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A B S T R A C T

Chlamydomonas reinhardtii is a unicellular green alga with promising biotechnological potential. This study 
systematically examined the interdependence between post-cultivation processing and chemical composition and 
food-relevant bioactivity of C. reinhardtii. After cultivation optimization, we determined pigment, protein, and 
lipid content and assessed biological activity through various in vitro assays and in vivo zebrafish toxicity testing. 
Results showed strong antioxidative, antidiabetic, and antimicrobial properties, particularly when biomass was 
dried at temperatures below 60 ◦C. This indicates that important metabolites, such as fatty acids and terpenoids, 
are better preserved during oven-drying than lyophilization. Bioactive compounds were detected by Q-TOF and 
linked with observed activities. This is the first comprehensive study combining cultivation optimization, pro
cessing methods, and bioactivity evaluation of C. reinhardtii. Our findings show that C. reinhardtii could be used 
to develop functional food and pharmaceutical products, and that preservation of bioactive compounds is critical 
for the greatest efficacy and product quality.

1. Introduction

Microalgae are a group of predominantly unicellular photosynthetic 
microorganisms with various aquatic and terrestrial habitats [1]. Due to 
the continuous growth of the world population and the significant 
negative impacts of climate change on the availability and use of 
terrestrial resources for food production, recent studies suggest that 
microalgae could be a sustainable alternative to conventional food 
sources [2]. Their ability to be cultivated in smaller uncultivable areas 
with the use of brackish, sea, or wastewater offers great advantages 
compared to traditional crops. Furthermore, microalgal metabolites 
have been shown to possess greater biological activity than those of 
plant origin [3–5]. Increased consumers' awareness of food quality has 
encouraged research and development of new products that will, besides 
their nutritional value, contribute to the prevention of various health 

conditions, such as type 2 diabetes, hypertension, neurodegenerative 
diseases, obesity, and/or hematological malignancies [6,7]. In that 
sense, microalgae, as a whole biomass or purified extracts/fractions, 
represent a great source of nutrients and bioactive compounds.

Biotechnological production of microalgae involves various pro
cesses to ensure its effectiveness and profitability. The microalgae pro
duction process usually starts with selecting an appropriate microalgal 
strain and optimizing cultivation parameters, such as medium compo
sition, light intensity and exposure time, temperature, and pH. Specif
ically, medium composition and light conditions are among the main 
parameters impacting photosynthetic growth of microalgae [8]. For 
example, cultivation in an inadequately composed medium can cause 
alterations in biochemical pathways and the production of undesirable 
microalgal metabolites [9]. In addition, during the late exponential 
growth phase, when nutrient availability becomes limited, the applied 
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type of light becomes the prevalent parameter controlling the synthesis 
and accumulation of bioactive compounds [10]. Moreover, artificial 
lighting, such as fluorescence lamps or light-emitting diodes (LEDs), is 
mainly being used [11]. However, LEDs have lately been emerging as 
more efficient and economical light sources for the indoor cultivation of 
microalgae [12].

After cultivation, it is crucial to optimize biomass processing tech
niques, such as drying, as well as extraction and purification of target 
compounds, to ensure successful production of microalgae with the 
lowest possible production costs [13]. Some of the most valuable 
microalgal compounds investigated so far are pigments, lipids, proteins, 
polyunsaturated fatty acids, vitamins, and minerals, among which pig
ments (chlorophylls, carotenoids, and phycobiliproteins) exhibit one of 
the greatest potentials to be used as antioxidants and antibacterial 
compounds in nutraceuticals and pharmaceuticals [14]. To date, 
Arthrospira (Spirulina) and Chlorella species are the two most utilized 
microalgae in the food and pharmaceutical industries due to their rich 
nutritional profiles and health benefits [15,16]. In recent years, green 
unicellular microalga Chlamydomonas reinhardtii, primarily used as a 
model organism in molecular biology, has been studied as a natural 
source of pigments, lipids, proteins, polysaccharides, and other com
pounds with potential biological activity [5,17]. Also, it has well- 
characterized physiology and can be easily genetically manipulated, 
unlike other industrial microalgal species, e.g., Chlorella, which repre
sents a major advantage for applied biotechnological development [18]. 
This enables refined expression of complex pathways and provides an 
extensive understanding of various processes (e.g., photosynthesis, ni
trogen metabolism, respiration, biosynthetic pathways of lipids, carot
enoids, etc.) [19]. Moreover, C. reinhardtii has been successfully 
engineered for the production of various products, such as biohydrogen, 
high-value proteins (e.g., vaccines, antibodies, and bioactive peptides), 
and other metabolites (e.g., carotenoids, lipids, terpenoids, and starch), 
which has not yet been achieved in other algal species [5]. In addition, 
C. reinhardtii is classified as a GRAS (Generally Recognized as Safe) or
ganism, meaning that this microalga is safe for consumers [20]. How
ever, studies investigating the bioactive properties of C. reinhardtii, 
especially in correlation with biomass processing conditions, are still 
scarce [21–23].

Therefore, this study aimed to determine optimal cultivation con
ditions (media composition and the type of illumination) of microalga 
C. reinhardtii in a small- and large-scale system and determine the 
optimal biomass drying method that will potentially improve the 
chemical composition and biological activity of this microalga. Due to 
the complexity of this study, a schematic workflow is provided in Sup
plementary data (Fig. S1). The results presented in this paper give a new 
perspective on the potential use of microalga C. reinhardtii in developing 
novel natural-based nutraceutical and pharmaceutical products.

2. Materials and methods

2.1. Chemicals

A full list of chemicals used in this study is provided in the Supple
mentary data.

2.2. Optimization of C. reinhardtii growth conditions

Axenic microalgal strain Chlamydomonas reinhardtii 11/32A used in 
this study was purchased from the Culture Collection of Algae and 
Protozoa (CCAP, Scotland, UK). Microalga C. reinhardtii was cultivated 
in 100 mL Erlenmeyer flasks with a working volume of 30 mL and in 
triplicate to determine optimal growth parameters. Two types of lights 
(warm white light – WWL and the combination of red and blue light – 
RBL) and three different media (BBM, 3N-BBM+V, and Jaworski me
dium [24]) were used. The compositions of media are given in Supple
mentary data (Table S1). Other growth parameters included the 

temperature of 25 ◦C, media pH of 7 ± 0.2, continuous orbital shaking 
(100 min− 1), and continuous illumination (24:0, light:dark) of 3800 lx. 
During the 14-day cultivation of the microalga in different media, cell 
growth was monitored every 2–3 days using a Thoma cell counting 
chamber (Graticules Optics, UK). The cell density was also determined 
spectrophotometrically by measuring absorbance at 680 nm using an 
Infinite 200 PRO spectrophotofluorimeter (Tecan, Austria). All mea
surements were performed in triplicate.

After determining optimal growth parameters, the microalgal culture 
was scaled up. To obtain greater amounts of C. reinhardtii biomass, the 
inoculum was prepared in a 2 L bioreactor and used for setting up the 
cultivation in a 20 L bioreactor. In the bubble column bioreactor, 
C. reinhardtii was cultivated at 25 ◦C and aerated with an air flow of 150 
L h− 1 until the cells reached the late exponential phase and then further 
processed to obtain dry microalgal biomass.

2.3. Drying of the microalgal biomass

Before drying, cells were centrifuged for 10 min at 4200 rpm using an 
Eppendorf 5804 R centrifuge (Hamburg, Germany) and washed twice 
with deionized water. The concentrated biomass was then either dried at 
40, 50, 60, 80, or 100 ◦C using a ThermoFisher Scientific drying oven 
(Heratherm™ Advanced Protocol Ovens, 230VAC 60 Hz model, Wal
tham, Massachusetts, USA) or lyophilized using Christ Freeze Dryer 
(Alpha 1–4 LSC model, Osterode, Germany). Dry biomass was homog
enized using a bead mill homogenizer (Tehtnica Millmix 20, Domel d.o. 
o., Železniki, Slovenia) to obtain biomass with similar-sized particles (<
1 mm).

