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Abstract In this study, we optimized the process for

extracting lipids and proteins from wet biomasses of

Spirulina sp. using a 4-kHz ultrasonic osmotic shock

method with ultrasound enhancement at a constant fre-

quency of 40 kHz. Optimization was conducted using a

response surface methodology (RSM) at an osmotic NaCl

concentration of 10–30%, solvent:biomass ratio of 5–15 v/

w, and extraction times of 20–50 min. The present osmotic

shock method with ultrasound irradiation increased lipid

yields to 6.65% in the presence of 11.9% NaCl, a sol-

vent:biomass ratio of 12:1 v/w, and a 22-min extraction

time, and protein yields to 43.96% with 15.12% NaCl, a

solvent:biomass ratio of 10:1 v/w, and a 30-min extraction

time.

Keywords Extraction � Lipid � Microalgae � Osmotic

shock � Ultrasound

Introduction

Microalgae Spirulina sp. has been identified as a potential

natural dietary supplement because of its hypocholes-

terolemic properties, and because of its biliprotein, which

have anti-oxidant and anti-cancer activities (Sanchez et al.,

2003). Spirulina sp. proteins comprise 60–70% of the dry

weight and are rich in the essential amino acids methion-

ine, cysteine, tryptophan, and lysine (Lupatini et al., 2016;

Saranraj and Sivasakthi, 2014). This algae is also widely

used as a functional food and contains various active

ingredients that influence human health positively (Tan

et al., 2016). In particular, the high lipid contents (20–50%)

of microalgae predominantly comprise essential fatty acids,

including the polyunsaturated fatty acids linoleic acid

(18:2x6; LA) and a-linolenic acid (18:3x3; ALA; Solana

et al., 2014; Yazar and Sevket, 2006).

Specific extraction processes are crucial to isolating

lipids and proteins from microalgae (Lupatini et al., 2016),

and essential microalgae compounds have been tradition-

ally extracted using heat separation methods such as steam-

and hydro-distillation. However, thermal degradation of

some compounds is a major barrier to product quality

(Solana et al., 2014). Moreover, conventional extractions

of algal biomasses are performed on the basis of dry

weights, with the high energy demands of removing water

(Yoo et al., 2012). Therefore, drying steps have been

eliminated in direct extractions of wet algae biomasses.

Water in algal biomasses leads to swelling of the centers of

cell matrixes and acts as co-polar solvent that facilitates

extraction (Du et al., 2016). Among wet extraction tech-

niques (Yoo et al., 2012), osmotic shocks are applied with

sudden changes in solute concentrations around cells fol-

lowing the addition of osmotic agents that cause rapid

changes in water movement across semipermeable cell

membranes (Montazeri-Najafabady et al., 2016). Under

these conditions, pressure differences lead to removal of

certain substances from cells. This method has also been

effective for protein extraction from bacteria, and high

yields have been achieved (Chang et al., 2014; Cheung and

Lee, 2009; Rathore et al., 2003). However, osmotic shock
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methods have not been optimized for microalgal applica-

tions, and are influenced by factors such as particle sizes,

solute, and solvent types, temperature, solvent:biomass

ratios, and extraction times (Yoo et al., 2012). Therefore,

we optimized these factors to achieve high lipid and protein

yields from algae biomasses. In particular, we used osmotic

shock methods with ultrasound irradiation to maximize

lipid and protein yields from wet Spirulina sp. biomasses.

Ultrasound-assisted extraction eliminates the issues asso-

ciated with conventional mechanical disruption, and other

advantageous include low set-up costs, fast operational

times, and high purity of final products (Phong et al. 2017).

During extraction, ultrasound waves accelerate reactions

by exerting heat and causing structural changes that facil-

itate penetration of solutes into cells (Moraes et al., 2011).

In a recent study, Phong et al. (2017) demonstrated the

efficiencies of ultrasound for microalgal cell disruption and

extraction of protein in two phase systems. Thus, we

identified optimal osmotic agents, solvent:biomass ratios,

and extraction times for extraction of lipids and proteins

using the response surface optimization method. Subse-

quently, we characterized the fatty acids and amino acids

from the highest-yield extractions.

