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Thesis summary 

Vegetable oils (VOs) are regarded as an integral section of human diet and many early manuscripts 

refer to their multiple uses in daily life; from food to cosmetic purposes. They represent the main 

pool of fatty acids in human nutrition and besides their use is associated with food flavoring due 

to their aroma and their special organoleptic and sensory properties. According to studies, the 

average consumption of fat reaches the amount of 25 kg per person per year, with the 80% being 

covered from VOs. Moreover, they play important role in human well-being and enhancement of 

life quality, due to their dermo-cosmetic privileges. In parallel, the market needs for natural and 

edible based products in pharmaceutical and dermo-cosmetic sector is emerging year by the year. 

Taking into consideration all the above, the reasons that VOs are under the scientific focus is 

clearly evident. 

Chemical composition of VOs is characterized mainly by glycerides, saturated fatty acids (SFA), 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). The plethora of 

health beneficial effects provided from the different fatty acids of VO are wildly known. The most 

famous properties of MUFA are the cardiovascular diseases prevention through different 

mechanisms. In parallel, VOs are source of many PUFAs such as linoleic that among other 

properties is considered as an important anti-atherogenic and anti-thrombotic agent and it cannot 

be synthetized by the human organism. Furthermore, a great majority of VOs contain an essential 

fraction of mainly phenol-based chemical structures with interesting biological activities, 

colloquially called bio-phenols. These compounds represent a very small part of the total oil weight 

being around 2-5%. Many studies have proved that VOs bio-phenols are responsible for a series 

of human health beneficial activities. As a consequence, scientific and industrial interest were 

centered on the investigation of VO chemical composition and biological properties for the 

development of pharmaceutical and cosmetic products. 

Following the demand of the market for natural-based products, it is very important to note that 

the conception is not only to use starting materials coming from natural sources, but additionally 

to handle and treat them with green methodologies. The last years, plenty of eco-friendly 

techniques have been developed and have been optimized for applications on field of natural 

products. Non-toxic solvents, low energy and less time consuming extraction and separation 

procedures and use of recycle/reusable by-products are few of the criteria that were taking into 

account in order to transfer procedures from laboratory to pilot and industrial level. These 

characteristics can be fulfilled only from state of the art techniques with green environmental 
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character, like liquid-liquid solid support free chromatography and extraction, supercritical fluids 

and food grade processes in combination with the use of edible or non-toxic reagents. 

After extraction and separation, another vital step is the biological evaluation of natural product 

extracts and pure compounds. Due to the increasing ecological awareness of the last years, a huge 

endeavor is given to supersede the in vivo models by in vitro experiments. 

The research axis of the current thesis, was based on the exploration of nine different cold pressed 

VOs. The thesis is divided into two different parts according to the significance and subsequent 

production and/or consumption of the studied VO. Two of them, sesame seed oil and olive oil, are 

considered as worldwide commercial oils and were discussed in the first part of the thesis. At the 

seconds part, seven oils of limited production were studied. These seed oils come from plants: 

(Foeniculum vulgare) fennel, grape (Vitis vinifera), pumpkin Cucurbita pepo), sunflower 

(Helianthus annuus), almond (Prunus dulcis), pomegranate (Punica granatum) and cannabis-

hemp (Cannabis sativa) and are globally produced in low quantities. 

Based on the most recent data of Food Agriculture Organization of the United states (FAO), 

sesame and olive oil worldwide production reached 937,000 tonnes and 3,039,000 tonnes, 

respectively. Both of them, are straightly correlated with the food habits of plenty African, Asian 

and European civilizations. Their high nutritional properties and the wide medical uses were the 

stimulus for their further speculation. Numerous studies emphasize the importance of these two 

oils bioactive constituents on human health. These findings trigger the need to develop 

methodologies for the recovery of bioactive compounds, known as bio-phenolic fraction, from 

sesame and olive oil in sufficient amounts, in order to get feasible their biological investigation in 

deep. To the best of our knowledge, until now there is no scientific reference in pilot scale 

extraction of bio-phenolic fraction neither for olive oil, nor for sesame oil. 

Aim of this thesis first part, is the development of extraction methodologies for the recovery of 

phenolic fraction from the two oils, employing pioneering liquid-liquid centrifugal techniques and 

the further fractionation and purification of bioactive solutes, mainly with liquid-liquid 

countercurrent solid support free chromatography, in quantities that reach up to gram scale. 

Precisely, regarding sesame oil, two synchronous extraction liquid-liquid centrifugal methods, 

Annular Centrifugal Extraction (ACE) and Centrifugal Partition Extraction (CPE), were compared 

in lab scale, with the intention to obtain its bio-phenolic fraction that is rich in two lignans, sesamin 

and sesamolin. For the fractionation of extract and the isolation of sesamin and sesamolin in pure 

form, over 95%, preparative Centrifugal Partition Chromatography (CPC) was applied. In parallel 

four minor lignans, samin, sesamol, sesaminol and episesaminol were isolated in high purity. All 
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the minor and major lignans were finally evaluated in relation to their dermo-cosmetic properties 

against tyrosinase, elastase, collagenase and hyaluronidase enzymes. 

Moreover, this study was amplified with the development of a ground-breaking methodology for 

the recovery of sesame oil extract in pilot scale, in order to meet the in vivo experiment needs. 

Combining liquid-liquid centrifugal extraction of sesame oil with DMSO and food grade 

adsorption resins, discussed in the current manuscript for the first time, the recovery of major 

lignans in high quantities was succeed. 

For olive oil, several samples were analyzed and the richest in high added value molecules like 

oleocanthal (OLEO), oleacein (OLEA), monoaldehydic form of oleuropein aglycone (MFOA), 

monoaldehydic form of ligstroside aglycone (MFLA) and hydroxytyrosol (HT) were selected for 

extraction. For the first time a pilot scale extraction process of EVOO was took part on liquid-

liquid centrifugal extractor. The starting experiments were employed on lab scale instrumentation 

and scaled up on pilot level providing an enriched bio-phenolic extract of hundreds grams. Prep-

CPC analysis of EVOO extract led to the production of enriched fractions with the compounds of 

interest. Moreover, OLEO, OLEA, MFOA, MFLA and HT were purified on gram scale from CPC 

fractions with prep-HPLC-DAD. During the purification process of the target compounds, four 

minor solutes were isolated, three of which are new natural products (EDA lactone, (1R, 8E)-1-

ethoxy-ligstroside aglycon and (1S, 8E)-1-ethoxy-ligstroside aglycon) and one more which is 

isolated for the first time from EVOO ((9E, 11E)-13-oxotrideca-9,11-diencoic acid). 

The second part of the thesis discusses the seven limited production cold pressed seed oils and 

their corresponding by-products. A totally, green pipeline was selected for all the steps of the 

employed treatment. With the purpose of decreasing at minimum the ecological fingerprint, seed 

oils were eluted straightly through food grade resins and their extracts were obtained, while for 

their by-products, experiments with Ultrasound Accelerated Extraction (UAE) and Supercritical 

Fluid Extraction (SFE) were conducted. Only non-toxic extraction solvents, ethanol and water, 

were used for the UAE, while SFE extraction was accomplished with CO2 and ethanol as co-

solvent. Crude seed oils’ fatty acids were identified after GC-MS analysis, while all the extracts 

were evaluated for their antioxidant activity and their total phenolic content (TPC). Finally, dermo-

cosmetic activities against collagenase, elastase, and tyrosinase enzymes were determined. 

The two most interesting seed oils and their by-products extracts (grape and fennel), in terms of 

enzymatic inhibition and their chemical profile, were further investigated. Grape seed oil resin 

extract and grape seed paste ultrasound assisted extract were fractionated with CPC. Concerning 

grape seed paste extract CPC fractions, were also evaluated against tyrosinase, collagenase and 

elastase enzymes. 
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Fennel seed oil extract was found rich in anethole, a bioactive compound of high importance for 

the food industry. After one step CPC fractionation of extract, pure anethole was isolated in high 

amount, while in parallel a fraction enriched in isomeric forms of 1-(4-methoxyphenyl) propane-

1,2-diol was eluted. Supercritical Fluid Chromatography (SFC) was chosen for the complete 

separation of isomeric forms. Moreover, other minor compounds were identified after prep-TLC 

treatment of CPC fractions. High interest had also the by-product extract of fennel seeds. After 

CPC analysis a fraction enriched in syringin was obtained that with the support of prep-HPLC 

syringin was purified. 

To finalize, the current thesis was based on an effort to contribute in the existing knowledge for 

the ecological extraction and chromatographic treatment of edible vegetable oils as pool of 

bioactive compounds with health beneficial effects. Novel extraction and separation 

methodologies were developed for the recovery of high added value compounds, from extensive 

use oils, sesame and olive oil, with the implementation of state of the art green techniques. 

Compounds of high scientific interest were isolated in grams, while minor solutes were also 

isolated and reported for the first time. Additionally, a holistic green strategy for the screening of 

extracts from seven limited production seed oils (fennel, grape, pumpkin, sunflower, almond, 

pomegranate and cannabis-hemp seed oils) their respective by-products was designed. Innovative 

mindsets were proposed for the treatment of the starting materials with minimum environmental 

fingerprint. The final objective was the dermo-cosmetic evaluation with enzymatic assays of the 

produced extracts and the further chemical investigation of the most promising of them. 
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Abstract 

In this study an integrated process for the recovery of sesamin and sesamolin, two high added-

value lignans of sesame oil (SO) was developed, using synchronous extraction and 

chromatography techniques. The extraction of SO phenolic content was studied using two different 

extraction techniques: Annular centrifugal extraction (ACE) and centrifugal partition extraction 

(CPE). The derived data of each experiment were compared in terms of revealing the yields, time 

and solvents consumption showing that CPE is the most effective technique, concerning the 

solvent consumption. The isolation of lignans was achieved using centrifugal partition 

chromatography (CPC) both on semi-preparative and preparative scale. The biphasic system used 

for this purpose was consisted of the solvents: n-Hex/EtOAc/EtOH/H2O in proportion 2:3:3:2 

(v/v/v/v) and direct recovery of the two major lignans sesamin and sesamolin was achieved. In 

parallel the CPC analysis resulted in the isolation of four minor lignans of sesame oil i.e. samin, 

sesamol, sesaminol and episesaminol. Structure elucidation of isolated lignans was based on 

HRMS/MS and NMR experiments. High performance liquid chromatography (HPLC) was 

employed for quantitative analysis of the obtained extracts to determine the purity of the isolated 

compounds as well. The results of this study demonstrated that sesamin and sesamolin were 

recovered in purity higher than 95%, verifying the effectiveness of the purposed separation 

methodology. Finally, due to the general application of sesame oil in cosmetic industry, all the 

pure compounds were evaluated for their tyrosinase, elastase, collagenase and hyaluronidase 

inhibition activity. The study was enforced with the design of a pilot scale extraction of SO, in 

order to obtain high amounts of extract for in vivo experiments. For the first time, a pilot scale 

ACE was applied and DMSO was used as extraction solvent with notable results. Furthermore, 

two different workstreams were followed in order to obtain the final SO extract. Both were started 

with pilot scale ACE extraction of SO. As solvent, diluted DMSO (DMSO/H2O 9:1 v/v) was used. 

The first workstream, continued with liquid-liquid extraction of the enriched DMSO extract with 

EtOAc. For the second one, a pioneering methodology was applied. The enriched DMSO extract 

was loaded in XAD-7 resin. The results of two production methods were correlated concerning 

the qualitative and quantitative characteristics. Finally, 816 g of SO extract were obtained with a 

rapid two-step process. 
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Introduction 

SO is a product of high importance, obtained from the seeds of Sesamum indicum (Pedaliaceae) 

and is directly linked to the traditional nutrition of Asian and African people for more than 5.000 

years [1,2]. According to Food and Agriculture Organization of the United Nations (FAO) in 2014 

the global production of SO exceeded the amount of one and a half million tone to meet market 

needs [3]. These numbers have attracted scientific interest, leading to the study of the chemical 

content and bioactivity of SO secondary metabolites [4,5]. Many scientific researches have proved 

that phenolic compounds of SO have numerous biological activities. Especially sesamin and 

sesamolin (Figure 1), the two major lignans of SO extract, have been tested in vitro, in vivo and in 

clinical studies for numerous activities. 

Particularly, in vivo experiments have proved the hypocholesterolemic activity of sesamin [6] 

whereas a clinical study demonstrated positive results against total and LDL-cholesterol on 

humans, probably synergistic with vitamin E [7]. In addition, this molecule promotes the reduction 

of fat ratio on human body obviating atherosclerosis and corpulence [8], while experiments on 

gerbils and mice have demonstrated the neuroprotective role of sesamin against cerebral ischemia 

[8,9]. Another important activity of this lignan is the anti-inflammatory, via the inhibition of delta 

5-desaturase [10], an enzyme which is connected with the pro-inflammatory mediators [11]. When 

the organism lacks out of glucose, ketone bodies are used to cover the energy demands. Sesamin 

is able to increase the ketone bodies concentration [12]. This furanofuran lignan also decreases the 

metabolism of γ-tocopherol and as a result, elevates the concentration of tocopherol [13]. The 

antioxidant activity of sesamin and its protective role against damages of alcohol and carbon 

tetrachloride on liver have been proved as well [6]. 

Sesamolin, the second major lignan of SO, has also a significant number of biological activities. 

It induces apoptosis of human lymphoid leukemia Molt 4B cells, inhibits the growth of those cells 

[14] and prevents from mutagenic activity of H2O2 [15]. Sesamolin has also free radical scavenging 

activity and provides protection against neuronal hypoxia [16]. 

Due to the high pharmacological interest of sesamin and sesamolin, there are several works 

regarding the isolation and purification of these lignans from Sesamum indicum materials like 

sesame seeds, sesame meal and SO. [17–22]. In literature, silica gel column is referred as 

separation technique of SO extract, which is mostly applied for laboratory purposes [22]. 

Moreover, crystallization method is carried out, providing mixture of lignans [18]. Another study 

is based on semi-preparative HPLC, which has limited capacity of sample treatment [17]. 

Considering counter-current chromatography, two studies are reported, whereas one of them 

provide a mixture of sesamin and sesamolin and the other one is characterized by reduced yield of 
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pure compounds [19,21]. Only in one study CPC technique is applied, but as raw material sesame 

seed meal was used, while the procedure was more time consuming and the results gave lower 

recovery and lower purity [20]. However, there is not a previous work for producing these two 

lignans in high amounts and purity using a low cost and fast methodology. Following this need, 

our research was targeted to develop a novel approach, which could meet the above-mentioned 

parameters. 

 

Figure 1: Chemical structures of major (A: sesamin and sesamolin) and minor (B: samin, sesamol, sesaminol and 

episesaminol) lignans isolated from sesame oil. 

The following experimental procedure is based on liquid-liquid techniques. CPE is a solid support-

free liquid-liquid extraction technique which is based on the immiscible nature of two phases and 

the partition of compounds in the formed biphasic system [23–25]. This technique is mainly used 

for rapid fractionations of mixtures, pH-zone refining separations as well as for the extraction of 

liquid nature raw materials such as edible oils [25,26]. Low experimental time and solvent 

consumption rendered it suitable for analytical, preparative, pilot and industrial scale as well 

[27,28]. Two common extraction methods of CPE are co-current elution and multi-dual mode. At 

the first method, the biphasic system passes through the column and is separated out of the 

apparatus. At the second method, column is fed with the stationary phase and the mobile phase 
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passes through the first. The kinetic nature of two phases can be changed by the rotation of valve 

ascending/descending, which sets the inlet of solvents in column. Another extraction technique 

that was used in this study was ACE. This technique can rapidly separates the biphasic systems 

and is characterized by high mass transfer efficiency per time unit [29]. The centrifugal force is 

used firstly to mix the two phases and then to separate them [30]. 

CPC is governed by the same principles of CPE with a difference in the number and the volume 

of column cells [28]. CPE and CPC columns are metallic cylinders with a number of cells that are 

proportionally related with theoretical plates. Chromatography column cells are higher in number 

but smaller in volume than extraction column cells [31]. The one phase (stationary phase) is 

immobilized by strong centrifugal forces into the column, while the other phase (mobile phase) is 

pumped through the column, separating thus the mixture compounds, on the basis of their partition 

coefficient (KD) [32,33]. The nature of this technique gives the ability of obtainment the maximum 

amount of the extract and handling high amounts of sample [34,35]. Also, this technique permits 

the use of various polarity solvent systems which result in widening the chromatographic 

performances [36]. Another advantage of CPC is the ability of alternation the mobile phase to 

stationary during a run, accelerating the recovery of compounds [37]. 

The aim of this study was the development of an effective and capable for scaling up process for 

the treatment of sesame oil and isolation of sesamin and sesamolin in high purity. The primary 

step was the extraction of phenolic compounds from SO. Two extraction techniques were 

compared in order to choose the most advantageous concerning experimental time and extract 

productivity. The second step was the isolation of sesamin and sesamolin in semi preparative and 

preparative scale. The last part of the study was the quantification of the obtained lignans using 

HPLC-DAD. Also, NMR experiments were used for the identification of the targeted molecules. 

TLC analysis and HPLC experiments were conducted for the qualification of SO extracts. In 

parallel sesamin, sesamolin and minor compounds isolated from SO were evaluated with 

enzymatic assays (tyrosinase, elastase, collagenase and hyaluronidase) for their inhibition activity. 

In parallel, a pilot scale extraction model of SO was developed to meet the needs of in vivo 

experiments on rabbits. For this purpose, a pilot ACE apparatus was recruited that can handle liters 

of raw material per minute. Until now, mainly classical liquid-liquid techniques were applied for 

SO extraction [18,22]. For the first time, a combination of DMSO as extraction solvent of the raw 

material and the adsorption properties of resin XAD-7 were employed to obtain more than 800 g 

of SO extract, rapidly from the enriched DMSO extract. Furthermore, a liquid-liquid experiment 
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with EtOAc as extraction solvent was tested to the enriched DMSO extract. To the best of our 

knowledge, this was the first attempt to obtain hundreds of grams of SO extract and the first time 

that ACE instrumentation was employed for the treatment of edible oils. 

Materials and Methods 

Reagents 

The standards of lignans which were used for the quantitative analysis purchased from Sigma-

Aldrich (Missouri, USA). Also, all the reagents were purchased from Sigma-Aldrich (Missouri, 

USA). In detail, for the enzymatic assays mushroom tyrosinase (lyophilized powder, ≥1000 

units/mg solid, EC Number: 1.14.18.1), 3,4-dihydroxy-L-phenylalanine, sodium phosphate 

monobasic, sodium phosphate dibasic, kojic acid, elastase type IV from porcine pancreas (EC 

Number 254-453-6), N-Succinyl-Ala-Ala-Ala-p-nitroanilide (EC Number 257-823-5), Trizma 

base reagent grade, elastatinal, collagenase from Clostridium histolyticum (released from 

physiologically active rat pancreatic islets Type V, ≥1 FALGPA units/mg solid, >125 CDU/mg 

solid, EC Number: 232-582-9), MMP 2 substrate fluorogenic, chlorexidine, bovine serum 

albumin, acetic acid glacial, p-(dimethylamino) benzaldehyde, sodium tetraborate, hyaluronidase 

(released from bovine testes Type I-S, lyophilized powder, 400-1000 units/mg solid, EC Number: 

3.2.1.35), hyaluronic acid and tanic acid were purchased also from Sigma-Aldrich (Missouri, 

USA). The used solvents for the extraction and separation processes were of analytical grade while 

those used for UPLC-HRMS analysis were of LC-MS grade. All solvents were supplied from 

Fisher Scientific (Pennsylvania, USA). TLC analysis was performed on Silica gel 60 F254 20cm x 

20cm plates purchased from Merck Millipore (Massachusetts, USA). Sesame oil was provided 

from HAITOGLOU BROS S.A. 

Apparatus  

The extraction of SO phenolic fraction was performed using two different liquid-liquid techniques: 

CPE and ACE. CPE experiments were performed on an A-CPC apparatus (Rousselet-Robatel 

Kromaton, Anonay, France) equipped with a 300 mL capacity extraction column (FCPE300®) 

while solvents pumped with preparative Lab Alliance Series III P300 pumps (Pennsylvania, USA). 

ACE laboratory scale experiments were performed using a BXP012 apparatus (Rousselet-Robatel 

Kromaton, Anonay, France) with 2.2 mL bowl volume. Basic Verderflex pumps (Castleford, 

United Kingdom) were used for pumping the solvents through the annular extractor. For the pilot 

line ACE was employed a BXP190 apparatus (Rousselet-Robatel Kromaton, Anonay, France) with 

4.2 L bowl volume. Two high throughputs FLUX eccentric worm-drive pumps (FLUX-GERÄTE 

GmbH, Maulbronn, Germany) were used to feed the extractor. 
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Semi-preparative and preparative fractionations of SO phenolic fraction were carried out on a 

FCPC apparatus (Kromaton, Anonay, France) equipped with a 200 mL capacity chromatographic 

column (FCPC200®) and 1000 mL capacity chromatographic column (FCPC1000®) respectively. 

Solvents were pumped with preparative Ecom ECP2000 pumps (Prague, Czech Republic). 

Chromatograms were recorded with a detector UV Flash 14 DAD UV of Ecom (Prague, Czech 

Republic) and the fractions were collected with a C6-60 Buchi collector (Flawil, Switzerland).  

HPLC analysis was performed on a Thermo Finnigan HPLC system (Ontario, Canada) equipped 

with a SpectraSystem P4000 pump, a SpectraSystem 1000 degasser, a SpectraSystem AS3000 

automated injector and an UV SpectraSystem UV6000LP detector. Data acquisition was 

controlled by the ChromQuestTM 5.0 software (ThermoScientificTM).  

Nuclear magnetic resonance spectra were registered on 600MHz of Bruker AvanceAVIII-600 

spectrometer (Karlsruhe, Germany) and was supported by TopSpin software (Bruker). UPLC-

HRMS and HRMS/MS analysis was performed on an AQUITY system (Waters) connected with 

an LTQ Orbitrap Discovery hybrid mass spectrometer (Thermo Scientific) equipped with an ESI 

source, in negative and positive mode. 

For all the enzymatic assays the reader Infinite 200 PRO series (Tecan, Zürich, Switzerland) was 

used, supported by software MagellanTM (Tecan, Zürich, Switzerland). 

Lab scale liquid-liquid extraction of SOs’ lignans 

Extraction of lignans using laboratory scale Annular Centrifugal Extractor (BXP012) 

Two different experiments were performed using for the extraction the biphasic system 

SO/Acetonitrile (AcN). In both experiments the rotor speed was set at 3900 rpm and 200 mL of 

SO were extracted by using 600 mL of acetonitrile. For the first experiment, the extraction was 

performed on three successive cycles using 200 mL of AcN in each run (total 600 mL of AcN). 

AcN (upper phase) and SO (lower phase) were pumped through the apparatus at a flow rate of 8 

mL/min for each phase (1/1 ratio of the two phases). The total experiment lasted approximately 1 

h and 15 minutes (~25 minutes for each cycle). In the second experiment, the flow rate of AcN 

was increased at 24 mL/min while the flow rate of SO remained stable at 8 mL/min giving thus a 

ratio of 1/3 SO/AcN into the extraction bowl. The procedure was accomplished on one single run 

after 25 minutes. Samples were collected from each experiment and were analyzed for 

quantification of the two targeted lignans via HPLC technique. 

Extraction of lignans using FCPE300® 

Three extraction runs took place with CPE using multi-dual mode method [26]. CPE column was 

filled with SO (stationary phase) in descending mode while the flow rate and the rotation were set 
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at 20 mL/min and 200 rpm, respectively. Then, AcN was pumped in ascending mode at 10 mL/min 

and 800 rpm in order to equilibrate the biphasic system (SO/AcN) inside the column. Stationary 

phase retention volume was 200 mL and Sf was calculated at 66.6%. Afterwards, 240 mL of AcN 

were collected in 12 fractions of 20 mL. Then, the pumping mode switched to descending and 200 

mL of untreated SO replaced the extracted SO with a flow rate of 10 mL/min. The above 

extraction-recovery cycle was repeated three times of 44 min per run. The extraction solvent (AcN) 

was evaporated under vacuum at 40oC to dryness in order to obtain the SO extract. 

Pilot scale extraction of SO 

At the first step, SO was extracted with DMSO/H2O 9:1 v/v using a pilot ACE BXP190. Flow rate 

of extraction solvent was set at 1 L/min, while the rotation speed of the motor was set at 1000 rpm. 

When the solvents filled the extraction bowl, SO was fed to the extractor with 1L/min. After 1 

hour and 30 minutes 90 L of SO had been treated. Two different approaches were performed for 

the final obtainment of SO extract. For the first one, 5 L of DMSO extract were diluted in 5 L of 

H2O and extracted with 10 L of EtOAc. The final extract of EtOAc was evaporated until dryness 

and then was dissolved in AcN and was defatted with n-Hex. For the second approach, 5 L of 

DMSO extract were dissolved in 5 L H2O and pumped through XAD-7 resin embedded in a 

column. The recovery of the final SO extract from resin was conducted with EtOH. The other 80 

L of DMSO extract were treated with the most efficient method, based on weight and HPLC 

analysis (discussed in detail in section 3). 

Fractionation of SO extract using semi-preparative FCPC200® and preparative 

FCPC1000® apparatus. 

Solvent system selection 

Seventeen biphasic solvent systems (Table 1) were created and studied in order to select the 

appropriate systems for the CPC separation process. All systems were initially tested regarding the 

solubility of the extract and settling time and then the suitability of biphasic systems was evaluated 

by TLC and HPLC-DAD. The procedure was as follow: 10 mg of SO extract were weighed into a 

10 mL glass tube, 3 mL of each phase of the pre-equilibrated biphasic solvent systems were added 

to the sample and shaken vigorously. After equilibration of the biphasic system (t<1 min), 1 mL 

of each layer was evaporated to dryness, the residues were diluted in 1 mL of acetonitrile and 

analyzed by TLC and HPLC-DAD. The KD values of the target compounds were expressed as the 

ratio between the peak area in the stationary phase and the peak area in the mobile phase. 
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Table 1: Solubility of SO extract and separation of biphasic CPC solvent system. 

System n-Hex n-Hept EtOAc ΑcN EtOH MeOH H2O Solubility of SO 

extract* 

Separation of two 

phases** 

CS1 4 - 1 - 2 - 3 ++ +++ 

CS2 3 - 2 - 2 - 3 ++ +++ 

CS3 2 - 3 - 2 - 3 +++ +++ 

CS4 1 - 4 - 2 - 3 +++ +++ 

CS5 4 - 1 - 3 - 2 +++ +++ 

CS6 3 - 2 - 3 - 2 +++ +++ 

CS7 2 - 3 - 3 - 2 +++ +++ 

CS8 1 - 4 - 3 - 2 +++ +++ 

CS9 - 2 3 - - 3 2 ++ - 

CS10 - 2 3 2 -  3 +++ - 

CS11 - 2 3 1 - 2 2 ++ - 

CS12 - 2 3 2 - 1 2 ++ - 

CS13 - 2 3 1 - 1 3 +++ +++ 

CS14 - 4 3 - 3 - 2 ++ +++ 

CS15 - 4 3 1 2 - 2 ++ +++ 

CS16 - 3 3 - 3 - 2 ++ - 

CS17 4 - 2,5 1,5 3 - 2 +++ +++ 

Semi−preparative CPC analysis 

The CPC experiment was carried out in elution extrusion mode by using the biphasic system n-

Hex/EtOAc/EtOH/H2O in proportion 2:3:3:2 (v/v/v/v). Initially the column was filled with the 

stationary phase (the upper phase) on descending mode at a flow rate of 10 mL/min and setting 

the rotation speed at 200 rpm. Then, the rotation speed was maximized at 900 rpm and the mobile 

phase was pumped through the column with a flow rate of 5 mL/min on descending mode. After 

the system equilibration, the retention volume of the stationary phase was calculated at 105 mL 

giving a high Sf value of 52.5 %. 110 mg of crude SO extract were dissolved in 10 mL of biphasic 

system and injected into column. In the elution step 350 mL of mobile phase were passed through 

the stationary phase at a flow rate of 5 mL/min on descending mode. The experiment was 

completed by passing 200 mL of the stationary phase on descending mode and extruding the 

column content. All procedure was monitored by UV detector at 255, 275, 280 and 320 nm while 

the automatic fraction collector was set to collect fractions every 2 min. The total analysis time 

was 110 min and finally 55 fractions of 10 mL were collected. 
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Preparative CPC analysis 

The semi-preparative method was scaled−up to preparative column (1000 mL rotor) adjusting all 

the experimental parameters to the larger scale. After filling the column with the upper stationary 

phase (500 rpm and 25 mL/min), the rotation speed was increased to 750 rpm and the lower phase 

of the same system (mobile phase) was pumped at 15 mL/min in descending mode in order to 

equilibrate the two phases into the column (Sf was calculated at 65 %). Then, 900 mg of the extract 

were diluted in a mixture of the two phases (ratio 7/3 upper phase/ lower phase) and injected via a 

30 mL injection loop. The volume of mobile phase used for the elution step was 1600 mL while 

the experiment completed by passing 1000 mL of the stationary phase in descending mode 

(extrusion step). The rotation speed and flow rate were kept stable at 750 rpm and 15 mL/min 

respectively during the whole experiment. The total analysis time lasted approximately 170 min 

and finally 130 fractions of 20 mL were collected. 

Quantitative analysis of sesamin and sesamolin in crude extracts and CPC fractions 

 For the quantitative analysis of the two lignans was necessary the construction of standard 

calibration curves on HPLC-DAD. For the separation, a Supelco Analytical (Sigma-Aldrich) HS 

C18 column, with dimensions 25 cm x 4,6 mm, 5 μm was used, heated at 40oC. As mobile phase 

was used in a gradient system consisted of AcN (A) and water (B). The elusion started with 54% 

of A and reached 79% in 5 minutes. Then, in 5 minutes A reached 83% and during the next 3 

minutes was increased to 95%. The gradient continued for 2 minutes with A reaching 100%. In 1 

minute the solvent system returned to initial conditions and maintained for 4 minutes. The total 

running time was 20 minutes and the flow rate was set at 1 mL/min. The injection volume was 10 

μL. For sesamin, six concentrations were used: 50, 75, 100, 125, 150 and 175 μg/mL. Also, for 

sesamolin were used: 25, 50, 75, 100, 125 and 150 μg/mL. As internal standard (IS) was used 

vanillin in a concentration of 10 μg/mL. For the construction of the calibration curves the ratio 

area of analyte/IS was used. Linearity was evaluated by coefficient of determination, which were 

over 0.99 for both analytes (Supplementary Diagrams 1 and 2). 

