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A B S T R A C T   

Currently, flaxseed oil is used as an important functional food constituent owing to its large content of omega-3 
fatty acids. However, flaxseed oil does not contain carotenoids that could enhance the oxidative stability of the 
oil. In this study, carotenoids extracted from sea buckthorn pomace were used to enrich cold-pressed flaxseed oil 
via an ultrasound-assisted extraction technique (UAE). The process parameters were optimized through Box- 
Behnken design to maximize the carotenoid content in the flaxseed oil. The results obtained by statistical 
analysis indicated that the yield of 14.02 mg/L of carotenoid content was found in the enriched flaxseed oil at 
75.6 min, feed to oil ratio of 19.9 (wt. basis), and amplitude 80.81%. Further, UAE at optimum process pa
rameters was compared with the conventional extraction (CE) method, and it was found that UAE had ~ 49 wt% 
of higher carotenoid content relative to CE. The physicochemical properties of the enriched flaxseed oil were 
determined to evaluate the effects of carotenoid enrichment in the flaxseed oil. Based on the outcomes of the 
present investigation, enriched flaxseed oil could be the potential source for the pharmaceuticals and nutra
ceuticals industry.   

1. Introduction 

Over a few decades, flaxseed oil appears as an essential functional 
food constituent due to its high nutrient and biologically active com
pounds. It contains omega-3 fatty acids such as α-linolenic acid (ALA), 
soluble and insoluble fibers, polyunsaturated fatty acid (PUFA), protein, 
and antioxidants (Oomah et al., 1997; Gebauer et al., 2006; Liang et al., 
2017). In general, flaxseed oil is used for human consumption in cooking 
and baking. Further, flaxseed by-product such as de-oiled cake is used in 
animal feed formulation (Oomah, 2001; Coelho et al., 2007; Singh et al., 
2011). Flaxseed oil has a short shelf life as it can get rancid faster due to 
the presence of PUFA. The presence of the double bonds in flaxseed oil 
interacts with oxygen in the atmosphere causing oxidative rancidity 
(Goyal et al., 2014). Enrichment of flaxseed oil with value-added com
pounds has either potential to increase the nutritive value of oils, 
making them more valuable for edible applications, or extend the shelf 
life of edible oils (Obermeyer et al., 1995). 

The enrichment of foods/edible oil with compounds capable of 

acting as antioxidants either to extend their shelf life or to incorporate 
compounds with healthy properties has become standard practice in 
recent years (Kaderides et al., 2015). Currently, the enrichment of edible 
oils is carried out by three different techniques; the first process involves 
the extraction of plant biomass through the conventional solvent 
extraction process and adding it to edible oils in recommended pro
portions (Hashempour-Baltork et al., 2016; Nde and Foncha, 2020). The 
drawbacks of this process are the use of commercial solvents, which are 
not recommended due to their cost and toxicity. Removal of the solvent 
from the extract by an evaporation process and purification of oil is a 
time-consuming process. The second method is through steam distilla
tion of plant biomass and the addition of essential oil extracts to edible 
oils. The drawback of this process is that it involves the consumption of a 
large amount of water to generate steam. The third method involves the 
traditional maceration process for the enrichment of edible oils. The 
bottleneck of this process is that it consumes excessive time, and yield is 
low as compared to other methods (Chemat et al., 2019; Krishnaswamy 
et al., 2018). 
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The ultrasound-assisted extraction (UAE) technique is an innovative 
technology in the food processing industry because of its advantages 
over other extraction processes (Cañizares-Macías et al., 2004; Chemat 
et al., 2004; Khan et al., 2010). UAE is considered as an effective and 
quick method for improving the nutritional value of vegetable oils 
(Chemat et al., 2004; Zhang et al., 2009; Zou et al., 2010). It is used to 
extract bioactive components directly from the plant biomass in a short 
period by eliminating the use of the solvent During UAE, ultrasound 
energy generated through the sonicator probe allows the break
down/dilation of the biomass cell walls; thereby, extractives (caroten
oids and tocopherols) are extracted from the biomass and diffuses into 
the oils that are intended for enrichment (Li et al., 2004; Rostagno et al., 
2003). Besides, via the UAE, the contact surface between solid biomass 
and oil increases; thus, bioactive compounds directly get penetrated the 
oil via the cavitation technique (Patist and Bates, 2008; Zhang et al., 
2008). Several studies are reported on the utilization of different plant 
biomass to enhance the properties of edible oils through the enrichment 
process (Borguini et al., 2021). The extraction and application of 
bioactive compounds from plant biomass (Table 1) can be helpful to the 
food industry for various health benefits. Bioactive compounds enhance 
the stability, nutritional values, pharmaceuticals, and nutraceuticals 
values of the products; further, they are used for the preparation of drugs 
and health supplements (Vilkhu et al., 2008, Ninčević Grassino et al., 
2020). 

In the current study, sea buckthorn pomace is used for the enrich
ment of flaxseed oil. Sea buckthorn (Hippophae rhamnoides L.) is a native 
plant of cold temperature regions of Europe and Asia. Worldwide, 
various parts of sea buckthorn plants, berries, juice, pomace, and seeds 
are used in traditional medicine preparation, food, and the cosmetic 
industry (Beveridge et al., 1999). The processing of sea buckthorn 
berries is shown in Fig. 1. As sea buckthorn juice is primarily consumed 
due to its health benefits, the industry produces a large amount of sea 
buckthorn by-products such as seeds and pomace. Due to the high 
content of carotenoids (determined at 24.56 ± 1.55 mg/100 g and 16.67 
mg/100 g by spectrophotometric and HPLC methods, respectively) in 
sea buckthorn pomace, it is used in the extraction of bioactive com
pounds for value addition of edible oils (Corbu et al., 2020; Vilas-
Franquesa et al., 2020). 

