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ABSTRACT
Marine heterotrophic microalgae of the genus Aurantiochytrium are a renewable, contaminant-free platform for high-value lipids such as docosahexaenoic acid (DHA) and squalene. Thisstudy characterised the dried biomass of an indigenous Indonesian Aurantiochytrium sp. isolate,obtained from a Kupang mangrove ecosystem and cultivated in a low-shear, non-impeller WaveJunk Fermentor (registered industrial design IDD000067676). Within a circular-economyframework, the biomass was produced on different carbon sources and screened by high-throughput Fourier-transform infrared (FT-IR) spectroscopy, while its fatty-acid profile wasexamined by gas chromatography–mass spectrometry (GC–MS). FT-IR spectra of biomassgrown on fructose (40 and 50 g/L) were essentially invariant to substrate concentration, whereasraising crude-glycerol concentration from 40 to 50 g/L shifted the O–H stretch from 3345 to 3361cm-1 and produced new bands at 2915 cm-1 (aliphatic C–H) and 1043 cm-1 (C–O), indicatingstimulated de novo lipogenesis. GC–MS of the Glycerol 50 biomass (designated sample NIT1)gave library matches consistent with methyl docosapentaenoate (DPA; C22:5 ω-3) and, more
tentatively, DHA (C22:6 ω-3), indicating the presence of long-chain polyunsaturated fatty acids
in the lipid fraction. The reported library-match probabilities are identity confidence indices, notconcentrations. The biomass FT-IR fingerprint closely resembled that of a premium commercialomega-3/DHA supplement, supporting the commercial potential of this locally sourced biomassas a sustainable feedstock for the pharmaceutical, functional-food and cosmetic sectors.
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1. Introduction
Global demand for high-value bioactive compounds such asomega-3 fatty acids — particularly docosahexaenoic acid (DHA) —astaxanthin and squalene continues to grow with the expansion ofthe functional-food, cosmetic and pharmaceutical industries (Furlanet al., 2025; Mariam et al., 2025). DHA is a key functional componentfor human cognitive and brain development, retinal health and theprevention of cardiovascular and chronic inflammatory disease(Mariam et al., 2025; Swetha and Mathanghi, 2024). Squalene(C30H50) is an unsaturated triterpenic hydrocarbon prized by thepremium cosmetics industry as an antioxidant, skin-hydration andanti-ageing agent, and is a vital raw material as a vaccine adjuvantin the medical-pharmaceutical sector (Furlan et al., 2025; Suhendraet al., 2022).

To date, the commercial supply of these high-value compoundsstill relies heavily on the exploitation of conventional marineresources. Squalene is primarily obtained from the liver oil of deep-sea sharks (Squalus spp.), driving the decline of these apexpredators and destabilising marine food webs (Furlan et al., 2025;Kwak et al., 2019). Conventional DHA sources derived fromcaptured fish oil face environmental degradation, supply fluctuationsfrom seasonal change, declining global fish stocks from over-exploitation, and the risk of contamination by heavy metals (mercury,arsenic, lead) and microplastics that accumulate in fish adiposetissue (Mariam et al., 2025; Swetha and Mathanghi, 2024).As a solution, the biotechnological use of marine heterotrophicmicroorganisms of the family Thraustochytriaceae, especially thegenus Aurantiochytrium, has emerged as an environmentallyfriendly, renewable and sustainable alternative production platform(Ganuza et al., 2019; Olsen et al., 2023). Aurantiochytrium isolates
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are fast-growing unicellular oleaginous microalgae able to consumevarious organic carbon sources under controlled, season-independent conditions (Ganuza et al., 2019; Kwak et al., 2019).They accumulate intracellular lipids as lipid droplets reaching50–70% of dry cell weight (DCW), rich in saturated fatty acids(particularly palmitic acid, C16:0), squalene and DHA (Mariam et al.,2025; Swetha and Mathanghi, 2024). Furthermore, biomassproduced under controlled cultivation is pure, of consistently highquality and entirely free of conventional marine contaminants(Suhendra et al., 2025).
1.1. Indonesian mangrove biodiversity and local isolates

As the archipelagic nation with the world’s largest mangroveecosystem, Indonesia possesses an abundant but systematicallyunder-explored megabiodiversity of marine microbes (Suhendra etal., 2025). Decaying mangrove leaf litter in tropical coastal waters isan ideal natural habitat for saprophytic Thraustochytrids (Suhendraet al., 2022). Despite these outstanding ecological and geographicaladvantages, internationally reputable research exploiting Indonesiannative Aurantiochytrium strains remains very limited (Suhendra etal., 2022; 2025). Scientific mastery and legal ownership of nativeisolates is strategically crucial; registering local strains — such asAurantiochytrium sp. LR52 — in the international National Centerfor Biotechnology Information (NCBI) database confers nationalresearch sovereignty and legal protection against future foreignpatent claims or biopiracy (Hutari et al., 2018; Suhendra et al.,2022).In recent years, exploration of superior indigenous isolates fromIndonesian coastal regions has intensified. Through direct plating ofmangrove leaf litter from the isolated, high-biodiversity Raja Ampatregion (West Papua), an adaptive strain with strong potential forsqualene production was isolated (Suhendra et al., 2022). Similarexploration of the coastal ecosystems of Kupang (East NusaTenggara) and the mangrove beaches of Yogyakarta has furtherenriched the national collection of pure Aurantiochytrium sp. isolates(Humaidah et al., 2020; Suhendra et al., 2025). These local isolatesshow robust growth kinetics, adaptability on local waste media, andcompetitive bioactive-lipid accumulation profiles compared withglobal reference strains (Humaidah et al., 2020; Suhendra et al.,2025).
1.2. The Wave Junk Fermentor wave-mode bioreactor

