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Abstract Enzyme-assisted extraction has emerged as an

attractive green, cost-effective and high bioactive yielding

technology by which desired bioactives with preserved or

better efficacy are released. In the present study, the ability

of cellulase, hemicellulase and their binary mixture (cel-

lulase:hemicellulase; 1:1) in improving the extraction of

essential oils from coriander (Coriandrum sativum L.)

seeds, or the residue by-products from the distillation

process containing value-added phytochemicals (fatty acids

and phenolics) were evaluated. Cellulase and the binary

mixture improved the extraction of essential oils by 44.2

and 40%, respectively. Application of enzymes was asso-

ciated with increased amount of oxygenated terpenes in the

essential oils derived from enzyme-treated samples. Lina-

lool, camphor and geranyl acetate were the prominent

compounds. From the hydrodistillation residues, a better

recovery of petroselinic-rich oil with a good nutritional

quality was also observed in enzyme-treated seeds. They

also contained an appreciable amount of polyphenols and

showed an improved antioxidant activity as revealed by the

DPPH, FRAP and cellular antioxidant activity assays. The

results suggested that enzyme pre-treatment allowed better

recovery without alteration of the essential oil composition.

The hydrodistillation residues obtained could be potentially

exploited for the development of functional food ingredi-

ents and nutraceuticals.

Keywords Coriandrum sativum L. � Enzyme-assisted

extraction � Bioactive ingredients � Cellular antioxidant
activity � Hydrodistillation by-products � Functional
ingredients

Introduction

Coriander (Coriandrum sativum L.), is one of the most

important spices in the world, and is of great significance in

international trade. It is a multi-purpose herb mainly cul-

tivated for its foliage and seeds which have numerous food-

related biological activities and multiple functional uses

(Burdock and Carabin 2009). Coriander has a long history

of therapeutic use for various health problems including

flatulence, diabetes, dysentery, sore throat, insomnia, anx-

iety, cardio-vascular and urinary disorders (Patel et al.

2012). Coriander seeds contain a wide array of health

beneficial compounds such as minerals, phenolics, fatty

acids and essential oils, among others (Laribi et al. 2015).

Of particular interest, coriander essential oils have attracted

considerable attention due to their potential biological

activities and their application in fragrance, cosmetic and

pharmaceutical industries. These valuable components are

conventionally extracted by steam distillation, hydrodis-

tillation or solvent extraction. Nevertheless, the drawback

of these methods is the low yield. To overcome such a

problem, a lot of alternative methodologies such as

supercritical fluid extraction (SFE), pressurized liquid

extraction (PLE), subcritical water extraction (SWE)
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(Sowbhagya and Chitra 2010), coupled extruser-dynamic

headspace, microwave-assisted extraction (MWE) and

ultrasound-assisted extraction (USE) has been developed.

More recently, enzyme-assisted extraction of essential oil

is gaining momentum and its efficiency as well as its eco-

friendly characters are largely proved (Puri et al. 2012).

This innovative process is based on the application of

cell wall hydrolyzing enzymes such as cellulase, hemicel-

lulase and pectinase that are able to opens up the cell,

facilitating hence the release of essential oils (Hosni et al.

2013; Boulila et al. 2015). There are several reports on the

successful application of enzyme to extract volatile oils

from different plant species like garlic (Sowbhagya et al.

2009), celery (Sowbhagya et al. 2010), cumin seeds

(Sowbhagya et al. 2011), black pepper, cardamom (Chan-

dran et al. 2012), rosemary, thyme (Hosni et al. 2013) and

bay leaves (Boulila et al. 2015). Due to their numerous

advantages (high effectiveness, mild and easy operating

conditions, high extract quality and environmental-com-

patibility), enzymes are widely used in food industries for

the extraction of a wide array of valuable compounds such

as volatile oils, flavours, pigments (Puri et al. 2012),

polysaccharides, purine alkaloids (Roselló-Soto et al.

2015), and polyphenols (Putnik et al. 2017).

In the light of the above considerations, enzyme-assisted

extraction appears to be particularly attractive for extracting

bioactive added value compounds. Therefore, the aim of this

study was to evaluate the effects of enzyme pre-treatment on

yields and chemical composition of the essential oil of

coriander seeds. It also investigates the phytochemical pro-

file of the residual hydrodistilled seeds (a by-product of the

hydrodistillation process). A special attention was paid to

their lipid content, fatty acid profile, total phenols and fla-

vonoid contents as well as their antioxidant activity. To the

best of our knowledge, this is the first report on enzyme-

assisted extraction of coriander essential oils. This is also the

first example on phytochemicals from the residual

hydrodistilled seeds and their bioactivity. Results are

envisaged to pave a way for full exploitation of the raw

material, and the development of novel, low cost nutritious

food products and food formulations.

Materials and methods

Plant material, enzymes and chemicals

Air dried coriander seeds were purchased from the local

market (Menzel Temim, Tunisia). Cellulase (E.C. 3.2.1.4,

8.9 U/mg) from Trichoderma viridie and hemicellulase (H-

7649, 13.8 U/mg) from Aspergillus niger, were purchased

from Sigma-Aldrich (St. Louis. MO, USA). Methanol,

ethyl acetate, petroleum ether and diethyl ether were

purchased from VWR Chemicals (Fontenay, France).

