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Abstract: Extracts from parts of coniferous trees have received increased interest due to their 20 
valuable bioactive compounds and properties, useful for plenty of experimental and consolidated 21 
applications, in fields comprising nutraceutics, cosmetics, pharmacology, food preservation, and 22 
stimulation of plant growth. However, the variability of the bioactive properties, the complexity of 23 
the extraction methods, and the use of potentially harmful synthetic chemicals, still represent an 24 
obstacle to the spreading of such valuable natural compounds. Hydrodynamic cavitation is 25 
emerging as a promising innovative technique for the extraction of precious food components and 26 
by-products from waste raw material of the agro-food production chain, which can improve 27 
processing efficiency, reduce resource consumption, and produce healthy, high-quality products. 28 
In this study, a process based on controlled hydrodynamic cavitation was applied for the first time 29 
to the production of aqueous solutions of silver fir (Abies Alba Mill.) needles with enhanced 30 
antioxidant activity. The observed levels of the in vitro antioxidant activity, comparable or higher 31 
than those found for reference substances, pure extracts, and other water extracts and beverages, 32 
highlight the very good potential of the HC process for the creation of solvent-free, aqueous 33 
solutions endowed with bioactive compounds extracted from silver fir needles. 34 

Keywords: Abies Alba Mill.; Antioxidant activity; Coniferous trees; Essential oils; Flavonoids; Food 35 
preservation; Green extraction; Hydrodynamic cavitation; Nutraceutics; Polyphenols. 36 

 37 

1. Introduction 38 
Fir needles from different plant varieties share a long history of beneficial use for human health 39 

and other applications, deriving from the antioxidant, anti-inflammatory, and antiseptic properties 40 
of the respective essential oils (EOs), polyphenols and flavonoids. A decoction of fir-tops was used 41 
for the antiscorbutic virtue to cure the Swedes soldiers in the Russo-Swedish War of 1554–1557 [1,2]. 42 

Spruce beer, a compound of spruce tops, yeast, flour, sugar, and water, was reported as a drink 43 
used by sailors in the Baltic Sea as early as the sixteenth century [3,4]. For at least three centuries, the 44 
spruce beer turned out to be a common and effective preservative against, and remedy for, scurvy 45 
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[5], during eighteenth century explorations of the North America, Pacific Ocean, New Zealand [6,7], 46 
as well as in Arctic explorations [5,8]. The soldiers of the British Royal Navy and Colonial American 47 
armies were supplied with a constant ration of spruce beer [9], considered essential for the health of 48 
the troops in North America during the Seven Years War [4,5]. 49 

Beneficial properties of Fir needles were well known to the Indian tribes of North America, 50 
which used to drink beverages made of spruce or fir parts boiled in water, as a treatment for scurvy 51 
during the winter months. They used an infusion of the leaves, young sprouts and buds, for the 52 
treatment of rheumatic joints, colds and venereal disease, respectively [10]. 53 

In recent decades, interest has grown for the study of chemical composition, biological and 54 
pharmacological activities of the extracts isolated from in needles, bark, and wood of 55 
different coniferous tree species, in the fields of nutrition, health and medicine [11]. One of the reasons 56 
for such an interest could be ascribed to the reuse of residues, resulting from forest management [12]. 57 

The genus Abies of the Pinaceae family consists approximately of 50 species, which are largely 58 
distributed in temperate and boreal regions of North and Central America, Europe, Asia, and North 59 
Africa, eight of which are endemic to the Mediterranean region [13]. The silver fir (Abies Alba Mill.) 60 
species, which is of special interest to this study, is widespread in central Europe, as well as in 61 
mountainous regions such as Pyrenees, Carpathians, Balkans, Alps, and Italian Apennines at 62 
relatively high altitudes [12]. 63 

In Italy, silver fir covers an area of about 68,000 ha, being relatively common in the central and 64 
eastern parts of the Alps, while its populations in the Apennines are fragmented, although large 65 
stands are found [13]. Evidence has been shown that the present northern Apennines silver fir 66 
populations are relicts of past large populations, as well as that these populations are characterized 67 
by a genetics distinct from relatively nearby alpine populations, leading to specific recommendations 68 
for their conservation and enrichment [14]. 69 

As of late 2000s, plenty of studies had been carried out on the chemical composition of firs (Abies 70 
genus), leading to the identification of several secondary metabolites such as terpenoids, flavonoids, 71 
phenols, lignans, steroids, totalling 277 compounds from 19 plants (out of about 50 known 72 
worldwide) of Abies species, among which Abies Alba Mill. Extracts from most of the species exhibited 73 
a wide range of remarkable biological activities, such as antiproliferative, antibacterial, anti-74 
inflammatory, cardiovascular and central nervous system activities, at least some of them likely 75 
mediated by the respective antioxidant activity [15]. The large variability observed in the bioactive 76 
properties of extracts from Abies Alba can be ascribed to the corresponding variability of the 77 
compounds and chemical properties, in turn related to the collection period, the stage of growth, the 78 
geographical location, the environmental conditions and ecological factors, as well as to the genetic 79 
diversity. For example, silver firs growing in Southern Europe revealed higher genetic diversity than 80 
other European regions [13]. A taste of such variability is exposed in Appendix A, and, in particular, 81 
in Table A1, which shows the range of concentrations of the main constituents of essential oils in 82 
silver fir needles, along with a short discussion of limonene, a well-studied monoterpene endowed 83 
with important bioactive properties. 84 

Most of the studies focused on essential oils extracted from parts of fir plants by means of 85 
different techniques, such as maceration, solvent extraction, cold pressing, supercritical fluids, steam 86 
distillation, rectification, enfleurage (use of odourless animal or vegetable fats), solid phase 87 
extraction, etc. [16]. However, few phytochemical and biological studies focused also on aqueous 88 
extracts, showing interesting findings, which are especially relevant to this study. 89 

