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A B S T R A C T

Azadirachta indica is used as a medicinal plant and its biological activity have been studied, but the extraction of
its secondary metabolites was not clearly optimized. In this study, response surface methodology was applied for
optimization of extraction of azadirachtin, mevalonic acid and squalene from cell suspension culture of A. indica.
The Box-Behnken Design was used for the optimization of factors. The azadirachtin, mevalonic acid, and
squalene were recognized by HPLC-DAD. Results showed that the optimal condition (solvent, temperature and
ultrasonication time) obtained by response surface methodology for target compounds from cell suspension
culture of A. indica were as following. Azadirachtin: water, temperature 35 °C and ultrasonication time 20min,
obtained 86.445mg/g DW; mevalonic acid: 50 % ethanol, temperature 45 °C and ultrasonication time 30min,
provided 33.671mg/g DW; and squalene: 50 % ethanol, temperature 55 °C and ultrasonication time 10min,
achieved 8.278mg/g DW.

1. Introduction

Application of synthetic pesticides in agriculture causes ecological
and health damages and growth of resistant pests. Pesticides derived
from the plants are very popular due to their biodegradability, en-
vironmental compatibility and toxicity. Neem (Azadirachta indica) be-
longs to the Meliaceae family, which has the highest potential for this
purpose. Limonoids such as azadirachtin are important bioactive com-
pounds of A. indica. These bioactive compounds have diverse activities
and mainly used to deal with pests. (Jadeja et al., 2011). Azadirachtin is
produced through the mevalonate pathway. In this pathway, mevalonic
acid and squalene are the most important intermediate compounds
located upstream of the pathway and converted to azadirachtin by the
enzymes (Bhambhani et al., 2017). Therefore, in this study in addition
to the azadirachtin content, the mevalonic acid and squalene content
were also investigated.

Plant cell suspension culture is provides the proper conditions for
the continuous production of important secondary metabolites. This
technique has many advantages compare with natural resource in-
cluding steady production independent of environmental constraints,
high quality compounds production, production of compounds free of
the chemical contaminants, and easy production after physical and

chemical optimization and establishment an optimum conditions
(Murthy et al., 2018). Various methods of plant tissue culture such as
cell suspension culture, hairy root culture, adventitious root culture,
and shoot culture have been used to production of secondary metabo-
lites. However, the main method for production of secondary metabo-
lites in in vitro condition is cell suspension culture (Thanh et al., 2014;
Zare et al., 2014).

Todays, in food, pharmaceutical, cosmetics, nutraceuticals, and
bioenergy industries, extraction processes were used for bioactive
compound extraction. The chemical industries that are provide com-
pounds from plants, seeks to find strategies to reduce energy con-
sumption, high safety, cost savings, and quality improvements (Chemat
et al., 2017). Various methods such as soxhlet extraction have been
used to extract metabolites from the plant (Chen et al., 2015; Wang
et al., 2008). But, these methods have a lot of disadvantages such as
safety risks, high energy consumption, low quality, and toxicity effect
during the extraction (Chen et al., 2015). Green chemistry is techniques
that decrease or eliminate the generation of some perilous substances
for human health and environment (Armenta et al., 2008; Sang et al.,
2017). Bioactive compounds extraction for their utilization should be
matched with green chemistry. Therefore, in green chemistry, raw
materials, solvents, and energy are usually optimized for extraction of
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compounds (Barba et al., 2016; Bosiljkov et al., 2017; Zhu et al., 2017).
In the recent studies, the novel techniques such as extractions based on
ultrasound and microwave, have been developed to promote extraction,
decreasing of the extraction time, use a minimum amount of solvent,
increase extraction yield and improve the quality of extract (Esclapez
et al., 2011; López et al., 2018).