The main objective of this study is to increase the nutritive value of 
flaxseed oil by using sea buckthorn pomace. Process parameters (time, 
feed to oil ratio, and ultrasonic power) are optimized through Box- 
Behnken design to maximize the carotenoids content in the enriched 
flaxseed oil. Further, the physicochemical analysis of the flaxseed oil 
before and after enrichment is carried out to determine the quality and 
oxidative stability of the flaxseed oils. In addition, UAE is compared with 
conventional extraction (CE) at similar process parameters for three 
consecutive cycles to determine the total carotenoids content present in 
sea buckthorn pomace and extraction efficiency of the UAE technique. 

2. Material and methods 

2.1. Collection and processing of sea buckthorn pomace, flaxseed oil 

Sea buckthorn pomace was collected from local farmers of the 
Northeast region, Leh, India, and was cleaned manually to remove all 
foreign particles such as leaves, stones, etc. The separation of sea 
buckthorn seed from pomace was performed manually using a lab-scale 
sieve (number 10) with a sieve opening of 2 mm in size. After passing sea 
buckthorn biomass manually through this sieve, seeds and pomace were 
separated, and pomace was further dried in a solar dryer. Initially, the 
moisture content of pomace was found to be 4–4.5 wt% (before drying) 
which reduced to 1 wt% after drying. Before drying, the average 
diameter of sea buckthorn pomace was 5–8 mm, which was to <2 mm in 
size after drying. 

Dried sea buckthorn pomace was stored at room temperature in an 
air-tight container before its use. Cold-pressed unrefined flaxseed oil 

(Omega Nutrition, Organic Omega Flaxseed oil) was collected from the 
local markets of Saskatoon, Canada. The flaxseed oil used in the 
experiment did not contain any additives, preservatives, bleaching 
agents, or hexane. 

All the reagents used for the experiment were of analytical grade. 
Ethanol, n-hexane, methanol, acetonitrile, chloroform, acetic acid, po
tassium hydroxide, sodium thiosulphate, potassium iodide, and Stan
dard β-carotene (HPLC grade, 99% purity) is purchased from Sigma 
Millipore, Oakville, Ontario, Canada. 

Table 1 
Enrichment of different edible oils with plant biomass extract.  

Name of 
the oil 

Plant 
biomass 

Targeted 
bioactive 
compound in 
biomass 

Experimental 
conditions 

Reference 

Sunflower Dry 
Lamiaceae 
plants 

Antioxidants Enriched oil 
contained 
0.1–0.5% 
solvent extracts 
(ethanol) used in 
oil stabilization 

Marinova 
and 
Yanishlieva, 
1997 

Olive Rosemary Pheophytin, 
chlorophyll, 
polar phenol 
content 

Total phenolic 
content is 
increased 3.5 
times with 
improved 
quality and 
higher oxidative 
stability of oil 

Damechki 
et al. (2001) 

Virgin 
olive 

Garlic, hot 
pepper, 
oregano, 
rosemary 

Flavor 
extraction from 
garlic, hot 
pepper, 
oregano, 
rosemary 

Various flavored 
oils obtained 
with higher 
stability of oil 
optimized 
conditions are: 
40 g/L of dried 
hot pepper, 30 
g/L of garlic, 40 
g/L of oregano, 
20 g/L of 
rosemary 

Gambacorta 
et al. (2007) 

Refined 
corn 

Citrus 
aurantium 
peel 

Aroma 
extraction from 
citrus peel to 
corn oil 

Flavored oil with 
conditions 1 h, 
20◦C (100 rpm) 
had suitable 
volatile 
compounds with 
unchanged fatty 
acid 
composition of 
oil 

Karoui et al. 
(2010) 

Virgin 
olive 

Tunisian 
aromatic 
plant 

Flavor 
extraction from 
rosemary, 
lavender, sage, 
menthe, basil, 
lemon to extra 
virgin olive oil 

The maceration 
process is used 
for the 
enrichment of 
oil. After 
enrichment, 
thermal 
resistance and 
stability of the 
oil is 
significantly 
increased 

Ayadi et al. 
(2009) 

Olive Olive cake Total phenol 
content, 
Flavonoids 

Oil is enriched, 
and oil with 
vegetative water 
and solid residue 
had better oil 
quality as 
compared to 
other freeze- 
dried olive cakes 

Suárez et al. 
(2010)  
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2.2. Design of experiment 

During the flaxseed oil enrichment, the RSM approach was used 
through a 3-layer 3-factor Box-Behnken design to optimize the extrac
tion of carotenoids in flaxseed oil. An experiment was designed using a 
Box-Behnken model by varying process parameters i.e., time (15–18 
min), feed to oil ratio (5–20, weight basis), and amplitude (50–100%). 
The final result were obtained in the form of total carotenoid content in 
ppm (mg/L). Table 2 shows the factors and their levels of the experi
mental process parameters, the center points selected for the experi
ments are time (47.5 min), feed ratio (12.5), and amplitude (75%). The 
number of experiments required for the model was designed by equation 
(1). 

N = 2K2 − 2K + C (1)  

Where N- Number of experiments, K- number of factors, and C- number 
of center points. 