TLC, UHPLC-HRMS/MS and NMR analysis 

TLC plates were developed in dichloromethane (DCM). Plates were observed at 254 nm, 366 nm 

and at visible after treatment with a sulfuric vanillin solution (5% w/v in methanol) – H2SO4 (5% 

v/v in methanol) and heated at 100–120 ◦C for 1 minute.  

The phenolic fraction and selected CPC fractions were analyzed using UPLC-HRMS technique. 

The separation was run in a Fortis C-18 (1.7 µm, 150 x 2.1 mm) column at 40OC. The elution 

system was consisted of water acidified with 0.1% formic acid (A) and acetonitrile (B) in the 
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following gradient mode: 0-2min 2% B, 2-18min from 2% to 100% B, 18-20min 100% B, 20-

21min from 100% to 2%B and 21-25min 2% B. The flow rate was set at 0.4 ml/min and the 

injection volume was 10 µl. Ionization was achieved in negative and positive ion mode (ESI+ and 

ESI-) at 350OC. The mass spectrometric parameters were: sheath gas and aux gas flow rate 40 and 

10 units respectively; capillary voltage 30 V and tube lens 100 V for the positive mode and 

capillary voltage -20V and tube lens -80V for the negative mode. The mass range was adjusted 

from 113 to 1000 m/z. 

NMR samples were dissolved in 600 μL of deuterated chloroform (CDCL3). All the 1H NMR 

experiments were applied on 600.11 MHz, while 13C NMR spectra were acquired at 150.90 MHz. 

During all the experiments, temperature was set at 300 K. Spectral width of 1H NMR was set to 

14 ppm, offset to 6.5 ppm and scans number to 32. Concerning 2-D NMR experiments, proton 

spectra were registered according the above-mentioned parameters with 12 scans number for 

COSY, while carbon spectra width set to 240 ppm, offset to 110 ppm and scans number to 32 and 

160 at HSQC and HMBC, respectively. Tyrosinase, elastase, collagenase and hyaluronidase 

inhibition assays. 

Tyrosinase, elastase and collagenase assays were applied following the enzymatic methods 

described by Angelis et al. [38] with some modifications, while the enzymatic assays for the 

inhibition of hyaluronidase were conducted as described by Kim et al. [39], with some 

modifications. All the enzymatic assays provide the competitive inhibition activity of the 

compounds. Three concentrations of pure compounds i.e. 500, 100 and 25 µM (final concentration 

in the well) were used on the above enzymatic assays. Experiments were performed in triplicates 

and twice in total while the final DMSO concentrations did not exceed 5% of total volume. The 

inhibition percentage was calculated by the formula: Inhibition (%) = [((X control – X control’s 

blank) – (X sample – X sample’s blank))/(X control – X control’s blank)] × 100, where X control 

is the absorbance or fluoresces of the mixture consisting of buffer, enzyme, sample solvent and 

substrate and X sample is the absorbance or fluoresces of the mixture of buffer, enzyme, sample 

or positive control solution and substrate. Blanks contained all the above-mentioned components 

except the enzyme. Concerning tyrosinase, elastase and collagenase enzymatic assays, the half 

maximal inhibitory concentration (IC50) of each positive control was used as standard of 

comparison, while at hyaluronidase enzymatic assay the maximal inhibitory concentration (IC100) 

was used. 
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Tyrosinase enzymatic assay: This assay measures the inhibition of the tested samples at the 

catalytic oxidation of L-DOPA to dopachrome by tyrosinase. Kojic acid (IC50 = 50 µM), was used 

as positive control. In a 96-well microplate, 80 µL of phosphate buffered saline (PBS) (1/15 M, 

pH = 6.8), 40 µL of the tested sample (dissolved in the PBS buffer) and 40 µL of mushroom 

tyrosinase (100 U/mL) (dissolved in PBS buffer) were mixed and incubated in dark for 10 min at 

room temperature. Afterwards, 40 µL of 2.5 mM L-DOPA (substrate) dissolved in PBS buffer 

were added and the mixture was incubated for 15 min. The 96-well microplate was measured at 

475 nm.  

Elastase enzymatic assay: Elastase protocol monitors the release of p-nitroaniline from N-succinyl-

Ala-Ala-Ala-p-nitroanilide that is stimulated by elastase. Elastatinal (IC50 = 0.5 µg/mL) was used 

as a positive control. In a 96-well microplate, 70 μL of Trizma buffer (50 mM, pH = 7.5), 10 µL 

of tested sample (dissolved in Trizma buffer) and 5 µL of elastase (0.45 U/mL) (dissolved in 

Trizma buffer) were mixed and incubated in dark for 15 min at room temperature. Afterwards, 15 

μL of 2 mM N-succinyl-Ala-Ala-Ala-p-nitroanilide (substrate) dissolved in Trizma buffer were 

added and the mixture was incubated for 30 min at 370C. The 96-well microplate was measured at 

405 nm.  

Collagenase enzymatic assay: Collagenase fragmentates the fluorescence molecule MMP2. The 

inhibition of the enzyme was measured concerning the reduction of the fluorescent intensity that 

was produced. Chlorhexidine (IC50 = 50 µM) was used as a positive control. In a 96-well dark 

microplate, 120 µL of Tris-HCl buffer (50 mM, pH = 7.3), 40 μL of tested sample and 40 µL of 

collagenase (50 µg/mL) from Clostridium histolyticum (dissolved in Tris-HCl buffer) were 

incubated for 10 min at 370C avoiding light exposure. Afterwards, 40 µL of 50.0 µM MMP2 

(substrate) (MCA-Pro-Leu-Ala-Nva-DNP-Dap-Ala-Arg-NH2) dissolved in Tris-Cl buffer were 

added and the mixture was incubated in dark for 30 min at 370C. The fluorescent intensity of 96-

well microplate was measured at an excitation maximum of 320 nm and an emission maximum of 

405 nm.  

Hyaluronidase enzymatic assay: The inhibition activity of this enzyme was calculated inversely 

proportional of the production of N-acetyl-D-glucosamine. Tannic acid (IC100= 800 μΜ) was 

used as positive control.  100 μL of acetate buffer (0.1M NaCl, pH=3.5), 150 μL of tested sample 

(dissolved in acetate buffer) and 50 μL of hyaluronidase solution 1% w/v (dissolved in acetate 

buffer) were added in eppendorfs. Afterwards, 100 μL of bovine serum albumin (BSA) solution 

0.2% w/v (dissolved in ddH2O) were added in each eppendorf and incubated for 20 min at 370C. 
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Then, 50 μL of hyaluronic acid solution 0.5% w/v (dissolved in ddH2O) were added and incubated 

for 60 min at 370C. 45 μL from each eppendorf were transferred in new eppedorfs containing 10 

μL of sodium tetraborate solution 0.8 M (dissolved in ddH2O) and heated for 3 min at 100oC and 

cooled down on ice. In each tube were added 300 μL of dimethylaminobenzaldehyde (DMAB) 

solution (10% w/v dissolved in 10N HCl and then dissolved 10 times in acetic acid glacial) and 

incubated for 20 min at 370C. Finally, 200 μL from the last eppendorf were transferred in a 96-

well microplate and measured at 586 nm. 

Results and discussion  

Liquid-liquid extraction of phenolic compounds from SO  

Several extraction processes of phenolic compounds from SO have been reported previously, both 

in laboratory and large scale [17,18,21,22,40]. However, the described experimental procedures 

consume large amount of solvents [18,21], in some cases the sesame oil-solvent ratio is 1:8 [17], 

and overnight experimental tasks are needed [17,18,22,40]. Also, a lot of the proposed procedures 

have many steps, like solvent extraction, crystallization and saponification, working in very low 

(-40oC, 4oC) and high temperatures (70oC), facts leading to long experimental protocols and high 

energy consumption [17,18,22,40]. 

In order to avoid all the above-mentioned disadvantages, during the extraction process of SO 

phenols, two different liquid-liquid techniques were compared. Both ACE and CPE techniques use 

the centrifugal force in order to achieve a fast mixture and separation of the immiscible liquid 

phases during the extraction process [28,41]. These two techniques are characterized as green eco-

friendly processes due to the low solvent  and energy consumption, with industrial applications 

[28,42,43]. 

Selection of the suitable method for laboratory scale liquid-liquid extraction 

The initial step for the liquid-liquid extraction process was the selection of the most suitable 

solvent system for the quantitative recovery of bioactive ingredients from SO. Taking advantage 

of the nonpolar oil nature, SO was used as ingredient of the biphasic system. This fact allowed the 

treatment of large amount of raw material increasing thus the process efficiency [26]. More 

specifically, several systems were created and tested by TLC and HPLC (Table 2). The results of 

this analysis demonstrated that the presence of water as a part of the polar phase (systems ES1-

ES8) led to the creation of stable emulsion and thus in unsuitable biphasic systems.  
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Table 2: Liquid-liquid extraction system that tested on SO. 

System n-Hex n-Hept SO MeOH EtOH H2O AcN H2O + 5% 

CH3COOH 

H2O + 10% 

CH3COOH 

BuOH Comments 

ES1 3 - 2 - 3 2 - - - - Creation of 

emulsion 

ES2 3 - 2 - 2,5 2,5 - - - - Creation of 

emulsion 

ES3  3 - 2 3 - 2 - - - - Creation of 

emulsion 

ES4 3 - 2 3,5 - 1,5 - - - - Creation of 

emulsion 

ES5 3 - 2 4 - 1 - - - - Creation of 

emulsion 

ES6 4 - 1 3 - 2 - - - - Creation of 

emulsion 

ES7 3 - 2 - 3 - - 2 - - Creation of 

emulsion 

ES8 3 - 2 - 3 - - - 2 - Creation of 

emulsion 

ES9 2 - 1 1 - - 2 - - - Creation of 

emulsion 

ES10 3 - 2 1 - - 4 - - - Creation of 

emulsion 

ES11 3 - 2 - - - 3 - - 2 Separation in 

less than 1 min 

ES12 3 - 1 - - - 4 - - 1 Separation in 

less than 1 min 

ES13 - 3 2 - - - 3 - - 2 Separation in 

less than 1 min 

ES14 - 3 1 - - - 4 - - 1 Separation in 

less than 1 min 

ES15 - - 1 - - - 1 - - - Separation in 

less than 45 sec 

ES16 - - 1 1 - - - - - - Separation in 

less than 45 sec 

ES17 - - 1 - 1 - - - - - Separation in 

less than 45 sec 

On the other hand, the non-aqueous biphasic systems containing mainly acetonitrile, ethanol or 

methanol (ES11-ES17) resulted in better separation of the two phases. The following HPLC-DAD 

analysis showed that the addition of butanol in the biphasic systems (ES11-ES14) (Table 3) 

resulted in an unsatisfactory recovery of the lignans from the feed oil phase. 

Table 3: Partition coefficient of sesamin and sesamolin in system ES11, ES12, ES13 and ES14. 

Extraction 
systems 

Distribution coefficient 
of sesamin 
(Κ=Cup/Clow) 

Distribution coefficient 
of sesamolin 
(Κ=Cup/Clow) 

ES11 0,90 0,87 

ES12 0,27 0,16 

ES13 0,98 1,00 

ES14 0,26 0,15 

In contrast to these results the direct extraction of SO with acetonitrile, methanol or ethanol 

(systems ES15, ES16 and ES17 respectively) led to the better recovery of the targeted compounds. 

These three systems were tested using triple funnel extraction of SO with the corresponding 

solvent and the recovered upper phases were analyzed by TLC (Figure 2) and HPLC (Table 4). 
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Both techniques demonstrated that system ES15 (extraction with AcN) is the most effective in 

receiving the lignan fraction and thus was chosen for the liquid-liquid extraction of SO. 

 

Figure 2: TLC of systems ES15-ES17 in visible sprayed with vanillin solution (left photo), in 254 nm (middle photo) and in 

366 nm (right photo). 

Table 4: Area on HPLC chromatographs of sesamin and sesamolin in each of triple extraction for solvent systems ES15-

ES17. 

Extractions Area of sesamin’s peak Area of sesamolin’s peak 

ES15 1th 13475090 8538380 

ES15 2th 6255833 2946539 

ES15 3th 2222615 945313 

ES16 1th 6063140 2441181 

ES16 2th 4429955 1837144 

ES16 3th 3785633 1610077 

ES17 1th 2177219 2177219 

ES17 2th 1980610 1980610 

ES17 3th 1547120 1547120 

 

Liquid-liquid extraction using ACE. 

ACE is a liquid-liquid extraction technique with numerous advantages such as high mass transfer 

coefficient, high inter facial areas,  low solvents consumption and  flexible phase ratios [44]. In 

order to find the critical parameters for the analytical scale ACE extraction of SO using acetonitrile 

it was necessary to standardize the solvents flow rate and rotor speed. After several trials was 

found that the flow rate of SO should be lower than 14 mL/min and the rotation of the annular 

rotor at 3800-4050 rpm. Under these conditions the two phases of the biphasic system are mixed 

and separate rapidly into the extraction bowl eliminating thus the formation of an emulsion that 

affects the quality of the extraction. The first experiment aimed to check the extraction efficiency 

using acetonitrile as extraction solvent. For this purpose, 200 mL of SO were extracted with 600 

mL of acetonitrile in three successive cycles (200 mL in each cycle). The experiment lasted 75 
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min and totally 2.02 g of SO extract were obtained. The quantitative HPLC analysis of the obtained 

extract showed the present of 1.05 g of sesamin and 0.36 g of sesamolin (5.25 mg of sesamin and 

1,80 mg of sesamolin per mL of SO) (Table 5). In order to reduce the process time and to increase 

the efficiency of the method the ACE extraction was repeated. The main difference from the 

previous experiment was that the flow rate of ΑcΝ was increased three times (24 mL/min), 

replacing the triple extraction. Thus, 200 mL of SO were extracted with 600 mL of AcN in a single 

run and in total time of 25 min. The procedure resulted in the recovery of 1.68 g of extract which 

contains 0.84 g of sesamin and 0.29 g of sesamolin (Table 5). 

Table 5: Comparison of two extraction techniques used for the treatment of SO in regard to yield, time and solvents 

consumption 

Extraction 
Technique 

SO volume  Extraction 
Time 

Yield 
g/200mL SO 

Solvent 
consumption 

Yield 
sesamin 

Yield 
sesamolin 

 ACE i.  200 mL 
ii. 200 mL 

i. 75 min 
ii 25 min 

i. 2.02 
ii.1.68 

i.  600 mL AcN 
ii. 600 mL AcN 

i.  1.05 g 
ii. 0.84 g 

0.36 g 
0.30 g 

 CPE a. 200 mL 44 min 1.97 240 mL AcN 1.01 g 0.35 g 

 b. 200 mL 44 min 2.01 240 mL AcN 1.03 g 0.36 g 

 c. 200 mL 44 min 1.94 240 mL AcN 0.96 g 0.34 g 

As a result, it was observed the continuous receiving of lignans but reduced recovery. At these 

conditions, 4.20 mg of sesamin and 1.50 mg of sesamolin were obtained from each mL of SO. It 

is important to note that is the first time that ACE technique was applied for the extraction of 

bioactive compounds, not only from SO, but generally from edible oils. 

Liquid-liquid extraction using CPE 

The experiment was repeated successfully using multi-dual mode method. SO was used as 

stationary phase while acetonitrile (mobile phase) was pumped through the SO in ascending mode. 

After passing approximately one column volume (240 mL) of mobile phase the experiment 

stopped and the collected fractions (12 fractions of 20 mL) ware analyzed by TLC. 
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Figure 3: TLC analysis of CPE fractions from three continuous runs in 254 nm (A) and in visible sprayed with vanillin 

solution (B). Schematic presentation of concentration of extraction solvent in lignans during the extraction process (C). 

As it is observed in the TLC analysis of CPE fractions (Figure 3), the first two fractions are fully 

enriched in SO extract. Thereafter, the next four fractions are highly concentrated, while the 

following fractions have a decreasing amount of SO extract. It has to be noted that even the 

appliance of concentrated spots on the TLC plate, the final fraction provides a negligible amount 

of the extract. The fact that after twelve fractions we obtained the total amount of SO extract, 

proves the effectiveness of AcN as extraction solvent. Moreover, it is important to underline the 

repeatability of CPE technique. The above procedure was repeated two more times by replacing 

each time the treated SO with the fresh one in descending mode (multi-dual mode process). All 

the repetitions (three runs) provide the exact same phenomenon, a total recovery of lignans’ extract 

after 12 fractions. The fractions of each run were combined, evaporated under vacuum and 

weighted, yielding 1.97, 2.01 and 1.94 g respectively. The quantitative HPLC analysis of the above 

extracts reveals that sesamin constituted approximately the 50% (1.01, 1.03 and 0.96 g) of total 
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extract, while sesamolin was included also in high amount of approximately 18% (Table 5, 

repetitions a, b and c). 

Overall, the first experiment (i) of ACE provided an adequate extract yield, but with high solvent 

(ratio SO/AcN 1/3) and time consumption. Concerning the second ACE experiment (ii), the 

experimental time decreased at 1/3, but the solvent consumption remained the same, while the 

yield decreased for 17%. Although, CPE gave a high amount of extract after reasonable time, while 

the solvent needs decreased almost 3 times. In detail, after 44 minutes and with an extraction ratio 

1/1.2 of SO-AcN, CPE technique is able to obtain the total extract of sesame oil. The above seems 

to lead at the conclusion that CPE is the best laboratory scale extraction solution, because it is 

efficient on yield, time and solvent consumption, with high repeatability. It should be highlighted 

that this technique was applied for first time, concerning the recovery of lignan’ fraction from SO. 

According to UPLC-HRMS analysis of SO extract, sesamin and sesamolin were detected in the 

SO extract. Sesamin molecular ion was 355.1176 m/z and sesamolin molecular ion was 371.1142 

m/z in positive mode. Also, other minor lignans as well as fatty acids were detected (Table 6). 

Table 6. HPLC-HRMS (orbitrap) data of sesame oil total liquid-liquid extraction sample. 

Rt 
Experimental 

mass 

Theoretical 

mass 

Delta 

(ppm) 

Molecular 

formula 
RDB ESI Comments 

8.76 137.0244 137.0246 1.625 C7 H4 O3 5.5 - sesamol 

10.32 249.0767 249.0768 -0.5135 C13H14O5 7.5 - samin 

10.55 371.1126 371.1125 0.2991 C20H18O7 11.5 + Sesaminol/episesaminol 

11.88 371.1142 371.1125 4.5752 C20H18O7 11.5 + Sesamolin 

12.88 355.1176 355.117 0.0859 C20H18O6 11.5 + sesamin 

20.89 279.2325 279.2319 2.1332 C18H32O2 3.5 - Linoleic acid 

Pilot scale ACE extraction 

In natural products field the conduction of in vivo experiments is a demanding task due to the high 

amounts of extract required for such experiments. Thus, the aim of this extraction was the 

obtainment of high amounts of SO extract, in a short period of time. For this reason, a pilot scale 

ACE BXP190 was selected for the extraction of 90 L SO. BXP190 has the capability to manage 

flow rates up to 53 L/min with maximum rotor speed at 2900 rpm. In order to avoid the emulsion 

and to have a factional disperse of the biphasic system (SO-DMSO/H2O), the apparatus was not 

used at the manufacture limits. After 1.5 h, 90 L of SO were extracted with 90 L DMSO/H2O (9:1 

v/v). As it is already mentioned, two different procedures were compared in order to use the most 

efficient. At the first one, 5 L of the extract were diluted in H2O and extracted with EtOAc yielding 

77.64 g. Because the extract was obviously full of lipids, was defatted with final weight of 12.86 

g. For the second one, 5 L of extract were diluted in 5 L of H2O and passed through XAD-7. The 

resin extract was evaporated and weighted 18.41g. As it is noticed, the second method produced 

higher amount of final extract and finally the rest 80 L of DMSO extract were treated with resin 
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XAD-7, providing final yield of 785 g. Both extracts were analyzed with HPLC giving the same 

profile (Figure 4). 

 
Figure 4: Superimposed HPLC-DAD chromatograms of sesame oil extract from laboratory scale process (red) and 

sesame oil extract from pilot scale process (blue) at 280 nm. 

 

Separation of sesamin and sesamolin from crude extracts by CPC 

Study of the CPC solvent systems 

Crucial step in the innovated chromatographic process of CPC was to find the biphasic system 

needed for the separation (Table 1) and then for the distribution of the target compounds by using 

TLC analysis. Based on this test, systems CS9, CS10, CS11, CS12 and CS16 were rejected because 

they do not meet the required specifications (Table 1) while at systems CS1, CS2, CS14 and CS15 

were observed unsatisfactory distributions of sesamin and sesamolin in the TLC chromatograms. 

Seven biphasic systems (CS3-CS8 and CS17) were further investigated using HPLC in order to 

calculate the partition coefficient values (KDs) of the target compounds and thus the suitability of 

the biphasic systems (based on the values of the separation factor α, which follow the rule KD1/KD2, 

KD1≥KD2). The results of this analysis are given in Table 2. 

The study of KDs values and separation factors showed that five of the tested biphasic systems 

(CS3, CS6, CS7, CS8 and CS17) meet the criteria for a satisfactory separation of the target 

compounds (α > 1.5). Given that, the higher value of α enables better separation of the two 

compounds and the treatment of higher amount of extract, system CS7 (n-Hex/EtOAc/EtOH/H2O 

in proportion 2:3:3:2 v/v/v/v) seems to be the most effective (α = 2.78) and thus this system was 

chosen for the CPC analysis of the SO extract. 

Purification of lignans by semi-preparative FCPC200® and the scale-up operation on a 

preparative FCPC1000® 

The capability of the selected method (elution – extrusion) and biphasic system (n-

Hex/EtOAc/EtOH/H2O in proportion 2:3:3:2 v/v/v/v) to efficiently isolate the two major lignans 
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of SO extract was initially tested in semi–preparative column. Except the phenolic part, SO extract 

contains high amount of nonpolar fatty compounds such us glycerides and fatty acids. Due to this 

nonpolar nature of the extract the experiment was run in reverse mode by using as stationary phase 

the upper (nonpolar) phase of the system. This fact stabilizes the fatty compounds at the beginning 

of the column (due to the close affinity with the nonpolar phase) eliminating thus their co-elution 

with sesamin and sesamolin. After equilibrating the two phases into the column (Sf = 52.5%),110 

mg of crude SO extract were injected via a 10 mL injection loop. The elution step was completed 

by passing 350 mL of the aqueous mobile phase in descending mode and then the column content 

was extruded by passing 200 mL of the upper stationary phase also in descending mode. The 

experiment lasted 115 min while the separation process was monitored by UV at 255, 275, 288 

and 320 nm (Figure 5A). All resulting fractions (55 fractions of 10 mL) were analyzed using TLC 

and fractions with similar chemical composition were put together. The result of this analysis was 

the recovery of 31.6 mg of sesamin and 14.1 mg of sesamolin both in a purity higher than 95% as 

this was calculated from the quantitative HPLC analysis. 

 

Figure 5: UV Chromatogram (λ=288, 275, 255 and 320 nm) of semi-preparative elution-extrusion CPC (A) in comparison 

to preparative elution-extrusion CPC (B), indicating the better separation of the two main lignans during the scaling up 

from semi preparative to preparative mode. Biphasic solvent system: n-Hex/EtOAc/EtOH/H2O in proportion 2:3:3:2 

(v/v/v/v). 
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The result obtained from semi-preparative analysis being very promising thus separation was 

scaled-up to preparative CPC mode. The scaling-up from 200 mL column (semi-preparative) to 5-

fold larger, 1L CPC column (preparative) can be easily applied paying particular attention on 

rotational speed and flow-rate, two parameters that effect on stationary phase retention [45]. After 

equilibrating the two phases into the column, 900 mg of SO extract were injected. The elution step 

of the experiment was completed after passing 1600 mL of aqueous mobile phase in descending 

mode and then the column was extruded by pumping 1000 mL of the upper stationary phase also 

in descending mode. The CPC procedure was monitored with a UV detector and the chromatogram 

(at 255, 275, 288 and 320 nm), presented in Figure 5B, shows a recovery of the target compounds 

according to their KDs values in the used biphasic system. By setting the rotational speed at 750 

rpm and the flow rate of the eluent at 15 mL/min the retention factor of stationary phase (Sf) was 

approx. 65%, much higher than Sf calculated for the semi−preparative CPC experiment (52.5%).  

Higher retention of the stationary phase led to higher theoretical plate number and thus in better 

fractionation of the extract. Indeed, the comparison of the CPC chromatograms obtained from 

semi-preparative and preparative analysis revealed that the preparative process resulted in better 

separation of the two major lignans (Figure 5AB). 

The preparative CPC process lasted 170 min while fraction collector was set to collect 20 ml 

fractions (total 130 fractions). All fractions were analyzed by TLC in order to check the quality of 

the separation. The analysis showed that the lignans were recovered during the elution step of the 

experiment while the fatty compounds were collected in the last fractions of the experiment during 

the extrusion of the column content. The fractions containing sesamin (fractions 51 – 64) and 

sesamolin (fractions 64 – 75) were subjected to quantitative HPLC analysis. The result of this 

analysis (presented as fractogram in Figure 6) showed that fractions 51-63 and 65-75 contain only 

sesamin and sesamolin respectively while only one fraction (64) contains a mixture of both 

compounds. Sesamin fractions were pooled and evaporated to dryness, yielding 276.07 mg, while 

the combined sesamolin fractions yielded 138.15 mg. The following UPLC-HRMS, NMR and 

quantitative HPLC analysis of combined fractions showed that both sesamin and sesamolin were 

isolated in high purity (>95%) and good recovery (61.3% and 87.7 % of the total amount of their 
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SO extract content, respectively) verifying the efficient separation of these two bioactive 

compounds by using the proposed preparative elution-extrusion CPC method.   

 

Figure 6: Fractogram obtained from quantification analysis of preparative CPC fractions 51-76. 

Except the isolation of the two major lignans, the preparative CPC analysis led to the additional 

separation of four minor lignans of SO extract i.e. samin, sesamol, sesaminol and episesaminol 

(Figure 1). In more details, fractions 13-18 (4.3 mg) samin, fractions 22-31 (9.4 mg) sesamol while 

fractions 35-39 (8.2 mg) and fractions 40-49 (6.6 mg) contained a mixture of sesaminol and 

episesaminol in ratios of approximately 85/15 and 45/55 respectively. It is important to note that 

samin and sesamol were recovered in one step separation procedure in high purity as this was 

determined by 1H-NMR analysis (Figure 7a-11d). 

 

Figure 7: a) 1H NMR spectra of sesamin in CDCl3. 



32 
 

 

Figure 7: b) 2D COSY NMR spectra of sesamin in CDCl3. 

Figure 7: c) 2D HSQC-DEPT NMR spectra of sesamin in CDCl3. 
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Figure 7: d) 2D HMBC NMR spectra of sesamin in CDCl3. 

 

 

Figure 8: a) 1H NMR spectra of sesamolin in CDCl3.  

 

Figure 8: b) 2D COSY NMR spectra of sesamolin in CDCl3. 
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Figure 8: c) 2D HSQC-DEPT NMR spectra of sesamolin in CDCl3. 

 

Figure 8: d) 2D HMBC NMR spectra of sesamolin in CDCl3. 

 

Figure 9: 1H NMR spectra of sesamol in CDCl3. 
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Figure 10: a) 1H NMR spectra of samin in CDCl3. 

 

Figure 10: b) 2D COSY NMR spectra of samin in CDCl3. 

 

Figure 10: c) 2D HSQC-DEPT NMR spectra of samin in CDCl3. 
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Figure 10: d) 2D HMBC NMR spectra of samin in CDCl3. 

 

Figure 11: a) 1H NMR spectra of sesaminol-episesaminol in CDCl3. 

 

Figure 11: b) 2D COSY NMR spectra of sesaminol-episesaminol in CDCl3. 
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Figure 11: c) 2D HSQC-DEPT NMR spectra of sesaminol-episesaminol in CDCl3. 

 

Figure 11: d) 2D HMBC NMR spectra of sesaminol-episesaminol in CDCl3. 
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The structure elucidation of the isolated compounds was achieved by studying HRMS/MS and 

NMR (1D and 2D) spectra and verified by comparison the experimental data with the 

corresponding bibliographic data [40,46–50]. Experimental data of 1H and 13C NMR of the isolated 

compounds are referred at Table 7. 

Table 7. NMR signals of sesamin, sesamolin, sesamol, samin, sesaminol and episesaminol. 

