








“Science is always wrong. It never solves a 
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field 24 h day−1. The results are expressed as mean (n = 3) ± standard deviation. Different letters 
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field 1 h d⁻¹; M24: magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with nanofibers.
TGA of RPS (A) and BPS (B). CT: control; M1: magnetic field 1 h d⁻¹; M24: magnetic 

field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with PAN nanofibers.
DSC curves of RPS (A) and BPS (B). CT: control; M1: magnetic field 1 h d⁻¹; M24: 

magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with nanofibers.

field 1 h d⁻¹; M24: magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with nanofibers.
Frequency sweeps of elastic and viscous moduli (A) and complex viscosity (|η*|), loss 

magnetic field 1 h d⁻¹; M24: magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with nanofibers.

CT: control; M1: magnetic field 1 h d⁻¹; M24: magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ 
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CO₂

treatment provided the highest biomass yield (5.9 g L⁻¹, +28% versus control). 
SMF (1 h d⁻¹) mainly stimulated nitrogen metabolism, increasing protein content by 16%, c

cultivation. Intermittent SMF (1 h d⁻¹) maximized biomass yield (+36%) 
and released polysaccharide production (+83%), while nanofibers induced a 196% increase in β

–
–

d⁻¹) produced polymers forming a viscoelastic network comparable to xanthan gum (G′/G″ ratio of 

–250 °C, and a zeta potential below −30 mV, confirming their colloidal 



forneceu o maior rendimento em biomassa (5,9 g L⁻¹, 
+28% em relação ao controle). Os SMF (1 h d⁻¹) estimularam o metabolismo do nitrogênio, 

h d⁻¹) maximizaram a biomassa (+36%) e os polissacarídeos liberados (+83%), enquanto as 

– –

(24 h d⁻¹) produziu polímeros formando uma rede viscoelástica comparável à goma xantana 
(G′/G″ = 3,21), enquanto o tratamento combinado 

– eta inferior a −30 mV, 



le rendement en biomasse le plus élevé (5,9 g L⁻¹, +28% vs contrôle). Les SMF (1 h j⁻¹) ont stimulé 

h j⁻¹) ont maximisé la biomasse (+36%) et les polysaccharides libérés (+83%), tandis que les 
β

– –

continue aux SMF (24 h j⁻¹) a produit des polymères formant un réseau viscoélastique c
à la gomme xanthane (G′/G″ = 3,21), tandis que le traitement combiné SMF

–
potentiel zêta inférieur à −30 mV, confirmant leur stabilité colloïdale et leur



—

: ils fixent le CO₂ atmosphérique en matière organique, prospèrent dans des zones non arables et 

—

—

β

—

—

fonctionnent comme adsorbants physiques de CO₂ grâce à leur rapport surface/volume élevé, tandis 

formation de carbamate, doublant théoriquement la rétention et la disponibilité du CO₂ dans le 



—

—

—

disponibilité en CO₂ et sa régulation, ainsi que les effets documentés des champs magnétiques 

—

—

—



Le Chapitre III constitue le cœur scientifique de la thèse et est organisé en trois articles 

—

j⁻¹) et des nanofibres de PAN (0,1 mg mL⁻¹), non fonctionnalisées (Nano) et fonctionnalisées au 

(Xfinal) a été atteinte par le traitement CMS+Nano à 5,87 ± 0,06 g L⁻¹, représen

augmentation de 28 % par rapport au contrôle (4,6 ± 0,1 g L⁻¹). La productivité maximale (Pmax) 

mg L⁻¹ 

j⁻¹, respectivement), confirmant le CMS comme facteur principal de stimulation de la croissance. 

lubilité du CO₂, tandis que les nanofibres réduisaient 

le pH par adsorption physique et rétention du CO₂.

la synthèse protéique, atteignant une teneur maximale en protéines de 65,5 ± 1,4 % (pp⁻¹) —

ucides la plus élevée (39,6 ± 0,98 % pp⁻¹), une 

l'augmentation de la disponibilité en CO₂ favorise le stockage du carbone via le cycle de Calvin

variant entre 6,1 et 8,1 % (pp⁻¹).