Ultrasound-assisted extraction improves the sample preparation and
used in many fields, such as the food industry (Bendicho et al., 2012).
The ultrasound is a high-frequency wave which is released into the
environment for mixing of liquid, liquid-liquid, and liquid-solid in
various matrices (Regueiro et al., 2008). Ultrasound-assisted me-
chanism produce the cavitation bubbles near the surface of plant cell
walls and stimulate formation of higher temperature and pressure
condition, which cause to destroy the cell walls with mechanical,
thermal and chemical effects and helps to the solvent penetration into
the cell and increases mass transfer and better diffusion of the cell
material. Therefore, more cell material is released in shorter time and
lower temperature (Albahari et al., 2018; Figueira et al., 2017;
Martínez-Patiño et al., 2019). Many reports showed that the ultrasound-
assisted extraction is better than normal methods to obtain of the sec-
ondary metabolites from different parts of plants (Carbonell-Capella
et al., 2017; Corbin et al., 2015). Extraction factors including the sol-
vent type, temperature and extraction time, have the most effect on the
extraction efficiency. The finding of optimal conditions to get the
highest extraction efficiency is very important (Sang et al., 2017). The
statistical model such as response surface methodology (RSM) is an
important method for optimization of extraction. RSM has reduced the
experiment and assessment of different important factors and their in-
teractions (Pandey et al., 2018). In this study, an improved, sensitive
and environmentally friendly method for azadirachtin, mevalonic acid
and squalene extraction from cell suspension culture of A. indica ob-
tained by using response surface methodology for the first time. Three
parameters including the extraction solvent, ultrasonication time and
temperature were investigated.

2. Material and methods

2.1. Plant material and culture conditions

Leaves of A. indica were obtained from Bandar Abbas city
(27°11ʹ41.1ʺ+56°20ʹ14.0ʺE, Iran) and used for callus production. The
leaves were washed for 3 h with tap water and disinfected with ethanol
(70 % v/v) for 45 s and sodium hypochlorite (2.5 % w/v) for 13min,
and rinsed with sterile distilled water for 3 times.

2.2. Callus induction

The disinfected leaves were cut with 1 cm2 size and transferred on
MS medium (Murashige and Skoog, 1962) with 1mg/L picloram and
2mg/L kinetin and maintained in growth chamber with 25 ± 2 °C in
the dark and subcultured every 3 weeks.

2.3. Establishment of cell suspension culture

Friable callus (175−180mg) was transferred to 250-mL flask con-
taining 50mL liquid MS medium supplemented with 1mg/L picloram
and 2mg/L kinetin. The cultures were maintained on a rotary shaker at
110 rpm with 26 ± 2 °C in the dark. After the establishment of cell
suspension culture, the cultures were subcultured every 12 days. Then,
the cells collected by Whatman No.1 filter paper using Büchner funnel
and vacuum and dried at 50 °C for 72 h (Farjaminezhad and Garoosi,
2019).

2.4. Selection of solvent

In this study, different solvent including water, 50 % methanol, 100

% methanol, 50 % dichloromethane, 100 % dichloromethane, 50 %
ethanol, and 100 % ethanol was investigated for suitable solvent se-
lection. Therefore, 100mg of dried and powdered cells was extracted
with 1.5 mL of solvent and sonicated for 25min at room temperature by
bath sonication system (Elmasonic E30H, 37 kHz, 320W, Germany),
centrifuged at 7000 rpm for 15min, and the supernatant was collected.
The dichloromethane was evaporated at 50 °C in a water bath and
samples were dried. The dried samples were re-dissolved in 1.5mL
HPLC-grade distilled water and maintained at −20 °C. All experiments
were done in triplicates. The suitable solvent was selected based on the
maximum amount of the azadirachtin, mevalonic acid, and squalene
content.

2.5. Treatments for azadirachtin, mevalonic acid and squalene extraction

After selection of suitable solvent for azadirachtin, mevalonic acid
and squalene extraction, 100mg of dried and powdered cells was ex-
tracted with 1.5 mL of solvent and sonicated for 10, 20 and 30min at
different temperatures (35 °C, 45 °C and 55 °C for azadirachtin and
squalene; 25 °C, 35 °C and 45 °C for mevalonic acid) by bath sonication
system. The mixture centrifuged at 7000 rpm for 15min, and the su-
pernatant was collected. The extracted samples were maintained at
−20 °C until analysis by HPLC-DAD.

2.6. HPLC-DAD analysis

The amount of azadirachtin, mevalonic acid, and squalene in each
sample was estimated using the Knauer HPLC-DAD system (DAD de-
tector, Azura, Germany). Tosoh C-18 column (TSKgel-ODS C-18, 5 μm,
4.6×250mm, Japan) was applied as a stationary phase. The mobile
phase for detection and quantification of the three compounds was 10
% acetonitrile and 90 % water. Also, the flow rate was 0.9mL/min. The
absorbance of azadirachtin, mevalonic acid and squalene were mon-
itored at 214, 270 and 195 nm, respectively. The azadirachtin, squalene
and mevalonic acid accumulation were estimated from the standard
curve of concentration versus the peak area (Sigma, USA)
(Farjaminezhad and Garoosi, 2019; Prakash and Srivastava, 2005).

