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Ultrasound-assisted processing of Chlorella vulgaris for enhanced protein 

extraction 

 

Gunda Hildebrand1 & Mahesha M. Poojary2 & Colm O’Donnell1 & Marianne N. Lund2,3 & Marco Garcia-Vaquero4,5 & Brijesh K. 
Tiwari1,4 

 

Abstract  
The green microalga Chlorella vulgaris is a promising source of proteins of high nutritional value for the food industry. The present 

study aims to improve the recovery of proteins and umami free amino acids from C. vulgaris by exploring the use of ultrasound 

following multiple approaches including ultrasound-assisted single solvent extraction, ultrasound-assisted sequential solvent ex-traction 

and ultrasound-assisted enzymatic extraction. Ultrasound-assisted single solvent extraction using an alkaline solvent during 10 min 

provided equivalent protein recoveries to those obtained in control experiments macerating the biomass during 18 and 24 h. Ultrasound-

assisted sequential solvent extraction using 0.4 M NaOH followed by 0.4 M HCl achieved a protein recovery of 79.1 ± 5.3%, 1.32-fold 

higher than the control experiments without ultrasound for 1 h. Ultrasound-assisted enzymatic extraction using lysozyme resulted in 

protein recoveries ranging from 33 to 42%, and these extracts also contained a high percentage of umami free amino acids. Ultrasound-

assisted enzymatic extraction with protease enhanced the recovery of proteins (58–82%), although the extracts had low percentage of 

umami free amino acids. The scanning electron microscopy imaging revealed that ultrasound-assisted solvent extraction and ultrasound-

assisted enzymatic extraction significantly changed the morphology of the cell surface. 
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Umami flavours 
 

 

1. Introduction 

 

Microalgae are a highly diverse group of unicellular microor-

ganisms found in fresh and saline water systems. This biomass 
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can be cultivated on a large scale, and it is currently considered a 

potential renewable and sustainable feedstock for biofuel 

production (Lee et al. 2019). Moreover, certain microalgal strains 

have been used as food or food ingredients due to their high 

nutritional value. Microalgae are excellent sources of 

macronutrients (proteins, lipids and carbohydrates) and 

micronutrients such as vitamins, pigments and minerals (de 

Morais et al. 2015; Wells et al. 2017). Owing to the promising 

dietary applications, microalgae are gaining popularity in the 

food industry, particularly in developing nutraceuticals, food 

ingredients and supplements (Poojary et al. 2016; Caporgno and 

Mathys 2018).  
Chlorella vulgaris is one of the major green microalgae 

species currently commercialized for bioenergy, feed and food 

applications. Chlorella vulgaris accumulates a remarkable 

amount of protein (about 40–58% dry weight (DW)) rich in 

essential amino acids compared with terrestrial plants (Safi et al. 

2013; Hayes et al. 2019). However, this protein content and 

amino acid composition is extremely variable depending on the 

cultivation conditions (light, temperature and CO2) and the 

growth stage of the microalgal culture (Ahmad et al. 2018 ). 

Chlorella vulgaris also contains lipids  



 
(polyunsaturated fatty acids), carbohydrates (starch, cellulose and 

glucans), pigments (chlorophylls and carotenoids), vita-mins 

(vitamin E, B and C) and essential minerals such as potassium, 

calcium, magnesium and iron (Safi et al. 2014b). Extracts from 

microalgae possess various biological proper-ties including 

antioxidant, antibacterial and anticarcinogenic properties (Kitada 

et al. 2009; Panahi et al. 2015; Ventura et al. 2018). Chlorella 

vulgaris biomass can be incorporated into various food products 

mainly as a protein ingredient or a colouring agent (Gouveia et al. 

2007; Hayes et al. 2017).  
Proteins from microalgae are usually recovered through 

conventional alkaline extraction followed by the precipitation of 

the protein fraction at the isoelectric points by acidifying the 

media (Safi et al. 2014b). Sequential extractions using multi-ple 

technological approaches (Garcia-Vaquero et al. 2019) or using 

several solvents sequentially (Kadam et al. 2017) have been 

successfully used to improve the extraction of high-value 

compounds from algae. The presence of a rigid cell wall in C. 

vulgaris hinders the extraction of intracellular proteins (Ursu et 

al. 2014). The conventional extraction of proteins from Chlorella 

spp. is time consuming as prolonged agitation is needed to 

achieve an appreciable recovery of compounds. Novel extraction 

techniques and protocols are needed to re-cover proteins from C. 

vulgaris. Lysis of the cell wall by mechanical, thermal, chemical, 

ultrasound and enzymatic treatments could significantly enhance 

the extraction efficiency of proteins from the biomass (Ursu et al. 

2014; Zhang et al. 2018a). Moreover, there is currently an 

increased interest in the food industry for alternative and 

sustainable sources of food flavouring agents. Previous reports 

emphasized the use of enzymatic extraction methods to recover 

proteins and flavour-active free amino acids (FAAs) from 

multiple sources (Poojary et al. 2017a), although the potential for 

microalgae as a source of food flavouring agents has not yet been 

explored. 
 