2.4. Preparation of C. reinhardtii fractions

Extracts were prepared by mixing 100 mg of either dried (40, 50, 60, 
80, and 100 ◦C) or lyophilized biomass with methanol (MeOH) and 
dichloromethane (DCM) solvent solution (1:1, v/v), followed by sonifi
cation in an ultrasonic bath (Bandelin, Sonorex digiplus 560 W, Berlin, 
Germany) at 100 % frequency for 15 min. Four extractions were per
formed in total and, between each extraction, the supernatants were 
collected and filtered through a 0.45 μm PTFE syringe filter. After the 
extraction was completed, the extracts were mixed with C18 powder. 
The solvent solution was evaporated from the collected supernatants in a 
stream of liquid nitrogen (5.0, Messer, Croatia) to obtain dry extracts 
that were subjected to fractionation.

Extracts were fractioned using solid-phase extraction (SPE) and a 
C18 cartridge (Agilent Bond Elut, Santa Clara, CA, USA). The cartridge 
was conditioned with methanol and water, followed by fractionation of 
the obtained extracts using solvents of different polarity in the following 
order: water, water:methanol (1:1, v/v), methanol, dichloromethane. 
Fractions collected using water and water:methanol solution were not 
analyzed, whereas methanol (F3) and dichloromethane (F4) fractions 
were collected, vaporized, and stored until evaluation of their biological 
properties [25,26]. Before investigating their biological activity, dry F3 
fractions were dissolved in methanol and F4 fractions in DMSO to pre
pare concentrations that would be further diluted using appropriate 
solutions.

2.5. Chemical analyses of C. reinhardtii

To investigate the impact of specific drying treatment on the chem
ical properties of prepared microalgal biomasses, total protein and 
pigment contents were determined spectrophotometrically. The total 
lipid and fatty acid content were analyzed using gas chromatography 
(Agilent 8890 gas chromatograph, Santa Clara, CA, USA). C. reinhardtii 
fractions were analyzed using a Q-TOF system.

2.5.1. Total protein content
Total protein content was determined using the Lowry method [27] 
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with modifications. Firstly, 20 mg of dried or lyophilized biomass was 
mixed with Mili-Q water (pH = 12) in a volumetric flask (final volume 
10 mL). The flasks were placed in an ultrasonic bath (40 ◦C; 60 % fre
quency) and sonicated under alkaline conditions for an hour. Then, the 
mixtures were centrifuged at 4200 rpm for 10 min, followed by the 
collection of the supernatants and cooling to room temperature. Even
tually, the Lowry solution was added to the cooled supernatants, which 
were then incubated for 15 min at room temperature. Next, 100 μL of 
1.0 N Folin-Ciocalteu's phenol reagent was added, and the supernatants 
were incubated for 30 min at room temperature. After the second in
cubation, the absorbance was measured at 750 nm. In addition, bovine 
serum albumin (BSA) was used as a standard to determine the possible 
presence of interfering agents in the sample matrix.

2.5.2. Photosynthetic pigments
Photosynthetic pigments (carotenoids, chlorophylls a and b, pheo

phytins a and b) present in the dried and lyophilized biomasses were 
detected and quantified using the spectrophotometric method described 
by Babadi et al. [28], with minor modifications. The extraction of pig
ments started by weighing 10 mg of the biomass and mixing it with 2 mL 
of methanol. The samples were placed in an ultrasonic bath for 5 min at 
100 % frequency and then centrifuged (10,000 rpm) for 5 min. The 
supernatants were collected and the pellets were used for another 
extraction. The described extraction procedure was repeated until 
colorless pellets were obtained. The quantification of the mentioned 
pigments from the collected supernatants was conducted spectropho
tometrically and calculated using the equations previously reported by 
[29].

2.5.3. Determination of total lipids and fatty acids analysis
Total lipid contents and fatty acid analyses of the biomasses were 

conducted using gas chromatography (GC). Extraction of total lipids and 
lipid transmethylation was carried out as described in the paper of 
Martić et al. [26], with minor modifications. Briefly, in each vial with 10 
mg of the dried or lyophilized biomass, 20 μL of chloroform, 200 μL of 
chloroform:methanol solvent mixture (2:1, v/v), and 300 μL of 0.6 M 
HCl diluted in methanol were added. Afterward, the vials were vortexed 
and placed in a water bath preheated to 85 ◦C for an hour, followed by 
cooling at room temperature for 15 min and hexane addition (1 mL). 
After an additional 1-h incubation, the top phases containing methyl 
esters were collected from each sample and mixed with 5 μL of penta
decane, an analytical internal standard.

The determination of fatty acid methyl esters (FAMEs) was con
ducted using a gas chromatograph (Agilent 8890, Santa Clara, CA, USA) 
equipped with a flame ionization detector (FID). In addition, the GC was 
supplied with a fused silica capillary column (DB-WAX Ultra I (123- 
7063UI-INT), 60 m × 0.320 mm × 0.50 μm; Agilent, Santa Clara, CA, 
USA), an autoinjector, and OpenLab CDS software. The injected sample 
volume was 1 μL and helium was used as a carrier gas. Initially, the oven 
temperature was 80 ◦C/1 min, followed by an increase to 175 ◦C (25 ◦C/ 
min) and then 185 ◦C (10 ◦C/min). After 5 min, the temperature was 
raised to 235 ◦C (15 ◦C/min) and remained for 5 min. The final tem
perature was 250 ◦C, increased at a 15 ◦C/min rate, and kept at that 
temperature for 27 min. The obtained data were analyzed using the 
software, whereas FAME identification was conducted by internal cali
bration and utilization of FAME Standard Calibration Mix C8:0-C24:0.

2.5.4. LC/Q-TOF analysis of C. reinhardtii fractions
Liquid chromatography coupled with high-resolution mass spec

trometry (LC-HRMS) was performed using a Quadrupole Time-of-Flight 
system (Q-TOF) (6546 LC/Q-TOF, Agilent, Santa Clara, CA, USA). Q- 
TOF equipped with a Dual Jet Stream electrospray ionization source 
(Dual AJS ESI, Agilent, Santa Clara, CA, USA) was connected to an ultra- 
high-performance liquid chromatography (UHPLC) instrument (1290 
Infinity, Agilent, Santa Clara, CA, USA). Sample separation occurred on 
a ZORBAX Eclipse Plus C18 RRHD column (2.1 × 50 mm, 1.8 μm, 

Agilent, Santa Clara, CA, USA) under the conditions described in Vadlja 
et al. [30]. The data acquisition process was managed through Agilent 
MassHunter Acquisition Software (version 10.1), and the resulting raw 
data were processed using MassHunter Qualitative Software (version 
10.0). The processed data were then exported in mgf format for further 
bioinformatics-based compound identification.

2.6. Biological activities of microalga C. reinhardtii

2.6.1. In vitro determination of antioxidative activity
The antioxidant activity of C. reinhardtii methanolic extracts, as well 

as methanolic (F3) and dichloromethane (F4) fractions, was determined 
in vitro using 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) 
(ABTS), 2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH), ferric reducing 
antioxidant power (FRAP), and oxygen radical absorbance capacity 
(ORAC) assays [31]. Spectrophotometric measurements of ABTS, DPPH, 
and FRAP assays were performed in triplicate using a Spectramax ABS 
plus (Molecular Devices, San Jose, CA, USA) microplate reader. Fluo
rometric measurements of the ORAC assay were conducted using an 
Infinite 200 PRO spectrophotofluorimeter (Tecan, Austria). All mea
surements were performed in triplicate, and the results are shown as 
mean ± standard deviation. The assays were performed as described in 
Radman et al. [25].

