniformity. These dynamics suggest that the filament 
population evolves through a non-linear interplay of growth and frag
mentation, laying the foundation for a distribution-based modeling 
framework that captures the full morphological spectrum over time.

Between 48 and 72 h, a marked shift in the filament length distri
bution became evident, highlighting the onset of the exponential growth 
phase (Fig. 3). This phase was characterized by increased cellular divi
sion, robust metabolic activity, and a dual pattern of filament elongation 
and fragmentation. Notably, the proportion of filaments exceeding 220 
μm surged early on but began to decline gradually after the 48-h mark. 
This decline suggests that elongated filaments underwent active seg
mentation via necridia, resulting in an increased presence of shorter 
filament classes. Such segmentation events play a critical role in the self- 
renewal and spatial optimization of the culture, facilitating better light 
penetration and nutrient access in dense systems [1]. By 96 to 144 h, the 
culture exhibited full exponential characteristics. Microdeep™  data 
revealed widespread filament proliferation across all length intervals, 
with the most significant expansion occurring in the shorter ranges 
(30–130 μm). The mean filament length decreased from an initial 146.8 
μm to 124.98 μm by the end of the experiment, a trend directly linked to 

Fig. 2. Calibration of Microdeep™-derived Dry Mass Equivalent (DME) against gravimetric dry weight (DW). Measurements correspond to three replicates.
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the ongoing generation of necridia and active binary fission. This 
reduction in average filament size may superficially resemble a stress 
response; however, in the context of batch growth under optimal con
ditions, it reflects a strategic biological adaptation aimed at enhancing 
cellular division rates and increasing population density.

From a biotechnological perspective, this pattern is highly desirable. 
Shorter filaments reduce the risk of shear damage during agitation, 
enhance homogeneity in suspension cultures, and improve harvesting 
efficiency during downstream processes such as filtration and centrifu
gation. Additionally, filament length modulation through necridia for
mation plays a key role in maintaining genetic stability and 
morphological resilience across generations [9,10]. The real-time 
monitoring capabilities of Microdeep™  were pivotal in capturing 
these dynamic shifts. Unlike traditional static microscopy or bulk optical 

density measurements, this system enabled continuous, non-destructive 
observation of filament population dynamics with submicron resolution 
and morphological specificity. These data not only validate the utility of 
Microdeep™ as a research and monitoring tool but also underscore the 
value of filament morphology as a quantitative biomarker for evaluating 
culture health, growth kinetics, and physiological responses.

3.3. Use of Microdeep™ to determine the influence of culture conditions 
on the performance of cultures

Following the successful validation of the Microdeep™ system as a 
reliable tool for quantifying biomass and assessing morphological traits 
in A. platensis, the platform was subsequently applied to evaluate the 
influence of environmental conditions on algal performance. This study 

Fig. 3. Temporal variation in filament morphology during a six-day batch culture of A. platensis (0.018 mL sample was analysed in every time interval).
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aimed to determine how variations in key cultivation parameter
s—specifically temperature, pH, irradiance, and agitation—impact both 
biomass productivity and filament morphology. Unless otherwise spec
ified, all experiments were performed under baseline conditions of 
25 ◦C, pH 10, irradiance 200 μmol⋅m− 2⋅s− 1, and moderate agitation 
(300 rpm), with only one parameter varied at a time to isolate its specific 
effect. A series of batch trials were conducted over a 24-h period. In each 
trial, one environmental variable was selectively modified while all 
others were held constant to isolate its specific effect on culture 
behavior. This design enabled a precise evaluation of how each 
parameter independently shaped the physiological and structural char
acteristics of A. platensis. Critical metrics such as filament count, fila
ment length, and dry matter equivalent (DME) were continuously 
recorded using Microdeep™, allowing for dynamic monitoring of 
morphological adaptations and biomass accumulation.