2.7. Experimental design and statistical analysis

Response surface methodology (RSM) was used to an assessment of
the effect of extraction factors and optimization of the conditions ac-
cording to various responses. The extractions were performed based on
the application of Box-Behnken Design (BBD) (Box and Behnken, 1960).
The model for predicted response and response analysis was:
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In this model y, xi and xj were the response variable, the in-
dependent variables that affect the y responses, respectively. β0, βi, βii,
βij and k were intercepted, linear regression coefficient for ith factor,
quadric, cross-product term and the number of tested variables, re-
spectively. The statistical analysis was done using the RSM software
Design-Expert, v.11 (Stat-Ease, Minneapolis, USA). The results were
tested by ANOVA at p= 0.05 probability level. The models adequacy
were investigated by the coefficient of determination (R2) and the
model p-value. The solvent selection experiments were performed base
on completely randomized design with triplicated and mean compar-
isons were done by using Duncan's multiple range test (P < 0.05) in
IBM SPSS Statistics 24.0 (Armonk, NY, USA).
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3. Results and discussion

3.1. Solvent selection for the azadirachtin, mevalonic acid, and squalene
extraction

Extraction is an important stage for isolating of metabolites from
plant materials. Nature of metabolite, extraction method, and solvent
has a significant effect on extraction efficiency (Stalikas, 2007). Type of
solvent and its composition are important factors for the extraction of
target compounds (López et al., 2018; Vuong et al., 2010). According to
the literatures, methanol and ethanol, and their mixed with water in
different ratios are the best extraction solvent for plant metabolites
(Renuka Devi and Arumughan, 2007). According to the results, it's
found that the water recovers significantly (p < 0.05) higher con-
centration of azadirachtin (16.068 mg/g DW) followed by 100 % me-
thanol, 50 % methanol, 50 % ethanol, 50 % dichloromethane, 100 %
ethanol and 100 % dichloromethane (Fig. 1A). Therefore, the different
concentrations of methanol were used for azadirachtin extraction and
50 % methanol was preferred as the central point in BBD. The highest
concentration of mevalonic acid (10.856mg/g DW) was achieved in 50
% ethanol followed by 50 % methanol, water, 100 % dichloromethane,
100 % methanol, 100 % ethanol and 50 % dichloromethane (Fig. 1B).
So, the different levels of ethanol were applied for mevalonic acid ex-
traction and 50 % ethanol was preferred as the central point. The
maximum content of squalene (3.515mg/g DW) was observed in water
followed by 50 % ethanol, 50 % methanol, 100 % methanol, 50 % di-
chloromethane, 100 % dichloromethane and 100 % ethanol (Fig. 1C).
So, the different levels of ethanol were used for squalene extraction and
50 % ethanol was preferred as the central point. Application of water
with solvents facilitate solubility of chemical compounds in water and/
or organic solvents (Do et al., 2014). Dailey and Vuong (2015) reported
that type of solvent had a significant effect on yields of compounds from
Macadamia tetraphylla. Do et al. (2014) produced the highest phenolic
and flavonoid content by using 100 % ethanol in Limnophila aromatica.

3.2. Fitting the model for predicting azadirachtin content

The effect of interactions of the different extraction factors in-
cluding x1 (solvent concentration), x2 (temperature) and x3
(Ultrasonication time) was investigated by BBD and shown in Table 1.
The azadirachtin content was detected in the range from 2.089mg/g
DW to 86.445mg/g DW. Among the experiments performed in this
study, experiment #6 (solvent water, temperature 35 °C and ultra-
sonication time 20min) had the highest azadirachtin content
(86.445mg/g DW) and experiment #3 (solvent 50 % methanol, tem-
perature 35 °C and ultrasonication time 10min) had the lowest aza-
dirachtin content (2.089mg/g DW). The significant difference in ex-
perimental values was analyzed by ANOVA and demonstrated in