Analytical grade hexane and chloroform were obtained

from Carlo Erba (Val de Reuil, France). Phosphate buf-

fered saline (PBS) was purchased from Gibco (Life

Technology, France) and RPMI was obtained from Gibco

(BRL, Paisley, UK). Anhydrous sodium sulphate (Na2SO4)

and n-alkanes series were purchased from Fluka Chemicals

(Buchs, Switzerland). The 2,2-diphenyl-1-picrylhydrazyl

(DPPH), aluminium chloride (AlCl3), sodium methylate,

ferric chloride (FeCl3), 2,4,6-tripyridyl-s-triazine (TPTZ),

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

(trolox), and 20,70-dichlorofluorescin diacetate (DCFH-

DA), 2,20-azobis (2-amidinopropane) (ABAP), quercetin

and gallic acid were purchased from Sigma-Aldrich

(Steinheim, Germany).

Enzyme pre-treatment, essential oil extraction

and analysis

Prior to extraction, the dried seeds were ground by using a

Retsch blender Mill (Normandie-Labo, Normandy, France),

and sifted through 0.5 mm mesh screen to obtain uniform

particle size. For enzymatic treatment, 100 g of ground

seeds were mixed with 500 mL distilled water containing

10 mg of single enzyme (cellulase and hemicellulase) or

20 mg of the binary enzyme mixture (cellulase:hemicellu-

lase 1:1), stirred for 1 h at 40 �C, and thereafter, the whole

mixture was subjected to hydrodistillation for 2 h using a

Clevenger-type apparatus (Boulila et al. 2015). Control

samples were subjected to hydrodistillation without any

treatment. The oils were recovered, weighed, dried over

Na2SO4 and stored in amber and airtight sealed vials at

- 20 �C until analyzed. The hydrodistillation solid residues

(by-product of the distillation process) were recovered, oven

dried at 40 �C and stored at - 20 �C for further uses.

Separation and identification of the essential oil com-

ponents were carried out using GC-FID and GC–MS. The

GC apparatus was an HP 6890 (II) gas chromatograph

(Agilent Technologies, Palo Alto, CA, USA) equipped

with a flame ionisation detector (FID), an apolar HP-5 (5%

phenylmethylsiloxane) and a polar Innowax (100% PEG)

capillary columns (60 m 9 0.25 mm, 0.25 lm film thick-

ness). Nitrogen of chromatographic grade was used as

carrier gas at a flow rate of 1.2 mL/min. The inlet was

operated in the split mode with a split ratio of 60:1. The

temperature program used was 50 �C for 1 min, increasing

by 2 �C/min to 280 �C, and kept at this temperature for

4 min. Injector and detector temperature were set at 250

and 300 �C, respectively.
The GC–MS analyses were carried out using an HP

6890 N gas chromatograph (Agilent Technologies, Palo

Alto, CA, USA) equipped with a fused silica capillary

column HP-5MS (30 m 9 0.25 mm, 0.25 mm film
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thickness) and coupled with an HP 5975 mass selective

detector (MSD) from the same company. The temperature

program was initiated at 40 �C, and linearly increased to

280 �C at a rate of 5 �C/min. Gas helium at a flow rate of

2 mL/min was used as carrier. The injector port and the ion

source were maintained at 270 and 230 �C, respectively.
Positive electron impact spectra were recorded at 70 eV in

the range m/z 50–550.

The volatile compounds were identified by comparison

of their retention indices (RI) relative to (C7–C20) n-alka-

nes (Adams 2001), and their mass spectra with those of

authentic standards when available and components of

known essential oils, as well as those from Wiley 275.L

library, mass finder 3, and a homemade MS library. The

relative percentages of components were calculated from

the peak-area percent of the GC-FID data.

Total lipid content, fatty acid profiles and lipid

quality of intact and hydrodistilled residual seeds

Total lipid content from intact (NTNH: neither treated nor

hydrodistilled) and those of untreated (NTH: not enzy-

matically treated but hydrodistilled) and enzymatically

treated and hydrodistilled (ETH) seeds were extracted

according the procedure of Bligh and Dyer (1959). Briefly,

1 g of raw material was crushed in a mortar with a chlo-

roform/methanol mixture (2:1; v/v), and the homogenate

was centrifuged at 3000 g for 15 min. The lower chloro-

form phase containing the total lipids was recovered and

dried under a stream of nitrogen.

The fatty acid methyl esters (FAMEs) of the total lipids

were prepared according to the procedure described by

Cecchi et al. (1985). Briefly, a 200 lL aliquot of the oil

was dissolved in 2 mL hexane, then 0.5 mL of sodium

methylate (3% in methanol), a known amount of nonade-

canoic acid (C19:0) as the internal standard, 0.2 mL of 1 N

H2SO4 and 1.5 mL of sodium chloride were added and the

reaction mixture was thoroughly agitated for 1 min. The

hexane phase containing FAMEs was recovered and con-

centrated under a stream of nitrogen, prior to analysis.

The FAMEs analysis was carried out using an HP 6890

gas chromatograph series II (Agilent Technologies, Palo

Alto, California, USA) equipped with flame ionisation

detector (FID) and an electronic pressure control injector

(EPC). Separation of individual FAMEs was performed on

a polar TR-FAME (60 m 9 0.32 mm, 0.25 lm; Thermo

Scientific, Wöhlerstraße, Mainz, Germany).

The oven temperature was initially held at 150 �C for

1 min, raised to 200 �C at a rate of 15 �C/min, held for

3 min then ramped to 242 �C at a rate of 2 �C/min. The

temperature of the injector and FID detector were main-

tained at 250 and 275 �C, respectively. Identification of

FAMEs was made by comparing their retention time with

those of reference standards mix purchased from Sigma-

Aldrich Inc (Steinheim, Germany). The FAMEs composi-

tions refer to the percentage ratio of each component to

total fatty acids.