This study aims to investigate the effect of multiple ultra-sonic 

processing strategies to recover protein and umami flavouring 

amino acids from C. vulgaris by exploring: (1) the use of a single 

solvent (ultrasound-assisted single solvent extraction or UASE), 

(2) the sequential application of solvents (ultrasound-assisted 

sequential solvent extraction or UASSE) and (3) the enzymatic 

extraction (ultrasound-assisted enzymatic extraction or UAEE) of 

protein using food grade enzymes (lysozyme and protease). The 

efficiency of these procedures to break down the cell wall of C. 

vulgaris was also evaluated using scanning electron microscopy 

(SEM). 

 

The Netherlands. The microalgal biomass was dried using a 

steam heated drum dryer (135 °C), monitoring the microalgal 

drying film to not exceed 100 °C. The samples were stored at 

room temperature for extraction experiments and analyses. 

 

2.2 Chemicals and enzymes 

 

Citric acid monohydrate (99.8%) and hydrochloric acid (37%) 

were obtained from Fisher Scientific (Dublin, Ireland) and Acros 

Organics (Geel, Belgium), respectively. Anhydrous NaOH (≥ 

98%) and acetic acid (≥ 99%) were from Sigma Aldrich (Arklow, 

Ireland). The amino acid calibration standard mix (analytical 

standard grade) was from Sigma Aldrich (Copenhagen, 

Denmark). Acetonitrile (HPLC gradient grade) and methanol 

(HPLC gradient grade) were from VWR International (Søborg, 

Denmark). Protease AP-30L from Aspergillus niger (Enzyme 

Supplies Ltd., UK) and lysozyme from chicken egg white 

(protein ≥ 90 %, ≥ 40,000 units mg−1 protein) were supplied by 

Sigma Aldrich (Arklow, Ireland). The ultrapure water used in all 

the experiments was obtained using a Siemens UltraClear TWF 

UV (Siemens AG, Germany) or a Milli Q system (Millipore, 

USA). 

 

2.3 Ultrasonic equipment and extraction methodologies 

 

Several ultrasound apparatuses were used to elucidate the most 

efficient method of recovering protein and amino acids from C. 

vulgaris. An ultrasonic probe and temperature-controlled jacketed 

vessel were used to elucidate the effect of ultrasound during 

solvent extraction experiments (UASE and UASSE). The 

UIP500hdT generator and transducer (50– 60 Hz, Hielscher 

Ultrasound Technology, Germany) were employed at maximum 

power (100%) for 10 min in the case of solvent extraction 

experiments. The influence of the power of the ultrasonic 

treatment was investigated by varying the applied power from 0 

and 100%.  
The influence of ultrasonic frequency was also tested by 

employing an ultrasonic bath with ultrasonic frequencies ranging 

from 35 to 130 kHz (Fisherbrand Transsonic TI-H Ultrasonic 

cleaning system, Fischer Scientific GmbH, Germany) while 

controlling the temperature of the process by circulating water 

through a cooling bracket. All the extraction procedures were 

performed in duplicate following the procedures described below. 

 

2. Materials and methods 

 

2.1 Microalgal samples 

 

Axenic Chlorella vulgaris with a dry matter of 95.5% w/w were 

supplied by Nutress B.V., Phycom, Nijkerk,  

 

2.4 Ultrasound-assisted single solvent extraction 

 

Three different solvents, water (pH 7), HCl (0.4 M, pH 0.4) and 

NaOH (0.4 M, pH 13.6), were compared for their efficacy to 

extract proteins from C. vulgaris. In a typical extraction 

experiment, 20 g of sample were mixed with 200 mL of 



 

 

solvent and pre-treated with ultrasound as described above.  
The resultant extract was centrifuged at 8000×g for 15 min.  

Control experiments without ultrasound treatment were 

carried out by macerating the sample suspensions at 170 rpm and 

20 °C using an orbital shaker (Max Q 8000 shaker, Thermo 

Scientific, Ireland) during 2 or 18 h, followed by centrifugation. 

 

2.5 Ultrasound-assisted sequential solvent extraction 

 

UASSE was performed in two stages based on a method re-

ported by Kadam et al. (2017)). In the first stage, samples were 

mixed with 0.4 M NaOH (1:10 w/v) and then treated with 

ultrasound for 10 min followed by a centrifugation step (8000×g, 

15 min) to separate the pellet. In the second stage, this pellet was 

re-suspended in 0.4 M HCl (1: 10 w/v) and shaken for 1 h (170 

rpm, 20 °C) followed again by centrifugation. The supernatants 

from both stages were combined to determine the total protein 

content obtained in the sequential solvent extraction. A similar 

extraction was also performed by reversing the order of the 

solvents added to the biomass, wherein the first stage consisted of 

0.4 M NaOH followed by the second stage with 0.4 M HCl.  
Control experiments were carried out in a similar manner 

without the ultrasound treatment by shaking samples in an orbital 

shaker (170 rpm, 20 °C) for 1, 6 or 24 h with the first solvent 

while not altering the second solvent treatment (170 rpm, 20 °C, 

1 h). The supernatants containing the extracted proteins were 

separated from the residual biomass by centrifugation (8000×g, 

15 min) and combined to determine the amount of protein 

extracted. 

 

2.6 Ultrasound-assisted enzymatic extraction 

 

During UAEE, 2 g of sample were mixed with 3.25 mL lyso-

zyme (0.02% w/v) or protease (0.1% v/v) solution and 16.75 mL 

of buffers at pH 7.3 or 3.6 were added to the mixtures, 

respectively. The influence of ultrasonic power on the enzymatic 

activity of both mixtures was tested by treating the solutions 

using an ultrasonic probe (power ranging from 0 to 100%, for 10 

min), followed by 1 h of incubation in an orbital shaker at 170 

rpm and 50 °C to allow the enzymes to work. The effects of 

multiple ultrasonic frequencies and times of extraction on the 

recovery of proteins were tested in an ultra-sonic water bath (35 

to 130 kHz) during 1, 2 and 6 h (constant temperature: 50 °C). 