Table 2. ANOVA analysis indicated that the p-value was 0.0254 and the
model was statistically significant for azadirachtin contents. The value
of the coefficient of determination (R2) was 0.8604. Also, the lack of fit
was not significant (p = 0.0518), showing the variation is predicated by
the model. So, the model was suitable for the predicting of azadirachtin
content within the tested ranges. In this model, the linear parameter x2
was negative and significant at the level of p < 0.01, but the linear
parameters x1 and x3 were not significant. The interaction term x1x2
was positive and significant (p < 0.05), whereas interaction terms
x1x3 and x2x3 were not significant. The quadratic terms (x12, x22, and
x32) were not significant (Tables 2 and 3). Therefore, the final pre-
dictive equation for describing the efficiency of azadirachtin extraction
was adjusted following:

y=10.56 – 1.20x1 – 16.6x2 + 7.78x3 + 33.05x1x2 + 8.71x1x3 –
12.97x2x3 + 3.92x12 + 6.58x22 + 3.27x32 (2)

3.3. Response surface analysis of azadirachtin content

Response surface and contour plots (Fig. 2) showed the relationship
between dependent variable (azadirachtin content) and independent
variables (x1, solvent concentrations; x2, temperatures; x3, ultra-
sonication times). The highest azadirachtin content was observed at
lowest concentration of methanol, lowest temperature and longest ul-
trasonication time. As expected, the minimum azadirachtin content
obtained in highest methanol concentration, highest temperature and
lowest ultrasonication time. In this study, extraction of azadirachtin
decreased with increasing methanol concentration. Similar effect of
solvent on compound extraction such as flavonoid has already been
reported. This shows that, the presence of water in the solvent induced
the swelling action of the plant matrix and enhancing the contact sur-
face area available for the solvent (Tomšik et al., 2016). Negative
temperature influence on azadirachtin content can be observed in plots
A, C, D and F (Fig. 2). Increasing of temperature in lower levels of
methanol led to decrease the azadirachtin content, but in the highest
methanol concentration, increasing the temperature led to an increase
in azadirachtin content. The positive effect of interaction between
methanol concentration and temperature may suggest the further use of
lower concentration of methanol in combination with lower tempera-
ture. Therefore, this will prevent the degradation of azadirachtin from
A. indica. According to the literatures, the higher temperatures in-
creases of solubility and dispersion of compounds, but in this study, we
observed that high temperature had a negative effect on azadirachtin
content; therefore, high temperatures degraded this compound same as
phenolic compounds (Dorta et al., 2012). Jadeja et al. (2011) observed
the extreme azadirachtin yield (97.77mg/100 g NSK) at 50 °C. The
reducing of azadirachtin content at higher temperature showed the
sensitivity of the limonoids, which reported in the literatures (Jarvis

Fig. 1. Effect of solvents on azadirachtin (A), mevalonic acid (B) and squalene (C) contents.

R. Farjaminezhad and G.-a. Garoosi Industrial Crops & Products 144 (2020) 111946

3



et al., 1998). The degradation of azadirachtin-A in 40−70 °C has also
been reported (Barrek et al., 2004). Figs. 2B and 2E shows the effect of
interaction between methanol levels and ultrasonication times on aza-
dirachtin content, but this effect was not statistically significant. In-
vestigation the effect of ultrasonication time and temperature interac-
tion showed that increasing of ultrasonication time and decreasing the
temperature led to an increase of azadirachtin content, but this increase
was not significant (Figs. 2C and 2 F). The optimum condition for
maximizing the azadirachtin content (86.76mg/g DW) was predicted
as following: solvent, water; temperature, 35 °C; and ultrasonication
time, 30min.

3.4. Fitting the model for predicting mevalonic acid content

Between experiments performed in this study, experiment #13
(solvent 50 % ethanol, temperature 45 °C and ultrasonication time
30min) provided the highest mevalonic acid content (33.671mg/g
DW) and the experiments #9 (solvent water, temperature 35 °C and
ultrasonication time 10min) and #12 (solvent 100 % ethanol, tem-
perature 35 °C and ultrasonication time 30min) showed the least me-
valonic acid content (Table 4). The ANOVA analysis for the fitted
equation is shown in Table 2. The p-value for the model was 0.0207
(p < 0.05), which implied the model obtained was statistically sig-
nificant. The R2 of the model was 0.8693 for mevalonic acid content. In
addition, the lack of fit was not significant (p = 0.0657). These results
showed that the model is suitable for forecasting the mevalonic acid

content in the tested range. In this model, the linear parameter x3 was
significant (p < 0.05) and positive, linear parameters x1 and x2 were
not significant, interaction parameters x1x2, x1x3, and x2x3 were not
significant, quadratic term x12 was negative and significant (p <
0.01), whereas quadratic parameters (x22 and x32) were not significant.
The final predictive equation for describing the efficiency of mevalonic

Table 1
Box-Behnken design (BBD) and the response values for azadirachtin extraction.