Protons Sesamin sesamolin sesamol samin sesaminol Episesaminol 

 1H (ppm) 1H (ppm) 1H (ppm) 1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm) 
1 3.05, m 2.95, m  2.86, m 53.14 3.16, m 53.3 2,88, m 53.6 

2 
4.71, d 

J= 4.5 Hz 
4.40, d 

J=7.1 Hz  
4.35, d 

J=6.8 Hz 87.34 4.77, m 85.5 
4.42, d 

J=7.0 Hz 
87.8 

3   
6.43, d 

J=2.3 Hz 
      

4a 
4.23, dd 

J= 9.2, 6.9 Hz 
4.44, t 

J=9.0 Hz  
4.38, t 

J=9.1 Hz 71.64 
4.34, dd 

J=9.4, 7.5 Hz 
72.6 

4.17, brd 
J=9.5 Hz 

71.9 

4b 
3.86, dd 

J= 9.2, 3.8 Hz 

3.64, dd 
J=9.2, 7.4 Hz 

 
3.57, dd 

J=9.1, 7.4 Hz 71.65 
3.85, dd 

J=9.4, 5.3 Hz 
72.6 3.85, m 71.9 

5 3.05, m 3.31, m 6.25, dd 
J=8.4, 2.3 Hz 

3.07, m 54.08 3.16, m 53.3 3.36, m 50.8 

6 
4.71, d 
J=4.5  

6.65, d 
J=8.4 Hz 

5.38, bs 102.6 4.78, bs 86.7 
4.96, d 

J=5.0 Hz 
84.6 

8a 
4.23, dd 

J= 9.2, 6.9 Hz 
4.13, dd 

J=9.2, 5.9 Hz  
4.17, dd 

J=9.1, 5.9 Hz 96.84 
4.14, dd 

J=9.4, 2.4 Hz 
70.6 

4.00, d 
J=9.0 Hz 

70.4 

8b 
3.86, dd 

J= 9.2, 3.8 Hz 
3.96, dd 

J=9.1, 0.8 Hz  
3.91, bd 
J=8.5 Hz 

96.84 
3.88, dd 

J=9.4, 2.4 Hz 
70.6 

3.49, d 
J=9.0 Hz 

70.4 

2’ 
6.85, d 

J=1.5 Hz 
6.88, d 

J=1.7 Hz  
6.86, d 

J=1.5 Hz 106.85 6.83, brs 106.7 6.86, brs 106.8 

5’ 
6.77, d 

J=8.1 Hz 
6.78, d 

J=8.0 Hz 
 

6.77, d 
J=7.9 Hz 

108.44 6.78, brs 108.4 
6.78, d 

J=8.1 Hz 
108.4 

6’ 
6.80, dd 
J=8.1 Hz 

6.82, dd 
J=8.0, 1.7 Hz  

6.80, dd 
J=7.9, 1.5 Hz 119.91 

6.78, brs 
 

119.5 
6.81, brd 
J=8.1 Hz 

119.9 

2’’ 
6.85, d 

J=1.5 Hz 
6.62, d 

J=2.3 Hz 
   6.0, s 106.4 6.40, s 105.9 

5’’ 
6.77, d 

J=8.1 Hz 
6.71, d 

J=8.5 Hz    6.45, s 99.5 6.42, s 99.4 

6’’ 
6.80, dd 
J=8.1 Hz 

6.82, dd 
J=8.5, 2.3 Hz        

-O-CH2-O- 5.95, s  5.91, s 5.95, s 101.15     

-O-CH2-O- a  5.92, s    5.95, s 101.0 5.95, s 101.0 

-O-CH2-O- b  5.96, s    5.89, s 101.1 5.89, s 101.1 

-OH      7.75, brs 150.8 8.12, brs 150.9 

Tyrosinase, elastase, collagenase and hyaluronidase inhibition activity of SO compounds. 

All isolated lignans were evaluated for their tyrosinase, elastase, collagenase and hyaluronidase 

inhibitory activities. For all the enzymatic assays the IC50 of positive controls was used, with only 

exception the hyaluronidase assay where for the positive control was used at the IC100 

concentration (see experimental part). 

The tyrosinase inhibition assay showed that sesamol and sesamolin are able to inhibit the enzyme 

activity, in contrast to sesamin, samin, sesaminol and episesaminol. In detail, sesamol exhibited 

an important inhibition activity at 500 μΜ (52.34%), while no activity was present at doses of 100 

μΜ and 25 μΜ. Sesamolin presented moderate anti-tyrosinase activity at 500 μΜ (27.78%) and 
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weak activity at 100 μΜ and 25 μΜ (Figure 12). These results are in agreement with literature data 

reporting the potent anti-tyrosinase activity of sesamol and sesamolin [51]. The above results 

demonstrate a potent correlation between the structure of tested compounds and the anti-tyrosinase 

activity. Although sesamin, sesamolin, sesaminol and episesaminol are structurally related 

compounds, only sesamolin inhibited the tyrosinase activity, showing that sesamol moiety seems 

necessary for the enzyme inhibition. 

All tasted compounds expressed important activity on collagenase assay. The sesaminol/epi-

sesaminol mixture revealed the highest anti-collagenase activity with inhibition values of 91.99% 

at 500 μΜ, 71.94% at 100 μΜ and 40.36% at 25 μΜ. Sesamin presented moderate anti-collagenase 

activity with inhibition value of 61.16% at 500 μΜ, 40.77% at 100 μΜ and 44.71% at 25 μΜ. 

Samin revealed anti-collagenase activity with inhibition values of 65.66% at 500 μΜ, 40.65% at 

100 μΜ and 40.33% at 25 μΜ. Sesamolin also presented moderate activity with inhibition value 

of 54.05% at 500 μΜ, 36.20% at 100 μΜ and 47.83% at 25 μΜ while sesamol, revealed the lowest 

anti-collagenase activity with inhibition values of 46.19% at 500 μΜ, 48.20% at 100 μΜ and 

36.57% at 25 μΜ (Figure 12). To our knowledge, this is the first report connecting SO lignans 

with collagenase activity. 
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Figure 12: Tyrosinase, elastase, collagenase and hyaluronidase inhibition activity of isolated compounds. Tested 

concentration for tyrosinase, elastase and collagenase inhibition: 500 μΜ, 100 μΜ and 25 μΜ. Tested concentration for 

hyaluronidase inhibition: 500 μΜ. 

Regarding the elastase and hyaluronidase inhibition assays, all the tested compounds were found 

to be non-effective compared to the positive controls. The only exception was sesamolin which 

present a moderate anti-elastase activity at the highest dose of 500 μΜ with inhibition value of 

37.24% (Figure 12). 

Conclusion 

This study constitutes a holistic procedure for the swift isolation of sesamin and sesamolin in high 

purity, using techniques with scale up to pilot and industrial prospects. Two different approaches 

were used for the extraction of SO lignans, in laboratory scale, based on innovative liquid-liquid 

techniques, ACE and CPE, to obtain both sesamin and sesamolin in high amounts. Although, lab-

scale CPE needs almost the 1/3 of solvent volume that was required from ACE in order to obtain 

the total extract. The green characteristic is not the only advantage of CPE. Also, this procedure is 

less time consuming. CPC, as the superior liquid-liquid solid support free technique can treat the 



41 
 

SO extract, giving high recovery of sesamin and sesamolin with purity over 95% with the 

minimum time consumption. The ability of CPC technique to analyze high portions of sample has 

as a result the isolation of other minor compounds from the SO extract in high purity. Obtaining 

compounds in pure form, permitted the realization of enzymatic assays. As a result, significant 

anti-collagenase activity was observed from all the isolated molecules. Concerning the pilot 

extraction of SO, a high throughput pilot line ACE was used in combination with adsorption resin 

XAD-7. For the first time, an innovative strategy was developed, where DMSO was used as the 

primary extraction solvent and adsorption resins were assisted to obtain rapidly the high amount 

of extract that is necessary for in vivo experiments.  
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Chapter 2: Pilot continuous centrifugal liquid-liquid extraction of extra 

virgin olive oil biophenols and gram-scale recovery of pure oleocanthal, 

oleacein, MFOA, MFLA and hydroxytyrosol.  
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Abstract 

This study provides an efficient pilot-scale liquid-liquid extraction process for the recovery of total 

phenolic fraction (TPF) from extra virgin olive oil (EVOO) and the further purification of the 

major TPF constituents (oleocanthal, oleacein, monoaldehydic form of oleuropein aglycone, 

monoaldehydic form of ligstroside aglycone and hydroxytyrosol) using successively centrifugal 

partition chromatography and reversed phase high pressure liquid chromatography. Special 

attention was paid for the selection of the appropriate raw material, which should be rich in the 

targeted high-value compounds. For the extraction of the selected EVOOs, a green technique based 

on liquid-liquid partitioning using the biphasic system n-Hept/EVOO/EtOH/H2O 3:2:3:2 v/v was 

carried out, first on pioneering laboratory-scale annular centrifugal extractor (ACE) and then on 

pilot device. 240 L from three different EVOOs (3x80 L of each EVOO) were extracted yielding 

285 g of TPF in approximately 2 hours. The second step of this procedure was the purification of 

the target compounds. A preparative centrifugal partition chromatography (CPC) process was 

firstly applied for the initial TPF fractionation using a step gradient elution extrusion method with 

a series of 4 biphasic systems composed of n-Hept/EtOAc/EtOH/H2O in ratios 4:1:3:2, 3:2:3:2, 

2:3:3:2 and 1:4:3:2 (v/v/v/v). Preparative reversed phase high performance liquid chromatography 

(prep-RP-HPLC) was then carried out to polish the target compounds from the enriched CPC 

fractions resulting in purity higher than 97%. In parallel, the above purification analysis led to the 

isolation of four minor TPF constituents of which three are new natural products (EDA lactone, 

(1R, 8E)-1-ethoxy-ligstroside aglycon and (1S, 8E)-1-ethoxy-ligstroside aglycon) and one [(9E, 

11E)-13-oxotrideca-9,11-diencoic acid] is described for the first time as EVOO constituent. 
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Introduction 

Olive oil (OO), since ancient time has a highly economic importance, especially for the 

Mediterranean area [1]. Nowadays, OO has expanded all over the world, from USA and Chile to 

Australia, Japan and China [2–4]. OO and especially extra virgin olive oil (EVOO) is straightly 

correlated with the Mediterranean diet and the providing health benefits [5,6]. Most of the 

beneficial characteristics of EVOO are attributed to minor compounds, named biophenols which 

compose the total phenolic fraction (TPF) [7]. Hydroxytyrosol (HT) is the most known 

phenylethanoid of EVOO phenolic fraction. Other significant compounds of TPF are the 

secoiridoid derivatives oleacein (OLEA), oleocanthal (OLEO), monoaldehydic form of oleuropein 

aglycone (MFOA) and monoaldehydic form of ligstroside aglycone (MFLA) (Figure 1) [8]. These 

molecules have been widely investigated, providing significant bioactivities. It is worth noting that 

the last years, the scientific interest has focused on HT and its derivatives as the most important 

non-nutritive components of olive oil, due to EFSA (European Food & Safety Authority) health 

claim about their protecting effect on cardiovascular system [9]. 

Specifically, numerous biological activities were reported for HT, such as strong antioxidant and 

anti-inflammatory properties [10][11]. Even more, are the studies investigating anti-cancer 

activity, neuroprotective effects, potency against Alzheimer’s disease and anti-inflammatory 

properties of OLEO [12–14]. Additionally OLEA, has shown significant bioactivities such as anti-

oxidant, anti-inflammatory, anti-proliferative, anti-microbial and anti-cancer properties [14–17]. 

To the best of our knowledge, there are only few studies for the activity of MFOA, focus mainly 

on its antioxidant properties, while for the bioactivity of MFLA there is no significant information 

in the literature [18,19]. It is noteworthy, that there are limited reports related to the biological 

activity of the above mentioned secoiridoids in animal models. One critical reason is the required 

quantities and purity levels in such studies, thus hindering significantly their investigation in 

animal models and their comprehensive biological and pharmacological evaluation. [20–22]. 

https://en.wikipedia.org/wiki/Phenylethanoid
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Figure 1: Structures of the main phenolic compounds of olive oil. 

In the current study, an integrated process combining continuous liquid-liquid extraction and 

chromatographic techniques with scale-up capabilities was developed for the isolation of OO 

phenolic compounds in high yield. The liquid-liquid extraction step was carried out using liquid-

liquid centrifugal extraction devices, which allows the development of continuous processes. Two 

types of equipment were used: a single stage annular centrifugal extractor (ACE) using two co-

axial cylinders in order to ensure phase mixing [23] for the lab scale feasibility step and then a 

single stage centrifugal extractor using a rotating agitator disc in order to mix the two phases for 

the pilot-scale extraction. Both apparatuses are based on continuous counter-current liquid-liquid 

extraction principle, the only difference of them being allocated at the phase mixing mechanism. 

They provide high mass transfer efficiency as well as excellent phase decantation, thus leading to 

high throughputs in compact contactors [24]. The rapid start-up and shut-down of experimental 

procedure makes it also very useful for the industrial sector [25]. Centrifugal extraction has already 

been used in many different industrial fields, including pharmaceutical or food industry [26]. 

Secondly, centrifugal partition chromatography (CPC) [27,28] was used for the fractionation of 

TPF in order to obtain enriched fractions in compounds of interest [29] CPC is a liquid-liquid solid 

support free chromatography based on solutes partitioning at least between two immiscible phases 

in a thermodynamic equilibrium [30]. A CPC column consists of a series of partition cells linked 

in cascade by ducts in cascade and arranged in a centrifuge (one axis, two high pressure rotary 

seals). The stationary phase is maintained inside the column by the centrifugal force acceleration 

generated by column rotation (50 to 800 times the gravity, depending on the apparatus), while the 

Oleocanthal HydroxytyrosolOleacein

Monoaldehydic Form of 
Ligstroside Aglycon (MFLA)

Monoaldehydic Form of 
Oleuropein Aglycon (MFOA)
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mobile phase is pumped through it. CPC technique has numerous advantages mainly due to the 

absence of chromatographic solid support. It is characterized by total sample recovery (irreversible 

adsorption on solid support are avoided), high repeatability, low solvent consumption and high 

capacity [8][31]. Additionally, it is considered as gentle and versatile technique leading to high 

selectivity, as a huge range of solvent combinations are available and reported in literature. 

[32,33][29][34][35]. Moreover, the industrial potential of CPC was demonstrated using a scale up 

methodology based on both column capacity and mass transfer efficiency as invariants parameters 

[36]. Using continuous centrifugal extraction and CPC at-line offers advantages concerning the 

amounts and the required quality for in vivo experiments and human studies. It has to be 

highlighted that both of the above techniques, continuous centrifugal liquid-liquid extraction such 

as ACE and CPC, could be considered as green methodologies. Indeed, they are characterized by 

a low solvent consumption when the intensification step is correctly carried out. Moreover, the 

short experimental duration minimizes the energy expenditure and the liquid-liquid nature of the 

techniques provides the ability to recycle the used solvents reducing thus drastically the generated 

wastes. All these characteristics have a positive impact on the environmental fingerprint of these 

liquid-liquid separation techniques [37,38]. 

Three EVOO from different geographical areas of Greece were selected, based on HPLC analysis, 

for their high abundance in the compounds of interest. TPF extraction was conducted with ACE 

in the selected OO samples, in both lab- and pilot-scale. Afterwards, the fractionation of the 

corresponding TPFs was carried out using CPC in step gradient elution mode. Selected fractions, 

enriched in the target compounds, were finally purified with preparative reversed phase HPLC 

(prep-RP-HPLC), reaching purity higher than 97% (HPLC based). Thus, the combination of two 

liquid-liquid support-free techniques (i.e. ACE and CPC) with prep-RP-HPLC also based on the 

partition mode for the polishing step allowed the extraction of TPF and the isolation of OLEO, 

OLEA, MFOA, MFLA and HT in considerably high yields. It should be also underlined that due 

to the high TPF availability and consequently the high quantity of CPC fractions, four minor 

constituents, never been reported before in olive oil were also isolated and structurally identified 

by NMR and HRMS analysis. 

Materials and Methods 

Reagents 

All the reagents were purchased from Sigma-Aldrich (Missouri, USA). The solvents used for the 

extraction and separation processes were of analytical grade while those used for UPLC-HRMS 

analysis were of LC-MS grade. All solvents were supplied from Fisher Scientific (Pennsylvania, 
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USA). TLC analysis was performed on Silica gel 60 F254 20cm x 20cm plates purchased from 

Merck Millipore (Massachusetts, USA). The standard compounds (purity > 98%) used for the 

HPLC qualitative and quantitative analysis were purchased from Chembiotin (Greece) 

(Hydroxytyrosol, Tyrosol standards) and Pharmagnose S.A. (Inofyta, Greece) (Oleocanthal, 

oleacein, MFOA and MFLA standards).  

Apparatus 

The analytical scale extractions were performed on a laboratory scale BXP012 apparatus 

(Rousselet-Robatel Kromaton, Annonay, France) with 2.2 mL bowl volume and internal diameter 

of 12 mm. The two phases of the biphasic system were pumped into the annular extractor using 

two Basic Verderflex pumps (Castleford, United Kingdom) connected to the respective inlets for 

heavy and light phase. The large-scale extractions of OO biophenols were performed using the 

pilot scale ACE BXP190 (mono-stage unit) (Rousselet-Robatel Kromaton, Annonay, France). The 

apparatus consists of a casing and a bowl driven by a motor directly coupled to the extractor 

pendular shaft. The bowl has an internal diameter of 190 mm with a useful volume of 4.2 liters. 

The two liquid phases are mixed in the annular space of the extractor and are separated in the weir 

system which consists of a stable light phase weir of 90 mm and an interchangeable heavy phase 

weir of 100 mm.  The motor is fed by a variable frequency drive to achieve variable speed operation 

with the maximum acceptable speed of 2900 rpm. Both heavy and light phases were pumped 

through the extractor with two ATEX FLUX eccentric worm-drive pumps with FBM 4000 Ex 

Motor and flow rate up to 75 L/min (FLUX-GERÄTE GmbH, Maulbronn, Germany) connected 

to the two solvent inlets of the apparatus. 

The TPF fractionations were performed on a FCPC1000® apparatus (Kromaton, Anonay, France) 

equipped with rotor made of 45 circular partition disks engraved with 32 partition cells (555 µL 

per cell). The total column volume capacity is 955 mL. The partition cells are interconnected by 

capillary ducts, the latter representing a volume of 156 mL (dead volume). Rotation speed could 

be adjusted from 200 to 1000 rpm, producing a stable centrifugal force field in the partition cells 

up to 161 g at 1000 rpm. The solvents were pumped through two preparative ECP2000 pumps 

(Ecom, Prague, Czech Republic), and the effluent was monitored online by a Flash 14 UV-DAD 

detector (Ecom, Prague, Czech Republic). Fractions were collected by a C6-60 collector (Büchi, 

Flawil, Switzerland). The LC system (pumps and UV detector) was controlled by ClarityTM 5.4 

(DataApex, Prague, Czech Republic). 

The purification of target compounds from enriched CPC fractions was performed on a preparative 

HPLC chain consisted of two Lab Alliance preparative 36 Pumps (State College, USA), a UV 
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Flash 06S DAD 800 Detector of ECOM (Prague, Czech Republic) and injection valve Rheodyne 

7755-027 equipped with 1 mL loop (Target Analysis, Thessaloniki, Greece). The separation was 

run on a Supelco supelcosilTM LC-18, 25 cm x 21.2 mm, 5μm (Pennsylvania, USA) preparative 

HPLC column while the fractions were collected manually based on UV chromatograms. The 

HPLC system was controlled by ClarityTM 5.4 (DataApex, Prague, Czech Republic). 

HPLC qualitative and quantitative analysis was performed on a Thermo Finnigan HPLC system 

(Ontario, Canada) equipped with a SpectraSystem 1000 degasser, a SpectraSystem P4000 pump, 

a SpectraSystem AS3000 automated injector and an UV SpectraSystem UV6000LP detector. Data 

acquisition was monitored by the ChromQuestTM 5.0 software (ThermoScientificTM). 

The pure compounds were analyzed by UPLC-ESI-HRMS using an Acquity H-Class UPLC 

system (Waters Corp., Milford, USA), equipped with a quaternary pump, an autosampler, an 

online vacuum degasser, and a temperature-controlled column and sample compartment and 

hyphenated to a hybrid LTQ-Orbitrap Discovery XL (Thermo Scientific, Brehmen, Germany) 

mass spectrometer with an electrospray ionization (ESI) source. Xcalibur 2.0.7 (Thermo 

Scientific) software was used for data acquisition and processing. 

NMR spectra (1H, 13C, COSY, NOESY, HSQC-DEPT, HMBC) were recorded on a Bruker 

Avance III 600 spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany), equipped with a 5-

mm PABBI 1H/D-BB inverse detection probe with a z-gradient. 1H and 13C NMR spectra were 

acquired at 600.15 MHz and 150.91 MHz, respectively. 

HPLC-DAD analysis for olive oil selection 

A HPLC-DAD method was employed according to the COI / T.20 / Doc No 29 method 

(International Olive Council (IOC) 2009) for the screening of in-house olive oil library [39]. For 

sample preparation, 2.0 g of olive oil and 1 mL of the internal standard solution (syringic acid) 

were mixed and vortexed for 30 s. Then, 5 mL of the methanol/water (80:20 v/v) ware added and 

vortexed for 1 min more. The mixture was placed in an ultrasonic bath for 15 min at room 

temperature and then centrifuged for 25 min. An aliquot of the supernatant phase was forwarded 

for HPLC analysis after filtration. HPLC quantification was achieved on a reversed-phase 

Spherisorb Discovery HS C18 column (250 × 4.6 mm, 5μm, Supelco) using a mobile phase 

consisted of 0.2% aqueous orthophosphoric acid (A) and methanol/acetonitrile (50:50 v/v) (B). 

The applied gradient elution was as follows: 0 min, 96% A and 4% B; 40 min, 50% A and 50% B; 

45 min, 40% A and 60% B; 60 min, 0% A and 100% B; 70 min, 0% A and 100% B; 72 min, 96% 

A and 4% B; 82 min, 96% A and 4% B. A flow rate of 1.0 mL/min was used and the injection 

volume was set to 20μl. Chromatograms were monitored at 280 nm. 
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In total 10 EVOO samples were analyzed and the levels of HT, OLEA, OLEO, MFOA and MFLA 

were determined (Figure 2). The same analysis method was used to determine the levels of the 

target compounds in TPFs obtained from the pilot-scale extraction as well as the purity of the 

isolated compounds. The purity of the OLEO, OLEA, MFOA, MFLA and HT was also supported 

by UPLC-ESI-HRMS/MS and NMR analysis. 

 

Figure 2: HPLC chromatograms of standard compounds, and 10 EVOO at 280 nm. 
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Liquid-liquid extraction of EVOO  

The continuous centrifugal liquid-liquid extraction processes were started with parallel pumping 

of both feed oil phase (light) and extraction phase (heavy) into the extractor bowl. The biphasic 

system was mixed (at the mixing zone) and then was separated (by centrifugal forces) to treated 

oil phase and enriched aqueous phase. The biphasic system used for the extractions previously 

described by Angelis et al [8], was the following: n-Hept/EVOO/EtOH/H2O in ratio 3:2:3:2 

(v/v/v/v/v). The extraction procedure was initially developed in a laboratory scale extractor 

(BXP012) using EVOO-I as study material and then the method was transferred in pilot-scale 

extractor (BXP190) where all three chosen OOs were treated. 

Extraction of TPF using the laboratory scale annular centrifugal extractor BXP012 

The feed oil phase was prepared by mixing 80 mL of EVOO-I and 120 mL of n-heptane while the 

extraction phase was prepared by mixing 120 mL ethanol and 80 mL water. The rotation speed of 

laboratory scale ACE BXP012 was set at 3950 rpm and the flow rate at 8 mL/min for both phases 

(Table 1). Subsequently, the biophenol-enriched aqueous phase was evaporated under vacuum. 

The experiment was repeated two more times. The repeatability of the process was evaluated by 

comparing the yields standard deviation, as well as using TLC and RP-HPLC-DAD analysis of 

the three obtained TPFs. 

Extraction of TPF using pilot scale extractor BXP190 

The pilot-scale extraction of OO TPF was performed using a mono-stage pilot scale ACE BXP190. 

The first step of the procedure was the separately preparation of the two phases of solvent system: 

200 L of the feed oil phase composed of n-Hept/EVOO (in ratio 3:2 v/v) and 200 L of the aqueous 

extraction phase composed of EtOH/H2O (in ratio 3:2 v/v). The extraction procedure started by 

pumping the heavy phase at a flow rate of 10 L/min and at the rotation speed of 1050 rpm. When 

the heavy phase came out from the extractor, its flow rate decreased at 5 L/min and the light phase 

was pumped with the same flow (5 L/min), while the rotation speed was maintained at 1050 rpm 

(Table 1). The extraction procedure lasted 40 min and finally 200 L of treated oil phase and the 

same volume of enriched in biophenols aqueous phase were separately collected into two different 

barrels. 

The next step of the procedure was the evaporation of the collected extract and raffinate in order 

to recover the biophenolic fraction as well as the treated olive oil, respectively. The solvents (n-

heptane and the mixture of EtOH/H2O) obtained from the evaporation were recycled and reused 

in further extraction processes. The evaporation was performed in a QVF thermal evaporation 

system (200 L evaporation vessel) under 15-100 mbar vacuum at 39oC, while the condensation of 
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the produced solvents vapors was facilitated using coolant (glycol) at -7oC. The TPF obtained after 

processing of 80 L EVOO was 85.8 g (EVOO-I –> TPF-I). 

The procedure was repeated for the extraction of EVOO-II and EVOO-III. Each extraction was 

performed by using the recycled solvents. The TPFs obtained after extraction of 80 L of EVOO-II 

and 80 L of EVOO-III were 109.4 g (TPF-II) and 89.5 g (TPF-III), respectively. 

Table 1: Experimental parameters of EVOO extractions and the corresponding yields, using analytical and pilot scale ACE. 

Biphasic system n-Hept/EVOO/ethanol/water 3:2:3:2 (v/v/v/v) 

Aparatus 
BXP012 

(Analytical scale) 

BXP190** 

(Pilot scale) 

EVOO EVOO-I EVOO-I EVOO-II EVOO-III 

Flow rate of feed oil phase 8 mL/min 5 L/h 5 L/h 5 L/h 

Flow rate of extraction phase 8 mL/min 5 L/h 5 L/h 5 L/h 

Volume of treated EVOO 80 mL 80 L 80 L 80 L 

Volume of feed oil phase 200 mL 200 L 200 L 200 L 

Volume of extraction phase 200 mL 200 L 200 L 200 L 

Rotation speed 3950 rpm 1050 1050 1050 

Experimental Time 20 min ~40 min ~40 min ~40 min 

Yield of TPFs 83.3 mg* (±0.36) 85,8 g 109.4g 89.5g 
* The average of three repetitions (standard variation) 
**The heavy phase weir used for both three pilot analysis was of 100 mm. 

Isolation procedure 

Preparative CPC fractionation of TPFs using step-gradient elution extrusion method. 

Preparative CPC fractionations of the produced TPFs (TPF-I, TPF-II and TPF-III) were achieved 

by following a previously described method with slight modifications [8]. All experiments were 

run in a step gradient elution extrusion mode using the series of four biphasic systems (composed 

of the solvents n-Ηept/EtOAc/EtOH/H2O in ratio 4/1/3/2 (S1), 3/2/3/2 S2), 2/3/3/2 (S3) and 2/4/3/2 

(S4), v/v/v/v) and the same experimental parameters. The aqueous phase of S1 was used as 

stationary phase while the gradient elution was achieved by pumping successively the upper phases 

(mobile phases, MP) of the four systems in ascending mode (500 mL of MP1, 1100 mL of MP2, 

1400 mL of MP3 and 1000 mL of MP4). The experiments were ended by extruding the column 

content using the lower phase of S4 as mobile phase in descending mode. The injected sample 

mass of each TPF was 10 g, while rotation speed and flow rate were remained constant during all 

experiment at 900 rpm and 15 mL/min, respectively. All collected fractions (190 fractions of 25 

mL) were initially off-line analyzed by TLC and combined based on their chemical profile 

similarity (Figure 3). 
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Figure 3: TLC chromatograms of CPC fractions obtained from the analysis of TPF I (upper-high levels of OLEO and 

OLEA), TPF II (middle- high levels of MFOA, OLEO and OLEA) and TPF III (lower- high levels of MFLA, OLEO and 

HT). 

Preparative HPLC purification 

Different preparative HPLC methods were developed for each target compound using H2O 

(solvent A)-CH3CN (solvent B) gradients at flow rate of 15 mL/min. The gradient profiles of 

methods A-E were as described below. Method A (for OLEO enriched fractions): 0 min – 80% A, 

20 min- 70% A, 25 min– 10% A and 30 – 80% A; Method B ( for OLEA enriched fractions): 0 

min – 80% A, 20 min- 70% A, 25 min– 70% A, 30 min– 10% A and 35 – 80% A; Method C (for 

MFLA enriched fractions): 0 min – 80% A, 10 min – 70% A, 22 min- 50% A, 25 min- 50% A, 30 

min– 10% A and 35 min – 80% A; Method D (for MFOA enriched fractions): 0 min – 800% A, 

20 min – 70% A, 25 min- 50% A, 30 min– 10% A and 35 min – 80% A; and Method E (for HT 

enriched fractions): 0 min – 100% A, 5 min – 99% A, 10 min- 95% A, 20 min- 50% A, 25 min– 
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10% A and 30 min – 100% A. All the samples were dissolved in CH3CN in order to reach a 

concentration of 150 mg/mL and were injected with 1 mL volume capacity loop. 

TLC, UHPLC-HRMS/MS and NMR analysis 

TLC analysis was performed on normal phase plates. The chromatograms were development with 

a mixture of dichloromethane (CH2Cl2) and methanol (MeOH) in ratio CH2Cl2/MeOH 95:5 v/v 

and observed at 254 nm, 366 nm and at visible after treatment with a sulfuric vanillin solution (5% 

w/v in methanol) – H2SO4 (5% v/v in methanol) and heated at 100–120OC for 1 minute. 

For UHPLC-HRMS/MS analysis all the samples were diluted in MeOH/H2O 1:1 v/v and injected 

(10μL) on a Fortis C-18 (1.7 µm, 150 x 2.1 mm) column at 40oC. The flow rate was set at 400 

μL/min while acidified water with 0.1% formic acid (A) and CH3CN (B) were used as elution 

system, in the following gradient mode: 0-3 min 95% A, 3-21 min from 95% to 5% A, 21-23 min 

5% A, 23-24 min from 5% to 95% B and 24-30 min 95% A. Ionization was achieved in negative 

ion mode (ESI-) at 350°C. The mass spectrometric parameters were: capillary voltage -20V and 

tube lens -80V for the negative mode; sheath gas and aux gas flow rate 40 and 10 units, 

respectively. The mass range was 113 - 1000 m/z. 

NMR samples were dissolved in 600 μL of deuterated chloroform (CDCl3) and experiments were 

recorded using standard Bruker microprograms. Chemical shifts (δ) are expressed in ppm, while 

coupling constants (J) in Hz. The multiplicity of vertices is expressed as s (singlet), brs (broad 

singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets) and m (multiplet). 

Results and Discussion 

EVOOs selection 

In a previous study of our research group the TPFs of 130 EVOO’s - constituting our in-house 

library of EVOOs - from all over Greece, were analyzed [22]. As it was expected, the results 

showed a significant difference in the yields of both TPF and its major components i.e. 

hydroxytyrosol, tyrosol, oleacein and oleocanthal, depending on the olive variety, geographical 

origin, production procedure and cultivation practice. Thus, 10 EVOO samples with high levels of 

phenolic compounds were re-collected during the 2018-2019 harvesting period and were re-

analyzed. All samples showed different levels of the target compounds after HPLC-DAD analysis 

(Figure 2). The best candidate of EVOOs for the designed pilot-scale isolation workflow were 

OLE_1474 obtained from Lakonia-Peloponnese (code name EVOO-I), OLE_1464 from 

Heraklion-Crete (code name EVOO-II) and OLE_1437 from Lasithi-Crete (code name EVOO-III). 