Essential oil extracted by steam distillation from needles and twigs of Abies Alba plants in Korea 90 
showed strong activities against DPPH and ABTS radicals, while only little antibacterial properties 91 
[17]. In particular, the concentration required for 50% reduction against DPPH radicals was measured 92 
at the level of 27±6.3 μg/mL, statistically indistinguishable from ascorbic acid (20±1.3 μg/mL), slightly 93 
lower (higher activity) than for butylated hydroxyanisole, and much lower than for butylated 94 
hydroxytoluene; such strong activity was attributed mainly to limonene (7.5% of total essential oil). 95 
Moreover, a mild antibacterial activity was observed against Staphylococcus aureus (Gram-positive 96 
bacteria), and insignificant activity against Gram-negative bacteria such as Acinetobacter baumannii, 97 
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Escherichia coli, Vibrio parahaemolyticcus, as well as against Gram-positive bacteria such as Streptococcus 98 
mutans and Listeria monocytogenes.  99 

In a recent study, 21 plant-extracted essential oils were tested with regards to their antibacterial 100 
activity, i.e. growth inhibition of pathogenic and spoilage species of Pseudomonas spp., and 101 
antioxidant activity, on samples of freshwater fish [18]. In contrast with previous results, Abies Alba 102 
essential oil, extracted from the respective needles, showed the highest antibacterial activity (lowest 103 
inhibitory concentration) towards few bacterial species; however, its antioxidant activity, measured 104 
by the DPPH assay, was the smallest over the considered essential oils.  105 

The results from the latter two studies suggest that the level of antioxidant activity could be 106 
related to the specific composition of the Abies Alba essential oils (for example, limonene was not even 107 
detected in the latter study), while the antibacterial activity is strongly dependent also on the 108 
considered bacterial strain. The analysis of the antimicrobial activity of essential oils extracted by 109 
hydrodistillation from twigs and needles of nine Abies species in Turkey, including Abies Alba Mill., 110 
confirmed the strong dependence on both the source of essential oils and the microorganism strain 111 
[19]. While, overall, Abies Alba showed a moderate activity, no essential oils acted against Escherichia 112 
Coli; as well, the activity was higher against yeast strains than against bacteria. 113 

The aqueous preparations from different parts of Abies Alba, and its mistletoe Viscum album se 114 
abies, exhibited antiproliferative effects on the malignant L-1210 cell line, and anticarcinogenic effects 115 
on rats treated with benzo(α)pyrene, significantly reducing the tumour growth and prolonging their 116 
life [20]. The antiproliferative effects were attributed, among the others, to the monoterpenes 117 
contained in Abies Alba. The raw materials, among which different parts of Abies alba, were extracted 118 
in tap water by successive boiling and condensations, according to a patented technique. 119 

Aqueous extracts from bark of silver fir in Slovenia were tested for in vitro antioxidant activity 120 
towards DPPH radicals, in a comparative study with analogous extracts from maritime pine [21]. 121 
Silver fir extracts showed 91% higher activity than the ones from maritime pine; such result was 122 
attributed to as much as 13 natural antioxidant compounds, comprising essential oils, flavonoids, and 123 
lignans. In a more recent study carried out by the same research group in Slovenia, a dried aqueous 124 
extract based on wood from branches of silver fir plants was analysed about its in vitro antioxidant 125 
activity measured according to few assays, among which DPPH, as well as the scavenging of the 126 
powerful, broad spectrum hydroxyl radicals (⋅OH) [12]. While the DPPH assay showed lower activity 127 
in comparison to few well-known antioxidant molecules, such as ascorbic acid and resveratrol, and, 128 
coherently, lower inhibitory activity against lipid peroxidation, the ⋅OH radical scavenging activity 129 
showed comparatively much higher levels than all other considered substances. Most of the 130 
antioxidant activity was attributed to lignans, and found to occur as well in vivo, lowering the 131 
glycaemic response, and contributing to control the blood glucose levels, thus showing a high 132 
bioactive potential. 133 

Higher in vitro antioxidant activity towards hydroxyl radicals, in comparison with few reference 134 
substances, such as resveratrol, Butylated hydroxytoluene, vitamin E, and epigallocatechin gallate, 135 
was shown for aqueous extracts of silver fir trunk [22]. Moreover, the same aqueous extracts, added 136 
to an atherogenic diet of guinea pigs, improved the relaxation response and prevented the 137 
development of atherosclerotic plaques in aorta, thus confirming an important bioactivity. In a more 138 
recent study from the same research group, an aqueous extract of silver fir trunk dose-dependently 139 
reduced ischemic-reperfusion heart damage in rats [23]. As an important conclusion, the whole 140 
extract performed much better than its single constituents, suggesting a synergetic effect of multiple 141 
bioactive compounds. 142 

In a recent study, silver fir wood and bark extracts were shown powerful activity in controlling 143 
blood glucose level, by means of the effective inhibition of specific enzymes, such as α-glucosidase, 144 
α-amylase, and dipeptidyl peptidase 4, mainly attributed to lignans, as well as by means of the 145 
extracts antioxidant activity [24]. Also due to the higher effect in comparison with non-coniferous 146 
sweet chestnut wood extract, and standardized maritime pine bark extract, those results supported 147 
the use of the considered silver fir extracts as food supplements and functional foods aimed at 148 
preventing diabetes diseases. Another important finding concerned the dose-dependency of the 149 
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blood glucose regulatory effect, which was remarkably non-linear, with a rather puzzling, yet 150 
significant, dropping of the efficiency at high extract concentrations. 151 

Recently, specific triterpenes extracted from the mature bark of Abies procera, a species 152 
widespread in western North America, were tested against two flatworm parasites, responsible for 153 
fasciolosis and schistosomiasis, two endemic tropical diseases affecting both cattle and sheep, and 154 
humans [25]. Especially one of such triterpenes revealed a potent and selective anthelmintic activity, 155 
opening the way to further research into effective drugs. 156 

