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Abstract
On the basis of determining isoelectric point of algae residue protein obtained from Scenedesmus dimorphus, this study 
investigated the effects of pH values, ratio of liquid to solid, extraction temperature and time on protein extraction rates, 
and assessed the nutritional value of protein extracted from microalgae residues. The results from orthogonal experiments 
revealed the optimum conditions for extracting proteins from algal residues (pH: 12; liquid-to-solid ratio: 40 mL/g; extrac-
tion temperature: 45 ℃; extraction time: 140 min). It was observed that under the optimal conditions, the protein extraction 
rate was 40.13%. Essential amino acids account for 44.3% of the proteins obtained from algal residues. The content of anti-
nutritional factors in algal residues was significantly reduced, and the digestibility of algal residue proteins was higher than 
the digestibility of algal powder. This indicated that algal residues could be an ideal source of proteins for humans.
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Introduction

Microalgae are classified as photosynthetic microorganisms, 
and these are characterized by high photon-to-biomass con-
version efficiency. They also exhibit strong environmental 
adaptability and can utilize light energy to efficiently fix 
carbon dioxide and synthesize organic substances such as 
protein, polysaccharides, lipids, and pigments [1]. These 
properties increase the application prospects of microalgae, 
and they find their applications in various industries such 
as food, medicine, and fine chemicals [2–5]. Researchers 
have focused on identifying alternate energy sources as the 
content of crude oil, coal, and other fossil fuels are continu-
ously decreasing over the years. In this regard, microalgae 
have attracted immense attention as they can be potentially 
used as raw materials in the field of biodiesel production 
[6, 7]. Microalgae contain a large amount of unsaturated 
fatty acids in their lipids as they fall under the category of 
submerged plants that grow under anoxic conditions, and 

these are important sources of edible oil [8]. Unlike the tra-
ditional sources of vegetable oils (such as maize and soy 
crops), microalgae can be cultivated using seawater, alkaline 
water, or semi-alkaline water, in saline-alkali land or mud-
flats. Moreover, they do not compete with food crops for 
arable land and freshwater [9]. Therefore, the mass cultiva-
tion of microalgae is an effective way to obtain biological 
resources that can help reduce carbon emissions.

The growth of the algae-based industry can be attributed to 
the abundance of microalgal residues present in nature. Algal 
residues are generated during the process of oil extraction, 
and these account for 70% of the microalgal biomass. The 
primary constituents of the algal residues include protein, car-
bohydrates, and oils [10]. The high protein content (> 50%) 
has given microalgae residues great application potential in 
the development of protein-based foods. Whole-cell proteins, 
protein concentrates, protein isolates, protein hydrolysates, and 
bioactive peptides can be obtained from microalgal proteins 
by tuning the processing method [11, 12]. Microalgae-based 
proteins can also provide interesting technological functionali-
ties for the food industry. It is noteworthy that the emulsifying 
ability and stability of proteins extracted from Chlorella vul-
garis are comparable to the emulsifying ability and stability of 
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commercial emulsifiers [13]. The full utilization of microalgal 
residues that are rich in nutrients can potentially help reduce 
the wastage of resources while minimizing the production cost 
of algae-based biodiesel or edible oils [14, 15]. To the best of 
our knowledge, there are no reports on the high-value develop-
ment and commercial application of algal residues.

Currently, various techniques, such as the alkali-extraction 
and acid-precipitation [16], enzyme decomposition [17], 
reverse micellar extraction [18], salt-soluble protein extraction 
[19], ultrasonic protein dissolution promotion [20], organic 
solvent extraction, and membrane-based separation [21, 22], 
are used to extract proteins from plant tissues. The method of 
alkali-extraction and acid-precipitation is the most widely used 
protein extraction method. Though the applicability of this 
method is limited by the long extraction time and the consump-
tion of a large amount of energy, this method is easy to operate 
and control. The method is cost-effective, and high extraction 
efficiency can be achieved. Thus, this method is suitable for 
mass production of edible oil. This method remains the main-
stream industrial method for the extraction of proteins from 
vegetation [23]. Protein extraction under conditions of alkaline 
solubilization and acid-precipitation proceeds via the breakage 
of hydrogen bonds present between protein molecules under 
highly alkaline conditions. This increases the surface charge 
of protein molecules, resulting in an increase in the solubility 
of proteins. When the pH of the protein solubilizing solution 
is adjusted to the isoelectric point of the protein, the protein 
molecules aggregate and precipitate as the surface hydration 
and electric double layers are damaged under these conditions. 
This method has been used to separate high-quality protein 
from tea leaves, seeds of kiwi fruits, rice bran, sporophore of 
Coprinus comatus, and other plant parts [24–27].

