Tailoring Microalgal Extract Properties via Non-Thermal Pretreatments: Application-Specific Optimization in Chlorella vulgaris
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[bookmark: _Hlk198477172]Materials and Methods
‎Details and Equipment Devices  for Non-Thermal Pretreatments
Table S1 Operational Parameters of Non-Thermal Pretreatments Used in Upstream Processing of C. vulgaris for SC-CO₂ Extraction
	Pretreatment
	Equipment Model/Manufacturer
	Key Operational Parameters
	Notes

	Ultrasound (U)
	Ultrasonic bath (S100H, Elma, Singen, Germany)
	1130 W, 120 seconds, pH 9, 50 ºC
	Utilizes acoustic cavitation for cell disruption

	Microwave (M)
	Classical microwave oven (MM720, Midea, Guangdong, China)
	800 W, 120 s, 2450 MHz
	Employs electromagnetic radiation for dielectric heating

	Cold Plasma (CP)
	Custom-built plasma reactor, Radio-frequency (RF-3-XⅢ) generator
	13.56 MHz, 10 W deposition power, ~582 mTorr (77.60 Pa) working pressure, Nitrogen gas (~300 mTorr N2 for 120 s)
	Generates reactive species (ions, electrons, radicals) for surface etching and oxidation

	Cryogenic (C)
	(Implies standard lab equipment, e.g., ceramic mortar, liquid nitrogen dewar)
	Liquid nitrogen (-196 ºC), 3 repetitions of freeze-thaw cycles
	Rapid freezing induces intracellular ice crystals for mechanical rupture



Extract Yield and Bioactive Compound Analyses
Total Phenolic Content – Folin–Ciocalteu Method	
The total phenolic content of the extracts was quantified using the Folin–Ciocalteu method, with gallic acid (0–200 µg/mL) serving as the calibration standard. In brief, 100 µL of the sample or standard was mixed with 500 µL of Folin–Ciocalteu reagent, which had been previously diluted 1:10 (v/v) with distilled water. After allowing the mixture to stand for 5 minutes at room temperature, 400 µL of a 7.5% w/v sodium carbonate (Na₂CO₃) solution was added. The reaction mixture was then incubated in the dark at ambient temperature for 20 minutes. Absorbance was recorded at 765 nm using a UV–Vis spectrophotometer. A standard calibration curve was constructed based on gallic acid concentrations, with a typical R² value of approximately 0.998. Final results were expressed as milligrams of gallic acid equivalents per gram of extract (mg GAE/g extract). This protocol was adapted from Drosou et al. (2015) [1], based on foundational methods by Ainsworth & Gillespie (2007) [2]. 
Antioxidant Capacity– DPPH Radical Scavenging Assay	
The antioxidant capacity of the extracts was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay. A 0.1 mM DPPH solution was freshly prepared in methanol or ethanol, depending on extract compatibility. To each reaction tube, 100 µL of extract was added to 2 mL of the DPPH solution, followed by incubation in the dark at room temperature for 30 minutes. After incubation, absorbance was measured at 517 nm using a UV–Vis spectrophotometer. A Trolox standard curve ranging from 0 to 250 µM was used to quantify antioxidant capacity, with results expressed in mg Trolox equivalents per gram of extract (mg TE/g extract). The calibration curve typically showed a high linearity (R² ≈ 0.997) [3].
TOPSIS-Shannon Entropy Method
To identify the optimal pretreatment for supercritical CO₂ extraction, five criteria (chlorophyll, phenolics, carotenoids, and antioxidant capacity, and yield) were selected based on their impact on extraction [4]. To identify the optimal pretreatment for supercritical CO₂ extraction, five criteria (chlorophyll, phenolics, carotenoids, antioxidant capacity, and yield) were selected based on their impact on extraction. This multi-criteria approach is essential for rationally evaluating complex engineering processes where multiple, sometimes conflicting, objectives must be considered for optimal design and performance. This multi-criteria approach is essential for rationally evaluating complex engineering processes where multiple, sometimes conflicting, objectives must be considered for optimal design and performance. Shannon entropy determined objective weights, emphasizing criteria variability [5]. This method evaluates the dispersion of data across each criterion, where higher variability implies greater decision impact. The entropy (Ej) for each criterion (j) is calculated as (Eq. S1): 
Eq. S1   , where , and 
Here, xij is the normalized value of alternative i under criterion j, and m is the number of alternatives (pretreatment levels). The weight wj for each criterion is derived as (Eq. S2):
Eq. S2   
After determining the weights, the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) was applied to rank the pretreatment levels. In this method, each alternative is evaluated based on its Euclidean distance from the ideal best (Si⁺) and worst (Si⁻) solutions (Eq. S3):
[bookmark: _Hlk199744811]Eq. S3   