à 75,2 ± 0,1 mg g⁻¹ (augmentation de 36 % par rapport au contrôle à 55 ± 1,2 mg g⁻¹) et la teneur 

en chlorophylle a la plus élevée à 13,7 ± 0,2 mg g⁻¹ (augmentation de 49 %). En revanche, les 

traitements nanofibres seules ont provoqué une réduction significative de la synthèse de PC (−103 

(Fe²⁺, Mg²⁺) impliqués dans la voie de biosynthèse des tétrapyrroles.

–

— β

h j⁻¹ (M1), CMS continu à 24 h j⁻¹ (M24), nanofibres sim

produit la biomasse maximale (Xmax = 5,59 ± 0,42 g L⁻¹), soit une augmentation de 36 % par 

rapport au contrôle (4,12 ± 0,34 g L⁻¹), et la concentration en polysaccharides lib

(0,66 ± 0,11 g L⁻¹, augmentation de 83 % par rapport au contrôle). En revanche, le CMS continu 



(M24) s'est révélé inhibiteur, réduisant la biomasse de 45 % à 2,27 ± 0,1 g L⁻¹. Cette relation dose

β

PE de 41,3 ± 3,22 mg gps⁻¹, soit une augmentation de 

% par rapport au contrôle (13,9 ± 0,95 mg gps⁻¹). La teneur en caroténoïdes a augmenté dans tous 

ation de la disponibilité en CO₂ 

– –

–

—

—



balayage (MEB) des hydrogels ioniques au Fe³⁺. Cet article représente l'investigation en science 

à −30 mV (plage : −44,4 à −68,3 

ative des RPS (M1 atteignant −65,2 mV contre CT à −44,4 mV), tandis que 

(−68,3 mV). Ce profil de stabilité est directement comparable à celui de l'alginate et de 

RPS, avec une viscosité apparente diminuant continûment de 1 à 100 s⁻¹. L'ajustement à la loi de 

supérieure du traitement M24 : l'exposition continue aux CMS a produit un réseau EPS avec G′ = 

17,10 Pa à 1 rad s⁻¹ et un rapport G′/G″ de 3,21, approchant 66 % du module élast

xanthane (G′ = 25,89 Pa ; G′/G″ = 4,25). La viscosité complexe de M24 (88,92 Pa·s à 0,1 rad s⁻¹) 

gomme xanthane. Le traitement MN a produit le réseau le plus faible (G′ = 4,43 Pa ; G′/G″ = 1,94), 



—

–

Morphologie des hydrogels. Les hydrogels ioniques réticulés au Fe³⁺ de RPS et BPS ont été 

–

—

—



une biodisponibilité accrue du CO₂. Leur combinaison produit des effets additifs sur le rendement 

—

—

—

hydrogels ioniques au Fe³⁺ pour la comparaison quantitative de la résistance des réseaux ; des 





Optimizing CO₂ availability in microalgae cultivation 

established for enhancing CO₂ 



as effective physical adsorbents of CO₂ in microalgal culture systems 

adsorption sites, while the functionalized MEA enables localized chemisorption, increasing CO₂ 





campos magnéticos, salinidade, etc.), químicos (privação de nutrientes, aplicação de CO₂, metais 









perform photosynthesis, efficiently using light, water, and carbon dioxide (CO₂) to produce organic 



(Wan; Wu; Kuča, 2016)





(industrial “Spirulina”), carbohydrate formation begins with 

CO₂ fixation by the Calvin– –

routes interconvert glyceraldehyde‑3‑phosphate, fructose‑6‑phosphate and glucose‑6‑phosphate, 

which are then converted to glucose‑1‑phosphate as the precursor for storage and structural 

carbohydrates. Genome‑scale models of 

The main assimilation product is glycogen: glucose‑1‑phosphate is converted to 

ADP‑glucose by ADP‑glucose pyrophosphorylase (GlgC), elongated into α‑1,4‑glucan chains by 

glucose‑1‑phosphate, which feeds the OPP pathway to support photosynthesis start‑up and energy 

–

stress‑protective functions in cyanobacteria, including 



“ ”

–

–

“ ”

. These microalgae are characterized by spherical cells approximately 6 μm in diameter, 







approximately 50% of the planet’s oxygenic photosynthesis 



stages: (a) carboxylation, which fixes CO₂ and generates 3

α 

Chlorophyll α (Figure 3) also has a fifth ring attached to its central structure and a long 



Chemical structure of chlorophyll α.



f α and β





uptake of HCO₃⁻, an active CO₂ transport mechanism, and enzymatic pathways involving carbonic 

efficiency of microalgae and CO₂ assimilation, including heat, light, and the mass transfer of CO₂ 

of culture media, CO₂ concentration, li

biofixation capacity of CO₂ in these 

The optimal average concentration of CO₂ for microalgal growth ranges from 2% to 6%. 