Synthetic phenolic antioxidants were reported to produce negative effects on human health, 157 
when used as food additives to prevent lipid oxidation processes, thereby stimulating the search for 158 
natural antioxidant products [26]. The observation of the antioxidant and antimicrobial activity of 159 
extracts from needles, and other parts, of coniferous trees led to the respective application to food 160 
preservation, with particular reference to the prevention of lipid peroxidation, and microbiological 161 
safety. In particular, extracts of fir needles and twigs from several Abies species, such as Abies Alba 162 
Mill., Abies sibirica Ledeb., Abies sachalinensis Masters, Abies mayriana Miyabe et Kudo, and Abies 163 
balsamea (L.) Mill., were recently suggested for their use as natural antioxidants for poultry and meat 164 
products in the U.S. [27]. While the respective antioxidant activity could be ascribed to essential oils 165 
(terpenes), and flavonoids, extracts from the aforementioned products should be labelled as ‘natural 166 
flavouring’ or the like. 167 

In a real-scale experiment, broiler chicken thigh muscles produced by a poultry station were 168 
dipped in a solution of essential oil extracted from Abies Alba, in concentrations of 0.1 and 0.2% v/w, 169 
in order to investigate the respective oxidative stability during chilling storage [28]. The observed 170 
lipid oxidation up to 16 days of storage was significantly lower in comparison with not only air-171 
packaged control samples, but also with vacuum-packaged samples, and vacuum-packaged samples 172 
treated with a well-known synthetic preservative substance. The dependence on concentration was 173 
mild, so much that the respective results were statistically indistinguishable. 174 

A commercial extract from Abies Sibirica (1% v/v) was tested for the control of storage decay of 175 
strawberry (development of grey mould, Rhizopus rot, and blue mould), in comparison with various 176 
chitosan formulations and other synthetic and natural resistance inducers [29]. The Abies Sibirica 177 
extract showed good antimicrobial activity, attributed to its triterpene acids, generally comparable to 178 
the other substances. 179 

A decade before the latter study, the triterpene acids themselves, again extracted from Abies 180 
Sibirica, and in particular from its needles, showed significant and remarkable in vitro and in vivo 181 
plant-growth regulator activity, leading to accelerated and increased sprouting of wheat seeds, as 182 
well as stimulating the growth of roots and shoots [30]. The extraction of triterpenes in water-soluble 183 
form was carried out by means of a mechanochemical method, that has been widely applied since 184 
the 1990s, including needles’ drying, grinding, and centrifugation, followed by the use of ether as a 185 
solvent, along with other chemicals. 186 

The important results achieved in the studies discussed above fully justify further research on 187 
innovative techniques aimed at the exploitation of fir parts, to produce compounds endowed with 188 
substantial antioxidant activity, as well as other biologically relevant activities. In this study, for the 189 
first time, a process based on controlled hydrodynamic cavitation (HC) was tested for its potential to 190 
directly produce aqueous solutions of silver fir (Abies Alba Mill.) needles, and boost the respective in 191 
vitro antioxidant activity. Beyond the obtained biologically relevant properties, and provided that 192 
such properties are sufficient to justify the innovation, the preparation method of the aqueous 193 
solutions is important in itself, because it contributes to the affordability of the whole process. 194 

Indeed, in most of the discussed studies, the aqueous solutions including fir parts were obtained 195 
by means of relatively complex processes. They included pulverization of the raw material, extraction 196 
in water (also tap water) by means of different techniques, then concentration by drying (also vacuum 197 
drying), sometimes filtering and/or lyophilisation, finally dispersion of the resulting material in tap 198 
or distilled water.  199 

About the selective extraction of plant bioactive compounds, the extraction of essential oils is 200 
performed by means of a variety of techniques, among which steam distillation is still prevalent [16]. 201 
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The extraction of phenolic compounds makes use of solvents such as methanol, ethanol, acetone, 202 
diethyl ether and ethyl acetate, potentially hazardous for the human health, often mixed with 203 
different proportions of water [31]. Beyond the inherent complexity, and the use (and subsequent 204 
removal) of potentially harmful chemicals, such selective extraction techniques need high processing 205 
temperatures, and long process times. 206 

Therefore, a solvent-free, fast and affordable unselective extraction technique and related 207 
method, such as the one discussed in this study, can be of remarkable interest. The equipment did 208 
not include any proprietary component, whole fir needles were processed in water (any kind of water 209 
allowed), at low to moderate temperatures, and centrifuge separation was applied to isolate the liquid 210 
phase from the residual insoluble solids. Beyond the scientific interest, the proposed method could 211 
lead to further practical developments, related to products of interest to the nutraceutical and 212 
pharmaceutical industries, as well as to applications in the fields of food conservation and forestry. 213 

2. Materials and Methods  214 

2.1. HC device and method 215 
Figure 1 shows the experimental device implementing the HC-based process, including a closed 216 

hydraulic loop (total volume capacity around 230 L) and a centrifugal pump (7.5 kW nominal 217 
mechanical power, rotation speed 2900 rpm). Such device was used to produce beer wort in past 218 
studies, to which reference is made for any detail, including all components and measurement 219 
devices [32–35], as well as the geometry of the Venturi-shaped cavitation reactor [36]. 220 

 221 
Figure 1. Experimental HC-based installation. 1 – centrifugal pump, 2 – HC reactor, 3 – main vessel, 4 – cover, 5 222 
– discharge. 223 

The cavitation process is associated with the heating of the liquid-solid mixture due to the 224 
thermal conversion of the pump’s mechanical energy [35]. The tests were carried out under 225 
atmospheric pressure. 226 

