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Summary 
 

Hops (Humulus lupulus L.) are valued in the brewing industry for providing bitterness, aroma and taste 

to beers and in pharmacognosy for their antioxidant, antimicrobial, sedative and estrogenic effects. Hop 

extracts obtained through sustainable green processes contain valuable bioactives such as bitter acids, 

essential oils and polyphenols. Emerging novel applications of hop extracts are fuelled by the research on 

the ever-widening range of beneficial health effects of hop phytochemicals. This work aimed to develop 

effective supercritical carbon dioxide extraction (SFE-CO2) and pressurized liquid extraction with ethanol 

(PLE-EtOH) for the production of non-polar and polar extracts from dual-purpose Ella hops with high 

yield, strong antioxidant potential and high content of selected phytochemicals. 

After evaluation of commercial one-stage SFE-CO2 process at 10-15 MPa and 40°C of ground Ella hop 

pellets, response surface methodology (RSM) with central composite design (CCD) was applied to 

optimize the SFE-CO2 process at 25-45 MPa for high yield and in vitro oxygen radical absorbance 

capacity (TEACORAC assay). Through optimized SFE-CO2 (37 MPa, 43 °C, 80 min) conditions ~3-fold 

higher extraction yield, antioxidant and bitter acid recovery was achieved under significantly shorter 

extraction time compared to one-stage SFE-CO2 at 10-15 MPa and 40 ℃. The spectrophotometrical 

analysis of carotenoids and chlorophylls showed a negligible amount (<0.04%). The major volatiles 

identified through SPME-GC×GC-TOF-MS analysis, β-pinene, β-myrcene, β-humulene, α-humulene, α- 

selinene and methyl-4-decanoate attributed fruity, herbal, spicy and woody odour to the extracts. 

The impact of SFE-CO2 parameters on the bitter acid content was evaluated and optimized by RSM-CCD 

for maximum recovery. The optimal conditions (36 MPa, 40 °C, 90 min) produced a similar yield and 

higher total bitter acid content as the recovery of α-acids increased compared to the previous SFE-CO2 

extract (37 MPa, 43 °C, 80 min). 

The antimicrobial effect of the SFE-CO2 extract (36 MPa, 40 °C, 90 min) was determined through agar 

well diffusion assays and confirmed against a strain of S. aureus and E. coli. The effect of the extract was 

also tested on the viability of skin cancer, healthy keratinocyte and fibroblast cells. 

Under the biorefinery concept, the residue of bitter acid optimized SFE-CO2 (HR) was further utilized for 

the extraction of polar compounds. PLE-EtOH process was optimized by RSM-CCD for high yield, 

antioxidant activity (measured by TPC and ORAC assays) and recovery of xanthohumol, a bioactive 

prenylflavonoid (analysed by HPLC-DAD). Optimal conditions were separated, maximized yield coupled 

with strong antioxidant potential (85 °C, 18 min), and maximized xanthohumol content (40 °C, 15 min). 

The PLE-EtOH extracts proved to have antimicrobial effects against a S. aureus strain in an agar well 

diffusion assay. 
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Santrauka 
 

Apyniai (Humulus lupulus L.) aludarystėje yra labai vertinami, nes alui suteikia kartumą, specifinį kvapą 

ir skonį, o farmacijoje dėl jų antioksidacinio, antimikrobinio, raminamojo ir estrogeninio poveikio. 

Taikant įvairius ekstrakcijos metodus apynių ekstraktuose galima sukoncentruoti nemažai vertingų 

bioaktyvių junginių, tokių kaip karčiosios rūgštys, eteriniai aliejai ir polifenoliniai junginiai. Papildomai, 

moksliniai tyrimai apie apynių fitocheminių komponentų teigiamą poveikį sveikatai leidžia pagrįstai 

tikėtis, jog tokie ekstraktai turėtų plačias pritaikymo galimybes įvairiose maisto, farmacijos ir kosmetikos 

pramonių srityse. Šio darbo tikslas buvo sukurti efektyvius apynių virškrizinės CO2 ekstrakcijos (SKE- 

CO2) ir ekstrakcijos etanoliu aukštame slėgyje (ETPS-EtOH) pocesus, siekiant pagaminti nepolinius ir 

polinius aromatinių/karčiųjų Ella apynių ekstraktus, pasižyminčius didele išeiga, aukšta in vitro 

antioksidacine geba ir dideliu tikslinių fitocheminių medžiagų kiekiu. 

Apynių SKE-CO2 procesas buvo optimizuotas taikant CCD-RSM, siekiant gauti didžiausią ekstrakto 

išeigą bei deguonies radikalų absorbcijos gebą in vitro. Taikant optimalias SKE-CO2 sąlygas (37 MPa, 43 

°C, 80 min) per žymiai laiką buvo gauta 3 kartus didesnė išeiga, in vitro antioksidacinis aktyvumas bei α- 

ir β-karčiųjų rūgščių kiekis lyginant su tradiciškai pramoninei apynių ekstraktų gamybai taikomu vienos 

pakopos SKE-CO2 10-15 MPa slėgyje bei 40 ℃ temperatūroje. Pigmentų karotinoidų ir chlorofilų kiekis 

ekstraktuose buvo <0,04%. Pagrindiniai identifikuoti lakieji aromato junginiai nustayti SPME-GC×GC- 

TOF-MS metodu buvo β-pinenas, β-mircenas, β-humulenas, α-humulenas, α-selinenas ir metil-4- 

decenoatas, kurie ekstraktams suteikė vaisių, žolelių, aštrų bei medienos kvapus. Papildomai vertinant 

SKE-CO2 parametrų įtaką karčiųjų rūgščių kiekybinei ir kokybinei sudėčiai nustatyta, kad ekstrahuojant 

apynius šiek tiek žemesniame slėgyje bei temperatūroje (36 MPa, 40 °C, 90 min) galima išskirti didžiausią 

α-ir β-karčiųjų rūgščių kiekį. Nustatyta, kad šis SKE-CO2 ekstraktas slopina S. aureus ir E. Coli 

patogeninių bakterijų augimą bei turi įtakos odos vėžio bei sveikų ląstelių (keratinocitų ir fibroblastų) 

gyvybingumui. 

Poliniams junginiams išskirti iš apynių liekanos po SKE-CO2, buvo optimizuotas ETPS-EtOH procesas 

siekiant gauti didžiausią ekstrakto išeigą, in vitro antioksidacinį aktyvumą bei bioaktyvaus 

prenilflavonoido ksantohumolio kiekį ekstrakte. Remiantis gautais rezultatais, buvo nustatytos šios 

optimalios sąlygos: (1) 85 °C ir 18 min didžiausiai išeigai ir in vitro antioksidaciniu aktyvumu pasiekti; 

(2) 40 °C ir 15 min didžiausiam ksantohumolio kiekiui ekstrakte gauti. Nustatyta, kad be aukštos 

antioksidacinės gebos šie ETPS-EtOH ekstraktai pasižymėjo ir antimikrobiniu aktyvumu prieš S. aureus 

padermę. 
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Introduction 

Hops (Humulus lupulus L.), family Cannabaceae, are perennial climbing plants harvested for their 

resinous cones (flowers). Current hop pelletization technologies allow for reserving 90% of cone 

material (T-90) without significant change in their chemical composition. Today, more than 90% of 

hops produced are used in the brewing sector to provide organoleptic characteristics such as 

bitterness, aroma, and taste to beers [1]. Hop products are known for their sedative, antioxidant, and 

antimicrobial properties [2]. In recent years, diverse health-improving effects such as anti- 

inflammatory, anticarcinogenic, antitumor, antidiabetic and neuroprotective activities were also 

ascribed to hop phytochemicals [3–5]. In light of these discoveries, hop products (especially extracts) 

with valuable organoleptic and bioactive components such as essential oils, bitter acids, and 

prenylflavonoids are in demand by the food, nutraceutical, agricultural, pharmaceutical and 

cosmetical industries. 

Supercritical carbon dioxide extraction (SFE-CO2) is a commercially widespread green technique 

used by the hop extract industry. This process is considered sustainable, safe, not hazardous for the 

environment, the CO2 gas is readily eliminated (and may be recirculated) from the extracts. At an 

industrial scale, SFE-CO2 is typically performed at relatively low pressures (up to 15 MPa) as a one 

stage process to recover jointly the essential oils and a fraction of bitter acids or as a two-stage process 

to obtain them in separate fractions from hops or their pellets [6–9]. However, the commercial SFE- 

CO2 extractions are characterized by prolonged extraction times and the produced extracts are tailored 

for the brewing processes [9–11]. Optimization for single or multiresponse desireability function with 

chemometric tools such as design of experiments (DOE) based on response-surface methodology 

(RSM) coupled with three-level full factorial, central composite (CCD), or Box-Behnken designs 

could increase the effectiveness of the extraction processes. In line with the biorefinery concept, the 

hop residue after SFE-CO2 can be further utilized by extracting the valuable polar components (e.g. 

polyphenols) that remain in the plant material, through similarly optimized pressurized liquid 

extraction (PLE) technology [12]. Therefore, a multi-step valorization of the hop material could be 

achieved, which is lacking in the industry now. 

The multi-step extraction processes following the biorefinery concept can be based on dual-purpose 

classified hop varieties such as Ella, Columbus, Galaxy, etc. which are rich in both essential oils and 

bitter acids. Our chosen material is Ella (previously named StElla), a popular dual-variety from 

Australia, characterized by relatively high bitter acid content (13-19%) and hoppy, floral notes thanks 

to its essential oils. The single variety H. lupulus  extracts with different bioactive compound 

compositions and therefore selective properties can find novel applications in the functional food, 

nutraceutical, pharmaceutical, and cosmetic industries [2]. Consequently, optimizations of the 

extraction technologies for various purposes are a relevant subject and could make a significant effect 

on the utilization of hop extracts in the futu re. 

Therefore this research was aimed to develop effective SFE-CO2 and PLE-EtOH processes for the 

production of non-polar and polar extracts from dual-purpose Ella hops with high yield, strong 

antioxidant potential and high content of selected phytochemicals. The set goals for the fulfillment of 

these aims were the following: 

1. To optimize SFE-CO2 process parameters using RSM-CCD to produce hop extract with high 

yield, strong antioxidant potential and maximum recovery of α-and β-bitter bitter acids. 
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2. To compare efficiency of optimized SFE-CO2 to the commercial one-stage SFE-CO2 process 

of hop extraction industry. 

3. To compare in vitro antioxidant activity and phytochemical composition (α- and β acids, volatile 

constituents and pigment content) of selected SFE-CO2 extracts. 

4. To evaluate antimicrobial properties and determine the effect on the viability of cancerous and 

healthy skin cells of the selected SFE-CO2 hop extracts. 

5. To optimize the PLE-EtOH process parameters using CCD-RSM for high yield, in vitro 

antioxidant activity and recovery of polar prenylflavonoids from the hop SFE-CO2 residue. 

6. To evaluate the phytochemical composition (prenylflavonoid- and pigment content), antioxidant- 

and antimicrobial properties of various hop PLE-EtOH extracts. 
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1. Literature review 

1.1. Morphology, varieties and production of hops 

Hops are dioecious, perennial climbing plants from the family of Cannabaceae, the only other 

representative is Cannabis (hemp and marijuana). Humulus lupulus L. is the only species of its genus 

that produces resinous cones (flowers), utilized at an idustrial scale [1]. These cones contain the 

lupulin glands which secrete the essential oils and other resinous compounds, polyphenols that are of 

interest to the food, pharmaceutical and cosmetic industry. 

Hops are classified for their characteristics used in brewing: bitter, aroma, or dual purpose. Bitter 

hops have higher α-acid content (~8.6 – 23.0 %) than the aroma hops (~3.8 – 5.1 %) which are used 

for their characteristic volatile compounds (fruity, pineapple, citrus, etc.) [13]. Dual-purpose hops 

have a relatively high level of both aroma components and bitter acids [14]. Widely known aroma 

varieties are Hallertau, Spalt and Mount Hood, bitter are Admiral, Yakima Cluster, and Zeus, and 

dual-purpose are Cascade, Hüller Bitterer, and Galaxy. Ella is a dual-type originating from Australia. 

On the market, the % of α-acid content of hops is a parameter for the price, none the less the increasing 

value of aroma-type hops is changing the rules of the market. The annual hop production amounted 

to 80 to 100 thousand tonnes, which equals 8 to 10 thousand t α-acid according to the European 

Commission. Production has been growing and by 2019 it increased to over 120 thousand t, recent 

years saw a surplus in some regions e.g. Europe [15]. Hops are dried and usually immediately 

pulverized or pelletized after harvest to minimize the loss of bitter and aromatic substances due to the 

oxidative degradation caused by storage temperature, presence of oxygen and, passing of time. To 

this end, dried hop products are packaged in aluminum foil packets under an inert atmosphere and 

stored in cold storage (temperature 0–4 °C) or even in frozen form. The two major types of hop pellets 

are the T-90 and T-45, retaining 90 or 45 % of the material and have indistinguishable or half of the 

main chemical components (bitter acids, essential oils, polyphenols), respectively [16]. Hops can be 

further processed by supercritical carbon dioxide extraction. Thus, extraction and isolation of 

valuable compounds allow for more precise application methods while the form of the product and 

its required storage conditions are both economically and technologically advantageous for the 

industries [17]. 

1.2. Application 

Hops have been used as a healing plant for over two millennia, it has been recommended against 

sleeplessness, sores and ulcers, external poultice for inflamed bowels, chest and throat-colds. Also 

for constipation, as part of cough mixtures, given as a tea for headache and bladder inflammation, as 

an infusion for period pain, as a warm application for ear and toothaches, as a filled pillow against 

rheumatism and many others [18]. Throughout the 11th to 16th-century hop cones were added to beer 

in Europe, which had been flavored with other herbs before (e.g. wormwood), its purpose was to act 

as a preservative, the bitter taste was an additional characteristic. The young shoots of the hop plants 

in the spring were made into salads, the wax from tendrils provided a reddish-brown dye, the fibers 

were used in textiles, the hard stalk for basket waving, and the leaves and spent hops were given to 

animals [19]. The Food and Drug Administration of USA decleared “essential oils, oleoresins 

(solvent-free), and natural extractives (including distillates) of Humulus lupulus L. […] GRAS for 

human consumption” ([21CFR182.20]). Today more than 90% of produced hops are used in the 

brewing sector. It contributes to beer by providing characteristic aroma, bitterness, flavor stability, 

mouthfeel, foam, lacing and inhibits the growth of spoiling microorganisms [20]. Hops are applied 

by various methods e.g. ‘first wort hopping, late-boil addition, dry hopping, etc., the timing of 
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addition and type of hop product greatly influence the beverage [1]. Every variety has its characteristic 

volatile profile and key odorant compounds, based on the absence/presence and different ratios of 

these compounds distinct flavor can be realized in beers [21]. Other beverages sold include sparkling 

Hoptea (made by Hoplark, Inc.) and dried mixes of herbs for tea concture [22]. In Europe, hops 

supplements are found in the form of powders, liquid extracts (ethanol extract drug extract ratio/dry 

extract ratio 1:1; sweet wine extract 1:10), tinctures (ethanol extract 1:5), and dry extracts (50% 

methanol extract DER 4 to 5:1) [23]. The German Commission E has given its approval for using 

hops in cases of anxiety, restlessness, and insomnia. Products for the treatment of insomnia and other 

sleep disorders are made up of hop cones or in a mixture of herbs with similar sedative effects e.g. 

Valeriana officinalis [24], but it has to be noted that hops might interact with and decrease or increase 

the effect of sedative drugs. Herbal remedies containing hops for aiding sleep can be also found in 

the form of capsuled products, content can range from 30 to even 445 mg of hop in available products. 

Before the arrival of hop picking machines in the early 20th century, the cones were harvested by 

hand, besides increased tiredness at this time, women hop-pickers complained about menstrual 

disturbances. Studies showed a strong estrogenic effect of hop products, the potent hop phytoestrogen 

responsible, 8-prenylnaringenin was identified in 1999 by Milligan et al. [25]. 

 

 

Figure 1. Industrial and lab-scale application of hop products in the food, pharmaceutical 

and cosmetic industry and corresponding effects 
 

Today it is used for menopausal symptoms, hormonal imbalances in the form of dietary supplements 

[26]. Based on the method and its conditions standardized extracts were produced, which can be 

applied in the food industry (see Figure 1), e.g. improving fermentation of spirits [27, 28], processing 

aid for yeast and sugar production [29], antibacterial for ethanol production [30, 31], as nutraceutical 

functional food ingredients [32] as algae prevention in water systems and process streams [33], as a 

biochemical miticide for Varroa mite control in beehives in the form of potassium salts of hops β 
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acids [34, 35]. The byproducts after harvesting strobiles as a potential lead absorption material in 

contaminated water systems were applied [36]. Humulus lupulus L. extract as an ingredient in 

cosmetics can be classified as antimicrobial, anti-inflammatory, antioxidant, anti-acne, antiperspirant, 

astringent, emollient, skin conditioning, soothing, tonic and perfuming. SpecialChem, the material 

selection platform offers 24 cosmetic ingredient products containing hop extracts on its own or in 

combination with other active substances [37]. Generally, the extract is incorporated into shower gels, 

creams and masks. In hair cosmetics it provides anti-fungal and antiseborrheic effects to reduce the 

brittleness of hair,  prevent hair loss and dandruff (see Figure 1) [38]. 

1.3. Phytochemical composition 

The average chemical composition of dried hop cones consists of 15-30% total resins, 0.5-3 % 

essential oil, 15 % proteins, 2 % monosaccharides, 0.1 % and trace-amounts of waxes, steroids, 8 % 

ash, 10 % moisture, 43% of cellulose and other. T-90 pellets reflect the chemical profile of the native 

hop[39]. The resins dissolve in diethyl ether and cold methanol. If hot methanol would be used, it 

would disperse the present waxes, which would normally crystallize in cold methanol [1]. The soft 

resins are soluble in hexane, the hard resins are not [40]. Major classes of hop phytochemicals are 

presented in Figure 2. 

1.3.1. Soft resin – bitter acids 
 

Soft resins are grouped into α-acids and β-fraction (i.e. β-acids and uncharacterized soft resins). In 

methanol, the α-acids with lead(II) acetate make an insoluble lead salt, while the β-fraction does not. 

The tertiary alcohol function of α-acids could be involved in the formation of the salt structure [41]. 

The main α-bitter acidsare made up of 35-70% humulone, 20–65% cohumulone and 10–15% 

adhumulone. Present to a lesser extent is posthumulone, prehumulone and adprehumulone. The 

difference between them is in the acyl side chain of the molecule[40]. Their isomerization to iso-α- 

bitter acids is the main reaction that happens optimally at 100-130°C and pH 8-10 during wort boiling 

in beer production. Each α-acid transforms into two iso-α-acids, either in cis or trans forms. These 

isomers become more soluble in water (beer) in contrast to the parent molecules which are insoluble 

in water [20]. The β-acids show poor solubility in water and do not isomerize during wort boiling, 

only trace amounts are transferred into beer, but they are potential bitter taste precursors, just like α- 

bitter acids [42]. The uncharacterized soft resins are the compounds that are left precipitation of the 

α-acids and crystallization of the β-acids [43]. The quantities of α- and β-acids and their homologs 

vary greatly between hop varieties and also depend on climate and cultivation conditions, like 

growing region and year of harvest. The total resins range from 10 to 30 % in dry weight of hop cones 

and T-90 pellets [1]. 



14  

Bitter acids (Soft resins) Polyphenols (Hard resins) Essential oils 

Stillbenes 

Sulfur-containing compounds 

 

 
 

 
 

 

  

 

Humulone 

Adhumulone 

 
Lupulone 

Adlumulone 

Catechin 

Epicatechin 

Epigallocatechin 

Kaempferol 

Quercetin 

 

 

α-humulene 

 

 
α-pinene 

Adprehumulone 

Cohumulone 

Prehumulone 

Colupulone 

Prelupulone 

Postlupulone 

Epigallocatechin-3-O-gallate 
β-caryophyllene 

β-farnese 

β-pinene 

Myrcene 
Limonene 

Posthumulone  

 

 

 

 

 

 

 

 
Caffeic acid 

Ad-multifidol glucodise 

Co-multifidol glucoside 

Multifidol glucoside 
 

 

 

 
 

Ellagic acid 

Xanthohumol 

Isoxanthohumol 

8- prenylnaringenin 
 

Piceatannol 

Pterostillbene 

Resveratrol 

 

 

Linalool 

2- methyl-3-butene-2-ol 
 

Chlorogenic acid 

Ferulic acid 

Rosmarinic acid 

Gallic acid 3- mercaptohexan-1-ol 

4- methyl-4-mercaptopental- 

2-one 

S-methyl 

hexanethioate 

 

Figure 2. Major classes of hop phytochemicals and representative compounds [3] 
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1.3.2. Hard resin – polyphenols 
 

Hard resin is defined by its solubility in methanol or diethyl ether, and insolubility in hexane or low 

boiling paraffinic hydrocarbons [43]. The hard resin fraction in fresh hops consists largely of 

prenylflavonoids (less polar polyphenols) and not of components related to soft resins. The total hard 

resin fraction increases through oxidative aging, by the degradation products derived from the bitter 

acids. Contrary to this, the sum of prenylflavonoids remains unchanged compared to their content in 

fresh hops [24]. Except for the prenylflavonoids secreted by the lupulin glands, the polyphenols are 

present in the strig and bract [1]. Hop cones contain 3 to 6% polyphenols [2]. Their levels are not 

diminished by T-90 type palletization, but the humulone (bitter acid) enriched T-40 type is lacking in 

phenolic compounds. Hop polyphenols may be grouped into flavonols, flavan-3-ols, phenolic 

carboxylic acids (derivatives of benzoic acid and cinnamic acid), and other phenolic compounds 

(prenylflavonoids, stillbenes etc.). The main hop flavonols are quercetin, kaempferol, and myricetin; 

most of them as glycosides. Hop flavan-3-ols are catechin, (−)-epicatechin, and (+)-gallocatechin, 

they can form dimers, trimers, and oligomers (proanthocyanidins) [1]. Examples of phenolic 

carboxylic acids are gallic, protocatechuic, 4-hydroxybenzoic, vanillic, p-coumaric, caffeic, ferulic, 

and sinapic acids among others. 

Prenylflavonoids are secondary metabolites found in hops, their role is the protection against 

pathogens, harmful insects and environmental stress. The general structure of flavonoids consists of 

the core flavane (2-phenyl-benzo-gamma-pyrane). The prenyl group is attached to the flavane 

nucleus, which is responsible for the compound's non-polar characteristics [44]. Based on their 

chemical structure they can be further divided into prenylated chalcones: xanthohumol (XN), 

desmethylxanthohumol (DMX), or prenylflavanones: 6-prenylnaringenin (6-PN) and 8- 

prenylnaringenin (8-PN) [26]. Chalcones, on account of their free hydroxyl group, can isomerize to 

flavanones, found in hop cones at very low concentrations. The isomerization product of XN is 

isoxanthohumol (IXN) [44], and of DMX is 6- and 8-PN [45]. The content of XN ranges from 0.1 to 

1% of the dry cone or T-90 hop pellets, dependent on hop variety [46]. Other flavonoids from 10 to 

100-fold lower abundance are also present, but some have strong bioactive effects such as 8-PN, the 

most potent known plant-derived phytoestrogen [25]. Following the biorefinery concept, the waste 

material left after extraction with SFE-CO2 and the spent hops the by-products of the brewing process 

can be further capitalized. This residue is high in valuable flavonoids such as XN and other non-polar 

compounds. XN is the major flavonoid, that has been the subject of various research due to its specific 

bioactivity, detailed later in this work [47]. 

1.3.3. Essential oil 
 

The content of essential oil (EO) in dry hop cones ranges from 0.5 to 3.0%. The hop EO can be 

grouped into 3 fractions: hydrocarbons (monoterpenes, sesquiterpenes, aliphatic hydrocarbons), 

oxygenated compounds (terpene alcohols, sesquiterpene alcohols, other oxygenated compounds), and 

sulfur-containing compounds (e.g. thioesters, sulfides). The hydrocarbon fraction representing 50 to 

80 % of EO is characterized by the major monoterpenes: myrcene, α-pinene, β-pinene, limonene; and 

the sesquiterpenes: α- humulene, β-farnesene, β-caryophyllene, α-selinene, β-selinene and γ- 

muurolene. Myrcene content can be as high as 52% [48]. The fraction of oxygenated compounds 

increase throughout ripening, product manifacturing, and storage even up to 30 %. It consists of 

terpenic alcohols (e.g. linalool), aldehydes, ketones, epoxides, acids, and esters. Sulfor-containing 

constituents are found at low levels (<1 %) in hop EO. Trasformation of some compounds can take 
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place after metabolization i.e. to α-terpineol and linalool, with anti-inflammatory and sedative 

properties, respectively [49]. 

1.4. Bioactivity of hop phytochemicals 
 

1.4.1. Antimicrobial effect 
 

Hop compounds studied showed antibacterial, antifungal, antiviral and antiparasitic effects, the 

applied materials were essential oil, hop cone and leaves extract (see Table 1), as well as isolated or 

pure constituents. The application of these properties is diverse, from use as a food additive, 

antimicrobial packaging, natural preservative/active antimicrobial agent in pharmaceutical and 

cosmetic products to modulation of the gut microbiome for the treatment of gastrointestinal diseases. 

Table 1. Antimicrobial activity of hop extracts (based on review by Bocquet et al. [50]) 

Hop 

extract 
Bacteria Fungi Virus 

 

 
 

Essential 

oil 

Gram(+): Bacillus subtilis; 

Enterococcus faecalis; Listeria 

monocytogenes; Staphylococcus aureus 

Gram(-): Escherichia coli; KlebsiElla 

oxytoca; KlebsiElla pneumoniae; 

Proteus mirabilis; Proteus vulgaris; 

Pseudomonas aeruginosa; SalmonElla 

typhimurium; Yersinia enterocolitica 

 

 
Candida 

albicans; 

Trichophyton 

mentagrophytes 

 

 

 
n.d. 

 

 

Cones 

extract 

 

Gram+: Bacillus subtilis; Enterococcus 

faecalis; Staphylococcus aureus; 

Staphylococcus epidermidis 

Corynebacterium xerosis 

Gram-: Escherichia coli 

 

Candida 

albicans; 

Trichophyton 

mentagrophytes 

Bovine Viral Diarrhea Virus (BVDV); 

Cytomegalovirus (CMV); Hepatitis B 

(HBV); Human immunodeficiency virus 

(HIV); Herpes simplex virus (HSV); 

Human influenza virus; Human rhinovirus; 

Human respiratory syncytial virus (RSV); 

Yellow fever virus 

Leaves 

extract 

Gram+: Staphylococcus aureus 

Gram-: Escherichia coli 
n.d. n.d. 

nd: no data 

The antimicrobial activity exhibited by hop bitter acids was associated with the incorporation of a 

prenyl group into the bacterial cell plasma membrane [51]. They act as a mobile-carrier ionophore 

causing disruptions in the cell processes, which lead to starvation and cell death [2]. Bitter acids are 

weak acids, their antibacterial effect decreases with lowering of pH. The longer the acyl side chain 

and the higher the count of prenyl groups, the more hydrophobic is the compound, eliciting a stronger 

antimicrobial effect [41]. Studies reported higher antimicrobial activity for β-acids compared to α- 

acids [52]. An antibiotic cream was formulated based on the commercial product Neosporin® with 

lupulone as a substitution for bacitracin, the inhibition zones were found to be similar [53]. SFE-CO2 

hop extract (50% α- and 22% β-acid) inhibited in vitro Corynebacterium xerosis and Staphylococcus 

epidermidis, for this reason, caused body odor reduction in vivo by a hops ⁄zinc ricinoleate containing 

deodorant product [54]. The incorporation of antimicrobial agents into coatings can have a great 

influence on food quality and safety [55]. Supercritical CO2 hop extract was incorporated into 

chitosan-based films successfully [56], encapsulation of lupulin and xanthohumol (XN) into 

nanochitosan proved to have better bioavailability in vitro. Furthermore, the antimicrobial effect 

increased in synergism with chitosan and chitosan seemed to mask the bitter taste, which can be a 
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limiting factor in bitter acid utilization. As in the case of polymeric biofilms developed using soy 

protein isolate, oxidized potato starch, carboxymethyl cellulose or gelatin with incorporated ethanol- 

based hop extract that enhanced their antibacterial and antioxidative properties [57]. Our increasing 

awareness of the role of the human microbiome in certain widespread diseases such as obesity in the 

developed world can help us understand and mitigate, even prevent them. Since bitter acids display 

many and sometimes selective inhibition of microorganisms, the application of hop extract in the 

treatment of chronic metabolic and intestinal diseases may provide a novel method [58]. More 

research is warranted on the use of hop extracts in connection with the living human microflora. 

The antimicrobial effect of certain hop polyphenols against bacteria, fungi, and protozoan parasites 

is connected to their hydrophobicity, their ability to accumulate after entering the cell. Furthermore, 

phenolics influence bacterial cell surface hydrophobicity, the assembly of adhesins in the cell wall 

dependent on sortase activity, this way the adhesion step for biofilm development could be disrupted 

[59]. Alvesalo et al. (2006) demonstrated inhibition by phenolic compounds of gram-negative 

Chlamydia pneumoniae, responsible for some respiratory diseases such as pneunomia. Quercetin and 

myricetin displayed strong inhibitory effect [59]. The phenolics gallic, caffeic and ferulic acids were 

effective against S. aureus, L. monocytogenes and Pseudomonas aeruginosa [60]. Gallic acid also 

inhibited E. coli and its biofilm formation [61]. Prenylflavonoids display inhibition on mainly gram- 

positive bacteria Staphylococcus and Streptococcus. Hop extracts increased sensitivity to linezolid, a 

bacteriostatic antibiotic, effective against e. g. infections caused by multidrug-resistant enterococci 

and methillic resistant S. aureus (MRSA) [62]. Additionally, synergism was observed with 

ciprofloxacin and tobramycin. Polymyxin is not active on gram-positive organisms by itself however 

exhibited an inhibitory effect in combination with XN [53]. Research on the effectiveness of MRSA 

inhibition by ethanol extracts of hops (90% ethanol) showed positive results [47, 63, 64], with 

antibiotic rifampicin the effect was eight times more active in combination with XN. Nosocomial 

infectious antibiotic-associated diarrhea caused by Clostridium difficile is not easily treatable, XN 

showed inhibiting effects comparable to antibiotics for resistant bacteria [65]. Hop extract (total 

polyphenols 7.1 ± 0.35 μg/mg of extract) inhibited Influenza A virus replication prior, during and 

even after infection, and reduced infectivity of tested strains (PR8, NWS, pH1N1 and ULSTER), 

implying that the inhibitory effect is additive [66]. These results indicate that flavonoids from spent 

hops and other polyphenols can be lead compounds in natural pharmaceutical products [47]. 

The antimicrobial activity is lower for essential oil extracts without the presence of bitter acids and 

hard resins [2]. Nuutinen (2018) reviewed the antimicrobial activities of terpenes found in Humulus 

lupulus EO [4]. Myrcene showed an inhibitory effect against gram-negative Escherichia coli and 

Proteus vulgaris bacteria [67]. While β-Pinene was effective against S. aureus, Ec. faecalis, E. coli 

and P. vulgaris, additionally, medium effect against Candida albicans was also observed [67]. 

Humulene inhibited Enterococcus faecalis, E. coli, Pseudomonas aeruginosa and SalmonElla sp, 

similarly to β-Caryophyllene [67]. 