The three EVOOs contained high levels of two or more target compounds. More precisely, EVOO-

I showed high levels for OLEA and OLEO, EVOO-II high levels for OLEO, OLEA and MFOA, 
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while the EVOO-III was rich in HT, OLEO and MFLA. Therefore, the three EVOOs were re-

procured in higher quantities for the following steps of this study. 

Continuous liquid-liquid centrifugal extraction of selected EVOOs 

Two different extraction methods were previously developed [8] on a laboratory-scale Centrifugal 

Partition Extractor equipped with 231 partition cells for a column volume of 303 mL: a sequential 

strategy consisted of several “extraction-recovery” cycles and a continuous strategy based on 

stationary phase co-current elution. In both cases, EVOO was used as mobile phase diluted in food 

grade n-heptane (feed mobile phase) and the required biphasic system was obtained by adding 

ethanol and water as polar solvents [8]. Considering its efficacy, the same biphasic system was 

used in the present work. Therefore, the liquid-liquid extraction feasibility using the biphasic 

system n-Hept/EVOO/EtOH/H2O in ratio 3:2:3:2 (v/v/v/v/v) was firstly evaluated on a lab-scale 

single stage ACE with a bowl diameter of 12 mm and a bowl volume of 2.2 mL (BXP012). ACE 

technique have been previously used for the lab-scale extraction of lignans from sesame oil by 

Michailidis et al [40] with significant results and the current study reports the use of this technique 

for EVOO biophenols extraction for the first time. Considering the density ratio between the two 

phases of 1.22 (feed oil phase density = 704,4 kg/m3, extraction phase density = 853.8 kg/m3), and 

the quite low viscosity of the EVOO-rich upper phase, the rotation speed was set at 3950 rpm 

corresponding to a centrifuge acceleration of 1046 g (up to 6700 g can be reached with this 

equipment). The flow rate was fixed at 8 mL/min for each phase, corresponding to 50% of the 

maximum flow rate for this lab-scale extractor and an average residence time of 8 s for each phase. 

The 80 mL of EVOO-I were successfully extracted in 20 min, providing 83.23 mg of TPF, (done 

in triplicate, standard deviation: 0.36), without the presence of persistent emulsion at the outlet of 

the extractor, corresponding to a productivity of 113 g/(h.L) of extractor capacity. It is important 

to note that in the recently developed CPE extraction methods [8], the productivity was calculated 

at 8.9 g/(h.L) of CPE column using the co-current CPE process, even though the analyzed olive 

oil was slightly more concentrated in TPF (1.3 g TPF/L of olive oil) compared to EVOO-I (1.04 g 

TPF / L of olive oil). This first results highlighted the efficiency of the single stage continuous 

liquid-liquid centrifugal extraction process for TPF recovery from EVOO. 

The scale-up was directly achieved on a pilot-scale single stage liquid-liquid centrifugal contactor 

with the following bowl dimensions: 190 mm and 4.2 L for diameter and capacity, respectively. 

The phase mixing take place in the annular space and the separation occurs in the weir system 

(light phase weir of 90 mm and heavy phase weir of 100 mm). The centrifuge acceleration was 

chosen as scale change invariant in order to provide nearly the same mixing state and so mass 
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transfer of polyphenolic compounds [41]. Considering the diameter of the bowl, the rotation speed 

was set at 1000 rpm, reaching approximately 1060 g. The flow rate of each phase was set at 5 

L/min, corresponding to a residence time of 25 s in order to allow an efficient dispersion-

coalescence of the dispersed phase together with a complete mass transfer of the compounds of 

interest. The above flow rates resulted in high quality of both separated phases by allowing more 

time to achieve efficient separation. Nevertheless, this parameter should be further optimized for 

an industrial application in order to increase productivity. 

80 L of each EVOO (EVOO-I, EVOO-II and EVOO-III) were extracted, tending to recycle the 

solvents between the successive extractions. The three final TPFs i.e. TPF-I from EVOO-I, TPF-

II from EVOO-II and TPF-III from EVOO-III were evaporated to dryness yielding 85.9, 109.4 and 

89.5 g respectively (Table 1). The corresponding productivities were 30.6 g/(h.L), 39.7 g/(h.L) and 

31.9 g/(h.L). 

The liquid-liquid extraction process developed here being only governed by single stage phase 

transfer phenomena, we can assume that the productivity decrease (113 g/(h.L) vs 34 g/(h.L), ratio 

3.3) observed between the lab-scale and the pilot-scale, respectively is mainly due to the selected 

flow rate on the pilot extractor that increased the residence time (8 s vs 25 s, ratio 3.1).  

Each TPF obtained after the continuous liquid-liquid extraction step was analyzed by HPLC in 

order to qualitatively visualize their chemical profiles (Figure 4). As expected, TPF-I was rich in 

OLEO and OLEA, TPF-II in MFOA, OLEO and OLEA and TPF-III in MFLA, OLEO and HT. 

 

Figure 4: HPLC chromatograms of standard compounds, TPF-I (rich in OLEA and OLEO), TPF-II (rich in OLEA, 

OLEO and MFOA) and TPF-III (rich in HT, OLEO and MFLA) at 280 nm. 
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CPC fractionation of TPFs and purification of target compounds 

10 g of each TPF were fractionated by CPC using a previously described step-gradient elution 

extrusion method [8]. The different biphasic solvent systems were all composed of n-heptane, 

ethyl acetate, ethanol and water (4/1/2/3, 3/2/2/3, 2/3/2/3 and 1/4/2/3 v/v/v/v for S1, S2, S3, S4, 

respectively). Previous work demonstrated that the compositions of the aqueous phases of these 

systems are very close, making it possible to use the gradient mode without dramatic disturbing of 

the hydrodynamic equilibrium during the process [8]. The fractions were pooled based on their 

chemical profile similarities, after TLC off-line analysis (Figure 3). 

The CPC analysis of TPF-I resulted in the recovery of 1135.3 mg of the enriched OLEO fraction 

and 1009.1 mg of the enriched OLEA fraction as well as in the recovery of 143.5 mg, 102.3 mg 

and 38.2 mg of fractions enriched in HT, MFLA and MFOA, respectively. The same analysis of 

TPF-II led to the recovery of 1045.2 mg, 983.6 mg, 845.8 mg, 112.6 mg and 93.2 mg of CPC 

fractions enriched in OLEO, OLEA, MFOA, HT and MFLA, respectively. The CPC analysis of 

TPF-III resulted enriched fractions in 1348.5 mg, 845.3 mg, 372.9 mg, 148.1 mg and 83.2 mg of 

MFLA, OLEO, HT, OLEA and MFOA, respectively. Finally, certain amounts of enriched 

fractions in MFLA (1544 mg) ,  MFOA (967.2 mg) ,  OLEO (3025.8 mg), OLEA (2140.8 mg) and  

HT (629 mg) were recovered from the three CPC analysis (Table 2). The purity of the target 

compounds in the enriched CPC fractions was determined based on HPLC and NMR analysis and 

found to be more than 80%. 

Table 2: The yields of the enriched in the target compounds CPC fractious recovered from the CPC fractionation of the three 

TPF extracts obtained after continuous liquid-liquid extraction of the three selected EVOO. 

Analyzed TPF 
Enriched CPC fractions 

MFLA MFOA OLEO OLEA HT 

TPF-I 102.3 mg 38.2 mg 1135.3 mg 1009.1 mg 143.5 mg 

TPF-II 93.2 mg 845.8 mg 1045.2 mg 983.6 mg 112.6 mg 

TPF-III 1348.5 mg 83.2 mg 845.3 mg 148.1 mg 372.9 mg 

Total 1544 mg 967.2 mg 3025.8 mg 2140.8 mg 629 mg 

In order to succeed high purity of the target compounds, all the enriched CPC fractions were 

purified with prep-RP-HPLC (Figure 5). Aliquots of 150 mg/mL were injected via a 1 mL injection 

loop, while the chromatographic separations were run using different elution method for each 

target compound (as described at experimental part).  
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Figure 5: Preparative HPLC chromatograms and 1H-NMR spectra of purified major EVOO compounds. 

This purification step led to the isolation of 1030.4 mg of MFLA (96% purity), 683.4 mg of MFOA 

(97% purity), 2020.6 mg of OLEO (98% purity), 1463.7 mg of OLEA (98% purity) and 407.4 mg 

of HT (97% purity) (Figure 6). The purity of the isolated compounds was determined by 

quantitative HPLC analysis using standard compounds for calibration curves plotting. The applied 

procedure, including the CPC fractionation of the EVOO extract and followed by the prep-RP-

HPLC polishing step of the enriched fractions, is an efficient method for the gram-scale recovery 

of purified TPF high-value compounds. 
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Figure 6: HPLC chromatograms of purified major EVOO compounds. 

Isolation and structure elucidation of new EVOO metabolites 

The high complexity of TPF in combination with the alteration of OO phenolic composition 

depending on olive variety and differentiation on harvesting period or cultivation area, make this 

raw material a continuous source of original natural products. To date, over than 100 metabolites 

have been reported as EVOO constituents apart from lipids [42] [43] [8,44]. Nevertheless, the use 

of solid support-free liquid-liquid techniques for the upstream steps of the fractionation process 

(i.e. continuous liquid-liquid centrifuge extraction and CPC) prevented irreversible adsorption 

phenomena and chemical degradation and/or artifact formation. This extraction-fractionation 

process combined with the pilot-scale strategy (80 L of each EVOO were used as starting material) 

and the prep-RP-HPLC allowed the purification, apart from the major metabolites, of four minor 

compounds (Figure 7). 

 

Figure 7: Structures of isolated minor compounds. 
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In more detail, the purification process of OLEO resulted in the isolation of one more minor 

secoiridoid (18 mg) which was identified as the lactonic form of EDA (mc-1: Fig. 7). The structure 

of mc-1 was elucidated by means of 1D and 2D NMR experiments as well as HRMS analysis 

(Figure 8a-8e). The ESI (-)-HRMS spectrum of this compound showed a pseudomolecular ion [M-

H]- at m/z 167.0718 with a suggested EC of C9H11O3 and RDBeq of 4 (Figure 8e). The 1H NMR 

spectrum showed the presence of a total of ten peaks of which three correspond to the protons of 

an 1-Oxobut-2-en-2-yl moiety [a doublet at δ 9.36 (J = 1.4 Hz) (H-10), a quartet at δ 6.68 (J = 7.2 

Hz) (H-8) and a doublet at δ 2.02 (3H, J = 7.2 Hz) (H-10)] and seven peaks correspond to the 

protons of a δ-valerolactonic moiety [two peaks at δ 4.57 and 4.31 (H-3a/3b), one multiplet at δ 

3.51 (H-5), two doublet of duplet at δ 2.96 and 2.43 (H-6a/6b) and two multiplets at δ 2.14 and 

1.88 (H-4a/4b)]. Further study of 2D-NMR spectra (COSY, HSQC-DEPT, HMBC) verified the 

structure of the isolated compound. The complete 1H and 13C NMR data of mc-1 are presented in 

table 3 while 1D and 2D spectra are shown in Figures 8a-8d. Due to the formation of δ-

valerolactonic ring through the reaction of aldehydic group at C-3 with the carboxyl group at C-7 

of EDA, the asymmetric carbon C-5 of mc-1 maintains the same stereochemical configuration as 

in EDA skeleton i.e 5S- configuration. To the best of our knowledge, there are not previous 

references regarding this metabolite and thus is characterized as new natural product with the given 

name EDA lactone. 

 

H-1

H-9 H-3a
H-3b

H-5

H-6a
H-6b

H-10

H-4b

CDCl3

X

H-4a

H-1

H-9 H-3a
H-3b

H-5

H-6a
H-6b

H-10

H-4b

CDCl3

X

H-4a
H-8 H-3a H-3b

H-5

H-6a H-6b

H-10

H-4b

H-4a

O CH3

O

O
H

H

H

HH

H H

H

H

1

3

4

5
6

7

10

8

9

Figure 8a: 1H-NMR spectrum of EDA lactone. 
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Figure 8b: COSY-NMR spectrum of EDA lactone. 

 

Figure 8c: HSQC-NMR spectrum of EDA lactone. 
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Figure 8d: HMBC-NMR spectrum of EDA lactone. 

 

Figure 8e: HRMS spectrum of EDA lactone. 
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(9E, 11E)-13-oxotrideca-9,11-dienoic acid (mc-2: fig. 7). The ESI (-)-HRMS spectrum determined 

the length of the fatty chain showing a pseudomolecular ion [M-H]- at m/z 223.1341 with suggested 

EC of C13H19O3 and ERDeq of 4 (Figure 9d). The complete 1H and 13C NMR data of mc-2 are 

presented in table 3. This compound was initially identified as product of hydroperoxide lyase 

reaction of Chlorella pyrenoidosa with 13- hydroperoxylinolenic acid as a substrate [45] and 

subsequently was isolated as antifungal substance from the leaves of Chenopodium album L. var. 

album (pigweed) treated with a cupric chloride solution [46]. The direct isolation from natural 

sources is presented here for the first time. 

 

Figure 9a: COSY-NMR spectrum of (9E, 11E)-13-oxotrideca-9,11-dienoic acid. 
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Figure 9b: HSQC-NMR spectrum of (9E, 11E)-13-oxotrideca-9,11-dienoic acid. 

 

Figure 9c: HMBC-NMR spectrum of (9E, 11E)-13-oxotrideca-9,11-dienoic acid. 
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Figure 9d: HRMS and HRMS/MS spectra of (9E, 11E)-13-oxotrideca-9,11-dienoic acid. 

The second collected minor peak of preparative HPLC analysis (9.5 mg) contained a mixture of 

two secoiridoid isomers which were identified as (1R,8E) 1-ethoxy-ligstroside aglycon (mc-3: fig. 

7) and (1S, 8E) 1-ethoxy-ligstroside aglycon (mc-4: fig. 7). The NMR data of the above isomers 

(Figures 10a-10e) are very close to aglycon moiety of ligstroside. The only spectroscopic 

difference concerns the spin system of the ethyloxy moiety which replace the sugar moiety in C-1 

of ligstroside (Table 3). The stereochemistry of those isomers was based on 2D NOESY NMR 

spectrum. The off-diagonial cross-peak between H-5 and H-10, for both isomers, suggests close 

proximity of the involved hydrogen atoms indicating thus E configuration of C8-C9 double bond. 

On the other hand, in the NOESY spectrum a cross-peak between the H-1 and H-6b was appeared 

for 1R isomer and a correlation peak between H-1 and H-8 for 1S isomer verifying thus the 

suggested structures (Figures 10c). The complete 1H-NMR and 13C-NMR spectroscopic data of 

the above compounds are presented in table 3. To the best of our knowledge, there are not 

references data regarding both (1R, 8E)- and (1S, 8E)- 1-ethoxy-ligstroside aglycons. Recently, 

Cavaca et al., published the formation of both (1S)- and (1R)- 1-methoxy – oleuropein aglycon 
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monoterpen moieties of (1S)- and (1R)-1-methoxy – oleuropein aglycons are similar to 

experimental data of the corresponding subunits of (1S)- and (1R)-1-ethoxy-ligstroside aglycons 

verifying thus the suggested structures [47]. 
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Figure 10a: 1H-NMR spectrum of (1S)- and (1R)- (8E) 1-ethyloxy-ligstroside aglycon. 

 

Figure 10b: COSY-NMR spectrum of (1S)- and (1R)- (8E) 1-ethyloxy-ligstroside aglycon. 
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Figure 10c: NOESY-NMR spectrum of (1S)- and (1R)- (8E) 1-ethyloxy-ligstroside aglycon. 

 

Figure 10d: HSQC-DEPT NMR spectrum (1S)- and (1R)- (8E) 1-ethyloxy-ligstroside aglycon. 

(R)
H-5

(S)
H-5

(S)
H-10 (R)

H-10

(R)
H-1

(R)
H-6b

(S)
H-1(S)

H-8

O

O

O

CH3

CH3 O

HH

H

O H

H

R O

CH3

H

1

8

5

6

10

1R, 5S, 8E-

O

O

O

CH3

CH3 H

OH

H

O H

H

R O
H

1

8

5

6

10

1S, 5S, 8E-



73 
 

 

Figure 10e: HMBC NMR spectrum (1S)- and (1R)- (8E) 1-ethyloxy-ligstroside aglycon. 
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Table 3: 1H- and 13C NMR data of the new EVOO constituents. 

EDA lactone (mc-1) (9E, 11E)-13-oxotrideca-9,11-dienoic acid 

(mc-2) 

(1S, 8E) 1-ethoxy-ligstroside aglycon  (mc-3) (1R, 8E) 1-ethoxy-ligstroside aglycon (mc-

4) 

 1H δ=ppm, (J=Hz) 13C (ppm)  1H δ=ppm, (J=Hz) 13C (ppm)  1H δ=ppm, (J=Hz) 13C (ppm)  1H δ=ppm, (J=Hz) 13C (ppm) 

1 9,36 d (1.4) 195 1 - 178.4 1 5,19 brs 103,5 1 5,37 brs 98.3 

3 4,57 ddd (11.3/6.5/4.5) 

4,31 ddd (11.3/7.8/4.5) 

68,1 2 2.35 t ( 7.4) 33.9 3 7,46 brs 152,9 3 7,50 brs 154.5 

4 2,14 m 

1,88 m 

26,1 3 1.63 m 24.5 4 - 108,8 4 - 107,8 

5 3,14 m 28,6 4-

6 

1.33 m 28.8 5 3,88 dd (9.4/4.6) 28,8 5 3,98 dd (9.6/4.3) 30.8 

6 2,96 dd  

(16.5/11.3) 

2,43 dd  

(16.5/6.4) 

32,9 7 1.45 m 28.5 6 2,84 dd (14.8/9.4) 

2,73 dd (14.8/4.6) 

39,1 6 2,78 dd (14.8/4.3) 

2,34 dd (14.8/9.6) 

40.7 

7 - 172 8 2.21 m 32.9 7 - 172,3 7 - 171,4 

8 6,68 q ( 7.2) 152,2 9 6.27 m 147.2 8 5,70 q (7.1) 128,4 8 6.04 q (7.1) 124.1 

9 - 144,3 10 6.29 m 128.6 9 - 131,5 9 - 129,5 

10 2,02 d (7.2) 14,8 11 7.07 dd (15.2/7.9) 152.8 10 1,71 d ( 7.0) 13,8 10 1,68 dd (7.1/1.5) 13,8 

   12 6.08 dd (15.2/10.0) 130.0 11 - 167,2 11 - 167,2 

   13 9.53 d (7.9) 194.1 12 3,71s 51,5 12 3,71s 51,5 

      1’ 4,25 m 

4,16 m 

65,5 1’ 4,25 m 

4,16 m 

65,5 

      2’ 2,85 t (7.2) 34,6 2’ 2,85 t (7.2) 34,6 

      3’ - 130,1 3’ - 130,1 

      4’/8 7,08 d (8.5) 130,6 4’/8 7,07 d (8.5) 130,6 

      5’/7 6,75 d (8.5) 115,8 5’/7 6,76 d (8.5) 115,8 

      6’ - 154.4 6’ - 154.4 

      1’’ 3.78 dq (9.4/7.0) 

3.55 dq (9.4/7.0) 

64.7 1’’ 4.04 dq (9.4/7.0) 

3.68 dq (9.4/7.0) 

66.3 

      2’’ 1.21 t (7.0) 15.4 2’’ 1.29  t (7.0) 15.3 
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Conclusion 

A pioneering ACE-based extraction was developed from laboratory to pilot scale, leading for the first 

time to the recovery of EVOO phenolic fraction in large quantities. Prep-CPC analysis was conducted 

on TPF providing certain amounts of enriched fractions with EVOO biophenols. Furthermore, prep-

HPLC was applied for the gram-scale isolation of OLEA, OLEO, HT, MFOA and MFLA in pure 

form. In parallel, the availability of considerable amounts of enriched CPC fractions provided the 

opportunity for in depth analysis and made posible the isolation of three novel natural products (EDA 

lactone, (1R, 8E)-1-ethoxy-ligstroside aglycon, (1S, 8E)-1-ethoxy-ligstroside aglycon) and a fatty acid 

that was isolated for the first time from EVOO. 

This highly productive methodology, with the advantage of industrial scale potentials, provide in 

short period of time, huge amounts of EVOO TPF and high-added value compounds in pure form. 

It should be underlined that is the first time where OLEA, OLEO, MFOA and MFLA are available 

in quantities able to meet the needs of in vivo experiments. 
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Chapter 1: Green extraction of edible seed pastes and oils from Greek flora. 

Evaluation of their in vitro antioxidant and dermo-cosmetic activity. 
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Abstract 

Vegetables seed oils (VSOs) are regarded as key components of human diet from ancient times. 

In addition, VSOs are used for the improvement of human life quality and some of them possess 

leading role in cosmetics industry due to their dermo-cosmetic advantages. In the current study, 

seven different seed species from plant of Greek flora (Vitis vinifera, Cucurbita pepo, Punica 

granatum, Helianthus annuus, Cannabis sativa, Foeniculum vulgare and Prunus dulcis) were 

selected and cold pressed in order to obtain high quality seed oils. During the oil produce process, 

the generated by-product pastes (VSPs) were collected and evaluated as potential sources of high 

added value extracts and/or compounds. The dermo-cosmetic properties of VSOs and VSPs 

directed the study to the development of green methodologies for their extraction. Specifically, 

VSOs were treated with food grade XAD-7, while for VSPs two different protocols were applied, 

the Ultrasound Assisted Extraction (UAE) and the Supercritical Fluid Extraction (SFE). Regarding 

UAE, by-product pastes were firstly defatted with n-Hexane and then ethanol or aqueous solution 

of ethanol/water 1:1 v/v were used to obtain two different extracts form each starting material. For 

the second extraction protocol, SFE technique was adopted. Extraction with pure CO2 was 

employed to remove the fatty fraction of VSPs. Afterwards, ethanol was used as co-solvent in 10% 

and 20% to obtain two more extracts from each paste. All the extracts were analyzed with HPLC-

DAD and LC-HRMS, while GC-MS was further employed on VSOs for determination of their 

fatty acid composition. After the characterization of VSOs and VSPs chemical composition the 

obtained extracts were evaluated for their dermo-cosmetic biological activity and their inhibition 

against collagenase, elastase and tyrosinase enzymes. 

Keywords 

Edible seed oils, seed by-products, adsorption resins, green extraction, UAE, SFE, antioxidant, 

tyrosinase, elastase, collagenase. 

Introduction 

The recent advancements of natural products chemistry and the dissemination of their beneficial 

properties for human health have led to the increasing consumers’ demand for medical plant-based 

products. Among them, vegetable seed oils (VSO) have an extensive use from ancient times, for 

their edible attributes, as well as, for dermo-cosmetic and pharmaceutical uses [1]. Most of them 

are characterized by high nutritional value, which has established them as predominant 
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components of pharmaceutical and food industries. VSOs derive from seeds which are usually by-

products of fruit processing industries, like pomegranate seeds from beverage industries and grape 

seeds from wine industries. Vegetable seeds and seed based products are a nutritional pool for 

animal and human diet. Moreover, they  stand as a potent source for the improvement of human 

well-being [2] since their chemical composition, is rich in important molecules like lipids, 

vitamins, sterols, tannins and glucosides [3]. During pressing process of seeds, lipophilic 

compounds are transferred to the produced oil and more polar solutes remain at the by-product 

seed paste (VSPs). 

The last decade, cosmetic industry has developed numerous applications of VSO in cosmetic 

formulations due to their natural and non-toxic character. Usually, they are used as moisturizers 

and emollients for increasing the hydration of the skin [4]. Edible oils are characterized by a 

complex chemical profile, consisted mainly of triglycerides, diglycerides, monoglycerides and free 

fatty acids. Also, VSOs contain monounsaturated fatty acids like ω-9, ω-6 and ω-3. Furthermore, 

they are a good source of polyunsaturated fatty acids that human organism cannot produce, like 

linoleic acid [5]. Moreover, 2-5% of their composition is consisted of molecules with high 

bioactive interest like terpenes, phenols, vitamins and phytosterols [6]. These ingredients are 

known for their antioxidant, antiaging, skin moisturizing activity and many other positive impacts 

to human well being and health [7]. Therefore, the last decade has witnessed a great industrial 

interest towards VSOs; numerous cosmetic formulations of VSOs have been developed, especially 

moisturizers and emollients for increasing the hydration of the skin [4]. 

During the oil production procedure, seeds are pressed providing VSOs, lipophilic compounds are 

transferred to the produced oil and more polar solutes remain at the generated dry pellets, which 

consist the by-product seed paste (VSPs). These byproducts are regarded as wastes of the 

procedure. Though, they could serve as potential sources of health beneficial compounds and 

extracts [8–10], because they are enriched with the polar constituents of vegetable seeds, named 

biophenols, known for their strong antioxidant properties. Scientific and industrial interest has 

focused on exploiting these by-products, since they are reusable and low-cost material suitable for 

further profitable industry applications, which potentially hold numerous pharmacological 

activities. 

In parallel, another need in the industry has arisen in order to fit their production processes with 

eco-friendly criteria and green methodologies. The last years, cosmetics domain adopt the use of 
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non-toxic solvents and materials for the environment and human, while at the same time animal 

tests from research and development methodologies are switching from in vivo experiments to in 

vitro assays. 

Nowadays, several green methodologies have been proposed for the treatment of raw materials 

like edible oils and their byproducts. Specifically, adsorption resins are used from industries, in 

order to obtain enriched extracts in bioactive compounds. Low cost, simplicity of procedure and 

the flexibility of application in a huge range of starting materials, are some of their basic 

advantages [11]. Ultrasound Assisted Extraction (UAE) is another very useful technique to obtain 

extracts from natural sources [12] UAE applies acoustic cavitation that produces cavitation 

bubbles, which increase the shear forces [13]. By this way the solvent is diffused through the walls 

of the cells and provokes their collapse, leading at the dispersion of their compounds in the 

extraction solvent [14]. This methodology provides the ability of using green solvents, like ethanol 

(EtOH) and water (H2O), leading on the production of safe (nontoxic) edible extracts and products 

[15]. 

Likewise, Supercritical Fluid Extraction (SFE) is an entirely green procedure, applicable from lab 

to industrial scale, with noteworthy advantages. The most common solvent of SFE procedures is 

carbon dioxide (CO2), a non-toxic solvent which is gas at room temperature so it does not 

contaminate the final extract [16]. The gaseous nature of CO2 is altered on supercritical conditions 

when the pressure and temperature are adjusted over 72.9 atm and 31.3 oC, respectively [17]. 

Supercritical form of solvents, provide the ability to increase their diffusion properties, while at 

the same time their viscosity is decreased, compared to their liquid form [18]. In this way, the 

solvent penetrates effectively the extraction material and as a result, the mass transfer is increased 

and the time of extraction is reduced [19]. Another advantage of SFE is that CO2, which is 

considered as a non-polar solvent, can be combined with other more polar green solvents, like 

EtOH, in order to enrich the extracts with higher polarity molecules [20]. The SFE finds 

application in a huge range of fields and it has been established as suitable technique for waste and 

byproduct management [21]. 

Among these lines, in the current study, we aimed to implement green methodologies for the 

exploitation of seven different VSOs and the corresponding VSPs deriving from plants which are 

typical cultivated in the area of Greece. In particular, seeds originated from: Vitis vinifera (grape 

seeds), Cucurbita pepo (pumpkin seeds), Punica granatum (pomegranate seeds), Helianthus 
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annuus (sunflower seeds), Cannabis sativa (hemp seeds), Foeniculum vulgare (fennel seeds) and 

Prunus dulcis (almond seeds). All of them were cold pressed, squished and finally VSO and the 

corresponding VSPs were produced. 

Moreover, we sought to employ three different extraction methods and investigate the chemical 

composition of the produced extracts. On VSOs, liquid-solid XAD-7 adsorption resin was applied 

with ethanol (EtOH) as elution solvent, while VSPs were treated with UAE and SFE 

methodologies. On both experimental procedures, the first step was the defatting with n-Hexane 

(n-Hex). Afterwards, two different extracts were produced from each extraction process. The 

defatted raw materials that derived from UAE, were extracted firstly with EtOH and then with 

EtOH/H2O in ratio 1:1 v/v. The defatted raw materials that resulted from SFE, were treated with 

CO2 and 10% EtOH, as co-solvent. Afterwards, one more extraction was carried out with CO2 and 

20% EtOH. In total, 5 extracts were obtained from each kind of seed, reaching a total number of 

35. LC-HRMS and HPLC-DAD analysis were performed on all the extracts, while GC-MS 

analysis was employed on VSOs after esterification procedure. 

Finally, we aimed to evaluate the produced extracts for their antioxidant activity and for their 

ability to prevent skin related processes such as pigmentation and aging by performing several 

bioassays in vitro. In specific, the total phenolic content (TPC) of each extract was calculated in 

correlation with gallic acid equivalents and the radical scavenging activity assay using DPPH (1,1-

diphenyl-2-picrylhydrazyl) was performed, in order to have a first screening of extracts antioxidant 

activities. Furthermore, enzymatic assays were applied on multiple concentrations of all the 

extracts, in order to evaluate their inhibitory activity on tyrosinase, collagenase and elastase 

enzymes. 

Methods and Materials 

Reagents 

The extraction solvents were analytical grade and purchased from Fisher Scientific (Pennsylvania, 

USA). The solvents used in UPLC-HRMS analysis were LC-MS grade and supplied also from 

Fisher Scientific (Pennsylvania, USA). All the VSOs and their corresponding VSPs were kindly 

provided from Medi Oils (Athens, Greece). Gallic acid, sodium carbonate (99% purity), 2,2-

diphenyl-1-picrylhydrazyl (DPPH, 95% purity), Folin–Ciocalteu reagent and the reagents of the 

enzymatic assays were purchased from Sigma-Aldrich. In detail, mushroom tyrosinase 



89 
 

(lyophilized powder, ≥1000 units/mg solid, EC Number: 1.14.18.1), 3,4-dihydroxy-L-

phenylalanine, sodium phosphate monobasic, sodium phosphate dibasic, kojic acid, elastase type 

IV from porcine pancreas (EC Number 254-453-6), N-Succinyl-Ala-Ala-Ala-p-nitroanilide (EC 

Number 257-823-5), Trizma base reagent grade, elastatinal, collagenase from Clostridium 

histolyticum (released from physiologically active rat pancreatic islets Type V, ≥1 FALGPA 

units/mg solid, > 125 CDU/mg solid (EC Number: 232-582-9), MMP 2 fluorogenic substrate 

(MCAPro-Leu-Ala-Nva-DNP‑Dap-Ala-Arg-NH2) and phosphoramidonwere purchased also from 

Sigma-Aldrich.  