Theoretical background on the hydrodynamic cavitation processes was comprehensively 227 
exposed in many articles and reviews [32,35,37], with mechanical methods recognized as 228 
comparatively more efficient, robust and scalable [38]. As well, theoretical and experimental evidence 229 
has grown about the unique physical (mechanical and thermal) phenomena occurring at the scale of 230 
the collapsing cavitation bubbles [39,40], and the chemical phenomena, such as water splitting and 231 
generation of powerful oxidants (e.g., OH⋅ hydroxyl radicals) [39,41], the latter however quite limited 232 
in the absence of specific oxidizing additives [42,43]. 233 

The main metric of HC processes, i.e. the cavitation number (σ), was defined long ago [44]. It is 234 
a dimensionless parameter, derived from Bernoulli’s equation, and representing the ratio between 235 
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the pressure drop needed to achieve vaporization, and the specific kinetic energy at the cavitation 236 
inception section, as per Eq. (1): 237 

σ = (P0 – Pv) / (0.5 ⋅ ρ ⋅ u2),                             (1) 238 
where P0 (Nm-2) is the average recovered pressure downstream of a cavitation reactor, such as a 239 
Venturi tube or an orifice plate, where cavitation bubbles collapse. Since the fluid was not 240 
pressurized, P0 was assumed equal to the atmospheric pressure. Pv (Nm-2) is the liquid vapor pressure 241 
(a function of the average temperature for any given liquid). ρ (kgm-3) is the liquid density, and u 242 
(ms-1) is the flow velocity through the nozzle of the cavitation reactor, the latter also depending on 243 
the pump’s inlet pressure. In this study, the values of the cavitation number during the processes 244 
were computed according to the available data, such as temperature and pump discharge, the latter 245 
retrieved based on the consumed power, as explained in a previous study [32]. 246 

The cavitation number has recently been placed under serious scrutiny over its 247 
representativeness and, in general, the reproducibility of HC processes [45]. However, under certain 248 
conditions, easily achievable with Venturi-shaped reactors, developed cavitation, with strong and 249 
frequent collapses of the cavitation bubbles, arises whenever the cavitation number falls within the 250 
range 0.1 to 1, and even at greater values in the presence of solid particles or dissolved gases [46,47]. 251 

2.2. Main properties of hydrodynamic cavitation processes 252 
Controlled HC processes have been successfully implemented at the pilot and industrial scale, 253 

e.g. in the fields of water heating [48], beer-brewing [32,34], wastewater remediation [41], 254 
pretreatment of biomasses [49], as well as to enhance the biochar properties for soil amendment 255 
applications [50]. 256 

Interesting prospects exists for bridging the gap from the pilot to the industrial scale, in several 257 
different fields, such as extraction of bioactive compounds [51], and many others, including food 258 
pasteurization and sterilization, as well as creation of stable oil-in-water nanoemulsions [37]. The 259 
latter application is quite important for the purpose of this study, due to the presence of bioactive 260 
essential oils in fir needles. 261 

Cavitation processes were successfully applied to the extraction of bioactive compounds. 262 
Recently, the extraction of polyphenols and flavonoids from Cannabis Sativa L. in a methanol/water 263 
solvent mixture was carried out by means of acoustic cavitation, sustained by ultrasonication, and 264 
compared with control extraction performed by means of a magnetic stirrer [52]. Ultrasound-assisted 265 
extraction resulted in a doubled concentration of total polyphenols, triple concentration of total 266 
flavonoids, and ten-fold higher antioxidant activity, the latter measured by means of a FRAP assay, 267 
in comparison with the control. 268 

Also hydrodynamic cavitation processes showed a great potential, in particular boosting the 269 
extraction and activation of antioxidant bioactive compounds (e.g., phenols, flavonoids, carotenoids) 270 
from food raw materials, overcoming the drawbacks of conventional heat treatments, as well as of 271 
other, newly introduced technologies [37]. The success of HC-based processes was mainly due to the 272 
prevalence of phenolic compounds in plants in the bound form with carbohydrates, lignin, pectin 273 
and proteins, along with the HC destructuring (i.e., breaking down of complex large molecular 274 
weight molecules) and separation actions. 275 

HC-based hydrothermodynamic processes, also causing heating and mechanical turbulence, 276 
performed in a nearly air-free, pressurized, innovative device comprising a Venturi tube and suitably 277 
designed converging streams, were proven able to retain a large fraction of the most valuable 278 
flavonoids in frozen blueberries, i.e. anthocyanins, within 48 hours storage of the produced puree 279 
after processing [53]. Besides the higher extraction rate, the preservation of anthocyanins exceeded 280 
by far the levels achieved in conventional thermal processing technology, despite the same 281 
pasteurization temperature (95°C), as well as the levels observed in commercially available products. 282 

The same HC-based hydrothermodynamic processes further showed superior retaining of 283 
anthocyanins in blueberries up to few months, increasing the respective antioxidant activity. As well, 284 
the product’s shelf life was remarkably improved, as well as energy consumption, capital and 285 
operational costs were assessed much lower in comparison with both traditional and more advanced 286 
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techniques [54]. In the same study, it was proven that, while the centrifugal pump facilitated crushing 287 
of berries, the fine size reduction actually occurred in the cavitation reactor, with most of the crushing 288 
occurring during the first very few minutes. That evidence agreed with later HC-assisted beer 289 
brewing experiments, where cereal grains were pulverized in just few minutes [32], as well as with 290 
recent experiences with the enhancement of biochar properties [50], showing a very remarkable 291 
increase of the respective microporosity and, thus, surface area. 292 

The degradation of anthocyanins in processed blueberries, extendible to other raw food 293 
materials, was further investigated by means of HC-based hydrothermodynamic processes [55]. It 294 
was found that the increased extraction of oxidizing enzymes through the HC-assisted fine crushing 295 
of solid particles, such as polyphenol oxidase and peroxidase, was compensated by the respective 296 
early inactivation at lower temperatures than in conventional thermal treatments, leading to lower 297 
thermal susceptibility of those polyphenols. Therefore, processed blueberry puree showed a much 298 
longer shelf life in comparison to commercially available products, as well as superior healthy 299 
properties. 300 