Control experiments were performed with the same incubation 

times and temperatures but without the addition of the enzymatic 

mixture or by extracting the samples in an orbital shaker without 

the application of ultra-sound. The supernatants containing the 

extracted proteins were separated from the residual biomass by 

centrifugation (8000×g, 15 min). 

 

2.7 Protein determination 

 

The protein contents of the full biomasses and supernatants 

obtained after performing multiple extraction procedures were 

analysed using a nitrogen analyser (FP628, LECO Corp., USA). 

The protein content was estimated from the nitrogen content of 

the samples by using the conversion factor 6.25 (Safi et al. 2013). 

All the measurements were performed in duplicate. The protein 

recovery obtained with different extraction methods is expressed 

as the percentage yield of protein extracted per total protein 

present in the biomass. 

 

 

2.8 Amino acid profiling 

 

Proteins present in the extract were precipitated by mixing 100 

μL of sample with an equal volume of 12.5% w/v trichloroacetic 

acid. The mixture was incubated at 4 °C for 1 h followed by 

centrifugation (10,000×g, 20 min). The resultant supernatant was 

neutralized with 1 M NaOH and then mixed with 50 μM 6-

aminocaproic acid (internal standard). The sample was filtered 

through 0.22-μm nylon membrane filter be-fore the FAA 

composition analysis. The analysis was carried out on a UHPLC-

FLD instrument (Thermo Ultimate 3000 RS, Thermo Scientific, 

USA) equipped with an Agilent AdvanceBio AAA column (100 

mm length × 3.0 mm internal diameter × 2.7 μm particle size, 

Agilent Technologies, USA) fitted to a guard cartridge. The 

mobile phase A was 10 mM Na2HPO4 in 10 mM Na2B4O7 

decahydrate (pH 8.2), and the mobile phase B was a mixture of 

acetonitrile, methanol and water (45:45:10, v:v:v). A flow rate of 

0.62 mL min−1 was applied with the following gradient program: 

0–0.35 min, 2% B; 0.35–13.4 min, 57% B; 13.4–13.5 min, 100% 

B; 13.5– 15.7 min, 100% B; 15.7–15.8 min, 2% B; 15.8–18.0 

min, 2% B. The fluorescence detection was carried out by setting 

an excitation wavelength of 340 nm and an emission wave-length 

of 450 nm. The FAAs in the samples were quantified based on an 

internal calibration method using authentic amino acid calibration 

standards. All the amino acid measurements of the samples were 

performed in triplicate. 

 

 

2.9 Scanning electron microscopy 

 

The structure of the original microalgal biomass and the pellets 

after protein extraction was analysed by acquiring images in a 

scanning electron microscope (FEI Quanta 3D FEG Dual Beam 

SEM (FEI, USA)). Prior to imaging, pellets were freeze-dried, 

powdered and coated on a 10 nm layer of gold film. Coating was 

performed by an Emitech K575X Peltier cooled sputter coater 

(Quorum Technologies, UK). The accelerating voltage and 

current applied during the imaging process were 5.0 kV and 5.92 

pA, respectively. 
 



 

 

2.10 Statistical analyses 

 

The statistical analyses were performed using SPSS version 23.0 

(IBM SPSS Statistics). The differences in the recovery of protein 

by multiple extraction procedures were analysed using general 

linear models and Tukey post hoc tests. In all cases, the criterion 

for statistical significance was P < 0.05. 

 

 

3. Results and discussion 

 

The total protein content of the initial biomass of C. vulgaris was 

24.31 ± 0.02 g per 100 g of dried biomass. The effect of different 

extraction methods on the recovery of proteins is described in the 

following sections. 

 

3.1 Ultrasound-assisted single solvent extraction 

 

The recovery of proteins from C. vulgaris ranged from 25.3 to 

76.6% depending on the extraction conditions used (see Fig. 1). 

The UASE in this study enabled a rapid recovery of proteins, and, 

in general, the extractions performed using ultrasound for 10 min 

provided yields equivalent or even higher than those obtained in 

the control experiments macerating the microalgal samples in 

solvents for 18 h. The highest yields of protein (76.6 ± 0.6%) 

were obtained using UASE for 10 min with 0.4 M NaOH, 

followed by the control treatment using the same solvent during 

18 h without ultrasound (73.6 ± 1.2%). 
 

Overall, the extraction using 0.4 M NaOH as a solvent 

allowed the highest recovery of proteins with or without the use 

of ultrasound. The protein recoveries obtained in water were 

slightly higher than when using 0.4 M HCl. The yield 

 

 

Fig. 1 Effect of ultrasonic 

(50– 60 Hz) treatment for 10 

min on the recovery of 

proteins compared with 

control experiments 

macerating the biomass 

without ultrasounds for 2 and 

18 h in 3 different solvents 

(water, 0.4 M HCl or 0.4 M 

NaOH). Result are expressed 

as average ± standard 

deviation of mean (SEM). 