1.4.2. Antioxidant effect 
 

Plants are well-known sources of natural antioxidant compounds, which can help treat and prevent 

various oxidative stress-related diseases (tumors, diabetes, Alzheimer’s, Parkinson’s, etc.). Besides 

the very active polyphenols (e.g. xanthohumol), other hop constituents, bitter acids and essential oil 

terpenes (linalool, β-pinene, γ-terpinene, β-farnese) also portray antioxidant potential [2]. 
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The antioxidant effect of bitter acid compounds was studied in the form of extracts, enriched extracts 

and purified components. Humulone and lupulone exhibited inhibition of lipid peroxidation, all 

results indicated higher activity than that of R-tocopherol and ascorbic acid in 2,2-diphenyl-1- 

picrylhydrazyl free radical scavenging activity (DPPH-RSA) assay [68]. RSA was not the same for 

bitter acids. From the strongest to the weakest: α- acids, β-acids, dihydro-iso-α-acids, hexahydro-iso- 

α-acids, and tetrahydro-iso-α-acids (IC50; 0.21, 0.96, 1.36, 1.40, 1.78 mg/mL, respectively). For lipid 

peroxidation inhibitory activity (LIA): α-acids, β-acids, iso-α-acids, tetrahydro-iso-α-acids, dihydro- 

iso-α-acids, hexahydro-iso-α-acids [69]. Prevalent links were found between strong in vitro oxygen 

radical scavenging capacity and high soft resin, mainly humulones, content in various hop extracts 

[70–72]. 

Generally, polyphenols exhibit different types of antioxidant effects, scavenging of reactive oxygen, 

singlet oxygen and nitrogen species (hydroxyl, peroxyl, superoxide, hydrogen peroxide). They also 

suppress enzymes such as NADPH oxidase, cyclooxygenases, xanthine oxidase and lipoxygenases 

that are responsible for the generation of reactive oxygen species [2]. Their antioxidant potential is 

connected to the position of hydroxyl groups and their number, and the additional OH-groups on 

carbons in the 4th position may have an enhancement effect [73]. In combination with total flavonoid 

content (TFC), in vitro oxygen radical absorbance capacity (ORAC) assay, DPPH, ABTS and ferric 

reducing ability of plasma (FRAP) assay, the antioxidant capacity can be more accurately 

characterized, especially for comparison with existing literature [74, 75]. Gerhauser [76] reported that 

in ORAC assay the most active compounds were cinnamic, caffeic, and ferulic acids, gallocatechin, 

xanthohumol, and myricetin from phenolic compounds. 

Results of antioxidant assays (e. g. TBARS, DPPH) of terpene compounds of essential oil are 

contradicting, properties range from neutral to strong activity and even pro-oxidant for the same 

compound (linalool) [2]. β-caryophyllene prevented lipid oxidation more effectively than 

antihyperlipidemic drug Probucol or α-tocopherol [77], while in another study it showed results closer 

to IC50 of ascorbic acid by DPPH and FRAP [78]. 

1.4.3. Anti-inflammatory and anticarcinogenic activities 
 

The anti-inflammatory properties of hop bitter acids and their derivatives (especially iso-α-acids) 

affect different diseases through inhibition of COX-2 driven PGE2 production, - the transcriptional 

activity of NF/κB, AP-1 and CREB, -kinases (responsible for inflammatory signals), also interacting 

with pro-inflammatory cytokines such as interleukin ((IL)-10) [5, 69]. Bitter acids can influence the 

detoxification enzymes in control of cytochrome P-450 enzymes that activate various procarcinogens, 

colupulone exerted such effect in vivo in mice [79]. Angiogenesis inhibition was exerted by humulene 

and lupulone in different ways. Inhibition of proliferation was reported for lupulone (colonic 

carcinoma, human leukemia U937 cells) [80], colupulone and hexahydrocolupulone (human breast 

cancer) [81]. 

Hop polyphenols exert various anticarcinogenic activities [82]. The prenylflavonoids are powerful 

selective inhibitors of cytochrome P450 enzyme family [83]. Polyphenols can inhibit enzymes such 

as matrix metalloproteinase, vascular endothelial growth factor, in effect hindering angiogenesis (the 

formation of new vessels). Quercetin kaempherol, Ellagic acid, myricetin were eliciting these kind 

of effects [2]. The enzymes quinone reductase, glutathione S-transferase and UDP-glucuronosyl 

transferase are activated by quercetin, myricetin, kaempferol and xanthohumol and thus influence 

detoxification of carcinogens [82]. 6-PN and 8-PN ( 50 - 100 μmol/L) also interferes with enzymes, 
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in vitro, a strong inhibition of cellular histone deacetylases activity was reported in melanoma cellsm 

the cell viability decreased and the growth inhibited [84]. Flavonoids can have an effect on aromatase 

enzyme, which transforms androgens to estrogens in the breast, and thereby controls estradiol levels 

in the blood [85]. Consequently, inhibiting the aromatase enzyme with dietary supplements in obese 

menopausal women may be an effective prevention of cancer [86]. 8-PN mimics 17-β-estradiol (10– 

20,000-fold lower potency) and through that suppresses critical symptoms and reduces the risk of 

estrogen carcinogenesis [87]. For example, XN, IX, and 8-PN reduced breast cancer cells 

proliferation and caused apoptosis [85]. 8-PN also showed significant antigenotoxic activity on 

models of main stages of colon tumor formation [88]. Seliger et al. (2019) concluded that regular 

intake of a sufficient variety of plant-derived polyphenols could decrease the level of cardiotoxic 

DAUNol, a less effective and cardiotoxic metabolite of conventional chemotherapy drugs (DAUN). 

In an in vitro study, 8-PN strongly inhibited activation of NF-κB, the gene expression regulator of 

genes that produce proteins in connection with inflammation-inducing factors [90]. The inhibition of 

NF-κB activation is the chemo preventative target also demonstrated by the flavonoids kaempferol, 

quercetin, naringenin, and anthocyanin [91]. 

Myrcene is one of the main terpenes found in hop essential oil in many varieties. When the anti- 

mutagenic activity of myrcene was studied, it inhibited some forms of cytochrome P-450 isoenzymes 

[24]. Myrcene also affected UVB-induced human skin photoaging, suggesting the possible utilization 

in UV-filter sunscreen products (see Figure 1) [92]. The sesquiterpene, humulene showed anti- 

inflammatory effects and reduced NF-kB activation, furthermore caused apoptosis in colorectal 

cancer cells [4]. While caryophyllene and caryophyllene oxide generated apoptosis through the NF- 

κB pathway as well in lymphoma and neuroblastoma cells [93]. 

The terpene alcohol abundant in hop EO, linalool acts against the proliferation of cervical, skin, 

stomach, bone, breast and, liver cancer cells [101]. Furthermore, it activated the production of 

cytokines responsible for the regulation of tumor formation [100]. As well as selectively reduced the 

number of melanoma cells and prooxidant activity in tumor tissues in comparison with antioxidant 

activity in liver tissue [4] and reversed doxorubicin resistance in human breast cancer cells [96]. 

Additionally, significantly enhanced cytotoxicity and apoptosis in combination with nanoparticles 

against ovarian carcinoma-type cancer cells [97]. 

1.4.4. Estrogenic effects 
 

8-PN shows distinct estrogenic activity based on the position of the prenyl group at C8 [98]. The 

estrogenic activities can be asserted in two ways: (i) binding to specific estrogen receptors and (ii) 

acting as an enzyme effector. Based on the first action they can be called naturally occurring selective 

estrogen receptor modulators [99]. 8-PN is an agonist of estradiol receptors (ER), for ERα the activity 

of 8-PN is 70-fold lower than 17-β-estradiol,. 8-PN shows around twice the affinity for ERα than 

ERβ, while XN has no affinity for the ERs [100]. 8-PN strongly binds to a subtype of ERα, differing 

from other estrogenic isoflavones, which react more with the ERβ [101]. 8-PN augments progesterone 

receptor mRNAs levels comparable to 17-β-estradiol [102]. 

The estrogenic activity of 8-PN makes it effective as a substance used in the treatment of menopause, 

for the reason that it relieves the common symptoms of hot flashes [103]. Treatment could help with 

the difficulties presented by the lack of estrogen in the body [104]. Estrogenic properties and the high 

potency which exceeds the studied phytoestrogens (eg. genistein and daidzein from soy or clover), 

make 8-PN and thus hop supplement/extracts a feasible alternative to Hormone Replacement Therapy 
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(HRT), even effective in the prevention and treatment of osteoporosis and control of climacteric 

symptoms [26]. Complementary and alternative therapeutic approaches of HRT are at the forefront 

of research, and in demand by patients [105, 106]. 

8 PN also showed positive outcomes for menopause accompanying osteoporosis based on its binding 

to ERα in bone tissue [107]. Regular intake of estrogenic flavonoids is a potential habit that could 

help prevent osteoporosis and contribute to bone health. Osteoporosis, a decrease in bone mass and 

density happen when the bone formation and bone resorption are not regulated equally [26]. 

Prenylflavonoids may influence gene expression in bone cells by repressing osteoclast expression It 

is assumed that prenylflavonoids can modulate gene expression in bone cells, enhance expression in 

osteoblasts responsible for the formation of bone tissue and suppress the expression of bone cells that 

resorbs bone tissue. 8-PN was analyzed as a possible preventative substance against osteoporosis in 

vitro and in vivo with positive results [108]. Osteogenic differentiation is also affected in vitro by 6- 

PN, XN, and IXN through other mechanisms [22]. 

1.4.5. Sedative effects 
 

Hops were noted for their sedative and relaxing effect centuries ago. Schiller et al. [109] identified 

the α-acids as responsible for these effects, however, β-bitter acids and EO also have some effect. 

The studied hop extracts decreased the spontaneous locomotor activity and body temperature, while 

the ketamine-induced sleeping time increased. The α-acids modulated GABA- induced responses, 

this was reported in other studies as well for hop extracts[110], and XN [111]. Humulone and 6-PN 

were exerting the greatest modulatory effects at low µmol concentrations through GABAA receptors 

[112]. Cohumulone and adhumulone showed less effect and 6-PN was the most effective positive 

allosteric modulator out of prenylflavonoids XN, 8-PN and IXN [113]. Zanoli et al. [114] reported a 

similar effect on sleeping time and behavior despair by a hop SFE-CO2 extract and an α-acid fraction. 

The essential oil component linalool was also reported to have anxiolytic, sedative and hypnotic, 

effects in mice, while no effect on motor performance was observed [115]. The suggested mode of 

action is through the GABAA receptor modulation similarly to the other hop constituents mentioned 

before [112]. 

1.4.6. Metabolic disturbances and vascular diseases 
 

Iso-α-acids positively alter lipid metabolism, glucose tolerance, and body weight. These derivatives 

effectively lowered serum triglycerides and raised serum HDL-cholesterol, and reduced insulin 

resistance [116]. Also, significant improvement was observed in cognitive decline induced by a high- 

fat diet in mice [117]. Iso-α-acids may be utilized to prevent obesity-related to food consumption, but 

because of their bitterness, their acceptability by subjects can be negatively influenced. To solve this 

problem, an extract rich in oxidized hop bitter acids, with less bitterness, safely reduced body fat over 

a period of 12 weeks. Especially the abdominal visceral fat of healthy humans that are overweight 

was affected in a placebo-controlled study of 200 subjects [118]. The effect of beers with different 

bitter acid content (α-, β-, and iso-α-acids) on gastric acid secretion was studied [119]. Reportedly, 

this action is in correlation to their bitter acid levels (α-acids < iso-α-acids< β-acids). The authors 

attributed the effect to the bitter taste [40] and proposed that so-called ‘stomach-friendly beer’ could 

be made. 

Phenolic compounds show positive effects in diabetes-related diseases, on lipid metabolism, thus 

influencing obesity. Hop flavonoids have blood-sugar and cholesterol-lowering effects contributing 
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to their positive effect on obesity. XN reportedly plays part in the inhibition of diacylglycerol 

acyltransferase, the secretion of apolipoprotein B, a major representative of the cholesterol LDL, and 

α-glucosidase that controls the level of blood glucose [120–122]. 8-PN treatments reduced 

triglyceride, cholesterol and alkaline phosphatase presence, prevented body weight gain and increased 

insulin sensitivity, glucose tolerance in mice, suppressing lipogenesis. Suggesting that diet rich in 8- 

PN could help cure diabetic-associated metabolic disturbances [123]. 

8-PN can inhibit human platelet aggregation and have anti-adhesive effects. It acts through the 

inhibiting of several proteins necessary for platelet activation and aggregation. 8-PN supplementation 

may be used to help prevent and treat vascular diseases e.g. atherosclerosis, myocardial infarction, 

coronary artery disease, or thrombosis [124]. 

1.5. Extraction techniques for the isolation of bioactive hop phytochemicals 
 

1.5.1. Conventional and intensified extraction techniques 
 

Target compounds of extraction techniques in hops are the bitter acids for their bittering and 

bioactivity (e.g. antimicrobial effect), the polyphenols, especially the prenylflavonoids for their many 

potential health effects (e.g. chemoprevention, estrogenic activity) and the essential oils for their 

aroma properties [2]. According to the nature of these compounds, different methods are applicable. 

The extraction conditions, particularly, the choice of solvent is critical for reaching high purity and 

maximum recovery. The variety of hop, climate and, cultivation conditions, like harvest region and 

year all influence the levels of desirable substances in the plant material [1]. 

Initially, bitter acids were extracted by solid-liquid extraction with organic solvents like hexane, 

methylene chloride, trichloroethylene and alcohols (methanol, ethanol, propanol, butanol) [40]. These 

extracts also contain β-acids, polyphenols, fats, waxes and chlorophyll. The α-acids were the most 

sought-after fraction for beer production, other resins and β-acids were precipitated (aqueous alkali 

metal hydroxide was added to the polar solvent extract solution, the formed product could be later 

utilized in the brewing process) [125]. For extracts rich in polyphenols polar solvents are desirable, 

previous studies were conducted with ethanol, methanol, acetone, ethyl acetate, propanol and, 

dimethyl formaldehyde, etc. [126]. Generally, the polyphenols are said to be extracted more 

efficiently when water is present, however, it is dependent mainly on the applied extraction technique 

and the solvent-water ratio [3]. A hop tannin extract from spent hops (residue after utilization in the 

brewing process) extracted with 90% ethanol-water was made with the help of centrifugation into 

pure resin extract as a sticky dark green fraction and hop tannin extract as yellow water fraction. This 

can also be used in the brewing industry to reduce the perception of sunstruck flavor, precipitate haze 

active proteins and accelerate lautering [127]. 

Essential oils are conventionally extracted by steam distillation [128], hydrodistillation [129], soxhlet 

extraction (for reference purposes). Distillation methods can cause elevated levels of thermal 

degradation products and have the disadvantage of longer extraction time and lower yield [3]. Similar 

volatile concentrates can be obtained by solid-liquid extraction with hexane or ethanol, and when 

liquid CO2 is applied it excludes hard resins and polyphenolic materials in the extract [130]. Soxhlet 

and solid-liquid extraction were performed by alternative bio-based green solvent 2-methyloxolane, 

the study results indicated higher hop aroma yield with faster kinetic and concluded 2-methyloxolane 

to be a potential bio-based extraction solvent [131]. Methyl tert-butyl ether is a suitable solvent for 

quantitative lipid recovery from hops, Soxhlet extracts contained a high percentage of polar 

compounds (47-67%), the most abundant were bitter acids (25-43%) dependent on hop variety [132]. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/triacylglycerol
https://www.sciencedirect.com/topics/medicine-and-dentistry/alkaline-phosphatase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/body-weight-gain
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/insulin-sensitivity
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipogenesis
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Microwave-assisted extraction (MAE), microwave-assisted hydrodistillation (MAH), pulsed electric 

field (PEF), ultrasound-assisted extraction (UAE), pressurized liquid extraction (PLE), pressurized 

hot water extraction (PHWE), pressurized fluid extraction: e. g. supercritical fluid extraction (SFE) 

are successful intensification strategies for the extraction of various hop components [133]. Diverse 

extraction conditions are applied to produce standardized extracts with specialized beneficial effects 

[24]. The extraction should be selective, cost-effective, not hazardous for the environment, therefore 

non-toxic solvents are required such as ethanol or supercritical CO2 [134]. Deep eutectic solvents 

(DES) have been also proposed as a ‘green’ alternative to industrially used organic solvents [135]. 

1.5.2. Supercritical CO2 Extraction 
 

Supercritical CO2 extraction technology has reached significant industry levels over the last decades, 

its key advantages over conventional methods are fast extraction, improved kinetics, no filtration, no 

undesirable solvent traces, fractionation possibilities, high extract quality, and environmental 

sustainability. Economically advantageous as collection and reuse of CO2 are possible in large-scale 

operations [136]. Its technical complexity, large initial investment and the many condition parameters 

to be optimized require adequate human and monetary resources to be profitable. It is a widely used 

technique for producing hop materials used mainly in beer production. Other large-scale operations 

are decaffeination of coffee/tea, extraction of cannabidiol (CBD) oil from Cannabis L. and 

aroma/flavor constituents from plants (berries, herbs) [14, 137–140]. 

The CO2 used can be in a liquid, subcritical or supercritical state. There is no distinction between the 

liquid and gaseous phases in the supercritical state (>30 °C and >7.4 MPa). CO2 has higher variable 

solubility, better mass transfer rates, and selectivity than other solvents used in conventional methods 

[141]. It behaves as a non-polar solvent, extracting non-polar and slightly polar compounds. The 

effectiveness of SFE-CO2 in terms of cumulative yields and selectivity towards specific hop 

constituents can be achieved by modifying P, T, and τ; other factors, such as particle size, co-solvent 

addition may also be important [142]. An increase in T helps with the solute of compounds, however, 

the fluid density will reduce from certain T levels, and cause a decrease in extraction efficiency, 

knowledge of this teeter effect is important for optimization of the process. Extraction conditions 

between 7 to 80°C and 1 to even 40 MPa can yield a wide range of extract compositions. Within the 

subcritical range of 1–1.2 MPa and 7–8 °C the essential oils are favored [141], higher pressure 8-15 

MPa can increase yield [143, 144]. In another study, a CO2 density of 500 kg/m3 (50 °C, 11.15 MPa) 

was reported as optimal considering selective and quantitative extraction of hop EO for aroma variety, 

Saaz [11]. While Zekovic et al. (2007) used 790 kg/m3 gas in a two-stage separation extraction from 

Magnum cultivar. Pressure 12-20 MPa facilitates extraction of bitter acids with an increasing α- 

acid/β-acid ratio [145]. Bitter acid composition is highly influenced by the variety of hop, 

optimization of supercritical CO2 extraction is necessary. Total yield increases at 20 to 40 MPa, 

presence of fats, waxes and chlorophyll will influence extract properties; up to 100 MPa increasing 

levels of polyphenols, tannins are extracted [146]. 

The extraction process can be completed in one stage at continuous pressure and temperature, or in 

two and more stages (see Table 2), often called density programming because pressure and 

temperature have a direct influence on the density of CO2 and thus its solvating power [141]. The 

first step at 8 MPa, 50°C, 2.5 h extracts the most volatile hop oil constituents. Then the hop residue 

is extracted at 11 MPa, 50°C, 2.5 h for isolation of the hop sesquiterpenoid fraction [147]. 
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Table 2. Examples of SFE-CO2 conditions, yield and composition of extract 
 

  Extraction conditions  

Mode Hop variety Type p, 

MPa 

T, 

°C 

τ, 

min 

CO2 

density, 

kg/m3 

Yield (%) Main constituents Ref. 

SFE-CO2 
Magnum bittering 

    13.35 EO [14] 

two stage 7.54 BA, α-acids (41% in E)  

 
Hallertau Tradition aroma 

15 
30 

40 
40 

150 
150 

790 
915 

6.18 
2.46 

-  

 
Spalt Selekt aroma 

    9.09 
2.31 - 

 

 
Saaz aroma 

8-9 50 125 290 - EO (floral) [10] 

11 50  500  EO (spicy, sesquieterpenoid)  

 
Magnum bittering 

28-30 50 - >856 - EO and BA [148, 

85-90 75-90  >967  XN 149] 
 Marynka dual 100 50 - 1082 - XN (6.49 % in E) [151] 

SFE-CO2 

one stage 
Marynka dual 30 50 - 870 

- α-Acids (41%) ; β-Acids (19,5% in E) 

XN (0,15% in E) 

[151] 

 Marynka dual 25 50 - 834 11.4 - [133] 
 Marynka dual, 8.5 50 10 252 - EO (optimal recovery at trap 5°C) [152] 
 Saaz aroma 8-10 30-60 - 200-600 - - [153] 
       - Oleoresin yield (0.01% in HP); 

α-acids (0.04% in E); α-acid/ β-acid ratio 

1,71; 

[154] 

 Nugget dual 20 40 150 840   

 Wye Northdown dual 20 40 180 840 10.75 α-acids (25% in E), β-acids (10% in E) [155] 
 Hallertau Mittelfrüh aroma 20 55 - 754 7.1 - [144] 

 
Magnum bittering 85 80 - 988 

- XN (1.23% in E) 
ISX (0.22% in E) 

[148] 

 Mantiqueira aroma 25 80 110 687 7.6 - [143] 

SFE-CO2 

+ EtOH 
Mantiqueira aroma 25 80 30 687 10.5 

- 
(solvent:material 2:1) 

[143] 

 
Qingdao flower bittering 25 50 - 834 - 

Flavonoids (0.078% in E) 
(solvent:material 50%, EtOH conc. 80%) 

[150] 

SFE-CO2: supercritical carbon dioxide extraction; EtOH: ethanol; EO: essential oil; BA: bitter acids; E: extract; HP: hop pellets; conc.: concentration 
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US patent from 2018 describes oil-enriched extract obtained at 15 MPa (1-8 h; 31-80 °C) de-oiling 

with molecular distillation offers highly specialized composition (6-40% oil), while spent hops in the 

second stage at 25 MPa produces variety-specific bitter acid extract (15-80% α-acids) [145]. 

After the targeted extraction of essential oils and bitter acids, the hop material still contains valuable 

phenolic compounds (e.g. flavonoids) that remain in the material on account of their polar nature 

[156]. Extract rich in XN were prepared from spent hops at 100 MPa, 50°C with a two-stage 

separation (6.49 % xanthohumol) from Marynka [151] or at a very high temperature of 80°C at 85 

MPa (1.23% of xanthohumol and 0.22% of isoxanthohumol) from Magnum [148]. Tyśkiewicz et al. 

(2018) reviewed the SFE conditions studied in the extraction of phenolic compounds from plant 

sources and concluded that the use of carbon dioxide modified by polar solvent may increase the 

effectiveness of the extraction. The methods include modification by addition of ethanol (T ~ 20- 

80°C, p ~ 8-60 MPa), methanol (T~35-100°C, P ~ 10-65 MPa), water (T~30-60°C, p ~ 10-35 MPa), 

aqueous ethanol (T ~ 35-80°C, p ~ 22-39 MPa). Other possible modifiers are ethyl acetate, ethyl 

lactate and hexane, modification can be even done in two or more stages with different modifiers. 

Guo-qing et al. (2005) reached 0.79% yield maximum of flavonoids at the optimal conditions of 50 

°C, 25 MPa from a range of 40-60°C and 20-30 MPa, with the ratio of solvent to material (50%), 

ethanol concentration (80%) from Qingdao big flower [150]. Ethyl-acetate increased yield and 

antioxidant activity of SFE-CO2 extract compared to pure CO2 [143]. The highest phenolic content 

does not correspond necessarily to the highest yield, therefore optimization is a relevant topic. 

1.5.3. Pressurized liquid extraction 
 

Pressurized liquid extraction (PLE), also known as pressurized fluid extraction, enhanced solvent 

extraction or accelerated solvent extraction is a green technique, based on the minimum amount of 

food-grade solvent (especially water [157]) used for selective extraction of bioactive components, 

without change in their bioactivity or chemical structure. Solvents are heated above their atmospheric 

boiling point, resulting in enhanced solubility and mass transfer properties [12]. Factors affecting 

PLE: nature of the analyte, positioning and bonding of the analyte, particle size, water content, 

solubility or diffusion-controlled extraction, and dynamic or static mode. The main parameters of 

extraction are the type of solvent, pressure, temperature and time (number of cycles). Enhancers are 

drying-, dispersing agents, also called ‘inert matrix’ or other additives [158]. Advantages, other than 

the possible use of different polarity solvents, include the control of extraction parameters during a 

fully automated process. Selectivity can be improved e.g. by pre-treated material, and PLE in 

combination with other extraction methods (MAE, PEF, SFE, etc.) to achieve a more effective 

produce cycle. 

PLE has been applied for a wide range of compound groups from plant materials, such as phenolic 

compounds, polyphenols, carotenoids, oils and lipids, essential oils, etc. Čulík et al. [159] developed 

a PLE method for bitter acids of hops as a labor- and cost-saving alternative to EBC 7.7 extraction 

method (used for official bitter acid determination in hop products), the optimized extraction 

conditions were 15 MPa, 80°C, 15 min, solvent: methanol-diethylether (1:1), inert matrix: sea sand 

(50-70 μm). Compared to SFE-CO2 and steam distillation, the recovery efficiency of hop EO with 

PLE was lower, when two stages were applied: first extraction 11MPa, 50°C, 5 min, solvent: hexane 

(45 mL); second extraction at 11 MPa, 50°C, time 5 min, solvent: dichlorometane (45 mL) [160]. 

Pressurized hot water extraction (PHWE) conditions for highly isoxanthohumol enriched hop extract 

(150°C, 10.3 MPa, 6x5 min cycles) were compared to and was more selective for IXN than PLE 

technologies with subcritical ethanol and with three solvents (hexane, ethanol and water) 
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consecutively. A sequence of solvents should extract in a first step (hexane) the lowest polarity 

compounds (terpenes, waxes and bitter acids), for further extractions with more polar solvents, 

ethanol or water are suitable for flavonoids under PLE conditions [161]. 

Following the biorefinery concept, after the extraction of bitter acids and hop oils with SFE-CO2, 

there have been studies about further utilization of the hop residue by UAE with ethanol or methanol. 

After filtration, the phenolic extract can be used for the production of purified xanthohumol through 

several steps [9]. The SFE-CO2 residue was also extracted with ethanol based on good manufacturing 

practices and the extract was standardized as an estrogenic dietary supplement [162]. 

Another refining cycle is proposed, when the polar-compound-rich residue of SFE-CO2 is further 

treated by PLE processes utilizing polar solvents. In this way, the first cycle provides a non-polar 

SFE-CO2 extract containing essential oils and bitter acids, while the second cycle produces a polar 

PLE extract rich in hop phenolic compounds. To the best of the author’s knowledge, optimization of 

SFE-CO2 utilizing hop pellets and of subsequent PLE-EtOH from the SFE-CO2 residue by multi- 

response desirability functions based on RSM-CCD has not been published yet. 
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2. Materials and methods 

2.1. Plant material 

The extracted material for SFE-CO2 was dual-purpose hop cv. Ella T-90 pellets (further abbreviated 

as Ella hops), containing 7.1% moisture, minimum 13.4% α-bitter acids and 1.40% essential oil, were 

obtained from the Baltic Brewing Supplies OÜ (Tallinn, Estonia). Before the extraction experiments, 

pellets were ground by an ultra-centrifugal mill ZM 200 (Retsch, Haan, Germany) using a 0.5 mm 

hole size sieve. Before the PLE experiments, 1150.00 g of ground hop pellets (0.5 mm) were placed 

in a 10 L cylindrical extractor of SFT-110 extraction system (Supercritical Fluid Technologies, 

Newark, DE, USA) and extracted by SFE-CO2 for 30 min in static mode, then dynamic mode at 36 

MPa, 40 °C for 90 min to remove bitter-acid containing lipophilic fraction. .Hop residue after SFE- 

CO2 (further abbreviated as HR) was stored at ambient temperature in sealed glass container prior to 

the further analysis. 

2.2. Chemicals 

6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, 97%) and n-alkane standard 

solution C7-C30 (1000 μg/mL each component in hexane) were purchased from Sigma-Aldrich 

Chemie (Taufkirchen, Germany); 2-(3-hydroxy-6-oxo-xanthen-9-yl)benzoic acid (Fluorescein (FL) 

and 2,2'-azobis-2-methyl-propanimidamide dihydrochloride (AAPH) were from Fluka Analytical 

(Bornem, Belgium); NaCl, KCl, KH2PO4 and K2S2O8 from Lach-Ner (Brno, Czech Republic); 

Na2HPO4 from Merck KGaA (Darmstadt, Germany); carbon dioxide and nitrogen gases (99.9%) 

from Gaschema (Jonava, Lithuania). International Calibration Extract 4 (ICE-4), containing α- and 

β-acids (10.98% of cohumulone; 31.60% of humulone+adhumulone; 13.02% colupulone; 13.52% 

lupulone+adlupulone), was obtained from Labor Veritas AG (Zürich, Switzerland). Analytical 

standards of xanthohumol (≥98%), isoxantholumol (≥98%) and (±)-8-prenylnaringenin (≥98%) were 

obtained from Cayman Chemicals. Divinylbenzene/Carboxen/polydimethylsiloxane 

(DVB/CAR/PDMS) fibers and 20 mL SPME-vials were purchased from Supelco (Bellefonte, PA, 

USA). All solvents were of analytical and HPLC-grade. 

2.3. Extraction of Ella hop by high pressure intensified extraction technologies 
 

2.3.1. Supercritical fuild extraction with carbon dioxide 
 

Ella hop SFE-CO2 extracts were obtained under different experimental SFE-CO2 conditions in the 

SFT-110 extraction system (Supercritical Fluid Technologies, Newark, DE, USA) using 20.000 ± 

0.002 g of ground hop pellets (0.5 mm), placed in a 50 mL cylindrical extractor (38 mm inner 

diameter, 136 mm length) between two layers of the cotton wool to avoid particle carry-over to the 

system. To simulate currently used processes, the impact of the dynamic extraction (continuous flow 

of supercritical CO2) time (15-300 min; further abbreviated as τ) on the SFE-CO2 extract yield was 

determined at the fixed 10, 12.5, and 15 MPa pressure (further abbreviated as P) and 40 °C 

temperature (further abbreviated as T) combinations. In continuation, SFE-CO2 was further optimized 

at the higher pressure levels employing response surface methodology (RSM) using central composite 

design (CCD): P (25-45 MPa), T (40-60 °C); τ (30-90 min). Several response factors were selected 

for first optimization experiment: extract yield (RFI) and ORAC (RFII) and for second experiment: 

cohumulone, mg/g HP (RFI); humulone + adhumulone, mg/g HP (RFII), colupulone, mg/g HP 

(RFIII), lupulone+adlupulone, mg/HP (RFIV), total α-acids, mg/g HP (RFV); total β-acids, mg/g HP 

(RFVI), total bitter acids, mg/g HP (RFVII); α / β ratio (RF VIII). The static extraction of 10 min was 
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conducted prior to each dynamic extraction experiment based on the previously performed studies 

[163–165]. Constant extraction temperature was maintained by the surrounding heating cover of the 

extractor. The flow rate of CO2 was controlled manually by the micro-metering valve and kept at 1.8- 

2.2 SL/min (standard liters per minute at standard state: PCO2 = 100 kPa, TCO2 = 20 °C, ρCO2 = 0.0018 

g/mL) during all experiments. The extracts were kept under the nitrogen flow for 10 min and stored 

in opaque bottles at -18 °C before the analysis. The yields of extracts were measured gravimetrically 

(±0.001 g) and expressed as g/100g hop pellets (further abbreviated as HP). All extraction 

experiments were performed in duplicate. 

2.3.2. Pressurized liquid extraction (PLE) of hop residue after SFE-CO2 

 

PLE was performed from the HR with ethanol as a solvent in an accelerated solvent extraction 

apparatus ASE 350 (Dionex Sunnyvale, CA, USA) 7.500± 0.002 g of HR were mixed with 3.500 ± 

0.002 g of diatomaceous earth (ratio of 2.14:1) and placed in a 15 mL Dionex stainless steel extraction 

cell (2.9 cm diameter, with a stainless-steel frit and a cellulose filter at the ends of the cell to avoid 

solid particles in the collection vial). For the optimization of extraction conditions, PLE-EtOH was 

performed at various temperatures (T, 40-100 °C) and time (τ,15-45 min; 3 cycles × 5-15 min) 

combinations. The system pressure (10.3 MPa), pre-heating time (5 min), cell flush volume (100%) 

and purge time (120 s) with nitrogen to collect the extract in the vial was kept constant for all PLE 

experiments. Ethanol was evaporated in a Büchi V–850 Rotavapor R–210 (Flawil, Switzerland), 

PLE-EtOH extracts were kept in a freezer (-20°C) prior to the analysis, yields were determined 

gravimetrically (±0.001 g) and expressed as g/100 g HR and HP. 