Direct injection of high levels of CO₂ into microalgal cultures and bioreactors can lead to a decrease 



in the pH of the culture medium. Elevated CO₂ levels (>10%) and the resulting acidification can 

CO₂ has low solubility in water, resulting in significant losses of the gas to the atmosphere 

an absorption efficiency of over 90% for CO₂. Additionally, the use of physical adsorbents, such 

to reversibly bind acidic gases, such as CO₂, to form carbamates and bicarbonates. These 



rth’s magnetic field



maximum quantum yield of primary photochemistry (φpo) in PSII, enhancing electron transport 



efficiency (φeo) and increasing the likelihood of exciton movement along the electron transport 

ᴀ

in oxidized chlorophyll (P680+), which promotes the formation of radical pairs (P680•+ and Phe•−) 



Krzemińska, 2021; Laroche, 2022; Rahman 



(Babiak; Krzemińska, 2021; Naveed 

polysaccharides are characterized by α 3), β 3), β β glycosidic linkages, 

(Babiak; Krzemińska, 2021)





such as Ba²⁺, Ca²⁺, K⁺, and Fe²⁺, polysaccharides capable of gelling undergo ionic interactions 







150°C), as well as in the presence of cations such as Na⁺, K⁺, and CaCl₂/NaCl 

protein kinase (MAPK) and nuclear factor κB (NF κB) pathways, which enhance host 







Scientific Paper II: Production of β



–



absorbent, reducing CO₂ loss and enhancing 

achieved the highest biomass yield (5.87 ± 0.06 g L⁻¹), a 28% increase compared to the control. 

only treatment (39.58 ± 0.98% ww⁻¹). Exopolysaccharide (EPS) produced under 

strategies for CO₂ mitigation described in the literature include reducing emissions through greener 

energy sources, capturing and storing CO₂ directly at the emission site (e.g., exhaust chimneys), 



and utilizing direct air capture techniques that remove CO₂ from the atmosphere 

. The CO₂ captured from these techniques can be processed through five main routes: 

conversion into chemicals and fuels, mineral carbonation, oil recovery, direct use of CO₂, and 

photosynthesis, converts CO₂ into organic carbon to produce cellular biomass 

Due to the low solubility of CO₂ in water, a significant portion is lost to the atmosphere 

when introduced into the growth medium. To improve CO₂ retention and availability for microalgal 

microalgal growth, CO₂ dissolution and fixation, and may also influence the macronutrient profile 

dual mechanism for enhancing CO₂ capture: the nanofibers' high surface area facilitates physical 

adsorption of CO₂, while the monoethanolamine component acts as a chemical absorbent. 

gether, these properties can significantly improve CO₂ solubility and availability, thereby 



growth, protein synthesis, and CO₂ biofixation

and metabolic pathways, while the nanofibers improve CO₂ availability in the medium. Therefore, 

−

−



used, injecting the polymeric solutions at a rate of 800 μL h−

radiation of 150 μmol of 
− −

and CO₂



𝑃 = (𝑋𝑡 −  𝑋0)/ 𝑡



culture and t = time in days. The maximum growth rate (μ

by ln(2)/ μ

𝑃𝑁𝑎𝑛𝑜 = (𝑁𝑓𝑖𝑛𝑎𝑙 −  𝑁𝑖𝑛𝑖𝑡𝑎𝑙)/ 14



PC =  (ABS615  −  0.474 ABS652)/5.34 

Chl a =  12.25 ABS663.2 −  2.79 ABS646.8 

−

–
−



way ANOVA followed by Tukey’s post hoc test, with a significance level of 

. When CO₂ is added to the cultivation system, this shifts the carbonate equilibrium towards 