2.6.2. Determination of alpha-amylase inhibitory activity
The antidiabetic potential of fractions was determined by the slightly 

modified Caraway-Somogyi iodine/potassium iodide (IKI) method [32]. 
Dilutions of C. reinhardtii samples and positive control (acarbose), as 
well as α-amylase solution (0.5 mg/mL) and 0.05 % starch solution, 
were prepared in a 10 mM phosphate buffer (pH 6.9). In a 96-well 
microplate, 25 μL of the sample or acarbose and 50 μL of the enzyme 
solution were mixed and the microplate was incubated for 10 min at 
37 ◦C. After preincubation, 50 μL of starch solution was added to the 
wells to start the reaction and incubated for another 15 min at 37 ◦C. The 
reaction was terminated by adding 25 μL of 1 M HCl, followed by 
iodine‑potassium iodide solution addition (100 μL) and absorbance 
reading at 630 nm. The assay was performed in triplicate.

2.6.3. Determination of pancreatic lipase inhibitory activity
Pancreatic lipase inhibition was investigated using a colorimetric 

assay as described in Baković et al. [33], with slight modifications. 
Briefly, each sample was mixed with the enzyme (pancreatic lipase) and 
preincubated at 37 ◦C for 10 min. Afterward, the reaction was initiated 
by adding a substrate (p-Nitrophenyl palmitate; PNPP) mixture and 
monitored by measuring the absorbance at 410 nm. Orlistat, a pancre
atic lipase inhibitor, was used as a positive control.

2.6.4. Determination of acetylcholinesterase inhibitory activity
Inhibition of acetylcholinesterase (AChE) in the presence of 

C. reinhardtii fractions was examined using the Ellman method [34] with 
slight modifications. Briefly, 20 μL of fractions were mixed with a re
action mixture containing 0.3 mM DTNB (with or without enzyme) and 
50 mM Tris buffer (pH 8). After a 15-min incubation at 37 ◦C, 15 nM 
acetylthiocholine iodide (substrate) was added. Subsequently, the sub
strate hydrolysis was spectrophotometrically observed for 20 min at 
412 nm. Tacrine was used as a positive control and the assay was per
formed in triplicate. Since DMSO may affect the efficiency and catalytic 
activity of acetylcholinesterase, F4 samples were not analyzed [35].

2.6.5. Determination of antimicrobial properties
The antimicrobial properties of the samples were investigated using 

the standardized broth microdilution method issued by the Clinical and 
Laboratory Standards Institute [36]. The bacterial panel consisted of 
three Gram-negative bacteria (Escherichia coli 12241, Escherichia coli 
MG1665, and Klebsiella pneumoniae ATCC 700608) and a Gram-positive 
bacterium (Staphylococcus aureus ATCC 6538) from the collection of the 
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Laboratory for Aquaculture Biotechnology. Antimicrobial tests were 
performed in triplicate in 96-well plates with sample concentrations 
ranging from 0.1 to 50 μg/mL. The antibiotic chloramphenicol was used 
as a positive and sterile medium as a negative control. After setting up 
the experiment, the microtiter plate with samples and bacteria was 
incubated for 24 h at 35 ◦C. The next day, absorbance was measured at 
600 nm. The results were evaluated and expressed as the minimum 
inhibitory concentration (MIC), which indicates the lowest concentra
tion of the sample that inhibited the growth of bacteria.

2.7. Zebrafish Embryotoxicity test (ZET)

Zebrafish Danio rerio (wild-type WIK strain) was obtained from the 
European Zebrafish Resource Center (Karlsruhe Institute of Technology, 
Germany). Zebrafish adults were maintained and spawned under 
controlled laboratory conditions, as described by Babić et al. [37]. To 
assess the potential toxicity of C. reinhardtii fractions, ZET was con
ducted according to the OECD [38]. Briefly, the experiment was set up in 
a 24-well plate, using 10 embryos in three replicas, resulting in a total of 
30 embryos per tested concentration. The concentrations of fractions 
ranged from 12.5 to 300 μg/mL. Artificial water served as a negative 
control. Exposed embryos were incubated (Innova 42, New Brunswick, 
Canada) for 120 h at 26 ◦C. The effects of the samples on the zebrafish 
survival and development were observed using an inverted microscope 
(Olympus CKX41) supplied with a digital camera (Leica EC3) and LAS 
EZ 3.2.0 software.

2.8. Statistical evaluation of data

Statistical analyses and graphical presentation of the data were 
conducted using the GraphPad Prism 8.0 program (GraphPad Software 
Inc., San Diego, CA, USA). All results were expressed as means ± stan
dard deviations (SD). Before the determination of median inhibitory 
concentration (IC50), data were subjected to logarithmic transformation. 
One-way analysis of variance (ANOVA) and Tukey's post hoc test were 
performed to examine the significance of the difference between treat
ments. When the assumption of normality was violated, the Kruskal- 
Wallis test was performed. Distinctions between the samples were 
considered significant if the p-value was 0.05 or less. Processed data 
obtained after LC/Q-TOF analysis and bioinformatics-based compound 
identification were used for exploratory analyses and Spearman's rank 
correlation tests using R v.4.4.3 [39].

3. Results

3.1. Microalgal growth rates and optimization of growth parameters

Comparison of C. reinhardtii growth curves for different cultivation 
conditions is presented in Supplementary data (Fig. S2). Regardless of 
the media composition, WWL stimulated the growth of C. reinhardtii 
cells. The highest density and specific growth rate of cells were detected 
using 3N-BBM+V medium and WWL (2.67 × 106 cells/mL and 1.89 ±
0.10 day− 1), followed by the same medium and RBL (1.97 × 106 cells/ 
mL and 1.40 ± 0.04 day− 1). Cultivation in unfortified BBM medium 
resulted in comparable cell density (WWL: 1.79 × 106 cells/mL and RBL: 
1.67 × 106 cells/mL), with more significant (p < 0.05) differences 
observed in specific growth rate (WWL: 1.69 ± 0.10 day− 1 and RBL: 
1.29 ± 0.11 day− 1). No significant differences were observed between 
the WWL and RBL during the cultivation of C. reinhardtii in the Jaworski 
medium, which also resulted in the lowest cell density and specific 
growth rate. Therefore, further cultivation was conducted in 3N-BBM+V 
medium.

3.2. Total pigment content

Pigments detected in C. reinhardtii biomasses after drying under 

different conditions are shown in Fig. 1. The concentrations of chloro
phylls a (Fig. 1a) and b (Fig. 1b) and total carotenoids (Fig. 1c) detected 
in the biomass that was either dried at 40 ◦C or lyophilized were 
significantly higher compared to other treatments. Pheophytins, chlo
rophyll derivatives, were detected in all samples (Fig. 1d). However, 
they are predominantly pheophytins a (Fig. 1e) since pheophytin b was 
detected only in biomasses dried at 60 and 80 ◦C (Fig. 1f).

3.3. Total protein content

The highest protein content was observed in C. reinhardtii biomass 
that was either lyophilized (38.62 ± 2.94 %) or dried at 40 ◦C (34.45 ±
2.07 %), followed by 50 ◦C (26.20 ± 2.21 %). Higher temperatures (60, 
80, and 100 ◦C) resulted in a decline of the protein content in analyzed 
dry biomasses, with obtained values being 10.05 ± 2.57 %, 9.45 ± 1.32 
%, and 15.25 ± 0.61 %, respectively.