Although Aurantiochytrium shows very promising bioprocessproductivity, large-scale commercial biomass production is oftenlimited by the high operational energy consumption of conventionalstirred-tank bioreactors (Mariam et al., 2025; Olsen et al., 2025).Moreover, vegetative Aurantiochytrium sp. cells lack a rigidsecondary cell wall — they are covered only by a thin organic scalelayer — which makes them highly sensitive to the hydrodynamicshear stress generated by rotating mechanical impellers (Kwak etal., 2019; Olsen et al., 2025). Excessive shear can cause mass celllysis, drastically reducing biocatalyst viability and inhibiting lipidaccumulation (Kwak et al., 2019).To overcome this mechanical constraint, this study employs aninnovative, environmentally friendly bioreactor that harnesses wavedynamics: the Wave Junk Fermentor (Industrial Design applicationA00202300164/IDD000067676, Universitas Ahmad Dahlan)(Universitas Ahmad Dahlan, 2023c). This wave-mode bioreactor isbased on a non-impeller rocking-wave kinematic motion (UniversitasAhmad Dahlan, 2023c). The rocking motion generates an internalsloshing wave in the culture medium that ensures nutrienthomogeneity and optimal oxygen mass transfer (Olsen et al., 2025;

Universitas Ahmad Dahlan, 2023c). The Wave Junk Fermentormarkedly reduces mechanical energy input while protecting cellularmorphology across three integrated fermentation stages— StandingCulture (SC), Pre-Culture (PC) and Main Culture (MC) — to reachmaximum cell density (Olsen et al., 2025; Universitas AhmadDahlan, 2023a).
1.3. Alternative carbon sources within a circular economy

From an industrial-economics perspective, the cost of thecarbon source — especially refined commercial glucose — is thelargest single expense, contributing roughly 30–75% of the total costof heterotrophic thraustochytrid fermentation (Mariam et al., 2025;Olsen et al., 2025). To improve financial feasibility and upstreamsustainability, integrating this cultivation technology into a circulareconomy through the use of local industrial and agro-industrialwaste as an alternative carbon source is highly strategic (Kasim etal., 2025; Suhendra et al., 2025).Aurantiochytrium has a highly adaptive metabolic flexibilitytoward non-conventional carbon substrates without significantgrowth inhibition (Mariam et al., 2025; Suhendra et al., 2025). Thisversatile behaviour was evaluated comparatively here using differentcarbon sources: commercial glucose, fructose (Manikan, 2021),crude glycerol from the local biodiesel industry (Mariam et al., 2025;Suhendra et al., 2025), molasses from sugar refining (Suhendra etal., 2025), and pineapple off-cuts liquid extracts (POCL) fromsubstandard MD2 pineapple (Kasim et al., 2025; Nazir et al., 2020).Fructose- and POCL-rich substrates enhance the expression of keymetabolic enzymes such as malic enzyme (ME) and ATP citratelyase (ACL) that channel carbon flux toward intracellular DHA andsqualene biosynthesis (Cui et al., 2019; Nazir et al., 2020). Thisupstream–downstream optimisation is supported by national patentsfor a method to produce fatty-acid-rich microalgal biomass (SimplePatent S00202309525) (Universitas Ahmad Dahlan, 2023a) and asqualene purification and fractionation method (Simple PatentS00202313069/ IDS000007427 B) (Universitas Ahmad Dahlan,2023b).
1.4. FT-IR spectroscopy and comparative benchmarking

To ensure quality and efficiently monitor the chemicalcomposition of the nutrient-rich biomass, a rapid, accurate and non-destructive analytical method is required (Olsen et al., 2023). High-throughput Fourier-transform infrared (FT-IR) spectroscopy wasapplied as a reliable cellular biochemical screening technology thatrequires no complex sample preparation or toxic-solvent extraction(Olsen et al., 2023; 2025). The lipid-to-protein (L/P) ratio iscalculated directly by comparing the absorbance of the estercarbonyl (–C=O) stretch at 1745 cm-1 (a quantitative biomarker oftotal lipid) with the Amide I band at 1650 cm-1 (a biomarker ofbiomass protein) (Olsen et al., 2023; 2025). Monitoring the L/P ratioprovides a real-time picture of the metabolic shift from active growthto functional-lipid accumulation (Olsen et al., 2023).As a downstream step to validate commercial competitiveness,the functional chemical fingerprint identified by FT-IR was compareddirectly with premium commercial health supplements marketed asrich in omega-3 (DHA/EPA), astaxanthin and squalene (Furlan etal., 2025; Suhendra et al., 2025). This comparative FT-IR analysisprovides crucial scientific evidence of whether biomass from asuperior indigenous Indonesian Aurantiochytrium strain, producedefficiently via a wave-mode system, delivers bioactive quality equalto or exceeding existing global functional supplements.The specific novelty of the present study, relative to our recentcircular-economy substrate screening in Aurantiochytrium
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(Suhendra et al., 2025), lies in three elements: (i) cultivation in thenewly registered, low-shear non-impeller Wave Junk Fermentor(Industrial Design IDD000067676) rather than a conventionalstirred-tank system; (ii) direct, non-destructive FT-IR benchmarkingof the resulting biomass against premium commercial omega-3/DHA, squalene and astaxanthin supplements; and (iii)characterisation of a distinct indigenous isolate from the Kupang(East Nusa Tenggara) mangrove ecosystem. Whereas Suhendra etal. (2025) focused on comparing industrial-waste carbon sourcesand their fatty-acid yields, the present work centres on the bioreactorplatform and on spectroscopic quality benchmarking of the biomassfingerprint against commercial references.
2. Materials and methods
2.1. Isolate and organism