CO₂ and bicarbonate (HCO ⁻

⁻

solubility of CO₂ 



maximum specific growth rates (μ

biomass during growth the concentration actually measured by optical density isn’t accurate 

–

reached of 5.9 g L⁻¹ (Table 1). This was followed by the SMF + NanoMEA treatment at 5.2 g L⁻¹ 

and the SMF treatment at 5.1 g L⁻¹. Notably, the SMF + Nano treatment resulted in an average 





– – –

μ

Δt 



The application of SMF enhanced (p ≤ 0.05) the maximum productivity (Pmax) of 

microalgal cultures compared to the control. SMF alone (394.6 ± 4.0 mg L⁻¹ d⁻¹) and in 

combination with nanofibers (SMF+Nano, 433.5 ± 5.1 mg L⁻¹ d⁻¹) yielded the highest producti

values (p ≤ 0.05), suggesting that magnetic stimulation effectively boosts biomass formation rates. 

similar to the Control (p ≤ 0.05), 



≤ 0.05) among them. The maximum protein 



– –

–



−1 −1

≤ 0.05) was observed in the biomass from the Nano 

treatments, reaching 39.6 ± 0.98% (ww⁻¹), while the SMF treatments exhibited the lowest 

≤ 0.05), ranging from 20.2% to 25.6% (ww⁻¹). Since nanofibers alter the 

CO₂

and without MEA (0.2 g L⁻¹), an effect opposite to what was observed in the present study. In 

−



−1

p≤0.05

± 0.1 mg g⁻¹, followed by the control group at 55 ± 1.2 mg g⁻¹. For chlorophyll a (

concentration recorded was 13.7 ± 0.2 mg g⁻¹ in the SMF assay, followed by 12 ± 0.4 mg g⁻¹ in the 

SMF+Nano treatment and 11 ± 1.1 mg g⁻¹ in the SMF+NanoMEA treatment (Figure 2).



Garcia‐Gragera 

μmol photons m− −

– –
–



as Fe²⁺ and Mg²⁺. The orientation of the magnetic field can influence the 

•+ •

Despite the promising potential of static magnetic fields (SMF) and polymeric nanofibers 

for enhancing microalgae cultivation, several barriers must be addressed before large-scale 

application is feasible. For SMF, although generally considered low-cost, the economic viability at 

industrial scale depends on balancing increased productivity against the costs of magnets, 

installation, and maintenance(Santos et al., 2022). Moreover, life cycle assessments have reported 

mixed environmental impacts, with some indicators improving and others remaining unchanged or 

worsening. The mechanisms underlying SMF's effects on microalgae also remain poorly 

understood, with most research limited to laboratory or pilot scales and little information available 

on long-term performance or reproducibility (Xu, S. et al., 2024). Similarly, the use of polymeric 

nanofibers faces significant challenges, including the difficulty of producing high-quality fibers at 

scale, operational complexity, environmental variability, and economic constraints. Overcoming 

these barriers—particularly through the development of scalable, cost-effective electrospinning or 

electrospraying technologies—is critical for practical deployment in industrial systems (Almeida 

et al., 2024).

In this context, SMF was found to enhance microalgal metabolism, increasing protein 

content by 16% and boosting photosynthetic pigments by 36–49% (phycocyanin and chlorophyll 

a). In contrast, nanofiber treatments promoted carbohydrate accumulation (39%) but suppressed 

pigment synthesis, revealing a trade-off between growth stimulation and metabolic balance. These 

findings suggest that while both technologies offer unique advantages, their optimization and 



integration require careful consideration to maximize benefits for biomass and biomolecule 

production.