3.4. Total lipid content and fatty acid analysis

The total lipid contents of C. reinhardtii biomasses are shown in 
Table 1. The total lipid contents of the analyzed samples were not 
notably different. However, ratios of saturated (SFA), monounsaturated 
(MUFA), and polyunsaturated (PUFA) fatty acids depended on the 
applied drying method. The highest total lipid and PUFA contents were 
detected in the biomass dried at 80 ◦C. On the contrary, the lowest total 
lipid contents were observed in lyophilized biomass and the biomass 
dried at 40 ◦C. Also, the most notable difference in the MUFA and PUFA 
contents can be seen between those two samples. Precisely, PUFA con
tent was approximately two times higher in the lyophilized biomass than 
in the biomass dried at 40 ◦C. An opposite effect was observed in their 
MUFA contents, with 40 ◦C having a 4-fold higher MUFA percentage. 
Overall, SFAs or PUFAs were the main types of fats in all tested samples.

In total, 24 fatty acids (FAs) were detected. Out of all observed FAs, 
only five were MUFAs, and the others were SFAs and PUFAs. Palmitic 
acid (C16:0) was the most prevalent SFA in all C. reinhardtii samples, 
with the highest percentages (> 40 %) in the 50 ◦C and lyophilized 
samples. A MUFA with the highest proportion in all analyzed samples 
was C18:1 (cis 9, trans 9), and gamma-linolenic acid (C18:3 (cis 6, 9, 
12)) among PUFAs. In addition, docosahexaenoic acid (C22:6 (cis 4, 7, 
10, 13, 16, 19); omega-3 FA) and linoleic acid (C18:2 (cis 9, 12); omega- 
6 FA) are PUFAs only detected in 50 ◦C and lyophilized samples. 
Contrarily, linolenic (C18:3 (cis 9, 12, 15)) and docosadienoic (C22:2 
(cis 13, 16)) acids are PUFAs detected in all samples, besides 50 ◦C and 
lyophilized. A complete list of detected FAs is provided in Supplemen
tary data (Table S2).

3.5. LC/Q-TOF analysis

C. reinhardtii F3 and F4 fractions were subjected to LC/Q-TOF anal
ysis to determine compounds present in fractions and analyze their re
ported bioactive properties within the COCONUT base (Supplementary 
data; Table S3).

In total, 683 compounds were detected in F3 and 44 in F4 fractions. 
Among them, the 40 ◦C F3 contained the highest number of detected 
compounds (208). Strikingly, the F4 sample with the highest number of 
detected compounds (14) was the one prepared from the biomass that 
was dried at 50 ◦C. Out of all detected compounds, 102 distinct com
pounds were observed in F3 fractions and 9 in F4 fractions. These results 
show that the number of distinct compounds detected in F3 fractions 
was approximately 10 times higher compared to the F4 fractions. Pre
dominant groups of distinct compounds observed in F3 and F4 fractions 
are shown in Fig. 2.

In the analyzed samples, the most abundant lipid compounds were 
long-chain fatty acids, mainly octadecenoic acids, and conjugated fatty 
acids, which are a combination of PUFA's positional and geometric 
isomers with conjugated double bonds [40]. Glycero(phospho)lipids 
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were mainly detected in C. reinhardtii fractions obtained from the 
biomass dried at 40 or 50 ◦C, showing their thermolabile nature at high 
temperatures. Similar observations were made for octadecanoids and 
eicosanoids. Octadecanoids are one of the main classes of phytohor
mones regulating stress signaling processes [41], which were also pre
dominantly observed in the low-temperature (40–60 ◦C) oven-dried 
biomass. Stigmasterol (CNP0177659) and ergosterol (CNP0168945) 

were the only steroids observed in all F3 fractions, with potential anti
diabetic and antilipidemic properties.

Besides fatty acids and their derivatives, terpenoids, mainly carot
enoids and sesquiterpenoids, were the second most prevalent class of 
compounds. In the analyzed samples, the most abundant carotenoids 
were β-carotene (CNP0310085) and diatoxanthin (CNP0214183). After 
carotenoids, the most abundant terpenoids were sesquiterpenoids, 

Fig. 1. Pigments (Chlorophyll a (a), Chlorophyll b (b), total carotenoids (c), total pheophytins (d), pheophytin a (e) and pheophytin b (f)) detected in C. reinhardtii 
biomass dried at 40, 50, 60, 80, and 100 ◦C or lyophilized (L). The same letters above columns symbolize significant differences between the tested conditions (p <
0.05). ND – not detected.
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compounds with three isoprene units known to exhibit various biolog
ical activities (e.g., antidiabetic, antimicrobial, and cytotoxic) [42]. 
However, two terpenoid compounds were also observed in C. reinhardtii 
F4 fractions. One of them is parahigginol B (CNP0167282), a sesqui
terpenoid with the prediction of antilipidemic properties, detected in all 
C. reinhardtii F4 fractions besides the lyophilized one. The second one is 
didrovaltrate (CNP0293056), a monoterpenoid observed only in the 
50 ◦C F4 sample. In addition, both detected terpenoids exhibit potential 
antimicrobial properties. Phloroglucinol (CNP0274318), another com
pound observed only in F4 fractions, is an algal metabolite known for its 
antioxidant, antidiabetic, antimicrobial, and cytoprotective properties 
[43]. Overall, a noticeable decline in detected terpenoids was observed 
with an increase in the drying temperature of C. reinhardtii biomass.

Besides fatty acids and terpenoids, other identified classes of com
pounds were steroids, mainly ergosterols, and a polyketide Heterocornol 
F (CNP0072420). Thermolide C (CNP0354905) was the only macrolide 
in the analyzed samples, specifically the 40 ◦C F3 sample.

Bioactivity predictions, namely antioxidative, antidiabetic, anti
lipidemic, antimicrobial, and neuroprotective properties, were 
compared to the results of the conducted in vitro assays. Significant (p <
0.05) correlations were observed between the obtained experimental 
data and the number of detected unique compounds with the prediction 
of having antidiabetic and/or antimicrobial properties. In the case of 
antidiabetic properties, a moderate positive correlation (ρ = 0.61; S =
85.75) was observed between the obtained quantitative data and anti
diabetic activity predictions of the microalgal compounds. The number 
of detected unique compounds with the prediction of antimicrobial ac
tivity negatively correlated with the MIC results acquired for E. coli 
12241 and E. coli MG1665. The correlation in both cases was moderate, 
with rho values of − 0.68 (S = 369.3) and − 0.64 (S = 360.1), respec
tively. On the contrary, a positive correlation (ρ = 0.71; S = 64.54) was 
observed between K. pneumoniae MIC values and the number of detected 
compounds with antimicrobial predictions.

Overall, the results of Q-TOF analysis indicate that C. reinhardtii has a 
biological potential dependent on the applied post-cultivation process
ing method. However, the results of enzymatic assays conducted to 
assess the biological potential of C. reinhardtii suggest that this microalga 
has a greater potential which is not reflected in the available NP 
databases.

3.6. Biological activities of microalga C. reinhardtii

3.6.1. Antioxidative properties
Methods used to investigate the antioxidative properties of 

C. reinhardtii samples were based on different mechanisms. Specifically, 
the principle of the ORAC assay is based on the hydrogen atom transfer, 
whereas the FRAP method is based on the electron transfer. Mechanisms 

of ABTS and DPPH tests are the combination of the two already 
mentioned methods and are therefore also called mixed tests [31]. The 
results for F3 fractions (Fig. 3) show that the highest antioxidative ac
tivity, except for ORAC, was observed in the samples obtained from the 
biomass dried at 40 ◦C or lyophilized.

The differences among the samples are most prominently observed in 
results for ABTS (Fig. 3a) and DPPH (Fig. 3b), in which the highest 
antioxidative activities for the 40 ◦C F3 fraction were 284.49 ± 18.76 
mg TE/g fraction and 328.61 ± 37.13 mg AAE/g fraction, respectively. 
In comparison, the lyophilized F3 fraction exhibited antioxidative ac
tivities of 305.26 ± 10.37 mg TE/g fraction (ABTS) and 220.73 ± 9.43 
mg AAE/g fraction (DPPH). The FRAP assay results (Fig. 3c) indicate 
that the drying method of C. reinhardtii biomass does not cause notable 
differences among F3 fractions. Differences between the F3 fractions 
were more distinguishable using ORAC (Fig. 3d), according to which the 
lyophilized F3 fraction exhibited significantly lower (p < 0.0001) ac
tivity in comparison to the 40 ◦C and 50 ◦C F3 fractions. The lowest 
antioxidative activities were observed in the F3 fractions prepared from 
the biomasses dried at higher temperatures (80 and 100 ◦C), regardless 
of the used assay.