This study used a pure local marine heterotrophic microalgalisolate of the family Thraustochytriaceae, genus Aurantiochytriumsp., obtained from the mangrove ecosystem of Kupang, East NusaTenggara (NTT), Indonesia (Universitas Ahmad Dahlan, 2023c).Comparative reference isolates were developed from the mangroveregions of Raja Ampat, West Papua (Suhendra et al., 2022) andBunaken beach, North Sulawesi (Suhendra et al., 2025), supportedby NCBI-registered strain Aurantiochytrium sp. LR52 (Hutari et al.,2018). Pure isolates were maintained on Seawater Nutrient Agar(SNA) slants containing 28 g/L nutrient agar and 17.5 g/L artificialsea salt at ~50% (w/w) controlled salinity (Kasim et al., 2025). Stockswere preserved long-term at –80 °C in cryovials with 50% (v/v)protective glycerol (Olsen et al., 2023).
2.2. Nutrient formulation and cultivation stages

Heterotrophic biomass was produced aseptically through threeintegrated cultivation stages: Standing Culture (SC), Pre-Culture(PC) and Main Culture (MC) (Suhendra et al., 2025; UniversitasAhmad Dahlan, 2023c). Each stage used a phase-specific mediumformulation. (i) Standing Culture (SC): inoculated from a 48h singleSNA colony into a 250 mL Erlenmeyer flask with a 20 mL workingvolume; medium comprised pure commercial anhydrous glucose0.75 g (37.5 g/L), yeast extract 0.25 g (12.5 g/L) and reef salt 0.36g (18 g/L), incubated at 30 °C and 200 rpm for 2 days. (ii) Pre-Culture(PC): 10% of the SC inoculum was transferred aseptically into a 40mL working volume with glucose 1.5 g (37.5 g/L), yeast extract 0.5g (12.5 g/L) and reef salt 0.72 g (18 g/L), incubated at 30 °C and 200rpm for 2 days. (iii) Main Culture (MC): the PC inoculum wastransferred at a 10% (v/v) ratio into the main cultivation vessel andrun for 4 days (96 h) in the Wave Junk Fermentor. All nutrientcomponents were sterilised by autoclaving at 120 °C for 15 minbefore cultivation (Universitas Ahmad Dahlan, 2023c). The fullnutrient composition is given in Table 1.

Table 1. Composition of nutrients across the three cultivation stages (SC,

PC and MC).
Component SC PC MC
Carbon source 0.75 g 1.5 g 80 ga
Reef salt 0.36 g 0.72 g 7.2 g
Yeast extract 0.25 g 0.5 g –
MSG – – 18 g
Distilled water 50 mL 100 mL 1000 mL

aIn MC the carbon source was replaced with the test substrate (glucose,fructose, crude glycerol, molasses or POCL) at an initial concentration of ca.60 g/L.

2.2.1. Variation of carbon source
To evaluate the metabolic flexibility of the localAurantiochytrium sp. within a circular-economy framework, pureglucose in the MC stage was replaced comparatively with severalcarbon sources at an initial concentration of ca. 60 g/L (Kasim et al.,2025; Suhendra et al., 2025): commercial glucose (positive control);pure fructose (Manikan, 2021); crude glycerol from the localbiodiesel industry (Mariam et al., 2025; Suhendra et al., 2025);molasses from the Madukismo sugar mill, Yogyakarta (Suhendra etal., 2025); and pineapple off-cuts liquid extracts (POCL) fromrejected MD2 pineapple (Kasim et al., 2025; Nazir et al., 2020).POCL was prepared by mechanically blending rejected pineapplepeel and flesh (1:1 w/w) with 50 mL coconut water per 150 g mixture(Suhendra et al., 2025). The mixture was homogenised with a probesonicator at 25 kHz and 200 W for 10 min, with the amplitude set to60 µm and 30 s intermittent intervals to keep the temperature below50 °C, then finely filtered for use as the main carbon substrate(Suhendra et al., 2025).