2.4. Antioxidant activity assays of hop extract 
 

2.4.1. Oxygen radical absorbance capacity (ORAC) assay 
 

Following the procedure of Prior et al. [166] with some modifications, 25 µl of the SFE-CO2 (0.03 

mg/mL in MeOH) or PLE-EtOH extract (0.15 mg/mL in MeOH) or blank (MeOH) was mixed with 

150 µL of fluorescein solution (14 µmol/l) in the 96-well black opaque microplates, preincubated for 

15 min at 37 °C, followed by rapid addition of 25 µL of AAPH solution (240 mmol/l) and 

fluorescence recording at every cycle (1 min  1.1, a total of 120 cycles) using 485-P excitation and 

520-P emission filters. Raw data were exported from the Mars software to Excel 2016 (Microsoft, 

Roselle, IL), and the area under the fluorescence decay curve (AUC) was calculated as: 

𝐴𝑈𝐶 = 1 + ∑𝑖=150 
𝑓𝑖 , (1) 

𝑖=1 𝑓0 

f0 – the initial fluorescence reading at 0 min; fi – the fluorescence reading at time i. 

The results were expressed as mg TE/g E, HR and HP using calibration curves with Trolox (250- 

1500 µmol/L). Experiments were performed in quadruplicate. 

2.4.2. Total phenolic content (TPC) by Folin-Ciocalteu’s assay 
 

Folin-Ciocalteu’ Folin-Ciocalteu’ assay was carried out by the procedure of Singleton, Orthofer and 

Lamuela-Raventós (1999), with some modifications. For the analysis, 150 µl of the SFE-CO2 extracts 

(0.3 mg/mL in MeOH) or PLE-EtOH (0.3 mg/mL in MeOH) or blank (MeOH) were mixed with 750 

µl of Folin-Ciocalteu’s reagent (2M), previously diluted with distilled water (1:9, v/v), and after 3 

min of reaction, 600 µl of Na2CO3 solution (75 g/L), left in dark for 2 hours and absorbance measured 
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at 760 nm. The results were expressed as mg GAE/g E, HR and HP using dose-response curves for 

gallic acid (0-80 g/mL). Experiments were performed in quadruplicate. 

2.4.3. Determination of ABTS•+ scavenging assay 
 

Following the protocol of Re et al.[167] firstly, phosphate buffer saline (PBS) solution (75 mmol/l; 

pH 7.4) was prepared by dissolving 8.18 g NaCl, 0.27 g KH2PO4, 1.42 g Na2HPO4 and 0.15 g KCl 

in 1 L of ultra-pure water. The ABTS•+ solution was prepared by mixing 50 mL of ABTS (2 mmol/l 

PBS) with 200 µl K2S2O8 (80 mmol/l) and allowing the mixture to stand in the dark at room 

temperature for 16 h prior to use. The working solution were prepared by diluting the ABTS•+ solution 

with PBS to obtain the absorbance of AU 0.700±0.010 at 734 nm. To a 3000 µl working ABTS•+ 

solution 50 µl of extract (0.25 mg/mL in EtOH) or blank (EtOH) were added, for 2 hours mixtures 

were kept in the dark, then the absorbance measured at 734 nm. The results were expressed as mg 

TE/g E, HR and HP using dose-response curves for Trolox (250-1250 µmol/L). Experiments were 

performed in quadruplicate. 

2.5. Phytochemical composition 
 

2.5.1. Determination of α-and β-acid composition by UPLC-MSn analysis 
 

For the quantitative and qualitative determination of hop bitter acids, 10 ± 0.001 mg of SFE-CO2 

extracts were dissolved in MeOH and further diluted to a final concentration of 10 μg/mL and filtered 

through a polyamide filter into vials before UPLC-MSn analysis. The analysis was performed using 

an Acquity UPLC H-class system (Waters, Milford, MA, USA) combined with a Waters XEVO TQ- 

S mass spectrometer (Waters, Milford, MA, USA). The Acquity UPLC was equipped with a binary 

solvent delivery system, an autosampler with a column thermostat, and a data station running the 

MassLynx 4.0 aquisition and data processing software. An Acquity BEH C18 column (1.7 µm, 

100 × 2.1 mm, i.d.) was used to separate compounds. The mobile phase was initially composed of 

50% eluent A (0.3% of formic acid in water) and 50% B (0.3% of formic acid in acetonitrile), 

followed by a linear increase of B from 50% to 100% in 7 min, then holding at 100% B for 1 min and 

finally equilibrating the column to initial conditions (50% of B) for 4 min. The eluent flow rate was 

0.4 mL/min. The effluent was introduced directly into the mass spectrometer equipped with an ESI 

source. Compounds were monitored by their characteristic fragment ions: 349.16 → 225.08 for 

cohumulone and 363.16 → 239.02 for humulone in the positive ionization mode; 399.29 → 287.12 

for colupulone and 413.29 → 301.13 for lupulone in the negative ionization mode. The capillary 

voltage was maintained at 3 kV, desolvation temperature – 350 C, desolvation gas flow – 750 L/h, 

cone gas flow – 150 L/h, nebulizer pressure – 6 bar. Nitrogen was used as the desolvation and 

nebulizing gas. Argon was introduced into the collisional cell at a rate of 0,15 mL/min as the collision 

gas. The external calibration curve for α-and β-acid quantification was designed using ICE-4 standard 

at concentrations ranging from 2.5 to 30 μg/mL; results were expressed as mg/g E and HP. 

Experiments were performed in triplicate. 

2.5.2. Determination of the total chlorophyll and carotenoid content 
 

As previously described by Lichtenthaler and Buschmann [168], the total content of the selected 

pigments (chlorophylls and carotenoids) was determined spectrophotometrically, measuring the 

absorbance of SFE-CO2 hop extracts (10 mg/mL acetone) or PLE-EtOH hop extracts (2.5 mg/mL 

EtOH) at 662 nm, 645 nm, and 470 nm wavelengths. The concentrations of chlorophyll A, chlorophyll 
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B, total chlorophyll, and total carotenoid content (μg/mL of extract) were calculated using the 

following equations and further expressed as μg/g extract E, HR and HP or μg/g of hop pellets 

(measurements performed in quadruplicate): 

𝐶𝐶ℎ𝑙𝑜𝑟𝑜𝑝𝑦𝑙𝑙 𝐴 = 11.24 × 𝐴𝑏𝑠662 − 2.04 × 𝐴𝑏𝑠645 (2) 

𝐶𝐶ℎ𝑙𝑜𝑟𝑜𝑝𝑦𝑙𝑙 𝐴 = 20.13 × 𝐴𝑏𝑠645 − 4.19 × 𝐴𝑏𝑠662 (3) 

𝐶𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 = (1000 × 𝐴𝑏𝑠470 − 1.90 × 𝐶𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝐴 − 63.14 × 𝐶𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝐵)⁄214 (4) 

2.5.3. Determination of volatile compound composition by SPME-GC×GC-TOF-MS analysis 
 

In order to determine the volatile compound composition, 0.100 ± 0.001 g of SFE-CO2 extracts were 

placed in a 20 mL SPME-vials and subjected to the solid-phase microextraction (SPME) with a 

DVB/CAR/PDMS fiber at the following conditions: temperature 40 ℃, equilibration time 15 min, 

extraction time 30 min. The analysis of SPME-derived samples was conducted on a comprehensive 

gas chromatography-time-of-flight mass spectrometry (GC×GC-TOF-MS) LECO Pegasus 4D 

system, consisting of an Agilent 7890A GC system, a Gerstel multipurpose sampler MPS (Gerstel 

GmbH, Mulheim an der Ruhr, Germany) coupled with a high-speed TOF-MS detector (LECO, St. 

Joseph, MI, USA) and a four-jet cryogenic modulator (Zoex, Houston, TX). The chromatographic 

system was made up of a primary column BPX-5 (30 m, 0.25 mm i.d., 0.25 μm film thickness) (SGE 

Analytical Science, Australia) linked with a secondary column, BPX-50 (2.0 m, 0.10 mm i.d., 0.1 μm 

film thickness). Working conditions were: desorption time 5 min; oven temperature started at 40 °C 

(hold 1 min) and ramped to 250 °C at 7 °C/min rate (hold 1 min); modulator offset temperature 15 

°C; transfer line to MSD 250 °C; the GC injector port temperature set at 150 °C then ramped to 250 

°C at 720 °C/min; carrier gas (He) 1 mL/min; split ratio 1:20; TOF-MS acquisition rate 10 spectra/s, 

mass range 30-550 m/z units; detector voltage 1550 V; ion source temperature 250 °C. Data from the 

GC×GC-TOFMS system was collected by ChromaTOF software v.4.22 (LECO) after a solvent peak 

delay of 360 s. Volatile compounds were identified by comparing their mass spectra with the Adams, 

NIST, MainLib, and Replib mass spectral libraries (acceptable matches: signal-to-noise ratio >50 and 

similarity >750). The linear retention indexes (LRI) were calculated using the retention times of C7- 

C30 n-alkanes series and further compared with previously published data in the literature [169–175], 

when available. 

𝐿𝑖𝑛𝑒𝑎𝑟 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (%) = 100 × ( 𝑛 + 
𝑅𝑡(𝑠)−𝑅𝑡(𝑛)

 
𝑅𝑡(𝑛+1)−𝑅𝑡(𝑛) 

) (5) 

Rt(s) - retention time of compound 

Rt(n) - retention time of alcane eluting before compound 

Rt(n+1) - retention time of alcane eluting after compound 

n - number of carbons in alcane eluting before compound 

 

The results were expressed as GC peak area arbitrary units×107 (further abbreviated as AU) and 

percentage (%) of the total GC peak area. Experiments were performed in triplicate. 

2.5.4. Determination of prenylflavonoid content by HPLC-DAD analysis 
 

Detection and quantification of the selected prenylflavonoids xanthohumol, isoxanthohumol and 8- 

prenylnaringenin was performed as described by Dhooghe et al. with slight modifications [176] in a 

Thermo Scientific Ultimate 3000 HPLC system coupled to a diode array detector and an automatic 

injector (Thermo Fisher Scientific, Waltham, MA). Chromatographic separation was achieved with 

a Phenomenex Luna 5μ C18(2) 100Å 150×4.60 mm column (Phenomenex, Aschaffenburg, 
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Germany) equipped with a security guard column, thermostated at 30 ℃. Solvent A was Milli Q 

water and solvent B 0.25% formic acid in acetonitrile with a constant flow rate of 1.0 mL/min and an 

injection volume of 10 μl. The gradient for the analysis was 0-3 min (20% B); 3-30 min (20-75% B), 

30-35 min (75% B), 35-38 min (75-20% B) and 38-40 min (20% B). Chromatograms were recorded 

at 370 nm for the determination of xanthohumol, and at 290 nm for the determination of 

isoxanthohumol and 8-prenylnaringenin, and analyzed using Chromeleon 7 software. The external 

calibration curves were designed using standard compound at concentrations ranging from 20 to 100 

μg/mL; results were expressed as mg/g E, HR and HP. Experiments were performed in triplicate. 

2.6. Antimicrobial activity measured by agar well diffusion assay 

The agar well diffusion method was used for antimicrobial activity determination, modified from the 

method by Ložienė et al. [177]. Culturing of microorganisms was performed on a slant agar (Plate 

Count Agar (PCA) (REF 610040, Liofilchem, Italy) at 37 °C for Escherichia coli ATTC 8739, E.coli 

NTC 12900 and Staphylococcus aureus ATCC 25923 bacteria and a slant agar from DRBC agar base 

(REF 610237, Liofilchem, Italy) at 25 °C for Candida albicans ATCC 90028 yeast. The bacterial and 

yeast cell suspension was prepared from 18 h culture adjusted to inoculation of 1 × 106 colony- 

forming units per mL (CFU/mL). 200 mL of sterile Plate Count Agar was inoculated with 2 mL of 

bacterial cell suspensions, for yeast 200 mL of DRBC agar base was inoculated with 2 mL of cell 

suspension;15 mL of inoculated agar was pipetted into the sterile Petri plates. After solidification, 10 

mm diameter wells were punched in the agar and filled with 25 μl of hop PLE-EtOH extract solutions, 

prepared in ethanol at 10, 25 and 50 mg/mL concentrations. Solvent (ethanol) were used as a control. 

The plates with bacteria were incubated at 37°C (E. coli ATTC 8739, E.coli NTC 12900, S. aureus 

ATCC 25923), the yeast (C. albicans ATCC 90028) at 30°C for 24 h and the antimicrobial effect was 

assessed by measuing the diameter of clear (inhibition) zones surrounding the wells (diameter of 

inhibition zone + diameter of the well). An average inhibition zone was calculated from 3 replicates. 

2.7. Assessment of keratinocyte, fibroplast and skin cancer cell viability1
 

Healthy immortalized human keratinocyte HaCaT (CLS Cell Lines Service, 300493), healthy 

fibroblast (HDFa) and skin cancer (A-375) cell lines, purchased from the Cell Lines Service GmbH 

(Germany), were selected to evaluate the cytotoxic properties of Ella hop SFE-CO2 extract, obtained 

under the optimized extraction conditions. Cells were seeded in culture flasks containing DMEM 

(Gibco Dulbecco's Modified Eagle Medium, Life Technologies (Thermo Fisher Scientific, Waltham, 

MA, USA)). with 10% of fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin and 

further incubated at 37°C with 5% CO2 and saturated humidity. Culture transfer was performed once 

a week, and the medium was renewed twice a week. Cell viability was assessed by measuring their 

ability to metabolize MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) as 

previously described by Van Meerloo et al. [178]. Briefly, cells were seeded in a 96-well plate (2 × 

104 cells/well) and incubated for 24 hours at 37 °C with 5% CO2, followed by the addition of the Ella 

hop SFE-CO2 extract (5 mg/mL in EtOH/H2O, 30% v/v) at the different volumes (1-150. The control 

cultures were incubated with the culture medium only without the extract tested. After the 24-h 

treatment, the medium was removed, and the cells were washed twice with 100 µL of HBSS (Hanks’ 

balanced salt) solution, followed by the addition of 180 µL HBSS and 20 µL MTT (5 mg/ml). The 

 
 

1 Extracts were provided for Lithuanian University of Health Sciences, analyzed by the research group of Prof. Dr. 

Kristina Ramanauskienė 
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cells were incubated for 2 h at 37 °C with 5% CO2, the solution was removed, leaving the formazan 

crystals at the bottoms of the wells. To solubilize the crystals, 100 µL of DMSO (dimethyl sulfoxide) 

was added to each well, and the level of absorbance was read with a Tecan Multiscan microplate 

reader at the wavelength of 520 nm. Experiments were performed in triplicate. The cell viability (%) 

was calculated using the following equation: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 
𝐴𝐵𝑆𝑆𝑎𝑚𝑝𝑙𝑒 × 100 (6) 

𝐴𝐵𝑆𝐶𝑜𝑛𝑡𝑟𝑜𝑙 

ABSSample:     absorbance     of     extract-treated     cells     treated     after     elimination     of     EtOH/H2O     (30%     v/v)     impact; 

ABScontrol: absorbance of control cells. 

2.8. Experimental design 

Response surface methodology (RSM) using central composite design (CCD) was employed to 

identify optimal SFE-CO2 conditions by determining the effect of pressure (25-45 MPa), temperature 

(40-60°C), and time (30-90 min) on SFE-CO2 extract yield and oxygen radical scavenging capacity, 

selected as the response factors (RF) in the first optimization experiment. The face-centered CCD 

design had 8 factorial, 6 axial, and 6 center points (in total, 20 experimental runs). In the second 

optimization experiment, the effect of P, T and τ was observed on the response factors of cohumulone, 

humulone+adhumulone, colupulone, lupulone+adlupulone, total α-acids, total β-acids and total bitter 

acids content, as well as α/β ratio in the same face-centered CCD design. RSM-CCD was also utilized 

for optimization of PLE-EtOH conditions by determining the effect of temperature (40-100°C) and 

time (15-45 min) on selected RFs: PLE-EtOH yield, xanthohumol content and antioxidant activity 

measured by total phenol content and ORAC. A face-centered CCD with 4 factorial, 4 axial and 5 

center points totaling 13 experimental runs was established. The CCDs and the randomized order of 

experiments, models, and the second-order polynomial equations for all RFs were established using 

the Design-Expert 12 software (Stat–Ease Inc., Minneapolis, MN) as previously described elsewhere 

by our research group [163–165, 179, 180]. Student test (p-value) at 5% probability level (p<0.05), 

'lack of fit' coefficient, and the Fisher test value (F-value) were used to define the statistical 

significance and adequacy of the model and each variable for both RFs. 

2.9. Statistical analysis 

Mean values and standard deviations were calculated using MS Excel 2016. GraphPad Prism 7.04 

software (2017) was used to compare the means that had significant variation (p < 0.05) applying 

unpaired t-test or one-way analysis of the variance (ANOVA), continued with Tukey's posthoc test, 

and calculation of Pearson correlation coefficients (two-tailed, p < 0.05) between selected values. 
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3. Results and discussion 

Dual hops are high-value crops, rich in bitter acids and essential oils, and contain specific polyphenols 

as well. Selected hop compounds are recognized as antioxidative, anti-inflammatory, antimicrobial, 

sedative, estrogenic, anticarcinogenic, antitumor, antidiabetic and neuroprotective agents [3–5]. 

Therefore, besides the traditional application in breweries for their bittering and aroma, or the dry 

relaxing, sedative tea mixtures, hop products found novel utilization areas in the functional food, 

neutraceutical, pharmaceutical and cosmetic industries [2]. Sustainable intensified extraction 

methods such as SFE-CO2 are popular among manufacturers since the 1970s. To satisfy consumer 

and industrial expectations the typical commercial SFE-CO2 requires optimization for the production 

of specialized SFE-CO2 extracts based on single or multipurpose desirability functions. In accordance 

with the biorefinery concept, the polyphenol-rich SFE-CO2 residue can be further extracted with 

optimized PLE-EtOH, a relatively safe, non-toxic polar solvent. Such produce cycle was optimized 

for selected responses in this work, the experimental scheme is depicted in Figure 3 (different colored 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Experimental scheme of the multi-step valorization of Ella hop pellets 

arrows refer to the main stages of this workflow). 
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3.1. Optimization of hop SFE-CO2 for high yield and antioxidant capacity 
 

3.1.1. Evaluation of SFE-CO2 hop extracts prepared at 10-15 MPa pressure 
 

The task of this part of the thesis was to assess commonly used process parameters in the hop 

extraction industry before further SFE-CO2 optimization experiments. The extraction curves in 

Appendix 1. depict the cumulative Ella hop extract yield as a function of time in a one-stage process 

at 10-15 MPa and 40 ℃, which is most commonly applied at the industrial level [9]. The yields and 

TEACORAC values at the final point of the kinetic experiments (after 300 min) are reported in Table 

1. All three extraction curves followed a similar pattern (Appendix 1): ~50% of the final SFE-CO2 

extract yield was obtained after 45 min of extraction, ~80% after 120 min. For 10 MPa, the 

equilibrium state was reached after 180 min, yielding 9.3 g/100 g of light-yellow extract. For 12.5 

and 15 MPa, ~96% of the total extract yields, 19.1 and 22.1 g/100 g, respectively, were recovered 

after 240 min (see Table 3). Thus, the increase in CO2 density from 629 kg/m3 at 10 MPa to 780 

kg/m3at 15 MPa resulted in a remarkable (> 2-fold) increase in yield. Nevertheless, the prolonged τ 

(>240 min) was required to achieve this aim, which is in agreement with the previous data for SFE- 

CO2 of hops at low P range (< 20 MPa) [6, 8, 154]. It could be noted that the shape of Ella hop SFE- 

CO2 curves (Appendix 1.) is almost similar to the previously reported for other hop varieties 

exhibiting a rather long, low-yield period at the beginning of extraction [6, 154, 181]. 

Table 3. Yields and TEACORAC of Ella hop SFE-CO2 extracts obtained under the different experimental 

conditions 

SFE-CO2 parameters 

Samples 
SFE-CO2 I 

10 MPa, 40 °C, 

300 min 

SFE-CO2 II 

12.5 MPa, 40 °C, 

300 min 

SFE-CO2   III 

15 MPa, 40 °C, 

300 min 

SFE-CO2   IV 

37 MPa, 43 °C, 

80 min 

Extract yield, g/100 g HP 9.33 ± 0.46a 19.11 ± 0.88b 22.09 ± 0.76c 26.32 ± 0.46d 

TEACORAC 
    

mg TE/g E 1251.79 ± 6.30a 1281.94 ± 41.22a 1515.16 ± 26.30b 1481.17 ± 50.87b 

mg TE/g HP 116.79 ± 0.59a 244.98 ± 7.88b 334.70 ± 5.81c 389.84 ± 13.39d 

SFE-CO2: supercritical carbon dioxide extraction; TE: Trolox equivalent; HP: hop   pellets;   E:   extract 

Significant differences can be seen in the same row indicated by different superscript letters. (one-way ANOVA and 

Tukey`s test p < 0.05) 

 

 

The antioxidant capacity of lipophilic extracts obtained at 10-15 MPa was assessed using biologically 

relevant peroxyl radical inhibition-based ORAC assay [182]. As reported in Table 1, the P change 

from 10 to 15 MPa augmented extract TEACORAC by 21% (from 1252 to 1515 mg TE/g). Considering 

extraction yields, the calculated recovery of TE antioxidants from the pellets was in the range of 117- 

335 mg TE/g, indicating a nearly 3-fold increase due to the higher P. For applications in functional 

food, nutraceutical, pharmaceutical, and cosmetic industries, the strong antioxidant potential of SFE- 

CO2 extracts is the desired quality characteristic. Thus, the extraction of hop antioxidants at higher 

yields could be considered a more efficient approach for such purposes, preferably within shorter 

times to reduce the operational costs of the process. 
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3.1.2. Evaluation of SFE-CO2 hop extracts prepared at 25-45 MPa pressure 
 

3.1.2.1. Central composite design and model analysis 
 

In the following steps, the research was targeted to increase SFE-CO2 yield and recovery of valuable 

constituents from Ella hops under a significantly shorter extraction time. CCD-RSM was employed 

to optimize the SFE-CO2 process by testing different experimental conditions at the higher P and T 

levels: P (25-45 MPa), T (40-60 °C), and τ (30-90 min). Within this region of operability, total SFE- 

CO2 hop extract yield (RFI) ranged from 13.9 to 27.6 g/100 g HP, while the TEACORAC (RFII) were 

increasing from 252 to 375 mg TE/g HP or 1280.4 to 1847.7 mg/g E (Table 4), both well-fitting the 

predicted values of the designed models (Appendix 3). 

Table 4. Central composite design matrix (levels of independent variables and variation levels) for SFE-CO2 

optimization for extraction of non-polar constituents from Ella variety hop pellets 

Levels 

and runs 

SFE-CO2 parameters 

   

CO2 

density*, 

kg/m3 

RF I: SFE-CO2 

extract yield 
   

RF II: TEACORAC 
 

 P, MPa T, °C τ, min g/ 100 g HP mg TE/g HP mg TE/g E 

Center 35 50 60 899 23.24 ± 0.56 334.22 ± 14.15 1438.04 ± 60.89 

Axial 25 50 60 834 20.15 ± 0.31 297.98 ± 19.92 1478.41 ± 98.86 

Axial 35 40 60 935 25.12 ± 0.89 370.86 ± 12.90 1476.11 ± 51.35 

Factorial 25 40 90 880 23.84 ± 1.32 351.05 ± 5.92 1472.32 ± 24.83 

Factorial 25 60 30 787 13.85 ± 0.18 255.93 ± 7.42 1847.65 ± 53.57 

Axial 35 50 90 899 25.74 ± 1.16 374.68 ± 5.43 1455.32 ± 21.1 

Center 35 50 60 899 23.54 ± 0.56 338.53 ± 14.33 1437.98 ± 60.88 

Center 35 50 60 899 24.22 ± 0.50 348.31 ± 14.74 1438.07 ± 60.86 

Factorial 45 60 30 913 19.04 ± 0.62 304.38 ± 14.09 1598.21 ± 74.00 

Factorial 45 40 90 975 27.57 ± 0.29 353.07 ± 19.91 1280.38 ± 72.22 

Factorial 45 40 30 975 21.94 ± 0.47 304.98 ± 5.86 1389.70 ± 26.71 

Axial 35 60 60 863 23.21 ± 0.54 355.29 ± 31.40 1530.37 ± 135.29 

Factorial 25 60 90 787 22.72 ± 0.30 333.37 ± 9.10 1466.99 ± 40.05 

Factorial 45 60 90 913 25.74 ± 0.66 347.98 ± 3.67 1351.59 ± 14.26 

Center 35 50 60 899 23.14 ± 0.56 332.78 ± 14.09 1437.77 ± 60.89 

Center 35 50 60 899 24.00 ± 0.55 345.15 ± 14.61 1437.92 ± 60.88 

Axial 45 50 60 944 24.51 ± 0.23 335.77 ± 18.35 1369.65 ± 74.87 

Center 35 50 60 899 24.52 ± 0.49 345.22 ± 2.21 1407.83 ± 9.01 

Factorial 25 40 30 880 15.50 ± 0.27 251.79 ± 17.80 1623.87 ± 114.84 

Axial 35 50 30 899 20.88 ± 1.28 308.17 ± 9.36 1475.57 ± 44.83 

*: calculated using online Peace Software (http://www.peacesoftware.de/einigewerte/co2_e.html). SFE-CO2: 

supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; P: extraction pressure; RF: response 

factor; τ: extraction time; T: extraction temperature; TEAC: Trolox equivalent antioxidant capacity. Yields are expressed 

per 100 g of unextracted Ella hop pellets; TEAC values are expressed per g of unextracted Ella hop pellets and per g of 

extract, E: extract; HP: hop pellets. 

http://www.peacesoftware.de/einigewerte/co2_e.html)
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Both models were reasonably reproducible with low variation coefficients (< 3%), high determination 

coefficients (R2 > 0.96), and good agreement between the adjusted and predicted R2 values (difference 

< 0.20), additionally confirming the good fit of the model to the experimental data (Appendix 2.) 

Based on the ANOVA (Appendix 4), developed models were statistically significant (p < 0.05) with 

F-values of 51.71 and 35.20 for RFI and RFII, respectively. Time (τ) was the primary extraction 

parameter responsible for the observed changes in both extract yield (F=258.72) and TEACORAC 

(F=175.15) under the different experimental conditions. The significance of other model terms for 

the extract yield decreased as follows: P < P2 (showing the non-linear concave relationship between 

P and RFI) < T < Pτ interaction. The influence of other linear interactions (PT and Pτ) and second- 

order terms (T2 and τ2) were not significant. Besides τ, TEACORAC was mainly affected by the P2 and 

P, to a lower extent by Pτ and T2, while other factors and their interactions did not exert any significant 

input towards RFII. The Pareto charts (Figure 4) visualize these effects and indicate that three primary 

factors (τ, P, and P2) together contributed to the >70% of the observed responses. 

The following second-order polynomial regression equations describe the empirical relationship 

between the independent model variables and selected-response factors (coded factors): 

 
2 
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Figure 4. Pareto charts (p = 0.05) for the main effects of SFE-CO2 pressure (P), temperature (T) and time (τ) 

and their interactions on the Ella hop: (A) SFE-CO2 extract yield (g/100 g HP); (B) oxygen radical 

scavenging capacity (TEACORAC, mg TE/g HP). 

3.1.2.2. Analysis of response surface plots 
 

2D and 3D response surface plots visualize the effects of the independent variables on the extract 

yield (Appendix 5) and TEACORAC (Appendix 6). For example, the plots illustrating the effect of T 

and P, at fixed τ of 60 min indicated that the amount of the extract and TEACORAC did not exceed 20 

g/100 g and 300 mg TE/g, respectively, at the minimal P (-1 level) of 25 MPa. Nevertheless, at 25 

MPa and 40 °C already after 30 min was more efficient than 180 min extraction at 10 MPa, amounting 

to 166 and 216% of the final 10 MPa yield and TEACORAC, respectively; the results for both responses 

after 90 min were by 5-43% higher than measured for 12.5 and 15 MPa after 240 min (Table 3, Table 

4). It may be explained by the substantially higher CO2 density and solvating power towards lipophilic 

𝑌𝑖𝑒𝑙𝑑𝑆𝐹𝐸−𝐶𝑂 

𝑇2 − 0.82 × 

= 23.92 + 2.27 × 𝑃 − 0.94 × 𝑇 + 3.44 × 𝑟 − 0.25 × (𝑃𝑇) − 0.61 × (𝑃𝑟) + 0.20 × (𝑇𝑟) − 1.80 × 𝑃2 + 0.03 × 

𝑟2 
 
(7) 

𝑌𝑖𝑒𝑙𝑑𝑇𝐸𝐴𝐶 = 344.65 + 15.61 × 𝑃 − 3.48 × 𝑇 + 33.49 × 𝑟 + 0.98 × (𝑃𝑇) − 10.63 × (𝑃𝑟) − 3.29 × (𝑇𝑟) − 33.70 × 𝑃2 + 
𝐴𝐶 

12.50 × 𝑇2 − 9.15 × 𝑟2 (8) 

 



36  

constituents at 25 MPa and 40 ℃ (880 kg/m3) in comparison to 10, 12.5, and 15 MPa under the same 

extraction temperature (629, 705 and 780 kg/m3, respectively). 

The analysis of 2D and 3D response surface plots in Appendix 5(A) also outlined that combinations 

of 37-42 MPa and 40-45 °C augmented the yields to the maximum values (>26 g/100 g) within the 

selected region of operability. Maximum yield values were also reached due to the prolonged τ > 75 

min (Appendix 5B and C). Although the CO2 diffusivity and solute vapour pressure are greater at 

higher temperatures [22], the yield reduction was observed > 45 °C at all tested P levels. It could be 

explained by the decreasing solvent density due to the T increase from 40 to 60 °C: by 11% at 25 

MPa (from 880 to 787 kg/m3), 8% at 35 MPa (from 935 to 863 kg/m3), and 6% at 45 MPa (from 975 

to 913 kg/m3). Thus, the effect of density governs the retrograde behaviour of T in the Ella hop 

extraction model. Also, even high-end experimental P (45 MPa) remains lower than the so-called 

cross-over (inversion) P value, when the higher T would favor the extraction since increasing solute 

vapour pressure would outweigh the impact of decreasing CO2 density [142]. 

For TEACORAC, the plots with temperature and pressure effects at the fixed extraction time acquired 

a slight saddle shape (Appendix 6). The highest values were reached at the 35-40 MPa and 40-43 ℃ 

combinations, which overlapped favorably with the optimal T and low-to-middle range of the desired 

P for the maximum yield. Based on TEACORAC, an even higher amount of radical scavengers were 

recovered by continuing extraction (τ > 80 min), especially at T < 45 ℃, which is in agreement with 

the observations for the yield. 