The results acquired for F4 fractions (Fig. 4) also show that the 
samples obtained from biomasses that were either dried at lower tem
peratures (40, 50, and 60 ◦C) or lyophilized have the highest anti
oxidative potential. Contrary to the F3 fractions, more pronounced 
differences in results were observed among all four assays. The results 
obtained after conducting ABTS (Fig. 4a) and DPPH (Fig. 4b) assays 
suggest that the 40 ◦C F4 sample has the highest antioxidative potential 
(159.58 ± 4.50 mg TE/g fraction and 326.43 ± 20.66 mg AAE/g frac
tion, respectively). FRAP results (Fig. 4c) show significantly higher 
antioxidative activity of the lyophilized F4 sample (p < 0.0001) in 
comparison to the other F4 fractions. On the contrary, the results ob
tained using ORAC (Fig. 4d) were not as striking as the FRAP results, but 
also suggest that the lyophilized F4 sample has the highest antioxidative 
activity.

3.6.2. Antidiabetic and antilipidemic properties
Results of the determination of antidiabetic and antilipidemic 

properties of C. reinhardtii fractions are presented in Fig. 5. All tested 
fractions caused inhibition of alpha-amylase, with F3 fractions exhibit
ing greater antidiabetic potential (Fig. 5a) compared to the F4 fractions 
(Fig. 5b). IC50 values obtained for all F3 fractions were lower than 100 
μg/mL, with 50 ◦C F3 having the lowest IC50 value of 67.76 ± 2.71 μg/ 
mL and the highest antidiabetic potential among all tested fractions. In 
the case of F4 fractions, the lowest IC50 value of 145.73 ± 1.65 μg/mL 
was obtained for 40 ◦C, followed by 60 ◦C (180.63 ± 1.75 μg/mL). 
Overall, the alpha-amylase inhibition rate of the F4 fractions declined as 
the drying temperature of the collected biomass increased, especially 
when temperatures above 60 ◦C were used.

C. reinhardtii fractions also inhibited the activity of pancreatic lipase. 
Among F3 fractions, the sample with the highest antilipidemic potential 
was the one prepared using biomass dried at 60 ◦C (IC50 = 138.87 ±
20.37 μg/mL) (Fig. 5c). Moreover, two F3 fractions (40 ◦C and lyophi
lized) and the lyophilized F4 fraction caused lipase inhibition at higher 
tested concentrations (>250 μg/mL), with the maximum inhibition of 
18.46 %, 10.15 %, and 22.05 %, respectively. Overall, higher IC50 values 
were obtained for most F4 fractions (Fig. 5d), indicating higher anti
lipidemic potential of C. reinhardtii F3 fractions.

3.6.3. Neuroprotective properties
Neuroprotective activities of F3 samples were not significantly 

different, with IC50 values ranging from 573.60 ± 58.62 to 786.97 ±
109.51 μg/mL. The only exception was 40 ◦C, the sample with the lowest 
neuroprotective activity. The latter had a significantly higher (p <
0.0001) IC50, which was approximately two times higher (1434.67 ±
128.81 μg/mL) than in other samples.

Table 1 
Total lipid content and the ratios of SFAs, MUFAs, and PUFAs detected in 
C. reinhardtii biomass dried at 40, 50, 60, 80, and 100 ◦C or lyophilized – L. The 
results are expressed as percentages of dry weight.

Sample Total lipid content ±
SD [%]

SFA ± SD 
[%]

MUFA ± SD 
[%]

PUFA ± SD 
[%]

40 ◦C 4.37 ± 0.97
46.46 ±

9.31 32.72 ± 7.27
20.82 ±
16.58

50 ◦C 5.25 ± 0.03 46.93 ±
0.25

10.29 ± 0.12 42.78 ± 0.36

60 ◦C 4.49 ± 0.01 27.21 ±
0.05

26.95 ± 0.00 45.84 ± 0.05

80 ◦C 5.67 ± 0.00
26.57 ±

0.03 27.14 ± 0.16 46.29 ± 0.13

100 ◦C 5.16 ± 0.18
21.71 ±

5.35 25.51 ± 1.52 52.78 ± 3.83

L 4.24 ± 0.18 45.82 ±
0.14

7.65 ± 0.22 46.53 ± 0.35
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3.6.4. Antimicrobial properties
Both F3 and F4 fractions had an antimicrobial effect on the tested 

bacteria, but at different concentrations. In most cases, C. reinhardtii 
fractions expressed higher antimicrobial effects on the Gram-negative 
bacteria (minimal MIC value was 0.10 μg/mL) than on the Gram- 
positive bacteria (minimal MIC value was 0.78 μg/mL). In addition, in 
the case of E. coli, lower MICs were determined in the MG1665 strain, 

except for the 50 ◦C F3 fraction (Table 2). Notable effects were also 
observed on K. pneumoniae, with MIC values ranging from 0.10 to 0.78 
μg/mL. Overall, F3 fractions mainly resulted in lower MIC values than 
the F4 fractions.

Fig. 2. Heatmaps showing the impact of the drying method (40, 50, 60, 80, and 100 ◦C or lyophilization – L) on the number of distinct compounds observed in 
C. reinhardtii F3 fractions (a) and F4 fractions (b). Color density indicates the number of specific compounds observed in C. reinhardtii samples.
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3.7. Zebrafish embryotoxicity test (ZET)

No adverse effects on zebrafish survival and development were 
observed following exposure to the 40 ◦C F3 fraction or any of the F4 
fractions, even at the highest tested concentration of 300 μg/mL. In 
contrast, exposure to other F3 fractions exhibited a dose-dependent in
crease in developmental toxicity. Specifically, after 120 h of exposure of 
embryos to the F3 fractions at concentrations above 150 μg/mL, 100 % 
mortality was observed. At 150 μg/mL, all F3 fractions, except for 40 ◦C, 
caused malformations in all embryos. Concentrations of F3 samples 
(besides 40 ◦C) below 150 μg/mL also caused malformations, mainly 
scoliosis, pericardial edema, and yolk sac abnormalities, with varying 
percentages that declined proportionally with the tested concentration. 
These adverse effects were not observed at the following concentrations 
of the 50 ◦C, 60 ◦C, 80 ◦C, 100 ◦C, and lyophilized F3 samples: 45, 80, 60, 
40, and 35 μg/mL, respectively. Zebrafish embryos in the control group 
(artificial water) developed normally, without any negative effects 
observed 120 h post-fertilization.