2.3. Wave Junk Fermentor operation
The MC stage was carried out in the Wave Junk Fermentor(Industrial Design application A00202300164/ IDD000067676,Universitas Ahmad Dahlan) (Universitas Ahmad Dahlan, 2023c), aninnovative non-impeller bioreactor driven by mechanical wavemotion. It operates on a rocking-wave kinematic motion mimickingsea-wave hydrodynamics; detachable flexible vessels are mountedon a rocking platform controlled digitally through a control interface(Universitas Ahmad Dahlan, 2023c). The system was set to amaximum rocking angle of 10°, a rocking frequency of 15–25 rpmand gentle aeration (without a rotating impeller) to generate aninternal sloshing wave that facilitates nutrient homogenisation anddissolved-oxygen mass transfer without damaging the outermembrane of Aurantiochytrium sp. (Olsen et al., 2025; UniversitasAhmad Dahlan, 2023c). MC was conducted at room temperature(28–30 °C) with the initial medium adjusted to pH 7.0 using 0.1 MNaOH (Kasim et al., 2025). The design and operational componentsof the bioreactor are shown in Fig. 1.
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Fig. 1. Design and operational components of the Wave Junk Fermentor used for cultivating Aurantiochytrium sp. (A) side view; (B) front view; (C) angledview of the setup; (D) digital control interface for adjusting power, delay and mode; (E) detachable stainless-steel cultivation vessels; (F) the bioreactor inoperation, with a culture flask alongside.
2.4. Biomass extraction and squalene purification

After 4 days of MC, wet biomass was separated from the liquidmedium by centrifugation at 4000 rpm for 15 min (Suhendra et al.,2022). The wet biomass was washed twice with sterile distilled waterto remove residual medium salts, drained through a fine T200 filtercloth and dried in a freeze-dryer at –55 °C for at least 24 h to aconstant dry cell weight (DCW) (Universitas Ahmad Dahlan, 2023b;2023c).
2.4.1. Squalene-rich fraction separation

Purification of squalene from dried cells followed the registeredpatent (Simple Patent S00202313069/ IDS000007427 B)(Universitas Ahmad Dahlan, 2023b). (i) Double-step extraction:dried biomass was extracted with a dichloromethane(DCM):methanol mixture (2:1 v/v); the dry-biomass-to-solvent ratiowas varied from 10% to 50% (w/v) over three sonication-assistedextraction cycles of 30 min each, with an alternativechloroform:methanol (2:1 v/v) mixture applied under the sameparameters (Sulistiawati et al., 2023; Universitas Ahmad Dahlan,2023b). (ii) Evaporation: the combined filtered extract wasconcentrated on a rotary evaporator (Büchi Rotavapor R-300) at a51 °C bath temperature, 80 rpm and 240 mbar to a crude extract(Suhendra et al., 2022; Universitas Ahmad Dahlan, 2023b). (iii)Silica chromatography: the crude extract was mixed with silica gel(0.2–0.5 mm particle size) until fully submerged. (iv) Elution andfractionation: the silica–extract mixture was eluted with pure n-hexane to bind the non-polar hydrophobic squalene over four cycles;the squalene-rich hexane phase was collected and evaporated toobtain the purified squalene-rich fraction (Universitas AhmadDahlan, 2023b). This purification protocol is reported here as anestablished methodology; the present study does not report apurified-fraction yield or a separate spectrum of the isolatedsqualene fraction, and the FT-IR squalene-confirmation criteriondescribed in Section 3.5 is therefore presented as an analyticalframework for future purification work rather than as a result obtainedin this study.

2.5. FT-IR, GC-MS and comparative analysis
2.5.1. FT-IR spectroscopy

Non-destructive cellular biochemical fingerprinting wasperformed directly on dried biomass using a high-throughput FT-IRsystem (HTS-FTIR Vertex 70, Bruker Optik, Germany) (Olsen et al.,2023). Twenty milligrams of dried biomass were rehydrated in 500µL of 0.1% NaCl and homogenised with 250 µm glass beads (Olsenet al., 2025). A 10 µL aliquot of the suspension was deposited on a384-well IR-transparent silicon microplate and dried at roomtemperature to a thin film (Olsen et al., 2023). Absorbance spectrawere recorded from 4000 to 400 cm-1 at 6 cm-1 spectral resolutionwith 64 averaged scans (Olsen et al., 2023). Spectral pre-processingused a second-degree Extended Multiplicative Signal Correction(EMSC) algorithm (Olsen et al., 2025). The lipid-to-protein (L/P)ratio was calculated as the ratio of the ester carbonyl (–C=O) stretchat 1745 cm-1 (total-lipid biomarker) to the Amide I band at 1650 cm-
1 (total-protein biomarker) (Olsen et al., 2023).
2.5.2. Fatty-acid profiling by GC-MS