–
– –



μmol of 
− −



kinase and nuclear factor κB pathways, thereby improving immune system functions 

from 4000 to 400 cm⁻¹, are presented in Figure 

–



– –
–



–

–

–

–
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PRODUCTION OF Β

s using SMF exposure for 1 h d⁻¹ or 24 h d⁻¹, combined with 

nhanced pigment biosynthesis, with β phycoerythrin reaching 41.3 mg g⁻¹, threefold higher than 

Key-words: Sulphated polysaccharides, pigments, phycobiliprotein, microalgal cultivation.

approximately 50% of the planet’s oxygenic photosynthesis 



dioxide (CO₂) supersaturation around the RuBisCO enzyme, facilita



In parallel, the optimization of interfacial mass transfer of CO₂ remains

increase CO₂ retention in liquid media through the formatio

of these structures, they act as physical adsorbents of CO₂ in the microalgal cultivation 

localized chemisorption, increasing CO₂ availability for microalgal cultivation 

. Enhanced CO₂ availability during cultivation can stimulate carbon fixation by 



mechanisms, improving CO₂ supply to Rubisco and thereby favoring metabolic activity and growth 

metabolic regulation, whereas polymeric nanofibers improve CO₂ availability at the cell–

value β

−

−

μmol ⋅ − ⋅ − ⋅ ⋅ − . A gas mixture of 7.5% CO₂ was 



00 μL h

– –



𝑃 = (𝑋𝑡 −  𝑋0)/ 𝑡
= time in days. The maximum growth rate (μ

determined by ln(2)/ μ

𝑁𝑖𝑛𝑖𝑡𝑎𝑙𝑃𝑁𝑎𝑛𝑜
𝑃𝑁𝑎𝑛𝑜 = (𝑁𝑓𝑖𝑛𝑎𝑙 −  𝑁𝑖𝑛𝑖𝑡𝑎𝑙)/𝑡𝑓𝑖𝑛𝑎𝑙 

𝑁𝑖𝑛𝑖𝑡𝑎𝑙 𝑡𝑓𝑖𝑛𝑎𝑙𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑



𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  𝑋𝑡 + (𝑃𝑁𝑎𝑛𝑜. 𝑡)

purification of EPS up to the conductivity measured < 5 μS cm−

BPS extraction was performed as described by Filali Mouhim et al. (1993)  modified by 

Phélippé et al., (2019) . A 0.5 g sample of lyophilized biomass was suspended in 200 mL of TAPS 

buffer (50 mM, pH 8.15) containing 25 mM EDTA and heated to 100 ºC for 20 minutes. After 

centrifugation (10,000×g for 15 min), the supernatant was reserved, and the pellet was subjected 

to a second extraction under identical conditions. 

(10,000×g for 15 min at 0 ºC)

(v/v) ethanol (24 h at −20 ºC

ultrafiltration as previously described, and 

then lyophilized.



−

𝑅PC = (Abs620 nm − 0.7 Abs650 nm)/7.38
APC = (Abs650 nm − 0.19 Abs620 nm)/5.65

BPE = (Abs545 nm − 2.8[RPC] − 1.34 [APC] )/12.7



−

𝐶ℎ𝑙 𝑎 = 12,25 𝐴𝑏𝑠663.2 𝑛𝑚 − 2.79 𝐴𝑏𝑠646.8 𝑛𝑚 
𝐶ℎ𝑙 𝑏 = 21.50 𝐴𝑏𝑠646.8 𝑛𝑚 − 5.1 𝐴𝑏𝑠663 𝑛𝑚

𝑇𝐶 = (1000𝐴𝑏𝑠470 𝑛𝑚 − 1,82[𝐶ℎ𝑙 𝑎] − 85.02[𝐶ℎ𝑙 𝑏])/198
PE concentration, initially obtained on a culture volume basis (mg L⁻¹), was normalized 

PE content (mg BPE g dw⁻¹). B

(mg BPE L⁻¹ d⁻¹) was then calculated by multiplying this content by the

productivity (Pmax, g L⁻¹ d⁻¹) obtained for each treatment.

μm

μL aliquot of each sample was injected onto a CarboPac PA1 guard column ∘
−



All experiments were conducted using at least three independent biological replicates (n≥3), 

Tukey’s post hoc test a p



with the longest being the experiment M1. M1 was the assay with the highest (p ≤ 0.05) 



− – – –
−

(Tukey’s test).

μ

Δt 



The maximum specific growth (μ

the lowest value corresponds to the one with the highest μ

–



− –
– –

−

values < 0.05 (Tukey’s test).