4. Discussion

The biotechnical potential of microalgae largely depends on culti
vation and post-cultivation processing conditions, which significantly 
affect biomass yield and chemical composition [44,45]. In previous 
studies, C. reinhardtii has been cultivated under various cultivation 
conditions (e.g., different media compositions, cultivation systems, pH, 
temperature, and light type/intensity), without comparing the effects of 

these parameters on microalgal productivity. Moreover, in most of these 
studies, different C. reinhardtii strains were used, making the comparison 
of biomass yield and productivity even more challenging. Consequently, 
all these difficulties resulted in an inability to provide a straightforward 
answer on which parameters yield the greatest C. reinhardtii produc
tivity. Therefore, we began this study by investigating different media 
compositions and illumination types to determine optimal cultivating 
conditions of C. reinhardtii. Cultivation in 3N-BBM+V medium and 
under white light (LED) resulted in the highest cell concentration and 
specific growth rate. Enhanced performance was attributed to higher 
nitrogen and phosphorus content, which are essential for algal meta
bolism and growth [46]. Although the modified BBM medium contains 
three times more nitrogen than standard BBM, this does not explain the 
lower growth observed in Jaworski medium. One of the possible reasons 
might be light limitation that occurs at high cell densities during 
photoautotrophic cultivation [47]. Moreover, nitrogen or phosphorus 
insufficiency was proven to cause inhibition of C. reinhardtii growth 
[48]. Since 3N-BBM+V contains a higher concentration of phosphorus 
(provided as orthophosphate) than Jaworski medium, the observed 
higher growth rates suggest that phosphorus concentration plays a key 
role. This was expected, as phosphorus is essential for cell metabolism, 
being a component of ATP, nucleic acids, and phospholipids [49]. In 
addition, we also observed that white LEDs result in a higher cell density 
and specific growth rate of C. reinhardtii cells compared to the red-blue 
light. While the cultivation of this strain has not been studied under 
these lighting conditions, similar findings have been reported for other 
microalgae. Hashmi et al. [50] observed enhanced growth of 

Fig. 3. Antioxidative properties of C. reinhardtii F3 fractions, obtained from the biomass dried at 40, 50, 60, 80, and 100 ◦C or lyophilized – L, determined using 
different methods: a) ABTS, b) DPPH, c) FRAP, and d) ORAC. The same letters above columns symbolize significant differences between the F3 fractions (p < 0.05).
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Chlorococcum sp. under white light, while Hultberg et al. [51] reported 
nearly two-fold higher biomass in Chlorella vulgaris cultivated under 
white light than colored light. However, several studies have also re
ported that blue or red light enhances cell density and specific growth 
rate in comparison to the use of only white light [50,52–57]. In addition, 
researchers have also evaluated the influence of blue and red light 
independently, as well as white light. For example, de Mooij et al. [58] 
showed a higher growth rate of C. reinhardtii CC-1690 cultivated under 
red or blue light than warm white light. Similarly, Li et al. [10] 
demonstrated temperature-dependent responses to light color in the CC- 
125 strain. On the contrary, Bialevich et al. [59] reported no significant 
effect of the light type on the growth of C. reinhardtii (CC–1690, wild 
type) cells. These inconsistencies are likely a result of differences in 
strain and cultivation conditions. Therefore, strain-specific optimization 
is essential before scaling up cultivation.

Following cultivation, drying/dewatering of the biomass is one of the 
most important downstream steps that significantly impacts the quality 
and profitability of the final product [60]. Biomass drying before solvent 
extraction is essential since excess moisture can reduce extraction effi
ciency [61]. Common drying techniques include sun drying, oven dry
ing, freeze drying (lyophilization), spray drying, and fluidized bed 
drying [21]. Among these, oven drying, typically conducted at 40–70 ◦C, 
is still one of the most commonly used methods for drying microalgal 
biomass [62]. Although lyophilization offers superior preservation of 
thermolabile compounds, it is expensive compared to conventional 
drying techniques [21].

In this study, C. reinhardtii biomass was dried using oven drying at 

various temperatures and lyophilization to assess the impact of drying 
methods on its chemical composition and bioactivity. Lyophilized 
biomass contained higher amounts of proteins, PUFAs (especially C18:2, 
C20:2, and DHA), chlorophylls, carotenoids, and pheophytin a 
compared to the oven-dried biomass. However, biomass dried at 40 ◦C 
exhibited a comparable profile to lyophilized material, indicating that 
low-temperature drying effectively preserves thermo-degradable com
pounds. Similar results were presented in studies investigating the 
impact of the applied drying technique on other green microalgae, such 
as Tetraselmis subcordiformis [60], Scenedesmus obliquus [63], and 
Chlorella sp. [64], which all reported superior retention of bioactive 
compounds following lyophilization or low-temperature oven drying. 
Also, Karmakar et al. [65] showed that lyophilization preserves Chlorella 
vulgaris bioactive compounds suspected of thermal degradation.

After drying, we prepared fractions from each C. reinhardtii biomass 
to investigate whether the applied drying treatments caused differences 
in the chemical composition and bioactive properties. Methanol and 
dichloromethane were used since they were shown to be the most 
suitable solvents for the extraction of bioactive compounds from com
plex matrices, such as algae, due to their polarity and ability to disin
tegrate cell membranes more efficiently than other commonly used 
solvents [60].

Firstly, Q-TOF analysis was conducted to identify bioactive com
pounds in F3 and F4 fractions, and analyze their bioactive properties 
within the COCONUT base. Greater quantities of compounds were 
detected in F3 than in F4 fractions, with the diversity and quantity of 
compounds declining as the drying temperature increased. Regardless of 

Fig. 4. Antioxidative properties of C. reinhardtii F4 fractions, obtained from the biomass dried at 40, 50, 60, 80, and 100 ◦C or lyophilized – L, determined using 
different methods: a) ABTS, b) DPPH, c) FRAP, and d) ORAC. Results are expressed as mean ± SD. The same letters above columns symbolize significant differences 
between the F4 fractions (p < 0.05).
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these variations, detected compounds can be classified into two groups: 
fatty acids and their derivatives, and terpenoids. The most abundant 
fatty acid derivatives were glycero(phospho)lipids, eicosanoids, and 
steroids. Glycero(phospo)lipids are complex lipids consisting of a glyc
erol base linked to fatty acid molecules (and a phosphate group) that 
have a role in membrane formation, intracellular signaling paths, and 
energy storage, and are considered a potential therapeutic agent for 
cancer or metabolic disorders [66,67]. Eicosanoids, lipid-based 

signaling molecules derived from 20‑carbon PUFAs [68], have been 
identified as anti-inflammatory and antimicrobial agents [69]. Since the 
solubility of steroids depends on their structure, their presence in the 
samples depends on the solubility of solvents used during extraction and 
fractionation processes [70]. In addition, stigmasterol and ergosterol are 
the most common phytosterols and are usually extracted using a two- 
phase solvent system [71]. Terpenoids are natural compounds derived 
from terpenes, compounds with a structure consisting of isoprene units 
[72]. Carotenoids, also known as tetraterpenoids, are natural pigments 
consisting of two classes: carotenes, compounds consisting only of car
bon and hydrogen atoms, and xanthophylls, which also include hydroxyl 
groups [73]. Overall, 40 ◦C and 50 ◦C F3 samples had the greatest 
bioactive potential based on the number of detected compounds with 
predicted bioactivity. To confirm or deny these findings, a series of in 
vitro and in vivo assays were conducted.

The antioxidative properties of the analyzed samples varied 
depending on the applied drying technique and the assay used to eval
uate antioxidative properties. Consistently across both F3 and F4 frac
tions, drying the biomass at higher temperatures (80 ◦C and 100 ◦C) 
resulted in a marked decline in antioxidant activity, irrespective of the 
assay employed. These findings underscore the critical role of biomass 
processing conditions in preserving the bioactive properties of 
C. reinhardtii fractions. Since the mechanisms of the used assays are 
based on different principles, the results differed. The highest anti
oxidative activity was observed in the 40 ◦C and lyophilized F3 samples 
according to the ABTS and DPPH methods. In the case of FRAP and 
ORAC methods, these two samples also had the best activity, but 

Fig. 5. Antidiabetic (a and b) and antilipidemic (c and d) activity of C. reinhardtii F3 and F4 fractions, obtained from the biomass dried at 40, 50, 60, 80, and 100 ◦C 
or lyophilized – L. Results are expressed as IC50 (mean ± SD) of the microalgal fractions. The same letters above columns symbolize significant differences between 
the tested fractions (p < 0.05). ND – not detected.

Table 2 
Antimicrobial activities of C. reinhardtii F3 and F4 fractions obtained from the 
biomass dried at 40, 50, 60, 80, and 100 ◦C or lyophilized – L. The results are 
expressed as MIC values (μg/mL).