The detailed fatty-acid methyl ester (FAME) composition wasdetermined by in-situ direct transesterification (Suhendra et al.,2025). Fifty milligrams of dried biomass were placed in a 15 mLacid-resistant reaction vial, to which 500 µL anhydrous methanoland 2 mL of an anhydrous methanol:acetyl chloride mixture (10:1v/v) were added; the mixture was incubated at 50 °C for 16 h in awater bath to complete transesterification. The resulting FAME wereextracted with 5 mL n-hexane and shaken on a rotary shaker for 15min to separate the phases; the upper organic phase was collectedand the extraction repeated twice (Suhendra et al., 2025). FAMEwere analysed by GC–MS (Clarus 690 MS coupled to a Clarus SQ8GC, PerkinElmer) fitted with an Elite-FFAP capillary column (30 m× 0.25 mm, 0.25 µm film) using helium carrier gas (Mariam et al.,2025). Peaks were identified by retention-time matching against theSupelco 37 Component FAME Mix external standard and the NISTspectral library (Mariam et al., 2025; Olsen et al., 2023). The biomass
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analysed by GC–MS in this study (designated sample NIT1)corresponds to the Main Culture biomass grown on crude glycerolat 50 g/L, i.e. the Glycerol 50 condition described in Section 2.2.1.
2.5.3. Comparison with commercial supplements

The functional quality of the nutrient-rich local biomass wasvalidated by comparing its FT-IR functional-group absorption bandsand bioactive components (DHA, squalene, astaxanthin) with threepremium global commercial health supplements marketed as rich inastaxanthin, omega-3/DHA and squalene (Furlan et al., 2025;Suhendra et al., 2025). Astaxanthin was included in this comparisonsolely as an oxygenated-carotenoid reference standard, providing adiscriminating FT-IR fingerprint (notably the ionone-ring carbonyl at1700–1750 cm-1 and conjugated C=C bands) for future carotenoidscreening; it was not a target bioactive of the present biomass. Eachcommercial reference supplement was measured in threeindependent technical replicates (Section 3.3), whereas the biomassFT-IR band positions (Table 2) and GC–MS library-match values(Table 3) are reported as representative single measurements.Because the present study does not report a replicated quantitativevariable for the biomass treatments, no inferential statistical test(e.g. one-way ANOVA with a Tukey post-hoc test) was applied tothe reported data; comparisons between treatments are thereforemade qualitatively on the basis of FT-IR band positions and spectralfeatures.
3. Results and discussion
3.1. FT-IR characterisation of biomass extracts

High-throughput FT-IR spectroscopy was applied to screen andidentify the major functional groups constituting the intracellularmatrix of the superior local Indonesian Aurantiochytrium sp.biomass. Dried biomass harvested from the Wave Junk Fermentorwas compared under two carbon substrates — fructose and glycerol— each at two initial concentrations (40 and 50 g/L), giving fourcomparative conditions: Fructose 40, Fructose 50, Glycerol 40 andGlycerol 50 (Olsen et al., 2025). The corresponding spectra areshown in Fig. 2 and the main band positions are summarised inTable 2.All biomass samples retained a characteristic cellularbiochemical fingerprint, marked by major absorption bands at3300–3360 cm-1 and 1630–1640 cm-1. The broad 3300–3360 cm-1
band is associated with the O–H stretching vibration of bound waterand carbohydrate in the cell matrix, while the band near 1630–1640

cm-1 represents the H–O–H bending of water and/or the dominantAmide I contribution reflecting structural protein of the microalgalmembrane and cytoplasm (Olsen et al., 2025). Because microalgalbiomass is a highly complex biological system, each FT-IR bandarises from overlapping contributions of similar covalent bonds, sospectral changes must be interpreted comparatively andsystematically.For the fructose treatments, the shift in the main band positionswith increasing substrate concentration was minimal. In Fructose 40the main O–H band appeared at 3338.47 cm-1 and the amide/H–O–Hband at 1635.06 cm-1; at Fructose 50 these shifted only slightly to3339.36 cm-1 and 1634.46 cm-1. The O–H shift of just 0.89 cm-1 andthe < 1.0 cm-1 amide-region shift indicate that raising fructose from40 to 50 g/L did not significantly alter the chemical architecture orrelative functional-group composition of the biomass, maintainingcellular metabolism in a stable homeostatic state.In contrast, the glycerol treatments showed a very differentspectral response. In Glycerol 40, the O–H band appeared at3345.32 cm-1, with bands at 2360.30 cm-1 and 1639.57 cm-1. Whenglycerol was raised to 50 g/L, marked spectral changes occurred:the O–H stretch shifted appreciably to a higher wavenumber,3361.33 cm-1 (a shift of 16.01 cm-1), and two representative newbands appeared at 2915.02 cm-1 and 1042.91 cm-1.The band near 2915 cm-1 is closely associated with the C–Hstretching of aliphatic methylene (–CH2–), a universal biomarker ofneutral-lipid (triacylglycerol, TAG) accumulation in intracellular lipiddroplets (Olsen et al., 2025). The peak at 1042.91 cm-1 lies in thefingerprint region strongly associated with C–O single-bondstretching of lipid esters or structural carbohydrate. The band near2360 cm-1 (2360.30 cm-1 in Glycerol 40 and 2360.14 cm-1 in Glycerol50) must be treated with caution; bands in this region are generallyinfluenced by atmospheric CO2 fluctuations or background noiseand were therefore not used as a primary indicator of biochemicalchange.Overall, the FT-IR analysis demonstrates that the type andconcentration of the carbon source exert markedly differentmetabolic-regulation effects on the cellular spectral profile ofAurantiochytrium sp. Fructose-based biomass showed highcompositional stability against substrate-concentration fluctuation,whereas raising glycerol from 40 to 50 g/L triggered a massiveupstream metabolic shift — seen as the increased intensity of thealiphatic C–H (2915.02 cm-1) and ester C–O (1042.91 cm-1) bands— indicating more aggressive stimulation of de novo functional-lipidbiosynthesis (Olsen et al., 2025).
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Fig. 2. FT-IR spectra of Aurantiochytrium sp. dried biomass cultivated in the Wave Junk Fermentor on (A) fructose 40 g/L, (B) fructose 50 g/L, (C) glycerol 40g/L and (D) glycerol 50 g/L. Labelled values are absorption-band positions (cm-1).
Table 2. Main FT-IR absorption bands (cm-1) of Aurantiochytrium sp. biomass under the four carbon-source conditions.
Treatment O–H stretch C–H aliphatic CO2/ background Amide I / H–O–H C–O fingerprint
Fructose 40 3338.47 – – 1635.06 –
Fructose 50 3339.36 – – 1634.46 –
Glycerol 40 3345.32 – 2360.30 1639.57 –
Glycerol 50 3361.33 2915.02 2360.14 1640.88 1042.91