For optimization of the carotenoid content in flaxseed oil, sixteen 
experiments were carried out in duplicate with four center points. 
Design experiment software (version 12) was used to study the effects of 
process parameters (i.e., time, feed to oil ratio, amplitude) on the total 
carotenoid content of enriched flaxseed oil. The total carotenoid content 
of enriched flaxseed oil was determined by spectrophotometer analysis, 
and the best model was selected using the R2 value. The equation ob
tained from the design expert was used to analyze the relationship be
tween process parameters and carotenoids extracted into flaxseed oil. 

2.3. Ultrasound-assisted extraction technique 

Ultrasound-assisted enrichment of flaxseed oil with sea buckthorn 
pomace was carried out by the sonicator apparatus (160 W) consisting of 
a probe and controller, as shown in Fig. 2. During the extraction, the 
operating frequency of the probe is 20 kHz; the temperature of the 

Fig. 1. Schematic representation of the processing of sea buckthorn berries.  

Table 2 
Box-Behnken experimental design factors and their levels.  

Factor Low Level (− 1) Medium level (0) High level (+1) 

Time (min) 15 47.5 80 
Feed ratio 5 12.5 20 
Amplitude (%) 50 75 100  
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reaction vessel was controlled with cold water circulation and is moni
tored continuously by a thermometer. During all the experiments, the 
temperature of the reaction mixture did not exceed 20 ± 2◦C. 

After UAE, pomace was removed manually from flaxseed oil by using 
filter paper, and enriched flaxseed oil was stored in the refrigerator for 
further analysis. 

2.4. Physicochemical characterization 

The moisture content of the cold-pressed flaxseed oil and enriched 
flaxseed oils (Table 3) was determined by Karl Fischer Method. Acid 
value (2*FFA), peroxide value, and iodine value of flaxseed oils was 
estimated by AOCS official methods (Cd 3d-63, Cd 8–53, and Cd 1–25, 
respectively). The oxidative stability of oils was determined with the 
743 Rancimat apparatus (Metrohm, Herisau, Switzerland) according to 
the AOCS Cd 12b-92 standard method. Each analysis was carried out in 
triplicate for accurate results (AOAC International, 1999) 

Flaxseed oils before and after enrichment were analyzed for their 
fatty acid composition. Besides identifying the fatty acid composition, 
this study was conducted to observe any significant changes in the fatty 
acid composition after enrichment via 1H-NMR spectroscopy. 1H-NMR 
spectra were acquired at 10,330 HZ spectral width, 3 s acquisition time, 
16 scans. Before processing the 1H-NMR spectra through Topspin 4.0.5, 
the baseline was corrected, and the spectra were referenced to δ 7.26 
ppm in CDCl3. The intensity of each peak in the 1H-NMR spectra was 
measured at respective ppm that reflected the number of protons. The 
sum of the saturated fatty acids and the quantity (wt.%) of oleic acid, 
linoleic acid, and linolenic fatty acids were determined according to the 
method reported by Guillén and Ruiz (2003). 

2.5. Quantification of carotenoid by spectrophotometer 

The spectrophotometric analysis was carried out by ultra
violet–visible (UV-VIS) spectrophotometer at 450 nm using the British 
standard method of analysis (B.S-684, 1977), and the carotenoid content 
was calculated in parts per million (ppm). 

Caretenoid content =
V ∗ 383∗(As − Ab)

100∗W
(2)  

Where V- Volume used for analysis, 383- The extinction coefficient of 
carotenoids, As- Absorbance of a sample at 450 nm, Ab- Absorbance of 
Blank at 450 nm, and W- Weight of sample in g. 

2.6. Quantification of β-carotene by HPLC methods 

HPLC analysis was performed using the method adopted from 
Munasinghe and Wansapala (2015), with slight modification. One gram 
of oil sample was measured in 25 mL of an amber volumetric flask and 
was filled with acetonitrile up to the mark. Then it was kept in the dark 
for 12 h for further use in HPLC analysis. Further, the β-carotene stan
dard stock solution was prepared freshly (10 mg/100 mL) and stored in 
the dark to arrest the degradation. 

HPLC analysis was performed in the HPLC instrument (Agilent 
Technologies 1100 series), equipped with a C18 column (4.5 × 150 mm) 
connected in series for analysis. The injection volume was 20 μL, and the 
flow rate was kept at 1.2 mL/min. The mobile phase was acetonitrile: 
Methanol (70:30), UV-VIS Detector (λ = 450 nm) was used for the 
analysis, detector temperature, and the column temperature was kept at 
30 ◦C. Standard β-carotene solution of known concentration was run, 
and the obtained results were compared with the spectra of β-carotene of 
flaxseed oils in parts per million (mg/L). All the samples were prepared 
in amber bottles to prevent the degradation of β-carotene. 

2.7. Electro paramagnetic resonance (EPR) spectroscopy 

Free radical scavenging activity of the flaxseed oils before and after 
enrichment was analyzed by measuring DPPH radical scavenging po
tential through Electro Paramagnetic Resonance (EPR) spectrophotom
eter (BRUKER EMX EPR; Bremen, Germany). The following operating 
parameters were used for the DPPH radical quenching assay: microwave 
power 5.27 mW, center field 3516.85 G, sweep width 100 G, operating 
frequency 9.8 GHz, modulation amplitude 2 dB, receiver gain 30 dB, 
attenuation 16 dB, g-factor 2, number of scans 2. Free radical quenching 
activity of the flaxseed oils was determined by a change in the intensity 
of the DPPH when the oils were mixed (1 mg/mL) with a standard DPPH 
stock solution prepared in methanol (0.11 g DPPH in 500 mL methanol). 
The test specimens were prepared by dissolving 0.2 g of flaxseed oils in 
1 mL of DPPH stock solution. Each test specimen was filled in melting 
point tubes and sealed with Teflon tape for analysis in triplicates at room 
temperature. The antioxidant activity of the flaxseed oils was evaluated 
every 6 h during 24 h; thereby, slow-reacting antioxidants could quench 
the free radicals with time. After each analysis, spectra were baseline 
corrected and double integrated using Win-EPR software to determine 
the intensities to compare with the control specimen (DPPH stock so
lution) without flaxseed oils. Free radical scavenging activity was 
calculated based on the following equation (3).  