3.1.2.3. SFE-CO2 optimization for yield and in vitro antioxidant capacity 
 

Based on the response surface plots and the predictive equations that describe the model, the SFE- 

CO2 optimization was upgraded to obtain Ella hop extract combining a high yield (>26 g/100 g HP) 

and TEACORAC (> 360 mg TE/g HP) under the lowest possible P and shortest τ. For this task, the 

Design expert software suggested 37-38 MPa, up to 43 °C, 80-85 min. For example, 80 min extraction 

at 37 MPa and 43 °C yielded 26.3 g/100 g HP of the greenish-brown extract with the TEACORAC of 

1481 mg TE/g E, equivalent to 390 mg TE/g HP (Table 3). Good agreement between the experimental 

and the predicted values under deduced optimal conditions additionally confirmed the suggested 

model's validity for both response factors (Appendix 7). Generally, maximum extract yields from 

Ella hops at 10-37 MPa were higher than the previously reported under the various experimental 

conditions; e.g., for Hallertau Mittelfrüh pellets it was 7 g/100 g at 20 MPa/55 ℃/180 min [6]; for 

Nugget variety and five Chilean hop ecotype pellets 3-13 g/100 g at 20 MPa/40 ℃/150 min [154]; 

for several unspecified H. lupulus samples 2-9 g/100 g at 30-35 MPa/250-300 min [7, 8]. Comparing 

the 10, 12.5, 15, and 37 MPa results (Table 3), an up to ~ 3-fold increase in SFE-CO2 extract yield 

was obtained in ~4-fold shorter τ (80 versus 300 min) when optimized P of 37 MPa was applied. 

Similarly, the extract with high TEACORAC (1481 mg TE/g E) was produced at 37 MPa, remarkably 

reducing the τ of supercritical CO2-soluble antioxidant constituents' recovery from hop pellets and up 

to 334% augmenting its content as compared to 10-15 MPa treatments (Table 3). 

3.1.2.4. Bitter acid profile of hop extracts obtained under different SFE-CO2 conditions 
 

As reported in Table 5, α-and β-acids (soft resins) constituted the major portion of the hop SFE-CO2 

extracts, depending on process parameters from ~72 to 92%. Non-polar solvent-soluble 

uncharacterized soft resins, hop essential oil components, and waxy fraction could comprise the 

remaining 8-28% of the extract [1]. The percentage distribution of the individual constituents within 
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Table 5 Bitter acid, chlorophyll and carotenoid content of Ella hop SFE-CO2 extracts obtained under the 

different experimental conditions. 

SFE-CO2 parameters 

Samples 
SFE-CO2 I 

10 MPa, 40 °C, 
300 min 

SFE-CO2 II 

12.5 MPa, 40 °C, 

300 min 

SFE-CO2   III 

15 MPa, 40 °C, 
300 min 

SFE-CO2   IV 

37 MPa, 43 °C, 
80 min 

Bitter acid content     

α-Bitter acids     

Cohumulone     

mg/g E 144.59 ± 2.89a 182.60 ± 8.47b 234.54 ± 0.24c 186.95 ± 8.03b 

mg/g HP 13.49 ± 0.27a 34.90 ± 1.62b 51.81 ± 0.05c 49.21 ± 2.11c 

Adhumulone + humulone 

mg/g E 246.37 ± 4.29a 349.19 ± 17.43b 360.15 ± 6.17b 335.92 ± 2.27b 

mg/g HP 22.99 ± 0.40a 66.73 ± 3.33b 79.56 ± 1.36c 88.41 ± 0.60d 

Total α-bitter acids     

mg/g E 390.96 ± 7.18a 531.79 ± 25.90b 594.69 ± 6.41c 522.87 ± 10.30b 

mg/g HP 36.48 ± 0.67a 101.63 ± 4.95b 131.37 ± 1.42c 137.62 ± 2.71c 

β-Bitter acids     

Colupulone     

mg/g E 217.38 ± 6.33b 186.47 ± 7.83a 212.82 ± 6.08b 225.94 ± 13.05b 

mg/g HP 20.28 ± 0.59a 35.63 ± 1.50b 47.01 ± 1.34c 59.47 ± 3.43d 

Adlupulone + lupulone     

mg/g E 109.69 ± 3.06a 116.45 ± 6.38ab 125.11 ± 1.68b 119.09 ± 6.39ab 

mg/g HP 10.23 ± 0.29a 22.25 ± 1.22b 27.64 ± 0.37c 31.34 ± 1.68d 

Total β-bitter acids     

mg/g E 327.07 ± 9.39ab 302.92 ± 14.20a 337.93 ± 4.40b 345.03 ± 6.66b 

mg/g HP 30.51 ± 0.88a 57.88 ± 2.71b 74.65 ± 0.97c 90.81 ± 1.75d 

Total hop bitter acids     

mg/g E 718.03 ± 16.57a 834.71 ± 40.10b 932.62 ± 2.01c 867.90 ± 16.96b 

mg/g HP 66.99 ± 1.55a 159.51 ± 7.66b 206.02 ± 0.44c 228.43 ± 4.46d 

α-acid/β-acid ratio 1.19 1.76 1.76 1.52 

Pigment content     

Chlorophylls     

Chlorophyll A     

μg/g E -nd 10.60 ± 0.12a 41.19 ± 0.14b 146.13 ± 1.45c 

μg/g HP -nd 2.02 ± 0.02a 9.10 ± 0.03b 38.46 ± 0.38c 

Chlorophyll B     

μg/g E -nd 12.84 ±1.16a 20.48 ± 1.42b 20.10 ± 0.83b 

μg/g HP -nd 2.45 ± 0.22a 4.52 ± 0.31b 5.29 ± 0.22c 

Total chlorophylls     

μg/g E -nd 23.43 ± 1.04a 61.67 ± 1.28b 166.23 ± 2.28c 

μg/g HP -nd 4.48 ± 0.20a 13.62 ± 0.28b 43.75 ± 0.60c 

Carotenoids     

Total carotenoids     

μg/g E 20.72 ± 1.18a 76.80 ± 3.39b 124.26 ± 0.59c 235.12 ± 1.33d 

μg/g HP 1.93 ± 0.11a 14.68 ± 0.65b 27.45 ± 0.13c 61.88 ± 0.35d 

-nd: not detected; E: extract; HP: hop pellets; SFE-CO2: supercritical carbon dioxide extraction; TEAC: Trolox equivalent 
antioxidant capacity; TE: Trolox equivalents; ORAC: oxygen radical scavenging capacity. Significant differences can be 
seen in the same row indicated by different superscript letters (one-way ANOVA and Tukey`s test p < 0.05). 
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the identified soft resins were as follows: adhumulone and humulone (25-36% of the total extract 

amount), colupulone (22-30%), cohumulone (20-25%), and finally, the sum of adlupulone and 

lupulone (13-15%). Considering extraction yields, 67.0-228.4 mg of these bitter acids were recovered 

from 1 gram of hop pellets. The recovery of soft resins from hops gradually increased by 71% 

increasing the P from 10 to 37 MPa (Table 5). 

α-Bitter acids (humulones) comprised 54-64% of the total soft resins and were found in significantly 

varying amounts from ~391.0 to 594.9 mg/g E, corresponding to the recovery range of 36.5-137.6 

mg/g HP (Table 5). Comparing these data with the manufacturer-provided α-bitter acid content in 

Ella hops (13.4 g/100 g HP), the recovery efficiency of SFE-CO2 at 10, 12.5 and 15 MPa was 27, 76 

and 98% of the declared content of humulones, respectively. However, higher P, up to 37 MPa 

enabled substantial shortening of the process, from 300 to 80 min. The percentage of β-bitter acid 

(lupulones) in the soft resin was lower, ~45% at 10 MPa, 36% at 12.5 and 15 MPa, and 40% at 37 

MPa. Del Valle et al. [154] reported a similar ratio of α-/β- acids (1.2-1.7/1) in oleoresins from 

Nugget, Osorno, and Elizalde Lake variety hops. Humulone-rich (41%) antimicrobial extract was 

obtained from Marynka hop pellets by SFE-CO2 at 30 MPa/50 ℃ [151]. The variations of SFE-CO2 

conditions had a lower effect on the concentration of β-acids than α-acids; the highest content of the 

former (345.0 mg/g E at 37 MPa) was only 14% larger than the lowest one (302.9 mg/g E at 12.5 

MPa). However, the recovery of β-acids was highly dependent on the process pressure: thus, up to 3- 

fold, more lupulones (90.8 vs 30.5 mg/g HP) were recovered at 37 MPa than at lower pressures, which 

are most commonly used by the industry. 

Numerous beneficial bioactivities both in vitro and in vivo were reported for bitter acids-rich 

preparations [2]. In general, high TEACORAC of Ella hop extracts (Table 3) were consistent with the 

previous reports showing prevalent links between strong in vitro oxygen radical scavenging capacity 

and high soft resin, mainly humulones, content in various hop extracts [70–72]. It is additionally 

supported by the calculated Pearson correlation coefficients (Appendix 8.), which indicate the 

significant positive correlation between the TEACORAC and cumulative α and β-bitter acid amount 

including the individual constituents within this group of bioactive components (> 0.97 and p < 0.05 

for values expressed in mg/g HP). 

3.1.2.5. Pigment profile of hop extracts obtained under different SFE-CO2 conditions 
 

The quantitative composition of the selected supercritical-CO2 soluble pigments in hop extracts, 

namely chlorophylls and carotenoids, is reported in Table 5. Generally, the total amount of these 

pigments was very low compared to the bitter acid content and did not exceed 0.04% of the total 

extract mass. For example, the extract isolated at 10 MPa had only 20.7 μg/g of carotenoids, while 

chlorophylls were not detected (the colour of this extract was pale-yellow). The concentration of 

pigments in the extracts significantly increased by increasing P and at 37 MPa reached 166.2 and 

235.1 μg/g E for chlorophylls and carotenoids, respectively. Consequently, the recovery of 

carotenoids at 37 MPa was 32, 4.2 and 2.3 times higher than at 10, 12.5 and 15 MPa, respectively. 

Although humulones are undoubtedly the major contributors to the overall TEACORAC of the extracts, 

chlorophylls and carotenoids, both of which have a well-documented antioxidant potential in vitro 

and biological systems [183], may also influence antioxidant capacity, which was higher for the 

extracts obtained at 15 and 37 MPa (Table 3). Chlorophyll A amounted to 45%, 67%, and 88% of the 

sum of all chlorophylls at 12.5, 15, and 37 MPa, respectively (Table 5.). The concentration of this 

compound significantly (~14-fold) increased from 10.6 μg/g E at 12.5 MPa to 146.1 μg/g E at 37 

MPa, explaining the shift of SFE-CO2 extract colour from yellow-orange to greenish-brown at 
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elevated P. The chlorophyll B content variations were less pronounced, ranging from 12.8 to 20.5 

μg/g across different SFE-CO2 extracts tested. Higher content of chlorophyll A compared to 

chlorophyll B (average ratio 7/3) was also characteristic for hydroethanolic extracts recently obtained 

from Magnum, Marynka, and Lubelski hop varieties [184]. The presence of chlorophylls in SFE-CO2 

extracts (without quantitative results) isolated from different hop varieties with pure CO2 [154, 181] 

and with co-solvent ethanol [185] were previously reported in several articles. To the best of our 

knowledge, the effects of SFE-CO2 parameters on the quantitative composition of chlorophylls in the 

extracts and their recovery rates have not been reported. 

3.1.2.6. Volatile compound profile of hop extracts obtained under different SFE-CO2 

conditions 

SPME-GC×GC-TOF-MS was employed to analyze the differences in the volatile compound 

composition of Ella hop lipophilic extracts obtained under different SFE-CO2 conditions (Table 6). 

Quantitative assessment was based on the peak area (AU×107), which is dependent on the amount of 

eluting from the GC column compound and is relevant for comparison purposes (Appendix 9). The 

extract isolated at 10 MPa generated the highest total peak area, while pressure increase resulted in 

the lower peak area by 32 to 36%; however, it was not significantly different at 12.5, 15, and 37 MPa 

(Appendix 9). These findings may be explained by the dilution of volatile and GC-detectable fraction 

by the nonvolatile components, which were recovered at remarkably higher yields at the higher 

pressures (Table 6). 

Comparing experimental mass spectra with various spectroscopic databases and retention indices 

with available literature data [169–175], 45 compounds of different chemical classes were identified 

in the tested SFE-CO2 extracts: monoterpene hydrocarbons (8), oxygenated monoterpenes (1), 

sesquiterpene hydrocarbons (11), oxygenated sesquiterpenes (1), alcohols (2), aldehydes (1), ketones 

(2), fatty acids (4) and esters (15). Dietz et al. recently reported the importance of different fractions 

of hop essential oil constituents on the sensory flavor characteristics [186]. Consequently, the 

composition of volatiles may be important for developing various applications of hop extracts. 

Sesquiterpenes represented the major fraction of volatiles, accounting for 33.8-38.7% of the total 

quantified by GC volatiles. Sesquiterpene hydrocarbons such as β-humulene (6.3-7.0%) seen in 

Figure 5, α-humulene (7.2-9.9%), and α-selinene (5.5-14.9%) with intense woody, spicy and pepper- 

like notes were found at the highest percentages in the headspace of extracts absorbed by SPME. 

These compounds were followed by herbal β-selinene (3.9-4.6%) and δ-cadinene (1.5-4.7%), and 

fruity α-ylangene (3.1-4.0%). Other identified sesquiterpene hydrocarbons individually contributed 

to less than 2% of the total GC peak area (Table 6). Yan and co-workers recently reported a high 

share of humulene, selinene, and cadinene in the overall sesquiterpene content (43%) for the Ella hop 

essential oil obtained by hydrodistillation [171]. Both the percentage content (Table 6) and peak areas 

(Appendix 9) indicate that sesquiterpene profile was dependent on extraction parameters, particularly 

P. For example, α-selinene significantly reduced from 14.9% (or 182×107 AU) at 10 MPa to 5.5% (or 

49×107 AU) at 37 MPa. The extracts obtained at 10 and 12.5 MPa generated higher peak areas and 

percentage content of α-humulene (90-121×107 AU; on average, 9.8%) than at 15 and 37 MPa (67- 

72×107 AU; on average, 7.6%). The share of β-humulene in the headspace remained relatively stable, 

amounting to ~6.6% of the total GC peak area across the different extracts tested with no significant 

differences in AU at P >12.5 MPa. Only negligible amounts (< 0.5%) of oxygenated sesquiterpene 

caryophyllene oxide were found in extracts obtained up to 15 MPa (Table 5), while humulene epoxide 

II, previously reported in Ella hop essential oil at 0.4% [171], was not detected in these experiments. 
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The percentage of monoterpenes in the headspace increased from 10.5% (or 127×107 AU) to 17.6% 

(or 154×107 AU) when P was raised from 10 to 37 MPa (Table 6; Appendix 9). These changes were 

obtained due to the ~2-fold higher peak areas of herbal β-pinene (63×107 AU; 7.0%) and spicy β- 

myrcene (56×107 AU; 6.2%) at 37 MPa as compared to 10-15 MPa, both being the major identified 

monoterpene hydrocarbons. Linalool with the distinctively floral, citrus, woody, and green notes was 

the only identified oxygenated monoterpene in Ella hop SFE-CO2 extracts. Its content did not 

significantly change at P >12.5 MPa, ~2.0% of the total GC peak area equivalent to ~19×107 AU 

across different extracts tested. As reported by Brendel et al., both myrcene and linalool are aroma- 

active constituents with the highest flavour dilution factor values among the other hop volatiles [174]. 
 

 

 

 

 

 

 

β-humulene β-pinene β-myrcene 
Figure 5. Examples of the constituents from Ella hop essential oil 

 

Recently, Duarte et al. suggested that the ratio of α-humulene/β-myrcene could be used as one of the 

parameters to differentiate between the aroma, bittering, and dual-purpose hops [187]. For Ella hop 

SFE-CO2 extracts this ratio gradually decreased from 3.3/1 at 10 MPa to 2.5/1 at 12.5 MPa, 1.9/1 at 

15 MPa, and 1.3 at 37 MPa (Table 6; Appendix 9), suggesting that P increase can shift the aroma 

profile of extracts from the dual-purpose hop typical characteristics towards the bitter hop-related 

ones [187]. The tunability of SFE-CO2 parameters to produce hop extracts with the desired 

organoleptic properties was previously demonstrated by Van Opstaele et al. as well [11, 188]. 

Esters accounted for 12.2-22.3% of the identified headspace volatiles, with higher peak areas 

(Appendix 9) and percentages (Table 6) thus more pronounced fruity, green, and floral notes at P >10 

MPa. Recent aroma profile analysis of Ella hop essential oil also indicated the presence of various 

esters at the total ~10% amount [171], which is comparable to the 10 MPa derived SFE-CO2 sample. 

In agreement to the latter research [171], methyl-4-decenoate (5.5-11.1%) was the major the 

identified esters, followed by the pentyl 2-methylpropanoate (1.4-2.8%), methyl nonanoate (0.9- 

2.8%) and methyl octanoate (1.2-1.3%). Relatively high amounts (3-7%) of methyl-4-decenoate and 

pentyl 2-methylpropanoate were also characteristic of the essences obtained using hydrodistillation 

or SFE-CO2 from Galaxy, Topaz, Vic Secret, Super Pride, Hallertau Tradition, Saphir, Spalter Select, 

and Tettnanger hops [171, 189]. The content of other volatiles in the headspace was rather low (Table 

6; Appendix 9): alcohols (up to 2.3%), ketones (up to 1.3%), fatty acids (up to 1.0%), and aldehydes 

(up to 0.3%). 2-Undecanol (1.5-1.9%) with fresh, waxy, and cloth notes was the most abundant 

compound within this group of volatiles, previously identified in Portuguese hops' essential oils [169]. 

Fruity and waxy ketones 2-undecanone and 2-tridecanone comprised ~0.6% across different samples 

tested and were the predominant ketone fraction compounds for other hop varieties as well [171, 189]. 

Several identified major volatiles, particularly mono- and sesquiterpenes, are also known for their 

specific medicinal properties [4]. For example, direct radical scavenger myrcene shows 

antinociceptive and antimutagenic properties, acts protectively towards the inflammation and 

oxidation-induced brain, heart, and skin tissue damages. β-Pinene exhibits antidepressant, sedative, 

supraspinal antinociceptive, and antiproliferative activities, exert antiviral properties against the 

herpes simplex virus. Anticancer, anti-allergic, and anti-inflammatory activities have been reported 

for humulene and its derivatives [4]. 
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Table 6. Volatile compound composition (% of the total GC peak area) of Ella hop SFE-CO2 extracts obtained under different experimental conditions. 
 

SFE-CO2 conditions 

Compound 
Exact 

Mass 
RIexp RIlit

A
 Odour type: descriptionB,C 

SFE-CO2 I 
10 MPa, 40 °C, 
300 min 

SFE-CO2 II 
12.5 MPa, 40 °C, 

300 min 

SFE-CO2 III 

15 MPa, 40 °C, 
300 min 

SFE-CO2 IV 

37 MPa, 43 °C, 
80 min 

Monoterpenes, % of the total GC peak area 

α-Pinene 136.1252 950 946 [169] 
Herbal: herbal, fresh, terpenic, fruity, 

sweet, green, pine, earthy, woody 
0.09 ± 0.00a 0.05 ± 0.00a 0.08 ± 0.02a 0.39 ± 0.03b 

Camphene 136.1252 971 972 [170] Woody: camphoreous, cooling minty, 
citrus, green, spicy 

0.02 ± 0.01a 0.04 ± 0.00a 0.06 ± 0.03a 0.13 ± 0.05a 

β-Pinene 136.1252 1000 989 [190] Herbal: cooling, dry, woody, piney, 
spicy, eucalyptus 

3.21 ± 0.07a 4.21 ± 0.05b 3.74 ± 0.21b 7.02 ± 0.08c 

 

β-Myrcene 

 

136.1252 

 

1000 

 

995 [190] 

Spicy: peppery, terpenic, balsamic, 

metallic, musty, fruity, ethereal, 

herbaceous, woody 

 

3.02 ± 0.01a 

 

3.82 ± 0.04b 

 

3.81 ± 0.04b 

 

6.23 ± 0.17c 

p-Cymene 136.1252 1015 1015[172] Terpenic: woody, fresh, terpenic, 

citrus, lemon, spicy 
0.41 ± 0.01c 0.20 ± 0.00b 0.14 ± 0.00a 0.39 ± 0.00c 

(E)-β-Ocimene 136.1252 1059 1052 [190] Floral: herbal, mild, citrus, sweet, 
orange, lemon, tropical, green, woody 

1.53 ± 0.02d 1.34 ± 0.01c 0.61 ± 0.00a 1.18 ± 0.00b 

γ-Terpinene 136.1252 1074 1068 [170] Terpenic: citrus, terpenic, herbal, oily, 
tropical, fruity, sweet 

0.36 ± 0.04a 0.36 ± 0.00a 0.32 ± 0.00a -ND 

Terpinolene 136.1252 1104 1105 [170] Herbal: fresh, woody, sweet, piney, 
citrus, anise 

0.08 ± 0.01a 0.09 ± 0.00a 0.11 ± 0.02a 0.11 ± 0.00a 

β-Linalool 154.1358 1119 1109 [190] Floral: citrus, orange, floral, sweet, 

rose, woody, green 
1.78 ± 0.08a 1.97 ± 0.04ab 1.97 ± 0.02ab 2.15 ± 0.14b 

Total monoterpenes     10.50 12.08 10.84 17.60 

Sesquiterpenes, % of the total GC peak area 

α-Copaene 204.1878 1375 1374 [173] Woody: woody, spicy, earthy 0.18 ± 0.01a 0.24 ± 0.00c 0.21 ± 0.00b -ND 

α-Ylangene 204.1878 1401 1390[169] Fruity 3.14 ± 0.01a 3.53 ± 0.04b 3.47 ± 0.01b 4.01 ± 0.00c 

β-Caryophyllene 204.1878 1438 1428 [169] Spicy: musty, green, woody, clove, 

dry 
0.64 ± 0.00b 0.67 ± 0.00c 0.61 ± 0.00a 0.76 ± 0.00d 

Aromadendrene 204.1878 1439 1439 [173] Sweet, dry 1.09 ± 0.01a 1.00 ± 0.07a 1.00 ± 0.00a 1.08 ± 0.00a 

β-Humulene 204.1878 1457 1457[172] -NR 6.30 ± 0.48a 6.67 ± 0.30a 6.98 ± 0.02b 6.31 ± 0.22a 

α-Humulene 204.1878 1504 1505 [170] Woody: woody, spicy, clove 9.88 ± 0.02b 9.71 ± 0.08b 7.23 ± 0.00a 7.96 ± 0.78a 

β-Selinene 204.1878 1514 1524 [169] Herbal -ND 4.30 ± 0.00b 4.61 ± 0.00c 3.88 ± 0.00a 
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α-Selinene 204.1878 1534 1533 [169] Pepper, orange 14.86 ± 0.00c 10.55 ± 0.00b 5.90 ± 0.00a 5.49 ± 0.01a 

δ-Cadinene 204.1878 1554 1556 [169] Herbal: thyme, herbal, woody, dry 1.51 ± 0.00a 1.58 ± 0.03a 2.41 ± 0.01a 4.65 ± 0.08b 

Calamenene 202.1722 1564 1562 [169] Herbal, spicy 0.27 ± 0.00a 0.31 ± 0.00b 0.77 ± 0.00c 0.84 ± 0.00d 

α-Calacorene 200.1565 1583 1590 [169] Woody: dry, woody 0.21 ± 0.01c 0.17 ± 0.00b 0.20 ± 0.00c 0.13 ± 0.00a 

Caryophyllene oxide 220.1827 1635 1617 [190] Woody: sweet, fresh, dry, woody, 

spicy, fruity, sawdust, herbal 
0.21 ± 0.00 -ND 0.41 ± 0.00 -ND 

Total sesquiterpenes     38.29 38.73 33.80 35.11 

Alcohols, % of the total GC peak area 

3-Methyl-2-buten-1-ol 86.0732 799 785[169] Fruity: sweet, fruity, alcoholic, green 0.20 ± 0.00a 0.44± 0.00b 0.50 ± 0.00c -ND 

2-Undecanol 170.1671 1314 1302 [169] Waxy: fresh, waxy, cloth, sarsaparilla 1.74 ± 0.08 b 1.89 ± 0.13b 1.80 ± 0.07b 1.48 ± 0.13a 

Total alcohols     1.94 2.33 2.3 1.48 

Aldehydes, % of the total GC peak area 

3-Methyl-2-butenal 84.0575 814 794 [169] Fruity: sweet, fruity, pungent, nutty, 

almond, cherry 
0.24 ± 0.01b 0.24 ± 0.05b 0.27 ± 0.06b 0.04 ± 0.01a 

Total aldehydes     0.24 0.24 0.27 0.04 

Ketones, % of the total GC peak area 

2-Undecanone 170.1671 1271 1294 [173] 
Fruity: waxy, fruity, creamy, fatty, 

pineapple, orris, floral 
0.63 ± 0.00a 0.60 ± 0.02a 0.64 ± 0.00a 0.58 ± 0.00a 

2-Tridecanone 198.1984 1514 1504 [190] Waxy: fatty, waxy, dairy, milky, 

coconut, nutty, herbal, earthy 
0.67±0.00a 0.64±0.00 a -ND -ND 

Total ketones     1.30 1.24 0.64 0.58 

Esters, % of the total GC peak area 

2-methylpropyl 2- 

methylpropanoate 
144.1150 921 918 [190] 

Fruity: ethereal, fruity, tropical, 

fruity, pineapple 
0.08 ± 0.03a 0.09 ± 0.04a 0.16 ± 0.00ab 0.27 ± 0.01b 

3-methylbutyl propanoate 144.1150 979 977 [190] Fruity: sweet, fruity, apple, apple, 

raspberry, banana 
0.56 ± 0.06 a 0.69 ± 0.07a 0.59 ± 0.00a 1.05 ± 0.10b 

Methyl hexanoate 130.0994 936 927 [169] Fruity: fruity, pineapple, thinner, 
acetone 

0.09 ± 0.00 0.10 ± 0.01 0.16 ± 0.00 0.11 ± 0.02 

Pentyl 2-methylpropanoate 158.1307 1022 1020 [190] Fruity: fruity, apple, banana, apricot, 
buttery 

1.37 ± 0.02a 1.52 ± 0.18a 1.68 ± 0.09a 2.76 ± 0.05b 

Methyl heptanoate 144.1150 1037 1030 [190] Fruity: sweet, fruity, waxy, floral, 

berry, apple 
0.56 ± 0.00a 0.65 ± 0.05ab 0.60 ± 0.04a 0.77 ± 0.06b 

Methyl 6-methylheptanoate 158.1307 1096 1092 [169] -NR 0.72 ± 0.02a 1.02 ± 0.00 b 1.14 ± 0.00c 0.96 ± 0.05b 

2-Methylbutyl 3- 

methylbutanoate 
172.1463 1111 1113 [169] Fruity: herbal, earthy, apple, green -ND -ND 0.52 ± 0.06 0.63 ± 0.09 
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Methyl octanoate 158.1307 1135 1130 [190] Waxy: waxy, green, sweet, orange, 

aldehydic, vegetable, herbal 
1.16 ± 0.01a 1.33 ± 0.08a 1.28 ± 0.06a 1.20 ± 0.05a 

Hexyl 2-methylpropanoate 172.1463 1158 1151 [190] Green: sweet, green, fruity, apple, 
pear, grape, ripe, berry 

0.15 ± 0.06a 0.28 ± 0.00abc 0.61 ± 0.04c 0.36 ± 0.01b 

Heptyl propanoate 172.1463 1206 1207 [169] Floral: rose, apricot 0.61 ± 0.03ab 0.62 ± 0.01ab 0.67 ± 0.00b 0.56 ± 0.00a 

Methyl 8-nonenoate 170.1307 1222 1218 [190] -NR -ND 0.55 ± 0.03a 0.50 ± 0.00a 0.49 ± 0.00a 

Methyl nonanoate 172.1463 1238 1229 [190] 
Fruity: sweet, fruity, pear, waxy, 

tropical, winey 
0.91 ± 0.01 2.18 ± 0.12bc 2.83 ± 0.04c 2.13 ± 0.00b 

Heptyl 2-methylpropanoate 186.1620 1255 1249 [190] Fruity: fruity, sweet, green, warm, 
floral, tropical, chamomile, tea, green 

0.39 ± 0.00 0.49 ± 0.00 0.53 ± 0.07a 0.42 ± 0.02a 

2-Methylbutyl hexanoate 186.1620 1263 1246 [169] Fruity: fruity, ethereal 0.06 ± 0.00 0.12 ± 0.00 -ND -ND 

Methyl 4-decenoate 184.1463 1322 1316 [190] Fruity: fruity, pear, mango, fishy, 

peach, green 
5.51 ± 0.04a 10.89 ± 0.22c 11.08 ± 0.27c 8.38 ± 0.06b 

Total esters     12.17 20.53 22.35 20.09 

Fatty acids, % of the total GC peak area 

2-Methylpropanoic acid 88.05240 778 762 [174] 
Acidic: sour, cheesy, dairy, buttery, 

rancid, phenolic, fatty, sweaty 
0.17 ± 0.00a 0.17 ± 0.02a 0.20 ± 0.02a 0.26 ± 0.05a 

3-Methylbutanoic acid 102.0681 850 865 [174] Cheesy: dairy, acidic, sour, pungent, 
fruity, fatty, sweaty, rancid 

0.11 ± 0.01a 0.13 ± 0.00a 0.14 ± 0.00a 0.11 ± 0.01a 

Heptanoic acid 130.0994 1089 1072 [169] Cheesy: rancid, sour, cheesy, waxy, 
sweaty, fermented, pineapple, fruity 

0.24 ± 0.00a 0.41 ± 0.01c 0.31 ± 0.02b 0.28 ± 0.02ab 

Octanoic acid 144.1150 1189 1191 [175] Fatty: fatty, waxy, rancid, oily, 

vegetable, cheesy 
0.20 ± 0.00a 0.25 ± 0.00c 0.22 ± 0.00b 0.28 ± 0.00d 

Total fatty acids     0.72 0.96 0.87 0.93 

A: retention indexes (RI) reported for RTX-5 or equivalent column (± 20 units compared to the calculated RIexp); 
[169] Martins et.al. J. Chemom., 2020, 34, e3285; [170] Rali et al. 

Molecules, 2007, 12, 3, 389-394; [190]Yan et al. Food Chem., 2019, 25, 15-23; [172]Frizzo et al. Flavour Fragr. J, 2001, 16, 286-288; [173] Adams, R.P. Identification of essential oil 
components by gas chromatography/mass spectrometry, ed. 4.1. 2017; [174]Brendel et.al. J.Agric.Food.Chem., 2019, 67, 12044-12053; [175]Alissandrakis et al. J.Agric.Food Chem., 
2007, 55, 8152-8157. 
B: Odour descriptions obtained from Pherobase database (https://www.pherobase.com/);C: Odour descriptions obtained from The Goodscent Company database 

(http://www.thegoodscentscompany.com/); -ND: not detected; -NR: not reported. Significant differences can be seen in the same row indicated by different superscript letters (one-way 

ANOVA and Tukey`s test p < 0.05). 

http://www.pherobase.com/)%3BC
http://www.pherobase.com/)%3BC
http://www.pherobase.com/)%3BC
http://www.thegoodscentscompany.com/)%3B
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3.2. Optimization of hop SFE-CO2 process for high bitter acid content 
 

3.2.1. Central composite design and model analysis 
 

Hop bitter acids have strong antioxidant, antimicrobial, anticarcinogenic, and other beneficial health 

effects [2]. As previously discussed in Chapter 1., the extraction of α and β-acids were affected 

differently by the increase of pressure from 10 to 37 MPa. Therefore the SFE-CO2 optimization 

experiments were further continued to evaluate the impact of extraction parameters P, T and τ on the 

α-and β-bitter acid profile in order to maximize the recovery of these valuable constituents from hop 

pellets. Additionally, the α/β ratio can also be of use as it is a good indicator of how do the extraction 

parameters influence the extraction of the two main bitter acid groups. Since the variations in SFE- 

CO2 conditions might alter the extraction of specific bitter acids and change overall α/β acid ratio, 

products with different functional properties and wide-range applications could be obtained. For 

example, bitter acids display selective inhibition of microorganisms [52, 58]. Generally, higher 

antimicrobial activity is reported for β-acids, attributed to the higher number and length of the acyl- 

or prenyl-side chains [2]. However, taking into consideration antioxidant potential and sedative 

effects, the α-acids exert higher activity [69, 109]. 