Run x1Solvent concentration x2Temperature (°C) x3Ultrasonication time (min) Experimental azadirachtin (mg/g DW) Predicted azadirachtin (mg/g DW)

1 100% Methanol (+1) 45 (0) 30 (+1) 33.67 33.04
2 Water (-1) 35 (-1) 30 (+1) 85.74 86.76
3 50% Methanol (0) 35 (-1) 10 (-1) 2.09 15.81
4 Water (-1) 45 (0) 30 (+1) 4.92 18.01
5 50% Methanol (0) 55 (+1) 10 (-1) 10.19 9.42
6 Water (-1) 35 (-1) 20 (0) 86.44 71.45
7 50% Methanol (0) 45 (0) 20 (0) 10.85 10.56
8 50% Methanol (0) 45 (0) 20 (0) 10.13 10.56
9 100% Methanol (+1) 45 (0) 10 (-1) 13.90 0.045
10 50% Methanol (0) 55 (+1) 30 (+1) 12.53 0.00
11 100% Methanol (+1) 55 (+1) 20 (0) 44.91 36.73
12 50% Methanol (0) 45 (0) 20 (0) 10.49 10.56
13 Water (-1) 45 (0) 10 (-1) 18.98 19.87
14 100% Methanol (+1) 35 (-1) 20 (0) 2.71 2.96
15 50% Methanol (0) 45 (0) 20 (0) 10.09 10.56
16 100% Methanol (+1) 55 (+1) 20 (0) 14.32 36.73
17 50% Methanol (0) 45 (0) 20 (0) 10.71 10.56

Table 2
ANOVA for the response surface quadratic model for optimization of extraction parameters.

Source Azadirachtin (R2= 0.8604) Mevalonic acid (R2= 0.8693) Squalene (R2= 0.9711)

SS df MS F-value p-value SS df MS F-value p-value SS df MS F-value p-value

Model 9433.15 9 1048.13 4.79 0.0254 1344.65 9 149.41 5.17 0.0207 94.04 9 10.45 26.16 0.0001
x1-Solvent 7.27 1 7.27 0.0332 0.8605 111.95 1 111.95 3.87 0.0897 0.4675 1 0.4675 1.17 0.3152
x2- Temperature 1305.55 1 1305.55 5.97 0.0045 21.65 1 21.65 0.7495 0.4153 28.26 1 28.26 70.75 < 0.0001
x3- Ultrasonication time 437.53 1 437.53 2.00 0.2001 173.46 1 173.46 6.00 0.0441 23.45 1 23.45 58.72 0.0001
x1x2 2628.17 1 2628.17 12.02 0.0104 24.09 1 24.09 0.8340 0.3915 2.79 1 2.79 6.98 0.0333
x1x3 320.19 1 320.19 1.46 0.2655 0.1014 1 0.1014 0.0035 0.9544 0.2421 1 0.2421 0.6060 0.4618
x2x3 553.27 1 553.27 2.53 0.1557 151.97 1 151.97 5.26 0.0555 14.59 1 14.59 36.58 0.0005
x12 40.17 1 40.17 0.1837 0.6811 858.96 1 858.96 29.73 0.0010 11.10 1 11.10 27.78 0.0012
x22 144.50 1 144.50 0.6609 0.4430 8.87 1 8.87 0.3071 0.5967 3.60 1 3.60 9.03 0.0198
x32 33.78 1 33.78 0.1545 0.7060 0.6926 1 0.6926 0.0240 0.8813 7.14 1 7.14 17.88 0.0039
Residual 1530.54 7 218.65 202.23 7 28.89 2.80 7 0.3994
Lack of fit 1062.15 2 531.08 5.67 0.0518 163.05 3 54.35 5.55 0.0657 2.31 3 0.7700 6.33 0.0533
Pure error 468.39 5 93.68 39.18 4 9.80 0.4862 4 0.1216
Cor (Total) 11,543.73 16 1546.88 16 96.84 16

p- values less than 0.0500 indicate model terms are significant.

Table 3
Estimated coefficients for the fitted second-order polynomial model for aza-
dirachtin, mevalonic acid and squalene content.