CT M1 MN N MNE NE M24

Protein (%) 37.16±0.48a 33.83±0.76b 23.81±0.86e 33.87±0.46b 37.69±0.27a 31.39±0.65c 28.53±0.27d

Carbohydrates (%) 43.39±0.48e 40.06±1.25f 49.3±0.85b 47.46±0.75c 41.09±0.32f 45.59±0.73d 52.39±0.48a

Lipids (%)
19.44±0.81d

e
26.11±1.66a 26.9±0.83a 18.67±0.39e 21.22±0.41cd 23.01±0.74bc 19.08±0.57e



Phycoerythrin is divided into β phycoerythrin (β PE) and α phycoerythrin, where β

. The higher (p ≤ 0.05) B

While treatments with only SMF had no difference (M24) or a decrease (p ≤ 0.05) of 47% when 

β

β β

β

− –

– –
−

values < 0.05 (Tukey’s test).



β

general, have shown a higher (p ≤ 0.05) RPS purity (~20%) when compared to M1 and CT of the 

MNE treatment RPS showed the highest (p ≤ 0.05) acid sugar ratio (28%). Treatment M24 

had the highest (p ≤ 0.05) sulphated content (16.9%) and the second

her (p ≤ 0.05) 



− – –
–

−

values < 0.05 (Tukey’s test).



− – –
–

−



4. DISCUSSION

or a combination of both treatments. MF can act by enhancing CO₂ solubility by physically 

would be necessary to use less CO₂ for pH control, increasing the efficiency of CO₂ assimilation.  

show a sharp drop in pH during the last two days, probably due to metabolic decline saturating CO₂ 

adsorption of CO₂, decreasing 

The increase in pH during microalgae cultivation is expected, since the consumption of CO₂ 

. Followed by a drop in pH due to CO₂ accumulation and the 



the lowest specific growth rate (μ

parameters: μmax reflects the relative rate of biomass increase during the exponential phase, 

– (5.59 g L⁻¹) despite a 

associated signaling may contribute to changes in Ca²⁺ homeostasis, nutrient uptake, 



–

–



–

(Arad; Levy‐Ontman, 2013; Yu, Y. 

(0.66 g L⁻¹), whereas



components. PAN nanofibers increase local CO₂ retention at the cell



are primarily zeaxanthin and β (Schubert; García‐Mendoza; Pacheco‐Ruiz, 



In the present study, cultures were subjected to high light intensity (200 μmol 

photons·m⁻²·s⁻¹) and moderate temperatures (21 ºC). Under these conditions, 

light (30 μmol photons·m⁻²·s⁻¹) systems shift the metabolic pathway to increase the 





Arad and Levy‐Ontman, (2013)



biomass (5.59 g L⁻¹), a 36% increase relative to the control, whereas

based systems markedly enhanced pigment biosynthesis, particularly β



— —

ARAD, S. (Malis); LEVY‐ONTMAN, O. Sulfated Polysaccharides in the Cell Wall of Red 
Handbook of Biopolymer‐Based Materials –



–

–

–

–

–



–

–

–



–

–

–

–

–



–

–

–

—
–

–

–

–

–



–

–

–

–

–

–

–



–

–

–

–

–

–

SCHUBERT, N.; GARCÍA‐MENDOZA, E.; PACHECO‐RUIZ, I. Carotenoid composition of 
–



–

–

–

–

–

–



–

–

–







–

to increase CO₂ availability through gas entrapment, which improves liquid



linking, where multivalent cations (Ba²⁺, Ca²⁺, K⁺, Fe³⁺) 

instance, Fe³⁺ is relevant in hemostasis and wound healing, opening avenues for EPS



.using 11.5% (p v⁻¹) 

polyacrylonitrile (PAN, 150,000 g mol⁻¹, Sigma

electrospinning at a flow rate of 800 μL h⁻¹ through a 0.55 mm capillary under 25 kV, with a 180 

– –

−

−

irradiation (200 μmol photons m⁻² s⁻¹, 24 h) in 600 mL rectangular jacketed bioreactors. ⋅ ⁻ ⋅ min⁻¹). 