Based on the previous SFE-CO2 optimization to maximize the extraction yield and recovery of 

antioxidants (Chapter 3.1), CCD-RSM with the same variable factors, namely P (25-45 MPa), T (40- 

60°C), and τ (30-90 min) were employed (Table 7). Within the region of operability, the content of 

total α acids (RFV) ranged from 79.7 to 176.6 mg/g HP, consisting of 27.9-63.7 mg/g HP cohumulone 

(RFI) and 51.8-112.9 mg/g HP humulone+adhumulone (RFII). Total β-acids ranged from 40.4-89.1 

mg/g HP, from which colupulone (RFIII) and lupulone+adlupulone (RFIV) amounted to 24.3-57.8 

and 16.1-31.3 mg/g HP, respectively. Consequently, total bitter acid content (RFVII) increased from 

128.4 to 236.3 mg/g HP. Per gram of extract these values were equal to: 194.3 229.0 cohumulone 

332.6 -411.8 humulone+adhumulone, 528.9 - 640.8 total α acids, 110.2-243.5 colupulone, 73.2 - 

128.9 lupulone+adlupulone, 184.1 - 372.4 total beta acids and 714.4 -925.0 total bitter acids 

(Appendix 10). The data in Table 7 indicate that the α/β ratio (RFVIII) changed 2-fold from 1.5 to 

3.1 under the different SFE-CO2 conditions. 

The DOE software was utilized to establish the models of the response factors from the provided data. 

However, based on the ANOVA analysis, the lack of fit for RFII, RFIII, RF IV and RF VI was 

significant, despite the significance of the models implied by their F-value (Appendix 12). 

Additionally, the predicted R2 was not as close to the adjusted R2 as one might normally expect. 

Nevertheless, the signal-to-noise ratio indicated by adequate precision was acceptable, therefore the 

models could be used to navigate the design space (Appendix 11). 

Thus, the models (Appendix 12) were reduced to increase the precision [191] by eliminating some of 

the non-significant parameters (Appendix 14), as suggested by the DOE software. The experimental 

values fitted the predicted values of the reduced models (Appendix 15). Individual and total α-acid 

(RFI, RFII and RFV), also total bitter acid (RFVII) models were reproducible with low variation 

coefficients (< 5%); ~5-7% variation coefficients were obtained for β-acid models (RFIII, RFIV, and 

RFVI). All reduced models were statistically significant (p<0.0001), had high determination 

coefficients (>0.95), F values ranged from 22.8 to 33.7 and the difference between the adjusted and 

predicted R2 values were < 0.29 (Appendix 13). 
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Table 7. Central composite design matrix (levels of independent variables and variation levels) for SFE-CO2 optimization for α- and β-bitter acid extraction from 

Ella variety hop pellets 
 

Levels 

and runs 

PLE-EtOH 

parameters 

 RFI 

Cohumulone 

RFII 

Humulone 

+Adhumulone 

RFIII: 

Colupulone 

RFIV: 

Lupulone 

+Adlupulone 

RFV: 

Total α-acids 

RFVI: 

Total β-acids 

RFVII: 

Total acids 

RFVIII: 

α/β ratio 

 P, 

MPa 

T, 

°C 

τ, 

min 
mg/g HP mg/g HP mg/g HP mg/g HP mg/g HP mg/g HP mg/g HP 

 

Center 35 50 60 46.73 ± 2.13 84.41 ± 1.58 50.10 ± 1.76 28.82 ± 0.55 131.14 ± 0.55 78.92 ± 1.21 210.06 ± 1.76 1.66 ± 0.02 

Axial 25 50 60 39.14 ± 3.10 72.91 ± 7.21 40.16 ± 2.45 21.61 ± 1.27 112.05 ± 10.31 61.77 ± 3.72 173.82 ± 14.03 1.81 ± 0.06 

Axial 35 40 60 51.63 ± 0.58 88.90 ± 3.20 51.88 ± 1.12 29.58 ± 1.19 140.53 ± 3.78 81.46 ± 2.32 221.99 ± 6.10 1.73 ± 0.00 

Factorial 25 40 90 49.29 ± 3.13 88.85 ± 3.45 48.73 ± 6.17 27.07 ± 1.12 138.14 ± 6.58 75.80 ± 7.30 213.94 ± 13.88 1.83 ± 0.09 

Factorial 25 60 30 27.95 ± 1.23 51.77 ± 1.51 30.86 ± 0.99 17.77 ± 0.32 79.72 ± 0.28 48.63 ± 1.31 128.35 ± 1.59 1.64 ± 0.04 

Axial 35 50 90 51.87 ± 1.13 97.15 ± 6.95 57.80 ± 0.99 31.26 ± 1.01 149.02 ± 8.08 89.06 ± 2.00 238.08 ± 6.08 1.67 ± 0.13 

Center 35 50 60 47.34 ± 2.16 85.49 ± 1.60 50.74 ± 1.78 29.07 ± 0.56 132.83 ± 0.56 79.81 ± 1.23 212.64 ± 1.78 1.66 ± 0.02 

Center 35 50 60 48.71 ± 2.22 87.96 ± 1.65 52.21 ± 1.84 29.91 ± 0.57 136.67 ± 0.57 82.12 ± 1.26 218.79 ± 1.83 1.66 ± 0.02 

Factorial 45 60 30 43.60 ± 0.64 78.40 ± 0.34 33.70 ± 0.29 18.58 ± 0.04 122.00 ± 0.98 52.28 ± 0.25 174.28 ± 1.23 2.33 ± 0.01 

Factorial 45 40 90 63.69 ± 2.74 112.94 ± 0.00 36.61 ± 3.33 23.06 ± 1.29 176.63 ± 2.74 59.67 ± 4.62 236.30 ± 7.36I 2.97 ± 0.18 

Factorial 45 40 30 44.68 ± 2.35 78.70 ± 8.34 24.32 ± 4.07 16.06 ± 2.12 123.38 ± 10.69 40.38 ± 6.19 163.76 ± 16.88 3.07 ± 0.21 

Axial 35 60 60 49.56 ± 0.38 88.25 ± 1.39 47.44 ± 1.95 27.28 ± 0.05 137.81 ± 1.01 74.72 ± 2.00 212.53 ± 0.99 1.85 ± 0.06 

Factorial 25 60 90 44.63 ± 0.37 80.18 ± 3.25 43.84 ± 3.07 24.95 ± 0.07 124.81 ± 3.62 68.79 ± 3.14 193.60 ± 6.76 1.81 ± 0.03 

Factorial 45 60 90 51.48 ± 4.06 97.95 ± 1.19 35.90 ± 2.03 22.45 ± 0.76 149.43 ± 2.87 58.35 ± 2.79 207.78 ± 5.65 2.56 ± 0.07 

Center 35 50 60 46.53 ± 2.12 84.04 ± 1.57 49.88 ± 1.75 28.57 ± 0.55 130.57 ± 0.55 78.45 ± 1.20 209.02 ± 1.75 1.66 ± 0.02 

Center 35 50 60 48.26 ± 2.20 87.17 ± 1.63 51.73 ± 1.82 29.64 ± 0.57 135.43 ± 0.57 81.37 ± 1.25 216.80 ± 1.82 1.66 ± 0.02 

Axial 45 50 60 48.09 ± 1.59 81.53 ± 3.58 27.01 ± 1.23 18.48 ± 0.83 129.62 ± 4.87 45.49 ± 2.06 175.11 ± 2.81 2.85 ± 0.24 

Center 35 50 60 49.31 ± 2.25 89.05 ± 1.67 52.86 ± 1.86 30.28 ± 0.58 138.36 ± 0.58 83.14 ± 1.28 221.50 ± 1.86 1.66 ± 0.02 

Factorial 25 40 30 30.37 ± 0.35 55.28 ± 1.27 37.74 ± 2.21 19.98 ± 0.54 85.65 ± 0.92 57.72 ± 2.74 143.37 ± 3.67 1.49 ± 0.05 

Axial 35 50 30 41.15 ± 4.56 72.67 ± 4.25 41.04 ± 1.93 22.32 ± 0.51 113.82 ± 8.81 63.36 ± 2.45 177.18 ± 11.26 1.79 ±0.07 

SFE-CO2: supercritical carbon dioxide extraction; RFI: Cohumulone, mg/g HP; RFII: Humulone + adhumulone, mg/g HP; RFIII: Colupulone, mg/g HP; RFIV: Lupulone+adlupulone, 

mg/g HP; RFV: Total α-acids, mg/g HP; RFVI: Total β-acids, mg/g HP; RFVII: Total bitter acids, mg/g HP; RF VIII: α / β ratio; HP: hop pellets; P: extraction pressure; RF: response 

factor; τ: extraction time; T: extraction temperature. 
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The main parameters, P, T and τ were significant (p<0.05) in all RFs except T in β-acid models (RFIII, 

RFIV and RFVI) and τ for α/β ratio (RFVIII). Extraction time (τ) was the main parameter responsible 

for the observed changes in the α-acid models RFI, RFII and RFV, similarly affecting the total bitter 

acid content (RFVII). Other significant terms in these models were P and the quadratic effect of P, 

followed by T. Additional significant term for RFI and RFV is the linear Tτ interaction. Pareto charts 

(Figure 6, Figure 7) visualize the dominant effects of τ, P and P2, contributing 33-, 31-, 7% and 35-, 

31-, 14% and 36-, 32-, 11% of observed RFI, RFII and RFV responses, respectively, and to 40-, 24-, 

15% of RFVII responses. 

 

  
(A) (B) 

  
(C) (D) 

Figure 6. Pareto charts (p = 0.05) for the studied effects of SFE-CO2 pressure (P), temperature (T), time (τ) 

and their interactions on the Ella hop: (A) RFI: cohumulone mg/g HP; (B) RFII: humulone+adhumulone 
mg/g HP; (C) RFIII: colupulone mg/g HP; (D) RFIV: lupulone+adlupulone mg/g HP; HP: hop pellets 

 

 
In all three effects were responsible for 72%, 80% 79% and 79% of observed RFI, RFII, RFV and 

RFVII responses, respectively. In contrast, β-acid models were influenced primarily by the quadratic 

effect of P, and less so, but significantly by the linear PT interaction, similarly to the α/β-acid ratio. 
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(A) (B) 

  
(C) (D) 

Figure 7. Pareto charts (p = 0.05) for the studied effects of SFE-CO2 pressure (P), temperature (T), time 

(τ) and their interactions on the Ella hop: (A) RFV total α-acids mg/g HP; (B) RFVI: total β-acids mg/g 
HP; (C) RFVII: total bitter acids mg/g HP; (D) RFVIII: α/ β ratio; HP: hop pellets 

 

The relationship between the independent model variables and selected-response factors is described 

by the second-order polynomial regression equations for the reduced models in coded factores: 

𝐶𝑜ℎ𝑢𝑚𝑢𝑙𝑜𝑛𝑒 = 47.71 + 6.02 × 𝑃 − 2.24 × 𝑇 + 7.32 × 𝑟 − 1.09 × 𝑃𝑟 − 1.67 𝑇𝑟 − 5.00 × (𝑃2) + 1.98 (𝑇2) (9) 

𝐻𝑢𝑚𝑢𝑙𝑜𝑛𝑒 + 𝑎𝑑ℎ𝑢𝑚𝑢𝑙𝑜𝑛𝑒 = 85.92 + 10.05 × 𝑃 − 2.81 × 𝑇 + 14.03 × 𝑟 − 2.48 × 𝑇𝑟 − 8.42 × (𝑃2) + 2.94 × (𝑇2)     (10) 

𝐶𝑜𝑙𝑢𝑝𝑢𝑙𝑜𝑛𝑒 = 50.57 − 4.38 × 𝑃 − 0.75 × 𝑇 + 5.52 × 𝑟 + 2.55 × 𝑃𝑇 − 14.68 × (𝑃2) (11) 

𝐿𝑢𝑝𝑢𝑙𝑜𝑛𝑒 + 𝑎𝑑𝑙𝑢𝑝𝑢𝑙𝑜𝑛𝑒 = 28.67 − 1.28 × 𝑃 − 0.47 × 𝑇 + 3.41 × 𝑟 + 0.78 × 𝑃𝑇 − −7.67 × (𝑃2) (12) 

𝑇𝑜𝑡𝑎𝑙 𝛼 𝑎𝑐𝑖𝑑𝑠 = 133.64 + 16.07 × 𝑃 − 5.06 × 𝑇 + 21.35 × 𝑟 − 2.11 × 𝑃𝑟 − 4.15 × 𝑇𝑟 − 13.42 × (𝑃2) + 4.91 × (𝑇2) (13) 

𝑇𝑜𝑡𝑎𝑙 𝛽 𝑎𝑐𝑖𝑑𝑠 = 79.24 − 5.65 × 𝑃 − 1.23 × 𝑇 + 8.93 × 𝑟 + 3.34 × 𝑃𝑇 − 22.35  × (𝑃2) (14) 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑖𝑑𝑠 = 212.61 + 10.42 × 𝑃 − 6.28 × 𝑇 + 30.28 × 𝑟 − 3.72 × 𝑃𝑟 − 5.55 × 𝑇𝑟 − 36.57 × (𝑃2) + 6.22 × (𝑇2) (15) 

𝛼/𝛽 𝑟𝑎𝑡𝑖𝑜 = 1.7 + 0.52 × 𝑃 − 0.09 × 𝑇 + 0.052 × 𝑟 − 0.16 × 𝑃𝑇 − 0.05 × 𝑃𝑟 + 0.54 × (𝑃2) (16) 

 

3.2.2. Analysis of the response surface plots 
 

Essentially, the response surface plots of α acid-related models RF I, RF II and RF V follow a similar 

pattern (Appendix 16). High-yield extraction of cohumulone (>60 mg/g HP), humulone+adhumulone 

(>100 mg/g HP), and total α-acids (>160 mg/g HP) can be observed after prolonged SFE-CO2 (> 85 

min) at the lowest experimental T (40-41°C). Pressure exerts great influence on the presence of α- 

acids in the extracts as well, as it can be seen in Appendix 16: the RFI, -II and V reach the 

beforementioned levels at >35 MPa and >85 minutes. Alternatively, levels of the colupulone (RFIII) 

peak between 28 to 37 MPa (>55 mg/g HP) while lupulone+adlupulone (RFIV) narrows this 

intervallum to 31-36 MPa (>32 mg/g HP) and total β-acids (RFVI) to 32-35 MPa (>90 mg/g HP). In 
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contrast to the plots of RFV, the parameter of extraction time only slightly altered the extracted 

amount of total β-acids (RFVI) compared to the change induced by pressure (Appendix 17). 

The 2D and 3D surface plots of RFVII are suitable for the restriction of the SFE-CO2 parameters (P, 

T and τ) to identify the ranges that extract α- and β-acids together at an optimum. Extraction 

temperature should not exceed 40-41 °C, as all RFs, except for RFVIII, tended to decrease at higher 

T. On account of the α-acids, more effective extraction was above 35 MPa (Appendix 16), while the 

α- acid to β-acids ratio increased above 37 MPa (Appendix 18B), therefore the optimal recovery of 

total bitter acid content could be identified at 35-37 MPa (Appendix 18A). Extraction of bitter acid is 

facilitated by increasing extraction time to >85 min. 

3.2.3. Optimization of bitter acid content 
 

Based on the above-discussed impact of various SFE-CO2 parameters on the extraction of hop bitter 

acids seen in Figure 8, optimal SFE-CO2 conditions previously determined for the highest SFE-CO2 

extract yield and recovery of antioxidant compounds from hop pellets (37 MPa, 43 °C, 80 min) could 

be further upgraded to fulfill the goal of bitter acid recovery as well. For this task, parameters P and 

τ were set as „minimize“, T as „in range”. RFI to RFVII were set as „maximize“ indicating the lower 

limit as follows: cohumulone >55 mg/g HP, humulone + adhumulone >100 mg/g HP; total α-acids 

>155 mg/g HP, colupulone >50 mg/g HP, lupulone+adlupulone > 25 mg/g HP, total β-bitter acids 

>75 mg/g HP, and total bitter acids > 230 mg/g HP. The α/β ratio was set as „in range“. The suggested 

conditions by the Design expert software were 36 MPa, 40 °C and 90 min, yielding 25.3 g/100 g HP 

of SFE-CO2 extract. Under these optimal conditions, optimized SFE-CO2 extract contained 247.0 

mg/g E cohumulone (62.4 mg/g HP), 403.7 mg/g E of humulone and adhumulone (102.0 mg/g HP), 

202.1 of colupulone (51.1 mg/h HP), 122.2 mg/g E lupulone and adlupulone (30.9 mg/g HP), shown 

in Table 8. Thus total α- and β-acids amounted to 650.7 and 324.4mg/g E, equivalent to 164.4 and 

82.0 mg/g HP, respectively. As follows, the total bitter acids reached 975.1 mg/g E or 246.4 mg/g 

HP, with a 2.01 α/β ratio. These experimental values under the determined optimal conditions were 

in good agreement with the predicted ones, additionally pointing out the model validity to optimize 

bitter acid recovery from hops in the tested experimental P, T and τ range (Appendix 19). 
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Figure 8. Hop bitter acids that were quantified through HPLC-DAD in this work 
 

Comparing to the Ella hop SFE-CO2 extract obtained at 37 MPa and 43 °C, the extraction of α-acids 

was more favored, increasing the recovery per gram HP by 19.5%. Efficient recovery is further proven 
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by exceeding the manufacturer-provided average minimum α-bitter acid content of Ella hop pellets 

(13.4 g/100 g HP) by 22%. In general, commercial Ella hops contain 13-19 % α-acids and 5-9 % β- 

acids [192], these ranges are given considering that reported values might differ slightly based on the 

homogeneity of the harvest and the extraction and analysis method applied [193]. In Europe, the 

Analytica EBC (European Brewery Convention), is the authority on bitter acid analysis of hops, the 

EBC - Method 7.7. describes the HPLC procedure. Important to note that the antioxidant capacity, 

1472.3 mg TE/Gg E, or 372.0 mg TE/g HP was not significantly different from the SFE-CO2 extract, 

obtained at 37 MPa and 43 °C. Furthermore, the yield of 25.3 g/100 g HP (Table 8) is comparable to 

the of 26.3 g/100 g HP achieved through SFE-CO2 at 37 MPa and 43 °C (Table 3). 

Enrichment of α-acids (mainly humulone) through the SFE-CO2 process has been reported in earlier 

works. For example, Zekovic et al. [14] concentrated 41% of humulone in the extract from the 

bittering variety Magnum hop cones after 150 min of two-stage SFE-CO2 at 30 MPa and 40 °C. Under 

the similar SFE-CO2 conditions (30 MPa, 50 °C) extracts with 41% of α-acid and 19.5 % β-acid were 

produced from dual-purpose hops Marynka [151]. A longer extraction time of 240 min at 25 MPa 

and 48 °C yielded 53% of α-acid from Citra hop pellets [145]. The Citra hop extraction was also 

included in the US patent by John I. Haas, Inc., describing the manufacture of oil-rich hop extract 

with α-acid content from 15 to 70 % from various hops, however, requiring significantly longer 

extraction time (4.5 hours). Compared to the previously discussed works substantially shorter 

extraction time (90 min) led to 65.1 and 32,4 % of α- and β-acid content, respectively. 

Table 8. Yield (g/100 g hop pellets), bitter acid composition and TEACORAC of Ella variety hop SFE-CO2 

extracts obtained at 36 MPa, 40 °C, 90 min 

Sample 
 SFE-CO2V 

36 MPa, 40 °C, 90 min 

Yield g/100 g HP 25.27 ±0.28 

Bitter acid content   

α-Bitter acids   

Cohumulone mg/g E 246.97 ± 7.40 

 mg/g HP 62.41 ± 1.87 

Humolone + adhumulone mg/g E 403.72 ± 14.43 

 mg/g HP 102.02 ± 3.65 

Total α-bitter acids mg/g E 650.69 ± 21.83 

 mg/g HP 164.43 ± 5.52 

β-Bitter acids   

Colupulone mg/g E 202.13 ± 19.98 

 mg/g HP 51.08 ± 5.05 

Lupulone+adlupulone mg/g E 122.24 ± 4.32 

 mg/g HP 30.89 ± 1.09 

Total β-bitter acids mg/g E 324.37 ± 24.29 

 mg/g HP 81.97 ± 6.14 

Total bitter acids mg/g E 975.06 ± 2.46 

 mg/g HP 246.40 ± 0.62 

α/β-acid ratio  2.01 ± 0.22 

In vitro oxygen radical absorbance capacity 

TEACORAC 

mg TE/g E 1472.27 ± 34.19 

mg TE/g HP 372.04 ± 8.64 

Results are expressed as mean ± SD, n=. SFE-CO2: supercritical carbon dioxide extraction; TEAC: Trolox equivalent 

antioxidant capacity; TE: Trolox equivalents; ORAC: oxygen radical absorbance capacity; E: hop extract; HP: hop pellets 
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3.2.4. Antimicrobial activity of hop extract obtained under optimized SFE-CO2 conditions 
 

The antimicrobial activity of bitter acid-rich SFE-CO2 V (36 MPa, 40 °C, 90 min) extract was tested 

by agar well diffusion assay against three bacteria and one yeast strain that are human pathogens and 

cause problems in the food and medical fields. The gram-positive bacteria, S. aureus was chosen as 

a tested microorganism, for the many virulence factors it produces and the proposed danger of 

emerging and strengthening antibiotic resistance in some strains. The gram-negative bacteria, E. coli 

(ATTC 8739) and the toxin-producing E. coli (NTC 12900) were included for similar reasons. C. 

albicans, responsible for 75% of all candidal infections, were also tested. Extracts were applied up to 

50 mg/mL, which is a practical limit for antimicrobial assays. 

The gram-positive S. aureus (ATCC 25923) was strongly inhibited by the extract at 50 mg/mL 

concentration; the inhibition zone reached 36.9 mm in diameter (Table 9). Lower tested 

concentrations of 25 and 10 mg/mL produced significantly lower inhibition zones, 34.0-32.7 mm 

respectively, which were not significantly different from each other. The gram-negative bacteria, E. 

coli (ATTC 8739) was less affected by SFE-CO2 V; inhibition zones were ranging from 15.1 to 17.1 

mm, as the concentration of the extract was increased from 10 to 25 mg/mL. In both cases, the 

difference between the inhibition zones of 50- and 10 mg/mL concentrations is relatively small. The 

toxin-producing E. coli (NTC 129000) and the yeast C. albicans (ATCC 90028) were not inhibited 

by SFE-CO2 V up to 50 mg/mL concentration in this experiment. 

Table 9. Antibacterial activity of hop SFE-CO2 extracts obtained at 36 MPa, 40 °C, 90 min using agar well 

diffusion (AWD) method 

 
Antimicrobial activity 

SFE-CO2 V (36 MPa, 40°C, 90 min) 
 

 

Inhibition zone (mm) 
 

 

Extract concentration S. aureus (ATCC 25923) E.coli (ATTC 8739) 

10 mg/mL 32.67 ± 0.67a 15.11 ± 0.51 a 

25 mg/mL 34.00 ± 1.33a 16.67 ± 0.67 ab 

50 mg/mL 36.89 ± 0.19b 17.11 ± 0.84 b 

Results are expressed as mean ± SD, n=3; SFE-CO2: supercritical carbon dioxide extraction.; Inhibition zone expressed 

as the diameter of inhibition zone + diameter of well (mm). Different letters indicate significantly different values in 
columns (p < 0.05) based on one-way ANOVA and Tukey’s test. 

 
Bocquet et al. [52] in a review on the antimicrobial effect of hop reported a generally stronger 

antibacterial effect of various hop extracts against gram-positive bacteria, and low or none against 

gram-negative bacteria. Strong inhibition of different and even methillin resistant S. aureus strains 

by either extract of hops or purified hop components was previously published by other researchers 

[194–196]. Practical applications of hop SFE-CO2 extracts include antibacterial all-purpose cleaners 

formulated by Wasilewski et al. from Marynka variety hop pellets at 30 MPa and 50°C. The cleaner 

liquid at 5 mg/mL hop extract was effective against S. aureus (ATCC 259239) up to 29 mm IZ [197], 

which is only 11.2 % lower compared to bitter-acid enriched Ella hop SFE-CO2 extract at 10 mg/mL 

(Table 9). In antimicrobial edible chitosan-gelatin films, incorporation of hop extract (concentration 

1.5 mg/mL in the film), was more effective against Bacillus subtilis (19.0 mm) and Listeria 

monocytogenes (18.8 mm), than ShigElla sonnei (16.8mm) or E.coli (14.8 mm) [198]. In comparison 

bitter acid-enriched SFE-CO2 extract from Ella hops, at 10 mg/mL inhibited E.coli similarly (15.1 

mm, Table 9) to the chitosan-gelatin hop extract (0.15%) film, the differences in the applied matrixes 

presumably influence the results as chitosan also provides some antibacterial effect. The same 
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S.aureus strain was inhibited by purified lupulones 10-times more effectively (minimal inhibitory 

concentration MIC 0.1 µg/mL) than by purified humulones, other acne-causing bacteria P. acnes, 

S.pyogenes and K. rhizophila was also affected to different inhibitory levels [70]. Furthermore, 

lupulone extract (40% lupulone in gylcol) as an antibacterial ingredient in meat preparations was 

significantly more effective against gram-positive S. aureus and L. monocytogenes (MIC 1-6 ppm) 

than gram-negative E. coli or SalmonElla enterica (MIC 625-5000 ppm). Higher activities were 

observed when pH was decreased from 7.0 to 5.0, in agreement with the weak acid nature of β-acids, 

and compared to humulone extract (20% in glycol). In conclusion, optimization based on bitter acid 

content may be relevant in modulating the desired antimicrobial properties of hop extracts, and the 

properties of the applied matrix should be taken into consideration. 

3.2.5. The effect of bitter acid optimized SFE-CO2 extract on skin cell viability2 

In line with in vitro antioxidant potential and antimicrobial properties, the effect of bitter acid- 

enriched Ella hop SFE-CO2 (36 MPa, 40 °C, 90 min) extract on the viability of cancerous and healthy 

skin cells was evaluated. Keratinocytes, melanocytes, Langerhans cells, and Merkel cells are the four 

main cell types that make up the most outer layer of human skin, the epidermis. The middle layer - 

called dermis - is comprised mainly of fibroblasts that produce the components of intercellular 

material and ensure physiological functions of the skin [199]. Therefore, a stable transformed 

adherent human keratinocyte cell line (HaCaT) was chosen for the epidermis- and a fibroblast cell 

line (HDFa) for the dermis model. For the effect on skin cancer, the cell line (A375) was used, which 

originates from human malignant melanomas (which develop from melanocytes) [200]. The results 

were expressed by relative cell viability (%) in comparison with control cells not treated with the 

extract. 

Firstly, the anticarcinogenic effect of bitter acid-enriched SFE-CO2 V extract was tested on the skin 

cancer cell line (A375) (Figure 9.A). Up to 45 µg extract did not cause a significant reduction in cell 

viability as compared to the control. When the cells were affected by >100 µg amounts, the viability 

of cells decreased to 76.6%, which was statistically significantly different from the controls (p<0,05). 

From that point every 50 µg increase up to 250 µg of SFE-CO2 V exerted significantly enhanced 

toxic effects on the cancer cells, viability decreased to 32.5 %. The final tested extract amount (750 

µg reduced cell viability to 5.5 %. 

Next, the healthy cell lines were tested; the impact of SFE-CO2 V on the keratinocytes is shown in 

Figure 9 (B). The obtained results indicate that the cell viability was not affected significantly only 

with the lowest extract amount of 5 µg, while higher tested amounts caused significant reductions as 

compared to the control. A steady drop in cell viability from 88 to 24% was observed at a range of 

15-100 µg, from 17 to 4% at 200-500 µg, finally reaching ~1% at the highest amount of 750 µg in 

these experiments. The decline in cell viability from 34.5 to 0.6 % was caused by the amounts > 50 

µg. 

In contrast, with up to 45 µg of extract, the viability of healthy fibroblast cells compared to control 

did not change significantly after treatment (Figure 9.C). However, the effect of 50 µg caused a 

significant (p<0.005) decrease from 87.4 to 68.0 %. 

 

 
 

 

2 Reported results were provided by the research group of Prof. Dr. Kristina Ramanauskienė from the Lithuanian 

University of Health Sciences, Kaunas 
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Figure 9. Relative cell viability (%) of stable transformed adherent human 

keratinocyte cell line HaCaT (A), fibroblast cell line HDFa (B), and skin cancer 
cell line A375 (C) after treatment of different SFE-CO2 V amount (5 mg/mL 

concentration) 
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From 100 to 200 µg there was no significant difference between the effect of extracts on cell viability 

(from 57.6% to 47.8%). By 750 µg the viability decreased by an app. 90.5% compared to control. 

The reduction of skin cancer cell viability by the bitter acid-enriched SFE-CO2 V extract is promising. 

Nevertheless, the obtained results indicate that the extract can reduce the viability of healthy skin 

cells as well. Thus, Ella hop SFE-CO2 extract could serve as a bioactive ingredient to develop 

dermatological phytopharmaceutical formulations, however, the effective concentrations and mode 

of application such as localized should be taken into consideration. 

Carcinogenesis has been linked to increased cell proliferation and angiogenesis (the formation of new 

blood vessels), governed by vascular endothelial growth factor (VEGF) [200]. Philips et al. [201] 

studied the effect of a hop extract (containing bitter acids and phenolics) in vitro, and observed 

significantly reduced cell viability to 55-17% of melanomas (CRL-1619) at 0.01, 0.04, 0.2% 

concentrations and 71% of fibroblasts cells at 0.2% concentration, respectively. A stronger effect was 

reported for the purified constituents of the extract, namely humulone, lupulone, xantho-flavonoid, 

XN and IXN, the cell viability of fibroblast decreased to 41, 50, 49, 29 and 23%, respectively. The 

authors concluded that the melanoma cells were reduced without antioxidant cellular effect and no 

increase in VEGF was found. Although the cell viability of fibroblasts was reduced, the antioxidant 

activity within the cell and expression of VEGF was elevated, which means a possible angiogenic 

effect. The exact composition of the hop extract is not disclosed, therefore the direct comparison to 

the results of Ella hop SFE-CO2 V research extract is difficult. However, Ella SFE-CO2 and the hop 

extract of Philips et al. [201] indicated cell reduction of both melanoma and fibroblast type cells, 

governed by applied concentration and in the case of Philips et al., whether they are present as sole 

or in a mixture. 

3.3. Optimization of PLE-EtOH of hop SFE-CO2 residue 
 

3.3.1. Central composite design and model analysis 
 

Recovery of polar compounds with high antioxidant potential was achieved through PLE-EtOH from 

Ella hop residue remaining after bitter acid content optimized pilot-scale SFE-CO2 (36 MPa, 40°C, 

90 min). Supercritical CO2 favors the extraction of non-polar constituents, the residue still contains 

more polar hop phytochemicals, such as polyphenols, which can be extracted and capitalized on 

further [151]. PLE-EtOH utilizes high-pressure conditions, which facilitates extraction, thus reduces 

extraction time and improves the yield of valuable bioactive compounds [158]. Selectivity for 

phenolics is possible through process optimization, an important aspect as extraction temperature and 

time can play part in the undesirable degradation or isomerization of target compounds [12]. The 

polarity of polyphenols influences their solubility, the use of ethanol, a green and GRAS solvent, less 

polar than water may aid their recovery [202]. PLE-EtOH extracts were expected to be rich in 

flavonoids, e.g. mainly xanthohumol and other known hop flavonoids in 10-100 less-fold amount 

[87]. Xanthohumol is unique to Humulus lupulus and provides anticarcinogenic, antimicrobial and 

antioxidant effects, furthermore, XN is the precursor of other bioactive prenylated chalcones such 

IXN and 8-PN [40]. 