When applied to cranberries, a raw food material endowed with plenty of powerful bioactive 301 
compounds, HC-based hydrothermodynamic processes allowed achieving results similar to the 302 
previous studies for anthocyanins [56]. The analysis extended to the total phenolic content and 303 
proanthocyanidin content, as well as to chemical-physical properties such as color, pH and soluble 304 
solid content, the latter two found remarkably stable during 285 days of storage.  305 

The release of bound phenolics and the increase of oxidant activity of naturally fermented 306 
sorghum flour (a starchy material), and apple pomace (a fibrous material), was proven, using a rotor-307 
stator cavitation reactor, revealing strong dependence on cavitation regimes, i.e., inlet pressure and 308 
operating temperature, as well as on the specific raw food material, and the respective concentration 309 
in water [57]. However, optimal operating temperatures remained moderate, i.e. in the range 35 to 310 
45°C. Under optimal conditions, HC processes were proven to be the sole responsible for raising the 311 
total phenolic content by 39.5% in sorghum flour, and by 42% in apple pomace, as well as the 312 
antioxidant activity by 38.6%, and as much as 97%, respectively. 313 

HC-assisted brewing processes were shown able to extract valuable polyphenols (mainly 314 
flavonoids) from raw unmalted grains harvested from old typical wheat varieties, while preserving 315 
the respective functionality and antioxidant activity [34]. The same HC processes allowed to boost 316 
the extraction of hops prenylflavonoids in beer wort, such as the potent bioactive xanthohumol, along 317 
with other important bioactive compounds which are usually absent, or quite scarce, in finished beer 318 
[35]. 319 

2.3. Silver fir needles samples and tests 320 
Needles-carrying twigs were collected in mid-October, 2018, in a mixed beech tree – fir forest in 321 

northern Tuscany, Italy, near the village of Careggine (44°06’15’’ N, 10°20’ E), at an altitude of about 322 
1,000 m a.s.l. on the north-eastern slopes of the Apuan Alps mountain range. The average annual 323 
climate is characterized by over 2,000 mm rainfall [58], and temperature around 10°C [59]. Fir 324 
varieties include silver fir and Douglas fir (Pseudotsuga menziesii), however only twigs from silver fir 325 
were harvested, and the respective needles used for the tests. Figure 1 shows a view of a portion of 326 
the fir forest (a), and a detailed view of silver fir twigs and needles (b). 327 
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(b) 

Figure 2. (a) View of a portion of the mixed firs forest; (b) silver fir twigs and needles. 328 

Two tests were performed, hereinafter referred to as SFN_T1 and SFN_T2, both using 120 L of 329 
tap water as the only solvent, as well as carried out under atmospheric pressure. silver fir needles 330 
were mixed with tap water in concentrations of 0.44% (w/w dry basis), i.e., 0.529 kg. The quantities 331 
of fresh needles were greater, because, in SFN_T1, needles contained 30% water (having been 332 
harvested the day before the test), while in SFN_T2 the needles contained only 2% water, following 333 
about 40 days of drying at the temperature of 30±1°C. The aforementioned relatively low 334 
concentration was dictated by the need to prevent clogging of the closed impeller pump; as explained 335 
in a previous study dealing with HC-based biochar modification [50], such concentration could easily 336 
be increased with the use of an open impeller pump. 337 

Whole needles were mixed with water in the HC device from the beginning of each test, with 338 
SFN_T1 undergoing unconditioned heating from 27°C to 67.5°C during 90 min, resulting from the 339 
balance between the mechanical energy supplied by the pump impeller and the heat loss through the 340 
uninsulated walls of the hydraulic circuit. In SFN_T2, the heating was unconditioned from 31.5°C up 341 
to the temperature of 43°C, during 30 min, then a further isothermal step was carried out at 43°C 342 
during 30 min, with cooling water flowing in a jacket surrounding the HC device to remove the excess 343 
heat. 344 

Each sample, collected during the tests, was immediately centrifuged (3800 rpm, 10 min), and 345 
the supernatant was extracted for the measurements. The test samples were kept refrigerated in the 346 
dark at 4°C, and measured the day after each test, as well as later for stability assessment. 347 

2.4. Analytical procedures 348 

2.4.1. Total phenolic content 349 
The total phenolic content (TPC) was determined with the standard Folin-Ciocalteau assay [60]. 350 

The absorbance of the colored reaction product was read at 730 nm standard using a Varian UV-351 
Visible spectrophotometer Cary 50 Scan. The total phenolic content was expressed as mg of Gallic 352 
acid equivalent per mL of aqueous solution (mgGAE/mL), based on a standard curve. Each analysis 353 
was performed in triplicate. 354 

2.4.1. Total flavonoid content 355 
The total flavonoids content (TFC) was measured according to a standard procedure [61]. A 356 

quantity of 4 mL of distilled water, and 300 μL of NaNO2 (5%), were added to 1 mL of water extracts 357 
of fir needles, and the samples were allowed to stand for 5 min. Subsequently, 300 μL of AlCl3 (10%) 358 
were added, and samples were left to stand for 6 min. Then, 2 mL of NaOH 1 M were added to stop 359 
the reaction, and samples were brought to a final volume of 10 mL with distilled water. After 15 min, 360 
samples were read at 510 nm using a Varian UV-Visible spectrophotometer Cary 50 Scan. TFC were 361 
expressed as mg of catechin equivalent (CE) per mL of aqueous solution (mgCE/mL), using an 362 
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equation obtained by standard calibration graph with (+)-catechin. Each analysis was performed in 363 
triplicate. 364 

2.4.3. DPPH radical scavenging assay 365 
The 2,20-diphenyl-1-picrylhydrazyl (DPPH) assay is commonly applied for the estimation of the 366 

antioxidant activity of plant extracts [62], and is related to the respective activity against lipid 367 
oxidation, which in turn affects food shelf life and human health [12,63]. The DPPH radical-368 
scavenging activity was determined using a standard method [64]. The decreased absorbance of 369 
extract (AE) was measured at a wavelength of 517 nm after keeping samples for 20 min at dark. 370 