Fraction and 
condition

MIC values (μg/mL)

S. aureus K. pneumoniae E. coli 
12,241

E. coli 
MG1665

F3 
fraction

40 ◦C 1.56 0.39 0.39 0.10
50 ◦C 3.13 0.78 0.20 0.39
60 ◦C 3.13 0.78 0.78 0.78
80 ◦C 0.78 0.78 0.20 0.10
100 ◦C 3.13 0.39 50.00 0.20

L 1.56 0.78 0.39 0.10

F4 
fraction

40 ◦C 3.13 0.39 50.00 0.78
50 ◦C 6.25 0.39 0.78 0.39
60 ◦C 3.13 0.10 1.56 0.78
80 ◦C 25.00 0.10 50.00 0.78
100 ◦C 3.13 0.20 50.00 1.56

L 50.00 0.39 50.00 0.78

T. Vujović et al.                                                                                                                                                                                                                                 Algal Research 92 (2025) 104354 

10 



differences between the samples were not as straightforward, suggesting 
that these assays may not be suitable for this type of sample. Also, a 
similar conclusion was previously reported, with one of the main issues 
being the limited solubility of the samples in the reaction mix. In 
particular, organic solvents, including methanol and DMSO, have been 
shown to influence the rate of the kinetic reaction used in ORAC assays 
[74]. In general, our results favor oven drying at lower temperatures 
(below 60 ◦C) to preserve antioxidative properties of C. reinhardtii. 
Similar results were also obtained for Spirulina platensis [62,75]. In 
addition, our results suggest that mixed tests, such as ABTS and DPPH, 
are more suitable for evaluating antioxidative properties of microalgal 
extracts or fractions. Our indications are supported by other studies that 
also recommend using these two assays [76,77].

The lowest IC50, determined after measuring alpha-amylase inhibi
tion, was observed in the 50 ◦C F3 sample, likely due to the presence of 
antidiabetic compounds such as sphingolipids (crucigasterin 277 
(CNP0262292) and obscuraminol A (CNPO277279)). Nevertheless, 
notable results were also obtained for other F3 fractions, with IC50 
values ranging between 80 and 90 μg/mL, presumably due to the 
presence of fatty acids and carotenoids [78]. F4 fractions exhibited 
higher IC50 values, indicating their lower antidiabetic potential. Also, 
samples dried at high temperatures (80 and 100 ◦C) resulted in an 
approximately two-fold higher IC50 than those dried at lower tempera
tures (≤ 60 ◦C). Despite the lack of studies investigating the antidiabetic 
activity of microalgae, terpenoids and steroids observed in several 
microalgal species (e.g., Nannochloropsis oculata, Chlorella vulgaris, 
Spirulina platensis, C. reinhardtii) are considered as main contributors to 
their antidiabetic properties [79,80]. IC50 values for pancreatic lipase 
inhibition (179.07–268.67 μg/mL for F3 and 223.53–446.85 μg/mL for 
F4 fractions) showed lower antilipidemic than antidiabetic potential of 
the fractions, indicating that the post-cultivation processing of the 
biomass has a greater impact on the antilipidemic properties. To our 
knowledge, studies investigating antilipidemic properties of microalgae 
using in vitro assays are very scarce. Still, some microalgae (e.g., Spir
ulina platensis, Chlorella vulgaris, Isochrysis galbana, Parachlorella beijer
inckii, Dunaliella, Porphyridium, and Nannochloropsis oculata) have shown 
hypolipidemic properties in different animal models, such as mice, rats, 
rabbits, chickens, and bucks, presumably due to the presence of EPA, 
DHA, γ-linolenic acid, and pigments such as phycocyanin, phycocya
nobilin, bilirubin, and biliverdin [81,82].

Among the analyzed bioactive properties, F3 fractions seem to have 
the lowest neuroprotective potential. Samples with the highest neuro
protective potential were those prepared from the biomass dried at 60 ◦C 
or lyophilized. Still, according to the classification of natural extracts/ 
fractions based on their potency to inhibit acetylcholinesterase, 
C. reinhardtii F3 fractions are considered low potency inhibitors (200 <
IC50 < 1000 μg/mL) [83]. Neuroprotective properties of several 
microalgal species, e.g., Nitzschia amabilis, Tisochrysis lutea, Dunaliella 
salina, Chlorella vulgaris, Spirulina platensis, Haematococcus lacustris, have 
been investigated, with results suggesting that carotenoids may be 
responsible for their activity [84]. However, none of those studies used 
the extraction and fractionation conditions presented in this paper, 
indicating that these methods may not be suitable for extracting com
pounds with neuroprotective properties, such as astaxanthin or lutein 
[85].

C. reinhardtii fractions inhibited the growth of all four tested bacteria, 
but the results varied based on the analyzed bacterial strain or sample. 
While F3 fractions exhibited higher antimicrobial activity than F4 
fractions, this was not the case for K. pneumoniae, where MIC values for 
F4 fractions were lower than for F3 fractions. Unexpectedly, a positive 
correlation was observed between K. pneumoniae MIC values and the 
number of detected compounds with potential antimicrobial properties, 
indicating that the greater number of compounds does not enhance the 
antimicrobial effect in the case of this bacterium. Moreover, 
C. reinhardtii fractions caused greater growth inhibition of Gram- 
negative than Gram-positive bacteria, regardless of the applied drying 

treatment and at very low concentrations, indicating their exceptional 
antimicrobial potential. Overall, the observed differences in MIC values 
can be attributed to the differences in their cell wall structures and the 
activity of efflux pumps, transport proteins positioned in the bacterial 
cytoplasmic membrane regulating the transport of toxic substances 
[86,87]. Previously, the antimicrobial activity of C. reinhardtii extracts 
was tested in several studies using the disk diffusion method, indicating 
potent antimicrobial activities against Gram-positive and Gram-negative 
bacteria [88,89]. This study extended these findings by determining MIC 
values for C. reinhardtii fractions. Besides, many microalgae exhibit 
antimicrobial properties, including Chlorella vulgaris, Isochrysis galbana, 
Scenedesmus sp., Dunaliella salina, Cosmarium sp., Coccomyxa onubensis, 
and Spirulina platensis [90–92].

ZET assay is a widely used method to evaluate the developmental 
and acute toxicity of substances, including microalgal samples. It as
sesses the effects on zebrafish embryos and larvae, providing insights 
into potential teratogenic and lethal outcomes. While in vivo studies 
using the ZET method to assess the toxicity of C. reinhardtii are still 
scarce, existing research on other microalgal species offers valuable 
context. For example, chloroform extracts of Plectonema and Tolypothrix 
have been reported to cause developmental abnormalities in zebrafish 
embryos at concentrations of 50 and 100 μg/mL [93]. Similarly, cya
notoxins derived from Nostoc sp., Desertifilum tharense, and Ana
gnostidinema amphibium induced pericardial edema, and tail and spine 
bending [94]. Indole alkaloids extracted from the Fischerella genus were 
also shown to be toxic for zebrafish embryos [95], as well as amphidi
nols from the microalga Amphidinium carterae [77]. However, bioactive 
exopolysaccharides from Porphyridium cruentum (purpureum) were not 
toxic at lower tested concentrations, but caused mortality at higher 
concentrations [96]. These findings underscore the importance of 
evaluating the toxicity of microalgal samples to ensure their safety for 
potential applications.