Scenedesmus dimorphus is an important oil-producing 
microalgal species, the lipid content in which is ≥ 50% under 
certain inducing culture conditions. The lipid content in this 
species is significantly higher than the lipid content of most 
of the commercialized species of algae [28, 29]. It is known 
that S. dimorphus is also rich in proteins. We extracted lipids 
from S. dimorphus using a mixed solvent system consisting 
of ethanol and n-hexane, as high oil extraction rates and high 
retention rates for proteins and total sugar can be achieved post 
oil extraction using this solvent system [30, 31]. The compo-
sition of the algal residues obtained post oil extraction was 
analyzed, and the algal residue protein was prepared following 
the method of alkali-extraction and acid-precipitation. We also 
investigated the factors influencing the protein extraction rate, 
optimized the process conditions, and assessed the nutritional 
value of the extracted proteins. The results reported herein can 
potentially provide a reference for the high-value utilization of 
microalgal residues.

Materials and methods

Algal species culture

The species of Scenedesmus dimorphus was obtained from 
Qingdao Institute of Bioenergy and Bioprocess Technol-
ogy, Chinese Academy of Sciences. And it was cultured in 
the homemade 300 L airlift photobioreactor using BG11 
medium [32] in the laboratory under the following condi-
tions: temperature of 25 °C, light intensity of 100 μmmol/
(m2·s), 24 h continuous light, gas content of 0.1 vvm, and 
2%  CO2 volume ratio in the gas [30].

Preparation and analyzing the fractions of algal 
residues

The solution of algae cultured for 7 d was collected and cen-
trifuged at 5000 r/min for 10 min. The microalgal biomass 
obtained after removing the liquid supernatant was washed 
with distilled water, following which it was freeze-dried 
to obtain the algal powder. The powder was wall-broken 
under ultrasonic conditions using a mixed solvent system 
(ethanol:n-hexane = 3:2, v/v). The process of extraction was 
continued for 4 h, following which the extract was centri-
fuged at 5000 r/min for 5 min, and the organic solvent was 
removed. Subsequently, the precipitate was dried in an oven 
at 60 °C to obtain the algal residues [30].

Technical flow process involved with the extraction 
of algal residue proteins

The process of protein extraction from algal residues has 
been outlined in this section. First, the algal residues were 
isolated based on the liquid-to-solid ratio, and the isolated 
extracts were leached using an alkaline solution. Next, the 
residues were centrifuged at 5000 r/min for 5 min to obtain 
the liquid supernatant, and the pH of the supernatant was 
adjusted to the isoelectric point of the protein using dilute 
sulfuric acid. The process of precipitation was allowed to 
proceed for 1 h. Following this, the supernatant was cen-
trifuged at 5000 r/min for 5 min and subsequently rinsed 
and precipitated twice using steamed water. The sample was 
freeze-dried to obtain the algal residue protein. The protein 
extraction process is illustrated in Fig. 1, and the protein 
extraction rate (%) is calculated using Eq. (1) as follows:

(1)
Pr otein extraction rate (% ) =
Amount of protein in extracting liquid (mg)
Amount of protein in algal residue (mg)

× 100% .
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Determination of the isoelectric point of the algal 
residue protein

The supernatant obtained following the extraction of the 
microalgal residue protein was divided into several portions. 
The pH of the isolated portions was adjusted in the range of 
3.6–5.0. The supernatant was allowed to set for 1 h, follow-
ing which it was centrifuged at 5000 r/min for 5 min. The 
protein contents in the supernatant (before and after acid 
deposition) were determined to calculate the protein residual 
rate. The pH value corresponding to the minimum protein 
residual rate is the isoelectric point of the algal residue pro-
tein. The protein residual rate (%) is calculated as follows:

Assessing the nutritional value of the algal residue 
protein

The composition and the content of the amino acids in algal 
residue protein were determined using an automatic amino 
acid analyzer. According to the standard amino acid scoring 
pattern and the amino acid pattern of the whole egg protein 
[33, 34], the amino acid score (SA) and essential amino acid 
index (IEA) were calculated as follows:

where P1, P2, P3, …and Pn denote the amino acid contents 
in the algal residues (%), P1E, P2E, P3E, … and PnE denote 
the contents of the essential amino acids in the whole egg 
protein (%), and n denotes the number of essential amino 
acid varieties analyzed.