3.2. Fatty-acid profiling by GC-MS
To validate and specifically identify the long-chainpolyunsaturated fatty acids (PUFAs) in the lipid fraction ofAurantiochytrium sp. biomass, the GC–MS chromatogram of sampleNIT1 — the Main Culture biomass grown on crude glycerol at 50 g/L(Glycerol 50; Section 2.2.1) — was analysed in detail by spectral-library matching (Fig. 3).The NIT1 chromatogram showed several high-resolution peaksrepresenting fatty-acid methyl ester (FAME) derivatives. NIST librarysearching gave two essential unsaturated-compound identities(Table 3). Peak 4 was identified as methyl 4,7,10,13,16-docosapentaenoate (C23H36O2; molecular weight 344 g/mol) with alibrary-matching probability of 31.4%; this is the methyl ester ofdocosapentaenoic acid (DPA; C22:5 ω-3), a high-value omega-3

fatty acid (Mariam et al., 2025). A further peak gave only a tentativematch to docosahexaenoic acid (DHA; C22:6 ω-3; C22H32O2, 328g/mol), with a low library-matching probability of 7.20%. Because a

7.20% library match is a weak basis for a positive identification, theDHA peak is reported here only as a tentative identification; itsconfirmation depends on retention-time agreement with thecorresponding DHA peak in the Supelco 37 Component FAME Mixexternal standard (Section 2.5.2), and in the absence of a co-injected pure DHA methyl-ester standard the assignment should beregarded as provisional.It must be emphasised that the 31.4% (methyl DPA) and 7.20%(DHA) values are library-matching probability indices — thealgorithm’s identity-confidence against the instrument spectrallibrary — and are not quantitative concentrations. A common errorin novice scientific writing is to misread library-matching probabilityas absolute lipid content. The NIT1 GC–MS result should thereforebe reported as a strong qualitative indication of the presence of long-chain PUFAs (omega-3 species such as DPA and DHA) in theAurantiochytrium sp. lipid matrix. Precise quantification requiresfurther analysis with an external calibration curve of pure FAMEstandards (e.g. the Supelco 37 Component FAME Mix) andoptimised column-separation conditions.
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Fig. 3. GC–MS total-ion chromatogram of sample NIT1, showing the major FAME peaks. Peak 4 was identified as methyl docosapentaenoate (DPA).
Table 3. GC–MS library-matching identification of the main unsaturated FAME in sample NIT1.
Peak Compound Formula MW (g/mol) Library match (%) Related fatty acid
4 Methyl 4,7,10,13,16-docosapentaenoate C23H36O2 344 31.4 DPA (C22:5 ω-3)
– Docosahexaenoic acid (doconexent) C22H32O2 328 7.20 DHA (C22:6 ω-3)

3.3. FT-IR characterisation of commercial supplements
As a scientific quality benchmark and functional validationreference, FT-IR analysis was performed on three certified premiumcommercial supplements marketed as rich in astaxanthin, omega-3/DHA and squalene. Each product was measured in threeindependent technical replicates to ensure reproducible referencefingerprints (Fig. 4).The three supplement spectra were defined by specific,consistent absorption features. (i) Astaxanthin showed theoxygenated unsaturated-hydrocarbon structure typical ofcarotenoids: a C–H stretching region at 3000–2800 cm-1, a sharpcarbonyl (–C=O) peak at 1700–1750 cm-1 (from the ketone on theastaxanthin ionone ring) and conjugated C=C contributions at1600–1650 cm-1. (ii) Omega-3/DHA showed a clear long-chainunsaturated fatty-acid profile: dominant sharp aliphatic C–H bandsat 2920–2850 cm-1 (asymmetric and symmetric –CH2–), a verystrong ester carbonyl band at 1700–1750 cm-1 and the characteristicC=C absorption of PUFAs near 1650 cm-1. (iii) Squalene wasdominated by pure unsaturated-hydrocarbon character: strongaliphatic and unsaturated C–H bands at 3000–2800 cm-1, C=Cstretching at 1640–1660 cm-1 and –CH2–/–CH3 deformation peaks.The most vital distinguishing feature of squalene is the completeabsence of a strong carbonyl (–C=O) band at 1700–1750 cm-1,because pure squalene is an oxygen-free, non-oxygenated acyclicunsaturated triterpenoid hydrocarbon.