Temperature trials were conducted across six setpoints—10, 15, 25, 
35, 40, and 45 ◦C—under fixed pH (10) and irradiance (200 
μmol⋅m− 2⋅s− 1). This range was chosen to encompass suboptimal, 
optimal, and inhibitory thermal environments. Literature suggests 
A. platensis achieves peak growth and productivity at 30–35 ◦C, with 

some strains tolerating up to 40 ◦C; productivity and phycocyanin yield 
notably decline beyond this optimal window [20,21]. pH trials were 
performed at 6, 8, 10, and 11, while maintaining temperature at 25 ◦C 
and irradiance at 200 μmol⋅m− 2⋅s− 1. Prior studies indicate that 
A. platensis thrives in alkaline conditions, with optimal growth typically 
occurring at pH 9–10, helping to suppress contaminant organisms and 
enhance pigment and biomass production; growth declines significantly 
below pH 8 or above pH 10.5 ([22]; Potts & Coleman, 2013). Light in
tensity trials ranged from 200 to 2200 μmol⋅m− 2⋅s− 1, simulating low to 
high irradiance environments while keeping temperature and pH con
stant. Optimal irradiance levels for A. platensis are reported between 100 
and 300 μmol⋅m− 2⋅s− 1, favoring maximal biomass yield and pigment 
content; above 600 μmol⋅m− 2⋅s− 1, photoinhibition may occur [23,24]. 
Finally, agitation intensity was varied using magnetic stirrers between 
300 and 1200 rpm. Adequate agitation ensures nutrient distribution and 
gas exchange, but excessive shear can damage filaments; typical systems 
maintain moderate shear to balance mixing and filament integrity [25].

Fig. 4. Influence of temperature on A. platensis biomass productivity and morphology after 24 h.

R. Gomez Vico et al.                                                                                                                                                                                                                           Algal Research 93 (2026) 104466 

6 



3.4. Influence of temperature

Fig. 4 illustrates the influence of temperature on both biomass 
accumulation and filament morphology in A. platensis after 24 h of 
cultivation under standardized conditions of pH 10 and irradiance at 
200 μmol⋅m− 2⋅s− 1. The data, generated using the Microdeep™  system, 
revealed that 40 ◦C yielded the highest increase in biomass concentra
tion, affirming previous findings that A. platensis exhibits robust ther
motolerance and maintains elevated metabolic activity under warm 
conditions [21]. At this temperature, filament count rose sharply from 
6.78⋅108to 1.31⋅109 filaments⋅L− 1, suggesting intense cellular division 
and filament fragmentation. Interestingly, although filament length also 
increased, this was not the most substantial elongation observed across 
the temperature range. This discrepancy indicates that the surge in 
population was driven by enhanced necridia formation, a known 
mechanism of filament segmentation that boosts culture density without 
necessarily increasing filament length [9]. Consequently, the average 
filament length rose by only 21.9 %, as the fragmentation process out
paced elongation.

In contrast, moderate increases in both biomass and filament length 
were recorded at 25 ◦C and 35 ◦C, aligning with prior literature that 
identifies these values as optimal or near-optimal for A. platensis growth 
[20]. Among these, 35 ◦C was particularly favourable, with relative 
biomass growth reaching 0.5, compared to 0.4 at 40 ◦C and 0.35 at 
25 ◦C. These findings suggest that while 40 ◦C promotes rapid prolif
eration through necridia, 35 ◦C provides a more balanced environment 
that supports both filament elongation and stable biomass accumula
tion. Cultures subjected to 10 ◦C and 45 ◦C displayed marked reductions 
in both filament number and length. The final filament counts plum
meted to 44,235 and 34,962, respectively, demonstrating that these 
thermal extremes lie outside the viable range for A. platensis and are 
associated with cellular stress or mortality [21]. From a morphological 
standpoint, filament elongation peaked at 25 ◦C and 35 ◦C, reaching 
32.1 % and 30.0 %, respectively. These conditions likely minimized 
environmental stress, enabling uninterrupted filament development. 
Conversely, at 40 ◦C, elongation was suppressed, despite high filament 
numbers. This outcome is consistent with increased necridia production, 
which accelerates fragmentation and produces a higher proportion of 
shorter filaments, thereby lowering the average filament length despite 
overall population expansion [9].

These observations highlight the complex interplay between tem
perature, filament morphology, and biomass productivity in A. platensis, 
underscoring the need to tailor cultivation conditions based on the 
desired balance between cell density and filament structure.