(2)Protein residual rate (%) =
Protein mass in the supernatant before acid deposition (mg)

Protein mass in the supernatant after acid deposition (mg)
× 100% .

(3)

S
A
=
Amino acid content in 1 g crude protein of algal residue

Amino acid content in 1 g crude protein of reference diet
× 100

(4)I
EA
=

n

√

P1

P1E

×
P2

P2E

×
P3

P3E

× ⋅ ⋅ ⋅ ×
P
n

P
nE

× 100,

Literature reports were analyzed, and the chemical scores 
(SC) of the amino acids were calculated as follows:

where MAX denotes the content of a certain essential amino 
acid in the algal residue protein, MAe denotes the total con-
tent of the essential amino acids in the microalgal residue 
protein, MEX denotes the essential amino acid in the standard 
egg white, and MEe denotes the total amount of the essential 
amino acid in the standard egg white. The closer the SC value 
is to 100, the closer the composition of the amino acid is to 
the composition of the standard protein, and the higher the 

nutritional value of the protein [35].
Biological value (SB) and nutrition index (IN) were calcu-

lated as follows [36]:

where IEA denotes the essential amino acid index, and Pp 
denotes the protein content (%).

The ratio coefficient (RC) and the score of ratio coefficient 
(SRC) were calculated as follows [37]:

where R = MAX/MAs denotes the amino acid ratio, MAs 
denotes the amino acid content based on the FAO/WHO 
amino acid scoring pattern, 

−

R denotes the mean of R, and Re 
denotes the relative standard deviation of RC.

(5)S
C
=
MAX ×MEe

MAe ×MEx

× 100,

(6)S
B
=1.09 × I

EA
− 11.7

(7)I
N
=I

EA
× Pp,

(8)R
C
=
R

−

R

(9)S
RC
=100 − 100 × R

e
,

Fig. 1  Extraction of protein 
from algal residues post oil 
extraction
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Analysis of the anti‑nutritional factors

The method reported by Rabaina et al. was followed to 
determine the trypsin inhibitor activity [38]. Algal powder 
(50 mg; or algal residue) was fully suspended in a solution of 
NaOH (5 mL; 0.01 mol/L) to determine the inhibitor activ-
ity. The pH was adjusted to 9.5 with HCl solution, and the 
sample was sonicated in an ice bath at 600 W for 10 min. 
The sample was allowed to stand overnight at 4 °C, follow-
ing which it was centrifuged at 8000 r/min for 20 min. The 
supernatant was used for analysis. Trypsin (2 mL) and water 
(1 mL) were added to 1 mL of the supernatant. The obtained 
mixture was preheated in a water bath at 37 ℃. The BAPA 
substrate (5 mL) was preheated to 37 ℃, and the reaction 
was terminated after 10 min by adding 1 mL of 30% glacial 
acetic. The sample was centrifuged at 4000 r/min for 3 min 
to obtain the supernatant, and the absorbance was recorded 
at 410 nm. The activity of the trypsin inhibitor (TIM, TUI/g) 
was calculated according as follows:

where AN is the absorbance of the control, AT is the absorb-
ance of the test group, V is the total volume of the reaction 
system (mL), t is the reaction time (min), and m is the mass 
of the algal powder (or algal residue) (g).

The tannin content in the algal powder was determined 
following the Folin–Denis method [39]. Algal powder (or 
algal residue; 100 mg) was mixed with water (4 mL), and 
the mixture was sonicated for 10 min. Following this, the 
mixture was heated for 30 min using a boiling water bath. 
The volume was fixed to 5 mL after cooling, and the sample 
was centrifuged at 8000 r/min for 5 min. The supernatant 
(0.5 mL) was isolated, and water (10 mL) was added. The 
Folin–Denis reagent (1.5 mL) was added to the mixture, 
and the mixture was allowed to stand for 1 min. Following 
this, a solution of saturated sodium carbonate (2.0 mL) was 
added to the mixture, and the volume of the solution was 
made up to 50 mL using water. The reaction was allowed to 
proceed for 1.5 h at 55 °C, and the absorbance was measured 
at 760 nm. The tannin content was calculated by analyzing 
the standard curve, which was generated using different con-
centrations of tannic acid solutions.