The closeness coefficient Ci, determined the relative optimality of each pretreatment (Eq. S4):
Eq. S4   
Final ranking results are discussed later. 
Results and Discussion
FE-SEM Analysis
FE-SEM micrographs highlighted clear differences in cell wall integrity among ‎pretreatments. The cryogenic-treated biomass (C) exhibited extensive surface collapse ‎and pore formation, suggesting maximal cell disruption, while CP also showed marked ‎deformation. Conversely, M and U samples retained more structural features, indicating ‎less effective disruption. These morphological observations directly correlate with extract ‎yields and reinforce the importance of pretreatment intensity in enhancing CO₂ penetration ‎and bioactive release for nutraceutical applications (Table S2).‎
Table S2 FE-SEM analysis of C. vulgaris residual biomass
	Algae Species Tested
	FE-SEM Observations
	Industrial Relevance
	Reference

	Microalgae powder
	Microalgae oil extracted
	Biofuel, enriched food supplements
	[6]

	Auxenochlorella protothecoides and C. vulgaris
	Permeabilization of cell membranes,
	Morphological changes indicate enhanced cell wall permeability, directly impacting mass transfer kinetics and solvent penetration efficiency in extraction processes
	[7]

	Ourococcus multisporus, Nitzschia cf. pusilla, Chlamydomonas mexicana, Scenedesmus obliquus, C. vulgaris, and Micractinium reisseri
	Lipid extraction
	Wastewater treatment and biodiesel production
	[8]

	Porphyridium purpureum
	Cell disruption
	Extract Phycoerythrin
	[1]

	Nanochloropsis sp.
	Cell disruption and optimizing extraction condition
	Lipid and eicosapentaenoic acid
	[8]

	C. vulgaris
	Cell disruption
	Bioactive extract
	This study



TGA Analysis
TGA data revealed distinct thermal decomposition phases, with major mass loss occurring ‎between 176.66–509.16 °C due to the breakdown of biomolecular constituents. Samples ‎treated with C and M methods exhibited lower residual mass (18.24% and 28.59%, ‎respectively), reflecting more effective cell disruption and reduced ash content. These ‎trends suggest improved extractability and purity of bioactives, particularly relevant for ‎pharmaceutical applications. In contrast, higher residue in UC, U, and CP may favor ‎mineral-enriched formulations. Detailed comparative results are summarized in Table S3.‎
Table S3 TGA Analysis of C. vulgaris residual biomass
	Algae Species Tested
	TGA Findings
	Comparison to Current Study
	Reference

	Tetradesmus dimorphus, Tetradesmus obliquus, Chlorella sp., and Chlorella sorokiniana
	5-7% initial loss, 67-80% decomposition in the second phase, and 3-5% final reduction
	Steeper slopes correlate with more residual ash
	[9]

	C. vulgaris
	10-12% initial loss, 60-65% decomposition in the second phase, and 3-5% final reduction
	Lower residual mass indicates higher organic matter decomposition, critical for downstream purification and biochar applications
	[10]

	Nannochloropsis salina
	3-5% initial loss, 70-75% decomposition in the second phase, and 10-15% final reduction
	Pretreatments and extraction conditions are directly affecting lipid yield
	[11]

	Scenedesmus obliquus, Hlamydomonas sp., and C. vulgaris
	3-5% initial loss, 55-60% decomposition in the second phase, and 5-10% final reduction
	Minimal residues improve biochar, biofilm, and biofuel yields
	[12]

	Nannochloropsis sp.
	7-10% initial loss, 70% decomposition in the second phase, and 10% final reduction
	Residual weight varies with pretreatment
	[13]

	C. vulgaris
	7-10% initial loss, 45-60% decomposition in the second phase, and 10-15% final reduction
	Pretreatments and extraction conditions are directly affecting bioactive extract
	This study




DSC Analysis
Differential Scanning Calorimetry (DSC) analysis revealed distinct thermal behaviors across pretreatment groups, reflecting differences in structural integrity, compound stability, and cellular disruption mechanisms. Table S4 summarizes the key transition parameters—onset temperature (To), peak temperature (Tp), and enthalpy change (ΔH)—for each treatment. UC exhibited sharp low-temperature endothermic peaks (To = 48.33 °C; Tp = 51.67 °C; ΔH = 38.2 J/g), suggesting rapid moisture loss and high retention of thermolabile compounds. In contrast, cryogenic (C) and ultrasound (U) treatments showed moderate transitions near 60 °C, indicative of mild cell permeabilization. Microwave (M) and cold plasma (CP) treatments shifted transitions to higher temperatures (e.g., Tp = 202.77 °C for CP), consistent with stronger matrix binding or partial thermal modification. These findings confirm that pretreatment strategy modulates thermal stability and compound release, impacting downstream formulation and storage. 
Table S4 Onset temperature (To), peak temperature (Tp), and enthalpy change (ΔH) for each pretreatment group
	Assigned Transition
	ΔH (J/g)
	TP (ºC)
	TO (ºC)
	Treatment