The double bond index (DBI) was calculated as follow

(Gignon et al. 2004):

DBI ¼ 1�%monoenoic acidð Þ þ 2�% dienoic acidsð Þ
þ 3�% qtrienoic acidð Þ

The iodine values (IV) were calculated from fatty acid

percentages using the following formula (Cecchi et al.

2011):

IV ¼ 1:001C16:1þ 0:899C18:1þ 1:814C18:2
þ 2:737C18:3

In addition to the unsaturated fatty acid/saturated fatty

acid (UFA/SFA) ratio, artherogenic index (AI), thrombo-

genic index (TI) as well as the calculated oxidizability

value (Cox), the oxidative susceptibility (OS) and peroxi-

disability index (PI) were used to evaluate the lipid quality

of C. sativum seeds.

Atherogenic index (AI) and thrombogenic index (TI)

were calculated according to the following equations (Ul-

brich and Southgate 1991):

AI ¼ ½ð4� C14:0Þ þ C16:0þ C18:0 =� ½RMUFA

þ Rx6 PUFA þ Rx3 PUFA�
TI ¼ ½ðC14:0þ C16:0þ C18:0Þ=ð0:5�MUFA

þ 0:5� x6 PUFAþ 3� x3 PUFA þ x3=x6 PUFA�

where MUFA is the sum of monounsaturated fatty acid,

and PUFA is the sum of polyunsaturated fatty acids.

The Cox value was calculated using the following

equation (Fatemi and Hammond 1980):

Cox ¼ C18:1þ 10:3C18:2þ 21:6C18:3½ �=100

The oxidative susceptibility (OS) was calculated using the

following formula (Cecchi et al. 2011):

OS ¼ MUFAþ 45C18:2þ 100C18:3

The peroxidisability index (PI) was calculated using the

following formula (Kang et al. 2005):

PI ¼ %monenoic acid� 0:025ð Þ þ % dienoic acid� 1ð Þ
þ % trienoic acid� 2ð Þ þ % tetraenoic acid� 4ð Þ
þ % pentaenoic acid� 6ð Þ þ % hexaenoic acid� 8ð Þ

Extracts preparation from intact and hydrodistilled

residual seeds

Intact (NTNH) and hydrodistilled residual seeds from

untreated (NTH) and enzymes treated (ETH) residual seeds

(1 g) were mixed with 20 mL of organic solvents with
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different polarity (petroleum ether, ethyl acetate, methanol,

80% methanol and water) and shaken mechanically for

48 h at room temperature in an orbital shaker. The super-

natants were next filtered through Wattman #1 filter paper

(Bärenstain, Germany) and concentrated under reduced

pressure in a Heidolph rotary evaporator (Schwabach,

Germany). The water extract was frozen and lyophylized in

a Christ-Alpha 2-4 freeze drier (Osterode, Germany).

Determination of total phenolic (TPC) and total flavonoid

(TFC) contents

Total phenolic contents (TPC) were measured by the

Folin–Cieucalteu (FC) method (Singleton and Rossi 1965)

with some modifications. The extract was dissolved in

methanol to give a concentration of 1 mg/mL (w/v). A

100 lL aliquot was mixed with 500 lL of freshly diluted

tenfold FC reagent and 1 mL of 20% sodium carbonate

solution. After 1 h in the dark and at room temperature, the

decrease in absorbance was measured at 760 nm using a

Jasco V-630 UV–Vis spectrophotometer (Tokyo, Japan).

The final results were expressed as microgram of gallic

acid equivalents per g of extract (lg GAE/g of extract).

The colorimetric aluminium chloride (AlCl3) method

was used to determine total flavonoid (TFC) contents

according to the procedure proposed by Chang et al.

(2002). A 500 lL aliquot was mixed with 1.5 mL metha-

nol, 0.1 mL of 10% AlCl3 solution, 0.1 mL of potassium

acetate (1 M), and 2.8 mL of distilled water. After 30 min

incubation at room temperature, the absorbance was read at

415 nm. The TFC was expressed as microgram of quer-

cetin equivalents per g of extract (lg QE/g of extract).

Antioxidant activity

DPPH assay The DPPH radical scavenging activity

(RSA) and the reducing ability of extracts were estimated

according to the procedure of Sharma and Bhat (2009).

Briefly, 100 lL of different extracts was added to 100 lL
of 0.05 mg/mL DPPH solution in methanol, and the mix-

ture was incubated for 30 min in the dark, at room tem-

perature. Thereafter, the absorbance was measured at

517 nm using a microplate spectrophotometer reader

(ThermoLab systems, Franklin, MA). The assay vehicle

without extract served as negative control, whereas quer-

cetin and trolox were used as positive controls. The RSA

against DPPH* was calculated as the following formula:

%DPPH� radical scavenging ¼ A0 � Asð Þ=A0½ � � 100

where A0 is the absorbance of the control and As is the

absorbance of the sample. The concentration having 50%

radical inhibition activity (IC50) expressed as lg extract/

mL was determined from the graph of the free RSA (%)

against the extract concentration.

FRAP assay The antioxidant activity based on the

reducing ability of extracts was estimated according to the

procedure of Benzie and Strain (1996) with some modifi-

cations. The working FRAP reagent was freshly prepared

by mixing 10 mL of 300 mM acetate buffer (pH 3.6) with

1 mL of 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in

40 mM of hydrochloric acid and 1 mL of FeCl3�6H2O.

Extracts (5 lL) diluted in 20 lL of distilled water were

added to the FRAP reagent. After 8 min, absorbance of the

mixture was measured using microplate spectrophotometer

reader at 594 nm. Ascorbic acid and trolox were used as

positive controls. The percentage FRAP reduction was

calculated as the following formula:

% FRAP reduction ¼ As� Acð Þ=As½ � � 100

where As is the absorbance of the sample and Ac is the

absorbance of the control. The effective concentration

having 50% FRAP reduction (EC50) expressed as lg
extract/mL was determined from the graph of the FRAP

reduction (%) against the extract concentration.