Cold press production of seed oils and seed paste by-products  

Seven edible seeds provided from producers of Greek area (Table 1) were selected and cold 

pressed in a KK40 F Special (Oil Press GMPH, Reut, Germany) food-safe mill. The seeds are 

placed in the stainless steel hopper and passed through a system of hard seed screws and sieves 

where the material is pressed producing the seed oil and pellets of oil-free paste. The specification 

of mill enabled a seed capacity of up to 40 kg/h, depending on seed morphological characteristics 

(seed size, hardness, oil percentage, etc.). In the present work, the screws speed was properly 

adjusted to cover treatment capacity of 15 kg/h for the hardest seeds (GrpS and PmgS), and 25 kg/h 

for the softer seeds (PmpS, AlmS, SnfS, HmpS and FnnS). Table 1 summarizes the procedure 

parameters following for the cold press production of seed oils (VSO) and remaining seep paste 

by-products (VSP). 

Table 1: Details for the cold press procedure 

Plant 
Raw 

material 

Treated 

amound 

Treatment 

speed 

Prodused 

oil 

% of oil 

production 

(v/w of seed)* 

Oil Dencity 

Vitis 

vinifera 

Grape seed 

(GrpS) 
30 Kg 15 kg/h 2.1 L 7% 824.4 mg/mL 

Cucurbita 

pepo 

Pumpkin 

seed (PmpS) 
20 Kg 25 kg/h 4.2 L 21% 788.4 mg/mL 

Punica 

granatum 

Pomegranate 

seed (PmgS) 
25Kg 15 kg/h 1.75 L 7% 729.1 mg/mL 

Helianthus 

annuus 

Sunflower 

seed (SnfS) 
20 Kg 25 kg/h 4.4 L 22% 823.4 mg/mL 

Cannabis 

sativa 

Hemp seed 

(HmpS) 
20 Kg 25 kg/h 3.8 L 19% 836.3 mg/mL 

Foeniculum 

vulgare 

Fennel seed 

(FnnS) 
40 Kg 25 kg/h 0.6 L 1.5% 913.4 mg/mL 

Prunus 

dulcis 

Almond seed 

(AlmS) 
20 Kg 25 kg/h 5.6 L 28% 793.4 mg/mL 
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* the remain percentage constituting the by-products 

Production of green extracts from VSOs and VSPs using adsorption resins, UAE and SFE 

VSOs were extracted using adsorption resins XAD-7. 30 g of resin XAD-7 were embedded in each 

column with dimensions of 65 cm x 1.8 cm. Resin was activated with three column volumes of 

EtOH. 100 mL of each seed oil were loaded in different column with a flow rate of 1 drop per 

second. Then, the columns were rinsed with 200 mL of food grade n-Hex (per column), in order 

to remove the remained lipophilic components of the starting material. The elution was conducted 

with 150 mL of EtOH using again a flow rate of 1 drop/sec. The final extracts were evaporated 

until dryness in Rota vapor, at 40oC. The generated VSPs were extracted with two different 

methods, UAE and SFE. Ultrasound extractions took place in an ultrasonic P300H bath of Elma 

Schmidbauer (Singen, Germany). 10 g of each VSP were placed in erlenmeyers and extracted 

successively with 30 mL of n-Hex, EtOH and EtOH/H2O 1:1 (v/v). Each ultrasound extraction 

lasted 20 min and the corresponding eluents were evaporated to dryness and weighted. For the 

supercritical fluid experiments, analytical scale apparatus of SEPAREX (Nancy, France) was used. 

It was consisted of a force ventilation oven, which was equipped with a 100 mL stainless steel 

extraction vessel, a separator, a back-pressure regulation valve, a CO2 chiller unit, a co-solvent 

and a CO2 liquid pump. The sample vessel has a total volume of 100 mL and 50 g from each paste 

were grounded to powder and initially extracted with 100% CO2 a flow rate of 15 g/min. After the 

defatting step, two more successive extractions were applied. The first one was accomplished with 

CO2 at 15 g/min and 10% EtOH w/w as co-solvent and the second one with 15 g/min CO2 and 

20% EtOH w/w. In all the SFE procedures, pressure was set at 300 bar and extracts were treated 

until exhaustiveness. 

Esterification process and GC-MS analysis of VSOs 

Esterification process of fatty acids contacted as described by K. Eder et al. [22], with slight 

modifications. 30 mg of each VSO, 6 mL of toluene and 12 mL of sulfuric acid diluted in MeOH 

(1% v/v) were mixed in a flask under stirring, heated at 65 oC for 2 hours. Afterword, 30 mL of 

NaCl aqua solution (5% w/v) were added and the mixture was extracted with 30 mL of n-Hex 

three times. In the final 90 mL of n-Hex was added 25 mL of NaHCO3 aqua solution (2% w/v). 

To dehydrate the organic phase was used anhydrous Na2SO4. Finally, the mixture was filtrated and 
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the organic phase was evaporated until dryness. 0,5 mg of each VSO was diluted in 1 mL of 

dichloromethane and was transferred in analysis vial. 

GC-MS analysis were obtained in a Hewlett–Packard 6890-5973 (Thermo-Scientific, USA). The 

analysis was conducted at EI mode-70 eV. For compounds separation a capillary column TP-5MS 

(30 m × 0.25 mm × 0.25 μm) (Thermo-Scientific, USA) was used. Helium was used with as carrier 

gas in a flow rate of 1 mL/min. The injection was conducted with a volume of 1 μL in splitless 

mode. Inlet temperature was set at 220°C. The method was started from 60°C. After the fifth 

minute temperature started to be increased, reaching 280°C with heating step of 3 C/min. 

Temperature was kept stable for 10 min at 280 oC. The software Xcalidur 2.0 (Thermo-Scientific, 

USA) was used.  The identification of compounds was based on correlation with mass spectra data 

with those of Wiley and NBS libraries. 

LC-HRMS and HPLC-DAD analysis of the extracts 

All the produced extracts were analyzed by UPLC-HRMS/MS. The experiments were 

accomplished to an H class Acquity UPLC system (Waters, USA) coupled to a LTQ-Orbitrap XL 

hybrid mass spectrometer (Thermo Scientific, USA). For the chromatographic separation, a Fortis 

C-18 column (1.7 µm, 150 × 2.1 mm) was used temperature was set at 40°C. The elution solvent 

system consisted of acidified water with 0.1% formic acid (A) and acetonitrile (B). Gradient started 

with 2% B for 2 min, which reached 100% at 18 min and stayed for 2 more min. At the 21th minute 

system returned to the initial conditions and stayed for 4 min for system equilibration. The flow 

rate was at 400 μL/min, the injection volume was 10 µL and samples were kept at 7°C. Ionization 

was carried out in negative and positive ion mode (ESI±). The mass spectrometric parameters 

were: capillary temperature 350°C; sheath gas 40 units; aux gas 10 units; capillary voltage 30 V; 

and tube lens 100 V for the positive mode. For negative ionization capillary voltage was adjusted 

at −20 V and tube lens of −80 V, while all the other parameters remained stable. Data were 

recorded in full scan from 113 to 1,000 m/z and HRMS/MS experiments were carried out with data 

dependent method with collision energy 35.0% (q = 0.25). 

HPLC analysis was conducted on a Thermo Finnigan HPLC system (Ontario, Canada) equipped 

with a SpectraSystem P4000 pump, a SpectraSystem 1000 degasser, a SpectraSystem AS3000 

automated injector, and a UV SpectraSystem UV6000LP detector. Data acquisition was controlled 

by the ChromQuest™ 5.0 software (ThermoScientific™). HPLC-DAD experiments were run on 

a Supelco Analytical (Sigma-Aldrich) HS C18 column, with dimensions 25 × 4.6 mm, 5 μm, at 
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room temperature. As elution solvent system, acidified H2O (0.1% v/v of formic acid) and 

acetonitrile were used. Gradient was started with 98% of H2O and reached 2% after 60 min. At 61 

min elution system returned to the initial conditions and stayed for 4 min. Flow rate was set at 1 

mL/min and injection volume at 10 μL. Chromatograms of 254 nm, 280 nm and 366nm, were 

recorded. 

TPC and DPPH Assays 

Total Phenolic Content (TPC) of extracts was evaluated via Folin Ciocalteu colorimetric assay. 

Gallic acid was used for TPC evaluation and eight different concentrations were applied for the 

construction of the calibration curves (2.5 μg/ml, 5 μg/ml, 10 μg/ml, 12.5 μg/ml, 20 μg/ml, 25 

μg/ml, 40 μg/ml and 50 μg/ml) mixed with Folin Ciocalteu reagent (ten-fold dilution) and sodium 

carbonate solution (7.5 % w/v). Extracts were tested in two different concentrations (1000 and 500 

μg/mL in the wells) and analyzed twice in triplicates. The absorptions were measured on an Infinite 

200 PRO series reader (Tecan Group, Switzerland) at 765 nm. TPC values were expressed as mg 

of gallic acid equivalent/mg of extract using the resulted calibration curve (R2=0.9978). 

DPPH radical scavenging assay was performed using a previously described protocol [23] with 

some modifications. DPPH stock solution was prepared by diluting 12.4 mg of DPPH reagent in 

100 mL absolute ethanol concluding in final concentration of 314 μΜ. Stock solution was vortexed 

and protected in dark at room temperature until its use. As positive control gallic acid was used, in 

a concentration of 29.4 µM. All the extracts were diluted in DMSO providing four different 

concentrations of 10 mg/mL, 5 mg/mL, 1 mg/mL and 0.5 mg/mL. Briefly, 190 μL of DPPH 

solution were mixed with 10 μL of gallic acid or the samples in a 96-well plate. Negative control 

was composed from 190 μL of DPPH solution and 10 μL of DMSO. For the blanks 190 μL of 

EtOH and 10 μL of sample were used. All the experiments were conducted twice in triplicates. 

After 30 minutes incubation in dark place and at room temperature, the absorbance (abs) was 

measured using an Infinite 200 PRO series reader (Tecan Group, Switzerland) at 517 nm. 

The calculation formula of radical scavenging activity percentage is: 

radical scavenging activity (%) = [1 − ((X sample− X blank)/X control)] × 100 

X control symbolizes the absorbance of the negative control, while X sample the absorbance after 

the reaction of samples with DPPH. X blank symbolizes the absorbance of samples with EtOH. 
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Tyrosinase, Elastase and Collagenase Activity Assays 

The enzymatic assays for tyrosinase, elastase and collagenase enzymes were applied as previously 

described by Michailidis et al and Angelis et al [24,25] with few modifications. Experiments were 

performed twice in triplicates. The calculation formula of inhibition percentage is: 

Inhibition (%) = [((X control − X control’s blank) − (X sample − X sample’s blank))/(X control − 

X control’s blank)] × 100 

X control symbolizes the absorbance or fluorescence value of the mixture consisting of buffer, 

enzyme, sample solvent, and substrate, while X sample stands forthe absorbance or fluorescence 

value of the mixture of buffer, enzyme, sample or positive control solution and substrate. Blanks 

contained all the above-mentioned components except the enzyme. 

As standard of comparison for tyrosinase, elastase, and collagenase enzymatic assays the half 

maximal inhibitory concentration (IC50) of each positive control was used. 

Tyrosinase enzymatic assay: This assay evaluates the action of the tested samples at the catalytic 

oxidation of L-DOPA to dopachrome by tyrosinase. Kojic acid (IC50 = 50 µM) was used as positive 

control. In a 96-well microplate, 80 µl of phosphate-buffered saline (PBS) (0.067 M, pH = 6.8), 

40 µl of the tested sample, and 40 µl of mushroom tyrosinase (EC Number: 1.14.18.1), 100 U/mL 

dissolved in PBS buffer were mixed and incubated in the dark for 10 min at room temperature. 

Afterwards, 40 µl of 2.5 mM L-DOPA (substrate) dissolved in PBS buffer were added and the 

mixture was incubated for 10 min so that the dopachrome is formed. The tyrosinase activity was 

determined at 475 nm using the reader Infinite 200 PRO series (Tecan). The final concentrations 

of the extracts on the plate were 500μg/mL, 150 μg/mL and 20μg/mL diluted in PBS with 1% 

DMSO. 

Elastase enzymatic assay: The evaluation of elastase activity is based on the release of p-

nitroaniline from N-succinyl-Ala-Ala-Ala-p-nitroanilide that is stimulated by elastase. Elastatinal 

(IC50 = 0.5 µg/ml) was used as positive control. In a 96-well microplate, 70 μl of Tris-Hlbuffer (50 

mM, pH = 7.5), 10 µl of tested sample, and 5 µl of elastase (0.45 U/ml) (dissolved in Tris-HCl 

buffer) were mixed and incubated in the dark for 15 min at room temperature. Then, 15 μl of 2 

mM N-succinyl-Ala-Ala-Ala-p-nitroanilide (substrate) dissolved in Tris-HCl buffer was added, 

and the mixture was incubated for 30 min at 37°C. The production of p-nitroaniline was 

determined at 405 nm using the reader Infinite 200 PRO series (Tecan). The final concentrations 

of the extracts were 300μg/mL, 150μg/mL and 30μg/mL dissolved in Tris-HCl buffer with 



94 
 

0.5%DMSO. Collagenase enzymatic assay: Collagenase activity was determined with a 

spectrofluorimetric method using a fluorogenic metalloproteinase-2 (MMP2) substrate (MCAPro-

Leu-Ala-Nva-DNP‑Dap-Ala-Arg-NH2) which is enzymatically degraded by collagenase to 

produce fluorescence. Phosphoramidon (IC50 = 16 µM) was used as positive control. In a 96-well 

black microplate, 120 µl of Tris-HCl buffer (50 mM, pH = 7.3), 40 μl of tested sample, and 40 µl 

of collagenase (50 µg/ml) from C. histolyticum (dissolved in Tris-HCl buffer) were incubated for 

10 min at 37°C avoiding light exposure. Then, 40 µl of 50.0 µM fluorogenic substrate dissolved 

in Tris-HCl buffer were added, and the mixture was incubated in dark for 30 min at 37°C. The 

fluorescence intensity of was measured at an excitation maximum of 320 nm and an emission 

maximum of 405 nm. 

All the measurements took part in the Infinite 200 PRO series reader (Tecan Group, Switzerland). 

Results and Discussion 

Production of seed oils and GC-MS analysis 

All selected seeds were cold pressed on temperatures between 25-30 oC, in order to produce oil 

fractions and their corresponding by-products. Generally, oil production varies for each kind of 

seed, depending on the concentration of their saponifidied content. The highest oil yield was 

obtained from Alm seeds (30% v/w of raw material), following from Snf seeds (22% v/w of raw 

material), Hmp seeds (20% v/w of raw material) and Pmp seeds (20% v/w of raw material). Pmp 

seeds and Grp seeds provided 7% v/w of oil, while Fnn seeds had the lowest oil production with 

only, 1.5% v/w (Table 1). The duration of oil extraction process varied for each kind of seed, due 

to the differences on raw material hardness. Pressing speed of the seeds was strong correlated with 

the final quality of oils. Because of the friction between the seeds and the smashing spiral-screws 

of the mill the temperature was increased. Although, the specification of mill enabled a treatment 

seed capacity up to 40 kg/h, the operation parameters were set in lower speed in order to avoid 

thermal degradation of the produced oils and by-products. The cold pressing mill treated 15 kg/h 

regarding the hardest seeds (Grp and Pmg), while for the softer seeds (Pmp, Alm, Snf, Hmp and 

Fnn seed) the crashing rate was 25 kg/h for each one (Table 1). The cold VSOs are considered as 

functional products, because their constituents do not cover only nutritional needs, but also 

enhance additional health benefits for human [26]. Avoiding the thermal and refining procedure, 

cold press VSOs retain their natural characteristic flavors and the valuable bioactive substances 

that are decomposed with classic intensive production methodologies [27]. The disadvantage of 
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lower production volume of cold pressed oils, in contrast to the refined, is equilibrated with the 

high added value of the final quality [28]. 

GC technique is widely used for the analysis of oils. Since many years it is considered as one of 

the most efficient methods for the detection of volatile and hydrophobic compounds [29]. Previous 

studies with GC-MS analysis have been published discussing the VSOs of the current work [30–

33]. Their results have significant similarities with the results of this study with minor differences, 

probably due to the different cultivation areas and conditions. 

Data from GC-MS analysis of VSOs revealed their profiles concerning fatty acids and in some 

cases of volatile compounds as well. After the required esterification process (described in section 

2.4), triglycerides, diglycerides and monoglycerides were decomposed to the corresponding fatty 

acids. Via GC-MS experiments, the percentages of poly-unsaturated (PUFA), mono-unsaturated 

(MUFA) and saturated fatty acids (SFA) can be calculated for each VSO (Table 2). In our studied 

seeds oils, AlmSO had the highest percentage of MUFA (64.3%), with 64.0% being oleic acid and 

traces of palmitoleic acid (0.3%). FnnSO provided the second highest percentage of MUFA 

(57.1%) with oleic acid being the only representative. PmpSO arrived third on the rank of MUFA 

content (56.5%) with only representative, vaccenic acid, an isomer of oleic acid (Table 2). 

According to EFSA, the content of MUFA in oils is of high significance because their consumption 

is correlated to the reduction of LDL-cholesterol concentration [34]. Moreover, it has been proved 

that oleic acid has a strong positive impact to the protection of cardiovascular diseases [35]. SnfSO 

was also rich in MUFA (44.2%-oleic acid), followed by GrpSO (32.0%), HmpSO (22.0%) and 

PmgSO (9.6%). In addition, PmgSO provided an extremely high amount of PUFA (84.1%) with 

punicic acid being the main representative (76.3%). Punicic acid is recognized as a compound with 

health beneficial properties like anticarcinogenic, antioxidant, anti-inflammatory and antidiabetic 

effects [36]. Also, GrpSO and SnfSO had significant amount of PUFA, 49.7% and 42.5%, 

respectively. Lastly, linoleic acid is the most abundant representative of PUFA among the studied 

samples, with only exception the PmgSO. 

Table 2: GC-MS analysis data with the percentages of the compounds identified in grape seed oil (GrpSO), pumpkin seed 

oil (PmpSO), pomegranate seed oil (PmgSO), sunflower seed oil (SnfSO), cannabis seed oil (HmpSO) fennel seed oil 

(FnnSO) and almond seed oil (AlmSO). 

Fatty acids GrpSO PmpSO PmgSO SnfSO HmpSO FnnSO AlmSO 

Palmitic acid 

C16:0 
9.3% 26.7% 2.8% 7.7% 43.5% 4.2% 8.3% 
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Palmitoleic acid 

C16:1 (n9Z) 
- - - - - - 0.3% 

Stearic acid 

C18:0 
9.0% 11.6% 3.5% 5.6% 13.8% - 2.5% 

Oleic acid 

C18:1 (n9Z) 
32.0% - 9.6% 44.2% 21.6% 57.1% 64.0% 

Vaccenic acid 

C18:1 (n11E) 
- 56.5% - - - - - 

Linoleic acid 

C18:2 (n9Z, n12Z) 
49.7% 4.1% - 42.5% 3.6% - 24.1% 

Linolelaidic acid 

C18:2 (n9E, n12E) 
- - 4.9% - - 5.6% - 

Punicic acid 

C18:3 (n9Z, n11E, 

n13E) 

- - 76.3% - - - - 

Linolenic acid 

C18:3 (n9Z, n12Z, 

n15Z) 

- - 2.9% - - - - 

Arachidic acid 

C20:0 
- 1.1% - - 3.7% - - 

Eicosenoic acid 

C20:1 (n11Z) 
- - - - 0.4% - - 

Behenic acid 

C22:0 
- - - - 1.5% - - 

Mono-unsaturated 

fatty acids 32.0% 56.5% 9.6% 44.2% 22.0% 57.1% 64.3% 

Poly-unsaturated 

fatty acids 49.7% 4.1% 84.1% 42.5% 3.6% 5.6% 24.1% 

Saturated fatty acids 18.3% 39.4% 6.3% 13.3% 62.5% 4.2% 10.8% 

Other compounds - - - - 11.9% 33.1% 0.8% 

In more details, the two most abundant fatty acids in the studied VSOs were oleic and linoleic acid 

ranging from 9.6-64% and 3.6-49.7%, respectively. Only PmgSO and PmpSO had different fatty 

acids as major components. As it is already mentioned, PmpSO had high concentration of vaccenic 

acid (56.5%) and PmgSO was rich in punicic acid (76.3%). Moreover, palmitic and stearic acid 

were found in the studied VSOs, but in lower quantities. As minor fatty acids palmitoleic, linolenic, 

linolelaidic and arachidic were noticed, in some of VSOs profiles. Except of fatty acids, VSOs 

contains some other lipophilic compounds with significant biological properties which have been 

previously reported were found. It should be highlighted that AlmSO had amounts of vitamin E 
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(0.8%), which is considered as one of the most effective antioxidant compounds in nature [37]. 

FnnSO was rich in anethole (17.1%) and estragole (16.0%), two compounds with antioxidant 

activity and broad applications in food industry [38,39]. It should be noticed that profile GC-MS 

profile of HmpSO revealed abundance of azelaaldehydric acid (11.9%). The table 2 summarizes 

the above mentioned information of GC-MS analysis. 

Recovery of phenolic fraction from seed oils and by-product pastes 

Extraction of seed oils using resin technology 

Resins is a spread technique for the recovery of bioactive compounds from natural sources, not 

only in laboratory field but also in industry [40,41]. Usually, adsorption resins are used to bind 

compounds from the liquid by-products of the oil processes [42–44] and there are scientific data 

regarding the recovery of lignans with direct elution of sesame seed oil through adsorption resin 

[45]. However, to the best of our knowledge, this is the first time that adsorption resins were used 

for the recovery of bioactive molecules from GrpSO, PmpSO, PmgSO, SnfSO, HmpSO, FnnSO 

and AlmSO. 

Solid-liquid extraction was conducted on all the VSOs, using absorption resin XAD-7. We chose 

to use a food grade resin, with ethanol as elution solvent, in order to have a totally green procedure 

and to transfer the edible properties from the raw materials to the extracts. The final seed oil 

extracts cover a wide range of yields. The highest yield was provided by PmgSO (2173.9 mg/100 

mL), following with descending order the yields of FnnSO (2001.0 mg/100 mL of oil), HmpSO 

(1854.6 mg/100 mL), AlmSO (1268.1 mg/100 mL), PmpSO (416.8mg/100 mL of oil), SnfSO 

(388.3 mg/100 mL of oil) and GrpSO (213.1 mg/100 mL) (Table 2). 

Recovery of biophenols from seed paste by-products using UAE and SFE 

During the cold pressed VSOs production, certain amounts of paste byproducts (VSPs) were 

produced. The following extraction processes were focused on green criteria in order to produce 

high quality edible extracts. Two green techniques, ultrasound assisted extraction and supercritical 

fluid extraction, have been applied. Firstly, 10 g of each different VSPs were defatted with food 

grade n-Hex, providing a lipophilic fraction of 37.8 mg/g paste for GrpSP, 162.1 mg/g paste for 

PmpSP, 70.6 mg/g paste for PmgSP, 95.0 mg/g paste for SnfSP, 67.5 mg/g paste for HmpSP, 112.6 

mg/g paste for FnnSP and 88.6 mg/g paste for AlmSP. Furthermore, ethanolic extracts of VSPs 

were prepared, providing 55.1 mg/g from GrpSP, 27.2 mg/g from PmpSP, 22.7 mg/g from PmgSP, 
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16.6 mg/g from SnfSP, 20.3 mg/g from HmpSP, 34.7 mg/g from FnnSP and 35.4 mg/g from 

AlmSP. The last UAE extracts of VSPs were produced using as extraction solvent H2O/EtOH in 

ratio 1:1 v/v. Their corresponding yields were 456 mg, 252.6 mg, 239.8 mg, 1053.7 mg, 230.6 mg, 

762.5 mg and 658.0 mg for GrpSP, PmpSP, PmgSP, SnfSP, HmpSP, FnnSP and AlmSP, 

respectively (Table 3). 

SFE, which is a wide spread technique in food industry [46], was also applied on seed pastes, in 

order to obtain two kind of extracts. Firstly, a defatting step was necessary to remove the oil from 

the raw by-product. As it is observed from table 3, all the pastes have a certain amount of fatty 

fraction. PmpSP provided the highest (190.2 mg/g paste) and GrpSP gave the lowest weight (44.1 

mg/g paste). All the others were among 89.5 and 77.8 mg/g paste, with only exception the FnnSP 

yield that reached 123.8 mg/g paste. The defatted seed pastes were extracted with CO2 and 10% 

w/w of EtOH, as co-solvent. The highest yield was provided by PmpSP (74.2 mg/g paste) and 

followed with descending order by FnnSP (31.1 mg/g paste), GrpSP (19.5 mg/g paste), PmgSP 

(19.0 mg/g paste), AlmSP (16.1 mg/g paste), SnfSP (14.8 mg/g paste) and HmpSP (2.6 mg/g 

paste).  

The last extraction was conducted with CO2 and 20% w/w of EtOH. The richest extract was 

produced from FnnSP (49.1 mg/g paste), followed by PmgSP (14.2 mg/g paste), AlmSP (10.9 

mg/g paste), GrpSP (10.0 mg/g paste), SnfSP (7.5 mg/g paste), PmgSP (5.2 mg/g paste) and 

HmpSP (3.9 mg/g paste). In table 3 the extract yields of seed by-products that were obtained with 

UAE and SFE techniques are presented. 

Table 3: Yields of seed paste (VSP) extracts (mg/g of raw material) from grape (GrpSP), pumpkin (PmpSP), pomegranate 

(PmgSP), sunflower (SnfSP), cannabis (HmpSP), fennel (FnnSP) and almond (AlmSP) after UAE with n-Hex, EtOH and 

EtOH/H2O 1:1 v/v and SFE with CO2, CO2 with 10%EtOH w/w and CO2 with 20%EtOH w/w. Yields of seed oil extracts 

from 100mL of grape (GrpSO), pumpkin (PmpSO), pomegranate (PmgSO), sunflower (SnfSO), cannabis (HmpSO), fennel 

(FnnSO) and almond (AlmSO) after solid-liquid extraction with resin XAD-7. 

 VSPs VSOs 

 UAE SFE XAD-7 

Extraction 

solvent 

n-Hex defatting 

(mg/g raw material) 

(w/w percentage of 

raw material) 

EtOH 

(mg/g raw 

material) 

 

EtOH/H2O 1:1 

v/v 

(mg/g raw 

material) 

 

CO2 defatting 

(mg/g raw material) 

(w/w percentage of 

raw material) 

CO2 + 10%EtOH 

w/w 

(mg/g raw 

material) 

 

CO2 + 20%EtOH 

w/w 

(mg/g raw 

material) 

 

EtOH 

(mg/100 mL 

raw oil) 

GrpSP 
37.8   

(3.8%) 

55.1 45.6 44.1 

(4.4%) 
19.5 10.0 

213.1 

(2.1%) 

PmpSP 
162.1  

(16.2%) 

27.2 25.3 190.2 

(19.0%) 
74.2 5.2 

416.8 

(4.2%) 

PmgSP 
70.6  

(7.1%) 

22.7 24.0 89.5 

(9.0%) 
19.0 14.2 

2173.9 

(21.7%) 

SnfSP 95.0  16.6 105.4 80.9 14.8 7.5 388.3 
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(9.5%) (8.1%) (3.9%) 

HmpSP 
67.5  

(6.8%) 

20.3 23.1 77.8 

(7.8%) 
2.6 3.9 

1854.6 

(18.5%) 

FnnSP 
112.6  

(11.3%) 

34.7 76.3 123.8 

(12.4%) 
31.1 49.1 

2001. 

(20.0%) 

AlmSP 
88.6  

(8.9%) 

35.4 65.8 89.0 

(8.9%) 
16.1 10.9 

1268.1 

(12.7%) 

At this point it should be noticed that after the defatting procedure similar percentage of fatty 

fractions were obtained both with SFE and UAE techniques for all the VSPs (Figure 1). Taking 

the above-mentioned results together, it seems that the defatting process was highly effective for 

both techniques and for all the raw materials. HPLC data were investigated and they are in 

accordance with the yields of each extraction (Appendix figures 1-21). 

 

Figure 1: Percentages of fatty fraction from seed paste extracts using SFE (light grey) and UAE (dark grey) techniques. 

Characteristic example is the chromatograms of FnnS extracts, where the CO2 20% EtOH is richer 

in metabolites (more eluted peaks, with high absorbance) in comparison to CO2 10% EtOH extract 

(Appendix figures 10-12). Furthermore, HPLC peak shaping and baseline, of GrpS extracts 

showed the existence of polymeric compounds (Appendix figures 7-9), probably proanthocyanins 

that have been already identified in the composition of GrpS [47]. 

8.90%

8.90%

11.30%

12.40%

6.80%

7.80%

9.50%

8.10%

7.10%

9%

16.20%

19%

3.80%

4.40%

Alm UAE

Alm SFE

Fnn UAE

Fnn SFE

Hmp UAE

Hmp SFE

Snf UAE

Snf SFE

Pmg UAE

Pmg SFE

Pmp UAE

Pmp SFE

Grp UAE

Grp SFE



100 
 

Biological evaluation of VSO and VSP extracts 

TPC and DPPH of extracts 

Both DPPH and TPC are two established methodologies for the evaluation of the antioxidant 

capacity of extracts and/or pure compounds, widely used in the field of natural products [48,49]. 