Activity = [Ac–As / Ac] *100                                                           (3) 

Where Ac: Double integrated average value of the control, and As: 
Double integrated average value of the specimen. 

2.8. Comparison between UAE and CE 

To study the effects of UAE on carotenoids of enriched flaxseed oil, a 
conventional experiment was performed with the same process param
eters as UAE (with same process parameters of optimum condition), 
eliminating ultrasound energy. This experiment was carried out to un
derstand the effect of ultrasound energy on carotenoid yield. After 
extraction, the carotenoid content of UAE and CE was compared. 

Furthermore, to ensure the quantity of total carotenoids extracted in 
the process of UAE, an experiment was carried out using the same sea 

Fig. 2. Schematic representation of the sonication apparatus used in the pre
sent study. 

Table 3 
Physicochemical properties of flaxseed oils before and after enrichment.  

Oil properties Flaxseed oil Enriched flaxseed oil 

Moisture content (wt.%) 0.067 ± 0.01 0.053 ± 0.01 
Acid Value (AV, mg KOH/g) 0.90 ± 0.10 0.96 ± 0.10 
Free Fatty Acid (FFA, mg KOH/g) 0.45 ± 0.05 0.48 ± 0.05 
Peroxide Value (PV, meq O2/kg) 1.41 ± 0.20 1.58 ± 0.18 
Iodine Value (IV, g I2/100 g oil) 184 ± 9.00 192 ± 10.00  
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buckthorn biomass at sequential extraction with fresh flaxseed oil. The 
experiment was carried out in three stages, with the same sea buckthorn 
biomass and fresh flaxseed oil keeping similar experimental conditions 
(time - 47.5 min, feed to oil ratio - 12.5, amplitude - 75%) for extraction. 
The same batch of biomass was extracted with a fresh batch of flaxseed 
oil to ensure carotenoids yield in different stages with the same biomass. 

2.9. Statistical evaluation of the model 

In this study, a total of sixteen experiments were carried out 
(Table 4), and the responses of the model were evaluated by carotenoids 
content, analyzed by the spectrophotometer. To obtain the optimum 
conditions for extraction of carotenoids and to study the effects of pro
cess parameters, the experiments performed according to Box-Behnken 
design are shown in Table 4. The acceptability of the model was 
determined by a summary of the model statistics as shown in Table 5. 

3. Results and discussions 

3.1. Physicochemical properties of flaxseed oils before and after 
enrichment 

The physicochemical properties of flaxseed oils before and after 
enrichment (Fig. 3) are shown in Table 3. The acid value of flaxseed oil 
and enriched flaxseed oil is 0.90 and 0.96 mg KOH/g oil, respectively. It 
is found that there is not much change in the free fatty acid content of 
flaxseed oil; these results are identical to the previous study by Gam
bacorta et al. (2007) on the flavoring of extra virgin olive oil. It is found 
that there is no significant difference in acidity between enriched flax
seed oil and control (flaxseed) oil samples. An insignificant difference 
between the acid value of flaxseed oil before and after enrichment in
dicates that diffusion of carotenoids from sea buckthorn pomace into 
flaxseed oil does not affect the free fatty acid content of the enriched 
flaxseed oil (Gambacorta et al., 2007). 

Peroxide value measures the primary products of oxidative degra
dation, and it is found to be 1.41 and 1.58 meq O2/kg of flaxseed oil and 
enriched flaxseed oils respectively. Iodine number indicates the amount 
of unsaturation in fatty acids; the iodine value of flaxseed oil and 
enriched flaxseed oils are found to be 184, 192 g I2/100 g oil, 
respectively. 

From the physicochemical characterization results, it is observed 
that there is a minor increment in the peroxide and iodine values in 
enriched flaxseed oil. It may be due to the diffusion of carotenoids in 

flaxseed oil, which acts as an antioxidant, suppressing the formation of 
hydroperoxides in flaxseed oil. Results are identical to the experimental 
outcomes of Gambacorta et al. (2007), which explains the slight changes 
in peroxide value of extra virgin olive oil after the addition of spices and 
herbs. The maceration process of virgin olive oil with spices and herbs 
also enhances antioxidant compounds in the oil, limiting the formation 
of hydroperoxides in oil, which can decelerate the oxidation process in 
edible oils (Gambacorta et al., 2007). 

3.2. Statistical evaluation of the model 

In the statistical evaluation of the model, the highest yield of total 
carotenoids is observed in Run 2 (Time - 47.5 min. Feed ratio - 20, 
Amplitude – 75%) with 13.6 mg/L of carotenoids. The yield of carot
enoid content is increased with an increase in feed to oil ratio and 
moderately affected by time and amplitude. 

The retrieved values from the design are compared with the actual 
values of carotenoids determined by spectrophotometer analysis. Ade
quacy of the model is verified by the sum of the squares; a summary of 
the statistical model is presented in Tables 5 and 6. It is observed from 
the literature that high F-value and low p-value (probability of getting 
an error) plays a significant role in the acceptability of the statistical 
model (Okolie et al., 2019). From Table 7, F-value is found to be 5.8, and 
the p-value obtained is 0.02, which proved that the model is significant 
and acceptable (p-value < 0.05 makes the model significant). Lack of fit 

Table 4 
Experiments performed to establish the optimum process conditions for maxi
mizing carotenoid content.   