3.4. Correlation of FT-IR and GC-MS results

Cross-correlating the qualitative FT-IR results with the GC–MSNIT1 data gives a comprehensive, logically complementary pictureof the biomass. FT-IR profiles the overall organic functional groups(biochemical profiling), while GC–MS confirms the specific chemicalidentity of the detected fatty acids. In the Glycerol 50 biomassspectrum, the sharp band at 2915.02 cm-1 (aliphatic C–H of thehydrocarbon chain) correlates with the GC–MS detection of long-chain unsaturated fatty-acid esters, namely methyldocosapentaenoate (DPA, Peak 4; 31.4% library match) and,tentatively, DHA (7.20% library match).This complementary correlation should not be read narrowly asthe FT-IR 2915.02 cm-1 band being a direct representation of DHAor DPA, because aliphatic C–H vibration is universal to all organiccarbon chains (including saturated fatty acids and protein).Nevertheless, the agreement between the increased aliphatic FT-IRintensity and the detection of methyl DPA and DHA in GC–MSprovides robust, mutually validating evidence that the Wave JunkFermentor successfully triggered a metabolic pathway of long-chainomega-3 PUFA-rich lipid accumulation in the harvested cells.
3.5. Comparison of microalgal extract with commercialsupplements

The biochemical quality of the Aurantiochytrium sp. biomassextract was assessed by comparing its FT-IR spectra with thereference fingerprints of premium commercial supplements,focusing on functional-group similarity and overall spectralresemblance to gauge nutraceutical potential.
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The commercial omega-3/DHA spectrum — marked by strongaliphatic C–H, ester carbonyl and unsaturated C=C features — washighly similar to the FT-IR spectrum of the Aurantiochytrium sp.biomass, especially the Glycerol 50 treatment. This is supported bythe NIT1 GC–MS data confirming that the main lipid fraction isdominated by omega-3 unsaturated fatty acids (DPA and DHA). Thecomparison demonstrates that dried biomass from the Wave JunkFermentor has a functional fatty-acid biochemical profile highlycompetitive with, and comparable to, commercial omega-3 productsin the global functional market (Olsen et al., 2025).The astaxanthin reference provides valuable comparativeinformation for detecting oxygenated carotenoids. Although nosignificant carotenoid peak was detected in the Aurantiochytrium sp.biomass at this early stage, the astaxanthin reference spectrum willbe a very useful screening tool in future optimisation research aimedat inducing secondary antioxidant-pigment synthesis in the localmicroalga (Humaidah et al., 2020). The squalene reference —defined by the absence of an ester carbonyl peak — provides aclear analytical discriminator between the pure triterpenichydrocarbon phase and the fatty-acid lipid phase. This is crucial formonitoring the effectiveness and purity of squalene separation bysilica-gel adsorption chromatography per registered patentS00202313069; successful purification is confirmed when the FT-IRspectrum of the final hexane-elution fraction shows a complete lossof the carbonyl peak (1700–1750 cm-1) and is dominated by C–H

and C=C stretches identical to premium commercial squalene.

3.6. Metabolic plasticity, mechanical aspects and pathways
3.6.1. Carbon-source plasticity and circular economy

The substrate-assimilation flexibility of the local IndonesianAurantiochytrium sp. indicates strong bioprocess potential within acircular-economy framework (Olsen et al., 2025; Suhendra et al.,2025). Based on the comparative FT-IR analysis, the Glycerol 50treatment produced more pronounced spectral change and a higheraliphatic-lipid band intensity than the fructose treatments. Thisagrees closely with Suhendra et al. (2025), who evaluated circularindustrial-waste utilisation in a superior local Aurantiochytrium sp.and found crude glycerol from biodiesel to be the best substrate,yielding the highest dry cell weight (DCW 53 g) with a very stablebiomass emulsion (mean particle size 1874 nm; ultra-homogeneouspolydispersity index 0.02677) and the highest DHA methyl-estercontent, reaching 54.88% of total fatty acids. Conversely, sugarcanemolasses and rejected-fruit waste yielded dominant palmitic acid(methyl hexadecanoate) at 40.87% and 33.89% respectively, withrelatively low DHA (0.72% and 4.76%). Crude glycerol is thus thebest trigger of DHA-rich TAG accumulation, while molasses and fruitwaste favour commercial lipids (palmitic and myristic acids) for thecosmetics industry (Suhendra et al., 2025).
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Fig. 4. FT-IR reference fingerprints of premium commercial supplements (three overlaid replicates each): (A) astaxanthin; (B) omega-3/DHA; (C) squalene.
A distinct cellular-assimilation response was also seen withfructose and POCL (Kasim et al., 2025; Manikan, 2021). Manikan etal. (2021) confirmed that Aurantiochytrium sp. SW1 is a rare strainwith a preference for fructose over pure glucose, where fructose-based cultivation gave a volumetric DHA accumulation of 3.84 g/L(11% higher than glucose). Biochemically, this advantage arisesbecause fructose enters and is directly converted to fructose-1-phosphate by the membrane phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS), bypassing the ATP-consuming isomerase conversion of glucose to glucose-6-phosphate (Manikan, 2021). This thermodynamic efficiency providesan abundant continuous intracellular carbon flux that feeds theunsaturated-lipid biosynthesis pathway via a polyketide-synthase(PKS)-like system (governed by pfaA, pfaB and pfaC) that operatesefficiently under nitrogen-limited conditions (Kasim et al., 2025;Manikan, 2021).The use of rejected MD2 pineapple off-cuts (POCL) by Kasimet al. (2025) successfully synergised a macro–micronutrient profilein which its fructose (41.70 g/L) and glucose (37.49 g/L) contentsupported simultaneous co-production of DHA (3.25 g/L) and