Materials and methods

Materials

Spirulina platensis wet biomass was provided by CV.

Neoalgae (Sukoharjo, Indonesia). Sodium chloride (CV

Indrasari) or sorbitol (Sigma–Aldrich) were used as

osmotic shock treatments. All organic solvents (n-hexane,

ethanol) were of ACS reagent grade (Merck, Germany).

Osmotic shock treatments

NaCl solutions of 10, 20, and 30% were used as osmotic

agents, and 20-g samples of wet Spirulina sp. biomass were

incubated in 50 ml NaCl solutions for 1 h and were then

filtered to isolate extracts.

Ultrasound assisted extraction of lipids and proteins

Lipids were extracted using n-hexane:ethanol solvent with

an ultrasound device (Brnson 2510) at 40 kHz and 40 �C
(Wiyarno et al., 2010). In these procedures, samples were

added to n-hexane at solvent:biomass ratios of 5:1, 10:1,

and 15:1 (v/w), and were stirred for 1 h. Mixtures were

then sonicated for 20, 35, and 50 min, and residues and

supernatants were separated using filter paper (0.2 lm) and

a vacuum pump. Supernatants were then evaporated using

a rotary vacuum evaporator (Rotavapor� R-100,

Switzerland) at 60 �C and the remaining lipids were then

weighed to calculate yields.

Proteins were extracted in separate experiments that

were performed using an ultrasonic bath (Branson 2510)

with solvent:biomass ratios of 5:1, 10:1, and 15:1 (v/wat)

25 �C, and methanol and the mixture 2:1 ratio of methanol

and ethanol (v/v) as described previously (Nee et al., 2016).

Ultrasound assisted extractions were performed for 20, 35,

and 50 min with 15-s ultrasonication cycles separated by

10-s rests to prevent heat damage to proteins (Safi et al.

2014). Supernatants were then separated from precipitates

for analyses of protein contents using the Kjeldahl method

(Persson et al., 2008).

Determination of fatty acid and amino acid contents

Lipid compositions were determined using transesterifica-

tion methods as described by Lepage and Roy (Chen et al.,

2013). Extracted microalgal lipids were analyzed using a

gas chromatograph (GC-2014, Shimadzu) equipped with a

flame ionization detector. Samples were injected into a

capillary column with an internal diameter of 0.32 mm,

and were eluted with Helium(He) at a flow rate of

1.25 mL/min. The injector temperature was set at 250 �C
and the detector temperature was 280 �C. The temperature

of oven was initially set at 115 �C and was increased from

150 to 180 �C at a rate of 10 �C/min, and from 180 to

260 �C at a rate of 30 �C/min, and was then held at 260 �C
for 5 min.

Amino acid contents were analyzed using ion-exchange

chromatography with column ninhydrin detection (Hitachi

8900). Before analyses, extracted biomasses were trans-

ferred to basic or acid hydrolysis conditions using 6-M

sodium hydroxide or 5-M hydrogen chloride to quantify

tryptophan and other amino acids, respectively.

Response surface optimization

Extraction process were optimized for lipid and protein

extraction using response surface methods and Statistica10

software. Specifically, the effects of NaCl solutions, sol-

vent:biomass ratios, and extraction times on lipid yields

from Spirulina sp. biomasses were investigated using a

central composite design (CCD; Table 1). This CCD

comprised a full 8 factorial design with 2 replicates at the

center of the domain and two star points of each factor for a

total of 16 runs (Table 2). A second-order polynomial

equation (Eq 1) was used to correlate experimental data in

multiple regression analyses (Zhang et al., 2018). Inde-

pendent variables were NaCl solution concentrations (X1),

solvent:biomass ratios (X2), and times of extraction (X3),

as shown in the following polynomial equation:
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Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X2
1 þ b22X2

2 þ b33X2
3

þ b12X1X2 þ b13X1X3 þ b23X2X3

ð1Þ

where Y represents response variables of lipid and protein

yields, bo is the intercept constant, b1, b2, and b3 are linear

coefficients, b11, b22, and b33 are quadratic coefficients,

and b12, b13, and b23 are interaction coefficients for each

variable.