The major PLE parameters, namely T (40-100°C) and τ (15-45 min) were optimized via CCD-RSM 

to maximize the recovery of polar antioxidants and the selected prenylflavonoids from Ella hop 

residue after SFE-CO2 at high yields. The efficacy of PLE to extract antioxidant compounds was 
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assessed by TPC and TEACORAC of samples, which are common in vitro assays to measure the 

antioxidant potential of various plant extracts [74]. Total phenolic content (TPC) measured by Folin- 

Ciocalteu’s assay is based on an oxidation/reduction reaction, therefore it has been utilized as an 

antioxidant capacity measurement method for plant materials [75]. TPC measured the general 

reducing power of samples, while ORAC allowed to evaluate more specific antioxidant properties 

such as measuring the radical chain-breaking of antioxidants, based on the hop polar antioxidant 

compound ability to scavenge biologically relevant oxygen radicals via hydrogen donation [166]. 

Biologically active major hop prenylflavonoids, namely XN, IXN and 8-PN [203], were selected as 

phytochemical composition markers for further PLE-EtOH optimization. 

However, the HPLC-DAD analysis indicated that IXN and 8-PN were present only in trace amounts 

in PLE-EtOH extracts, thus these compounds were excluded from further optimization experiments. 

Data in Table 10 indicate that within the selected region of operability, PLE-EtOH hop extract yield 

(RFI) ranged from 11.1 to 21.8 g/100g HR, TPC (RFII and RFIII) from 174.9 to 217.55 mg GAE/g 

E and from 19.7 to 39.7 mg GAE/g HR, TEACORAC (RFIV and RFV) increased from 1824.8 to 

2588.2 mg TE/g E and 273.50 to 417.79 mg TE/g HR, XN content (RFVI and RFVII) rose from 50.6 

to 83.3 mg/g E and 9.14 to 10.3 mg/g HR. It could be observed that The PLE conditions had a 

negligible effect on the recovery of XN from hop residue after SFE-CO2 (RFVII) with only ~12% 

variation between the highest and lowest value and > 90% of the XN obtained already at the lowest 

T (40°C) and τ (15 min). 

Low variation coefficients (<3.78%), high determination coefficients (R2 > 0.97), similar adjusted 

and predicted R2 values (difference < 0.089), and good fit of the experimental data to the predicted 

values were obtained for RFI (Yield, g/100 g HR), RFIII (TPC, Mg GAE/g HR), RFV (TEACORAC, 

mg TE/g HR) and RFVI (XN content, mg/g E) models (Appendix 20. Fit statistics parameters for the 

selected models of Ella hop PLE-EtOH extraction optimization. In the case of RFII (TPC, mg GAE/g 

E) and RFVII (XN content, mg/g HR) negative predicted R² values implied that the overall mean may 

be a better predictor of response than the current models, while RFIV (TEACORAC, mg TE/g E) had 

lower determination coefficient and substantial difference between the predicted and adjusted 

coefficients (Appendix 20). The four well-fitting models, namely RFI, -RFIII, RFV and RFVI, were 

statistically significant, with the F-values of 57.85, 79.39, 83.25 and 137.42, respectively (Appendix 

22). Temperature (T) was the primary extraction parameter responsible for the observed changes in 

RFI (F=267.4, RFIII (F=286.7), RFV (F=346.5) and RFVI (F=541.7) values under the different 

experimental conditions. For RF I model only the second-order term of temperature (T2) was 

significant, additionally to that of temperature (T), while other terms had no significant input. This 

was not the case in the rest of the working models, where other linear interactions and quadratic 

effects of terms were also significant in the following order: T > T2 > τ > τ2for RFIII; T > T2 > Tτ > 

τ2 for RFV; T >T2 >τ for RFVI. Pareto charts visually depict the massive effect of T and T2, which 

contributed to 75-85% of observed RFI, RFIII RFV and RFVI responses (Figure 10). The below 

reported the second-order polynomial regression equations in coded factors to describe the empirical 

relationship between the independent model variables (T and τ) and selected-response factors (RFI, 

RFII, RFV and RFVI) within the selected region of PLE operability: 

𝑌𝑖𝑒𝑙𝑑𝑃𝐿𝐸−𝐸𝑡𝑂𝐻 = 18.07 + 4.38 × 𝑇 + 0.60 × 𝑟 − 0.42 × 𝑇𝑟 − 1.34 × (𝑇2) − 0.18 × (𝑟2) (17) 

𝑇𝑃𝐶 = 37.62 + 8.14 × 𝑇 + 1.49 × 𝑟 − 1.18 × 𝑇𝑟 − 5.61 × (𝑇2) − 1.68 × (𝑟2) (18) 

𝑇𝐸𝐴𝐶𝑂𝑅𝐴𝐶 = 369.10 + 55.99 × 𝑇 − 6.54 × 𝑟 − 12.24 × 𝑇𝑟 − 32.57 × (𝑇2) − 12.10 × (𝑟2) (19) 

𝑋𝑎𝑛𝑡ℎ𝑜ℎ𝑢𝑚𝑜𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 52.48 + 15.20 × 𝑇 − 1.74 × 𝑟 + 1.66 × 𝑇𝑟 + 9.85 × (𝑇2) + 1.08 × (𝑟2)     (20) 
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Table 10. Central composite design matrix (levels of independent variables and variation levels) for PLE-EtOH optimization for extraction of polar constituents 

from Ella hop residue after optimized SFE-CO2 (36 MPa, 40°C) and values of observed responses 
 

Levels and 

runs 

PLE-EtOH 

parameters 

RFI: 

PLE-EtOH yield 

RFII: 

TPC 

RFIII: 

TPC 

RFIV: 

TEACORAC 

RFV: 

TEACORAC 

RF VI: 

XN content 

RF VII: 

XN content 

 T, °C τ, min g/100 g HR mg GAE/g E mg GAE/g HR mg TE/g E mg TE/g of HR mg/g E mg/g HR 

Factorial 100 15 20.44 ± 0.81 188.30 ± 2.87 38.77 ± 0.23 2043.98 ± 46.45 417.79 ± 9.49 48.17 ± 1.34 9.85 ± 0.27 

Axial 100 30 21.75 ± 0.99 174.92 ± 3.40 38.64 ± 0.35 1824.81 ± 65.88 396.90 ± 14.33 47.34 ± 1.39 10.30 ± 0.30 

Factorial 40 15 11.09 ± 0.25 177.88 ± 3.64 19.73 ± 0.40 2588.28 ± 149.20 287.04 ± 16.55 83.30 ± 3.01 9.29 ± 0.33 

Center 70 30 18.85 ± 0.81 206.73 ± 3.57 38.97 ± 0.67 1991.54 ± 27.74 375.41 ± 5.23 52.05 ± 1.00 9.94 ± 0.19 

Axial 70 45 18.90 ± 1.43 190.79 ± 1.86 36.06 ± 0.35 1939.11 ± 289.39 366.49 ± 54.79 50.59 ± 0.95 9.56 ± 0.18 

Factorial 40 45 13.11 ± 0.74 193.19 ± 3.58 25.33 ± 0.47 2328.65 ± 118.42 305.27 ± 15.52 76.52 ± 1.87 10.03 ± 0.24 

Axial 70 15 17.65 ± 1.41 191.51 ± 2.80 33.63 ± 0.49 2227.97 ± 142.69 393.24 ± 25.19 54.11 ± 1.69 9.55 ± 0.30 

Factorial 100 45 20.77 ± 0.10 190.91 ± 0.26 39.66 ± 0.05 1865.35 ± 21.45 387.06 ± 4.45 48.01 ± 0.87 9.97 ± 0.18 

Center 70 30 17.05 ± 0.81 217.55 ± 1.58 37.09 ± 0.27 2199.26 ± 33.28 374.96 ± 5.82 53.71 ± 1.35 9.14 ± 0.23 

Center 70 30 17.48 ± 0.81 216.16 ± 1.21 37.78 ± 0.21 2113.52 ± 121.26 369.44 ± 21.20 53.70 ± 1.32 9.37 ± 0.23 

Center 70 30 17.92 ± 0.81 214.88 ± 1.03 38.51 ± 0.18 2019.46 ± 11.75 361.89 ± 2.11 51.84 ± 1.95 9.29 ± 0.35 

Center 70 30 18.29 ± 0.81 207.29 ± 0.00 37.91 ± 0.00 2003.62 ± 28.68 366.46 ± 5.25 53.49 ± 0,82 9.74 ± 0.15 

Axial 40 30 12.48 ± 0.70 185.90 ± 4.20 23.20 ± 0.52 2191.51 ± 130.55 273.50 ± 16.29 74.90 ± 0.77 9.35 ± 0.10 

PLE-EtOH: pressurized liquid extraction with ethanol; SFE-CO2: supercritical carbon dioxide extraction; TPC: total phenolic content; GAE: gallic acid equivalents; TEAC: Trolox 

equivalent antioxidant capacity; ORAC: oxygen radical absorance capacity; TE: Trolox equivalents; RF: response factor E: extract; HR: hop residue after SFE-CO2 (36 MPa, 40°C, 90 

min) ; XN: xanthohumol 



 

Pearson correlation coefficients > 0.90 (Appendix 26) indicate a strong positive correlation between 

PLE-EtOH yield (RFI) and recovery of antioxidants, measured as TPC (RFIII) and TEACORAC (RFV) 

per gram of HR. A positive correlation (0.85, p<0.05) also existed between ORAC values and XN 

content (RFIV and RFVI, respectively), expressed per gram of E (Appendix 27). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

A B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  T2 τ2
 

C D 

Figure 10. Pareto charts (p = 0.05) for the main effects of PLE-EtOH temperature (T), time (τ) and their 

interactions on the Ella hop: (A) RFI PLE-EtOH yield (g/100 g HR); (B) RFIII TPC (mg GAE/g HR), (C) 
RFV TEACORAC (mg TE/ g HR); (D) RFVI, xanthohumol content (mg/g E) 

 
3.3.2. Analysis of response surface plots 

 

2D and 3D response surface plots (Appendix 23) were created to visualize the effects of the T and τ 

on the RFs in the significant models (RFI, RFIII, RFV and RFVI). Yield and the antioxidant capacity 

indices followed an increasing trend by the elevation of T towards their maximum, exceeding 20 

g/100 g HR (Appendix 23A), 40 mg GAE/g HR (Appendix 23B) and 400 mg TE/g HR (Appendix 

23C), respectively. The response surface for RFI was close to linear, the increase of T had a positive 

effect, while time as a function of T had little influence on the extraction yield. 

For RFIII, the response surface plots were more complex, maximum values (>40 mg GAE/g HR) 

were reached at T> 81 °C and τ of 20-45 min, however, τ had less of a significant effect (Appendix 

23B). Based on the second-order polynomial regression equation and the significance of the linear Tτ 

interaction for RF V, the 3D response surface shows that TEACORAC reached 400 mg TE/g HR at less 

than 25 min and T > 75 °C (Appendix 23C). This reduction of the possible T and τ combinations to 

recover maximum amounts of antioxidants when RFV is involved may be attributed to the difference 

between the antioxidant effects of extracted components, as proposed from the specificity of the 



 

TEACORAC assay, which is based on the hydrogen atom-, whereas TPC on electron-transfer reactions 

(Prior, 2015). The concave-shaped 3D plot of RFVI (Appendix 23D) showed that XN content per 

gram of E significantly reduced due to the higher T: from >80 mg/g E at 40-42 °C to 50-70 mg/g E 

at 51-80 °C and < 50 mg/g E at >80 °C. These findings may be explained by the so-called dilution of 

XN by other polar components, extracted at the higher T from hop residue after SFE-CO2. Generally, 

the increase of τ from 15 to 45 min had a negligible effect on XN content in PLE extracts (Appendix 

23D): a small 7-8% reduction was obtained only at 40-70 °C range with no differences at the high- 

end experimental T (100 °C). 

3.3.3. PLE-EtOH optimization by the desirability function 
 

Xanthohumol is one of the most researched compounds of Humulus lupulus plants for the reason of 

its varied beneficial bioactivities. Therefore, standardized extracts rich in xanthohumol produced 

under economically optimized conditions with safe and non-toxic solvent can be the effective 

ingredients of functional food and pharmaceutical including cosmetical products. The predicted 

equations and the response surface plots of the significant models were utilized to optimize PLE- 

EtOH and in under the lowest possible T and shortest τ: (1) to obtain xanthohumol-enriched (>80 

mg/g E) PLE-EtOH extract (2) to extract polar hop antioxidant constituents (>35 mg GAE/g HR and 

>350 mg TE/g HR) at high yields (>20 g/100 g HR). As suggested by the Design expert software, the 

first task can be implemented extracting hop residue after SFE-CO2 at the economically desirable 

low-end T (40 °C) and τ (15 min), while T >85°C and τ >18 min favor high-yield extraction of polar 

antioxidants. Table 11 summarizes the experimental yields, the antioxidant potential and 

xanthohumol content under the following optimal PLE-EtOH conditions. 

Table 11. Yields, antioxidant activity indices (TPC, TEACORAC, TEACABTS), xanthohumol content of Ella 

hop PLE-EtOH extracts obtained under the optimized experimental conditions 
 

 PLE-EtOH parameters  

Samples 
PLE-EtOH I 

40°C, 15 min 

PLE-EtOH II 

85°C, 18 min 

g/100 g HR 11.27 ± 0.68 a 20.52 ± 0.55 b 
Yield 

g/100 g HP 8.42 ± 0.51a 15.33 ± 0.41b 

In vitro antioxidant activity    

 mg GAE/g E 187.98 ± 1.76a 191.47 ± 2.19 b 

TPC mg GAE/g HR 21.19 ± 0.20a 39.29 ± 0.45b 

 mg GAE/g HP 15.82 ± 0.15a 29.35 ± 0.18b 

 mg TE/g E 2623.65 ± 108.31a 1936.49 ± 34.22b 

TEACORAC mg TE/g HR 295.68 ± 12.21a 397.37 ± 7.02b 

 mg TE/g HP 220.91 ± 9.12a 296.86 ± 0.34b 

 mg TE/g E 513.14 ± 27.66a 550.45 ± 28.12b 

TEACABTS mg TE/g HR 57.83 ± 3.12a 112.95 ± 5.77b 

 mg TE/g HP 43.21 ± 0.77a 84.38 ± 4.31b 

Prenylflavonoid content    

 mg/g E 83.45 ± 7.16a 45.74 ± 1.98b 

Xanthohumol mg/g HR 9.41 ± 0.81a 9.39 ± 0.41a 

 mg/g HP 7.03 ± 0.60 a 7.01 ± 0.30 a 

PLE-EtOH: pressurized liquid extraction with ethanol; TPC: total phenolic content, GAE: gallic acid equivalents; ORAC: 

oxygen radical absorbance capacity; TEAC: Trolox equivalent antioxidant capacity; E.: extract; HR. hop residue after 

SFE-CO2 (36 MPa, 40°C, 90 min); HP: hop pellets. Results are expressed as mean ± SD. Different superscript letters in 

the same row indicate significantly different values (p < 0.05) based on an unpaired t-test. 



 

As given in Table 11, 11.3 g/100 g HR deep green colored extract with 83.5 mg/g E of xanthohumol 

was obtained at 40 °C and 15 min (PLE-EtOH-I), while 20.5 g/100 g HR of a darker green-colored 

extract with 39.3 mg GAE/g HR and 397.4 mg TE/g HR were produced at 85 °C and 18 min (PLE- 

EtOH-II). Good agreement between the experimental and the predicted values under deduced optimal 

conditions additionally confirmed the validity of RFI, RFIII, RFV and RFVI models (Appendix 24, 

Appendix 25.). A PLE process with water, pressurized hot water extraction (PHWE) conditions were 

optimized for high isoxanthohumol content (150°C, 10.3 Mpa, 30 min) and found to be compared to 

be more selective for isoxanthohumol (ISX) than PLE with subcritical ethanol or a sequence of three 

solvents (hexane, ethanol and water). XN enrichment of PLE extract produced with ethanol as solvent 

from the residue obtained after SFE-CO2 hasn’t been reported in the literature available at the writing 

of this work. This residue is a substantial waste material left after SFE-CO2 extraction takes place, 

based on our results it can be used to produce high-value-added hop products such as xanthohumol 

enriched PLE-EtOH extract that may be incorporated into food, nutraceuticals, pharmaceuticals and 

cosmetics as an active ingredient. 

3.3.4. Xanthohumol content of hop extracts obtained under different PLE-EtOH conditions 
 

The XN content of optimized PLE-EtOH extracts was analyzed. The results in Table 11 indicate that 

xanthohumol level was 82% higher in PLE-EtOH I extract (83.5 mg/g E) as compared to PLE-EtOH 

II sample (45.7 mg/g E). However, the values per gram of HR and HP, calculated taking into 

consideration extraction yields, did not significantly change, amounting to 9.4 mg/g HR equivalent 

to 7.0 mg/g HP. Thus, PLE-EtOH was efficient to recover this prenylflavonoid from Ella hop residue 

after SFE-CO2 already at the lowest tested T and τ. 

Rój et al. (2015) extracted spent Marynka hops SFE-CO2 residue with supercritical CO2 without 

ethanol at 100 MPa and 50°C and obtained extract containing 6.5% of xanthohumol among other 

constituents [151]. In MWE a higher, 19.1 mg/g dry hop cones, while in UAE 8 mg of XN similar to 

the levels in PLE-EtOHI and -II, was achieved from Italian wild hops [204]. Previously, Gil-Ramírez 

et al. (2012) performed pressurized hot water extraction (PHWE) at 50 - 200 °C and fixed 30 min to 

obtain isoxanthohumol-rich hop extracts from Spanish hops. The authors reported that IXN was only 

detected at higher temperatures (150-200°C), while XN was present throughout this temperature 

range decreasing as T was elevated. The highest IXN (see Figure 11) content (2.3 mg/g HP) was 

reached by PHWE at 150°C, 30 min (6 cycles), which produced low XN content (0.11 mg/g HP). For 

comparison, PLE-EtOH at the same conditions contained 17-fold more XN (1.9 mg/g HP) and app. 

third of IXN (0.7 mg/g HP), the IXN/XN ratio decreased substantially (from 21 to 0.35). XN content 

in the PLE-EtOH extracts of this research was more than three times greater in comparison (Table 

11). The higher temperature and the presence of water are effective for IXN enrichment by PLE, this 

may be confirmed by the beer brewing example, where XN thermally isomerizes into its derivative 

IXN during wort boiling [205]. Consequently, the choice of solvent and extraction temperature 

greatly influences composition of the final extract. In PLE, lower temperatures favor extraction of 

XN and presence of water may be beneficial to increase their levels, but more research is needed to 

identify the ethanol:water ratio ideal for XN extraction. 
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Figure 11. Selected phenolic compounds of Humulus lupulus 
 

An extract rich in XN, besides the much-studied properties of antioxidant, anticarcinogenic, 

antimicrobial and other, can be the precursor for further transformation products of XN e.g. 

isoxanthohumol, desmethylxanthohumol, 8-prenylnaringenin, etc. These derivatives in some cases 

have stronger or other new effects such as the estrogenic activity of 8-prenylnaringenin [206]. 

3.3.5. Pigment content of hop extracts obtained under different PLE-EtOH conditions 
 

The qualitative and quantitative composition of pigments in hop PLE-EtOH extracts is reported in 

Table 12. Total chlorophyll content and carotenoid contents were ~0.4 % and ~0.1% of the total PLE- 

EtOH-I and PLE-EtOH-II extract mass, respectively. Recalculating these values per gram of HR 

shows an increase of 111 and 85% in total chlorophyll and total carotenoid content, respectively, in 

PLE-EtOH-II as compared to PLE-EtOH-I. 

Table 12. Pigment content (chlorophyll and carotenoids) of Ella hop PLE-EtOH extracts obtained under the 

optimized experimental conditions 

PLE-EtOH parameters 

Samples  PLE-EtOH I PLE-EtOH II 

  40°C, 15 min 85°C, 18 min 

Pigment content  
μg/g E 

 
3081.17 ± 2.40a 

 
3534.92 ± 3.07 b 

Chlorophyll A μg/g HR 347.25 ± 0.27a 725.37 ± 0.63b 

 μg/g HP 259.43 ± 0.20a 541.90 ± 0.47 b 

 μg/g E 574.01 ± 4.25a 707.03 ± 5.62 b 

Chlorophyll B μg/g HR 64.69 ± 0.48a 145.08 ± 1.15 b 

 μg/g HP 48.33 ± 0.36a 108.39 ± 0.47 b 

 μg/g E 3655.18 ± 5.19a 4241.95± 2.55b 

Total chlorophylls μg/g HR 411.94 ± 0.58a 870.45 ± 0.52b 

 μg/g HP 307.77 ± 0.44a 650.29 ± 0.39b 

 μg/g E 687.40 ± 1.26a 697.40 ± 1.44b 

Total carotenoid μg/g HR 77.47 ± 0.14a 143.17 ± 0.29b 

 μg/g HP 57.87 ± 1.06a 106.91 ± 0.22b 

PLE-EtOH: pressurized liquid extraction with ethanol; E.: extract; HR. hop residue after SFE-CO2 (36 MPa, 40°C, 90 

min); HP: hop pellets. Results are expressed as mean ± SD. Different superscript letters in the same row indicate 

significantly different values (p < 0.05) based on an unpaired t-test. 

The extracts were dominated by chlorophyll A (83% of total chlorophyll content: 347 μg/g of HR for 

PLE-EtOH I) and 725 μg/g of HR for PLE-EtOH II. Similarly, ~2-fold higher chlorophyll B (145 

μg/g HP) and carotenoid (106.9 μg/g HP) content was extracted after PLE-ETOH at 85 °C and 15 

min in comparison to 40 °C and 15 min partially explaining higher antioxidant recovery after PLE- 

EtOH II. In comparison to Ella hop SFE-CO2 extracts, ~22 and a 25-fold increase in total chlorophylls 



 

content, which translates to 7 and 15-fold elevation in terms of HP in PLE-EtOH-I and -II, 

respectively. The total carotenoid content was measured ~3-fold higher in both extracts. While the 

content in hop pellets for PLE-EtOH-I was similar, and PLE-EtOH-II was 2-fold higher compared to 

bitter acid-enriched SFE-CO2 extract (Table 5). Both chlorophylls and carotenoids were extensively 

studied for their antioxidant effect [183], thus may have bearing on the antioxidant potential of the 

extracts even at lower levels. 

3.3.6. Antioxidant activity of hop extracts obtained under different PLE-EtOH conditions 
 

The antioxidant properties of Ella hop ethanolic extracts under the two determined optimal extraction 

conditions, namely PLE-EtOH-I (40 °C, 15 min) and PLE-EtOH-II (85 °C, 18 min), are reported in 

Table 11. In addition to TPC and ORAC measurements, the ABTS•+ scavenging capacity of Ella hop 

PLE-EtOH extracts was evaluated too. The ABTS assay is based on hydrogen atom transfer, and also 

on single-electron transfer. Compounds with lower redox potential than ABTS•+ (0.68 V) like 

phenolic compounds reduce it. To its advantage is that hydrophilic, as well as lipophilic antioxidant 

potential, can be measured over a wide pH range [74]. It is beneficial to apply different antioxidant 

activity assessments to better understand the mechanisms behind the hop extract antioxidant potential 

and to compare the experimental values with the previously published data. 

The obtained TPC results indicate that 167.9 and 191.5 mg GAE/g E was equal to 21.2 and 39.3 mg 

GAE/g HR (or 15.8 and 29.5 mg GAE/g HP) for PLE-EtOH I and -II, respectively. These values are 

similar to TPC of ~34 mg GAE/g of hops, obtained after optimized hydroethanolic ultrasound- 

assisted extraction of Brazilian Cascade hops at 52 °C [207]. Higher total phenolic content was 

obtained by microwave-assisted extraction and ultrasound extraction when ethanol was used (20.3 

and 93.4 mg GAE/g hop, respectively) compared to 50 % ethanol-water or only water from wild hops 

[204]. Optimized extraction with natural deep eutectic solvent from Greek hops (119 mg GAE/g hops) 

[135], SFE-CO2 with EtOH as modifier from spent hops (87-91 mg GAE/g of hops, 925.5-866.6 mg/g 

E) [143]. 

Between RF III (TPC, mg GAE/g R) and RF V (TEACORAC, mg TE/g R) the Pearson correlation 

coefficient was significant (Appendix 26). PLE-EtOH II optimized for high yield and antioxidant 

activity is higher by an app. 85 % in TPC (39.29 mg GAE/g R), 34 % in TEACORAC value (397.37 

mg TE/g R) and 95% in TEACABTS+ (112.95 mg TE/g R) compared to PLE-EtOH I. TEACABTS+ 

presents ~4-fold less TE mg/g R compared to TEACORAC for both PLE hop extracts. This may be 

explained by the TEACORAC reacting with more and especially with phenolic compounds compared 

to TEACABTS+ [208, 209]. 

Higher antioxidant potential observed after 18 min of PLE-EtOH at 85 °C leads to the assumption 

that higher PLE temperature favors the extraction of a complex mixture of various phenolics that 

undergo redox-type reactions and are responsible for the detected antioxidant effect. Xanthohumol 

already has notable AA, the total ORAC value (modified method to measure fat- and water-soluble 

antioxidant capacity) was found to be proportionate to green tea catechin, Polyphenon 60, and even 

higher than the effect of vitamin C or E [70]. Gerhauser (2009a) identified, naringenin and 

isoxanthohumol Notably, quercetin and epicatechin gallate have been identified by Gerhauser 

(2009a) as the most active hop phenolic compounds in TEACORAC assay, at least twice as active as 

XN [76]. Additionally, the flavanone and were twice and similarly active, respectively, compared to 

XN. Caffeic and chlorogenic acids and isoxanthohumol were similarly active as XN, while ferulic, 

gallic acids and naringenin showed higher activity in TEACORAC assay. Besides flavonoids, the 



 

carotenoids were reported to scavenge singlet oxygen and peroxyl radicals [210, 211]. Carotenoids 

and chlorophylls are elemental for photosynthesis, safeguard against damage caused by photo- 

oxidation. The lipophilic carotenoids can behave as antioxidants in electron-, hydrogen atom transfer 

reactions, and form radical adducts [183]. Their presence presumably augments the antioxidant 

activity of PLE-EtOH-II compared to PLE-EtOH-I. 

3.3.7. Antimicrobial activity of PLE-EtOH hop extracts 
 

Due to the presence of various phenolic compounds, PLE-EtOH extracts obtained from hop residues 

after bitter acid extraction can still provide a measurable antimicrobial inhibition. The broad spectrum 

of biological effects, including the selective antibacterial, antiviral and antifungal properties, has been 

ascribed mainly to xanthohumol, catechins, flavonols, multifidol glucosides, prenylflavonoids, 

phenolic acids and stilbenes [51, 70]. The effect of hop phenolic compounds against bacteria, fungi, 

and protozoan parasites is connected to their ability to penetrate the cell membrane, accumulate in 

the cell, and further influence bacterial cell surface hydrophobicity [59]. The assembly of adhesins in 

the cell wall can be inhibited mainly in gram-positive bacteria, this way the adhesion step for biofilm 

development could be disrupted. S. aureus was chosen as a tested microorganism, for the many 

virulence factors it produces and the proposed danger of emerging and strengthening antibiotic 

resistance in some strains. From the gram-positive, E. coli (ATTC 8739) and the toxin-producing 

(NTC 12900) were included for similar reasons. The pathogenic yeast responsible for 75% of all 

candidal infections, C. albicans were also tested. Extracts were applied up to 50 mg/mL, which is a 

practical limit for antimicrobial assays. 

The obtained data indicated that tested hop PLE-EtOH extracts did not affect the growth of E. coli 

(ATTC 8739), E coli (NTC 12900) and C. albicans (ATCC 90028), however, showed inhibitory 

effect against the S. aureus (ATCC 25923) in the agar well diffusion assay (see Table 13). The highest 

primary inhibition zone of 22.7 mm was achieved by subjecting S. aureus to 25 mg/mL of PLE-EtOH 

II, obtained after 18 min of PLE at 85 °C. Hop extract prepared at lower PLE temperature and shorter 

time (40 °C, 15 min) generated slightly smaller primary inhibition zones without significant 

differences at the tested 10-50 mg/mL concentration range (~21.1 mm). Interestingly, E. coli strains 

are usually resistant to hop extract preparations[195], but low to medium antibacterial activity was 

also observed in some studies [212], also mentioned in an extensive review by Bocquet et al.[52]. 

Table 13. Antibacterial activity of PLE-EtOH extracts on S. aureus (ATCC 25923) using agar well diffusion 

(AWD) assay 

  PLE-EtOH parameters  

Extract concentration Inhibition zone PLE-EtOH I 

40°C, 15 min 

PLE-EtOH II 

85°C, 18 min 

10 mg/mL Primary, mm 21.22 ± 1.26 abc 18.89 ± 0.19 b 

25 mg/mL Primary, mm 21.00 ± 0.67 abc 22.67 ± 1.33 c 

50 mg/mL Primary, mm 21.11 ± 0.51 abc 19.89 ± 0.84 ab 

Inhibition zone expressed as the diameter of inhibition zone + diameter of well (mm). Results are expressed as mean ± 

SD, n=3; PLE-EtOH: pressurized liquid extraction with ethanol; -nd: not detected; Different superscript letters in the table 

indicate significantly different values (p < 0.05) for the primary inhibition zone based on one-way ANOVA and Tukey’s 

test. 

Previously, Wendakoon et al. [63] reported 32-36 mm inhibition zones on the identical S. aureus 

strain for various hydroethanolic extracts (50-90%, v/v) after cold percolation of hops at room 

temperature. Kobus-Cisowska et al. [213] presented smaller, 4-8 mm S.aureus (ATCC 25923) 



 

inhibition zones for Magnum and Marynka hop hydroethanolic extracts (40% ethanol, v/v %) 

obtained in a three-step liquid-solid extraction method. The antibacterial effect is not only influenced 

by the type of solvent [126] but also by the different extraction methods used. However, without IC50 

values the direct comparison of inhibition zones is rather complicated, since variations in the 

analytical procedures, for example, not the identical well diameter or amount of sample deposited, 

can account for some of the observed differences. 

Yamaguchi et al. [70] showed that the most common bacteria causing primary or secondary skin or 

soft tissue infections P. acnes, S.aureus, S. epidermis, S. pyogenes and K. rhizophila were inhibited 

by purified XN at MIC 3, 1, 3, 1, 1 mg/mL, respectively. Also, hydroalcoholic hop extract containing 

significant gallic acid, resveratrol and rutin amounts reduced biofilm formation of multidrug-resistant 

S. epidermis and Cutibacterium acnes [214]. While Rozalski et al. [62] demonstrated detrimental 

effects on S. aureus (ATCC 29213) biofilms, pure XN decreased viability by 86.5%, hop extract 

(51% XN) by 75%, and same hop extract deprived of XN by 42.8%. When hop cone extract and pure 

XN concentrations were increased, 97-99% eradication was achieved. Purified XN displayed 

inhibition on mainly gram-positive bacteria Staphylococcus, but also on the Streptococci e.g. Sc. 

mutans and others which typically cause dental caries were more affected than by typical mouthwash 

ingredients menthol or eucalyptus [215]. Other possible PLE-EtOH compounds, gallic, caffeic and 

ferulic acids are hop phenolic acids that were effective against some gram-positive (e.g., S. aureus, 

Lysteria monocytogenes) and gram-negative bacteria (e.g., Pseudomonas aeruginosa) [2]. 

Hop polyphenol-rich extracts can be used as natural bioactive ingredients in the cosmetic industry to 

develop novel phytodermatological preparations for prophylaxis and treatment of various skin 

infections, for example, acne, which initial stage pathogenesis is primarily conditioned by S. aureus 

[70]. 