Factor 
1 

Factor 2 Factor 3 Response (actual 
Value) 

Predicted 
Values 

Run A: 
Time 

B: Feed 
ratio 

C: 
Amplitude 

Carotenoids Carotenoids 

Unit Min NA % mg/L mg/L 
1 80.0 20 50 11.9 12.1 
2 47.5 20 75 14.0 13.6 
3 15.0 20 50 11.3 11.6 
4 80.0 5 50 11.2 11.0 
5 47.5 12.5 100 12.0 12.3 
6 47.5 5 75 12.1 12.5 
7 80.0 12.5 75 12.7 13.3 
8 47.5 12.5 50 12.5 12.1 
9 80.0 5 100 11.9 11.7 
10 15.0 5 50 11.2 11.5 
11 15.0 20 100 10.8 11.1 
12 47.5 12.5 75 13.1 13.2 
13 15.0 12.5 75 13.0 12.3 
14 80.0 20 100 13.9 13.7 
15 15.0 5 100 10.3 10.1 
16 47.5 12.5 75 13.2 13.2  

Table 5 
Model summary statistics.  

Source Sequential p- 
value 

Lack of 
Fit p- 
value 

Adjusted 
R2 

Predicted 
R2  

Linear 0.20 0.09 0.14 − 0.34  
*2FI 0.43 0.09 0.15 − 2.34  
Quadratic 0.02 0.15 0.74 0.07 Suggested 
Cubic 0.04 0.40 0.98 − 1.89 Aliased 

*2FI: Two Factor Interaction. 

Fig. 3. Flaxseed oils (a) before enrichment (b) after enrichment.  
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is an additional factor to be considered to make the regression of the 
model acceptable (Manorach et al., 2015). In a lack of fit, the p-value 
should be higher than 0.05, according to Table 5, it is observed that the 
p-value is 0.15, which indicates that the model is significant. 

The summary of the model has a considerable impact on the ade
quacy of the mathematical model, which is dependent upon the value of 
R2 (coefficient of determination), adjusted R2 value, predicted R2 value, 
and standard deviation (Okolie et al., 2019). As per Table 5, the 
quadratic model has an adjusted R2 value of 0.74 and a predicted R2 

value of 0.07. The values of the model do not exist in the cubic and linear 
models; so, a quadratic model is the best model to study the correlation 
between carotenoid content and process parameters (time, feed ratio, 
and amplitude %). 

A second-order Box-Behnken equation obtained using multiple 
regression analysis:  

Total carotenoids (mg/L) = 4.78–0.0074*T + 0.0205*F + 0.201*A +
0.001*TF + 0.0006*TA + 0.0011*FA -0.0003*T2 - 0.0035*F2 - 0.0016*A2(4) 

Where T indicates the time of reaction (min), F indicates feed to oil ratio, 
and A indicates % of amplitude in the sonicator apparatus. TF, TA, and 
FA indicate the interaction between time and feed ratio, time and 
amplitude; feed ratio, and amplitude respectively. After analyzing the 
significance of the model, the two basic experiments are performed to 
check the adaptability of the theoretical equation. To analyze the reli
ability of the model, an experiment is performed at optimum conditions, 
and the yield of carotenoids obtained from the experiment is coordi
nating with values obtained using the theoretical equation, with an error 
of 0.2 mg/L. Table 4 shows the predicted and actual values of caroten
oids, which are identical except for a few runs. 

3.3. Assessment of experimental factors and their interactions on 
carotenoid content 

A design experiment model analyzes the effect of different experi
mental factors on carotenoids extraction from sea buckthorn pomace to 
flaxseed oil. It also clarifies the relation between different factors and 
their impact on the extraction of carotenoids. From Table 7, it is 
observed that various factors, such as time, feed ratio, and amplitude %, 

have a significant effect on the yield of carotenoids. The average time of 
the extraction is found to be 47.5 min, with an extraction yield of 13.6 
mg/L. Further, with the increase in time up to 80 min, only 0.16 mg/L of 
increment of carotenoids is found. This slight increment in carotenoids 
concentration is observed due to prolong contact (32.5 min) of Sea 
buckthorn pomace with flaxseeds oil. Therefore, 47.5 min is kept as the 
optimum time for a better yield of carotenoids (Okolie et al., 2019). 

It is clear from Table 7 that other than the time, other process pa
rameters are insignificant in the statistical model. The 2D contour 
graphs and the 3D response surface plots show better clarity of the 
model. The statistical 2D counterplots and 3D response surface plots 
specify the relation between process parameters and the response of 
increase in carotenoid content. In these plots, one of the process pa
rameters is at a constant level, and the other process parameters are 
varied in the design model. Figs. 4 and 5 represent 3D response surface 
and 2D contour plots of the interaction between the time and feed to oil 
ratio and interaction between time and amplitude %, respectively. These 
plots indicated that an increase in feed ratio has significantly less effect 
on the response of carotenoids yield. 

Although the feed ratio of sea buckthorn pomace to flaxseed oil did 
not show a significant effect on the carotenoid yield, the mild impact of 
this can be observed from Fig. 4, the addition of sea buckthorn pomace 
increases the extraction of carotenoids in flaxseed oil. This phenomenon 
is observed due to an increase in contact time between sea buckthorn 
pomace and flaxseed oil in the reaction vessel. This leads to an increase 
in the yield of carotenoids, i.e., feed ratio of 20 showed 13.6 mg/L of 
carotenoids content. Experimental results indicated that an increase in 
feed ratio has a minor effect on the response of carotenoid content, as 
shown in Table 4 (Manorach et al., 2015). 