Cellular antioxidant activity (CAA) assay The CAA of

different extracts was assessed using the method of Wolfe

and Liu (2007). Briefly, splenocytes (100 lL in RPMI 1640

medium) isolated from BALB/c mice were seeded onto 96-

well microplates at a density of 5 9 106/well. After 24 h

incubation, the growth medium was removed, and the wells

were washed with PBS (pH 7.4). Wells were treated in

triplicate for 1 h at 37 �C with 95 lL of extract and 5 lL of

25 mM DCFH-DA. After additional 1 h incubation, 100 lL
of 600 mM ABAP in RPMI was applied to all wells except

for the blank ones, and the fluorescence was measured using

a fluorescence microplate reader (Biotech, Winooski, USA)

for 1 h (5 min intervals) at 538 nm emission and 485 nm

excitation. Each plate included triplicate control and blank

wells. Control wells contained cells with DCFH-DA and

RPMI without ABAP, whereas control wells contained cells

with DCFH-DA and ABAP. The area under the curve of

fluorescence versus time was integrated to calculate the

CAA value of each sample after a blank subtraction from the

fluorescent reading.

CAA unitð Þ ¼ ½1�ðrSA=rCAÞ� � 100

where $SA and $CA are the integrated areas for sample and

control curves, respectively (Wolfe and Liu 2007).

Statistical analyses

Data were expressed as mean (± SD) and differences

between means were determined by one-ANOVA, using
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Tukey’s post hoc test. P values\ 0.05 were considered as

statistically significant. All analyses were performed using

SPSS ver.13 (SPSS Inc., Chicago, IL, USA).

Results and discussion

Effects of enzyme treatment on yield and chemical

composition of essential oils

The yields of essential oil from enzyme-treated and non-

treated coriander seeds are shown in Table 1. As shown,

the application of enzymes increased the essential oil

recovery by 44.2, 33.3 and 40% for samples treated by

cellulase, hemicellulase and their binary mixture,

respectively. Although that the highest essential oil

recovery was observed for cellulase as compared to

hemicellulase and the binary mixture (cellulase/hemicel-

lulase), there were no significant (p[ 0.05) changes in

quantitative amounts of essential oil yield between differ-

ent treatments. These results are in good agreement with

earlier reports (Sowbhagya et al. 2009, 2010, 2011; Hosni

et al. 2013; Boulila et al. 2015) that indicate the high cell-

wall degrading activity of T. viridie cellulase owing to its

endoglucanase, exoglucanase, and b-glucosidase compo-

nents (Xu et al. 2014). Thus it can be inferred that the use

of cellulase alone is more appropriate for this type of

application.

The identity, retention index and percentage composi-

tion of the essential oil components are listed in Table 1.

Table 1 Chemical composition

(% total peak area) of control

(untreated) and enzyme-treated

samples of coriander

(Coriandrum sativum L.) seeds

Component RIa RIb Control Cellulase Hemicellulase binary mixturec

Camphene 950 1076 0.47a 0.42a 0.15b 0.14b

b-Pinene 981 1118 0.71a 0.71a 0.46b 0.4b

b-Myrcene 988 1176 0.73a 0.71a 0.69a 0.64a

4-Carene 997 1149 0.33a 0.34a 0.3b 0.29b

a-Phellandrene 1002 1157 – – 0.13a 0.12a

p-Cymene 1026 1288 2.29a 1.36b 1.24bc 1.06c

Limonene 1031 1203 3.89a 2.96b 2.63c 2.48c

(Z)-b-Ocimene 1037 1247 0.11a 0.12a 0.12a 0.11a

(E)-b-Ocimene 1049 1266 0.14a 0.15a 0.16a 0.15a

c-Terpinene 1059 1255 12.07a 10.25b 9.57b 8.81bc

Linalool 1088 1553 73.34b 76.73ab 79.01a 78.2a

Camphor 1145 1553 3.01a 3.05a 3a 2.91a

Isoborneol 1159 1659 0.16a – – –

Borneol 1165 1719 – 0.06a – –

Tepinen-4-ol 1178 1611 0.3a 0.29a 0.23b 0.25b

a-Terpineol 1189 1706 0.12b 0.21a 0.18a 0.2a

Decanal 1193 1494 0.16a 0.19a 0.13c 0.16b

Citronellol 1228 1772 0.03a – – 0.03a

Geranyl acetate 1383 1765 1.84b 2.14a 1.82b 2.02a

b-Caryophyllene 1418 1612 0.08a 0.09a 0.07a 0.08a

2-Dodecenal 1444 1867 0.1a 0.06b – 0.09a

Group components

Monoterpene hydrocarbons 20.74a 17.02b 15.45c 14.2c

Oxygenated monoterpenes 78.77b 82.48a 84.24a 83.64a

Sesquiterpene hydrocarbons 0.08a 0.09a 0.07a 0.08a

Others 0.29a 0.25b 0.13c 0.28a

Oxygenated/hydrocarbons ratio 3.78d 4.82c 5.42b 5.85a

Total identified 99.88 99.84 99.89 98.2

Yield (% w/w) 0.32b 0.46a 0.43a 0.45a

RI retention index on: aHP-5 and bHP-Innowax; –: not detected
cBinary mixture (cellulase ? hemicellulase 1:1)
dMean values within the same raw followed by different superscript letters are significantly (p\ 0.05)

different
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The essential oils are resolved into 21 compounds covering

more than 98% of the total integrated GC peak area. The

main contributors of the volatile profiles are oxygenated

monoterpenes (78.77–84.24%) with linalool

(73.3–79.01%), camphor (2.91–3.05%) and geranyl acetate

(1.82–2.14%) were the major components.