TPC is a methodology for determination of polyphenols. This technique measures the total 

reducing capacity of a sample and results are expressed as mg of gallic acid equivalents (GAE) 

per g of extracts [48]. The extracts were tested in two concentrations, 500 and 1000 μg/mL and 

our results demonstrated the proper correlation between the estimated values in all cases. The 

estimated mean values showed a considerable variation -1.07-324.84 mg GAE/g. In more detail, 

the highest values were recorded for GrpS. More specifically, UAE EtOH/H2O presented the 

highest value (324.84 mg GAE/g) followed by UAE EtOH (253.19 mg GAE/g) and SFE 20% 

(147.26 mg GAE/g). SFE 10% and XAD-7 revealed lower values (14.2 mg GAE/g and 7.81 mg 

GAE/g, however being from the highest of the dataset for these extractions, indicating the high 

phenolic content of GrpS in comparison to the other tested raw materials. It has to be noted that 

from the seven tested seed extracts, the four of them revealed the highest TPC values for UAE 

extracts, while the other three for the SFE extracts, underlining the efficiency of both extraction 

methodologies for the obtainment of phenolic compounds. Regarding XAD-7 extracts that were 

obtained from the VSO of seeds, FnnSO extract revealed the highest TPC value (19.13 mg GAE/g) 

(Figure 2). 
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Figure 2: Results of TPC assay. The results are presented as mg of gallic acid equivalent (GAE) per g  for the produced 

extracts from grape seeds, pumpkin seeds, pomegranate seeds, sunflower seeds, hemp seed, fennel seeds and almond seeds 

at the concentration of 10mg/mL. Each extraction method is depicted on the Y axis. 
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DPPH is considered as an accurate methodology for the evaluation of the radical scavenging 

activity of antioxidants and it is expressed as percentage (%) of oxidative inhibition [49]. In our 

results, four different concentrations (500, 250, 50 and 25 μg/mL) of each extract were tested 

reaching an inhibition range of 3.06% to 63.5%. As it was expected from TPC assays, the most 

effective radical scavenging activity was found in GrpSP extracts (Figure 3). In specific, 500 μg 

of UAE EtOH/H2O 1:1 v/v extract showed 63.5±5.2% inhibition, followed by 55.9±5.6%, 

47.9±1.2% and 31.2±1.5% for the 250, 50 and 25 μg/mL, respectively. Furthermore, the GrpSP 

extracts of UAE EtOH and SFE 20% EtOH exhibited significant inhibition. The highest 

concentration of HmpSP SFE 20% EtOH extract and SnfSP UAE EtOH, UAE EtOH/H2O and 

SFE 20% EtOH gave positive results as well (Figure 3). 
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Figure 3: Results of the DPPH radical scavenging activity assay. The percentage of DPPH radical scavenging activity (%) 

is presented for the produced extracts from (A) grape seeds, (B) pumpkin seeds, (C) pomegranate seeds, (D) sunflower 

seeds, (E) hemp. 
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Enzymatic inhibition activity of extracts 

Tyrosinase, collagenase and elastase enzymatic assays are used to test the efficiency of extracts 

and pure compounds for dermo-cosmetic applications. All the above-mentioned extracts from 

VSOs and byproducts were evaluated for their inhibition properties on these three enzymes. 

Pomegranate fruit concentrated solutions and peels are well-studied products of Punica granatum 

and many studies have evaluated their potent inhibition skill against collagenase, elastase and 

tyrosinase [50–52]. However, there are no reports available for the inhibitory activity, against these 

enzymes, of PmgSO and PmgSP extracts. Additionally, AlmSO is known for its anti-aging effects 

at skin [53]. Based on Yuan et al almond hulls MeOH extract provides a potent anti-tyrosinase 

activity [52]. Concerning fennel fruits, they have been found as inactive inhibitors for elastase and 

tyrosinase enzymes in previous studies [54,55]. Moreover, cannabis leaves provide low tyrosinase 

inhibition activity while seeds have no significant activity against this enzyme [56,57]. Several 

studies have proven that grape seed and pomace have anti-collagenase, anti-elastase and anti-

tyrosinase properties due to their high proanthocyanidins content [58–61]. Sunflower stem extract 

seems to have a potent anti-tyrosinase activity, based on Kim et al. [62]. Regarding, Curcubita 

pepo no studied were found for the investigation of its potent anti-tyrosinase, anti-elastase and 

anti-collagenase activity. Based on the above literature data, information regarding enzymatic 

inhibition studies of the seven VSOs and VSPs investigated at this work are scarce. Towards this 

purpose, all the investigated materials (seed oils and by-products extracts) were evaluated 

concerning their inhibitory properties against tyrosinase, collagenase and elastase enzymes. 

Starting with tyrosinase activity assay, only the two UAE extracts (EtOH and EtOH/H2O 1:1 v/v) 

of GrpSP revealed significant inhibition on tyrosinase enzyme (Figure 4). Specifically, the 

concentration of 500 μg/mL provided 75.0±0.7% and 72.4±0.3% inhibitory activity, while 150 

μg/mL of the UAE EtOH and UAE EtOH/H2O extracts showed 48.0±1.0% and 60.4±2.7% 

inhibition, respectively, suggesting the anti-pigmentation properties of GrpS (Figure 4A).  
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Figure 4: Results of the tyrosinase activity assay. The percentage of tyrosinase enzyme inhibition (%) is presented for the 

produced extracts from (A) grape seeds, (B) pumpkin seeds, (C) pomegranate seeds, (D) sunflower seeds, (E) hemp seed, 

(F) fennel seeds and (G) almond seeds. Kojic acid (KA) was used as positive control. 

All the other tested pastes showed inhibition activities below the positive control (kojic acid), even 

at higher concentrations (Figures 4B-4G). 
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Regarding the elastase activity assay, the two GrpSP UAE extracts (EtOH and EtOH/H2O 1:1 v/v) 

exhibited remarkable high inhibitory activity on the elastase enzyme at all tested concentrations 

(30, 150 and 300 μg/mL) (Figure 5). Specifically, GrpSP UAE EtOH at 30, 150 and 300 μg/mL 

showed inhibition of 67.8±0.5%, 74.0±2.1% and 91.3±1.4%, respectively and GrpSP UAE 

EtOH/H2O 51.3±6.4%, 62.8±8.2% and 83.2±1.0%, at the respective concentrations. It should be 

noted that at GrpSO XAD-7 reached the inhibition value of 49.8±7.4% the higher concentration 

(300μg/mL) against elastase enzyme (Figure 5A). Moreover, PmpSP SFE 20% EtOH revealed 

significant 60.3% inhibition at the highest concentration (300 μg/mL) while the other extracts 

(Figures 5B-5G). Taken our results together, GrpS extracts and PmpSP SFE 20% EtOH strongly 

inhibit elastase enzyme and could be used for their anti-aging properties. 
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Figure 5: Results of the elastase activity assay. The percentage of elastase enzyme inhibition 

(%) is presented for the produced extracts from (A) grape seeds, (B) pumpkin seeds, (C) 

pomegranate seeds, (D) sunflower seeds, (E) hemp seed, (F) fennel seed. 
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In respect of collagenase activity assay, numerous of the tested extracts showed inhibitory activity. 

As it was expected for GrpS all the tested extracts (including GrpSO XAD-7) revealed inhibitory 

activity, with the UAE extracts (EtOH and EtOH/H2O 1:1 v/v) reaching approximately 100% 

inhibition (Figure 6A). Also, all HmpS extracts revealed inhibitory activity over 80% (600 μg/mL 

of UAE EtOH, UAE EtOH/H2O, SFE 10%, SFE 20% and XAD-7 for 95.2±0.3%, 98.0%±1.3, 

94.2±0.5%, 98.5±0.2% and 79.5±0.3%, respectively), as well as FnnSO XAD-7 (93.6±0.7% at 

600 μg/mL) and FnnSP UAE EtOH (98.3±1.0% at 600 μg/mL). Significant inhibition was also 

evident for FnnSP UAE EtOH/H2O (62.4±0.8% at 600 μg/mL), FnnSP SFE10% (57.3±4.3% at 

600 μg/mL), SnfSP UAE EtOH/H2O (73.1±3.4% at 600 μg/mL), SnfSP SFE 20% (56.2±0.6% at 

600 μg/mL), PmgSP UAE EtOH (63.0±1.9% at 600 μg/mL) and PmgSP SFE10% (70.3±2.3% at 

600 μg/mL) showed inhibition activity over IC50 of the positive control (Figures 6B-6G). 

It has to be highlighted that GrpS extracts, both GrpSO and all GrpSP extracts revealed significant 

inhibition against all enzymes. 
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Figure 6: Results of the collagenase activity assay. The percentage of collagenase enzyme inhibition (%) is presented for the 

produced extracts from (A) grape seeds, (B) pumpkin seeds, (C) pomegranate seeds, (D) sunflower seeds, (E) hemp seed, 

(F) fennel seeds and (G) almond seeds. Phosphoramidon (PRMD) was used as positive control. 
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LC-HRMS analysis 

For LC-HRMS analysis, 200 μg/mL of all the extracts were prepared and analyzed with the method 

described in section method and material. The generated chromatograms were studied in parallel 

with the corresponding spectra and HRMS2 results. For the identification of compounds extraction 

ion method (XIC) and peak-to-peak selection were followed. The tools of elemental composition 

(EC), ring and double bonds equivalence (RDBeq) and the isotopic patterns were incorporated. 

For the analyzed extracts, all the detected m/z were registered in combination with the above-

mentioned information of the used tools. In Table 4 the detected and identified metabolites of the 

35 extracts are illustrated.  
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Table 4: Major compounds that were found via LC-HRMS analysis in the seed extracts. 

 Grape seed Pumpkin seed Pomegranate seed Sunflower seed Cannabis seed Fennel seed Almond seed 

Compounds 
GrSP 

(UAE EtOH) 
GrSO 

PmpSP 

(UAE EtOH/H2O) 
PmpSO 

PomSP 

(SFE 10%) 
PomSO 

SnfSP 

(UAE EtOH/H2O) 
SnfSO 

HmpSP 

(UAE EtOH) 
HmpSO 

FnnSP 

(UAE EtOH) 
FnnSO 

AlmSP 

(UAE EtOH) 
AlmSO 

Malic acid 
            ✓  

Glucopyranose 
            ✓  

Isorhamnetin-3-O-

rutinoside             ✓  

Isorhamnetin-3-O-

glucoside             ✓  

Naringenin 
            ✓  

Trihydroxyoctadecenoic 

acid ✓ ✓   ✓    ✓ ✓  ✓ ✓  

Punicic acid 
     ✓         

Petroselic acid 
   ✓        ✓   

Octadecanedioic acid 
 ✓ ✓ ✓ ✓   ✓ ✓ ✓   ✓  

Dihydroxypaimitic acid 
           ✓   

Dihydroxystearic acid 
 ✓ ✓ ✓ ✓   ✓ ✓   ✓ ✓  

Hydroxylinoleic acid 
 ✓ ✓   ✓   ✓   ✓ ✓ ✓ 

Dihydroxylinoleic acid 
 ✓      ✓  ✓  ✓  ✓ 

Hydroxyoleic acid 
   ✓         ✓  

Linoleic acid 
    ✓    ✓    ✓  

Oleic acid 
    ✓     ✓  ✓ ✓  

Oleanolic acid 
         ✓     

Cannabinolic acid 
         ✓     

Cannabichromevarinic 

acid          ✓     

Caffeoyl tyramine 
        ✓      
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Cannabisin A 
        ✓      

Cannabisin B 
        ✓      

Cannabisin C 
        ✓      

CBD A 
        ✓ ✓     

(±)-6,7-cis/trans-

epoxycannabigerolic acid          ✓     

α/β-cannabielsoic acid          ✓     
2-(Hydroxymethyl)-

1,2,3,4-butanetetrol or 
deoxytetritol 

          ✓    

Casearicoside A 
          ✓    

Corchorifatty acid 
          ✓    

Dihydroxy-octadecenoic 

acid ✓ ✓         ✓    

myristicin 
          ✓    

Fenchanediol 
          ✓    

2,4-Thujanediol 
          ✓    

2,4-Thujanediol 4-Ob-D-

glucopyranoside           ✓    

Gulonic acid 
    ✓          

Glucopyranose 
  ✓  ✓          

gallic acid 
    ✓          

Quinic acid 
    ✓          

Protocatechuic acid 
  ✓  ✓          

4-Hydroxybenzoic acid 
  ✓  ✓          

Butanoic acid 
    ✓          

Vanillic acid 
    ✓          

Coumaric acid 
    ✓          
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Kaempherol 
    ✓          

Trihydroxyoctadecadieno

ic acid     ✓          

Trihydroxyoctadecenoic 

acid   ✓  ✓   ✓       

Asiatic acid 
    ✓          

Citric acid 
  ✓            

Benzyl 2-O-beta-D-

glucopyranosyl beta-D-

glucopyranoside 
  ✓            

2-(D-

glucosyloxy)benzoic acid   ✓            

Chlorogenic acid 
      ✓        

Chlorogenic acid quinone 
      ✓        

Coumaroylquinic acid 
      ✓        

3-O-Feruloylquinic acid 
      ✓        

Caffeic acid 
      ✓ ✓       

Hydroxycaffeic acid 
       ✓       

Di-O-caffeoylquinic acid 
      ✓        

Isoferulic acid 
      ✓        

Dimer epicatechin-

epicatechin/epicatechin-

catechin/catechin-

catechin/catechin-

epicatechin 

✓              

Epicatechin 
✓              

Dimer proanthocyanidin 

galloylated ✓              

Trimer proanthocyanidin 
✓              

Nonanedioic acid ✓              
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Taking into account the metabolites that are present in each extract and their biological activity 

several conclusions may be drawn. As it is already mentioned, Grp seeds were the only raw 

material, extracts of which showed inhibition activity against all enzymes. Studying the table 4 

and in parallel with bibliographic investigation, it can be assumed that GrpSP extracts are rich in 

proanthocyanidins like dimer of epicatechin/catechin, dimer proanthocyanidin galloylated and 

trimer proanthocyanidin. Based on literature data these metabolites are characterized by anti-

elastase, anti-collagenase and anti- tyrosinase activity [63–65]. Hmp seed extracts (HmpSP and 

HmpSO) showed inhibition activity against collagenase enzyme. Based on table 4, the extract was 

rich in CBD A, cannabisin A, B and C, compounds that seems to enchance the anti-collagenase 

activity. It has to be noted that these compounds despite being followed by a long bibliographic 

research for their biological activities and their promising results for human health [66,67] they 

have never been investigated before for their tyrosinase, elastase and collagenase activity. 

Moreover, Fnn seeds (FnnSP and FnnSO) showed anti-collagenase activity. In these extracts, 

casearicoside A, corchorifatty acid, dihydroxy-octadecenoic acid and myristicin were identified 

and the potent activity of the extracts could be attributed to some of these molecules and/or 

synergistic effect of these compounds. PmgSP SFE 10% was mostly enriched in phenolic acids 

(gallic acid, quinic acid, protocatechuic acid, 4-hydroxybenzoic acid, vanillic and coumaric acid) 

and kaempherol, agents that could account for its inhibitory effect on collagenase enzyme. Lastly, 

SnfSP UAE EtOH/H2O and PmgSP SFE 10% were characterized by phenolic acids (chlorogenic 

acid, coumaroylquinic acid, 3-O-feruloylquinic acid, caffeic acid, hydroxycaffeic acid, Di-O-

caffeoylquinic acid, isoferulic acid).  

Conclusions 

A broad range screening of seven VSOs, with dermo-cosmetic interest, and their corresponding 

byproducts was conducted. Fatty acid profile and non-polar compounds of VSPs were investigated 

with GC-MS. Moreover, all the extracts were analyzed with HPLC-DAD and LC-HRMS. 

Combination of these techniques provided information about the total chemical composition of the 

starting raw materials. Starting materials were all edible, even the VSPs, consisted of compounds 

with high nutraceutical value. It should be mentioned that all the extraction methodologies, XAD-

7, UAE and SFE, were based on low environmental fingerprint techniques in combination with 

nontoxic solvents, providing totally green extracts. All the above-mentioned extracts were applied 

on enzymatic assays in order to evaluate their dermo-cosmetic properties. Most of the extracts 
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were found to be strong anti-collagenase inhibitors, while UAE grape seeds show significant 

results and as anti-elastase and anti-tyrosinase factors. 
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Appendinx 

 

Figure 1: Chromatograph of hemp seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 2: Chromatograph of hemp seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 3: Chromatograph of hemp seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 4: Chromatograph of almond seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 5: Chromatograph of almond seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 6: Chromatograph of almond seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 7: Chromatograph of grape seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 8: Chromatograph of grape seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 9: Chromatograph of grape seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 10: Chromatograph of fennel seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 11: Chromatograph of fennel seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 12: Chromatograph of fennel seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, brown: 

SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 13: Chromatograph of sunflower seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 14: Chromatograph of sunflower seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 15: Chromatograph of sunflower seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 16: Chromatograph of pomegranate seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 

v/v, brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 17: Chromatograph of pomegranate seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 

v/v, brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 7: Chromatograph of pomegranate seed paste extracts at 350 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 19: Chromatograph of pumpkin seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

 

Figure 20: Chromatograph of pumpkin seed paste extracts at 280 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 
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Figure 21: Chromatograph of pumpkin seed paste extracts at 254 nm (black: UAE EtOH, red: UAE EtOH/H2O 1:1 v/v, 

brown: SFE 10% EtOH, purple: SFE 20% EtOH). 

  

Minutes

0 5 10 15 20 25 30 35 40 45 50 55 60

m
A

U

-40

-20

0

20

40

60

80

100

120

140

160

m
A

U

-40

-20

0

20

40

60

80

100

120

140

160



132 
 

  



133 
 

  



134 
 

 

 

 

 

 

 

 

 

 

Chapter 2: Green approaches for the extraction of bioactive compounds from 

grape seed by-products for cosmetic purposes. 

  



135 
 

Abstract 

The current study focuses on the exploitation of grapevine industry by-products, which mainly 

represented by grape seeds, with final goal the discovery of extracts with beneficial dermo-

cosmetic properties. Grape seeds are considered as a rich pool of bioactive compounds with 

beneficial effects for human health. Moreover, it is the raw material for the production of grape 

seed oil which finds a broad range of applications in cosmetic and pharmaceutical area. The first 

step of this study, was the cold press extraction of oil from grape seeds. The produced oil as well 

as the produced paste, were subsequently extracted with green methodologies. Adsorption resins 

were applied on oil with elusion solvent ethanol. For the seed paste, two different extraction 

techniques were tested. The first one, was ultrasound assisted extraction with ethanol and 

ethanol/water in ratio 1:1 v/v as diffusion solvents. Moreover, supercritical fluid extraction, with 

CO2 and ethanol in percentages of 10% and 20% were employed on paste. All the extracts were 

analyzed with LC-HRMS to record their chemical profiles. Resin extract was fractionated with 

centrifugal partition chromatography following the systems n-Hex/EtOAc/EtOH/H2O in ratio 

8:2:8:2 and 8:2:9:1 v/v/v/v. Furthermore, ultrasound ethanolic paste extract was also treated with 

centrifugal partition chromatography using the system n-Hex/EtOAc/MeOH/H2O in ratio 1:10:3:7 

v/v/v/v and its final fractions were analyzed with HPTLC and were finally evaluated concerning 

their inhibition activity against tyrosinase, collagenase and elastase enzymes. 
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Introduction 

Vitis vinifera, commonly known as grapevine, belongs botanically to Vitaceae family and is 

considered as one of the most wide spread cultivated plants in human history [1]. Based on 

scientific evidence, grapevine plant appeared in Eurasia 65 million years ago, approximately [2]. 

The first reports of its cultivation were traced back to the seventh millennium BC, in the area of 

Iran [3]. The main reason of grapevine exploitation is its fruits, grapes, that are used for direct 

consumption as well as the production of wines, spirits and other alcoholic beverages [4]. An 

important product that derives from grapevine are the grape seeds (GS), which compose the main 

solid by-product (38-54% w/w) of wineries [5]. The high amounts of GrpS generated by wineries 

have established them as the most efficient starting material for the production of grape seed oil 

(GrpSO), an edible oil with profuse applications in food and cosmetic industries [6,7]. The most 

common method for the production of GrpSO is the extraction of GRPS and subsequent refining 

with organic solvents [8]. Generally, GrpSO composes the 8 to 20% of dry GrpS [1]. The rest 

residue is the grape seed paste (GrpSP), which is considered as by-product of the GrpSO 

production procedure [5]. It has to be noted that both materials are regarded as agricultural by-

products of grapevine. 

Grapevine plant is characterized as a rich source of bioactive compounds and consequently many 

cosmetic products have been developed and realized to the market with grape-based chemical 

composition. Similarly, the corresponding products and by-products are rich in these effectual 

compounds. Namely, unsaturated fatty acids are the most abundant chemical category (90%) of 

GrpSO with major representatives, linoleic acid and then oleic acid [9,10]. Furthermore, 

compounds with significant antioxidant activity like tocopherols and phytosterols are 

encompassed in GrpSO chemical composition [11]. GrpSP is characterized additionally by 

hydrophilic compounds like catechin, epicatechin and their corresponding dimers, trimers and 

tetramers [12]. The most common polymers of GrpSP are procyanidins, a category of 

proanthocyanidins (condensed tannins) [13]. Based on previous studies, proanthocyanidins of 

grape seed have numerous beneficial bioactivities. Series of experiments have proved the 

antioxidant, anti-inflammatory, anti-allergic, anti-cancer, immune-stimulating, anti-viral, cardio-

protective, and antithrombotic properties of proanthocyanidins [14–17]. Cosmetic industry is 
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highly attracted from proanthocyanidins due to their antiaging properties [18]. Enzymatic assays 

have shown a potential inhibition activity of proanthocyanidins from Punica granatum, Ginko 

biloba and other woody plants against collagenase, tyrosine and elastase. However, further 

investigation is required for the establishment of grape seed proanthocyanidins as inhibitors of the 

above mentioned enzymes [19,20]. 

The treatment of these kind of starting materials like grapevine by-products and generally natural 

products is a challenging procedure for the fields of research and industry as well. It is widely 

known that the steps of extraction and fractionation play crucial role to the quality of the final 

extract/product. Many procedures and techniques have been bibliographically proposed for this 

purpose and few of them have been industrially applied. Adsorption resins are an established eco-

friendly method for the removal of pollutants mainly from waterwastes [21]. Moreover, it is a 

useful tool for the recovery of targeted metabolites from liquid solutions [22]. It is a widespread 

methodology in the field of natural products and due to the easiness of operation conditions and 

the simplicity of application, it corresponds perfect from laboratory to pilot scale uses [23]. 

Likewise, Ultrasound Assisted Extraction (UAE) is a familiar technique for natural products and 

edible raw materials handling [24]. Plenty of advantages characterize this technique starting from 

the low time consumption in correlation with other green, modern or conventional methodologies 

like Microwave Assisted Extraction and Soxhlet [25,26]. The low pressure and temperature of the 

operation conditions of UAE are critical for user’s safety and the protection of thermo-sensitive 

compounds [27]. As it is already mentioned, UAE is considered as an eco-friendly approach due 

to the perfect functionality of the technique with non-toxic solvents and the corresponding low 

volume requirement [28]. The principal of ultrasound extraction is based on the dispersed 

compressions and expansions that were produced in the solvent [29]. The captivation occurring 

during the expansion periods of solvent increases their polarity and the extraction efficiency [25]. 

Another suitable technique for the investigation of natural products is Supercritical Fluid 

Extraction (SFE) [30]. The low viscosity and the high diffusion nature of supercritical fluids 

contribute to the obtainment of high extract yields, while the low organic solvent consumption and 

the recirculation of CO2 render SFE at the top of the rank of green extraction methodologies [31]. 

Also, SFE is an efficient method to obtain thermo-sensitive compounds, due to the mild thermal 

conditions of operation process [32]. The fractionation of natural based extracts could be a 

demanding operation as well. For this reason, state of the art techniques, like Centrifugal Partition 



138 
 

Chromatography (CPC), have been employed [33]. The solid support free liquid-liquid nature of 

this chromatographic technique enables the management of high amounts of extracts, providing 

the maximum recovery [34]. Another advantage of CPC is that broad solvent categories can be 

adjusted as mobile or stationary phase, giving the opportunity to run experiments in a wide range 

of polarities [35]. It is notable, that the high resolution of CPC can even separates stereoisomers 

or mixtures of oligomers and polymers [36–38]. 

Motivated by the above observations and the experience of our research team in natural products 

field, the chemical profile of GrpSO and GrpSP were investigated. Promising green extraction 

methodologies were tested and the ultrasound GrpSP ethanolic extract, which provided the most 

efficient results was developed in pilot scale and extract was further fractionated. Final goal was 

the exploration of the inhibitory effect of the obtained fractions against enzymes with applications 

in cosmetic industry and the proposal of green methodologies for the treatment and exploitation of 

agricultural by-products.  

More specifically, in our research approach grape seeds were provided from producers of the area 

of Greece, were cold pressed, as described in previous work (Part II Chapter 1), for the generation 

of GrpSO and the corresponding GrpSP as starting materials. In order to investigate the chemical 

profile of GrpSO, food grade adsorption resin XAD-7 was selected for the recovery of its phenolic 

fraction, followed from CPC analysis. In parallel, taking in consideration that by-products of food 

industry originated from processes with no chemical treatment could be potential pools of 

bioactive natural compounds, we focused on the development of green methodologies for the 

utilatation of GRSP. Two different extraction methods were applied on GRSP, the first one was 

based on Ultrasound Assisted Extraction (UAE), while the second one on Supercritical Fluid 

Extraction (SFE). In both cases, after the defatting process, the extraction with different solvents 

were performed. EtOH and EtOH/H2O 1:1 v/v were the selected solvents of UAE, while for the 

SFE were chosen CO2 with 10% of EtOH on the first extraction step and then the concentration of 

EtOH was increased at 20%. Finally, four different extracts (UAE: EtOH-UE1 and EtOH/H2O 1:1 

v/v-UE2, SFE: CO2 + EtOH10%-SE1 and CO2 + EtOH20%-SE2) were obtained. UE1 was the 

most efficient extract based on yield and chromatographic analysis (LC-HRMS) and was produced 

on preparative scale and fractionated with CPC. Moreover, for the CPC fractions High 

Performance Thin Layer Chromatography (HPTLC) and LC-HRMS analysis were employed. 
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Ultimately, CPC fractions were evaluated concerning their inhibition activity on tyrosinase, 

collagenase and elastase. 

Methods and Materials 

Reagents 

All the solvents were purchased from Fisher Scientific (Pennsylvania, USA). Analytical grade 

solvents were used for extraction, separation and HPTLC experiments. UPLC-HRMS analysis was 

conducted with LC-MS grade solvents. Adsorption resin XAD-7 Ambrerlite was purchased from 

Sigma Aldrich (Missouri, USA). HPTLC silica gel 60 F254 20 × 20 cm plates were provided from 

Merck Millipore (Massachusetts, USA). Reagents for the enzymatic assays were supplied from 

Sigma Aldrich (Missouri, USA). Specifically, for the enzymatic assays mushroom tyrosinase 

(lyophilized powder, ≥1000 units/mg solid, EC Number: 1.14.18.1), 3,4-dihydroxy-L-

phenylalanine, sodium phosphate monobasic, sodium phosphate dibasic, kojic acid, elastase type 

IV from porcine pancreas (EC Number 254-453-6), N-Succinyl-Ala-Ala-Ala-p-nitroanilide (EC 

Number 257-823-5), Trizma base reagent grade, elastatinal, collagenase from Clostridium 

histolyticum (released from physiologically active rat pancreatic islets Type V, ≥1 FALGPA 

units/mg solid, > 125 CDU/mg solid, EC Number: 232-582-9), MMP 2 substrate fluorogenic, 

chlorexidine, bovine serum albumin (BSA), acetic acid glacial, p-(dimethylamino) benzaldehyde, 

sodium tetraborate, hyaluronidase (released from bovine testes Type I-S, lyophilized powder, 400–

1,000 units/mg solid, EC Number: 3.2.1.35), hyaluronic acid, and tannic acid were used. 

Instrumentation 

Ultrasonic P300H bath of Elma Schmidbauer (Singen, Germany) was used for the analytical scale 

UAE. Preparative UAE was carried out using a PEXE3N-Type ultrasound extractor of R.E.U.S 

(Darp, France) with capacity volume up to 3 L and embedded coolant system. For supercritical 

fluid experiments an analytical scale apparatus of SEPAREX (Nancy, France) was used, consisted 

of an embedded 100 mL stainless steel extraction vessel in a ventilated oven. Also, the apparatus 

carried CO2 chiller unit, control valve of back-pressure regulators separator, co-solvent and a CO2 

liquid pump. For the fractionation, an A-CPC apparatus of Rousselet-Robatel-Kromaton (Anonay, 

France) was icorporated, equipped with a chromatography semi-preparative column of 200 mL 

(FCPC200®) for GRSO and a preparative column of 1000 mL (FCPC1000®) for GRSP analysis. 

Solvents were pump through the column with preparative Lab Alliance Series III P300 pump 

(Pennsylvania, USA). HPTLC analysis run on Camag instrumentation (Muttenz, Switzerland). 
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VisionCats (28.3000) was used as software to connect and coordinate the Automatic TLC Sampler 

4 (ATS 4) equipped with 100 μl syringe, twin-trough development chamber (10x10 cm2), TLC 

Scanner III, TLC Plate Heater 3 and TLC Visualizer 2. LC-HRMS experiments were accomplished 

to an H class Acquity UPLC system (Waters, USA) coupled to a LTQ-Orbitrap XL hybrid mass 

spectrometer (Thermo Scientific, USA). All the enzymatic assays were measured on Infinite 200 

PRO series reader (Tecan Group, Switzerland). 

Recovery of GrpSO phenolic fraction using XAD-7 

30 g of XAD-7 were embedded in flash column of 65 cm x 1.8 cm and activated with three column 

volumes of EtOH. Crude GRSO (100 mL) was eluted through the column with flow rate of 1 

drop/sec. Afterwards, 200 mL of n-Hex rinsed the column to sweep along the lipophilic remnants. 

Recovery of targeted compounds took place with the elution of resin column with 150 mL of 

EtOH. The extract was evaporated until dryness under vacuum condition at 40 OC. 