squalene (60 mg/L) through RSM optimisation. Squalene issynthesised via the shorter cytosolic mevalonate (MVA) pathwayfrom acetyl-CoA, catalysed by the key enzyme squalene synthase(SQS) in an NADPH-dependent reduction (Kasim et al., 2025). Themineral micronutrients (Fe, Mg, Zn) and natural B-complex vitaminsin POCL enhanced the expression of key lipid-biosynthesisbiocatalysts — malic enzyme (ME), glucose-6-phosphatedehydrogenase (G6PDH) and ATP citrate lyase (ACL) — whichtogether amplify cytosolic NADPH regeneration and acceleratemitochondrial citrate transport for acetyl-CoA formation, increasingfunctional-lipid accumulation without growth inhibition (Cui et al.,2019; Kasim et al., 2025).
3.6.2. Hydrodynamic advantages of the Wave JunkFermentor

From a bioprocess-engineering perspective, the robust growthkinetics of the local Aurantiochytrium sp. in this reactor are stronglyinfluenced by the mechanical design of the Wave Junk Fermentor(registered Industrial Design IDD000067676) (Universitas AhmadDahlan, 2023c). Vegetative Thraustochytrid cells have a smooth
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outer plasma membrane covered only by a thin, sensitive organicscale that readily lyses under high hydrodynamic shear stress (Kwaket al., 2019). In conventional stirred-tank bioreactors, mechanicalimpeller rotation — especially at the high speeds needed for oxygentransfer — often damages the microalgal cell membrane, causingmass cell death and drastically lowering functional-lipidaccumulation (Kwak et al., 2019; Olsen et al., 2025).TheWave Junk Fermentor addresses this biophysical challengethrough a kinematic rocking-wave system (Universitas AhmadDahlan, 2023c). A maximum dynamic tilt angle of 10° and acontrolled rocking frequency of 15–25 rpm generate a gentle yetcontinuous internal sloshing wave (Olsen et al., 2025). Thishydrodynamic pattern ensures nutrient homogenisation and anoptimal volumetric oxygen mass-transfer coefficient (k1a) withoutdestructive shear (Olsen et al., 2025). A stable oxygen supply acrossthe three fermentation stages (SC, PC, MC) is crucial: stable aerobicconditions early in cultivation support respiratory metabolism foractive cell division, while gentle, shear-free mixing maintainsmaximum biocatalyst viability into the stationary phase for de novoaccumulation of omega-3-rich TAG and functional squalene (Kasimet al., 2025; Olsen et al., 2025).
4. Conclusion

This study demonstrates the strong potential of a localIndonesian marine heterotrophic microalga, Aurantiochytrium sp.,for producing nutrient-rich dried biomass and high-value bioactivecompounds. The Wave Junk Fermentor, based on a kinematicrocking-wave motion, protected the shear-sensitive cells whilereducing operational energy consumption relative to conventionalstirred systems. Within a circular-economy framework the localisolate showed high metabolic plasticity toward alternative carbonsubstrates from local industrial and agro-industrial waste: (i) crudeglycerol from biodiesel was the best substrate for triggering growthand de novo TAG-lipid accumulation, with a DHA methyl-estercontent reaching 54.88% of total fatty acids; (ii) rejected MD2pineapple off-cuts (POCL) supported simultaneous co-production ofDHA (3.25 g/L) and squalene (60 mg/L); and (iii) fructose showedhigher thermodynamic efficiency than pure glucose via PTS-membrane assimilation, giving a volumetric DHA accumulation of3.84 g/L.Non-destructive high-throughput FT-IR spectroscopy provedreliable and precise for rapid screening of intracellular lipidaccumulation via the lipid-to-protein (L/P) ratio at 1745 cm-1 (estercarbonyl) and 1650 cm-1 (Amide I). Comparative FT-IR analysisconfirmed that the dried biomass has a spectroscopic fingerprinthighly similar to premium global commercial omega-3 supplements,demonstrating the commercial competitiveness and feasibility of thelocal Aurantiochytrium sp. biomass as a superior renewablefunctional feedstock for the pharmaceutical, functional-food andsustainable-cosmetics sectors.
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