To our knowledge, in vivo studies of C. reinhardtii fractions on 
zebrafish embryos have not been conducted until now. Alvarez et al. 
[97] investigated the impact of C. reinhardtii after injection into D. rerio 
embryos, showing no significant inflammation. Our results showed that 
some of the F3 fractions (50–100 ◦C and lyophilized) caused develop
mental abnormalities at 150 μg/mL, indicating that these samples may 
also contain toxins. This result is somewhat expected since it was shown 
that the production of algal toxins may vary among strains [98]. In 
addition, microalgae are capable of producing polyketide-derived 
compounds which can cause malformations and death in fish [99]. 
Moreover, microalgae can also produce toxins with peptide, alkaloid, 
and alkyl-phenol structures [100]. Some of these compounds were 
detected in C. reinhardtii fractions, mainly those prepared from the over- 
dried biomass. However, one of the most biologically potent samples 
(40 ◦C F3) caused no abnormalities at the highest tested concentrations, 
showing that the drying of the biomass at 40 ◦C may be the most 
appropriate drying method for C. reinhardtii biomass.

Overall, our results indicate that low-temperature drying (< 60 ◦C) 
more effectively preserves key C. reinhardtii bioactive compounds, such 
as fatty acids and terpenoids, presumably due to shorter drying and 
reduced oxidative degradation. In general, freeze-drying is considered 
optimal for preserving bioactive compounds and minimizing thermal 
degradation [101]. However, longer drying times compared to low- 
temperature drying (< 60 ◦C) and extended exposure of oxidation- 
prone compounds, such as unsaturated fatty acids and terpenoids, to 
oxygen and moisture could potentially lead to degradation of bioactive 
compounds in lyophilized biomass and reduced bioactivity. To enhance 
the clarity of our results, we provided two radar charts showing the 
relationship between drying parameters, the number of detected com
pounds, bioactive properties, and toxicity of C. reinhardtii fraction 
(Fig. S3).

T. Vujović et al.                                                                                                                                                                                                                                 Algal Research 92 (2025) 104354 

11 



5. Conclusions

Results presented in this systematic paper provide valuable insight 
into the biological potential of microalga C. reinhardtii and the possi
bility for enhancing its properties through processing optimization. 
After the cultivation in optimized conditions, which include the 3N- 
BBM+V medium and warm white LED light, the chemical and biological 
properties of C. reinhardtii fractions prepared from differently processed 
biomasses were analyzed. Overall, lower drying temperatures (< 60 ◦C) 
are more effective in preserving the bioactive properties of C. reinhardtii 
in comparison to high-temperature drying or lyophilization. 
C. reinhardtii fractions demonstrated notable antidiabetic, antimicrobial, 
antioxidative, and antilipidemic properties. This drying method is also 
simpler and cheaper because it does not require the use of expensive 
vacuum systems and long drying times and is, consequently, more cost- 
efficient for the industrial production of functional foods and other 
products with C. reinhardtii. Our findings also present a great potential 
for competitive funding opportunities, particularly those supporting 
research within biotechnology and development of sustainable indus
trial processes. Overall, based on the results presented in this paper, 
after conducting various in vitro and in vivo assays, C. reinhardtii has a 
promising potential to be used in novel nutraceutical and pharmaceu
tical products. In addition, it is important that in future studies we 
identify additional fractions, investigate their bioavailability, and 
determine how functional microalgal compounds are metabolized in 
humans.
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T. Vujović et al.                                                                                                                                                                                                                                 Algal Research 92 (2025) 104354 

13 

https://doi.org/10.3390/md20010057
https://doi.org/10.3390/md20010057
https://doi.org/10.3390/antiox12040857
https://doi.org/10.3390/antiox12040857
https://doi.org/10.1016/s0021-9258(19)52451-6
https://doi.org/10.1016/s0021-9258(19)52451-6
https://doi.org/10.1016/j.fbp.2020.07.008
https://doi.org/10.1016/j.fbp.2020.07.008
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.3389/fmars.2022.822139
https://doi.org/10.3389/fmars.2022.822139
https://doi.org/10.3390/ijms22073380
https://doi.org/10.3390/ijms22073380
https://doi.org/10.1016/j.jff.2015.03.032
https://doi.org/10.1016/j.jff.2015.03.032
https://doi.org/10.3390/ph16070981
https://doi.org/10.3390/ph16070981
https://doi.org/10.1371/journal.pone.0086804
https://doi.org/10.1371/journal.pone.0086804
https://doi.org/10.1021/acschemneuro.7b00344
https://doi.org/10.1021/acschemneuro.7b00344
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0180
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0180
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0180
https://doi.org/10.1038/s41598-021-81789-1
http://www.oecd-ilibrary.org
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.4067/S0717-97072022000105445
https://doi.org/10.4067/S0717-97072022000105445
https://doi.org/10.1042/BST20210644
https://doi.org/10.1042/BST20210644
https://doi.org/10.3390/molecules28124874
https://doi.org/10.3390/molecules28124874
https://doi.org/10.1016/j.phytol.2015.09.007
https://doi.org/10.1016/j.phytol.2015.09.007
https://doi.org/10.3390/md21080450
https://doi.org/10.3390/molecules26030641
https://doi.org/10.3390/molecules26030641
https://doi.org/10.1016/j.algal.2019.101434
https://doi.org/10.1016/j.algal.2019.101434
https://doi.org/10.1016/j.chemosphere.2021.131366
https://doi.org/10.1016/j.chemosphere.2021.131366
https://doi.org/10.1186/s13068-018-1041-z
https://doi.org/10.1186/s13068-018-1041-z
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0245
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0245
http://refhub.elsevier.com/S2211-9264(25)00465-5/rf0245
https://doi.org/10.1016/j.biteb.2024.101966
https://doi.org/10.1016/j.biteb.2024.101966
https://doi.org/10.1016/j.biortech.2014.03.092
https://doi.org/10.1016/j.biortech.2014.03.092
https://doi.org/10.1016/j.biortech.2010.11.102
https://doi.org/10.1016/j.biortech.2014.03.113
https://doi.org/10.1016/j.biortech.2014.03.113
http://www.biosciencejournals.com
http://www.biosciencejournals.com
https://doi.org/10.3390/jmse10111752
https://doi.org/10.1016/j.matpr.2022.09.370
https://doi.org/10.3390/fishes8030124
https://doi.org/10.1016/j.algal.2016.01.015
https://doi.org/10.1016/j.algal.2016.01.015
https://doi.org/10.3390/cells11081293
https://doi.org/10.3390/cells11081293
https://doi.org/10.1186/s13068-023-02335-x
https://doi.org/10.1186/s13068-023-02335-x
https://doi.org/10.3390/foods13020352
https://doi.org/10.1016/j.fufo.2024.100420
https://doi.org/10.1016/j.fufo.2024.100420
https://doi.org/10.1016/j.biombioe.2019.105437
https://doi.org/10.1016/j.biombioe.2019.105437
https://doi.org/10.1016/j.jece.2021.106386
https://doi.org/10.1016/j.jece.2021.106386
https://doi.org/10.1016/j.heliyon.2024.e38441
https://doi.org/10.1016/B978-0-12-378630-2.00510-7
https://doi.org/10.1016/j.trsl.2017.06.006
https://doi.org/10.1016/C2020-0-01077-7
https://doi.org/10.1128/IAI.00095-21
https://doi.org/10.1039/c0sm00373e
https://doi.org/10.1002/jssc.201000577
https://doi.org/10.1002/jssc.201000577


[72] A. Masyita, R. Mustika Sari, A. Dwi Astuti, B. Yasir, N. Rahma Rumata, T. Bin 
Emran, F. Nainu, J. Simal-Gandara, Terpenes and terpenoids as main bioactive 
compounds of essential oils, their roles in human health and potential application 
as natural food preservatives, Food Chem. X 13 (2022) 100217, https://doi.org/ 
10.1016/j.fochx.2022.100217.

[73] S.E. Thomas, E.J. Johnson, Xanthophylls, Adv. Nutr. 9 (2018) 160–162, https:// 
doi.org/10.1093/advances/nmx005.

[74] J.R.B. Carvalho, A.N. Meireles, S.S. Marques, B.J.R. Gregório, I.I. Ramos, E.M. 
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