The second main chemical group of the essential oil

were the monoterpene hydrocarbons (14.2–20.74%) with

c-terpinene, limonene and p-cymene as the main compo-

nents. The remaining chemical classes including

sesquiterpenes and miscellaneous compounds were detec-

ted with low proportions (\ 1%).

It is worthy to note that application of enzymes resulted

in remarkable increase of oxygenated compounds at the

expense of hydrocarbons, leading to increased oxygenated/

hydrocarbons ratios (from 3.78 in control to 5.85 in

enzyme-treated samples). These results are consistent with

those reported for cardamom (Chandran et al. 2012), thyme

and rosemary (Hosni et al. 2013), and bay leaves (Boulila

et al. 2015). This observation indicates an enhanced rate of

oxidation following cell wall disruption on one hand, and

to the greater presence of oxidase activity in the com-

mercial enzyme preparations on the other hand (Boulila

et al. 2015).

Another point to be considered is that the contents of

linalool and a-terpineol were significantly (p\ 0.05)

higher in enzyme-treated samples suggesting that a part of

these components were glycosidically bounded, and their

liberation was presumably due to collateral action of b-
glucosidase commonly found in the commercial prepara-

tions of cellulase and hemicellulase (Roselló-Soto et al.

2015).

Effects of enzyme treatment on total lipids, fatty

acid profiles and lipid quality of intact

and hydrodistilled residual seeds

The total lipid contents, fatty acid composition and their

quality indexes are depicted in Table 2. The total lipid

contents were significantly (p\ 0.05) higher in ETH than

in NTNH (intact seeds) residues. Its content in the

hydrodistilled residues was 5.94-fold higher than that

obtained from the NTNH samples. Application of enzymes

exacerbated the total lipid contents and the magnitude of

increase was 6.22, 8.12 and 6.5 in the hydrodistilled resi-

dues from cellulase, hemicellulase and their binary mix-

ture, respectively. From these results, the following points

can be retained: (i) the recovery of total lipids was

improved by heat treatment (and obviously elevated pres-

sure) during hydrodistillation following the disintegration

of cell structures, (ii) enzymatic treatment prior hydrodis-

tillation enhanced the extent of cell disruption and mark-

edly improved the recovery of total lipid from the residues,

and (iii) the hydrodistlled residual seeds could be consid-

ered as a consolidated source of lipids.

The positive effects of temperature treatment on the

release of lipids from different matrices have been evi-

denced in previous studies. In this context, Zheng et al.

(2011) reported that elevated temperature (100 �C) with

simultaneous application of cellulase greatly enhanced the

recovery of total lipids from the microalgae Chlorella

vulgaris. These antecedents could, at least, in part explain

the high lipid content obtained in this study, and confirm

that enzymatic treatment followed by hydrodistillation

enhanced cell disruption, washing and diffusion process

(key processes for lipid extraction from biological materi-

als), improving thereby the extraction efficiency.

Analytical data of the fatty acid methyl esters (FAMEs)

and their nutritional quality indexes are displayed in

Table 2. A total of 12 FAMEs were identified with the

most abundant being monounsaturated fatty acids

(MUFAs) (77.78–81.87%) in all samples. Irrespective to

enzyme-treatment, the main fatty acids were petroselinic

(71.18–78.82%) followed by linoleic (9.07–10.54%) and

palmitic acids (2.02–5.48%). Considering the two former

fatty acids, enzymatic treatment did not induce significant

(p[ 0.05) changes in their amounts, however, a small

improvement in the amount of a-linolenic and arachidic

acid was observed in ETH with respect to the NTNH

samples. The reciprocal trend was observed for palmitic,

palmitoleic and oleic acids. The obtained profile (C18:1 (n-

12)[C18:2 (n-6)[C16:0) is consistent with that

obtained in intact coriander seeds (Marichali et al. 2014).

Interestingly, the hydrodistilled residues of coriander

seeds might represent a consolidated source of petroselinic

acid, an active ingredient frequently used in cosmetic for-

mulations as a moisturizing, anti-ageing, and reducing

agents.

Considering that fatty acid profile and lipid content in

oil seed crops were key determinants of their nutritional

value, and any compositional changes could influence its

nutritional relevance, hence it is of particular significance

to evaluate the lipid quality in all sample oils. At this point,

the high UFA/SFA ratio and the lower (n-3)/(n-6) ratio

(lower than 0.2), atherogenic index (AI), thrombogenic

index (TI), peroxidisability index (PI), calculated oxidiz-

ability (Cox) and the oxidative susceptibility (OS) are

indicative to the high nutritional quality of the oil (Si-

nanoglou et al. 2011).

In the present study, data comparison showed that the

values of UFA/SFA, (n-3)/(n-6) ratios, DBI and IV values

were higher in ETH (11.17–12.37) with respect to the

NTNH (7.24) and the NTH (10.78) samples (Table 2). This

was mostly due to the increase in the polyunsaturated a-
linolenic and the monounsaturated petroselinic acid con-

tents, versus a decrease of the SFA palmitic and stearic
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acids contents. As a consequence, the oil from ETH sam-

ples exhibited the highest Cox, SO and PI values, sug-

gesting their high vulnerability to oxidation in comparison

with those of NTNH and NTH residual seeds. In contrast,

the oil samples from ETH samples showed very low AI

(0.08–0.1) and TI (0.12–0.13) values which indicate their

healthy properties.