Increasing amplitude % in ultrasound-assisted extraction signifi
cantly increases the temperature of extraction vessels in the UAE. This is 
due to the mechanism of the sonication process; it converts the electric 
signal into physical vibration through the sonication probe, which 
causes breaking/dilating pomace. The energy in the form of sound 
waves generates friction in the mixture of pomace and flaxseed oil that 
creates heat in flaxseed oil (Yara-Varón et al., 2017). From Table 4, it 
can be observed that the increase in amplitude % (power of sonication), 
yield decreases from 13.2% (Amplitude - 75%) to 12.3% (Amplitude – 
100%). These results are in agreement with a study by Chemat et al. 
(2012), which explains that sonication power significantly affects the 
extraction of carotenoids in different edible oils (sunflower, olive, 
rapeseed). From Fig. 5, it can be observed that amplitude plays a sig
nificant role in the extraction of carotenoids, and 75% of amplitude led 
to a good yield of carotenoids as compared to other experimental con
ditions. However, increment in amplitude % is not favorable for edible 
oil owing to heat generation during the UAE which leads to degradation 
of the quality of the flaxseed oil. 

Table 6 
Sequential model sum of squares.  

Source Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F- 
value 

p- 
value  

Linear 12.03 11 1.09 80.32 0.0868  
*2FI 8.96 8 1.12 82.31 0.0851  
Quadratic 1.79 5 0.36 26.34 0.1468 Suggested 
Cubic 0.03 1 0.03 1.91 0.3984 Aliased 
Pure 

Error 
0.01 1 0.014     

Table 7 
Analysis of variance (ANOVA).  

Source Sum of Squares df Mean Square F-value p-value  

Model 15.72 9 1.75 5.80 0.02 significant 
T-Time 2.67 1 2.67 8.85 0.03  
F-Feed ratio 2.76 1 2.76 9.16 0.02  
A- Amplitude 0.06 1 0.06 0.20 0.67  
TF 0.52 1 0.52 1.72 0.24  
TA 2.15 1 2.15 7.14 0.04  
FA 0.40 1 0.40 1.32 0.29  
T2 0.46 1 0.46 1.53 0.26  
F2 0.11 1 0.11 0.35 0.57  
A2 2.72 1 2.72 9.04 0.02  
Residual 1.81 6 0.30    
Lack of Fit 1.79 5 0.36 26.34 0.15 not significant 
Pure Error 0.02 1 0.01  
Corrected Total 17.53 15   
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3.4. Optimization of the extraction process 

After verifying the regression model using different process param
eters from the design expert, optimization condition for carotenoids 
yield is found to be time - 75.5 min, feed ratio – 19.9, and amplitude - 
80.8%; at this condition, the predicted yield of carotenoids is 14.0 mg/L. 
To verify the experimental error along with optimized values, an 
experiment is performed using the above condition and the experi
mental error is found to be 3.4%. 

3.5. Fatty acid profile of flaxseed oil 

1H-NMR spectra of the flaxseed oils before and after enrichment are 
shown in Fig. 6, indicating the number of protons at each chemical shift 
with different acyl groups. Spectral signals are attributed to the presence 
of the protons in the triglycerols, and the area of each chemical shift 
belongs to the flaxseed oils before and after enrichment. From Fig. 6, it 
can be seen that the proton count at each chemical shift is identical 
except in the unsaturation region (5.2–5.4 ppm) and the chemical shift 
at 2.2. ppm, which indicated that the fatty acid composition of the 

flaxseed oil before and after enrichment is identical. Similar observa
tions are noticed in section 3.1, i.e., no significant difference in free fatty 
acids content in the enriched oil. As reported in the materials and 
methods section, the fatty acid composition is calculated according to 
Guillén and Ruiz (2003) using 1H-NMR spectra and found to be linolenic 
fatty acids (ω-3) – 50 wt%, linoleic fatty acid (ω-6) – 16.7 wt%, oleic acid 
– 25 wt%, and saturated fatty acids – 8.3 wt%. Reported fatty acid 
composition in this study is in line with the previous studies by Bean and 
Leeson (2002), an extensive study on the fatty acid composition of the 
23 different flaxseed oils collected from the commercial feed mills in 
Ontario (Bean and Leeson, 2002). Similar experimental outcomes are 
noticed in the fatty acid composition of the corn oil before and after 
enrichment with citrus peel essential oil (Karoui et al., 2010). Iodine 
value is also calculated from the 1H-NMR analysis by the Hunus method 
(IV = 10.54 + 13.39*% of olefinic protons in flaxseed oils), and it is 
found to be 168.5 g I2/100 g of flaxseed oil and 173.9 g I2/100 g of 
enriched flaxseed oil. From the outcomes of the study, it is noticed that 
the difference in the iodine value is ascribed to the addition of β-caro
tene from the sea buckthorn pomace with a molecular formula of C40H56 
that has an unsaturation. This observation further confirms that the 

Fig. 4. Interaction between time, feed ratio, and their effects on carotenoids 
yield; (a) 3D response surface plot (b) 2D counter plot. 

Fig. 5. Interactions between time and amplitude % and their effects on 
carotenoid yield; (a) 3D response surface plot, (b) 2D counter plot. 
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carotenoid from sea buckthorn pomace is diffused into the flaxseed oil 
and enriched the oxidative and antioxidant stability, reported in section 
3.6. Therefore, enriched flaxseed oil could be a possible supplement for 
edible, pharmaceutical, and nutraceutical applications. 