Results

Nutritional composition of algal residues

After the oil extraction of S. dimorphus residues using 
ethanol/n-hexane mixed solvent, the nutrition composition 

(10)TIM =
(A

N
− A

T
) × V

m × t
,

of algal residues was determined. The protein content, the 
carbohydrates, the lipid content, the pigment content and 
the ash content in the microalgae residues were 41.05%, 
25.17%, 4.41%, 0.78% and 9.60%, respectively. In the algae 
residues, calcium, potassium and sulfur were the most domi-
nant mineral elements, with their contents at 13.49 ‰, 5.71 
‰ and 5.49 ‰, respectively, while other mineral elements 
are small in proportion, which was consistent with the find-
ings of Yang et al. on the composition of algal residues after 
oil extraction [40].

Optimization of the algal residue protein extraction 
process

When the algal residue protein is extracted following the 
alkali-extraction and acid-precipitation method, the maxi-
mum extent of protein precipitation in the extracting solution 
can be realized by adjusting the pH of the alkali-extracting 
solution to the isoelectric point of the protein. Analysis of 
Fig. 2 reveals that the extraction rates of the residual pro-
teins were influenced by the pH of the solution. The low-
est protein residual rate was obtained, and the maximum 
extent of protein precipitation was achieved at a pH value 
of 4.4. Therefore, it can be concluded that the isoelectric 
point of the protein obtained from the residues of S. dimor-
phus (obtained post oil extraction) is attained when the pH 
is approximately 4.4.

Algal residues (1 g) were used to conduct leaching experi-
ments at 40 °C. The samples were leached for 100 min, and 
the liquid-to-solid ratio was set at 20 mL/g. The pH of the 
extracting solution was adjusted in the range of 8–13 using 
a solution of NaOH. The protein extraction rate was deter-
mined, and the results are presented in Fig. 3A. The pH 
of the extracting solution significantly affected the protein 

Fig. 2  Isoelectric point of the protein extracted from S. dimorphus 
residues
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extraction rates. It was observed that the protein extraction 
rates increased with an increase in the pH values. The most 
significant change in the protein extraction rate (an increase 
from 7.1 to 23.8%) was observed when the pH values varied 
between 10 and 12. A plateau was reached when the pH 
value exceeded 12. It is noteworthy that when the pH of the 
solution was 12.5, the extracting solution had a slight odor 
which intensified as the pH increased. It can be inferred that 
the optimal pH value for protein extraction under the protein 
extraction conditions mentioned previously is 12.

The algal residues were leached using the extracting solu-
tion at a pH of 12, and the extraction process was allowed 
to proceed for 100 min at 40 °C. The liquid-to-solid ratio 
was adjusted in the range of 10–55 mL/g to investigate the 
effect of the ratio on the protein extraction rate. The protein 
extraction rate increased gradually when the liquid-to-solid 
ratio increased from 10 to 35 mL/g, and the rate decreased 
gradually when the liquid-to-solid ratio was greater than 
35 mL/g (Fig. 3B). Therefore, a liquid/solid ratio of 35 mL/g 
is considered to be the optimal ratio to conduct the extrac-
tion process under the protein extraction conditions men-
tioned previously.

When the algae residues were leached with a pH value 
of 12 and a liquid/solid ratio of 35 mL/g for 100 min, the 
extraction temperature was adjusted to 30 °C ~ 55 °C to 
investigate its effects on protein extraction rate. As shown 
in Fig. 3C, the protein extraction rate increased with an 
increase in the temperature within a certain range. The 
maximum extraction rate of 38.38% was achieved when the 
extraction temperature was 45 °C. Beyond this temperature, 

the rate of extraction decreased slightly, and the decrease 
could be potentially attributed to the denaturation of proteins 
occurring under conditions of extremely high temperatures 
[34]. Therefore, it could be inferred that the optimal extrac-
tion temperature was 45 °C when the other conditions were 
kept fixed (as described previously).

Following this, the extraction time was adjusted in the 
range of 40–180 min to investigate the effects of time on 
the protein extraction rate. The algal residues were leached 
using the extracting solution (pH: 12). The liquid/solid 
ratio was maintained at 35 mL/g, and the process was con-
ducted at 45 °C. As shown in Fig. 3D, the extraction rate 
increased gradually with an increase in the extraction time. 
It was observed that the rate of increase decreased when the 
extraction time exceeded 140 min. The protein extraction 
rate increased from 23.1 to 23.7% when the extraction time 
increased from 140 to 180 min. Thus, a significant increase 
in the extraction rate could not be achieved under these con-
ditions. Therefore, it can be inferred that the optimal extrac-
tion time was 140 min.