Different letters indicate 

statistical differences (P < 

0.05) in protein recovery 

between extraction treatments  

 

of protein extracted when using control treatments without 

ultrasound was significantly higher when the maceration time 

was increased from 2 to 18 h, irrespective of the solvent used.  
Generally, proteins exhibit a lower solubility when the pH of 

the medium is closer to their isoelectric points. The higher 

recoveries of proteins with NaOH compared with water and HCl 

in this study could be attributed to an increased solubility of 

proteins in alkaline media. In a previous study, proteins extracted 

from the macroalga Himanthalia elongata showed minimum 

solubility at pH 2, with solubility increasing significantly at 

elevated pH and reaching a maximum at pH 12 (Garcia-Vaquero 

et al. 2017). Moreover, the alkaline sol-vents can also weaken the 

cell wall structure by disrupting the hemicellulose linkages (Safi 

et al. 2014a). Indeed, extraction of proteins under alkaline 

conditions followed by precipitation at their isoelectric pH is a 

widely applied technique to recover proteins from algae (Ursu et 

al. 2014; Parimi et al. 2015; Safi et al. 2015), while extraction 

processes with multiple algae with acidic solvents has mainly 

been used to obtain high yields of polysaccharides from the 

biomass (Garcia-Vaquero et al. 2018, 2019). 

 

The low extraction yields of proteins obtained when using 

water are comparable with the results obtained by Safi et al. 

(2014a)) who achieved yields of protein ranging from 5 to 25% 

from C. vulgaris using different homogenization techniques on 

the biomass. In the present study, dried samples of C. vulgaris 

were used to recover proteins. The drying process may have 

changed the structural integrity of the microalga, which could 

ultimately also have affected the extraction efficiency.  



 

 

3.2 Ultrasound-assisted sequential solvent extraction 

 

After the process of extraction using a single solvent, the re-

sidual pellet obtained by centrifugation still contained a sig-

nificant amount of proteins that could be re-extracted using a 

solvent of a different pH (see Fig. 2).  
The influence of solvents, time of extraction and techno-

logical treatment on the recovery of proteins from C. vulgaris 

was not statistically significant. However, in general, the alkali-

acid sequential extraction achieved approximately 5 to 15% 

higher yields than those obtained when reversing the order of the 

solvents during the extraction process, both in control and 

UASSE experiments (see Fig. 2). In control experiments using 

sequential extraction during 1 h, the protein recovery reached 

levels ranging from 50.3 to 59.8%, depending on the solvent 

combination used. The protein recovery increased using both 

alkali-acid and acid-alkali systems by increasing the extraction 

time to 6 h (61.4–76.9%); however, further increases in extraction 

time did not enhance the yields of protein. The UASSE with 0.4 

M NaOH followed by 0.4 M HCl provided a similar 

improvement in the recovery of proteins (79.1 ± 5.3%) when 

compared with the control treatments (6 and 24 h) and to UASE 

using an alkaline solvent alone (76.6 ± 0.6% in Fig. 2). It 

therefore became evident that sequential solvent treatment is not 

essential to improve recovery of protein from C. vulgaris.  
Previous studies using macroalga Ascophyllum nodosum 

reported recoveries of approximately 60% when using acid-alkali 

sequential extraction, which were higher than the protein 

recoveries of around 51% described when using alkali-acid 

(Kadam et al. 2017). The authors hypothesised that the initial acid 

extraction increased the release of cell wall 

 

Fig. 2 Effect of ultrasonic 

treatment using sequential 

solvent extraction alkali-acid 

(light grey) or acid-alkali 

(dark grey) on the recovery of 

proteins from  
C. vulgaris. The control 

experiments (1, 2 and 6 h) and 

ultrasonic extraction (10 min) 

refers to the first stage of the 

extraction pro-cess, while the 

treatment with the second 

solvent was kept constant (170 

rpm, 20 °C and 1 h). Results 

are expressed as average ± 

standard deviation of mean 

(SEM). No statistically 

significant differences were 

found in the recovery of 

protein amongst the different 

treatments 

 

polysaccharides, enhancing the solubilization of proteins in the 

alkaline solvent. The results of the current study could be 

attributed to a higher disintegration of the cell walls, mem-branes 

or organelle-bound proteins using an alkaline solvent as proteins 

from C. vulgaris have a different structure and chemical nature 

compared with other macroalgae. 

 

3.3 Ultrasound assisted enzymatic extraction 

 

In order to improve the recovery of proteins, two food grade 

enzymes (lysozyme and protease) were coupled with ultrasound-

assisted extraction. Lysozyme is a glycosidic hydrolase that 

cleaves peptidoglycan linkages in the algal cell wall (Kutter 

2001). This enzyme has previously been used in Chlorella species 

aiming to degrade the microalgal cell walls to increase the 

recovery of lipids and pigments (Gerken et al. 2013; Taher et al. 