The radical scavenging activity was calculated by the percentage of DPPH that was scavenged, 371 
using Eq. (2): 372 

% Reduction = [(AB - AE) / AB] ⋅ 100,                              (2) 373 
where AB is the absorbance of the blank sample, while AE is the absorbance of the water extracts. The 374 
Effective Concentration values (IC50), defined as the amount of antioxidant required to scavenge 375 
DPPH radicals by 50%, were calculated from the results, and expressed as μg per mL of aqueous 376 
solution (μg/mL). Each analysis was performed in triplicate. 377 

2.4.4. Oxygen Radical Absorbance Capacity (ORAC) assay 378 
The oxygen radical absorbance capacity (ORAC) assay measures the scavenging of peroxyl as 379 

well as of hydroxyl radicals, and has been successfully applied to the assessment of antioxidant 380 
species in human plasma [65]. The ORAC measurement method was adapted from a previous work 381 
[66]. The instrument was a fluorescence spectrophotometer (Varian Cary Eclipse, Palo Alto, CA, 382 
USA). The sample was added to a free-radical generator (AAPH, 2, 2’-azobis (2-aminopropane) 383 
dihydrochloride) and the inhibition of the free radicals was measured. Fluorescein was used as a 384 
target for free-radical attack. The exciting wavelength was 490 nm and the emission wavelength was 385 
512 nm. Total antioxidant capacity, as measured by ORAC, was obtained using Eq. (3): 386 

ORAC = 20 ⋅ k ⋅ (Ss – Sb) / (STrolox - Sb),                        (3) 387 
where k is the dilution factor, Ss is the area under curve area of the sample, Sb is the area of the blank 388 
under the curve, and STrolox is the area of the standard (Trolox) under the curve. ORAC values were 389 
expressed as μM Trolox equivalents per Liter of aqueous solution (μMTE/L), using the standard 390 
curve established previously. Each analysis was performed in triplicate. 391 

3. Results 392 

3.1. Main operational parameters 393 
The cavitation number, computed according to Eq. (1) and the method mentioned in Section 2.1, 394 

was in the range of 0.3 to 1.1 in both tests SFN_T1 and SFN_T2, thus falling in the range of developed 395 
cavitation, as defined in Section 2.1. Based on the estimated average flow (330 L/min), and the water 396 
volume (120 L), the average frequency of passages through the cavitation reactor was about 2.75 per 397 
min. 398 

The average power absorbed during SFN_T1 was around 5,400 W, with a total electricity 399 
consumption, during 90 min of process time, of 7.9 kWh. In test SFN_T2, the two quantities reduced 400 
to 4,900 W, and 4.56 kWh (in 60 min of process time), respectively. 401 

3.2. Total phenolic and flavonoids content 402 
Fig. 3(a) shows the joint evolution of temperature and TPC, for tests SFN_T1 and SFN_T2. The 403 

same holds for Fig. 3(b), except that the evolution of TFC is represented. 404 
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Figure 3. (a) Joint evolution of temperature and TPC for tests SFN_T1 and SFN_T2; (b) Joint evolution 405 
of temperature and TFC for tests SFN_T1 and SFN_T2. Error bars represent the standard deviations. 406 

In SFN_T2, the evolution of the total phenolic content exhibited a rapidly growing trend during 407 
the unconditioned heating step during the first 30 min, doubling to 0.10 mgGAE/mL with 408 
temperature rising from 33°C (after 5 min of process time) up to 43°C. In SFN_T2, the growth in TPC 409 
was insignificant up to the temperature of 40°C. This result could be due to slightly higher working 410 
temperatures in SFN_T2. 411 

Later on, in SFN_T1, with the further unconditioned heating to 47°C (45 min of process time), 412 
the respective TPC increased abruptly by nearly 100%, up to 0.12 mgGAE/mL, then oscillating 413 
between 0.10 and 0.14 mgGAE/mL up to the temperature of 67.5°C, reached after 90 min of process 414 
time. In SFN_T2, during the 30 min of isothermal step at the temperature of 43°C, TPC increased 415 
further, up to the level of 0.13 mgGAE/mL, achieved after 60 min of total process time. 416 

The preliminary conclusion can be drawn, that TPC increased with both temperature and 417 
cavitation time, but only up to temperature levels of, or below, 47°C. No peak in TPC was detected 418 
for SFN_T1 in Fig. 3(a), suggesting that a longer cavitation time at the constant temperature of 43°C 419 
could lead to further increase in TPC. 420 

The evolution of the total flavonoids content exhibits very similar, strong and significant 421 
growing trends during the unconditioned heating step in the first 30 min, up to the temperature of 422 
40°C for SFN_T1 (with 0.30 mgCE/mL), and 43°C for SFN_T2 (with 0.32 mgCE/mL). Later on, in 423 
SFN_T2, during the 30 min of isothermal step at the temperature of 43°C, TFC kept on growing 424 
almost linearly in time, up to 0.43 mgCE/mL (60 min of process time), and no evidence of peak arose. 425 
In SFN_T1, the TFC growth paused when temperature increased from 40°C to 47°C, then grew again, 426 
almost linearly in time, up to the level of 0.55 mgCE/mL, achieved at the temperature of 67.5°C 427 
(90 min of total process time), again without an apparent peak.  428 

The preliminary conclusion can be drawn, that TFC definitely increased with both temperature 429 
and cavitation time, but the isothermal step at 43°C seems more effective in the extraction of 430 
flavonoids. 431 

3.3. Antioxidant activity 432 
Table 1 and Table 2 show the antioxidant activity, according to the DPPH and ORAC assays, 433 

observed for samples extracted during the tests SFN_T1 and SFN_T2, respectively. Measurements 434 
were performed the day after each test. 435 