Based on the results of the single-factor experiments, a 
three-level orthogonal array experiment was conducted to 
study the four factors (pH value of the extracting solution, 
liquid/solid ratio, extraction temperature, and extraction 
time) affecting the extraction rate of the algal residue pro-
tein. The results are presented in Table 1. The factors influ-
encing the extraction rate are labeled A, B, C, and D. It was 
observed that the pH value of the extracting solution exerted 
the maximum influence. The trend in the degree of influence 
has been presented: pH of the extracting solution > liquid/

Fig. 3  Effects of different fac-
tors on the protein extraction 
rate for the extraction of protein 
from S. dimorphus residues (A: 
pH value of extracting solution, 
B: Ratio of liquid to solid, C: 
Extraction temperature, D: 
Extracting time)
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solid ratio > extraction temperature > extraction time. The 
results obtained by conducting the three-level orthogonal 
array experiment reveal that the optimal combination of 
experimental factors is  A3B3C2D2 (pH value: 12; liquid/solid 
ratio: 40 mL/g; extraction temperature: 45 ℃; extraction 
time: 140 min). The algal proteins were extracted multiple 
times under these experimental conditions, and the aver-
age protein extraction rate was calculated to be 40.13%. The 
results reveal the feasibility of conducting the studies under 
the optimized process conditions.

Nutritional assessment of algal residue protein

As shown in Table 2, 18 amino acids, including 8 essential 
amino acids, were detected in the protein extracted from 
the residues of S. dimorphus. The amino acid and chemical 
scores were analyzed to assess the quality of the extracted 
protein. The closer the scores are to 100, the closer the com-
position of the protein is to the composition of the stand-
ard protein in terms of the essential amino acids and the 
higher the nutritional value. The SA and SC values recorded 
for the protein obtained from the S. dimorphus residues are 

presented in Table 3. The results indicate that the sulfur-
containing amino acids, methionine and cystine, are the first 
limiting amino acids present in the algal residue protein. 
The biological value (SB), nutrition index (IN), and the score 
corresponding to the ratio coefficient of the amino acid (SRC) 
were 77.94, 35.84, and 74.21, respectively.

Table 1  Orthogonal 
experimental design  (L9(43)) 
and the results obtained

No pH value of the 
extracting solution, A

Liquid-to-solid 
ratio, B (mL/g)

Extraction tem-
perature, C (℃)

Extraction 
time, D (min)

Extraction rate (%)

1 11 30 40 120 17.02 ± 1.57
2 11 35 45 140 20.83 ± 0.35
3 11 40 50 160 20.66 ± 0.55
4 11.5 30 45 160 23.69 ± 0.96
5 11.5 35 50 120 25.42 ± 1.12
6 11.5 40 40 140 28.61 ± 0.88
7 12 30 50 140 34.40 ± 1.02
8 12 35 40 160 34.82 ± 0.9
9 12 40 45 120 38.26 ± 0.34
k1 19.410 24.943 26.723 26.807
k2 25.907 27.023 27.593 27.947
k3 35.827 29.177 26.827 26.390
R 16.417 4.234 0.870 1.557

Table 2  Amino acid 
composition of the protein 
obtained from S. dimorphus 
residues

Amino acid Content (mg/g protein) Amino acid Content (mg/g protein)

Asp 85.37 ± 1.71 Ile 54.76 ± 2.65
Thr 60.00 ± 2.23 Leu 91.15 ± 2.73
Ser 51.35 ± 4.97 Tyr 36.47 ± 2.44
Glu 106.90 ± 1.57 Phe 57.71 ± 4.22
Gly 53.01 ± 0.23 Lys 54.91 ± 0.89
Ala 154.00 ± 1.45 His 14.84 ± 0.93
Cys 14.07 ± 0.62 Arg 54.95 ± 0.65
Val 51.38 ± 2.08 Pro 36.58 ± 8.02
Met 8.10 ± 1.32 Trp 14.45 ± 0.18

Table 3  Amino acid score and chemical score corresponding to the 
protein obtained from S. dimorphus residues