	Moisture loss/ intact volatiles
	38.2
	51.67
	48.33
	UC 

	Gentle structural release
	35.7
	60.48
	56.12
	C

	Mild thermal disruption
	32.9
	66.1
	59.43
	M

	Crosslinked matrix destabilization
	29.3
	202.77
	85.5
	CP

	Permeabilization, local shear effects
	33.8
	63.33
	58.19
	U



Also, these thermograms revealed distinct endothermic and exothermic transitions across ‎samples. UC and C extracts exhibited early low-temperature endothermic peaks (∼50–‎‎91 °C), indicative of minimal thermal stress and better preservation of bioactive ‎compounds. In contrast, CP showed delayed endothermic and sharp exothermic ‎responses above 200 °C, suggesting structural rigidity and potential degradation of ‎thermolabile compounds. These thermal patterns support the suitability of UC and C ‎pretreatments for preserving extract integrity in food and pharmaceutical formulations ‎‎(Table S5).‎
Table S5 DSC analysis of C. vulgaris residual biomass
	Algae Species Tested
	Effectiveness
	DSC finding
	Comparison to Current Study
	Reference

	C. vulgaris and Arthrospira platensis
	Antioxidant products
	Oxidation onset varies with algae composition
	Evaluate pretreatments for minimal biomass residues
	[14]

	C. vulgaris
	Biopolymers 3D
	Drug delivery: microalgae for controlled mineral release
	Shifts in thermal transitions provide engineering insight into the thermal stability and structural integrity of the biomass, crucial for designing subsequent thermal processing steps and product shelf-life
	[15]

	C. vulgaris and Arthrospira platensis
	Oscillatory rheology, particle size distribution and microstructure of microalgae
	Water plasticization from high pressure affects the first endotherm
	Pretreatment info for food design and gel optimization
	[8]

	C. vulgaris
	From raw microalgae to bioplastics
	Extraction tracks granule integrity
	Pretreatments affect compound thermal behavior
	[16]

	C. vulgaris
	Bioactive compounds
	Different thermal transitions from pretreatments affects the first endotherm
	-
	This study



UV-Vis Analysis
UV-Vis spectral analysis identified a strong chlorophyll α absorption peak at 666 nm, ‎particularly prominent in the UC and CP samples. This signal, consistent with prior reports, ‎reflects efficient pigment preservation under milder pretreatment conditions and highlights ‎the relevance of chlorophyll-rich extracts in antioxidant-focused nutraceuticals and ‎functional foods (Table S6).‎
Table S6 UV-Vis Spectroscopy of C. vulgaris Extracts
	Algae Species Tested
	Assigned Compound
	wavelength (nm)
	Implication
	Reference

	N. oculata and C. vulgaris
	Phenolics
	407–408
	Antioxidant with bioactivity potential
	[17]

	Nannochloropsis gaditana, Spirulina, and Chlorella
	Carotenoids
	418–478
	Renowned for provitamin A and antioxidants
	[18]

	ladophora glomerata, Cladophora rivularis, Ulva flexuosa, and Chlorella sp.
	Chlorophyll b
	645
	Boosts natural colorants and antioxidants
	[19]

	Phaedactylium tricornitum, Nannochloropsis gaditana, Nannochloris sp, Tetraselmis suecica, N. oculata and C. vulgaris
	Chlorophyll a
	663
	High pigment yield signals antioxidant capacity, enabling rapid in-process quality control for pigment-focused extraction streams
	[19]

	C. vulgaris
	Chlorophyll a
	666
	High Carotenoid yield
	This study



FT-IR Analysis
FT-IR spectra showed a prominent O–H stretch (3200–3500 cm⁻¹) across all extracts, with ‎stronger transmittance in M, UC, and U. Notably, C, CP, and UC samples exhibited clear ‎C=O ester bands (1730–1750 cm⁻¹) and C–O peaks (~1100 cm⁻¹), indicative of fatty acids ‎and lipids. These spectral features correspond with enhanced extraction of bioactive ‎compounds, including chlorophylls, phenolics, and lipophilic metabolites, positioning ‎these extracts as suitable candidates for nutraceutical and pharmaceutical applications‎‎ indicating the success of cell wall disruption in liberating specific functional groups for targeted bioproduct formulation. (Table S7).‎
Table S7 FT-IR Spectroscopy of C. vulgaris Extracts
	Algae Species Tested
	Functional Group
	Wavenumber (cm⁻¹)
	Compound Type
	Reference

	Chlorella sp.
	C-I
	617-734
	Aliphatic character
	[20]

	Chlorella sp., Dunaliella Salina, and Nannochloropsis sp.
	C-O-C
	1080-1200
	Polysaccharides and nucleic acid
	[21]

	Nannochloropsis sp., Chlorella sp. and Dunaliella Salina
	C-O
	1271-1392
	Phenols and alcoholic group
	[22]

	Nannochloropsis sp., Chlorella sp., Scenedesmus sp.
and Dunaliella salina
	C=O
	1745-1638
	Fatty acids, Carboxylic group of esters, and Protein (Amide I)
	[23]

	Nannochloropsis sp., Scenedesmus sp., Chlorella sp. and Dunaliella salina
	C–H
	2920-2970
	Lipids and
β-Carotene
	[24]

	Nannochloropsis sp., Chlorella sp. and Dunaliella salina
	O-H/N-H
	3300-3400
	Water, protein
	[25]

	C. vulgaris
	All above functional group
	400-4000
	The functional group
	This study
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