Table 1. DPPH and ORAC antioxidant activities, with the respective standard deviations, for test 436 
SFN_T1. Superscripts indicate indistinguishable values (p > 0.05). 437 

Time 
(min) 

T 
(°C) 

DPPH 
(IC50, μg/mL) 

ORAC 
(μMTE/L) 

0 27.0   
15 33.0 16.5 ± 1.0 201.7 ± 14.0 a 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2018                   doi:10.20944/preprints201812.0175.v1

Peer-reviewed version available at Foods 2019, 8, 65; doi:10.3390/foods8020065

http://dx.doi.org/10.20944/preprints201812.0175.v1
http://dx.doi.org/10.3390/foods8020065


 11 of 22 

 

30 40.0 14.4 ± 0.7 163.0 ± 11.4 b 
45 47.0 10.1 ± 0.4 184.6 ± 12.9 a,b 
60 54.0 44.0 ± 2.1 457.9 ± 24.1 
75 61.5 150.5 ± 8.4 585.9 ± 27.1 
90 67.5 350.8 ± 23.7 295.4 ± 18.7 

Table 2. DPPH and ORAC antioxidant activities, with the respective standard deviations, for test 438 
SFN_T2. Superscripts, in any column, indicate indistinguishable values (p > 0.05). 439 

Time 
(min) 

T 
(°C) 

DPPH 
(IC50, μg/mL) 

ORAC 
(μMTE/L) 

0 31.5   
5 33.0 27.4 ± 1.6 190.6 ± 7.3 a 

15 37.5 19.5 ± 0.9 a 186.6 ± 18.1 a 
30 43.0 19.5 ± 0.9 a 393.8 ± 25.6 
45 43.0 13.7 ± 0.5 b 497.9 ± 22.8 
60 43.0 14.7 ± 0.8 b 840.8 ± 31.4 

First, it is remarkable that after only 15 min of process time, both tests resulted in levels of the 440 
IC50 for the DPPH antioxidant activity below 20 μg/mL. It is the same level attributed to ascorbic acid 441 
[17].  442 

In SFN_T1 (Table 1), the DPPH assay showed a sustained decrease of the respective IC50 443 
(increase of the antioxidant activity) from the temperature of 33°C to 47°C (45 min of process time), 444 
down to the level of 10.1 μg/mL. Since then, the DPPH antioxidant activity collapsed exponentially, 445 
down to an IC50 level of about 351 μg/mL at the temperature of 67.5°C (90 min of process time). Based 446 
on Fig. 3(a), the evolution of the DPPH antioxidant activity seemed to reflect the TPC trend up to the 447 
temperature of 47°C, then decoupling from the latter at higher temperatures. No relationships arose 448 
with the flavonoids concentration shown in Fig. 3(b). 449 

In SFN_T2 (Table 2), the DPPH assay showed a relatively low value of the IC50 after just 5 min 450 
of process time, followed by a moderate decrease (increase of antioxidant activity), but only up to the 451 
temperature of 37.5°C. During the isothermal step, a further decrease of the IC50 occurred during the 452 
first 15 min, later stabilizing below 15 μg/mL. Based on Fig. 3(a) and Fig. 3(b), the evolution of the 453 
DPPH antioxidant activity did not seem to reflect strictly either the TPC or TFC trends, beyond the 454 
fact that all three quantities showed a sustained increase (except for DPPH IC50 during the latter part 455 
of the process). 456 

As a preliminary conclusion, the DPPH antioxidant activity was extremely sensitive to the 457 
temperature level, with a sudden drop beyond 47°C. It benefitted from both heating and, likely even 458 
more, cavitation time at lower temperatures. 459 

Moreover, the concentration of total phenolics showed a moderate correlation with the DPPH 460 
antioxidant activity, which is not simple to elucidate. Some authors claimed that phenolic compounds 461 
are not the only factors responsible for the antioxidant activity, with other phytochemicals (e.g., 462 
carotenoids, terpenes, reducing carbohydrates, and essential oils) potentially affecting the total 463 
antioxidant activity. As well, other factors could affect the antioxidant properties of a compound, 464 
such as possible synergistic and antagonistic effects among additional components, interactions 465 
between the physical environment of the sample and the phenolic compounds, or the activity of 466 
specific phenolic compounds that were not suitably determined [65]. Anyway, based on the 467 
comparison of the results shown in Fig. 3, Table 1, and Table 2, the concentration of total phenolics 468 
could positively contribute to the small, yet significant, difference in the highest levels of the DPPH 469 
antioxidant activity (lowest IC50), occurring in both tests after 45 min of process time. 470 

The evolution of the ORAC antioxidant activity looks very different from DPPH. In SFN_T1 471 
(Table 1), the ORAC assay showed a slight decrease from 15 to 30 min of process time (temperature 472 
increase from 33 to 40°C). Then, a remarkable growth was observed from 45 to 75 min of process 473 
time, up to the temperature of 61.5°C, followed by a sharp drop in the latter 15 min of process time 474 
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(up to the temperature of 67.5°C). Based on Fig. 3(a) and Fig. 3(b), the evolution of the ORAC 475 
antioxidant activity did not reflect the TPC, nor the TFC trends. 476 

In SFN_T2 (Table 2), the ORAC assay showed stable levels from 5 to 15 min of process time 477 
(temperature increase from 33 to 37.5°C), followed by a sharp increase (more than doubling) in the 478 
next 15 min (up to the temperature of 43°C). Then, in the isothermal step, a further remarkable growth 479 
of the antioxidant activity occurred, with no apparent peak. At the end of the process, the level of the 480 
ORAC antioxidant activity was much greater than the peak level observed in SFN_T1 (about 840 vs 481 
585 μMTE/L). Based on Fig. 3(a) and Fig. 3(b), the evolution of the ORAC antioxidant activity showed 482 
correlation with both TPC and TFC, especially for temperatures levels higher than 37°C, with 483 
exponential functions accurately fitting both relationships (R2 > 0.92). 484 