Essential amino acid Chemical score (SC) Amino acid 
score (SA)

Thr 136.25 150.01
Cys + Met 46.66 63.32
Val 81.51 102.76
Ile 96.07 136.89
Leu 119.95 130.21
Phe + Tyr 109.06 156.96
Lys 99.36 99.84
Trp 104.60 144.52
The sequence of limiting aa Cys + Met, Val
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The trypsin inhibitor activity was recorded to be 255 
TUI/g for the algal powder. The value was recorded before 
oil extraction. The trypsin inhibitor activity decreased to 
70 TUI/g post oil extraction. The oil extraction process was 
conducted using the ethanol/n-hexane mixed solvent sys-
tem. The value was only 27.4% of the value recorded for the 
original algal powder sample. The content of tannin, another 
anti-nutritional factor presents in microalgae, changed 
significantly before and after oil extraction (from 1.95 to 
0.88%). The retention rate was as low as 45% (Fig. 4).

Discussion

Protein extraction from algal residue

The algal residues obtained from S. dimorphus post oil 
extraction (using the ethanol/n-hexane mixed solvent sys-
tem), were still rich in proteins and carbohydrates. The 
protein content in algal residues was higher than the pro-
tein content in other vegetations (Table 4). This indicates 
that algal proteins can be potentially used to develop pro-
tein-based foods. After determining the isoelectric point 
of the protein, we conducted a single-factor experiment to 
optimize the extraction process of algal residue proteins. 
The experimental results revealed that proteins could not 

be efficiently extracted and separated under extreme exper-
imental conditions. Deamination, decarboxylation, and 
breakage of peptide bonds were observed when the level 
of alkalinity of the extracting solution was significantly 
high. This resulted in the transformation of amino acids 
into other compounds (toxic and non-toxic), and reduced 
the degree of edibility of the protein [41]. Although a 
high liquid-to-solid ratio promotes the process of pro-
tein extraction, a significantly high liquid-to-solid ratio 
can strengthen the hydration layer present in the protein 
molecules. This results in insufficient protein precipita-
tion during the alkali-extraction and acid-precipitation 
processes [41].

The alkali-extraction and acid-precipitation processes 
are followed to extract soluble proteins from raw materi-
als. The algal residues are dissolved in an alkaline solu-
tion, following which the pH of the solution is adjusted 
with sulfuric acid to reach the isoelectric point. The pre-
cipitated protein is cleaned, sterilized, and spray-dried for 
developing protein-based food items [16, 23]. The opti-
mized process conditions were obtained by conducting 
orthogonal experiments, and the protein extraction rate 
recorded under these conditions was 40.13%. This rate was 
higher than the rates recorded when Sporophore, Coprinus 
comatus, hemp seed, or purple perilla were used as the raw 
materials [43–45]. It was also observed that the rate was 
comparable to the protein extraction rate recorded when 
walnut was used as the raw material (43.15%) [46]. The 
rate was lower than the rates recorded when peanut meals 
were used as raw materials under high-temperature condi-
tions (64.2%) [47]. It was observed that the efficiency of 
the protein extraction process varied significantly when 
different raw materials were used. The difference in effi-
ciency can be attributed to the differences in the nature of 
the raw materials or the differences in the pre-treatment 
processes. It has been observed that homogenization-
based, ultrasound-based, and cellulase-based pre-treatment 
methods (used for extracting proteins from peanut meals 
under high-temperature conditions) help improve the pro-
tein extraction rate. Thus, it can be inferred that the protein 
content in algal residues is higher than the protein content 
in other vegetations used as raw materials. Hence, algal 
residues can be developed into protein-based food items.Fig. 4  Changes in the content of anti-nutritional factors in algae 

before and after oil extraction

Table 4  Nutritional composition 
of different plant materials

Nutritional composition S. dimorphus 
residue

Coprinus coma-
tus [42]

Hemp seed [43] Defatted 
Perilla meal 
[44]

Protein (wt. %) 41.05 24.50 24.00 30.33
Polysaccharide (wt. %) 25.17 57.60 34.00 20.13
Lipid (wt. %) 4.41 2.80 20.00 11.76
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Nutritional assessment