Term Regression coefficients

Azadirachtin Mevalonic acid Squalene

Intercept 10.56 17.78 4.46
Linear
β1 −1.20 −3.74 0.2417
β2 −16.16* −1.65 1.88*
β3 7.78 4.66** −1.71*
Interaction
β12 33.05** 2.45 0.835**
β13 8.71 −0.1593 0.246
β23 −12.97 6.16 −1.91*
Quadratic
β11 3.92 −14.28* −1.62*
β22 6.58 1.45 −0.925**
β33 3.27 0.4056 −1.30*

* p < 0.01, ** 0.01 ≤ p < 0.05, and *** 0.05 ≤ p < 0.1.
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acid extraction was designed as follows:

y=17.78 – 3.74x1 – 1.65x2 + 4.66x3 + 2.45x1x2 – 0.1593x1x3 +
6.16x2x3 – 14.28x12 + 1.45x22 + 0.4056x32 (3)

3.5. Response surface analysis of mevalonic acid content

Table 2 shows the factors with the most effects on mevalonic acid
extraction. Fig. 3 was constructed based on Eq. (3). The maximum
mevalonic acid content achieved at lowest temperature and highest
ultrasonication time in 50 % ethanol and the minimum mevalonic acid

content was in the highest ethanol concentration, highest temperature,
and lowest ultrasonication time. This also suggests strong positive in-
fluence of ultrasonication time on mevalonic acid extraction and in-
dicating that the mevalonic acid content increase by increasing ultra-
sonication time. Ultrasonication time depends on the nature and
biological properties of compounds (Wang and Weller, 2006). Ultra-
sonication causes a cell wall fracture, increases the solvent and cell
contact, enhances the hydration and swelling process, and increases the
releasing of compounds to solvent (Pingret et al., 2012; Vilkhu et al.,
2008). Therefore, longer ultrasonication time enhanced penetration of
the solvent into the cell matrix and leading to improved extraction of
compounds (Sališová et al., 1997). Xia et al. (2011) observed that the

Fig. 2. Response surface plots (A, B and C) and contour plots (D, E, and F) showing the effects of the factors on azadirachtin content.

Table 4
Box-Behnken design and the response values for mevalonic acid extraction.

Run x1 Solvent concentration x2 Temperature (°C) x3 Ultrasonication time (min) Experimental mevalonic acid (mg/g DW) Predicted mevalonic acid (mg/g DW)

1 50% Ethanol (0) 35 (0) 20 (0) 20.01 17.18
2 50% Ethanol (0) 25 (-1) 30 (+1) 23.91 19.78
3 Water (-1) 35 (0) 10 (-1) 7.49 2.83
4 100% Ethanol (+1) 25 (-1) 20 (0) 0.924 0.40
5 Water (-1) 25 (-1) 20 (0) 12.99 12.79
6 50% Ethanol (0) 35 (0) 20 (0) 18.82 17.78
7 50% Ethanol (0) 25 (-1) 10 (-1) 17.93 22.79
8 Water (-1) 45 (+1) 20 (0) 4.07 4.59
9 Water (-1) 35 (0) 10 (-1) 0.00 0.00
10 50% Ethanol (0) 35 (0) 20 (0) 12.31 17.78
11 50% Ethanol (0) 35 (0) 20 (0) 19.46 17.78
12 100% Ethanol (+1) 35 (0) 30 (+1) 0.00 0.00
13 50% Ethanol (0) 45 (+1) 30 (+1) 33.67 28.81
14 100% Ethanol (+1) 45 (+1) 20 (0) 1.82 2.02
15 Water (-1) 35 (0) 30 (+1) 8.13 12.46
16 50% Ethanol (0) 45 (+1) 10 (-1) 3.04 7.17
17 50% Ethanol (0) 35 (0) 20 (0) 18.52 17.78
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yields of phyllyrin is increased by increasing sonication time from 0 to
60min in Forsythia suspense. Ultrasonication facilitates energy transfer
and mixing and decreases the extraction times at lower temperatures
(Azmir et al., 2013). Based on the results of response surface plots and
ANOVA, it was observed that ultrasonication time (p < 0.05) is the
main parameter influencing the mevalonic acid content. The negative
effect of quadratic terms of ethanol concentration can be observed in
plots A, B, D and E (Fig. 3). The highest mevalonic acid content is
observed at approximately 50 % ethanol concentration, because the
addition of water to ethanol can improves the extraction efficiency
(Tomšik et al., 2016). So, the best condition for the maximizing the
mevalonic acid content was as following: solvent, 50 % ethanol; ex-
traction temperature, 45 °C; and ultrasonication time, 30min.