In addition to the well recognized nutritional and ther-

apeutic properties of lipids of C. sativum seeds, other

secondary metabolites namely polyphenols, have been

reported to exhibit a wide array of food-related biological

activities including antioxidant, antimicrobial, anti-dia-

betic, and anticancer activities, among others (Sahib et al.

2013). The content of these valuable metabolites is, how-

ever, prone to the extraction procedure (Putnik et al. 2017;

Barba et al. 2016). Given their importance, we also ana-

lyzed the total phenol contents (TPC) and total flavonoid

contents (TFC) and evaluated the antioxidant activities of

different extracts, a task which to our knowledge has not

been previously investigated. This analysis could provide

insight into the possible valorisation of the residue by-

products of coriander seeds as source of natural

antioxidants.

Effects of enzyme treatment on TPC, TFC

and antioxidant activity of coriander extracts

from intact and hydrodistilled residual seeds

Data presented in Table 3, showed that hydrodistilled

residual seeds contain appreciable amounts of TPC (15.55-

Table 2 Total lipid content (% w/w), fatty acid composition and lipid quality indexes of intact (NTNH: neither enzymatically treated nor

hydroditilled), untreated (NTH: not enzymatically treated but hydrodistilled) and enzyme-treated samples of coriander seeds

NTNH NTH Cellulase Hemicellulase Binary mixture

Total lipids (% w/w) 1.09 ± 0.06c 6.48 ± 0.16b 6.78 ± 0.08b 8.86 ± 0.26a 7.12 ± 0.14a

Fatty acids

Myristic (C14:0) 2.66 ± 0.12a 0.71 ± 0.04c 0.87 ± 0.02b 0.41 ± 0.11d 0.81 ± 0.04b

Palmitic C16:0) 5.48 ± 1.11a 2.57 ± 0.08bc 3.14 ± 0. 15b 2.77 ± 0.12b 2.02 ± 0.04c

Palmitoleic (C16:1n-7) 2.18 ± 0.06a 1.32 ± 0.10c 1.65 ± 0.15b 1.12 ± 0.06d 1.72 ± 0.06b

Margaric (C17:0) 0.43 ± 0.04c 0.72 ± 0.02b 0.67 ± 0.02b 0.47 ± 0.08c 0.81 ± 0.06a

Stearic (C18:0) 2.89 ± 0.17b 3.05 ± 0.06a 2.63 ± 0.15c 2.82 ± 0.11b 3.13 ± 0.06a

Petroselinic (C18:1n-12) 71.18 ± 1.03c 75.72 ± 0.44b 75.67 ± 1.23b 78.82 ± 1.34a 76.66 ± 0.92b

Oleic (C18:1n-9) 3.34 ± 0.23a 2.93 ± 0.08b 2.27 ± 0.29c 1.16 ± 0.11e 2.03 ± 0.21d

Linoleic (C18:2n-6) 9.23 ± 0.32c 10.54 ± 1.34a 10.23 ± 0.76a 9.07 ± 0.56c 9.82 ± 0.31b

a-Linolenic (C18:3n-3) 0.86 ± 0.06d – 1.68 ± 0.15a 1.43 ± 0.06b 1.28 ± 0.04c

Arachidic (C20:0) 0.67 ± 0.04d 1.44 ± 0.03a 0.91 ± 0.04c 1.16 ± 0.11b 0.71 ± 0.06d

Gadoleic (C20:1n-9) 0.71 ± 0.01b 0.54 ± 0.04c – 0.77 ± 0.04a 0.68 ± 0.02b

Erucic (C22:1n-9) 0.37 ± 0.01b 0.46 ± 0.02a 0.28 ± 0.01c – 0.33 ± 0.06bc

Lipid quality indexes

SFA 12.13 ± 0.21a 8.49 ± 0.14b 8.22 ± 0.29b 7.63 ± 0.15c 7.48 ± 0.23c

UFA 87.87 ± 1.56b 91.51 ± 2.51a 91.78 ± 1.42a 92.37 ± 2.09a 92.52 ± 2.39a

UFA/SFA 7.24 ± 0.32c 10.78 ± 0.29b 11.17 ± 0.12b 12.11 ± 0.21a 12.37 ± 0.22a

(n-3)/(n-6) 0.09 ± 0.01c 0.00 ± 0.00d 0.16 ± 0.01a 0.16 ± 0.01a 0.13 ± 0.03b

DBI 98.82 ± 0.39c 102.05 ± 0.18b 105.37 ± 0.26a 104.3 ± 0.29a 104.9 ± 0.31ab

IV 88.27 ± 0.41d 91.15 ± 0.32c 94.19 ± 0.37a 93.39 ± 0.31b 93.78 ± 0.44b

AI 0.22 ± 0.02a 0.09 ± 0.01b 0.10 ± 0.01b 0.08 ± 0.02b 0.09 ± 0.01b

TI 0.24 ± 0.03a 0.14 ± 0.01b 0.13 ± 0.01b 0.12 ± 0.01b 0.12 ± 0.01b

Cox 1.88 ± 0.11c 1.87 ± 0.09c 2.20 ± 0.13a 2.04 ± 0.11b 2.07 ± 0. 41b

OS 579.13 ± 5.54c 555.27 ± 14.33d 708.22 ± 6.13a 634.18 ± 15.39b 651.32 ± 14.58b

PI 12.89 ± 0.51c 12.56 ± 0.23c 15.59 ± 0.37a 13.98 ± 0.67b 14.42 ± 0.79b

SFA saturated fatty acids, UFA unsaturated fatty acids, AI atherogenic index, TI thrombogenic index, Cox calculated oxidizability, DBI double

bound index, OS oxidative susceptibility, IV iodine value, PI peroxidisability index