Results and discussion

Effects of solvent types on extraction yields of lipid

and protein

Suitable solvent systems are critical to the extraction of oils

and lipids from microalgae, and lipid yields and qualities

also depend on algal strains, solvent systems, and cell

disruption techniques (Anshari et al., 2017). Herein, lipids

were extracted using hexane and hexane–ethanol mixtures,

whereas proteins were extracted using methanol and

methanol–ethanol mixtures. Microalgal lipid yields were

lower with hexane than with hexane and ethanol at a ratio

of 2:1 [Fig. 1(A), (B), (C)]. Because ethanol is a polar

solvent, it favors the extraction of polar lipids, leading to

greater availability of triacylglycerides for extraction by

the nonpolar solvent hexane (Li et al., 2014). In agreement,

Lewis et al. (2000) showed that extraction mixtures of

polar and nonpolar solvents led to greater lipid yields, and

similar results were observed during protein extraction

from microalgae [Fig. 1(B), (D), (F)]. Taken together,

these data indicate that appropriate proportions of polar and

nonpolar solvents achieve higher yields of lipids compared

with single-solvent extraction methods (Li et al., 2014).

The effects of osmotic agents on lipid and protein

yields

The osmotic shock method exploits changes in osmotic

pressures following additions of NaCl to drive the transfer

of cellular molecules through cell membranes. Although

lipids and proteins are not optimally extracted from cells by

low pressure differences, excessive NaCl concentrations

gradients have also been associated with poor release of

cell contents (Yoo et al., 2012). Accordingly, yields of lipid

and protein were increased with NaCl concentrations until

Table 1 Actual and coded levels of the factors used in the experi-

mental design

Variables Factor level

- a
(- 1.68)

- 1 0 1 ? a
(? 1.68)

NaCl (%) 2.36 10 20 30 37.64

Solvent: biomass (v/w) 1.18 5 10 15 18.82

Extraction time (min) 8.54 20 35 50 61.46

Table 2 Central composite design for 3 variables over 16 runs; experimental and predicted %lipid and %protein values are presented

Run Factors Responses

NaCl (%) Solvent: biomass (v/w) Time (min) Experimental values Predicted values

(X1) (X2) (X3) Yield lipid (%) Protein (%) Yield lipid (%) Protein (%)

1 10 5 20 4.89 29.22 4.65 29.37

2 10 5 50 3.25 38.34 3.62 40.90

3 10 15 20 6.09 43.17 6.39 46.43

4 10 15 50 3.92 19.86 3.67 18.14

5 30 5 20 2.52 22.61 2.91 26.91

6 30 5 50 3.54 46.94 3.37 46.26

7 30 15 20 2.67 31.25 2.44 31.26

8 30 15 50 0.82 8.38 1.19 10.81

9 20 10 35 6.01 42.38 6.02 43.45

10 2.36 10 35 4.85 37.07 4.81 35.92

11 37.64 10 35 1.23 29.46 1.09 27.28

12 20 1.18 35 3.59 52.17 3.45 49.84

13 20 18.82 35 3.12 34.59 3.08 33.60

14 20 10 8.54 5.17 26.1 5.10 23.04

15 20 10 61.46 3.21 15.37 3.09 15.17

16 20 10 35 6.06 44.89 6.02 43.45
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optimal concentrations were reached [Fig. 1(A), (B)],

whereupon yields decreased (15–20% NaCl). The optimum

lipid yield (6.09%) was achieved at 15% NaCl and the

optimal protein yield (52.17%) was achieved at 20% NaCl.

Effects of solvent:biomass ratios on lipid and protein

yields

Solvent volumes and ratios with biomasses are critical

factors during extraction processes (Hadiyanto et al. 2014).