 

Conclusions 

1. The following results from SFE-CO2 optimization were obtained: 

1.1. The models for yield (F=51.17) ORAC values (F=35.20), cohumulone (F=39.00), humulone 

and adhumulone (F=40.50), colupulone (F=44.34), lupulone and adlupulone (F=53.26), total 

α-acids (F=44.21), total β-acids (F=50.19), total bitter acids (F=44.27) and α/β ratio 

(F=56.41) were significant and reproducible. τ, P and P2 together contributed to the >70 % of 

the observed changes except for colupulone, lupulone and adlupulone and total β-acids 

influenced primarily by P2, and less so, but significantly by PT, similarly to the α/β-acid ratio. 

1.2. Optimal conditions (37 MPa, 43 °C, 80 min) yielded 26.3 g/100 g of an extract with 1481 mg 

TE/g E ORAC. SFE-CO2 extract (37 MPa, 43 °C, 80 min) contained 867.9 mg/g E total bitter 

acid content, 1.5/1 α- to β-bitter acid ratio. Under the corrected SFE-CO2 conditions (36 MPa, 

40 °C, 90 min), recovery of bitter acids yielded 25.27 g/100 g extract with 650.7 mg/g E total 

α-acids and 324.4 mg/g E β-acids, equivalent to 975.1 mg/g E or 246.4 mg/g HP total bitter 

acid content, with a 2.01 α/β ratio. Compared to SFE-CO2 extract obtained at 37 MPa, 43 °C 

and 80 min, the extraction of α-acids was more favored, increasing the recovery per gram HP 

by 19.5%. 

2. With optimized SFE-CO2 conditions, ~3-fold higher extraction yield and antioxidant recovery 

were achieved under significantly shorter extraction time compared to common commercially 

applied one-stage SFE-CO2 at 10-15 MPa and 40℃. 

3. Substantially shortened exhaustive extraction of bitter acids from hop pellets was achieved 

compared to the classical commercial one-stage SFE-CO2 at 10-15 MPa and 40℃. Lipophilic 

pigments content (carotenoids and chlorophylls) was negligible (< 0.04% of the total extract 

mass). The major identified volatile compounds were monoterpene hydrocarbons β-pinene (up 

to 7.0%) and β-myrcene (up to 6.2%), sesquiterpene hydrocarbons β-humulene (up to 7.0%), 

α-humulene (up to 9.9%), and α-selinene (up to 14.9%), also unsaturated ester methyl-4- 

decenoate (up to 11.1%), providing fruity, herbal, spicy and woody odour to the hop SFE-CO2 

extracts. 

4. SFE-CO2 extract (36 MPa, 40 °C, 90 min) showed antimicrobial activity against S. aureus 

(ATCC 25923) up to 36.9 mm and E.coli (ATTC 8739) up to 17.11 mm inhibition zone 

diameter at 50 mg/ml extract concentration. Did not inhibit the growth of E. coli (NTC 12900) 

and C. albicans (ATCC 90028). Results also indicate that it significantly decreased cell viability 

of skin cancer cell line (375) at 100 µg by 23.4%, and further at 750 µg to 94.5%. Viability of 

healthy keratinocyte was reduced significantly at 15 µg by 12%, and at 100 µg by 76%, while 

fibroblasts were affected significantly at 50 µg by 12.6%, and at 750 µg by 90.5%. 

5. The following results from PLE-EtOH process optimization were obtained 

5.1. Statistically significant and reproducible models were obtained for yield (F=57.85) and the 

following antioxidant indices: TPC (mg GAE/g HR; F=79.39), TEACORAC (mg TE/g HR; 

F=83.25) and the XN content (mg/g E; F=137.42). The effect of T and T2 contributed to 75- 

85% of observed responses. 

5.2. Optimal conditions were separated, maximized yield coupled with strong antioxidant potential 

(85 °C,18 min) 20.5 g/100 g HR extract with 39.3 mg GAE/g HR and 397.4 mg TE/g HR was 

obtained, while maximized XN content (40 °C, 15 min) yielded 11.3 g/100 g HR extract with 

83.5 mg/g E of XN. 

6. PLE-EtOH-I (40 °C, 15 min) contained 82% higher XN content, as compared to PLE-EtOH-II 

(85 °C,18 min), ~ 9.4 mg/g HR and 7.0 mg/g HP. Recovery of XN from Ella hop residue after 

SFE-CO2 was achieved already at the lowest tested temperature and time. Total chlorophyll 

content and carotenoid content were ~0.4 % (40 °C, 15 min) and ~0.1% (85 °C,18 min). Higher 

activity by an app. 85 % in TPC (39.29 mg GAE/g R), 34 % in TEACORAC value (397.37 mg 



 

TE/g R) and 95% in TEACABTS+ (112.95 mg TE/g R) was observed in PLE-EtOH-II (85 °C,18 

min) compared to PLE-EtOH-I (40 °C, 15 min). The hop PLE-EtOH extracts inhibited S. aureus 

(ATCC 25923) at 10 to 50 mg/ml concentrations to 21.00-22.67 mm inhibition zone diameter. 

The extracts did not inhibit the growth of E.coli (ATTC 8739), E. coli (NTC 12900) and C. 

albicans (ATCC 90028). 
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Appendices 
 

Appendix 1. The influence of the extraction time on the Ella hop SFE-CO2 extract yield (g/100 

g pellets) at 10-15 MPa pressure at 40 °C. SFE-CO2: supercritical carbon dioxide extraction. 

Different superscript letters indicate significant differences for each graph individually (one- 

way ANOVA and Tukey`s test p < 0.05). 

 



 

Appendix 2. Fit statistics parameters for the quadratic models of Ella hop SFE-CO2 extract 

yield (RFI) and TEACORAC (RFII). 

 

Fit statistics parameters RFI: Extract yield, g/100 g HP RFII: TEACORAC, mg TE/g HP 

Standard deviation 0.6763 8.00 

Mean 22.62 329.48 

C.V. % 2.99 2.43 

R² 0.9787 0.9694 

Adjusted R² 0.9596 0.9419 

Predicted R² 0.8859 0.8538 

Adequate precision 27.8325 20.4273 

HP: hop pellets; SFE-CO2: supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; RF: 

response factor; TEAC: Trolox equivalent antioxidant capacity. 



 

Appendix 3. Predicted vs. Actual values of reduced quadratic models of (A): extraction yield 

(RFI, g/100 g HP) and (B): TEACORAC (RFII, mg TE/g HP) 
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Appendix 4. Analysis of variance of the regression parameters for the response surface 

quadratic models of Ella hop SFE-CO2 extract yield (RFI) and TEACORAC (RFII). 

 

Source SS df MS F-value p-value 

RFI: Extract yield, g/100 g HP 

Model 210.66 9 23.41 51.17 < 0.0001* 

P (pressure, MPa) 51.71 1 51.71 113.06 < 0.0001* 

T (temperature, °C) 8.85 1 8.85 19.36 0.0013* 

τ (time, min) 118.34 1 118.34 258.72 < 0.0001* 

PT 0.4802 1 0.4802 1.05 0.3297** 

Pτ 2.98 1 2.98 6.51 0.0288* 

Tτ 0.3200 1 0.3200 0.6996 0.4224** 

P² 8.93 1 8.93 19.52 0.0013* 

T² 0.0030 1 0.0030 0.0066 0.9368** 

τ² 1.86 1 1.86 4.06 0.0716** 

Residual 4.57 10 0.4574   

Lack of Fit 3.03 5 0.6051 1.95 0.2399** 

Pure Error 1.55 5 0.3097   

Cor Total 215.23 19    

RFII TEACORAC, mg TE/g HP 

Model 20284.94 9 2253.88 35.20 < 0.0001* 

P (pressure, MPa) 2435.47 1 2435.47 38.03 0.0001* 

T (temperature, °C) 121.10 1 121.10 1.89 0.1991** 

τ (time, min) 11215.80 1 11215.80 175.15 < 0.0001* 

PT 7.70 1 7.70 0.1203 0.7359** 

Pτ 903.34 1 903.34 14.11 0.0037* 

Tτ 86.53 1 86.53 1.35 0.2721** 

P² 3123.23 1 3123.23 48.77 < 0.0001* 

T² 429.66 1 429.66 6.71 0.0269* 

τ² 230.26 1 230.26 3.60 0.0872** 

Residual 640.35 10 64.03   

Lack of Fit 432.78 5 86.56 2.08 0.2196** 

Pure Error 207.57 5 41.51   

Cor Total 20925.29 19    

*: significant; **: not significant; HP: hop pellets; SS: sum of square; df: degree of freedom; MS: mean square; F: Fisher 

value. SFE-CO2: supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; P: extraction 

pressure; RF: response factor; τ: extraction time; T: extraction temperature; TEAC: Trolox equivalent antioxidant 

capacity. 



 

Appendix 5. Response surface 3D and 2D plots showing the effects of independent variables pressure (P), temperature (T) and time (τ) on the 

Ella hop SFE-CO2 extract yield (g/100 g HP) 

 
 

 

 

 

 

 
 

 

 

 

 

 

(A) effect of T and P (τconst= 60 min) (B) effect of τ and P (Tconst= 50°C) (C) effect of τ and T (Pconst= 35 MPa) 



 

Appendix 6. Response surface 3D and 2D plots showing the effects of independent variables pressure (P), temperature (T) and time (τ) on the 

Ella hop SFE-CO2 extract TEACORAC (mg TE/g HP). 

 
 

 

 

 

 

 
 

 

 

 

 

 

(A) effect of T and P (τconst= 60 min) (B) effect of τ and P (Tconst= 50°C) (C) effect of τ and T (Pconst= 35 MPa) 



 

Appendix 7. Confirmation parameters for the quadratic models of Ella hop SFE-CO2 extract 

yield (RFI) and TEACORAC (RFII). 

 

Confirmation parameters RFI: Extract yield, g/100 g HP RFII: TEACORAC, mg TE/g HP 

Predicted mean 26.7641 373.2250 

Predicted median 26.7641 373.2250 

Standard deviation 0.6763 8.0022 

SE Pred. 0.7558 8.9434 

95% PI (low) 25.0800 353.2980 

Experimental data mean 26.3200 389.8400 

95% PI (high) 28.4483 393.1530 

HP: hop pellets; SE Pred.: standard deviation associated with the prediction of an individual observation; SFE-CO2: 
supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; PI: prediction interval; RF: response 
factor; TEAC: Trolox equivalent antioxidant capacity. 



 

Appendix 8. Analysis of correlation between in vitro oxygen radical scavenging capacity 

(TEACORAC) values and different phytochemical composition indices of Ella variety hop SFE- 

CO2 extracts obtained under the different experimental conditions 

 

Pearson correlation coefficients 

Phytochemical composition indices TEACORAC, 

mg TE/g extract 

TEACORAC, 

mg TE/g pellets 

Total bitter acid content, mg/g of extract or pellets 0.8664 0.9934** 

α-Acid content, mg/g of extract or pellets: 0.7473 0.9799* 

Cohumulone 0.8240 0.9671* 

Adhumulone + humulone 0.6462 0.9774* 

β-acid content, mg/g of extract or pellets: 0.7570 0.9976** 

Colupulone 0.4866 0.9912** 

Adlupulone + lupulone 0.8871 0.9941** 

Total carotenoid content, μg/g of extract or pellets 0.7943 0.9064 

Total chlorophyll content, μg/g of extract or pellets: 0.7479 0.8398 

Chlorophyll A 0.6968 0.7958 

Chlorophyll B 0.8803 0.9981** 

SFE-CO2: supercritical carbon dioxide extraction; *: correlation is significant at the P<0.05 level (two-tailed). Pearson 

correlation coefficients were calculated using GraphPad Prism 7.04 software (2017). 



 

 

 

Appendix 9. Volatile compound composition (GC peak area arbitrary units × 107) of Ella hop SFE-CO2 extracts obtained under different 

experimental conditions. 

 

SFE-CO2 conditions 

Compound 
Exact 

Mass 
RIexp RIlit

A
 Odour type: descriptionB,C SFE-CO2 I 

10 MPa, 40 °C, 
300 min 

SFE-CO2 II 

12.5 MPa, 40 °C, 

300 min 

SFE-CO2 III 

15 MPa, 40 °C, 
300 min 

SFE-CO2 IV 

37 MPa, 43 °C, 
80 min 

Monoterpenes GC peak area AU, × 107 

 
α-Pinene 

 
136.1252 

 
950 

 
946 [169] 

Herbal: herbal, fresh, terpenic, 

fruity, sweet, green, pine, earthy, 

woody 

 
1.1±0.0a 

 
0.5±0.1a 

 
0.7±0.2a 

 
3.5±0.3b 

Camphene 136.1252 971 972 [170] Woody: camphoreous, cooling 
minty, citrus green spicy 

0.2±0.1a 0.4±0.0a 0.6±0.3a 1.2±0.5b 

β-Pinene 136.1252 1000 989 [190] Herbal: cooling, dry, woody, 
piney, eucalyptus, spicy 

39.4±0.9a 39.1±0.5a 34.6±1.9a 63.2±0.7b 

 

β-Myrcene 

 

136.1252 

 

1000 

 

995 [190] 

Spicy: peppery, terpenic, balsamic, 
metallic, musty, fruity, ethereal, 
herbaceous, woody 

 

37.1±0.1a 

 

35.4±0.4a 

 

35.3±0.4a 

 

56.1±1.5b 

p-Cymene 136.1252 1015 1015[172] Terpenic: woody, fresh, terpenic, 
citrus, lemon, spicy 

5.0±0.1d 1.9±0.0b 1.3±0.0a 3.5±0.0a 

 

(E)-β-Ocimene 

 

136.1252 

 

1059 

 

1052 [190] 

Floral: herbal, mild, citrus, sweet, 

orange, lemon, tropical, green, 

woody 

 

18.8±0.3d 

 

12.4±0.1c 

 

5.7±0.0a 

 

10.6±0.0b 

γ-Terpinene 136.1252 1074 1068 [170] Terpenic: citrus, terpenic, herbal, 
oily, tropical, fruity, sweet 

4.4±0.5b 3.3±0.0b 3.0±0.0a _ND 

Terpinolene 136.1252 1104 1105 [170] Herbal: fresh, woody, sweet, 
piney, citrus, anise 

1.0±0.1a 0.8±0.0a 1.0±0.2a 1.0±0.0a 

β-Linalool 154.1358 1119 1109 [190] Floral: citrus, orange, floral, sweet, 
rose, woody, green 

21.8±1.0b 18.3±0.4a 18.2±0.2a 19.4±1.3ab 

Total monoterpenes 
    

127.5 111.2 
Total 
monoterpenes 

153.8 

Sesquiterpenes GC peak area AU, × 107 

α-Copaene 204.1878 1375 1374 [173] Woody: woody, spicy, earthy 2.2±0.1a 2.2±0.0a 1.9±0.0a _ND 

α-Ylangene 204.1878 1401 
1390[169 
] 

Fruity 38.5±0.1c 32.7±0.4a 32.1±0.1a 36.1±0.0b 



 

 

 
 

SFE-CO2 conditions 

Compound 
Exact 

Mass 
RIexp RIlit

A
 Odour type: descriptionB,C SFE-CO2 I 

10 MPa, 40 °C, 
300 min 

SFE-CO2 II 
12.5 MPa, 40 °C, 

300 min 

SFE-CO2 III 

15 MPa, 40 °C, 
300 min 

SFE-CO2 IV 

37 MPa, 43 °C, 
80 min 

β-Caryophyllene 204.1878 1438 1428 [169] Spicy: musty, green, woody, clove, 

dry 
7.9±0.0d 6.2±0.0b 5.7±0.0a 6.8±0.0c 

Aromadendrene 204.1878 1439 1439 [173] Sweet, dry 13.4±0.1b 9.3±0.7a 9.3±0.0a 9.7±0.0a 

β-Humulene 204.1878 1457 1457[172] -NR 77.3±5.9b 61.9±2.8ab 64.6±0.2ab 56.8±2.0a 

α-Humulene 204.1878 1504 1505 [170] Woody: woody, spicy, clove 121.2±0.3c 90.1±0.7b 66.9±0.0a 71.7±7.0a 

β-Selinene 204.1878 1514 1524 [169] Herbal _ND 39.9±0.0b 42.7±0.0c 34.9±0.0a 

α-Selinene 204.1878 1534 1533 [169] Pepper, orange 181.6±0.0d 97.4±0.0c 54.6±0.0b 49.4±0.1a 

δ-Cadinene 204.1878 1554 1556 [169] Herbal: thyme, herbal, woody, dry 18.5±0.0b 14.7±0.3a 22.3±0.1c 41.9±0.7d 

Calamenene 202.1722 1564 1562 [169] Herbal, spicy 3.3±0.0b 2.9±0.0a 7.1±0.0c 7.6±0.0d 

α-Calacorene 200.1565 1583 1590 [169] Woody: dry, woody 2.6±0.1c 1.6±0.0b 1.9±0.0b 1.2±0.0a 

Caryophyllene oxide 220.1827 1635 1617 [190] 
Woody: sweet, fresh, dry, woody, 

spicy, fruity, sawdust, herbal 
2.6±0.0a 

 

_ND 3.8±0.0b 
 

_ND 

Total sesquiterpenes 
    

469.0 358.8 
Total 
sesquiterpenes 

316.0 

Alcohols GC peak area AU, × 107 

3-Methyl-2-buten-1-ol 86.0732 799 785[169] 
Fruity: sweet, fruity, alcoholic, 

green 
2.5±0.0a 4.1±0.0b 4.6±0.0c 

 

_ND 

2-Undecanol 170.1671 1314 1302 [169] Waxy: fresh, waxy, cloth, 

sarsaparilla 
21.3±1.0c 17.5±1.2b 16.7±0.7b 13.3±1.2a 

Total alcohols     23.8 21.6 Total alcohols 13.3 

Aldehydes GC peak area AU, × 107 

3-Methyl-2-butenal 84.0575 814 794 [169] Fruity: sweet, fruity, pungent, 

nutty, almond, cherry 
2.9±0.1b 2.2±0.5b 2.5±0.6b 0.4±0.1a 

Total aldehydes     2.9 2.2 Total aldehydes 0.4 

Ketones GC peak area AU, × 107 

2-Undecanone 170.1671 1271 1294 [173] 
Fruity: waxy, fruity, creamy, fatty, 

pineapple, orris, floral 
7.7±0.0c 5.6±0.2ab 5.9±0.0b 5.2±0.0a 



 

 

 
 

SFE-CO2 conditions 

Compound 
Exact 

Mass 
RIexp RIlit

A
 Odour type: descriptionB,C SFE-CO2 I 

10 MPa, 40 °C, 
300 min 

SFE-CO2 II 
12.5 MPa, 40 °C, 

300 min 

SFE-CO2 III 

15 MPa, 40 °C, 
300 min 

SFE-CO2 IV 

37 MPa, 43 °C, 
80 min 

2-Tridecanone 198.1984 1514 1504 [190] Waxy: fatty, waxy, dairy, milky, 

coconut, nutty, herbal, earthy 
8.2±0.0b 5.9±0.0a _ND _ND 

Total ketones     15.9 11.5 Total ketones 5.2 

Esters GC peak area AU, × 107 

2-methylpropyl 2- 

methylpropanoate 
144.1150 921 918 [190] 

Fruity: ethereal, fruity, tropical 

fruit, pineapple 
1.0±0.4a 0.83±0.37a 1.48±0.00ab 2.43±0.09b 

3-methylbutyl propanoate 144.1150 979 977 [190] Fruity: sweet, fruity, apple, apple, 
raspberry, banana 

6.9±0.7ab 6.40±0.65a 5.46±0.00a 9.45±0.9b 

Methyl hexanoate 130.0994 936 927 [169] Fruity: fruity, pineapple, thinner, 
acetone 

1.1±0.0abc 0.93±0.09ab 1.48±0.00c 0.99±0.18b 

Pentyl 2- 
methylpropanoate 

158.1307 1022 1020 [190] Fruity: fruity, apple, banana, 
apricot, buttery 

16.8±0.3a 14.1±1.67a 15.55±0.83a 24.84±0.45b 

Methyl heptanoate 144.1150 1037 1030 [190] Fruity: sweet, fruity, waxy, floral, 
berry, apple 

6.87±0.00a 6.03±0.46a 5.55±0.37a 6.93±0.54a 

Methyl 6- 
methylheptanoate 

158.1307 1096 1092 [169] -NR 8.83±0.25a 9.46±0.00a 10.55±0.00b 8.64±0.45a 

2-Methylbutyl 3- 
methylbutanoate 

172.1463 1111 1113 [169] Fruity: herbal, earthy, apple, green _ND _ND 4.81±0.56a 5.67±0.81a 

Methyl octanoate 158.1307 1135 1130 [190] Waxy: waxy, green, sweet, orange, 
aldehydic, vegetable, herbal 

14.23±0.12b 12.34±0.74ab 11.85±0.56a 10.80±0.45a 

Hexyl 2-methylpropanoate 172.1463 1158 1151 [190] Green: sweet, green, fruity, apple, 

pear, grape, ripe, berry 
1.84±0.74a 2.60±0.00a 5.65±0.37b 3.24±0.09a 

Heptyl propanoate 172.1463 1206 1207 [169] Floral: rose, apricot 7.48±0.37c 5.75±0.09ab 6.20±0.00b 5.04±0.00a 

Methyl 8-nonenoate 170.1307 1222 1218 [190] -NR _ND 5.1±0.28b 4.63±0.00ab 4.41±0.00a 

Methyl nonanoate 172.1463 1238 1229 [190] 
Fruity: sweet, fruity, pear, waxy, 

tropical, winey 
11.16±0.12a 20.22±1.11b 26.19±0.37c 19.17±0.00b 

Heptyl 2- 

methylpropanoate 

 

186.1620 

 

1255 

 

1249 [190] 

Fruity: fruity, sweet, green, warm, 

floral, tropical, chamomile, tea, 

green 

 

4.78±0.00a 

 

4.55±0.00a 

 

4.9±0.65a 

 

3.78±0.18a 

2-Methylbutyl hexanoate 186.1620 1263 1246 [169] Fruity: fruity, ethereal 0.74±0.00a 1.11±0.00b _ND _ND 

Methyl 4-decenoate 184.1463 1322 1316 [190] 
Fruity: fruity, pear, mango, fishy, 

peach, green 
67.59±0.49a 100.18±2.04c 102.54±2.5c 75.43±0.54b 



 

 

 
 

 

SFE-CO2 conditions 

Compound 
Exact 

Mass 
RIexp RIlit

A Odour type: descriptionB,C SFE-CO2 I SFE-CO2 II SFE-CO2 III SFE-CO2 IV 

 
 

Total esters 

Fatty acids GC peak area AU, × 107 

Acidic: sour, cheesy, dairy, 

cid, phenolic, fatty, 
 

y, acidic, sour, 

uity, fatty, sweaty, 

 

cid, sour, cheesy, 

ty, fermented, 

ruity 

waxy, rancid, oily, 

eesy 

 

Total GC peak area AU, × 107 
 

AU: arbitrary units; A: retention indexes (RI) reported for RTX-5 or equivalent column (± 20 units compared to the calculated RIexp); [169] Martins et.al. J. Chemom., 2020, 34, e3285; 

[170] Rali et al. Molecules, 2007, 12, 3, 389-394; [190]Yan et al. Food Chem., 2019, 25, 15-23; [172]Frizzo et al. Flavour Fragr. J, 2001, 16, 286-288; [173] Adams, R.P. Identification 

of essential oil components by gas chromatography/mass spectrometry, ed. 4.1. 2017; [174]Brendel et.al. J.Agric.Food.Chem., 2019, 67, 12044-12053; [175]Alissandrakis et al. 

J.Agric.Food Chem., 2007, 55, 8152-8157. B: Odour descriptions obtained from Pherobase database (https://www.pherobase.com/); C: Odour descriptions obtained from The Goodscent 

Company database (http://www.thegoodscentscompany.com/); -NI: not identified; -ND: not detected; -NR: not reported. Different superscript letters in the same row indicate significant 

differences (one-way ANOVA and Tukey`s test p < 0.05). 

10 MPa, 40 °C, 
300 min 

12.5 MPa, 40 °C, 
300 min 

15 MPa, 40 °C, 
300 min 

37 MPa, 43 °C, 
80 min 

149.29 189.59 Total esters 180.84 

 

 
2.09±0.00a 

 

 
1.58±0.19a 

 

 
1.85±0.19a 

 

 
2.34±0.45a 

 

1.35±0.12a 

 

1.21±0.00a 

 

1.30±0.00a 

 

0.99±0.09a 

 

2.94±0.00a 

 

3.80±0.09b 

 

2.87±0.19a 

 

2.52±0.18a 

2.45±0.00d 2.32±0.00b 2.04±0.00a 2.52±0.00c 

8.83 8.90 8.05 8.37 

1226.67 ±21.92b 927.56±7.08a 925.47±6.20a 900.15±5.63a 

 

2-Methylpropanoic acid 88.05240 778 762 [174] buttery, ran 
  sweaty 
  Cheesy: dair 

3-Methylbutanoic acid 102.0681 850 865 [174] pungent, fr 
  rancid 
  Cheesy: ran 

Heptanoic acid 130.0994 1089 1072 [169] waxy, swea 

 
Octanoic acid 

 
144.1150 

pineapple, f 

1189 1191 [175]     Fatty: fatty, 
vegetable, ch 

Total fatty acids 
  

 

http://www.pherobase.com/)%3B
http://www.pherobase.com/)%3B
http://www.pherobase.com/)%3B
http://www.thegoodscentscompany.com/)%3B


 

 

 

Appendix 10. Central composite design matrix (levels of independent variables and variation levels) for SFE-CO2 optimization for α- and β- 

bitter acid extraction from Ella variety hop pellets 

 

Levels 

and runs 

PLE-EtOH 

parameters 

 RFI 

Cohumulone 

RFII 

Humulone 

+Adhumulone 

RFIII: 

Colupulone 

RFIV: 

Lupulone 

+Adlupulone 

RFV: 

Total α-acids 

RFVI: 

Total β-acids 

RFVII: 

Total acids 

RFVIII: 

α/β ratio 

 P, 

MPa 

T, 

°C 

τ, 

mi 
mg/g E mg/g E mg/g E mg/g E mg/g E mg/g E mg/g E 

 

Center 35 50 60 201.08 ± 9.17 363.21 ± 6.8 215.58 ± 7.57 124.01 ± 2.37 564.29 ± 2.37 339.59 ± 5.21 903.87 ± 7.57 1.66 ± 0.02 

Axial 25 50 60 194.24 ± 15.38 361.84 ± 35.78 199.31 ± 12.16 107.25 ± 6.30 556.08 ± 1.54 306.55 ± 18.46 862.63 ± 20.00 1.81 ± 0.06 

Axial 35 40 60 205.53 ± 2.31 353.9 ± 12.74 206.53 ± 4.46 117.75 ± 4.74 559.43 ± 15.05 324.28 ± 9.24 883.72 ± 24.28 1.73 ± 0.00 

Factorial 25 40 90 206.75 ± 13.13 372.69 ± 14.47 204.4 ± 25.88 113.55 ± 4.70 579.45 ± 27.6 317.95 ± 30.62 897.4 ± 16.28 1.83 ± 0.09 

Factorial 25 60 30 201.81 ± 8.88 373.79 ± 10.9 222.82 ± 7.15 128.3 ± 2.31 575.6 ± 2.02 351.12 ± 9.46 926.71 ± 11.48 1.64 ± 0.04 

Axial 35 50 90 201.52 ± 4.39 377.43 ± 27.00 224.55 ± 3.85 121.45 ± 3.92 578.94 ± 31.39 346 ± 7.77 924.94 ± 23.62 1.67 ± 0.13 

Center 35 50 60 201.1 ± 9.18 363.17 ± 6.80 215.55 ± 7.56 123.49 ± 2.38 564.27 ± 2.38 339.04 ± 5.23 903.31 ± 7.56 1.66 ± 0.02 

Center 35 50 60 201.11 ± 9.17 363.17 ± 6.81 215.57 ± 7.60 123.49 ± 2.35 564.29 ± 2.35 339.06 ± 5.20 903.34 ± 7.56 1.66 ± 0.02 

Factorial 45 60 30 228.99 ± 3.36 411.76 ± 1.79 177 ± 1.52 97.58 ± 0.21 640.76 ± 5.15 274.58 ± 1.31 915.34 ± 6.46 2.33 ± 0.01 

Factorial 45 40 90 231.01 ± 9.94 409.5 ± 0.00 132.79 ± 12.08 83.64 ± 4.68 640.66 ± 9.94 216.43 ± 16.76 857,09 ± 26,69 2.97 ± 0.18 

Factorial 45 40 30 203.65 ± 10.71 358.71 ± 38.01 110.85 ± 18.55 73.20 ± 9.66 562.35 ± 3.14 184.05 ± 28.21 746.4 ± 31.36 3.07 ± 0.21 

Axial 35 60 60 213.53 ± 1.64 380.22 ± 5.99 204.39 ± 8.40 117.54 ± 0.22 593.75 ± 4.35 321.93 ± 8.62 915.68 ± 4.27 1.85 ± 0.06 

Factorial 25 60 90 196.43 ± 1.63 352.9 ± 14.30 192.96 ± 13.51 109.82 ± 0.31 549.34 ± 15.93 302.77 ± 13.82 852.11 ± 29.75 1.81 ± 0.03 

Factorial 45 60 90 200 ± 15.77 380.54 ± 4.62 139.47 ± 7.89 87.22 ± 2.95 580.54 ± 11.15 226.69 ± 10.84 807.23 ± 21.95 2.56 ± 0.07 

Center 35 50 60 201.08 ± 9.16 363.18 ± 6.78 215.56 ± 7.56 123.47 ± 2.38 564.26 ± 2.38 339.02 ± 5.19 903.28 ± 7.56 1.66 ± 0.02 

Center 35 50 60 201.08 ± 9.17 363.21 ± 6.79 215.54 ± 7.58 123.5 ± 2.38 564.29 ± 2.38 339.04 ± 5.21 903.33 ± 7.58 1.66 ± 0.02 

Axial 45 50 60 196.21 ± 6.49 332.64 ± 14.61 110.20 ± 5.02 75.4 ± 3.39 528.85 ± 19.87 185.6 ± 8.40 714.44 ± 11.46 2.85 ± 0.24 

Center 35 50 60 201.1 ± 9.18 363.17 ± 6.81 215.58 ± 7.59 123.49 ± 2.37 564.27 ± 2.37 339.07 ± 5.22 903.34 ± 7.59 1.66 ± 0.02 

Factorial 25 40 30 195.94 ± 2.26 356.65 ± 8.19 243.48 ± 14.26 128.90 ± 3.48 552.58 ± 5.94 372.39 ± 17.68 924.97 ± 23.68 1.49 ± 0.05 

Axial 35 50 30 197.08 ± 21.84 348.04 ± 20.35 196.55 ± 9.24 106.90± 2.44 545.11 ± 42.19 303.45 ± 11.73 848.56 ± 6.03 1.79 ±0.07 

SFE-CO2: supercritical carbon dioxide extraction; RFI: Cohumulone, mg/g E; RFII: Humulone + adhumulone, mg/g E; RFIII: Colupulone, mg/g E; RFIV: Lupulone+adlupulone, mg/g 

E; RFV: Total α-acids, mg/g E; RFVI: Total β-acids, mg/g E; RFVII: Total bitter acids, mg/g E; RF VIII: α / β ratio; E: extract; P: extraction pressure; RF: response factor; τ: extraction 

time; T: extraction temperature. 