Extraction of GrpSP using UAE and SFE 

The extraction process of GRSP with UAE was performed in three stages. Initially, the GRSP was 

pulverized to powder and 10 g of them were defatted with 30 mL of n-Hex for 20 min. Afterwards, 

the raw material was extracted with 30 mL of EtOH for 20 more min. For the last extraction an 

aqueous solution of EtOH/H2O 1:1 v/v was prepared and used for extraction again for 20 min. The 

extracts were evaporated until dryness with RotaVap at 40oC. For the preparative scale UAE, 1.4 

kg were added in the ultrasound extraction basket and again 1.5 liters of n-Hex were used for the 

defatting process, while the targeted extract was obtained with 1.5 L of EtOH.  

For the SFE experiments 50 g of grounded GrpSP powder was loaded in the extraction basket. The 

defatting procedure was conducted with pure CO2. The flow rate of CO2 pump was set at 15 g/min, 

oven temperature at 40oC, and system pressure at 300 bar. After 4 hours the fatty fraction was 

collected. The first SFE extract was obtained using CO2 and 10% of EtOH as co-solvent. For the 

second one co-solvent (EtOH) was increased at 20%. 

CPC fractionation of GrpSO and GrpSP 

Fractionation of GrpSO XAD-7 extract was performed with CPC analysis. An elution-extrusion 

methodology, in descending mode of two step gradient solvent system of n-

Hex/EtOAc/EtOH/H2O in ratio 8:2:8:2 and 8:2:9:1 v/v/v/v was followed. At the apparatus, a 200 

mL semi-preparative column had been installed and loaded with stationary phase at 200 rpm and 
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10 mL/min. Before mobile phase was started to pump through the column, rotation speed was 

increased at 950 rpm and mobile phase flow rate was adjusted at 5 mL/min during the elution, 

while for the extrusion flow rate was increased at 10 mL/min. Sample injection was 200 mg diluted 

in 5 mL of the biphasic system. In total 3 column volume run and 60 fractions of 10 mL were 

collected, 20 from the first solvent system, 20 from the second and 20 from the extrusion process. 

Concerning GRSP, UE1 extract was selected for fractionation with CPC technique (discussed in 

detail in section 3.1). Ascending mode was applied and as solvent system was chosen n-

Hex/EtOAc/MeOH/H2O in ratio 1:10:3:7 v/v/v/v. For the chromatography, a preparative CPC 

column of 1000 mL was used. During the loading of stationary phase (MeOH/H2O) rotation was 

set at 200 rpm and flow rate at 15 mL/min. Afterwards, rotation was increased at 800 rpm and 

mobile phase (n-Hex /EtOAc) was pumped through the column. After the chemical equilibration 

of the biphasic system, 6 g of UE1 were injected. For the elution, flow rate remained at 15 mL/min, 

while during the extrusion the flow was maximized at 20 mL/min. Finally, 160 fractions of 20 mL 

were collected. 

HPLTLC and LC-HRMS analysis 

All the fractions of CPC were spotted and developed with HPTLC technique, in order to 

obtain a clear view of GrpSP constituents. The fractions were diluted in methanol (4 mg/mL) and 

25 μL of each one spotted with a length of 8 mm. As development solvent system 

acetone/chlorophorm/water/methanol 1:7:0.5:3 v/v/v/v was chosen. All the developed TLC plates 

were pictured at 254 nm, 366 nm and visible after sprayed with sulfuric vanillin (vanillin 2.5% 

w/v, H2SO4 2.5% v/v diluted in MeOH) and heated at 130oC for 1 min. In parallel, for each fraction 

a concentration of 200 μg/mL was prepared and analyzed with LC-HRMS. Samples were analyzed 

with a LC gradient consisted of H2O with 0.1% formic acid (FA) (solvent A) and ACN (solvent 

B). The elution method started with 2% of B which stayed for 2 min. In the next 16 min B reached 

100% and stayed for 2 min. Finally, at 21st min, system returned to the initial conditions and stayed 

for 4 min for system equilibration. An Ascentis Express C18 (150 mm x 2.1 mm, 2.7 μm) column 

was used for the separation, with stable temperature of 40°C. Measurements were performed with 

a total acquisition time of 25 min and a flow rate of 400 μL/min. The injection volume was 10 μL 

and the autosampler temperature was at 7°C. 

Mass spectra were obtained in negative and positive ion mode using an electrospray ionization 

source (ESI). For the negative ionization, capillary temperature was set at 350°C, capillary voltage 
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at -30 V and tube lens at -100 V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, 

respectively. For the positive ionization, capillary temperature was set at 350°C, capillary voltage 

at +40 V, tube lens at +120 V, sheath gas 40 arb and auxiliary gas 10 arb. All mass spectra were 

recorded in full scan mode in the range of 115-1000 m/z, with resolving power 30,000 at 500 m/z 

and scan rate 1 microscan per second. HRMS/MS experiments were obtained in data-depending 

method with collision energy 35.0% (q = 0.25). 

Enzymatic assays 

CPC analysis of UE1 provided 19 fractions that were evaluated concerning their inhibition activity 

against tyrosinase, elastase and collagenase enzymes based on the protocols that were described 

by Michailidis et al. [35] (Appendix), with few modifications at samples concentration. UE1 CPC 

fractions were diluted at three different concentrations of 300 μg/mL, 150 μg/mL and 75 μg/mL 

in order to evaluate their tyrosinase and collagenase inhibition activity. For elastase inhibition 

assay, concentrations of 300 μg/mL, 100 μg/mL and 50 μg/mL of each fraction were tested. In all 

experiments, DMSO concentration in each well did not exceed 5% of the final volume. All the 

enzymatic assays were designed to provide the competitive inhibition activity of the compounds. 

For all the enzymatic assays, the half maximal inhibitory concentration (IC50) of each positive 

control was used as standard of comparison. All the experiments were conducted in triplicates and 

twice in total.  

Calculation of inhibition percentages was based on the formula: 

Inhibition (%) = [((X control − X control’s blank) − (X sample − X sample’s blank))/(X control 

− X control’s blank)] × 100 

X control symbolizes the absorbance or fluoresces of the mixture consisting of buffer, enzyme, 

sample solvent, and substrate. X sample symbolizes the absorbance or fluoresces of the mixture of 

buffer, enzyme, sample, or positive control solution and substrate. Blanks constituted by all the 

above-mentioned components except the enzyme. 

Results and Discussion 

Extraction of GrpSO and GrpSP 

Based on previous studies (Part II Chapter 1), GrpSO treatment with XAD-7 provided yield of 

213.1 mg/100 mL. Concerning GrpSP extracts, different yields were obtained depending on the 

extraction process and the used solvent. It should be noticed that between the two techniques UAE 

and SFE, the first one is less time consuming and produces higher amount of yields per gram of 
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raw material. More specifically, after 20 min of extraction for each extract, UE1 and UE2, were 

weighted 551 mg (55.1 mg/g of raw material) and 456 mg (45.6 mg/g of raw material), 

respectively. The production of SFE extracts required more than 4 hours. Their yields (mg/g of 

raw material) were lower in correlation with UAE extracts. In detail, SE3 and SE4 were weighted 

975 mg (19.5 mg/g of raw material) and 500 mg (10.0 mg/g of raw material), respectively. All the 

extract yields are presented in detail in table 1. 

Table 1: Yields of GrpSO and GrpSP extracts from UAE, SFE and XAD-7. Results for UAE and SFE are presented as mg/g 

of raw material and for XAD-7 as mg/100 mL of oil. 

Extraction method Extraction solvent Yield 

UAE 

n-Hex defatting 37.8 mg/g 

EtOH 55.1 mg/g 

EtOH/H2O 1:1 v/v) 45.6 mg/g 

SFE 

CO2 defatting 44.1 mg/g 

CO2 + 10%EtOH w/w 19.5 mg/g 

CO2 + 20%EtOH w/w 10.0 mg/g 

XAD-7 EtOH 213.1 mg/100 mL 

Selection of GRSP extract for scale up 

In total, five extracts were obtained; one from GrpSO and four for GrpSP (UE1, UE2, SE3 and 

SE4). GrpSO and one extract of GrpSP were chosen for further investigation and fractionation. 

The selection of the appropriate GRSP extract was based on method efficiency and the chemical 

profile of the extracts. The aim of the preparative scale extraction was the obtainment of high 

amount of extracts, rich in bioactive compounds. Thus, we focused on methodologies that provide 

extracts with high yields and their chemical profiles are rich in secondary metabolites. Also, crucial 

role for the selection of the most suitable technique was the adaptation of the chosen methodology 

on pilot and industrial scale. 

In more detail, the extraction of GrpSP was accomplished in laboratory scale with two green 

methodologies, SFE and UAE. For both techniques, the first step was the defatting of the raw 

material. For the defatting process with SFE, 4 hours were required, while for UAE only 20 min. 

Similarly, UE1 and UE2 needed only 20 minutes to be obtained. As indicated, extracts derived 

from SFE needed more time to be obtained, specifically, for SE3 2 hours and for SE4 3 hours were 

needed. SFE is a suitable method to obtain low polarity molecules and with the proper co-solvent 

can recover middle polar solutes. On the other hand, UAE can be used and for the extraction of 

more polar compounds, depending on the polarity of the applied solvents. In order to extract the 
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maximum chemical categories of compounds, SFE experiments were focused on low and middle 

polarities, while UAE extractions were targeted to polar and middle polarity molecules. Both of 

the SFE extracts had lower yield than those of UAE. 

SE1 yielded 19.5 mg/g of raw material and SE2 10.0 mg/g of raw material. In addition, 55.1 mg/g 

of raw material and 45.6 mg/g of raw material were provided from UE1 and UE2, respectively. 

These differences on yields are a first sign that the chemical profile of GrpSP does not include 

high amounts of low and middle polarities molecules, probably because during the oil pressing 

procedure the majority of hydrophobic compounds found a more chemical related environment on 

GRSO. The four extracts (SE1, SE2, UE1 and UE2) were analyzed with LC-HRMS (Appendix 

Figures 1-4). Their profiles showed that the extracts SE2 and UE2 were poor in metabolites, while 

UE1 and SE1 gave similar spectra. The difference between UE1 and SE1 allocated at the 

concentration of their solutes. UE1 is richer in polar compounds, but with presence of middle and 

low polarity molecules. At SE1 the reverse analogies of compounds are observed; polar are the 

minority while non polar represent the majority of constituents. Based on previous study of our 

research group, extracts that were originated from UAE extraction had higher dermocosmetic 

benefits in contrast with them of SFE. The high yield rate, the chemical profile and the evaluated 

inhibition activities of UE1, revealed that it is the most efficient extract for further investigation. 

Thus, UE1 was produced in preparative scale. 1.4 kg of GrpSP powder were defatted with n-Hex 

and afterwards extracted with 1.5 L of EtOH. The obtained extract, after the evaporation reached 

the weight of 61.75 g. 

Fractionation of GrpSO with semi prep-CPC and UE1 with prep-CPC 

GrpSO extract of XAD-7 was analyzed with CPC. A step gradient solvent system, on descending 

mode was chosen due to the nonpolar nature of the extract. Specifically, 400 mL of 

Hex/EtOAc/EtOH/H2O 8:2:8:2 v/v/v/v were prepared in a separation funnel. The upper phase was 

loaded to the column and after the run of a heavy phase column volume, the mobile phase was 

changed and 200 mL from the heavy phase of system Hex/EtOAc/EtOH/H2O 8:2:9:1 v/v/v/v were 

pumped through the column. Afterwards, extrusion process was started with the upper phase of 

the second biphasic system. Experimental Sf was estimated at 67.5%. In total, 60 fractions of 10 

mL were collected and were combined in 14 final fraction. Among the CPC fractions oleanolic 

acid, monoglycarides and unsaturated fatty acids were detected via NMR. 
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Extract UE1 was the most promising among pastes extracts. For this reason, UE1 was prepared on 

preparative scale in order to obtain high amounts of extract. Afterwards, 6 g of UE1 were treated 

with prep-CPC using the solvent system n-Hex/EtOAc/MeOH/H2O, in ratio 1:10:3:7 v/v/v/v and 

ascending mode. Elution step was completed after passing of 3.2 column volumes of mobile phase, 

followed by extrusion step in order to obtain faster the more polar compounds of the UE1. Sf of 

the experiment was calculated at 70%. The 160 obtained fractions were grouped to 19 final 

fractions and analyzed on HPTLC (Figure 1). It should be noticed that observing HPTLC analysis, 

the separation was efficient, with clear grouping of the solutes. Also, as it will be discussed in 

section 3.4, LC-HRMS analysis revealed the successful fractionation of the extract. 

 

Figure 8:HPTLC of GprSP UAE EtOH CPC fractions at visible sprayed with sulfuric vanillin (up) and at 254 nm (down). 

LC-HRMS analysis of UE 1 CPC fractions 

The major peaks of grape seed paste UE 1 extract were dereplicated and correlated with literature 

data [13,39–42] (Tables 2-3). Chemical structure of catechin/epicatechin was identified on 
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negative (C15H1306, m/z=289.0720) and positive (C15H1506, m/z=291.0863) ion mode. Moreover, 

dimer of epicatechin was detected on negative mode (C30H27O12, m/z=579.1519). Epicatechin-3-

gallate/catechin-3-gallate was also recorded on negative mode (C22H17O10, m/z=441.0828). 

Furthermore, negative mode revealed the appearance of monogallate epicatechin dimer 

(C37H29O16, m/z=729.1459) and trimer of epicatechin (C45H37O18, m/z=865.1988). Trimer of 

epicatechin was recorded also in positive mode (C45H39O18, m/z=867.213). Two more compounds 

were detected in positive ionization, trimer of epicatechin gallate (C52H43O22, m/z=1019.225) and 

tetramer of epicatechin (C60H51O24, m/z=1155.279). As it is noticed on table 2-3, most of the 

compounds that were identified from HRLC-MS were proanthocyanins and smaller fragment of 

them, like catechin and epicatechin, which have been previously reported in GrpPS chemical 

composition. Epicatechin was the most abundant molecule in the grape seed polymers. To the best 

of our knowledge, oligomers and polymers of proanthocyanins were identified, while molecules 

with unknown structure were also recorded. 

Table 2: LC-HRMS negative ionization analysis of grape seed UAE extract. 

[M-H]- 

(m/z) 

Chemical 

formula 
Identified compounds 

[M-H]2- 

(m/z) 
RDB Delta 

169.0145 C7H5O5 gallate not recorded 5.5 1.677 

289.072 C15H1306 catechin/epicatechin 
245.08, 205.05, 

179.04 
9.5 0.895 

313.2388 C18H33O4 Fatty acid derivative 
295.23, 277.22, 

183.14, 167.87 
2.5 1.172 

327.2179 C18H31O5 
Fatty acid derivative 291.20, 229.14, 

171.10 
3.5 0.619 

329.2334 C18H33O5 
Fatty acid derivative 311.22, 229.14, 

211.13 
2.5 0.433 

331.0672 C13H15010 Unknown 1 169.01 6.5 0.393 

335.0772 C16H1508 Unknown 2 289.07 9.5 -0.091 

441.0828 C22H17O10 
epicatechin-3-

gallate/catechin-3-gallate 

331.04, 289.07, 

169.01 
14.5 0.159 

476.2789 C27H40O7 Unknown 3 279.23 8 1.928 

569.2245 C27H37O13 Unknown 4 

523.22,478.22, 

286.28, 243.15, 

196.55 

9.5 1.029 

577.1357 C30H25O12 Unknown 5 

478..27, 425.09, 

309.02, 287.00, 

196.55 

18.5 0.919 
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579.1519 C30H27O12 dimer epicatechin not recorded 17.5 1.935 

585.2189 C27H37O14 Unknown 6 
478.25, 390.39, 

286.98, 196.55 
9.5 0.087 

729.1459 C37H29O16 
dimer epicatechin-2-

gallate 

670.73, 577.13, 

559.12, 407.08, 

286.25, 196.55 

23.5 -0.23 

865.1988 C45H37O18 trimer epicatechin 

739.16, 695.14, 

637.31, 577.13, 

478.2502, 407.08, 

286.25 

27.5 0.292 

1153.2579 C60H49O24 tetramer epicatechin not recorded 36.5 -3.464 

 

Table 3: LC-HRMS positive ionization analysis of grape seed UAE extract. 

[M-H]+ 

(m/z) 

Chemical 

formula 
Identified compounds 

[M-H]2+ 

(m/z) 
RDB Delta 

291.0863 C15H15O6 catechin/epicatechin 273.08, 165.05, 139.04 8.5 -

0.153 

317.102 C17H17O6 Unknown 1 286.97, 196.49, 165.05 9.5 0.08 

559.1305 C23H27O16 Unknown 2 
538.44, 449.83, 286.8, 

196.48 
10.5 2.019 

593.2751 C34H41O9 Unknown 3 553.25 14.5 0.979 

731.1609 C37H31O16 Unknown 4 

579.11, 443.0969, 

409.09, 351.37, 289.07, 

196.49 

22.5 0.313 

867.213 C45H39O18 trimer epicatechin 715.16, 577.13, 409.09 26.5 0.216 

1019.225 C52H43O22 trimer epicatechin gallate 

891.28, 822.54, 731.16, 

688.70, 566.79, 456.58, 

356.73, 287.05 

31.5 0.609 

1155.279 C60H51O24 tetramer epicatechin not recorded 4.5 0.076 

Furthermore, the 19 UE1 CPC fractions were dereplicated separately (Table 4). At the first two 

fraction were eluted less polar compounds. Fraction III was rich on catechin/epicatechin 

(m/z=289.0720) and epicatechin gallate (m/z=441.0828). Fractions IV, V and VI have as major 

compound catechin/epicatechin (m/z=289.0720) and the dimmers of them (m/z=579.1519). In 

fraction VII catechin/epicatechin (m/z=289.0720), gallate (m/z=169.0145) and non galloylated 

proanthocyanidins dimers (m/z=577.1357) were detected. Fraction VIII provided the same profile 

with VII plus the abundance of mono-galloylated dimer (m/z=729.1459). High concentration of 

gallate (m/z=169.0145) was allocated in fraction IX. Fraction X was rich in mono-galloylated 
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dimer (m/z=729.1459) non galloylated proanthocyanidins dimers (m/z=577.1357) and gallate 

(m/z=169.0145). At fraction XI major signal of mono-galloylated dimer (m/z=729.1459) and minor 

of gallate (m/z=169.0145), were detected. Mono-galloylated dimer (m/z=729.1459) was detected 

also in fraction XII. XIII and XIV were rich in proanthocyanidins dimers (m/z=577.1357) and 

mono-galloylated dimer (m/z=729.1459). In fraction XV proanthocyanidins dimers 

(m/z=577.1357), mono-galloylated dimer (m/z=729.1459) and trimer epicatechin (m/z=865.1988) 

was found. At fraction XVI proanthocyanidins dimers (m/z=577.1357 and trimer epicatechin 

(m/z=865.1988) were eluted. In fraction XVII proanthocyanidins dimers (m/z=577.1357), trimer 

epicatechin (m/z=865.1988) and proanthocyanidin tetramers (m/z=1153.2579) were obtained. 

Fractions XVIII and XIX were rich on sugars (m/z=133.0147).  
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Table 4: Major compounds of UE1 CPC fractions that identified with LC-HRMS/MS. 

Number of 

fraction 
Compounds 

Number of 

fraction 
Compounds 

Number 

of fraction 

Compounds 

I non polar compounds VII 

catechin/epicatechin 

gallate 

non galloylated proanthocyanidins dimers 

XIII 
proanthocyanidins dimers 

mono-galloylated dimer 

II non polar compounds VIII 

catechin/epicatechin 

gallate 

non galloylated proanthocyanidins dimers 

mono-galloylated dimer 

XIV 
proanthocyanidins dimers 

mono-galloylated dimer 

III 
catechin/epicatechin 

epicatechin gallate 
IX gallate XV 

proanthocyanidins dimers 

mono-galloylated dimer 

trimer epicatechin 

IV 
catechin/epicatechin 

catechin/epicatechin dimer 
X 

mono-galloylated dimer 

gallate 

non galloylated proanthocyanidins dimers 

XVI 
proanthocyanidins dimers 

trimer epicatechin 

V 
catechin/epicatechin 

catechin/epicatechin dimer 
XI 

mono-galloylated dimer 

gallate 
XVII 

proanthocyanidins dimers 

trimer epicatechin 

proanthocyanidin tetramers 

VI 
catechin/epicatechin 

catechin/epicatechin dimer 
XII mono-galloylated dimer 

XVIII & 

XIX 

sugars (HPTLC shown also 

proanthocyanidin polymers, probably 

with higher mass than 2000 m/z) 
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Enzymatic evaluation of CPC fractions 

All the final fractions of UE1 CPC analysis were evaluated concerning their inhibition activity 

against tyrosinase, elastase and collagenase enzymes (Figure 2). Focusing on tyrosinase inhibition 

assay, at the employed protocol the enzyme reacts with L-Dopa (substrate) and produces 

dopaquinone, a molecule that its concentration is measured at 475 nm and it is correlated with 

tyrosinase activity. Experimental results revealed that Fractions VIII, XIII and XIV at 

concentration of 300 μg/mL, provided inhibition values of 43.30±3.25%, 46.03±1.76% and 

44.95±1.88%, respectively). The other fractions had lower inhibition activity against tyrosinase 

enzyme. It should be underlined that fractions IV, V and VI seemed to trigger tyrosinase activity. 

Based on LC-HRMS analysis, fractions IV, V and VI were rich in catechin/epicatechin and their 

corresponding dimers, compounds with high anti-tyrosinase properties [43]. Experimental results 

of our study were in confrontation with the bibliography data, concerning the tyrosinase inhibition 

activity of catechin/epicatechin. In order to investigate these contradictory observations, the above 

mentioned CPC fractions (IV, V and VI) were tested again on tyrosinase inhibition assay, with a 

crucial modification on protocol; at the wells of the tested fractions no substrate was added. The 

three tested fractions provided again tyrosinase activation. Based on these evidences, it can be 

suggested that fractions IV, V and VI contained molecules with structures close to dopaquinone, 

which is the substrate of tyrosinase inhibition assay, and in this way provided fault tyrosinase 

activity results. 

Fractions of UE1 revealed significant anti-collagenase activity. All the fractions have higher 

inhibition properties than positive control at 300 μg/mL. More specifically, fractions I, II, III, VII, 

VIII, X, XII, XIII, XIV, XV, XVI, XVII, XVIII and XIX inhibited collagenase activity more than 

80% (82.23%, 87.35%, 89.58%, 80.24%, 81.74%, 92.56%, 94.96%, 91.73%, 81.23%, 87.79%, 

85.43%, 86.38% and 95.63%, respectively). Based on literature data, previous studies of grape 

pomace have also shown the anti-collagenase effect of the polyphenolic extract [44,45]. 

Concerning elastase inhibition activity many studies have highlighted the anti-elastase properties 

of grape pomace [44,45]. In our study, CPC fractions XIV, XV, XVI, XVII, XVIII and XIX of 

grape seed paste provided high inhibition activity at 300 μg/mL, with inhibition values of 

66.62±2.44%, 53.07±2.17%, 88.17±4.903%, 60.37±2.59%, 49.68±2.81% and 58.50±2.96%. 

Based on LC-HRMS analysis (section 3.4) the major compounds of these fractions are 
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proanthocyanidins dimers, trimer of epicatechin, mono-galloylated dimers and at the last fractions 

proanthocyanidins polymers (constituted by more than four monomers) were identified. 

Tyrosinase inhibition assay
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Figure 9: Inhibition assays of UE1 CPC fractions for the evaluation of their activity. 

Conclusions 

The current study proposes an effective green exploitation plan of grape seeds that are generally 

considered as agricultural by-products. After cold press extraction of seeds, grape seed oil and a 

seed paste were produced. Both of them were extracted with eco-friendly techniques, suitable for 

industrial applications. Food grade resins were employed for the extraction of GrpSO, while for 

GrpSP two different extraction approaches were used, UAE and SFE. GrpSO XAD-7 extract and 

the most efficient GrpSP extract, in terms of chemical profile and the required production time, 

were fractionated via CPC for further investigation of their chemical profile. The 19 CPC fractions 

of GrpSP were subsequently analyzed via LC-HRMS for compounds identification. The identified 

compounds were correlated with evaluation tests against the enzymes tyrosinase, collagenase and 

elastase in order to locate compounds with dermo-protective properties. Most of CPC fractions of 
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UAE extract revealed strong anti-collagenase effect, while specific fractions were characterized 

by anti-tyrosinase and anti-elastase activity. To conclude, in the current research a holistic green 

strategy is proposed for the production of a GrpPS-based extract with industrial potentials and 

promising dermo-protective properties. 
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Appendix 

Tyrosinase enzymatic assay: This assay measures the inhibition of the tested samples at the 

catalytic oxidation of L-DOPA to dopachrome by tyrosinase. Kojic acid (IC50 = 50 μM) was used 

as positive control. In a 96-well microplate, 80 μl of phosphate-buffered saline (PBS) (1/15 M, pH = 

6.8), 40 μl of the tested sample (100 U/ml) (dissolved in PBS buffer) were mixed and incubated in 

the dark for 10 min at room temperature. Afterward, 40 μl of 2.5 mM L-DOPA (substrate) 

dissolved in PBS buffer was added, and the mixture was incubated for 15 min. The 96-well 

microplate was measured at 475 nm. 

Elastase enzymatic assay: Elastase protocol monitors the release of p-nitroaniline from N-succinyl-

Ala-Ala-Ala-p-nitroanilide that is stimulated by elastase. Elastatinal (IC50 = 0.5 μg/ml) was used 

as a positive control. In a 96-well microplate, 70 μl of Trizma buffer (50 mM, pH = 7.5), 10 μl of 

tested sample (dissolved in Trizma buffer), and 5 μl of elastase (0.45 U/ml) (dissolved in Trizma 

buffer) were mixed and incubated in the dark for 15 min at room temperature. Afterward, 15 μl of 

2 mM N-succinyl-Ala-Ala-Ala-p-nitroanilide (substrate) dissolved in Trizma buffer was added, 

and the mixture was incubated for 30 min at 37°C. The 96-well microplate was measured at 405 

nm. 

Collagenase enzymatic assay: Collagenase fragmentates the fluorescence molecule MMP2. The 

inhibition of the enzyme was measured concerning the reduction of the fluorescent intensity that 

was produced. Chlorhexidine (IC50 = 50 μM) was used as a positive control. In a 96-well dark 

microplate, 120 μl of Tris-HCl buffer (50 mM, pH = 7.3), 40 μl of tested sample, and 40 μl of 

collagenase (50 μg/ml) from C. histolyticum (dissolved in Tris-HCl buffer) were incubated for 10 

min at 37°C avoiding light exposure. Afterward, 40 μl of 50.0 μM MMP2 (substrate) (MCA-Pro-

Leu-Ala-Nva-DNP-Dap-Ala-Arg-NH2) dissolved in Tris-Cl buffer was added, and the mixture was 

incubated in dark for 30 min at 37°C. The fluorescent intensity of 96-well microplate was 

measured at an excitation maximum of 320 nm and an emission maximum of 405 nm. 
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Figure 1: UPLC-HRMS chromatograms of UE1 in negative mode (up) and positive mode (down). 
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Figure 2: UPLC-HRMS chromatograms of UE2 in negative mode (up) and positive mode (down). 
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Figure 10:UPLC-HRMS chromatograms of SE1 in negative mode (up) and positive mode (down). 
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Figure 11:UPLC-HRMS chromatograms of SE2 in negative mode (up) and positive mode (down). 
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Chapter 3: Integration of a holistic green strategy for the isolation of 

significant compounds from fennel seed oil and its by-products, with pilot 

scale potentials. 
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Abstract 

The current study focused on the recovery of bioactive compounds from Foeniculum vulgare 

(fennel) cold pressed seed oil (FnnSO) and its corresponding by-product seed paste (FnnSP), using 

green methodologies compatible with pilot scale processes. Pure FnnSO was eluted on food grade 

adsorption resins XAD-7, while FnnSP was treated with two different eco-friendly extraction 

methods; ultrasound assisted extraction (UAE) and supercritical fluid extraction (SFE). For UAE 

procedure, a defatting step was applied at the beginning of the process with n-Hexane, which was 

followed by the extraction of FnnSP with ethanol and afterwards with ethanol/water in ratio 1:1 

v/v. SFE experiments started with the application of pure CO2, in order to remove the fatty fraction 

from the FnnSP, and continued with two more extractions; one with ethanol as co-solvent in 10% 

and the other with 20%. All the extracts were analyzed via LC-HRMS and the most efficient 

extract was selected for further purification. XAD-7 extract and SFE with ethanol 10% extract 

were analyzed with Centrifugal Partition Chromatography (CPC). Pure anethole was isolated in 

considerable amounts from the chromatography of XAD-7 extract, while a fraction of CPC was 

rich in isomeric forms of 1-(4-methoxyphenyl) propane-1,2-diol. From the CPC experiment of 

SFE extract, fraction with high concentration of syringin was obtained. 1-(4-methoxyphenyl) 

propane-1,2-diol isomers were separated with supercritical fluid chromatography (SFC), while 

syringin was purified with prep-HPLC. Minor compounds were identified after prep-TLC analysis 

of CPC fractions. 
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Introduction 

Foeniculum vulgare, commonly known as fennel, is an aromatic plant of Umbelliferae (Apiaceae) 

family, natively grown in the Mediterranean countries [1,2]. Nowadays it is worldwide cultivated 

due to its extensive use and its globally high economic importance [3]. Fennel seeds are widely 

used in food industry as ingredient of edible products, mainly to enhance their flavor [4]. In 

traditional medicine, fennel was used as anti-hypertension, carminative and diuretic agent as well 

as to increase mother breast production milk [5]. Plenty of studies provide evidence about the 

antioxidant, antimicrobial, antibacterial and antifungal activity of fennel extracts and compounds 

[6]. It should be noted that especially for fennel seeds several published researches focusing on 

their biological importance shown anti-oxidant, anti-microbial and acaricidal activities [1,7–9]. 

All the above facts underline that fennel and specially fennel seeds are a potential pool of natural 

products with high biological interest. 