2014; Al-Zuhair et al. 2017). The enzyme protease with exo- and 

endo-peptidase activity was used to hydrolyse structural proteins 

responsible for the integrity of outer cell walls of C. vulgaris. In 

earlier investigations, prote-ases were used to catalyse the cell 

wall disruption (Mahdy et al. 2014) and improve the recovery of 

lipids from C. vulgaris (Liang et al. 2012).  
Recent studies investigated the effect of ultrasound tech-

nologies in improving the efficiency of enzymes to recover high-

value compounds such as phenolic compounds, pigments, lipids 

and polysaccharides from multiple terrestrial plants and seeds 

(Tchabo et al. 2015; Chen et al. 2017; Li et al. 2017; Haji Heidari 

and Taghian Dinani 2018). The influence of ultrasound extraction 

parameters on the recovery of proteins was investigated by using 

multiple frequencies (35 and 130 kHz) (see Fig. 3) and by 

varying the ultrasonic power 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3 Effect of ultrasonic frequency (35 and 130 kHz) and 

enzymatic treatment time (1, 2 and 6 h) to recover proteins from 

C. vulgaris. Results are expressed as average ± standard deviation 

of mean (SEM). Different 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
letters indicate statistical differences (P < 0.05) in protein 

recovery between the extractions performed using lysozyme 

(light grey) and protease (dark grey) 

 

(0–100%) as seen in Fig. 4. According to suppliers, protease AP-

30L has an optimum pH range of 2.5–3.5 and temperature range 

of 45–55 °C, while lysozyme is active over a broad range of pH 

values (6 to 9) and temperatures (20–60 °C) (Sierra et al. 2017). 

Thus, the temperature of UAEE experiments was monitored and 

kept constant at 50 °C by using a jacketed beaker coupled to a 

cooling system to avoid the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4 Effect of ultrasound pre-treatment (50–60 Hz, 10 min) at 

various power settings (0, 20 and 100%) on the recovery of 

proteins from C. vulgaris following an enzymatic extraction 

using lysozyme (light grey) and protease (dark grey) for 1 h. 

Results are expressed as average ± standard deviation of mean 

(SEM). Different letters indicate statistical differences (P < 0.05) 

in protein recovery amongst all the extraction protocols used  

 

increase of temperature generated by ultrasound and to guarantee 

an optimum enzymatic treatment.  
No significant differences in protein recovery were observed 

between the ultrasound and control treatments, irrespective of the 

ultrasonic frequency and reaction time used. The main 

differences within each treatment group were due to the type of 

enzyme used, with protease extracts showing higher yields of 

protein recovery in all cases when compared with lysozyme (see 

Fig. 3).  
Ultrasonic power significantly influenced the enzymatic 

activity of both lysozyme and protease (Fig. 4). The application 

of a high power ultrasonic probe (50–60 Hz) pre-treatment to C. 

vulgaris provided significantly higher protein recoveries 

compared with control experiments without ultra-sound treatment 

for both lysozyme and protease. In case of experiments 

performed using multiple ultrasonic frequencies, the protein 

recovery was higher using protease compared with lysozyme. It 

appears that proteases hydrolysed the membrane proteins and 

improved the mass transfer of proteins from the intracellular 

space. The maximum protein recoveries (82.1 ± 1.1%) were 

achieved when a protease treatment was combined with a 10-min 

ultrasound pre-treatment (100% power).These were similar to the 

recoveries attained with alkali-acid UASSE applied for 10 min. 

This clearly indicates that, although enzymatic extraction in 

combination with ultra-sound treatments affects the extraction 

process, it cannot improve the protein recovery beyond a 

threshold value of approximately 80%. 



 

 

Recent studies have examined the advantages of enzymatic 

treatments to enhance the recovery of proteins from different 

microalgae species (Al-Zuhair et al. 2017; Safi et al. 2017; Sierra 

et al. 2017). Thereby, Al-Zuhair et al. (2017) showed that 

treatment of Chlorella strains with lysozyme for 16 h improved 

the recovery of proteins from the biomass, although a shorter 

treatment times of up to 4 h did not improve the yields of 

compounds extracted. The efficacy of the enzymatic treatments 

also varied depending on the treatment conditions, enzyme source 

and type and origin of the microalgal biomass (Al-Zuhair et al. 

2017; Safi et al. 2017; Sierra et al. 2017). To the best of our 

knowledge, this is one of the first studies exploring the effect of 

enzymes combined with ultrasound to recover proteins from 

microalgae. 

 

3.4 Amino acid composition 

 

The amino acid composition of the extracts generated using 

multiple extraction procedures is crucial to evaluate the nutri-

tional value, digestibility and functionality of the microalgal 

products extracted. The protein and amino acid composition of C. 

vulgaris have already been reported elsewhere (Chacón-Lee and 

González-Mariño 2010). In addition, the evaluation of FAAs in 

the microalgal extracts provides valuable informa-tion for the 

future use of these compounds as flavouring agents in the food 

industry. For example, free glutamic acid (Glu) and aspartic acid 

(Asp) have shown to elicit umami flavour in foods, and extracts 

rich in these amino acids could be used as flavouring ingredients 

in food formulation (Poojary et al. 2017a, 2017b).  
The extracts generated from C. vulgaris in the current study 

had relatively high percentages of umami-taste free amino acids 

(Asp and Glu) (see Fig. 5). These flavoured FAAs accounted for 

approximately 50% of the total FAA content of most of the 

microalgal extracts studied, irrespective of the solvent used. 