 

Appendix 11. Fit statistics parameters for the not reduced models of SFE-CO2 optimization 

for extraction of bitter acid content from Ella variety hop, content of cohumulone (RF I), 

humulone + adhumulone (RF II), colupulone (RF III), lupulone+adlupulone (RF IV), total α 

acids (RF V), total β acids (RF VI) and total bitter acids (RF VII), and α/β ratio (RF VIII) 

 

Fit statistics 

parameters 
RF I RF II RF III RF IV RF V RF VI RF VII RF VIII 

Suggested 

model 
Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic 

Std. Dev. 1.89 3.75 2.84 1.32 5.43 4.07 7.65 0.1276 

Mean 46.20 83.18 43.23 24.84 129.38 68.06 197.44 1.97 

C.V. % 4.08 4.50 6.57 5.33 4.20 5.97 3.87 6.48 

R² 0.9680 0.9600 0.9535 0.9617 0.9653 0.9579 0.9659 0.9649 

Adjusted R² 0.9393 0.9239 0.9117 0.9272 0.9341 0.9200 0.9352 0.9334 

Predicted R² 0.6504 0.6791 0.5379 0.7668 0.6912 0.6343 0.6684 0.6566 

Adeq. recision 23.6799 20.3432 15.8015 16.2471 22.2474 16.3249 19.6128 16.1245 

Std. Dev.: standard deviation; C.V.: coefficient of variation SFE-CO2: supercritical carbon dioxide extraction; RF: 

response factor; HP: hop pellets 



 

Appendix 12. Analysis of variance of the regression parameters for the response surface 

quadratic models before reduction, content of cohumulone (RF I), humulone + adhumulone 

(RF II), colupulone (RF III), lupulone+adlupulone (RF IV), total α acids (RF V), total β acids 

(RF VI) and total bitter acids (RF VII) and α/β ratio (RF VIII) of Ella variety hop SFE-CO2 

extract 

 

Source SS df MS F-value p-value 

RF I: Cohumulone, mg/g HP 

Model 1076.71 9 119.63 33.66 < 0.0001* 

P-Pressure 361.92 1 361.92 101.82 < 0.0001* 

T-Temperature 50.36 1 50.36 14.17 0.0037* 

τ-Time 535.97 1 535.97 150.78 < 0.0001* 

PT 4.82 1 4.82 1.36 0.2712** 

Pτ 9.48 1 9.48 2.67 0.1334** 

Tτ 22.34 1 22.34 6.29 0.0311* 

P² 53.92 1 53.92 15.17 0.0030* 

T² 17.91 1 17.91 5.04 0.0486* 

τ² 6.46 1 6.46 1.82 0.2072** 

Residual 35.55 10 3.55   

Lack of Fit 29.26 5 5.85 4.65 0.0584** 

Pure Error 6.29 5 1.26   

Cor Total 1112.26 19    

RF II: Humulone+ adhumulone, mg/g HP 

Model 3365.55 9 373.95 26.64 < 0.0001* 

P-Pressure 1010.63 1 1010.63 71.99 < 0.0001* 

T-Temperature 79.07 1 79.07 5.63 0.0391* 

τ-Time 1967.01 1 1967.01 140.12 < 0.0001* 

PT 1.21 1 1.21 0.0861 0.7752** 

Pτ 8.38 1 8.38 0.5973 0.4575** 

Tτ 49.25 1 49.25 3.51 0.0905** 

P² 185.83 1 185.83 13.24 0.0045* 

T² 27.02 1 27.02 1.92 0.1955** 

τ² 0.7738 1 0.7738 0.0551 0.8191** 

Residual 140.38 10 14.04   

Lack of Fit 119.99 5 24.00 5.88 0.0371* 

Pure Error 20.39 5 4.08   

Cor Total 3505.93 19    

RF III: Colupulone, mg/g HP 

Model 1654.69 9 183.85 22.80 < 0.0001* 

P-Pressure 191.76 1 191.76 23.78 0.0006* 

T-Temperature 5.69 1 5.69 0.7050 0.4207** 

τ-Time 304.92 1 304.92 37.82 0.0001* 

PT 52.22 1 52.22 6.48 0.0291* 

Pτ 11.23 1 11.23 1.39 0.2652** 

Tτ 8.20 1 8.20 1.02 0.3370** 

P² 650.15 1 650.15 80.63 < 0.0001* 

T² 1.34 1 1.34 0.1667 0.6917** 

τ² 0.5796 1 0.5796 0.0719 0.7941** 

Residual 80.64 10 8.06   



 

Source SS df MS F-value p-value 

Lack of Fit 73.43 5 14.69 10.19 0.0117* 

Pure Error 7.20 5 1.44   

Cor Total 1735.33 19    

RF IV Lupulone + adlupulone, mg/g HP 

Model 439.10 9 48.79 27.89 < 0.0001* 

P-Pressure 16.26 1 16.26 9.29 0.0123* 

T-Temperature 2.23 1 2.23 1.27 0.2855** 

τ-Time 116.14 1 116.14 66.38 < 0.0001* 

PT 4.87 1 4.87 2.78 0.1263** 

Pτ 1.44 1 1.44 0.8259 0.3848** 

Tτ 1.16 1 1.16 0.6602 0.4354** 

P² 159.41 1 159.41 91.11 < 0.0001* 

T² 1.64 1 1.64 0.9352 0.3563** 

τ² 2.07 1 2.07 1.19 0.3017** 

Residual 17.50 10 1.75   

Lack of Fit 15.27 5 3.05 6.87 0.0271* 

Pure Error 2.22 5 0.4449   

Cor Total 456.60 19    

RF V Total α-acids, mg/g HP 

Model 8216.35 9 912.93 30.93 < 0.0001* 

P-Pressure 2582.13 1 2582.13 87.48 < 0.0001* 

T-Temperature 255.64 1 255.64 8.66 0.0147* 

τ-Time 4556.52 1 4556.52 154.38 < 0.0001* 

PT 10.86 1 10.86 0.3679 0.5577** 

Pτ 35.70 1 35.70 1.21 0.2972** 

Tτ 137.94 1 137.94 4.67 0.0559** 

P² 439.97 1 439.97 14.91 0.0032* 

T² 88.92 1 88.92 3.01 0.1133** 

τ² 11.71 1 11.71 0.3968 0.5429** 

Residual 295.15 10 29.52   

Lack of Fit 245.82 5 49.16 4.98 0.0513** 

Pure Error 49.33 5 9.87   

Cor Total 8511.50 19    

RF VI Total β-acids, mg/g HP 

Model 3761.68 9 417.96 25.29 < 0.0001* 

P-Pressure 319.68 1 319.68 19.35 0.0013* 

T-Temperature 15.03 1 15.03 0.9096 0.3627** 

τ-Time 797.45 1 797.45 48.26 < 0.0001* 

PT 88.98 1 88.98 5.38 0.0427* 

Pτ 20.74 1 20.74 1.25 0.2888** 

Tτ 15.51 1 15.51 0.9388 0.3554** 

P² 1453.43 1 1453.43 87.96 < 0.0001* 

T² 5.95 1 5.95 0.3598 0.5619** 

τ² 0.4613 1 0.4613 0.0279 0.8706** 

Residual 165.24 10 16.52   

Lack of Fit 147.83 5 29.57 8.49 0.0174* 

Pure Error 17.42 5 3.48   

Cor Total 3926.92 19    

RF VII Total bitter acids, mg/g HP 

Model 16569.61 9 1841.07 31.47 < 0.0001* 



 

Source SS df MS F-value p-value 

P-Pressure 1084.72 1 1084.72 18.54 0.0015* 

T-Temperature 394.64 1 394.64 6.75 0.0266* 

τ-Time 9166.36 1 9166.36 156.67 < 0.0001* 

PT 37.67 1 37.67 0.6439 0.4410** 

Pτ 110.86 1 110.86 1.89 0.1987** 

Tτ 245.98 1 245.98 4.20 0.0675** 

P² 3492.72 1 3492.72 59.70 < 0.0001* 

T² 140.86 1 140.86 2.41 0.1518** 

τ² 16.82 1 16.82 0.2875 0.6035** 

Residual 585.06 10 58.51   

Lack of Fit 459.71 5 91.94 3.67 0.0901** 

Pure Error 125.35 5 25.07   

Cor Total 17154.67 19    

RF VIII α/β-acid ratio 

Model 4.48 9 0.4978 30.57 < 0.0001* 

P-Pressure 2.70 1 2.70 166.04 < 0.0001* 

T-Temperature 0.0810 1 0.0810 4.97 0.0498* 

τ-Time 0.0270 1 0.0270 1.66 0.2266** 

PT 0.2048 1 0.2048 12.58 0.0053* 

Pτ 0.0180 1 0.0180 1.11 0.3172** 

Tτ 0.0032 1 0.0032 0.1965 0.6670** 

P² 0.8457 1 0.8457 51.93 < 0.0001* 

T² 0.0006 1 0.0006 0.0357 0.8539** 

τ² 0.0057 1 0.0057 0.3489 0.5678** 

Residual 0.1628 10 0.0163   

Lack of Fit 0.1628 5 0.0326   

Pure Error 0.0000 5 0.0000   

Cor Total 4.64 19    

*: significant; **: not significant; SS: sum of square; df: degree of freedom; MS: mean square; F: Fisher value. SFE-CO2: 

supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; P: extraction pressure; RF: response 

factor; τ: extraction time; T: extraction temperature; HP: hop pellets 



 

Appendix 13. Fit statistics parameters for the reduced models of SFE-CO2 optimization for 

extraction of bitter acid content from Ella variety hop, content of cohumulone (RF I), 

humulone + adhumulone (RF II), colupulone (RF III), lupulone+adlupulone (RF IV), total α 

acids (RF V), total β acids (RF VI) and total bitter acids (RF VII), and α/β ratio (RF VIII) 

 

Fit statistics 

parameters 
RF I RF II RF III RF IV RF V RF VI RF VII RF VIII 

Suggested 

model 
Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic 

Std. Dev. 1.98 3.44 2.71 1.28 5.15 3.85 7.30 0.1149 

Mean 46.20 83.18 43.23 24.84 129.38 68.06 197.44 1.97 

C.V. % 4.28 4.14 6.28 5.14 3.98 5.66 3.70 5.84 

R² 0.9579 0.9594 0.9406 0.9501 0.9627 0.9472 0.9627 0.9630 

Adjusted R² 0.9333 0.9357 0.9194 0.9322 0.9409 0.9283 0.9410 0.9459 

Predicted R² 0.8005 0.8414 0.8299 0.8931 0.8444 0.8586 0.8329 0.8627 

Adeq. recision 24.9413 24.6878 21.4672 22.9885 26.1011 22.7517 22.9063 21.5293 

Std. Dev.: standard deviation; C.V.: coefficient of variation; SFE-CO2: supercritical carbon dioxide extraction; RF: response 

factor; HP: hop pellets 



 

Appendix 14. Analysis of variance of the regression parameters for the response surface 

reduced quadratic models of cohumulone, humulone+adhuulone, colupulone, lupulone and 

adlupulone, total α acid, total β acid and total bitter acid content (mg/g HP) and α/β acid ratio 

of Ella variety hop SFE-CO2 extract 

 

Source SS df MS F-value p-value 

RF I: Cohumulone, mg/g HP 

Model 1065.43 7 152.20 39.00 < 0.0001* 

P-Pressure 361.92 1 361.92 92.74 < 0.0001* 

T-Temperature 50.36 1 50.36 12.90 0.0037* 

τ-Time 535.97 1 535.97 137.34 < 0.0001* 

Pτ 9.48 1 9.48 2.43 0.1450** 

T 22.34 1 22.34 5.73 0.0340* 

P² 80.10 1 80.10 20.52 0.0007* 

T² 12.51 1 12.51 3.20 0.0987** 

Residual 46.83 12 3.90   

Lack of Fit 40.54 7 5.79 4.61 0.0559** 

Pure Error 6.29 5 1.26   

Cor Total 1112.26 19    

RF II: Cohumulone+ adhumulone, mg/g HP 

Model 3363.57 7 480.51 40.50 < 0.0001* 

P-Pressure 1010.63 1 1010.63 85.19 < 0.0001* 

T-Temperature 79.07 1 79.07 6.67 0.0240* 

τ-Time 1967.01 1 1967.01 165.80 < 0.0001* 

Pτ 8.38 1 8.38 0.7067 0.4170** 

Tτ 49.25 1 49.25 4.15 0.0643** 

P² 226.83 1 226.83 19.12 0.0009* 

T² 27.58 1 27.58 2.32 0.1533** 

Residual 142.36 12 11.86   

Lack of Fit 121.97 7 17.42 4.27 0.0646** 

Pure Error 20.39 5 4.08   

Cor Total 3505.93 19    

RF III: Colupulone, mg/g HP 

Model 1632.25 5 326.45 44.34 < 0.0001* 

P-Pressure 191.76 1 191.76 26.04 0.0002* 

T-Temperature 5.69 1 5.69 0.7721 0.3944** 

τ-Time 304.92 1 304.92 41.41 < 0.0001* 

PT 52.22 1 52.22 7.09 0.0185* 

P² 1077.66 1 1077.66 146.36 < 0.0001* 

Residual 103.08 14 7.36   

Lack of Fit 95.88 9 10.65 7.39 0.0201* 

Pure Error 7.20 5 1.44   

Cor Total 1735.33 19    

RF IV Lupulone + adlupulone, mg/g HP 

Model 433.79 5 86.76 53.26 < 0.0001* 

P-Pressure 16.26 1 16.26 9.98 0.0070* 

T-Temperature 2.23 1 2.23 1.37 0.2618** 

τ-Time 116.14 1 116.14 71.29 < 0.0001* 

PT 4.87 1 4.87 2.99 0.1059** 



 

Source SS df MS F-value p-value 

P² 294.30 1 294.30 180.65 < 0.0001* 

Residual 22.81 14 1.63   

Lack of Fit 20.58 9 2.29 5.14 0.0431* 

Pure Error 2.22 5 0.4449   

Cor Total 456.60 19    

RF V Total α-acids, mg/g HP 

Model 8193.78 7 1170.54 44.21 < 0.0001* 

P-Pressure 2582.13 1 2582.13 97.52 < 0.0001* 

T-Temperature 255.64 1 255.64 9.66 0.0091* 

τ-Time 4556.52 1 4556.52 172.09 < 0.0001* 

Pτ 35.70 1 35.70 1.35 0.2681** 

Tτ 137.94 1 137.94 5.21 0.0415* 

P² 576.52 1 576.52 21.77 0.0005* 

T² 77.22 1 77.22 2.92 0.1134** 

Residual 317.72 12 26.48   

Lack of Fit 268.39 7 38.34 3.89 0.0771** 

Pure Error 49.33 5 9.87   

Cor Total 8511.50 19    

RF VI Total β-acids, mg/g HP 

Model 3719.42 5 743.88 50.19 < 0.0001* 

P-Pressure 319.68 1 319.68 21.57 0.0004* 

T-Temperature 15.03 1 15.03 1.01 0.3310** 

τ -Time 797.45 1 797.45 53.80 < 0.0001* 

PT 88.98 1 88.98 6.00 0.0280* 

P² 2498.28 1 2498.28 168.55 < 0.0001* 

Residual 207.50 14 14.82   

Lack of Fit 190.09 9 21.12 6.06 0.0307* 

Pure Error 17.42 5 3.48   

Cor Total 3926.92 19    

RF VII Total bitter acids, mg/g HP 

Model 16515.12 7 2359.30 44.27 < 0.0001* 

P-Pressure 1084.72 1 1084.72 20.35 0.0007* 

T-Temperature 394.64 1 394.64 7.40 0.0186* 

τ -Time 9166.36 1 9166.36 171.99 < 0.0001* 

Pτ 110.86 1 110.86 2.08 0.1748** 

Tτ 245.98 1 245.98 4.62 0.0528** 

P² 4278.54 1 4278.54 80.28 < 0.0001* 

T² 124.18 1 124.18 2.33 0.1528** 

Residual 639.55 12 53.30   

Lack of Fit 514.20 7 73.46 2.93 0.1273** 

Pure Error 125.35 5 25.07   

Cor Total 17154.67 19    

RF VIII α/β-acid ratio 

Model 4.47 6 0.7452 56.41 < 0.0001* 

P-Pressure 2.70 1 2.70 204.67 < 0.0001* 

T-Temperature 0.0810 1 0.0810 6.13 0.0278* 

τ-Time 0.0270 1 0.0270 2.05 0.1761** 

PT 0.2048 1 0.2048 15.50 0.0017* 

Pτ 0.0180 1 0.0180 1.37 0.2634** 

P² 1.44 1 1.44 108.73 < 0.0001* 



 

Source SS df MS F-value p-value 

Residual 0.1718 13 0.0132   

Lack of Fit 0.1718 8 0.0215   

Pure Error 0.0000 5 0.0000   

Cor Total 4.64 19    

*: significant; **: not significant; SS: sum of square; df: degree of freedom; MS: mean square; F: Fisher value. SFE-CO2: 

supercritical carbon dioxide extraction; ORAC: oxygen radical scavenging capacity; P: extraction pressure; RF: response 

factor; τ: extraction time; T: extraction temperature; HP: hop pellets 



 

P
re

d
ic

te
d

 
P

re
d

ic
te

d
 

Appendix 15. Predicted vs. Actual values of reduced quadratic models of cohumulone (RFI, 

mg/g HP), humulone+adhuulone (RFII, mg/g HP), colupulone (RFIII, mg/g HP), lupulone + 

adlupulone (RFIV, mg/g HP), total α acid (RFV, mg/g HP), total β acid (RFVI, mg/g HP), and 

total bitter acid content (RFVII, mg/g HP), and α/β acid ratio (RFVIII) of Ella variety hop 

SFE-CO2 extract 
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Appendix 16. Response surface 3D and 2D plots showing the effects of SFE-CO2 pressure (P), 

temperature (T) and time (τ) on the Ella hop: (A) RFI cohumulone mg/g HP; (B) RFII 

humulone and adhumulone mg/g HP; (C) RFV: total α-acids mg/g HP 
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Appendix 17. Response surface 3D and 2D plots showing the effects of SFE-CO2 pressure (P) 

and temperature (T) on the Ella hop: (A) RFIII: colupulone mg/g HP; (B) RFIV: lupulone 

and adlupulone mg/g HP; (C) RFVI: total β-acids mg/g HP 
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Appendix 18. Response surface 3D and 2D plots showing the effects of SFE-CO2 pressure (P), temperature (T) and time (τ) on the Ella hop: 

(A) RFVII: total bitter acids mg/g HP; (B) RFVIII: α/β ratio; HP: hop pellets 
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Appendix 19. Confirmation parameters for the quadratic models of Ella variety hop SFE-CO2 

extract, content of cohumulone (RF I), humulone + adhumulone (RF II), colupulone (RF III), 

lupulone+adlupulone (RF IV), total α acids (RF V), total β acids (RF VI) and total bitter acids 

(RF VII), and α/β ratio (RF VIII) 

 

Confirmation 

  parameters  
RF I RF II RF III RF IV RF V RF VI RF VII RF VIII 

Predicted Mean 58.5769 103.597 55.4237 31.7651 162.174 87.1888 249.363 1.88224 

Predicted Median 58.5769 103.597 55.4237 31.7651 162.174 87.1888 249.363 1.88224 

Std.Dev. 1.88537 3.74673 2.83965 1.32275 5.43281 4.06503 7.64893 0.127612 

SE Pred. 2.30842 4.58744 3.47682 1.61955 6.65184 4.97716 9.36523 0.156246 

95% PI low 53.4334 93.3754 47.6768 28.1565 147.353 76.099 228.495 1.5341 

Data Mean 62.41 102.02 51.08 30.89 164.43 81.97 246.4 2.02 

95% PI high 63.7203 113.818 63.1705 35.3737 176.995 98.2786 270.23 2.23038 

Std. Dev.: standard deviation; SE Pred.: standard deviation associated with the prediction of an individual observation; 

PI: prediction interval; SFE-CO2: supercritical carbon dioxide extraction; RF I: response factor; HP: hop pellets 



 

Appendix 20. Fit statistics parameters for the selected models of Ella hop PLE-EtOH 

extraction optimization 

 

Fit statistics 

parameters 
RFI RFII RFIII RFIV RFV RFVI RFVII 

Suggested model Quadratic Quadratic Quadratic Linear Quadratic Quadratic Linear 

Std. Dev. 0.6561 10.51 1.18 104.80 7.37 1.60 0.3210 

Mean 17.37 196.62 34.25 2102.85 359.65 57.52 9.64 

C.V. % 3.78 5.35 3.44 4.98 2.05 2.78 3.33 

R² 0.9764 0.6882 0.9827 0.7858 0.9835 0.9899 0.3163 

Adjusted R² 0.9595 0.4656 0.9703 0.7430 0.9716 0.9827 0.1795 

Predicted R² 0.9157 -1.0430 0.8973 0.5648 0.8832 0.9303 -0.1709 

Adeq. Precision 22.3575 4.4124 25.7859 13.9136 28.5413 32.0888 5.0152 

Std. Dev.: standard deviation; C.V.: coefficient of variation; RF: response factor;RF I: PLE-EtOH extract yield, g/100 g HR; RFII: 

TPC, mg GAE/g E; RFIII: TPC, mg GAE/g HR; RFIV: TEACORAC, mg TE/g E; RFV: TEACORAC, mg TE/g HR; RFVI: Xanthohumol 

content, mg/g E; RFVII: Xanthohumol content, mg/g HR. 
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Appendix 21. Predicted vs. Actual values of models of RF I: PLE-EtOH extract yield (g/100 g 

HR), RFII: TPC (mg GAE/g E), RFIII: TPC (mg GAE/g HR), RFIV: TEACORAC (mg TE/g 

E), RFV: TEACORAC (mg TE/g HR), RFVI: XN content (mg/g E), RFVII: XN content (mg/g 

HR) of Ella variety hop PLE-EtOH extract 
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Appendix 22. Analysis of variance of the regression parameters for the response surface 

models of Ella hop PLE- EtOH extract yield (g/100 g HR), TPC (mg GAE/g E and HR), 

TEACORAC (mg TE/g E and HR) and xanthohumol content (mg/g E and HR) 

 

Source SS df MS F-value p-value 

RFI:Yield, g/100g HR 

Model 124.53 5 24.91 57.85 < 0.0001* 

T-Temperature 115.11 1 115.11 267.37 < 0.0001* 

τ -Time 2.16 1 2.16 5.02 0.0601** 

Tτ 0.7140 1 0.7140 1.66 0.2387** 

T² 4.98 1 4.98 11.58 0.0114* 

τ² 0.0929 1 0.0929 0.2159 0.6563** 

Residual 3.01 7 0.4305   

Lack of Fit 1.06 3 0.3538 0.7248 0.5879** 

Pure Error 1.95 4 0.4881   

Cor Total 127.54 12    

RFII: TPC, mg GAE/g E 

Model 1706.89 5 341.38 3.09 0.0867** 

T-Temperature 1.34 1 1.34 0.0122 0.9153** 

τ -Time 49.31 1 49.31 0.4464 0.5255** 

Tτ 40.32 1 40.32 0.3651 0.5648** 

T² 928.77 1 928.77 8.41 0.0230* 

τ² 159.44 1 159.44 1.44 0.2686** 

Residual 773.16 7 110.45   

Lack of Fit 668.17 3 222.72 8.48 0.0330* 

Pure Error 105.00 4 26.25   

Cor Total 2480.05 12    

RFIII: TPC, mg GAE/g R 

Model 549.78 5 109.96 79.39 < 0.0001* 

T-Temperature 397.07 1 397.07 286.70 < 0.0001* 

τ -Time 13.26 1 13.26 9.58 0.0175* 

Tτ 5.55 1 5.55 4.00 0.0855** 

T² 86.82 1 86.82 62.69 < 0.0001* 

τ² 7.81 1 7.81 5.64 0.0493* 

Residual 9.69 7 1.38   

Lack of Fit 7.62 3 2.54 4.90 0.0793** 

Pure Error 2.07 4 0.5180   

Cor Total 559.48 12    

RFIV: TEACORAC, mg TE/g E 

Model 4.029E+05 2 2.015E+05 18.34 0.0005* 

T-Temperature 3.148E+05 1 3.148E+05 28.66 0.0003* 

τ -Time 88117.25 1 88117.25 8.02 0.0178* 

Residual 1.098E+05 10 10983.10   

Lack of Fit 78214.41 6 13035.74 1.65 0.3270** 

Pure Error 31616.55 4 7904.14   

Cor Total 5.127E+05 12    

RFV: TEACORAC, mg TE/ g HR 

Model 22595.47 5 4519.09 83.25 < 0.0001* 

T-Temperature 18809.28 1 18809.28 346.52 < 0.0001* 

τ -Time 256.76 1 256.76 4.73 0.0661** 



 

Source SS df MS F-value p-value 

Tτ 599.27 1 599.27 11.04 0.0127* 

T² 2929.84 1 2929.84 53.98 0.0002* 

τ² 404.04 1 404.04 7.44 0.0294* 

Residual 379.97 7 54.28   

Lack of Fit 248.16 3 82.72 2.51 0.1976** 

Pure Error 131.81 4 32.95   

Cor Total 22975.43 12    

RFVI: Xanthohumol content, mg/g E 

Model 1758.44 5 351.69 137.42 < 0.0001* 

T-Temperature 1386.24 1 1386.24 541.68 < 0.0001* 

τ -Time 18.24 1 18.24 7.13 0.0320* 

Tτ 10.96 1 10.96 4.28 0.0773** 

T² 267.74 1 267.74 104.62 < 0.0001* 

τ² 3.20 1 3.20 1.25 0.3006** 

Residual 17.91 7 2.56   

Lack of Fit 14.44 3 4.81 5.54 0.0658** 

Pure Error 3.47 4 0.8684   

Cor Total 1776.35 12    

RFVII: Xanthohumol content, mg/g HR 

Model 0.4766 2 0.2383 2.31 0.1494** 

T-Temperature 0.3504 1 0.3504 3.40 0.0949** 

τ -Time 0.1261 1 0.1261 1.22 0.2944** 

Residual 1.03 10 0.1030   

Lack of Fit 0.5886 6 0.0981 0.8884 0.5737** 

Pure Error 0.4417 4 0.1104   

Cor Total 1.51 12    

PLE-EtOH: pressurized liquid extraction with ethanol; TPC: total phenolic content; GAE: gallic acid equivalents; TEAC: 

Trolox equivalent antioxidant capacity; ORAC: oxygen radical absorance capacity; TE: Trolox equivalents; RF: response 

factor E: extract; HR: hop residue after SFE-CO2(36 MPa, 40°C, 90 min); 
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Appendix 23. Response surface 3D and 2D plots showing the effects of PLE-EtOH temperature (T) and time (τ) on the Ella hop: (A) RFI, 

PLE-EtOH yield (g/100 g HR); (B) RFIII, TPC (mg GAE/g HR), (C) RFV, TEACORAC (mg TE/ g HR); (D) RFVI, xanthohumol content (mg/g 

E) 
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Appendix 24. Confirmation parameters for the selected models of Ella hop PLE-EtOH 

extraction under the optimal conditions of 40 ℃ and 15 min 

 

Fit statistics 

parameters 
RFI RFII RFIII RFIV RFV RFVI RFVIII 

Predicted mean 11.1430 177.0820 19.5286 2453.0900 286.9370 81.9970 9.2580 

Predicted median 11.1430 177.0820 19.5286 2453.0900 286.9370 81.9970 9.2580 

Std. Dev. 0.6561 10.5096 1.1768 104.8000 7.3670 1.5997 0.3209 

SE Pred. 0.8779 14.0618 1.5746 124.4550 9.8577 2.1404 0.3811 

95% PI (low) 9.0671 143.8310 15.8053 2175.7800 263.6270 76.9356 8.4086 

Exp. data mean 11.2700 187.9800 21.1900 2700.2300 304.3200 83.4500 9.4100 

95% PI (high) 13.2189 210.3330 23.2519 2730.3900 310.2470 87.0583 10.1073 

Std. Dev.: standard deviation; Exp. Data mean: experimental data mean; SE Pred.: standard deviation associated with the 

prediction of an individual observation; PI: prediction interval; RF: response factor;RF I: PLE-EtOH extract yield, g/100 

g HR; RFII: TPC, mg GAE/g E; RFIII: TPC, mg GAE/g HR; RFIV: TEACORAC, mg TE/g E; RFV: TEACORAC, mg TE/g 

HR; RFVI: xanthohumol content, mg/g E; RFVII: Xanthohumol content, mg/g HR;; E: extract; HR: hop residue after 

SFE-CO2 (36 MPa, 40°C, 90 min) 



 

Appendix 25. Confirmation parameters for the selected models of Ella hop PLE-EtOH 

extraction under the optimal conditions of 85 ℃ and 18 min 

 

Fit statistics 

parameters 
RF I RF II RF III RF IV RF V RF VI RF VIII 

Predicted mean 19.4981 197.8790 38.4874 2085.2800 406.8230 48.7596 9.6495 

Predicted median 19.4981 197.8790 38.4874 2085.2800 406.8230 48.7596 9.6495 

Std. Dev. 0.6561 10.5096 1.1768 104.8000 7.3676 1.5997 0.3210 

SE Pred. 0.7491 11.9985 1.3436 116.0050 8.4113 1.8264 0.3553 

95% PI (low) 17.7268 169.5080 35.3104 1826.8000 386.9330 44.4409 8.8578 

Exp. data mean 20.5200 191.4700 39.2900 1936.4900 397.3700 45.7400 9.3900 

95% PI (high) 21.2694 226.2510 41.6644 2343.7500 426.7120 53.0782 10.4411 

Std. Dev.: standard deviation; Exp. Data mean: experimental data mean; SE Pred.: standard deviation associated with the 

prediction of an individual observation; PI: prediction interval; RF: response factor; RFI: PLE-EtOH extract yield, g/100 

g HR; RFII: TPC, mg GAE/g E; RFIII: TPC, mg GAE/g HR; RFIV: TEACORAC, mg TE/g E; RFV: TEACORAC, mg TE/g 

HR; RFVI: xanthohumol content, mg/g E; RFVII: Xanthohumol content, mg/g HR; E: extract; HR: hop residue after 

SFE-CO2 (36 MPa, 40°C, 90 min) 



 

Appendix 26. Analysis of correlation between Ella hop PLE-EtOH extract yield (g/100 g HR), 

TPC (mg GAE/g HR), TEACORAC (mg TE/g HR) and xanthohumol content (mg/g HR) 

 

Response factors RFI RFIII RFV RFVII 

RFI 1 0.9340**** 0.9292**** 0.5005 ns 

RFIII  1 0.9049**** 0.2848 ns 

RFV   1 0.3535 ns 

RFVII    1 

RF: response factor; RFI: PLE-EtOH extract yield, g/100 g HR; RFIII: TPC, mg GAE/g HR; RFV: TEACORAC, mg TE/g 

HR; RFVII: Xanthohumol content, mg/g HR; HR: hop residue after SFE-CO2 (36 MPa, 40°C, 90 min); GAE: gallic acid 

equivalents; TEAC: Trolox equivalent antioxidant capacity; TE: Trolox equivalents; TPC: total phenolic content; ORAC: 

oxygen radical absorbance capacity; *: correlation is significant at the P<0.05 level (two-tailed). Pearson correlation 

coefficients were calculated using GraphPad Prism X software (X). 



 

Appendix 27. Analysis of correlation between Ella hop PLE-EtOH extract TPC (mg GAE/g 

E), TEACORAC (mg TE/g E) andxanthohumol content (mg/g E) 

 

Response factors RFII RFIV RFVI 

RF II 1 -0.1152 ns -0.3241 ns 

RFIV  1 0.8538*** 

RFVI   1 

RF: response factor; RFII: total phenolic content, mg GAE/g E; RFIV: TEACORAC, mg TE/g E; RFVI: Xanthohumol 

content, mg/g E; E: extract; GAE: gallic acid equivalents; TEAC: Trolox equivalent antioxidant capacity; TE: Trolox 

equivalents; TPC: total phenolic content; ORAC: oxygen radical absorbance capacity; ns: correlation is not significant; *: 

correlation is significant at the P<0.05 level (two-tailed). Pearson correlation coefficients were calculated GraphPad Prism 

7.04 software (2017). 
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