3.5. Effect of pH

Fig. 5 illustrates the influence of pH on A. platensis growth, identi
fying a pH range of 8–10 as optimal for this strain. These results align 
with previous studies indicating that this interval provides near-ideal 
conditions for both biomass accumulation and structural robustness 
[1,11]. Outside this range, growth diminishes notably, reflecting the 
sensitivity of cyanobacterial physiology to pH deviations. At pH 6 and 
11, growth rates decline significantly due to environmental stress. 
Specifically, at pH 11, the total filament count decreased markedly—by 
4.9⋅107 filaments per litre—suggesting high alkalinity impedes culture 
viability. This reduction is attributed to carbonate precipitation pro
cesses that cause flocculation and sedimentation, leading to partial loss 
of biomass [1]. Similar inhibitory effects have been documented in the 
literature for comparable alkaline pH levels [9].

Filament length data corroborate these growth trends. While most 
pH conditions resulted in unchanged or reduced filament lengths, pH 8 
was an exception, showing significant filament elongation. Additionally, 
cultures at pH 6, 8, and 10 experienced net increases in total filament 
counts—1.1⋅107, 7.2⋅106, and 5.5⋅106filaments per litre, respectively
—although the rise observed at pH 6 appears to derive primarily from 

filament fragmentation rather than true reproductive activity [9]. In 
contrast, the pH 11 condition, despite a marginal increase in biomass, 
displayed substantial physiological stress, consistent with high pH- 
induced precipitation effects [1].

Collectively, these findings reinforce the importance of maintaining 
cultivation pH between 8 and 10 to maximize productivity in 
A. platensis. Operating within this window supports healthy biomass 
yields, robust filament growth, and minimal stress-induced fragmenta
tion, aligning with established guidelines for industrial microalgal pro
duction systems [1,11].

3.6. Effect of irradiance

Fig. 6 presents the experimental results evaluating the impact of 
varying irradiance levels on the biomass productivity and filament 
morphology of A. platensis. A clear trend emerged from the data: mod
erate light intensity, particularly at 200 μmol⋅m− 2⋅s− 1, promoted 
optimal physiological responses. This condition yielded the highest 
biomass accumulation, greatest filament count, and maximum filament 
elongation, indicating that this irradiance range facilitates both cellular 
proliferation and structural development in A. platensis. These findings 
are consistent with previous studies that have identified the optimal 
light range for A. platensis to lie between 150 and 200 μmol⋅m− 2⋅s− 1. 
Within this range, photosynthetic efficiency is maximized while mini
mizing the risk of photo-oxidative damage [10,26]. Notably, the cultures 
grown at 200 μmol⋅m− 2⋅s− 1 also exhibited slightly darker pigmentation. 
This pigmentation shift may reflect elevated phycocyanin and chloro
phyll content, typical indicators of optimal growth under non-stressful 
conditions [11].

From a morphological perspective, filament elongation was accom
panied by structural regularity, and some filaments adopted a more 
linear shape, a behavior frequently observed during rapid growth phases 
[9]. From a morphological perspective, filament elongation was 
accompanied by structural regularity, and some filaments adopted a 
more linear shape—a qualitative observation consistently noted across 
replicates, although not quantitatively analyzed by the current image- 
processing algorithm. These structural changes suggest that under this 
irradiance, A. platensis maintains normal cell cycle progression and 
filament stability. Conversely, cultures exposed to excessive irradiance 
levels, up to 2200 μmol⋅m− 2⋅s− 1, demonstrated a pronounced decline in 
biomass productivity and filament integrity due to cellular disintegra
tion and filament fragmentation, hallmarks of photoinhibition and 
oxidative stress [10]. Under such conditions, light absorption exceeds 
the capacity of the photosynthetic machinery, leading to reactive oxy
gen species accumulation and damage to photosystems.