A gas mixture containing 7.5% CO₂ was injected for 2 minutes every hour, with aeration paused 

SMF exposure for 1 h d⁻¹ (M1), SMF exposure for 24 h d⁻¹ (M24), and SMF exposure for 1 h d⁻¹ 



was collected for RPS separation, and the biomass pellet was frozen at −80 °C for 48h, lyophilized, 

and stored at −20 °C for subsequent

and purification of EPS up to the conductivity measured < 5 μS cm−

Hot extraction of BPS was performed as described by Filali Mouhim et al. (1993)  modified 

by Phélippé et al. (2019). A 0.5 g of freeze-dried biomass was resuspended in 200 mL of 50 mM 

TAPS buffer (pH 8.15) containing 25 mM EDTA and heated to 100 ºC for 20 minutes., After 

centrifugation (10,000×g for 15 min), the supernatant was collected and the pellet was re‑extracted 

under the same conditions. The two supernatants were combined, and BPS was precipitated by 

adding three volumes of 3% (w/v) cetyltrimethylammonium bromide (CTAB), followed by 

incubation overnight. The resulting BPS–CTAB complex was recovered by centrifugation 

(10,000×g for 15 min at 0 °C) and purified through three consecutive solubilization–precipitation 

cycles. In each cycle, the pellet was dissolved in KCl solution (first 1.5 M, then 0.75 M, and finally 

0.3 M) and reprecipitated with three volumes of 96% (v/v) ethanol (24 h at −20 °C). The purified 

BPS pellet was dissolved in Milli‑Q water, subjected to ultrafiltration, and lyophilized under the 

same conditions as previously described.

–



apparent viscosity (η) over a shear rate (γ) range of 1 to 100 s

log η = log(𝐾) +  𝑛 − 1 log(𝛾) 
𝑛 ƞ) versus log (γ) plot, and 𝑛 < 1 



was maintained at 2%, while the angular frequency (ω) was decreased from 100 to 0.1 rad s

G′ 

– G′ ω
G′ = m log ω + b

–

–

of variance (ANOVA) followed by Tukey’s post hoc test a 



4000 to 400 cm⁻¹, are presented in Figure 1. The functional group region (4000 –

–

C, and β(C

to unsulphated β –





−

− –

values < 0.05 (Tukey’s test).

polymers such as κ
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The apparent viscosity (ƞ) and frequency sweep of RPS compared to xanthan and guar gum 

production.  The viscosity (η) decreased continuously with increasing shear rate over the range of 

1 to 100 s⁻¹, confirming the non

Xanthan gum showed the highest η (9471.4 mPa·s) at a shear rate of 1 s⁻¹, while the lowest was 



for M1 (1975.5 mPa·s). CT (4860.4 mPa·s) showed the highest η among the tested RPS 

polymeric chain, caused by the treatments increasing chain flexibility. By shear rate 100 s⁻¹, 

toward a narrow band of ƞ values 

All samples approached their respective Newtonian plateau(ƞ

–58 s⁻¹. The Newtonian regression plateaus confirmed limiting high

–58 s⁻¹ across all RPS samples, despite 

A
pp

ar
en

t V
isc

os
ity

 η
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—  η    – – η

field 1 h d⁻¹; M24: magnetic field 24 h d⁻¹; MN: magnetic field 1 h d⁻¹ with nanofibers. 



thinning region up to 54 s⁻¹, 

a·sⁿ), followed by xanthan gum (n = 0.1134, K = 

8820.638 mPa·sⁿ) and M24 (n = 0.1468, K = 3461.784 mPa·sⁿ). MN and M1 showed progressively 

displayed the highest flow behavior index (n = 0.3565, K = 8214.857 mPa·sⁿ). Therefore, CT 

shear. The viscosity reduction between 1 and 100 s⁻¹ was most pronounced for CT (98.5%) and 

For all RPS samples and xanthan gum, the storage modulus (G′) exceeded the loss modulus 

(G″) across the entire angular frequency range tested (0.1–100 rad s⁻¹), confirming a predominant 

transition with a crossover point (G′ = G″ ≈ 11.54 Pa) at approximately 4.04 rad s⁻¹, indicating 







strongest viscoelastic network, with G′ values of 17.10 Pa and 22.56 Pa at 1 and 10 rad s⁻¹, 

respectively, approaching approximately 66% of the G′ values recorded for xanthan

and 33.32 Pa at the same frequencies). The control RPS (CT) showed intermediate elasticity (G′ = 