3.6. Fitting the model for predicting squalene content

Coded experiments and responses obtained for each run of the BBD
are presented in Table 5. The responses were varied from 0mg/g DW to
8.278mg/g DW. The experiment #3 (solvent 50 % ethanol, tempera-
ture 55 °C and ultrasonication time 10min) provided the highest
squalene content (8.278mg/g DW) and the experiments #6 and #9
(solvent 50 % ethanol, temperature 35 °C and ultrasonication time
30min and solvent water, temperature 45 °C and ultrasonication time
30min, respectively) shows the least azadirachtin content (0 mg/g
DW). The ANOVA analysis is showed in Table 2. The p-value for the
model was 0.0001 (p < 0.01), which indicated that the model was
statistically significant. The R2 of the model was 0.9711 for squalene
content. In addition, the lack of fit was not significant (p = 0.0533).
These results revealed that the model is suitable for predicting of
squalene content in the tested range. In this model, the linear parameter
x1 was not significant, linear parameters x2 significant (p < 0.01) and
positive and linear parameter x3 was significant (p < 0.01) and

negative. Interaction parameter x1x2 was positive and significant (p <
0.05), and interaction parameter x2x3 was negative and significant
(p < 0.01) and interaction parameter x1x3 was not significant.
Quadratic terms (x12, x22 and x32) were negative and significant.
Therefore, the final predictive equation for describing the efficiency of
squalene extraction was designed as following:

y=4.46+0.2417x1 + 1.88x2 – 1.71x3 + 0.835x1x2 + 0.246x1x3 – 1.91
x2x3 – 1.62x12 – 0.925x22 – 1.30x32 (4)

3.7. Response surface analysis of squalene content

The 3D and 2D shape plots are useful to understand the coordinated
efforts of the component on the response. Maximum squalene content
obtained in middel concentration of ethanol, highest temperature, and
lowest ultrasonication time. The squalene content of extracts increased
by increasing ethanol concentration from 0 % to 50 % and then de-
creased by increasing ethanol concentration from 50 % to 100 %. On
the other hand, decreasing the water content from 100 % to 50 %
showed increases of squalene contents, while a further decreasing led to
decrease the squalene contents. This effect is due to the solvent polarity
change (Tabaraki et al., 2012). The using of water and organic solvent
together, facilitate the extraction of compounds. The results of this
study have an agreement with extraction yields of other plants such as
rice bran (Chatha et al., 2006) and medicinal plants (Sultana et al.,
2009). Galvan d’Alessandro et al. (2012) reported that higher levels of
ethanol can denature of the protein, preventing and influencing of ex-
traction of some compounds such as polyphenols. Water enhance the
plant material swelling and increases the contact of the plant and sol-
vent (Liu et al., 2010). Negative effect of quadratic term of ethanol
concentration on squalene extraction can be explaiend by the fact that
addition of water to ethanol improves the extraction (Tomšik et al.,

Fig. 3. Response surface plots (A, B and C) and contour plots (D, E, and F) showing the effects of the factors on mevalonic acid content.
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2016). Positive effect of temperature on squalene extraction showed in
plots A, C, D and F (Fig. 4). The squalene content of extracts increased
with increasing of temperature. Thus, temperature clearly significantly
affect the squalene extraction. Higher temperatures disrupt the cell wall
and enhance the solubility of the compound (Tabaraki and Nateghi,
2011). High temperatures weakening of solute-matrix interactions and
the solutes transfer into the solvent. Therefore, the higher temperature
reduces surface tension and viscosity and enhance solvent penetration
to the matrix pores (Richter et al., 1996). Xu et al. (2007) observed that
the treatment of peel citrus with high temperature increases the phe-
nolic acids and total antioxidant activity of the extract. The positive
effect interaction between ethanol concnetration and temperature

suggested the further use of 50 % ethanol in combination with high
temperature. This indicated that the higher temperature could increases
the solubility of target compounds and by destroying the integrity of
connective and structural tissues improve their liberation (Teh and
Birch, 2014). The negative effect of ultrasonication time on squalene
content observed in plots B, C, E and F (Fig. 4). The ultrasonication time
showed significant effects on squalene content, where it can be seen
that squalene content is decreased with longer ultrasonication time.
Ultrasound eliminate the cell walls and the penetration of solvent to
plant tissue easily occurs (Mason et al., 1996; Xia et al., 2006). In lit-
erature, ultrasound was used for polyphenol extraction from thyme
leaves (Jovanović et al., 2017), capsicum oleoresin from hot chilli

Table 5
Box-Behnken design and the response values for squalene extraction.