*Different superscript within row are significantly different at p\ 0.05;
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64.99 mg GAE/g extract) and TFC (4.61–13.89 mg QE/g

extract), and their contents are somewhat variables

depending on solvent used and enzyme-treatment. In gen-

eral, these metabolites were better extracted with polar

solvents with 80% methanol being the most effective in

extracting TPC (54.62–93.51 GAE/g extract), while water

was more effective in extracting TFC (8.56–17.39 mg QE/

g extract) from the hydrodistilled residual materials. The

lowest recoveries of TPC and TFC were observed for the

less polar solvent ethyl acetate and the apolar solvent

petroleum ether. Such solvent-dependant difference in TPC

and TFC suggests that phenolics and flavonoids in

coriander seeds (both intact or residue by-products) were

mainly of high and medium polarity based on ‘‘like dis-

solve like’’ concept (Thoo et al. 2010).

From the hydrodistilled residual materials, an improved

release of phenolics and flavonoids was observed in cel-

lulase-treated samples as compared to the NTH. The results

could be explained by an increased degradation of cell-wall

structures as a result of the hydrolysis of cell wall com-

ponents (Barba et al. 2016), especially glycosidic/bond

linkage between phenolic compounds and cell wall

polysaccharides (Albouchi et al. 2013). The release of

phenolics and flavonoids was exacerbated by heat treat-

ment (during distillation) which was associated with

increased pressure and acidification of the bulk medium,

leading ultimately to breakage and destructuration of cell

walls (Roselló-Soto et al. 2015; Ennigrou et al. 2017). In

contrast, application of the binary mixture resulted in lower

phenolic and flavonoid recoveries from the hydrodistilled

residues. This fact could be attributed to the competitive

adsorption to the cell wall polysaccharides, leading to

steric hindrance of enzymes binding positions to substrate,

which negatively influence the breakdown of cell wall

components (Boulila et al. 2015). Other possible causes of

the lower phenolic and flavonoid recoveries in the presence

of the binary mixture were (ii) the presence of lignin

(14.3% in coriander seeds) which limits accessibility of

cellulase and hemicellulase to their substrate (Boulila et al.

2015), and (ii) cellulase inhibition by xylan and xylooli-

gomers (released from hemicellulose during enzymatic

catalysis by hemicellulase) which have an affinity to cel-

lulose and consequently, may physically block the access

of enzyme to its substrate (Boulila et al. 2015).

Regardless that change in TPC and TFC of different

extracts can influence their antioxidant activity through

their effects on the performance of hydrogen atom transfer-

or single electron transfer-based antioxidant reaction; it is

of interest to evaluate the antioxidant activity of the studied

extracts.

Figure 1 showed that all the assessed extracts are able to

reduce the stable, purple-coloured DPPH� into yellow

coloured DPPH, although less pronounced than the stan-

dard antioxidants trolox and quercetin. Among five sol-

vents, 80% methanol exhibited the highest RSA with EC50

values ranging from 118 to 149 lg/mL. The most active

extracts were those issued from hydrodistilled residual

seeds treated with the binary enzymes mixture. Addition-

ally, the polar extracts (water and methanol) from hydro-

dilled residues of cellulase-treated seeds showed better

activities with respect to those issued from hemicellulase

and the binary mixture treatments. Another point to be

considered is that the petroleum ether showed appreciable

RSA with EC50 ranging from 136.3 to 220.4 lg/mL. This

Table 3 Total phenol contents (TPC) and total flavonoid contents (TFC) in intact (NTNH), untreated (NTH) and enzyme-treated samples of

coriander seeds

NTNH NTH Cellulase Hemicellulase Binary mixture

TPC (mg GAE/g extract)

Water 56.29 ± 3,20aB 46.66 ± 1.47bB 42.77 ± 2.54cC 34.07 ± 1.78dC 32.59 ± 3.06dC

Methanol 46.11 ± 3.47dC 49.62 ± 3.24dB 54.25 ± 1.28cB 62.96 ± 6.44aA 56.66 ± 2.00bB

80% methanol 89.81 ± 7.05aA 93.51 ± 7.98aA 64.99 ± 2.00bA 54.62 ± 2.85cB 62.40 ± 6.31bA

Ethyl acetate 39.62 ± 1.7aD 29.07 ± 3.90bC 22.59 ± 0.32cD 22.96 ± 1.95cD 20.74 ± 0.32dD

Petroleum ether 14.81 ± 0.32cE 19.25 ± 1.40aD 15.92 ± 0.32bE 15.55 ± 1.11bcE 16.11 ± 1.11bE

TFC (mg QE/g extract)

Water 17.39 ± 0.09aB 8.83 ± 0.10dA 8.56 ± 0.10dA 13.89 ± 0.09bA 11 ± 0.09cA

Methanol 9.89 ± 0.10aC 4.83 ± 0.09eC 5.17 ± 0.25cE 5.72 ± 0.09bC 4.61 ± 0.16dC

80% methanol 19.11 ± 0.76aA 9.05 ± 0.10bA 7.22 ± 0.25cB 4.89 ± 0.09eD 6.67 ± 0.10dB

Ethyl acetate 6.50 ± 0.09bD 5.61 ± 0.00cB 5.50 ± 0.10cD 8.06 ± 0.51aB 6.67 ± 0.19bB

Petroleum ether 4.89 ± 0.34cE 5.45 ± 0.33bB 6.17 ± 0.10aC 5.67 ± 0.19bC 4.89 ± 0.19cC

*Data represent mean values ± SD (n = 3). Means followed by different capital letters within columns indicate differences between solvents.