Herein, we investigating the effects of varying sol-

vent:biomass ratios on yields and extracted lipids using

n-hexane and proteins using methanol, as shown in

Fig. 1(B). In a previous study, greater volumes of nonpolar

solvents improved solubility of analytes, reflecting greater

contact areas between molecules and solvents (Wijanarko

and Putri, 2012). In the present study, the highest lipid

yield (6.09%) was achieved at a solvent:biomass ratio of

15:1, whereas the highest protein and lipid yields were

achieved at a solvent:biomass ratio of 5:1 [v/w; Fig. 1(C),

(D)]. However, excess solvent decreased protein yields,

potentially indicating altered solute solubility (Zeb et al.,

2017) and disturbed chemical equilibriums (Cavonius

et al., 2014).

Effects of ultrasonic assisted extraction times

on lipid and protein yields

Ultrasound waves facilitate cell swelling, leading to

improved dissolution and mass transfer of lipids and
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Fig. 1 Effects of hexane and

mixtures of hexane and ethanol

on lipid yields, and methanol

and mixtures of methanol and

ethanol on protein yields; (A,

B) NaCl concentrations; (C, D)

solvent:biomass ratios; (E,

F) extraction times
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proteins through enlarged pores, and reduced extraction

times (Soares et al., 2006).

Figure 1(E, F) show significant relationships between

extraction times and lipid and protein yields. Specifically,

increasing extraction times to 20 min increased the yield of

lipid to 5.27%, and a protein yield of 26% was achieved

after 35 min. However, extraction times of[ 35 min did

not improve yields, likely because the lipids and proteins

were already released via bubble cavitation from ultra-

sound irradiation (Safi et al. 2014).

Optimally, the yield of lipid from ultrasound assisted

extractions was 6% over 30 min, and this was almost twice

that (3.5%) from conventional 2-h extraction procedures

(El-Shimi et al., 2013). These data also show that ultra-

sound irradiation increases cell lysis during the extraction

process. In particular, micro-bubbles that form due to

cavitation deliver large amounts of energy to surrounding

biomasses, leading to disruption of algal cell walls and

increased lipid release (Wang et al., 2014). Although

greater extraction times can also increase transfer rates,

continuous ultrasound radiation may lead to saturation of

solutes with solvents and decreased lipid yields (El-Shimi

et al., 2013).

Optimization using response surface methodology

To define optimal process conditions for lipid and protein

extractions using osmotic shock, we used the response

surface methodology of Statistica10 software (Table 3) and

calculated regression coefficients for polynomial equations

that predict lipid and protein yields.

These regression analyses showed R2 values of 97.9%

and 96.8% for lipids and proteins, respectively. Moreover,

variables X1, X2, and X3 had significant ([ 95%, p\ 0.05)

effects on the model, indicating acceptability of these

second-order polynomial equations (Singgih, 2001).

However, regression coefficients for b13 and b22 in protein

predictions were not significant (p[ 0.05), although lack

of fit values of 0.067 and 0.351 for lipid and protein,

respectively, indicated good agreement between the model

and the present data.

Ylipid ¼ 3:657 þ 0:314X1 þ 1:108X2 þ 1:161X3

� 0:010X2
1 � 0:035X2

2 � 0:003X2
3 � 0:011X1X2

þ 0:003X1X3 � 0:006X2X3

ð2Þ

Yprotein ¼ 47:309 þ 1:456X1 þ 5:439X2 þ 3:352X3

� 0:038X2
1 � 0:022X2

2 � 0:035X2
3 þ 0:064X1X2

þ 0:013X1X3 � 0:133X2X3

ð3Þ

These equations relate lipid and protein responses (Y) with

NaCl concentrations (X1), solvent:biomass ratios (X2), and

extraction times (X3). NaCl concentrations (X1) and sol-

vent:biomass ratios (X3) influenced yields, whereas sol-

vent:biomass (X2) ratios were not significantly predictive.

Moreover, quadratic factors for NaCl concentrations (X11),

solvent:biomass ratios (X22), and quadratic times (X33) had

negative effects on lipid and protein yields.

Although no significant interactions of factors were

identified in previous analyses (Hadiyanto and Suttris-

norhadi, 2016), the present 3D surface and 2D contour

plots of interactions of NaCl concentrations (X1) and

extraction times (X3) with protein and lipid yields (Fig. 2)

indicate optimal solvent:biomass ratios (X2) and optimal

extraction times of 22 min for lipids and 31 min for

proteins.