3.6. Oxidative stability assessment 

Rancimat analysis monitored the deterioration of flaxseed oils before 
and after enrichment. The data obtained is measured in terms of the 
induction period (IP, Table 8) to evaluate the resistance against oil ox
idations at high temperatures (100/110 ◦C). Higher induction time in
dicates that it would take a longer time to oxidize the oils; thus, they 
would have better stability of the oils. It is observed that the induction 
period at temperatures 100 and 110 ◦C of enriched flaxseed oil (6.07 h 
and 2.92 h) is higher as compared to that of non-enriched flaxseed oil 
(4.11 h and 1.58 h), respectively. The results of the oxidative stability of 
enriched flaxseed oil before and after enrichment found an overall in
crease in IP at 100 ◦C–110 ◦C. At both temperatures, higher stability is 
observed in enriched flaxseed oil. A similar pattern of Rancimat relative 
time is observed by another study of enriched edible oils (Sánchez De 
Medina et al., 2011). The stability of edible oils increased after the 
enrichment of oil with phenolic extracts from an olive tree. Enriched oils 
have shown better stability relative to pure oils (Gordon and Mursi, 
1994; Sharav et al., 2014; Bilska et al., 2018). So, it can be concluded 
that the increase in the stability of flaxseed oil is due to the enrichment 
of flaxseed oil with carotenoids of sea buckthorn pomace. 

3.7. Carotenoids and β-carotene content (ppm) by spectrophotometer and 
HPLC method 

The composition of carotenoids and β-carotene in flaxseed oil and 
enriched flaxseed oils are analyzed using a spectrophotometer and HPLC 
analysis (Table 9). Initially, the carotenoids, β carotene content of 
flaxseed oil before enrichment is studied by spectrophotometer and 

HPLC methods. It is found that there are no traces of β carotene present 
in the cold-pressed flaxseed oil. After enrichment, it is found that the 
carotenoid of flaxseed oil is 14.02 mg/L by spectrophotometer analysis. 
To ensure the quantity of β-carotene content, HPLC analysis is per
formed in comparison with standard β-carotene, and it is found to be 
11.26 mg/L in enriched flaxseed oil. Comparative analysis of spectro
photometric methods showed that the results are slightly different, and 
the variation between the two different quantities is attributed to the 
sensitivity of the instruments. The above results are in line with the 
study of β-carotene of M. Longifolia seed oil (Munasinghe and Wansa
pala, 2015), which shows the difference between carotenoid content of 
the same oil by two methods may be due to the sensitivity of the in
struments used to measure (de Carvalho et al., 2012; Tesfaye et al., 
2017). 

3.8. Comparison between UAE and CE 

In Comparison with CE, UAE showed a higher yield after 80 min of 
extraction, as shown in Fig. 7. The carotenoid content of the enriched 
flaxseed oil via the UAE technique is 14.5 mg/L, which is 49% more 
relative to CE, which is 7.1 mg/L. The increase in the yield could be 
attributed to the application of ultrasound-assisted extraction. This in
dicates that the UAE significantly enhances the extraction of carotenoid 
content in less time compared to CE. 

Besides, a three-stage experiment was performed to ensure the 
(maximum) quantity of carotenoids extracted in flaxseed oil, keeping 
identical experimental conditions (time - 47.5 min, feed to oil ratio - 
12.5, amplitude - 75%). Experimental outcomes revealed that UAE 
yielded higher carotenoids in each stage (7.5, 3.2, 1.5 mg/L) relative to 
CE (3.4, 1.9,0.5 mg/L) respectively. This specifies that the UAE en
hances the yield of carotenoid compared with CE, and UAE extracted a 
higher amount of carotenoid in the first stage of extraction. Multi-stage 
extraction also revealed that the total carotenoid content in sea buck
thorn pomace is around 12.1 mg/L in three series of extractions (Fig. 8). 
Via UAE, more than half of the carotenoid (7.5 mg/L) is extracted into 
the flaxseed oil in first stage of extraction, which is higher than the 
carotenoid content by CE in three stages of extraction (5.6 mg/L). 

3.9. Free radical scavenging activity of flaxseed oils before and after 
enrichment 

Consumption of a wide variety of fruits, vegetables, edible oils with 
rich antioxidant compounds renders defense against diseases such as 
cardiovascular and cancer. Such protection can be understood and 
explained by the capacity of the antioxidants to scavenge free radicals 
(via electro paramagnetic resonance spectroscopy) that are responsible 
for the oxidative destruction of lipids, nucleic acids, and proteins 
(Chemat et al., 2000; Espín et al., 2000). Electro paramagnetic reso
nance spectroscopy has found a wide variety of applications in detecting 
free radicals owing to its high sensitivity to unpaired electrons Martí
nez-Yusta and Guillén (2019). The close interaction of DPPH with the 
free radical scavengers present in the enriched flaxseed oil presented a 
reduced signal intensity relative to pure flaxseed oil and DPPH stock 
solution EPR spectra (Fig. 9). The initial scavenging activity of the 
flaxseed oil is found to be 84%; this value is in agreement with the re
sults reported by Espín et al. (2000). Upon addition of 0.2 g of enriched 
flaxseed oil to 1 mL of DPPH stock solution quenched 93% of free 

Fig. 6. 1H-NMR spectra for (a). Flaxseed oil, and (b). Enriched flaxseed oil.  