In order to be able to investigate deeper the field of natural products, a huge range of methodologies 

has been developed, during the years. Moreover, the current demand of industry to adopt green 

strategies and eco-friendly solutions in the production processes [10,11], has directed the design 

of different techniques and methodologies for the treatment of natural products. Characteristic 

example is the food grade resin XAD-7 that is commonly used in industry due to its low cost, 

simplicity of the extraction procedure, high efficiency and low pollution fingerprint [12]. In 

parallel, other advanced extraction procedures have been industrialized based on supercritical 

fluids technology [13]. Characteristic example is Supercritical Fluid Extraction (SFE) which 

provides the ability to obtain extracts without chemical or thermal degradation [14]. On SFE 

several types of gas and liquid solvents can be employed, capable to cover wide range of polarities 

[15]. Usually, CO2 is used as major solvent and ethanol as co-solvent [16]. The above mentioned 

flexibility offers the advantage of a low cost process totally non-toxic [17]. Another useful tool of 

green processes arsenal is Ultrasound Assisted Extraction (UAE). Ultrasounds’ use has been 

established from laboratory to industrial scale applications, due to their extensive extraction 

capabilities and their combination with green solvents [18]. 

It is really important to adapt an eco-friendly approach not only on extraction step of a process but 

also during the isolation and purification steps. Advanced techniques like Centrifugal Partition 

Chromatography (CPC) can be employed characterized by minimal environmental fingerprint 

[19]. CPC is included at the family of liquid-liquid techniques with the pioneering advantage of 
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solid support free stationary phase [20]. This technique requires the development of an efficient 

solvent system with two or more non mixable phases, in which solutes all partitioned based 

according on their chemical properties [21]. Stationary phase is immobilized in the column with 

centrifugal forces, while mobile phase is pumped through immobilized phase [22]. Due to the 

liquid nature of the two phases, a theoretical total recovery of the sample can be provided, while 

the mild operation conditions make the technique efficient for the chemically sensitive compounds 

[23]. The low solvent and time consumption and the high sample injection volume demonstrate 

CPC suitable for a huge range of applications [24]. 

Concerning the purification step, preparative Reverse Phase High Performance Liquid 

Chromatography (prep-RP-HPLC) is regarded as the dominant technique [25]. The low cost of 

operation and the limited solvent consumption, in comparison to the classic isolation techniques, 

are the basic advantages that prep-RP-HPLC offers [26]. As it is already mentioned, supercritical 

fluids are applicable not only for extraction but also for purification procedures with noteworthy 

results [27]. Supercritical Fluid Chromatography (SFC) is a ground breaking technique, 

interrelated to HPLC philosophy, that levels up its advantages with the introduction of supercritical 

conditions [28]. This pioneering technique, mostly used for the isolation of non and/or middle 

polar compounds, mainly consist of  the use of CO2 in supercritical conditions as solvent, 

accompanied with a liquid co-solvent [29]. The advantages of SFC are several. Most important are 

the minor environmental fingerprint, the low viscosity and the high density of supercritical 

solvents, factors that minimize the analysis time and make this technique attractive to the industry 

[30,31]. It is also considered as a exploitable tool for the efficient separation of polymers and 

isomeric structures [32,33]. 

Herein, a holistic green strategy was designed, from the extraction step to final compounds 

purification, using techniques totally suited to the industrial sector [34–37]. The treatment began 

with cold pressing method of fennel seeds, in order to produce fennel seed oil (FnnSO) and a solid 

paste (FnnSP) as by-product. FnnSO was extracted using adsorption resin XAD-7. FnnSO was 

loaded in a column embedded with resin XAD-7, in order to obtain the extract of interest. 

Moreover, UAE and SFE were used for the extraction of FnnSP. Specifically, on UAE ethanol and 

ethanol/water in ratio 1:1 v/v were used as solvents. Concerning SFE, pure CO2 and two different 

concentrations of ethanol as co-solvent (10%, 20%) were employed on laboratory apparatus, while 
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pure CO2 and ethanol 10% as co-solvent were scaled up on pilot instrumentation to obtain extracts 

from seed oil by-products (FnnSP). All the extracts were analyzed with LC-HRMS. 

The next step was the isolation of pure solutes from the FnnSO and FnnSP extracts. In both 

extracts, the primary fractionation/isolation were accomplished with CPC. Systems of n-

Hex/EtOAc/EtOH/H2O in reverse phase and different ratios were employed on both CPC analyses. 

Ultimately, a profound natural product of fennel, anethole was isolated in pure form, while other 

compounds were also identified in CPC fractions such as syringin and 1-(4-methoxy-phenyl)-

propane-1,2-diol isomers mixture that were isolated for the first time, from Foeniculum vulgare. 

Further purification was performed with prep-RP-HPLC and SFC experiments, ended up to the 

isolation of pure syringin and the separation of an isomer from the above-mentioned mixture, 

respectively. Additionally, minor compounds of CPC fractions were identified after prep-TLC 

analysis. For the identification of all the compounds NMR spectroscopy was used. 

Methods and Materials 

Reagents 

The used reagents and adsorption resin XAD-7 Amberlite were purchased from Sigma-Aldrich 

(Missouri, USA). Analytical grade solvents were supplied from Fisher Scientific (Pennsylvania, 

USA). Food grade CO2 was purchased from Revival (Athens, Greece), TLC plates of Silica gel 60 

F254 20cm x 20cm were purchased from Merck Millipore (Massachusetts, USA). 

Instrumentation 

UAE experiments were employed on an Ultrasonic P300H bath of Elma Schmidbauer (Singen, 

Germany). Concerning SFE, the lab scale extraction of FnnSP was performed on a Lab SFE 100 

mL Apparatus of Separex (Champigneulles, France). Concerning CO2 and co-solvent, a high-

pressure CO2 Separex LGP 50 pump (Champigneulles, France) and a SSI Series III of Scientific 

Systems Inc. (Woburn, United States) were used. The extraction vessel had a total volume of 100 

mL and it was housed in a thermostated oven. Pilot scale SFE of FnnSP was conducted in a SFE 

1-2 No. 4218 of Separex (Champigneulles, France). The apparatus was connected to a liquid 

preparative CO2 pump of Separex (Champigneulles, France), with maximum capability of 10 kg/h, 

2 extraction vessels of 1 L and 2 L, 3 separators of 200 mL, a co-solvent pump of Scientific 

Systems Inc. (Woburn, United States), with flow rate up to 40 mL/min. During the whole 

procedure, a continuous recycling of CO2 was followed. 

javascript:
javascript:
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CPC instrumentation was performed for the chromatography of FnnSO and FnnSP. The 

instrumentation was consisting of an A-CPC apparatus of Kromaton (Anonay, France), a 

preparative column of 1000 mL capacity volume (FCPC1000®), a preparative Ecom ECP2000 

pump (Prague, Czech Republic) and a C6-60 Buchi collector (Flawil, Switzerland). 

For the SFC analysis, instrumentation of Waters (Massachusetts, USA) was selected. For the 

delivery of CO2 and co-solvent, a Thar SFC pump Fluid Delivery Module was used, connected to 

Waters Sample Manager 2767 and Waters Column Oven. Two Waters’ pumps 515 HPLC were 

used for the delivery of the mobile phase to detector PDA Waters 2998 and to mass SQ Detector 

2 (Z-spray) Waters. A Thar SFC Heat Exchanger and a Waters Back Pressure regulator were used. 

Chiller Accel 500LC was equipped from Thermo Scientific. As software MassLynx v.4.1 and 

Aquity were used. 

Prep-HPLC system was controlled with software of DataApex, ClarityTM (Prague, Czech 

Republic). HPLC purification was performed with two Lab Alliance preparative 36 Pumps (Dual 

Piston) (State College, USA), supported by UV Flash 06S DAD 800 Detector of ECOM (Prague, 

Czech Republic). For the purification, a preparative HPLC column Supelco supelcosil TM LC-18, 

25 cm x 21.2 mm, 5μm (Pennsylvania, USA) was used. LC-HRMS experiments were conducted 

on an H class Acquity UPLC system (Waters, USA) coupled to a LTQ-Orbitrap XL hybrid mass 

spectrometer (Thermo Scientific, USA). Nuclear magnetic resonance spectra were carried out on 

600MHz of Bruker AvanceAVIII-600 spectrometer (Karlsruhe, Germany) supported by TopSpin 

software (Bruker). 

Samples production 

For the production of our starting materials, fennel seeds were cold pressed. Two different 

materials were generated; fennel seed oil (FnnSO) and fennel seed paste (FnnSP). FnnSP is 

regarded as a by-product of the corresponding oil production and appears as dry solid pellets. 

Solid-liquid extraction of fennel seed oil 

For the extraction of FnnSO, a column with adsorption resin XAD-7 was used. Column dimensions 

were 65 cm x 1.8 cm. The activation of resin was employed with three bed volumes of EtOH. After 

the elution of the resin with distilled H2O, 100 mL of FnnSO was passed through the column, with 

flow rate 1 drop/sec. Afterwards, column was rinsed with 200 mL of n-Hex, in order to remove 

the fatty components. Then, 150 mL of EtOH were used for the recovery of the extract. Elute was 

evaporated until dryness in RotaVap at 40oC. 
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SFE extraction of FnnSP 

50 g of grounded FnnSP were loaded at the lab scale extraction basket of analytical SFE apparatus. 

The oven was set at 40oC. At the beginning, CO2 was only used as extraction solvent, at the flow 

of 15 g/min. With this step, the starting material was defatted. Afterwards, 10% of EtOH was 

added as co-solvent and at the point that extract recovery was decreased, the collection erlenmeyer 

was changed and the percentage of co-solvent was increased at 20%. Finally, three different 

fractions were collected, the defatting fraction of CO2, the CO2 - 10% EtOH and CO2 - 20% EtOH. 

For the Pilot scale extraction process, the 1L and the 2L baskets were filled with 263g and 468 g 

of grounded FnnSP, respectively. Flow rate of CO2 was set at 4 kg/h. Pressure and temperature in 

the separators was kept constantly at 5 MPa and 35oC, respectively. The extraction temperature 

was 40 oC, while pressure was set at 300 bar. After the defatting process with pure CO2, co-solvent 

(EtOH) reached at 10%. 

Centrifugal Partition Chromatography of FnnSO and FnnSP 

Bioactive natural products are usually founded in small quantities on starting materials, fact that 

demand the treatment of high mass samples in order to isolate solutes. The gram-scale injection 

capability of CPC in combination with the lack of solid stationary phase make efficient the 

recovery of minor compounds and avoid their irreversible absorption on solid phases [38]. XAD-

7 extract of FnnSO and SFE with co- solvent 10% EtOH of FnnSP were chromatographed with 

CPC. Reverse mode was selected for the treatment of extracts. Four different step gradient systems 

were used in each case, based on n-Hex/EtOAc/EtOH/H2O. The injections were 3 g and 1.2 g for 

FnnSO and FnnSP, respectively. For FnnSO, solvent systems of n-Hex/EtOAc/EtOH/H2O in ratio 

8:2:4:6, 8:2:5:5, 8:2:6:4 and 8:2:7:3 v/v/v/v were used, while for FnnSP systems ratios 7:3:5:5, 

7:3:6:4, 7:3:7:3 and 7:3:8:2 v/v/v/v were chosen. For both extracts, the organic mixture of n-

Hex/EtOAc was used as stationary phase. Rotation speed was set at 650 rpm, while mobile phase 

run through the column with 15 mL/min. One column volume for each mobile system was passed 

with descending polarity. Fractions of 20 mL were collected. All the fractions were grouped at 25 

final fractions for CPC of FnnSO and 30 for CPC of FnnSP. 

SFC analysis 

CPC fraction II of FnnSO was treated with SFC technique. For the analysis a Viridis (Waters, 

Massachusetts, USA) semi-prep column with silica 2-ethylpyridine 5 μm and dimensions 10 x 150 

mm, was used. During the analysis, the pressure was isocratic at 150 bar. As co-solvent MeOH 
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was used, starting with 5% and reaching 10% after 3 min. Then percentage stayed stable for 3 

more min and increased at 50% for 3 min. Finally, system returned to initial conditions for 2 min. 

The injection volume was 1 mL and the sample concentration reached 50 mg/mL. 

Prep-HPLC and prep-TLC analysis 

CPC fraction I of extract FnnSP (SFE 10% EtOH) was treated with prep-HPLC, for further 

purification of certain compounds. Specifically, a Supelcosil (Sigma Aldrich, Missouri, USA) 

column LC-18 of 25 cm x 21.2 mm and particles of 5 μm, was used. As elution solvent system a 

gradient mixture of H2O (A) and AcN (B) were used. Analysis started with 2% of B and reached 

40% after 30 min. After 1 min the percentage of solvents returned to initial conditions for the next 

5 min. Flow rate was set at 15mL/min and PDA detector recorded at 254, 280 and 360 nm. 

Selected fractions of CPC experiments were treated with prep-TLC analysis. Development solvent 

system was composed of DCM/MeOH in ratio 98:2 v/v for FnnSO CPC fractions. All the plates 

were developed twice in the same solvent system. 

LC-HRMS analysis 

For the LC-HRMS experiments, 200 μg/mL of each extract were prepared in MeOH/H2O 1:1 v/v. 

All the samples were analysed with a LC gradient consisted of H2O with 0.1% formic acid (FA) 

(solvent A) and ACN (solvent B). The elution method started with 2% of B which stayed for 2 

min. In the next 16 min B reached 100% and stayed for 2 min. Finally, at 21st min, system returned 

to the initial conditions and stayed for 4 min for system equilibration. An Ascentis Express C18 

(150 mm x 2.1 mm, 2.7 μm) column was used for the separation, with stable temperature of 40°C. 

Measurements were performed with a total acquisition time of 25 min and a flow rate of 400 

μL/min. The injection volume was 10 μL and the autosampler temperature was at 7°C. 

Mass spectra were obtained in negative and positive ion mode using an electrospray ionization 

source (ESI). For the negative ionization, capillary temperature was set at 350°C, capillary voltage 

at -30 V and tube lens at -100 V. Sheath and auxiliary gas were adjusted at 40 and 10 arb, 

respectively. For the positive ionization, capillary temperature was set at 350°C, capillary voltage 

at +40 V, tube lens at +120 V, sheath gas 40 arb and auxiliary gas 10 arb. All mass spectra were 

recorded in full scan mode in the range of 115-1000 m/z, with resolving power 30,000 at 500 m/z 

and scan rate 1 microscan per second. HRMS/MS experiments were obtained in data-depending 

method with collision energy 35.0% (q = 0.25). 
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Results and Discussion 

Extraction of FnnSO with adsorption resin XAD-7 

For the extraction of FnnSO, the treatment with resin XAD-7 was selected as the most appropriate 

methodology. Resins were commonly used for the extraction of materials with liquid nature, due 

to their easy applicability, the employment of simple extraction protocols and the rapidity of 

process. In our case, the extraction of 100 mL FnnSO, provided a yield of 2.00 g dry extract. It has 

to be highlighted that the intense flavour of FnnSO extract was close to the characteristic flavor of 

fennel seeds. This fact with combination of the totally green extraction methodology, seems to 

make the starting material feasible for use as ingredient in food and cosmetic products. 

Extraction of FnnSP with UAE and SFE 

FnnSP was extracted with two different eco-friendly methodologies, SFE and UAE. SFE is widely 

used on edible raw materials due to the non-toxic nature of the process. 

Firstly, basket was filled with 50 g of FnnSP and pure CO2 was applied in flow of 15 g/min for 

almost 5 hours, in order to remove the fatty fraction from the starting material, yielding 6.19 g. 

Afterwards, EtOH was added to a content of 10% and the extraction run for 4 hours at these 

conditions, providing 1.56 g of extract. In order to obtain the highest amount of components from 

the raw material, the co-solvent was increased at 20% and extraction was continued for 3 more 

hours. The last extract had a weight of 2.46 g. On pilot scale SFE, removal of fatty fraction lasted 

3.5 h providing a yield of 87.8 g. Flow of CO2 was set at 4 kg/h. Afterwards, 10% of EtOH was 

added as co-solvent for 2 h, leading at the obtainment of 34,7 g of extract (Table 1). 

Untreated sample of FnnSP was also extracted with UAE following the same methodology. At the 

beginning, a defatting step took place in order to remove the majority of fatty fraction, yielding 

1.126 g. Afterwards, FnnSP was extracted with EtOH providing 347.0 mg of extract. For the last 

extraction EtOH/H2O in ratio 1:1 v/v was used yielding 760.3 mg. All the extract yields are 

summarized in detail on table 1. 

Table 2: Yields of FnnSO and FnnSP extracts from UAE, SFE and XAD-7. Results for UAE and SFE are presented as mg/g 

of raw material and for XAD-7 as mg/100 mL of oil. 

Sample type 
Extraction 

method 

Extraction solvent Yield Coding 

FnnSO XAD-7 EtOH 2.0 g/100 mL E1 

FnnSP UAE 
n-Hex defatting 112.6 mg/g - 

EtOH 34.7 mg/g E2 
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EtOH/H2O 1:1 v/v) 76.3 mg/g E3 

SFE 

CO2 defatting 123.8 mg/g 
120.1 mg/g* 

- 

CO2 + 10%EtOH 

w/w 

31.1 mg/g 
47.5 mg/g* 

E4 

CO2 + 20%EtOH 

w/w 

49.1 mg/g E5 

*yields of Pilot scale process. 

All the extracts were compared based on their LC-HRMS profile, as it will be discussed in the next 

section. The intention was to scale up the most productive methodology on pilot level. 

Selection of extracts for isolation process 

In total, 5 different extracts were generated from fennel seeds. One from the cold pressed FnnSO 

and four from FnnSP. More specifically, XAD-7 (E1) from the FnnSO and UAE 100% EtOH (E2), 

UAE EtOH/H2O 1:1 v/v (E3), SFE 10% EtOH (E4), SFE 20% EtOH (E5) from the FnnSP were 

produced. 

Extract of FnnSO was the first one selected for analysis and further fractionation, in order to study 

the non-polar part of fennel seeds. The selection of the by-product extract forwarded for 

fractionation was based on their LC-HRMS profile chromatograms. E3 was the first one rejected 

due to its poor spectrum characterized mainly by peaks attributed to simple sugars. Contrary, 

extracts E2, E4 and E5 revealed richer profiles and had high chemical similarities. In order to 

exclude extracts from further analysis we based on the characteristics of the employed extraction 

techniques. Extract E2 was obtained using UAE methodology, a totally green technique, but with 

higher energy needs and generally UAE is considered as a rougher procedure than SFE. This fact 

made prominent the two SFE extracts (E4 and E5). Given the fact that both extracts had very close 

LC-HRMS profile and that E4 needed the half amount of EtOH for its production, E4 was finally 

selected to be prepared on pilot scale, for further fractionation and purification (Figure 1). 
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CPC based fractionation and isolation of pure compounds 

E1 was treated with four step gradient solvent systems in prep-CPC providing significant results. 

Descending mode was chosen due to the non-polar nature of the extract and experimental Sf 

(stationary phase retention percentage) was calculated at 71%. Following descending mode, the 

most hydrophobic compounds were partitioned in the stationary phase avoiding the tailing over 

the other solutes of the extract. During the extrusion step, non-polar compounds were eluted in 

pure form. Based on NMR spectral data (discussed below), fraction 21 contained high amount of 

pure anethole (Figure 2). Specifically, 866.1 mg of anethole were isolated. In parallel, fraction 2 

weighted 154.6 mg and was enriched on isomers of 1-(4-methoxyphenyl) propane-1,2-diol, a 

solute that is isolated for the first time from Foeniculum vulgare (Figure 2). 

Fractionation of E4, was also conducted with step gradient prep-CPC in descending mode, 

providing different fractions among which fraction 1 (150.6 mg) being noted as the most 

interesting due to its high concentration in syringin. Sf of this experiment after measurements, was 

calculated at 75%. The three above mentioned fractions, fractions 2 and 21 from CPC analysis of 

E1 and fraction 1 from CPC analysis of E4, were chosen for further investigation. 

Figure 12: LC-HRMS Spectra of E1, E2, E3, E4 and E5. With red circle are marked the selected for further analysis. 



175 
 

 

Figure 2: Chemical type of syringin, anethole, psoralen, 2-hydroxy-1-(4-methoxyphenyl)-propan-1-one, scoparone and 1-

(4-methoxyphenyl) propane-1,2-diol. 

SFC and prep-HPLC isolation 

After the CPC analysis of E1, fraction 2 was obtained which was rich in 1-(4-methoxyphenyl) 

propane-1,2-diol isomers. SFC technique was decided to be performed due to its green nature, the 

sort analysis time and the ability to separate isomers. During the isolation process and after three 

injections of 50 mg, 83.4 mg of 1-(4-methoxyphenyl) propane-1,2-diol isomers and 22.9 mg of a 

pure isomeric form were achieved to be separated (Figure 2). For the identification process NMR 

spectroscopy was used. To the best of our knowledge this is the first time that this molecule was 

isolated from Foeniculum vulgare, though it has been previously chemically synthesized [40]. 

Moreover, it should be noticed that in previous studies, 1-(4-methoxyphenyl) propane-1,2-diol 

glucopyranoside was isolated from a methanolic extract of fennel fruits [40]. 

The non-polar compounds of fennel seed were partitioned in FnnSO, while the more polar 

compounds remain at the FnnSP. As a result, CPC fractions of FnnSP had higher polarity that CPC 

fractions of FnnSO. For this reason, HPLC was considered more suitable for compounds 

separation and purification in comparison to SFC, concerning CPC fractions of FnnSP. A total of 

three injections were run, with 50 mg/mL each one. Finally, 49.2 mg of syringin were isolated in 

high purity (Figure 2). 
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Prep-TLC analysis 

In order to isolate minor compounds from specific CPC fractions of FnnSO, prep-TLC was 

performed. Specifically, CPC fractions 3, 4 and 5 of FnnSO were submitted to prep-TLC. After 

isolation and NMR experiments, the solutes scoparone, psoralen and 2-hydroxy-1-(4-

methoxyphenyl)-propan-1-one were identified on fraction 3, 4 and 5, respectively (Figure 2). 

Structure elucidation via 600 MHz NMR 

CPC fractionation of FnnSO extract led to the isolation of pure anethole and a fraction of 1-(4-

methoxyphenyl) propane-1,2-diol isomers. Further analysis of CPC fractions with prep-HPLC, 

SFC and prep-TLC assisted to the purification and identification of four more solutes. Precisely, 

pure syringin was isolated from FnnSP after treatment with prep-HPLC, while scoparone, psoralen 

and 2-hydroxy-1-(4-methoxyphenyl)-propan-1-one were identified from FnnSO CPC fractions, 

after prep-TLC analysis. All the NMR data are described in detail on table 2. 

Table 3:1H NMR proton corelations of anethole, syringin, psoralen, 1-(4-methoxyphenyl) propane-1,2-diol and 2-hydroxy-

1-(4-methoxyphenyl)-propan-1-one. 
*All the molecules were diluted in CDCl3, except of syringin which was diluted in MeOD 

# of 1H Anethole Syringin Psoralen Scoparone 
1-(4-methoxyphenyl) 

propane-1,2-diol 

2-hydroxy-1-(4-

methoxyphenyl)-propan-1-

one 

2 
7.26, d 

J=8.59 Hz 
- - - 

7.26, d 

J=8.57 Hz 

7.92, d 

J=8.96 Hz 

3 
6.84, d 

J=8.81 Hz 
6.76, s 

6.38, d 

J=9.7 Hz 

6.29, d 

J=9.38 Hz 

6.89, d 

J=8.57 Hz 

6.98, d 

J=8.96 Hz 

4 - - 
7.8, d 

J=9.7 Hz 

7.61, d 

J=9.38 Hz - - 

5 
6.84, d 

J=8.81 Hz 
6.76, s 7.68, s 6.95, s 

6.89, d 

J=8.57 Hz 

6.98, d 

J=8.96 Hz 

6 
7.26, d 

J=8.59 Hz 
- - - 

7.26, d 

J=8.57 Hz 

7.92, d 

J=8.96 Hz 

8 - - 7.49, s 6.94, s - - 

1’ 
6.35, d 

J=15.89 

6.55, bd 

J=15.84 Hz 
- - 4.32, d 

J=7.42 Hz 
- 

2’ 6.10, m 
6.33, bt 

J=15.84/5.69 Hz 

7.70, d 

J=2.12 Hz 
- 3.84, dq 5.1, m 

3’ 

1.86, dd 

J=6.63 /1.77 

Hz 

4.22, dd 

J=5.69/1.61 Hz 

6.83, dd 

J=2.07/0.89 Hz 
- 1.04, d 

J=6.42 Hz 

1.45, br d 

J=6.97 Hz 

1-O-CH3 3.80, s - - - - 3.89, s 

2-O-CH3 - 3.86, s - - - - 

6-O-CH3 - 3.86, s  3.92, s - - 
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7-O-CH3 - -  3.95, s - - 

-OH - - - - - 3.82, br s 

1’’  
4.88, d 

J = 7.8 Hz 
- - - - 

2’’ - 3.79–3.40, m - - - - 

3’’ - 3.79–3.40, m - - - - 

4’’ - 3.79–3.40, m - - - - 

5’’ - 3.79–3.40, m - - - - 

6’’ a - 
3.66, dd 

J=12.10/5.32 Hz 
- - - - 

6’’ b - 
3.78, dd 

J=12.10/2.46 Hz 
- - - - 

 

Conclusions 

In the current study, fennel seed oil and the paste generated during the oil production were 

investigated for the design of a holistic green strategy starting from their extraction to the final 

isolation of chemical constituents. In brief, five different extracts were produced and then analyzed 

via LC-HRMS. Specifically, extracts were produced with XAD-7 (E1), UAE (E2, E3) and SFE 

(E4, E5) methodologies. Based on their LC-MS profiles, E1 and E4 were chosen for further 

fractionation. CPC was used to isolate the major compound of FnnSO extract, anethole in pure 

form, while in another fraction isomeric forms of 1-(4-methoxyphenyl) propane-1,2-diol were 

identified; a compound isolated for the first time from Foeniculum vulgare. Further purification of 

the isomers was completed with the support of SFC experiments. Moreover, extract E4 was 

chromatographed with CPC, providing fraction rich in syringin. The enriched syringin fraction 

was injected to prep-HPLC in order to be purified. In parallel, other minor compounds were 

identified from the fractions of CPC using prep-TLC and NMR. Ultimately, two different starting 

materials were used for the development of a holistic green strategy towards their chemical 

investigation. Three different extraction methodologies (XAD-7, UAE, SFE) were employed 

characterized by minimum ecological fingerprint and several advantages with pilot and industrial 

applications. Further fractionation and separation of pure compounds were conducted using state-

of-the-art separation techniques i.e CPC and SFE. Moreover, the extraction methodology of the 

most interesting extract was scaled up to pilot extraction. The design and application of the above 
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research workflow characterized by green methodologies led to the final isolation of major 

compounds and isomeric molecules in high purity and the identification of minor solutes. 
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Thesis conclusion 

VOs constitute an integral sector of human nutrition and are used from ancient time as a main 

source of fat as well as for food flavouring due their exceptional sensory and organoleptic 

properties. Additionally, their distinctive chemical characteristics have established them as agents 

with prominent dermo-cosmetic properties. As a result, food and pharmaceutical industry have 

directed their interest to the development of food and dermo-cosmetic products with VO-based 

composition. The employed methodology for the production of the respective products is of high 

significance due the current demand of the market for products coming from eco-friendly 

procedures with minimum environmental fingerprint. 

In this study, nine different VOs were studied and investigated in terms of their chemical profile 

and dermo-cosmetic properties. In particular, sesame and olive oil, two worldwide commercial 

oils, and fennel seed, grape seed, pumpkin seed, sunflower seed, almond seed, pomegranate seed 

and hemp seed oils that are listed as limited production cold pressed oils, were selected. All of 

them were characterized by high nutritional value and dermo-cosmetic interest. Furthermore, the 

corresponding by-products of the limited production oils were investigated. Due to the high 

available portions of sesame and olive oil, both of them were treated on pilot level, while because 

of the low availability of the rest oils were studied on laboratory scale. The designed research 

pipeline for all the VO was based on green methodologies and the use of non-toxic solvents, 

producing extracts, fractions and pure compounds with edible properties, suitable for the food 

industry. 

Concerning sesame oil, two different extraction methodologies were tested in laboratory scale, in 

combination with CPC, leading at the isolation of pure sesamin, sesamolin and other minor 

compounds. The isolated natural products were evaluated with enzymatic inhibition assays of 

collagenase, elastase, tyrosinase and hyaluronidase. Moreover, a pioneering pilot methodology for 

the isolation of phenolic fraction from edible oils were developed and applied for the first time. 

Liquid-liquid centrifugal extraction and adsorption resins were employed on sesame oil, with 

DMSO as extraction solvent, providing high amounts of crude extract, suitable for in vivo 

experiments.  

Olive oil was also extracted in pilot scale with liquid-liquid centrifugal extraction for the first time. 

As a result, huge quantities of bio-phenols were obtained. After CPC and prep-HPLC analysis 

oleacein, oleocanthal, monoaldehydic form of oleuropein aglycone, monoaldehydic form of 



185 
 

ligstroside aglycone and hydroxytyrosol, compounds characterized by high pharmacological 

interest were isolated in gram scale. In parallel three new natural products, EDA lactone, (1R, 8E)-

1-ethoxy-ligstroside aglycon, (1S, 8E)-1-ethoxy-ligstroside aglycone, were isolated for the first 

time, while (9E, 11E)-13-oxotrideca-9,11-diencoic acid was isolated from olive oil for the first 

time. 

For the seven limited production oil a holistic screening green experimental workflow was 

designed. Fatty acid profile and non-polar compounds of VSPs were investigated with GC-MS. 

VOs and their by-products were extracted with totally green methodologies, food grade adsorption 

resins and SFE-UAE, respectively. Their chemical profiles were obtained with HPLC-DAD and 

LC-HRMS, while enzymatic assays were applied in order to evaluate their dermo-cosmetic 

properties. Their major bioactivity was the anti-collagenase effects, although many extracts 

revealed anti-elastase and anti-tyrosinase activity. The two most interesting raw material (grape 

and fennel seed oils and by-products) based on enzymatic assays results and on chemical profile, 

grape and fennel seeds, were investigated in deep, with green methodologies like CPC and SFC, 

contributing at the isolation of major compounds and identification of other minor compounds. 

Concluding VOs represent an important component of human diet and are considered as a valuable 

source of active molecules. A plethora of experimental treatments have been suggested for their 

exploitation for the improvement of human life quality. However, more research is needed to 

establish methodologies for their extraction, isolation of pure compounds as well as elucidation of 

their chemical composition and evaluation of their biological properties in favour of human health. 