When using UASE, the highest recovery of umami FAAs from C. 

vulgaris was achieved by the 

 

maceration of microalgae in water without the use of ultra-sound 

for 1 h (52.32 ± 0.05%). Moreover, water was found to be the 

most suitable solvent to recover Asp and Glu when compared 

with 0.4 M HCl. These results are in agreement with previous 

studies carried out to optimize the recovery of umami FAAs from 

mushrooms (Poojary et al. 2017b). Poojary et al. (2017b) 

determined that water is a better solvent to recover flavoured 

FAAs from 6 edible species of mush-rooms when compared with 

the traditional extraction method using 0.1 M HCl.  
The enzymatic treatment of C. vulgaris influenced the re-

covery of umami FAAs. The extracts generated using lysozyme 

significantly increased the recovery of umami FFAs compared 

with the use of protease or UASE (see Fig. 5). Previous studies 

also reported the use of enzymes, such as Flavourzyme and 

papain, to hydrolyse proteins from mush-rooms and tomato seed 

meal to isolate flavour-active FAAs (Zhang et al. 2015; Poojary 

et al. 2017a). However, the application of ultrasound combined 

with enzymes had little or no effect on the percentage of umami 

FAAs recovered. 

 

3.5 Scanning electron microscopy analyses 

 

SEM analyses were performed on the microalgal residues after 

the extraction process to visualize the surface morphology of the 

control, UASE and UAEE-treated cells. SEM is an effective tool 

to investigate the structural changes such as disruptions of outer 

cell membranes and collapse or aggregation of cells (Zhang et al. 

2018b). Apart from the treatments carried out in this study, the 

drying of the raw material may also have been a factor affecting 

the specific surface morphology of the cell tissue. Untreated C. 

vulgaris samples showed a uniform size and distribution of cells 

(Fig. 6). On the other hand, cells treated with various solvents 

(acidic or alkaline) or enzymes showed swelling and irregular 

aggregations that could be attributed to an increased flow of 

solvent through the cells and a more efficient extraction of 

proteins (Ferreira 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 Percentage of umami free amino acids (FAAs) of C. 

vulgaris extracts obtained following single solvent and enzyme-

assisted extraction treatments. Results are expressed as average ± 

standard deviation of mean (SEM). Different letters indicate 

statistical differences (P < 0.05) in the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

percentage of umami amino acids amongst different extraction 
methods. Absolute concentration values of each FAA is given in 

Supplementary datasheet Table S1  



 



 

 

Fig. 6 Scanning electron microscope images of the surface of 

untreated and treated C. vulgaris cells. The treatments of the 

images are UASE using the solvents water (I), HCl (II) and 

NaOH (III) in control treatments during 2 h (A) and 18 h (B) and 

with ultrasounds for 10 min (C). UAEE-treated samples with 

lysozyme (IV) and protease (V) in control treatments during 2 h 

(A) and 6 h (B) and pre-treated with ultrasounds (C). The 

magnification of all the images is 25,000× 

 

et al. 2016). In addition, the enzyme-treated samples showed 

smoother surfaces compared with UASE samples, indicating the 

lytic activity of enzymes on the cell surface. UAEE-treated 

samples exhibited an increased aggregation or deposition ag-

gregations on the cell surface. However, the breakage of cell 

walls could not be visualized clearly in the SEM images. Similar 

modifications of the cell surface were also appreciated by Gerken 

et al. (2013) when the biomass was treated with lysozyme. These 

changes in C. vulgaris could be due to the breakage of the 

peptidoglycan-like bonds in the cell walls caused by lysozyme, 

although the modifications could also have been too small to be 

identified using SEM (Gerken et al. 2013). 

 

 

4. Conclusions 

 

Overall, this study shows that ultrasound processing is an 

effective tool for rapid extraction of soluble proteins from C. 

vulgaris. The highest protein recoveries were obtained when 

UAEE was carried out with proteases. Although ultra-sound 

processing can be combined with sequential solvent extraction 

and lytic enzymatic treatments to improve the re-covery of 

proteins, these methods create additional production costs. 

Taking this into account, alkaline UASE could be the method of 

choice, as it is a less complex, and thus less costly, while still 

providing a comparable protein recovery to the other investigated 

methods. Furthermore, the extracts obtain-ed from C. vulgaris 

had relatively high amounts of umami FAAs and could thus be 

used as a promising source of flavour ingredients for new food 

product formulations. Further senso-ry evaluations will be needed 

in order to investigate the via-bility of C. vulgaris extracts as a 

source of new flavours for the food industry. Future research 

must also focus on the scalabil-ity of ultrasound processing of C. 

vulgaris to recover proteins and flavour compounds as well as to 

characterize extracts according to their quality and nutritional 

value. 
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Supplementary material 1 

 

Table S1 Concentration of free amino acids (FAAs) in extracts obtained under various experimental conditions (nmol/mL). § 

 

§ The % of umami FAAs is shown in Figure 5. See manuscript for additional details on the treatment conditions. LoQ is 1 nmol/mL for each amino acids. Cys, Pro and Hyp were not 

analysed due to analytical limitations. 