The nutritional value of proteins depends on the types, 
quantity, and proportion of essential amino acids present 
in them. The ratio of essential amino acids to total amino 
acids (EAA/TAA ratio), the ratio of essential amino acids 
to non-essential amino acids (EAA/NEAA ratio), and the 
essential amino acid index (IEA) of algal residue protein are 
higher than those recorded for Chlorella pyrenoidosa, whey 
protein concentrate, and soy protein isolate cultured under 
heterotrophic conditions (Table 5). The values were higher 
than the reference values provided by WHO/FAO [48, 49]. 
This indicates that the nutritional value of the S. dimorphus 
residues subjected to oil extraction conditions remains high. 
Sulfur-containing amino acids are the limiting amino acids 
in algal residue proteins. It is noteworthy that the nutritional 
value of the protein powder obtained from algal residues 
can be improved by compounding algal residue proteins and 
food products rich in sulfur-containing amino acids (such as 
corn gluten meals rich in methionine or other animal pro-
teins) with food items.

Anti-nutritional factors are substances that can adversely 
affect the processes of digestion, absorption, and utiliza-
tion of nutrients. The typical anti-nutritional factors in food 
ingredients include trypsin inhibitors and tannins [54]. 
Trypsin inhibitors and tannins, the two anti-nutritional fac-
tors present in S. dimorphus [55], were reduced following 
the process of oil extraction (using organic solvents). The 
reduction of anti-nutritional factors under these condi-
tions can be attributed to two factors. Trypsin inhibitors are 
protein-based substances, the structure of which changes in 
the presence of organic solvents. This results in a decrease 
in their activity. Some of these anti-nutritional factors can 
be solubilized by organic solvents, which also results in a 
decrease in activity. The results reported herein confirm that 

the digestibility of algal residue proteins is better than the 
digestibility of raw algal powder.

The results reveal that the S. dimorphus residue subjected 
to conditions of oil extraction is protein rich. However, the 
content of anti-nutritional factors is low in these residues. 
The algal residue protein extracted following the alkali-
extraction and acid-precipitation method is rich in various 
types of amino acids. The extracted protein is found to be 
nutritionally balanced. Thus, it can be an ideal protein source 
for humans. Algal residue proteins present broad applica-
tion prospects. The development of algal residue-based pro-
cessed and refined food can help in the proper utilization of 
microalgae biomass. This, in turn, can help minimize the 
wastage of protein sources. The production costs of algae-
based biodiesel or edible oil can also be reduced.

Conclusion

After oil extraction using the ethanol/n-hexane (3:2, v/v) 
mixed solvent, it was determined that the protein content and 
the polysaccharide content in the S. dimorphus residues were 
41.05% and 25.17%, respectively. Single factor experiments 
and orthogonal array experiments were conducted, and the 
results revealed that the protein extraction rate achieved 
under the optimal extraction conditions (pH of the extracting 
solution: 12; liquid/solid ratio: 40 mL/g; extraction tempera-
ture: 45 °C; Extraction time: 140 min) was 40.13%. Essential 
amino acids account for 44.3% of the total amino acids in 
the extracted protein. The essential amino acid index (IEA) 
was higher than the reference value provided by WHO/FAO. 
Following the process of oil extraction, the trypsin inhibitor 
activity recorded for the algal residue decreased to 70 TUI/g, 
and the tannin retention rate recorded for the algal powder 
was as low as 45%. The results reported herein reveal that 

Table 5  Essential amino acids in different proteins (mg/g)

Essential amino acid S. dimorphus Chlorella 
vulgaris[50]

Chlorella pyr-
enoidosa [51]

Whey protein 
Concentrate [52]

Soy protein 
isolate  [53]

Egg [49] FAO/
WHO 
mode [49]

Thr 60.00 51.01 41.46 44.3 30.1 51 40
Cys + Met 22.16 16.02 11.90 33.1 16.9 55 35
Val 51.38 52.65 46.85 40.2 42.7 73 50
Ile 54.76 37.61 31.05 42.4 40.9 66 40
Leu 91.15 77.83 75.85 73.9 67.6 88 70
Phe + Tyr 94.18 77.17 78.64 39.8 70.6 100 60
Lys 54.91 57.23 50.75 55.4 47.9 64 55
Trp 14.45 8.50 6.88 12.2 10.1 16 10
IEA 82.24 66.63 57.69 67.04 60.02 100
EAA/TAA (%) 44.30 35.86 38.05 40.8 38.5
EAA/NEAA (%) 79.55 55.91 61.42 68.92 62.60
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the protein extracted from the residues of S. dimorphus can 
be potentially used as an ideal protein source for human 
beings.
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