Table 8 
Induction period of flaxseed oils (before and after enrichment).  

Temperature (◦C) Induction period (h) 

Flaxseed Oil Enriched Flaxseed Oil 

100 4.11 ± 0.8 6.07 ± 1.2 
110 1.58 ± 0.9 2.92 ± 1.1  

Table 9 
Carotenoid content (ppm) by spectrophotometer and HPLC methods.  

Name of the method Carotenoid content (mg/L) 

Flaxseed Oil Enriched Flaxseed Oil 

Spectrophotometer Nil 14.02 ± 0.63 
HPLC Nil 11. 26 ± 0.36  
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radicals that are present DPPH in the first 2 h. The declining trend in the 
spectral intensity for the enriched flaxseed oil is observed relative to the 
flaxseed oil and DPPH spectra (Blank). Further, the antioxidant activity 
of the enriched flaxseed oil is evaluated after every 6 h (up to 20 h); 
therefore, the DPPH stock solution allows the dissolution of both DPPH 
and lipid-associated antioxidants that are present in the flaxseed oils 
before and after enrichment. Along with the decrease in the absorption 
intensity of the DPPH, a change in the color of the flaxseed oils are 
noticed from purple to pale yellow further confirms that the quantity of 
the synthetic-free radicals present in the DPPH is quenched by the 
presence of flaxseed oil that is enriched with sea buckthorn pomace. 
Upon analyzing the spectra at 8, 14, and 20 h, enhanced scavenging 
activity is observed by the antioxidant compounds present in the 

enriched flaxseed (97%) oil. After 8 h, there is no significant difference 
in the antioxidant activity, i.e., within 8 h of reaction with DPPH, 
enriched flaxseed oil quenched or neutralized the synthetic-free radicals 
present in the DPPH; primary and secondary oxidation products from 
the enriched flaxseed oil. As discussed in the previous sections (3.6 and 
3.7), HPLC analysis of the enriched flaxseed oil revealed the presence of 
β-carotene and other antioxidant compounds such as sterols, phenolics, 
and tocopherols that are primarily responsible antioxidants present in 
the flaxseed oil (Śpitalniak-Bajerska et al., 2018), Free radical scav
enging activity of the enriched flaxseed oil (98%) has shown that it could 
quench the reactive oxygen species and their derivatives in a shorter 
time. Therefore, it is anticipated that the presence of antioxidants in the 
flaxseed oil could be a value-added feedstock for the production of 
pharmaceuticals, nutraceuticals, and edible oils (salad dressing), as re
ported by Polovka et al. (2007). 

4. Conclusions 

In this study, UAE is investigated for the enrichment of flaxseed oil. It 
is found that UAE significantly enhanced the extraction of carotenoids in 
less time compared to CE. From the assessment of design expert results, 
optimized conditions are found to be time - 75.5 min, feed ratio - 19.9, 
and amplitude - 80.8%; at these conditions, the yield of carotenoids is 
14.02 mg/L. The studies indicated that the UAE significantly decreased 
the extraction time. Carotenoid of enriched flaxseed oil is found to be 
14.02 mg/L by spectrophotometer analysis, likewise, β-carotene content 
is found to be 11.26 mg/L. 

The results of this study determined the application of sea buckthorn 
pomace (a by-product of the sea buckthorn berry processing industry) 
for the enrichment of edible oils. UAE technique is found to be an 
effective method for extraction and direct enrichment of oils. It 
improved the nutritional value of edible oil, eliminating the use of 
hazardous solvents in the process. All the parameters of enriched flax
seed oil indicate the improvement of stability and quality of flaxseed oil. 
β-carotene enriched flaxseed oil can be used in the nutraceutical and 
pharmaceutical industry as a dietary supplement. It can also be used in 
salad dressing oil, taste enhancer instead of butter or margarine in the 
food industry. 
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Ježek, D., Rimac Brnčić, S., Brnčić, M., 2020. Application of high hydrostatic 
pressure and ultrasound-assisted extractions as a novel approach for pectin and 
polyphenols recovery from tomato peel iste. Innovat. Food Sci. Emerg. Technol. 64 
https://doi.org/10.1016/j.ifset.2020.102424. October 2019.  

Obermeyer, W.R., Musser, S.M., Betz, J.M., Casey, R.E., Pohland, A.E., 1995. Chemical 
studies of phytoestrogens and related compounds in dietary supplements: flax and 
chaparral. Proc Soc Exp, Biol. Med. 208 (1), 6–12. https://doi.org/10.3181/ 
00379727-208-43824. 

Okolie, J.A., Nanda, S., Dalai, A.K., Kozinski, J.A., 2019. Optimization and modeling of 
process parameters during hydrothermal gasification of biomass model compound to 
generate hydrogen-rich gas products. Int. J. Hydrogen Energy. International Journal 
of Hydrogen Energy 45 (36), 18275–18288. https://doi.org/10.1016/j. 
ijhydene.2019.05.132. 

Oomah, B.D., 2001. Flaxseed as a functional food source. J. Sci. Food Agric. 81 (9), 
889–894. https://doi.org/10.1002/jsfa.898. 

Oomah, B.D., Kenaschuk, E.O., Mazza, G., 1997. Tocopherols in flaxseed. J. Agric. Food 
Chem. 45 (6), 2076–2080. https://doi.org/10.1021/jf960735g. 

Patist, A., Bates, D., 2008. Ultrasonic innovations in the food industry: from the 
laboratory to commercial production. Innovat. Food Sci. Emerg. Technol. 9 (2), 
147–154. https://doi.org/10.1016/j.ifset.2007.07.004. 
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