Run x1 Solvent concentration x2 Temperature (°C) x3 Ultrasonication time (min) Experimental squalene (mg/g DW) Predicted squalene (mg/g DW)

1 Water (-1) 55 (+1) 20 (0) 2.09 2.71
2 100% Ethanol (+1) 45 (0) 30 (+1) 0.233 0.31
3 50% Ethanol (0) 55 (+1) 10 (-1) 8.28 7.73
4 Water (-1) 45 (0) 10 (-1) 3.32 3.25
5 50% Ethanol (0) 45 (0) 20 (0) 5.00 4.46
6 50% Ethanol (0) 35 (-1) 30 (+1) 0.00 0.55
7 50% Ethanol (0) 45 (0) 20 (0) 4.23 4.46
8 50% Ethanol (0) 55 (+1) 30 (+1) 0.438 0.49
9 Water (-1) 45 (0) 30 (+1) 0.00 0.00
10 100% Ethanol (+1) 35 (-1) 20 (0) 0.056 0.00
11 50% Ethanol (0) 45 (0) 20 (0) 4.61 4.46
12 100% Ethanol (+1) 45 (0) 10 (-1) 2.57 3.24
13 50% Ethanol (0) 45 (0) 20 (0) 4.26 4.46
14 Water (-1) 35 (-1) 20 (0) 0.50 0.62
15 50% Ethanol (0) 35 (-1) 10 (-1) 0.20 0.15
16 50% Ethanol (0) 45 (0) 20 (0) 4.19 4.46
17 100% Ethanol (+1) 55 (+1) 20 (0) 4.99 4.86

Fig. 4. Response surface plots (A, B and C) and contour plots (D, E, and F) showing the effects of the factors on squalene content.
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Fig. 5. HPLC-DAD chromatograms of the azadirachtin (A), mevalonic acid (B) and squalene (C) samples. The retention times for azadirachtin, mevalonic acid and
squalene standards at 214, 270 and 195 nm were 4.60, 1.98 and 4.75 min, respectively.
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pepper (Sricharoen et al., 2017), polysaccharides from rhododendron
leaves (Guo et al., 2017), anthocyanins from blueberries (Jiang et al.,
2017), polyphenols and flavonoids from green tea (Menezes Maciel
Bindes et al., 2019), thebaine from Papaver bracteatum (Zare et al.,
2014), anthocyanin from Arbutus unedo L. (López et al., 2018) and Ni-
traria tangutorun Bobr. (Sang et al., 2017), carotenoids from tomato
(Figueira et al., 2017), Cannabinoids from Cannabis sativa L. (Agarwal
et al., 2018), phenolics and antioxidant compounds from Rheum
moorcroftianum (Pandey et al., 2018), and tryptophan from rice
(Setyaningsih et al., 2017). The negative effect of quadratic terms of
ethanol concentration, temperature and ultrasonication time can be
observed from plots A–F (Fig. 4). The optimum condition for max-
imizing the squalene content was as follows: solvent of 50 % ethanol,
extraction temperature of 55 °C and ultrasonication time of 10min
(Fig. 4).

3.8. Identification of azadirachtin, mevalonic acid, and squalene

Fig. 5 shows the HPLC-DAD chromatograms of the azadirachtin,
mevalonic acid and squalene samples and standards. The peaks of
azadirachtin, mevalonic acid and squalene were identified by HPLC-
DAD with retention times 4.62, 2.00 and 4.78 respectively.

4. Conclusion

BBD was successfully applied to optimize and study of the effects of
extraction factors including solvent, temperature and ultrasonication
time on the azadirachtin, mevalonic acid and squalene content.
According to the results, the extraction conditions had significant ef-
fects on azadirachtin, mevalonic acid and squalene content. From this
study, the quadratic models described the relationship between the
variables and responses. The optimal conditions for azadirachtin, me-
valonic acid, and squalene extraction were water, temperature 35 °C
and ultrasonication time 20min; 50 % ethanol, temperature 45 °C and
ultrasonication time 30min; and 50 % ethanol, temperature 55 °C and
ultrasonication time 10min, respectively.
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