Means followed by different lowercase letters within rows indicate differences between control and enzymatically treated samples
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observation suggests that petroleum ether extract could

contain noticeable amount of molecules with RSA such as

tocopherols, carotenoids and a smaller amount of apolar

flavonoids, and that the RSA of coriander seeds was par-

tially related to their TPC or TFC. Collectively these

results clearly showed that coriander by-products from the

distillation process could represent an attractive source of

natural scavenger agents.

As for the DPPH assay, the 80% methanol extract

showed the strongest ferric reducing ability with EC50

values ranging from 1.053 to 2.221 mg/mL (Fig. 2).

Among the different matrices analyzed, the NTH samples

exhibited the greatest antioxidant activity (EC50-

= 0.951 mg/mL) measured in the FRAP assay. In contrast,

residual hydrodistilled seeds from the hemicellulase-trea-

ted samples showed the lowest reducing ability

(2.221–2.385 mg/mL). In general, the ability of all extracts

to donate electron appears to be lower to moderate. These

results were not in accordance with those observed by

Gallo et al. (2010) who found strong reducing power of the

50% ethanol extracts of coriander seeds obtained by

microwaves (78.765 mmol trolox/100 g) and ultrasounds

(1.198 mmol trolox/100 g). In that work, the results are

expressed in different units to our work; the comparison

must be qualitative since small variations in experimental

conditions can largely affect the results.

However, although their wide usage in the early stage of

the screening of antioxidant activities of extracts/compo-

nents, the ability of the both in vitro assays (DPPH and

FRAP) to predict in vivo activity is questionable because

they did not reflect the physiological conditions and none

of them take into account the bioavailability, uptake,

membrane permeability and metabolism of the antioxidant

agent in the cellular environment (Wolfe and Liu 2007). To

overcome this gap and to get more realistic picture, cellular

models that mimic the physiological conditions has been

recently developed and successfully tested for the screen-

ing of antioxidant activity. In the present study, the cellular

antioxidant activity (CAA) of the different extracts was

evaluated in mice splenocytes.

As illustrated in Fig. 3, all extracts were effectively

absorbed into splenocytes cells, but at varying degrees,

with the polar extracts being the most effectives. Water

extracts exhibited the greatest CAA with the lowest EC50

values of 13.43 and 14.42 lg/mL for the hydrodistilled

residues issued from seeds treated with the binary enzymes

mixture and cellulase, respectively. The ethyl acetate and

petroleum ether extracts were the least actives.

The ability of polar extracts to prevent the intracellular

oxidation of DCFH could be attributed to the presence of

some putative antioxidant agents like quercetin, kaemp-

ferol, luteolin, isorhamnetin, rutin, gallic; rosmarinic and o-

coumaric acids, among others (Wolfe et al. 2008; Zhao

et al. 2015) that directly quenched the peroxyl radicals and

inhibits the generation of DCF. The latter authors also

mentioned that the CAA of phenolic compounds is tightly

associated with the number and position of hydroxyl

groups, and that flavonoids with the structure of 30,40-o-
dihydroxyl group in the B-ring, 2,3-double bond combined

with a 4-keto group in the C-ring, and a 3-hydroxyl group

showed the strongest CAA (Wolfe et al. 2008).
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IC50 (lg/mL) of the different
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The antioxidant activity of coriander seeds in the CAA

assay was first investigated here. However, when compared

with other earlier reports, our results fit well with the CAA

values described for fruits, vegetables and legumes (Wolfe

et al. 2008). In addition, the intriguing CAA activity of

different extracts could, at least in part, confirms the tra-

ditional uses of coriander in folk medicine and supports its

use for the treatment of oxidant-related diseases such as

diabetes, obesity, cardiovascular diseases, cancer, and liver

injuries, among others.

Conclusion

Results of the current study clearly showed that enzyme-

treatment of coriander seeds resulted in an improved

essential oil yield and its main component linalool. Addi-

tionally, a better recovery of lipids with improved nutri-

tional quality was obtained from the hydrodistilled residues

of enzyme-treated seeds. The positive effect of enzyme-

treatment on the release of phenolic compounds with

enhanced antioxidant activity was evidenced in
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seeds. Bars not sharing a

common letter are significantly

different (p\ 0.05). Capital

letters indicate differences

between solvents and lowercase

letters indicate differences

between treatments

0 50 100 150 200 250 300

water

Methanol

80% Methanol

Ethyl acetate

Petroleum ether

Quercetine

EC50 of cellular antioxidant activity (µg/mL)

NTNH NTH Cellulase Hemicellulase Binary mixture

aD 
bE 

cE 
cD cE 

eC 
dC bC 

cC 
aC 

bD 
aD 
aD dD 

cD 
bB 

cB 
cB 

aB 
dB 

aA 
aA aA 

aA 
aA 

Fig. 3 EC50 (lg/mL) values of

the CAA of different extracts

from intact (NTNH: neither

enzymatically treated nor

hydrodistilled), untreated (NTH

not enzymatically treated but

hydrodistilled) and enzyme-

treated samples of coriander

seeds. Bars not sharing a

common letter are significantly

different (p\ 0.05). Capital

letters indicate differences

between solvents and lowercase

letters indicate differences

between treatments

3074 J Food Sci Technol (August 2018) 55(8):3065–3076

123



hydrodistilled residual seeds of enzyme-treated samples.

These results suggest that coriander by-products from the

distillation process could represent an attractive source of

lipids and natural antioxidants. This is of interest from

practical stand point, where the integral exploitation (as

foods, feeds, cosmetics and pharmaceutics) of the raw

material is envisaged.
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