Solvent/enzyme Treatment Time Asp Glu Ser His Gly Thr Arg Ala Tyr Val Met Trp Phe Ile Leu Lys Total umami FAAs (Asp+Glu)TOTAL FAAs

Control 1 h 571.5 ± 2.3 1683.5 ± 9.9 69.2 ± 3.1 15.7 ± 0.6 152 ± 0.8 148.3 ± 0.8 109.1 ± 2 1274.9 ± 9.4 25.4 ± 0.2 78.9 ± 1.4 20.8 ± 0.6 4.1 ± 0.3 32.2 ± 8.5 ND 23.5 ± 1.9 101.3 ± 0.6 2255 ± 12.2 4310.4 ± 25.5

US (100% power)10 min 26.6 ± 0.8 1685.9 ± 19.1 175.8 ± 1.6 10.2 ± 0.2 121.8 ± 1.2 217.1 ± 2.4 131.1 ± 1.7 1227.7 ± 15.8 30.3 ± 0.8 88.6 ± 0.3 19.3 ± 0.1 2.4 ± 0.1 28.6 ± 0.3 16.4 ± 0.5 47.4 ± 0.6 110.5 ± 2.7 1712.5 ± 19.9 3938.8 ± 47.8

Control 1 h 153.4 ± 9.1 1565.9 ± 22 181.5 ± 1.9 9.7 ± 0.2 134.9 ± 6.3 194.1 ± 15.1 158.9 ± 0.5 1199.3 ± 9.8 31.7 ± 1.6 80.2 ± 1 10.4 ± 0.4 ND 31.9 ± 0.4 14.5 ± 0.3 47 ± 0.5 126.1 ± 1.5 1719.3 ± 31.1 3939.7 ± 50.6

US (100% power)10 min 144.3 ± 1.9 1586.3 ± 37.3 194.5 ± 4.2 7.9 ± 2.4 130.3 ± 3 206.1 ± 1.3 157.4 ± 1.7 1233.5 ± 35.5 31.8 ± 1 82.2 ± 0.4 10.3 ± 1.8 ND 26.3 ± 5.1 11 ± 5.1 46.5 ± 0.5 126.4 ± 1.9 1730.6 ± 39.2 3988.5 ± 53.1

Control 1 h 849.4 ± 5.6 1499 ± 9.6 ND ND 646.9 ± 1.5 159.7 ± 1.4 88.1 ± 0.7 1102.9 ± 3.5 17.3 ± 0.6 141.9 ± 1.1 9.5 ± 0.1 0.2 ± 0.2 ND 12.4 ± 0.3 44.9 ± 0.6 109.5 ± 0.9 2348.4 ± 15.2 4993.6 ± 16.2

US (100% power)10 min 1120.3 ± 36.2 1872.5 ± 50.8 325.2 ± 8.9 0.3 ± 0.3 826.7 ± 11.2 192.5 ± 5.4 109.4 ± 3 1340.2 ± 31 19.7 ± 1.1 137.3 ± 14 21.9 ± 0.4 1.7 ± 0.8 5.2 ± 0 16.1 ± 1.2 51.7 ± 1.5 127.9 ± 2.4 2992.9 ± 87 6164.5 ± 136.5

Control 1 h 176.3 ± 1.5 652.2 ± 4.2 27.5 ± 1.2 ND 127.9 ± 0.4 128.3 ± 0.8 24.5 ± 0.3 514.4 ± 1.2 ND 46.7 ± 0.4 ND ND ND 0.1 ± ND 13 ± 0.4 ND 828.5 ± 5.7 1710.8 ± 9.3

Control 2 h 401.9 ± 4.9 731.8 ± 4.9 53.2 ± 2.3 ND 90.2 ± 0.7 116.5 ± 0.6 19.8 ± 0.4 326.9 ± 1.7 2.3 ± 0 32.2 ± 0.3 ND ND 0.4 ± 0.1 1.5 ± 0.1 9.1 ± 0.1 ND 1133.7 ± 9.7 1785.8 ± 13.7

Control 6 h 740.5 ± 3.9 1196.4 ± 4.5 100.8 ± 1.7 1.1 ± 0.1 121.8 ± 121.8 184.9 ± 0.3 75.6 ± 0.4 958.1 ± 1.1 ND 93.4 ± 0.2 ND ND 8.4 ± 0.1 11.8 ± 0.1 31 ± 0.2 ND 1936.9 ± 8.4 3523.7 ± 9.5

US 35 kHz 1 h 453 ± 11.1 1041.5 ± 18.9 66.6 ± 1.3 < LoQ 138.8 ± 1.5 169.4 ± 4.3 63.6 ± 0.8 836.2 ± 13 ND 74.9 ± 1.6 5.7 ± 0.2 ND 5.1 ± 0.7 7.5 ± 0.5 20.1 ± 0.5 ND 1494.5 ± 30 2883 ± 54.2

US 35 kHz 2 h 291 ± 3.6 628.7 ± 5 31.5 ± 0.5 ND 84.6 ± 0.7 101.8 ± 0.8 22.4 ± 0.5 531.9 ± 3.3 5.2 ± 0 51.6 ± 0.8 ND ND ND ND 12.6 ± 0.1 ND 919.7 ± 8.6 1757.9 ± 13.6

US 35 kHz 6 h 153.2 ± 2.5 280.8 ± 2.7 22.5 ± 0.4 ND 33 ± 0.2 46 ± 0.5 14.1 ± 0.1 236.4 ± 2.4 ND 23 ± 0.3 ND ND 1.1 ± 0 1.9 ± 0.1 6.6 ± 0.1 ND 434 ± 5.2 818.8 ± 8.6

US 130 kHz 1 h 98.2 ± 0.5 411.8 ± 3 16 ± 0.4 ND 94.6 ± 3.6 77.1 ± 9.6 15.2 ± 4.4 322.1 ± 74.7 ND 29.2 ± 7.3 ND ND ND ND 6.3 ± 2.8 ND 510.1 ± 3.5 1068.5 ± 93.1