3.7. Effect of agitation

To evaluate the mechanical resilience of A. platensis under varying 
agitation conditions, a series of short-term (3-h) batch culture experi
ments were conducted. Cultures were subjected to agitation speeds 
ranging from 300 to 1200 rpm, and morphological characteristics were 
monitored before and after treatment. A floating magnetic stirrer was 
employed to prevent filament trituration between the stirrer and the 
bottom of the reactor. Representative images and quantitative data are 
displayed in Fig. 7. Across all tested speeds, the cultures showed no 
visible signs of filament damage or morphological deformation. Fila
ment counts, average lengths, and helical integrity remained consistent 
throughout the trials. These findings indicate that A. platensis can 
tolerate short-duration mechanical agitation up to 1200 rpm without 
undergoing structural compromise.

However, it is critical to recognize that rotational speed (rpm) alone 
is not the fundamental determinant of agitation-induced damage. 
Rather, the shear rate—a measure of the velocity gradient imposed on 
the fluid—is the primary factor influencing mechanical stress experi
enced by filamentous cyanobacteria. The shear rate is dependent not 
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Fig. 5. Effect of pH on A. platensis growth and filament characteristics.
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only on rpm, but also on reactor geometry, impeller design, fluid vis
cosity, and flow patterns [27]. For instance, a 1000 rpm setting in a 
narrow column reactor may generate significantly higher localized shear 
than the same setting in a wide-open raceway. This mechanistic 
distinction aligns with prior studies that documented morphological 
damage in A. platensis cultures exposed to high shear environments 
rather than high rpm per se. For example, Raoof et al. [28] demonstrated 
that impeller-induced shear could fragment filaments and suppress 
growth, particularly in vertical reactors where turbulence is concen
trated. Similarly, Ismaiel et al. [11] observed pigment loss and cell 
deformation in cultures subjected to poorly distributed shear stress 
fields.

Therefore, for accurate process optimization, agitation protocols 
should be designed based on measured or modelled shear rates rather 
than on rpm alone. Tools such as viscometric analysis or computational 
fluid dynamics (CFD) simulations can be used to estimate shear profiles 

in various reactor configurations. This approach ensures that mixing 
efficiency is achieved without compromising filament integ
rity—especially critical in systems aiming for high biomass productivity 
and quality.

4. Conclusion

This study underscores the critical role of rapid, high-resolution 
monitoring in optimizing the cultivation of A. platensis. The Micro
deep™  microfluidic platform proved effective for real-time quantifi
cation of both biomass concentration and filament morphology—two 
parameters essential for evaluating culture performance. The strong 
correlation between Dry Mass Equivalent (DME) and conventional dry 
weight measurements confirms its potential as a surrogate for contin
uous, non-invasive biomass estimation. More importantly, the system 
allowed detailed observation of morphological dynamics at the 

Fig. 6. Response of A. platensis to different irradiance levels over 24 h.
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population scale, capturing transitions in filament length distributions, 
necridia formation, and fragmentation events that signal shifts in 
physiological status. These morphological changes, often invisible to 
bulk metrics like optical density, emerged as reliable indicators of 
environmental stress, reproductive activity, and overall culture health. 
This distribution-level insight opens new avenues for modeling the 
coupled dynamics of filament growth and breakage.

Experimental trials further revealed that culture con
ditions—specifically temperature, pH, and irradiance—significantly 
affect both biomass productivity and filament morphology. The optimal 
growth performance was observed at 40 ◦C and pH 10 under moderate 
irradiance (200 μmol⋅m− 2⋅s− 1), conditions that supported robust fila
ment elongation and maximal biomass accumulation. In contrast, sub
optimal conditions (e.g., pH 6, 11 or temperatures below 15 ◦C and 
above 45 ◦C) induced pronounced morphological alterations, such as 
increased filament breakage or shortened chain lengths, associated with 
reduced growth rates. These findings validate the use of filament 
morphology as a sensitive and early biomarker of culture performance. 
While agitation did not induce observable damage during short trials, 
more comprehensive studies are needed to evaluate long-term shear 

effects. Ultimately, this work demonstrates that combining rapid 
imaging-based diagnostics with controlled environmental adjustments 
enables more precise and responsive cultivation strategies for 
A. platensis in biotechnological systems. Real-time, continuous moni
toring adds a critical dimension to bioprocess control, allowing early 
detection of deviations and supporting adaptive, high-yield cultivation 
strategies.
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