Table 3 Estimated regression

coefficients for the quadratic

model of lipid and protein yields

Parameters Regression Coeff. Standard error p value

Lipid Protein Lipid Protein Lipid Protein

b0 3.657 47.309 0.256 0.256 0.000001 0.000002

b1 0.314 1.456 0.192 0.192 0.000340 0.035764

b2 1.108 5.439 0.192 0.192 0.000306 0.002296

b3 1.161 3.352 0.192 0.192 0.001036 0.049230

b12 - 0.011 0.064 0.256 0.256 0.004941 0.039574

b13 0.003 0.013 0.256 0.256 0.027172 0.157424

b23 - 0.006 - 0.133 0.256 0.256 0.016125 0.000175

b11 - 0.010 - 0.038 0.224 0.224 0.000119 0.011497

b22 - 0.035 - 0.022 0.224 0.224 0.000218 0.618783

b33 - 0.003 - 0.035 0.224 0.224 0.001503 0.000318

Lack of feet 0.067499 0.351072

R2 0.97978 0.96819

Adj R2 0.94945 0.92048
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Moreover, relationships of NaCl concentrations and

extraction times with lipid yields had maximum stationary

areas, whereas those with protein contents had saddle-

shaped optimal regions. In subsequent experiments, opti-

mum conditions for lipid extraction were X1 = 11.9%,

X2 = 12:1 (v/w), and X3 = 22 min, and produced a lipid

yield of 6.09%. Similarly, optimal conditions for protein

extraction were X1 = 15.12%, X2 = 10:1 (v/w), and

X3 = 30 min, and produced a protein yield of 43.96%.

Fatty acid and amino acids profiles

Based on our measurements of fatty acid profiles (Table 4),

fatty acid compounds comprised 0.02–34.65% of dry

weight, and the major fatty acid component comprised the

saturated fatty acid (SFA) palmitic acid. We also identified

several unsaturated fatty acids, including mono unsaturated

fatty acids (MUFA) and poly unsaturated fatty acids

(PUFA). Among PUFA in Spirulina platensis, linoleic acid

(omega 6) was the most abundant, as shown previously in

Spirulina platensis and Isocrysis galbana (Tokusoglu and

Unal, 2003).

MUFA of Spirulina sp. were present at 1.39% and

included myristoleic acid, palmitoleic acid, and cis-10-

heptadecanoic acid. Diraman et al. (2010) also found that

Spirulina sp. contain MUFA such as palmitoleic acid in the

range of 1–8%.

In further analyses, we determined amino acid contents

of extracted proteins using HPLC as described previously

(Rathore et al., 2003), and revealed the presence of 7 non-

Fig. 2 Contour and surface plots of interactions between NaCl concentrations (X1), extraction times (X3), and solvent:biomass ratios (X3); 12:1

for (A) lipid and (B) protein yields
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essential amino acids and 8 essential amino acids in the

present samples (Table 4). Among these, glutamic and

aspartic acids, which are non-essential, were the most

abundant, whereas histidine was present at the lowest

levels. Glutamic acid plays roles in fat and sugar metabo-

lism and is often used as a food seasoning (Bashir et al.,

2016). Accordingly, the high amino acid contents of

Spirulina spp. have led to consideration as a supplement for

cereal based foods (WHO, 2007).

In summary, the present data demonstrate optimal

parameters for osmotic shock and ultrasound extraction

processes. We also revealed advantages of wet microalgal

biomasses, including more rapid lipid and protein extrac-

tion. However, we only optimized conditions for certain

ranges of variables and a constant ultrasound frequency, in

particular warranting further optimization studies at mul-

tiple ultrasound frequencies. In addition, further studies are

required to investigate the efficacy of osmotic shock and

ultrasound irradiation for extractions of other added value

products of microalgae, such as phycocyanin and astax-

anthin. Finally, alternative osmotic agents may facilitate

algal cell lysis more effectively than NaCl.
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