US 130 kHz 2 h 124 ± 2.3 291 ± 4.2 15.2 ± 0.7 ND 50.5 ± 0.2 53.5 ± 1 11 ± 0.4 269.5 ± 2.5 ND 26.3 ± 0.6 < LoQ ND ND 0.3 ± 0.2 ND ND 414.9 ± 6.5 841.3 ± 11.7

US 130 kHz 6 h 145.3 ± 0.7 319.5 ± 1 19.8 ± 0.4 ND 54.6 ± 2.1 50.1 ± 4.4 13.6 ± 0.3 284.5 ± 2.2 ND 26.5 ± 0.1 < LoQ ND ND 0.1 ± 0 6.5 ± 0.1 ND 464.8 ± 1.7 920.7 ± 4.8

Control 1 h 107.2 ± 1.8 298.7 ± 4.2 98.5 ± 0.7 29.6 ± 0.2 88 ± 0.3 84.6 ± 1 169 ± 2.1 338.3 ± 4 94.9 ± 0.9 64.6 ± 2.4 37.2 ± 0.4 26.2 ± 0.2 100.1 ± 1.5 21.6 ± 0.3 222.6 ± 2.9 142.1 ± 1.9 406 ± 6 1915.9 ± 32.8

Control 2 h 497.4 ± 9.6 1395.5 ± 25.7 427.9 ± 4.2 148.9 ± 0.2 354.3 ± 5.6 363.1 ± 3.3 788.6 ± 11.2 1505.4 ± 28.1 446 ± 4.7 291.6 ± 3.9 188 ± 2.9 127.1 ± 0.8 485.6 ± 6.5 96.4 ± 0.3 1048.3 ± 16.9 685.2 ± 11.8 1892.9 ± 35.3 8849.3 ± 134

Control 6 h 518.4 ± 14.1 1407 ± 33.4 484.4 ± 6.1 177.2 ± 1.1 472.9 ± 4.7 386.7 ± 5.3 941.6 ± 16.9 1622.1 ± 32.2 519.7 ± 7.5 314.8 ± 6.5 252.7 ± 5.3 157.7 ± 1.9 559.8 ± 9.9 109.8 ± 1.3 1298.9 ± 21.8 830.5 ± 18.7 1925.4 ± 47.4 10054.1 ± 186.6

US 35 kHz 1 h 548.6 ± 14 1991.3 ± 33.5 583.1 ± 8.9 229.5 ± 8.6 509.1 ± 7.5 436 ± 5.8 1156.8 ± 26.7 2060.2 ± 40.3 580 ± 9.7 286.5 ± 3.7 274.5 ± 4.2 136.2 ± 6.2 641.7 ± 8.1 91.4 ± 33.5 1485.6 ± 22.8 1086.3 ± 12.1 2539.9 ± 47.6 12097 ± 210.2

US 35 kHz 2 h 66.9 ± 11 233.8 ± 38.4 69.5 ± 11 29 ± 3.9 69.7 ± 13.2 42.5 ± 4.5 149.3 ± 20.9 244.3 ± 36.2 72.1 ± 7.3 35.7 ± 2.5 36.4 ± 3.6 19.2 ± 2.1 74.1 ± 10.6 14.7 ± 1.5 181.9 ± 27.3 132.4 ± 20 300.7 ± 49.4 1471.5 ± 206.5

US 35 kHz 6 h 257.9 ± 3.6 727.9 ± 7.4 240.1 ± 1 104.8 ± 0.2 248.3 ± 17.1 166.8 ± 36.1 542.4 ± 3.7 839.3 ± 7.8 286.8 ± 2.1 146 ± 2.3 151.8 ± 1.2 90 ± 0.7 307 ± 1.9 56.8 ± 0.8 722.9 ± 6.9 475.3 ± 3 985.8 ± 11 5364 ± 57.4

US 130 kHz 1 h 294.2 ± 16.8 1348 ± 85.9 367.3 ± 17 137.9 ± 2 310.8 ± 9.1 263.4 ± 58.5 689 ± 20.8 1313.8 ± 71.3 317.4 ± 6.1 199.1 ± 3.7 153 ± 9.5 23.1 ± 30.6 317.6 ± 10.8 82.2 ± 7 766.1 ± 47.1 641.1 ± 35 1642.1 ± 102.7 7224.1 ± 366.4

US 130 kHz 2 h 492.5 ± 103.8 1803 ± 369.3 520.5 ± 94.1 200.4 ± 33.5 446.4 ± 71 402.7 ± 69.9 1053.5 ± 181.8 1842.9 ± 344.9 526.6 ± 74.9 276.2 ± 39.4 254.7 ± 32.8 128.1 ± 7.7 558.6 ± 103.2 106.6 ± 11 1310.3 ± 256.9 68.3 ± 4.1 2295.5 ± 473.1 9948.7 ± 1860.6

US 130 kHz 6 h 531.9 ± 3.8 1773.2 ± 13.7 502.4 ± 4.4 212.7 ± 0.9 432.2 ± 1.2 404.8 ± 3.5 1139.9 ± 8.1 1833.4 ± 16.1 516.3 ± 1.8 288.5 ± 1.7 285.8 ± 3 131.9 ± 0.2 588.5 ± 3.2 110.1 ± 0.1 1450.8 ± 12.8 945.1 ± 9.9 2305.1 ± 17.5 11147.5 ± 62.1

Lysozyme
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HCl

Water