8.86 Pa at 1 rad s⁻¹), whereas the intermittent magnetic field treatment (M1) yielded slightly lower 

G′ values (6.23 Pa at 1 rad s⁻¹), suggesting t

control. The combined treatment with nanofibers (MN) produced the lowest G′ among all 

conditions (G′ = 4.43 Pa at 1 rad s⁻¹), indicating that the addition of nanofibers, in combination 

The frequency dependence of G′ is reflected in the calculated slopes, which ranged from 

slope = 0.291), both of which show greater G′ sensitivity to frequency and therefore less developed 

predominance of G′ over G″(Figure 5A) across the entire frequency window examined 

⁻



′ = 17.10 vs. 8.86 Pa at 1 rad s⁻

′ reflects the capacity of the network to store elastic energy, which depends more critically on the 

–

ordered segments modulates G′ and shear‑thinning without a proportional increase in 

thinning behavior, with complex viscosity (|η*|) 

decreasing monotonically with increasing angular frequency (Figure 5B). At 0.1 rad s⁻¹, |η*| 

law slopes of the |η*|–ω curves ranged from 

−0.866 (xanthan) to −0.472 (guar), with the EPS treatments falling between −0.708 (MN) and 



−

molecular network between the polymer solutions studied. M24 presented the lowest tan δ values 

–11.3 rad s⁻¹), a pattern consistent with a well

. The CT and M1 samples showed progressively higher tan δ values 

–sol threshold, with tan δ reaching 0.962 at 100 rad s⁻¹, indica

elasticity is substantially compromised at high deformation rates. Xanthan gum maintained tan δ 

. Guar gum presented the highest tan δ values ( 0.532 –

The proximity of M24 to xanthan gum in tan δ is particularly noteworthy, as xanthan is 

approaches xanthan’s elastic dominance without chemical modification, suggesting meaningful 



′ and reducing 

of |η*| (Figure 5B) between −0.708 and −0.866, is a highly desirable property for industrial 

(−0.824) relative to M1 (−0.714) and MN (−0.780) is consistent with the hypothesis of a more 

Especially, the large dynamic range of complex viscosity for M24,  from 88.92 Pa·s at 0.1 rad s⁻¹ 

at 100 rad s⁻¹, spanning nearly three orders of magnitude, is comparable to the behavior 







structures. The combination of broad pore‑size distribution, angular wall geometry, and fibrils is 

assemblies or β‑sheet‑like aggregates, that preferentially segregate int

homogeneous lamellae during cross‑linking 



2020; Pletikapić 

below −30 mV indicated



–

Scanning electron microscopy of Fe³⁺ ionic gels revealed that cultivation conditions 
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  P =   ( X  t −     X 0 ) /   t


    P  N a n o =   ( N  f i n a l −     N  i n i t a l ) /   14


  PC =   (  ABS 615   −   0 . 474    ABS 652 ) / 5 . 34  


  Chl   a   =   12 . 25    ABS  663 . 2   −   2 . 79    ABS  646 . 8  


  P =   ( X  t −     X 0 ) /   t


    N  i n i t a l


    P  N a n o


    P  N a n o =   ( N  f i n a l −     N  i n i t a l ) /   t  f i n a l  


    N  i n i t a l


    t  f i n a l


    X  c o r r e c t e d


    X  c o r r e c t e d =     X  t + (   P  N a n o . t )


  R PC = (  Abs  620   nm − 0 . 7    Abs  650   nm ) / 7 . 38


  APC = (  Abs  650   nm − 0 . 19    Abs  620   nm ) / 5 . 65


  BPE = (  Abs  545   nm − 2 . 8  [ RPC ] − 1 . 34    [ APC ]   ) / 12 . 7


  C h l   a = 12 , 25     A b s  663 . 2   n m −   2 . 79   A b s  646 . 8   n m  


  C h l   b = 21 . 50     A b s  646 . 8   n m −   5 . 1   A b s  663   n m


  T C = (   1000 A b s  470   n m − 1 , 82  [ C h l   a ] − 85 . 02  [ C h l   b ] ) / 198


   log ⁡ η =  log ⁡  ( K ) +   n − 1  log ⁡  ( 𝛾 )  
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