The preliminary conclusion can be drawn, that ORAC levels were very sensitive to the 485 
temperature, yet differently from DPPH. Indeed, such levels increased with temperature in the 486 
approximate range 40 to 60°C, suddenly dropping with further heating. The ORAC levels showed as 487 
well a stronger increase with cavitation time at the temperature of 43°C; the investigation of such 488 
dependence on cavitation time at other temperature levels in the aforementioned range should be a 489 
subject for further research. Moreover, limited to SFN_T2, the concentration of total phenolics and 490 
total flavonoids showed accurate correlations with the ORAC, in the temperature range 31.5 to 43°C, 491 
including during the isothermal step at the latter temperature level. 492 

3.4. Stability 493 
Aimed at assessing the time stability of the silver fir needles aqueous solutions, the TPC, TFC, 494 

DPPH, and ORAC levels were measured again, for both tests SFN_T1 and SFN_T2, 47 days and 8 495 
days later, respectively. Although other choices would have been possible, the samples collected after 496 
60 min of process time, in each test, were selected for the stability assessment, because they 497 
corresponded to the maximum antioxidant activity, both DPPH and ORAC, in SFN_T2; the second 498 
peak level of the ORAC, and moderate DPPH in SFN_T1. Moreover, those samples shared the same 499 
process time. It is recalled that the operational temperatures after 60 min of process time were 54°C 500 
in SFN_T1, and 43°C in SFN_T2. 501 

Table 3 shows the antioxidant activities, according to the DPPH and ORAC assays, observed at 502 
different times after the tests SFN_T1 and SFN_T2. 503 

Table 3. TPC, TFC, DPPH (IC50), and ORAC levels, with the respective standard deviations, 504 
measured at different times after tests SFN_T1 and SFN_T2. Data refer to samples collected after 505 

60 min of process time in each test. Superscripts indicate indistinguishable values (p > 0.05). 506 
Difference expressed as % change compared to the initial value. 507 

 SFN_T1 SFN_T2 
 day 1 day 48 Diff. day 1 day 9 Diff. 

TPC 
(mgGAE/mL) 

0.103 ± 0.002 0.053 ± 0.007 -48% 0.131 ± 0.002 0.091 ± 0.003 -31% 

TFC 
(mgCE/mL) 0.363 ± 0.002 0.209 ± 0.004 -42% 0.432 ± 0.001 0.309 ± 0.002 -28% 

DPPH  
(IC50, μg/mL) 44.0 ± 2.1 65.8 ± 3.0 50% 14.7 ± 0.8 a 14.4 ± 1.0 a 0% 

ORAC 
(μMTE/L) 

457.9 ± 24.1 128.3 ± 8.5 -72% 840.8 ± 31.4 152.3 ± 5.7 -82% 

With regard to the antioxidant activity, two striking and contrasting features arose. The 508 
antioxidant activity measured by the ORAC assay decreased to less than 30% of its level in day 1 in 509 
SFN_T1, and to less than 20% in SFN_T2, despite the shorter time lapse between the observations in 510 
the latter case. The IC50 dose for the DPPH assay increased by 50% compared to its level in day 1 in 511 
SFN_T1, and did not change in SFN_T2. 512 

As mentioned in Section 2.4.3, the DPPH assay is specific for the estimation of the antioxidant 513 
activity of plant extracts, and is related to activity against lipid oxidation. As mentioned in 514 
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Section 2.4.4, the ORAC assay is more specific for human plasma, and measures the scavenging of 515 
peroxyl as well as of hydroxyl radicals. 516 

Based on the above, the aqueous extracts produced by means of the hydrodynamic cavitation 517 
process, absent any preservative additives, fully retained the antioxidant activity towards lipid 518 
oxidation, at least up to 9 days after processing, and its decay is relatively moderate even after 519 
48 days. Conversely, the ability to scavenge peroxyl and hydroxyl radicals dropped very quickly, 520 
though it was still observable after 48 days. 521 

With regard to total phenolics and total flavonoids, the results are relatively more uniform across 522 
the two tests, showing comparable relative drops in the respective concentrations, once the different 523 
time lapses are considered, as well as a continuous decay in time after samples production. 524 
Apparently, the HC process did dot damage or denature the compounds responsible for the DPPH 525 
antioxidant activity, either polyphenols, flavonoids, or others, such as essential oils, at the condition 526 
of limiting the process temperatures, a safe level for the latter being somewhere between 43 and 47°C. 527 

4. Discussion 528 
The observed levels of the in vitro antioxidant activity of samples highlight the very good 529 

potential of the HC process for the creation of aqueous solutions, endowed with bioactive compounds 530 
extracted from silver fir needles. In test SFN_T1, the activity towards DPPH radicals, measured the 531 
day after the test (Table 1), achieved the lowest level of the respective IC50 (highest antioxidant 532 
activity) of about 10 μg/mL, while, in SFN_T2, the lowest level was about 14 μg/mL (Table 2), both 533 
after 45 min of process time. 534 

Table 4 shows the highest level obtained for the DPPH antioxidant activity, throughout the tests 535 
carried out under this study, compared with results for few reference substances, including a 536 
synthetic antioxidant, and vitamin E, catechin, two essential oils, one of which extracted from Abies 537 
Alba twigs and needles, and aqueous extracts from coniferous trees. Despite the relatively wide 538 
variability in the published levels of DPPH IC50, even for the same reference substances [67], the 539 
respective lowest level of DPPH IC50 achieved in the performed HC-driven tests competes even with 540 
the lower values published for ascorbic acid, quercetin, and catechin. It is as well significantly lower 541 
than any other results, including the considered synthetic antioxidant, the essential oils, and other 542 
extracts. 543 

Table 4. DPPH antioxidant activity: the highest level (lowest IC50) found in this study, and levels 544 
found for other substances. 545 

Substance DPPH 
(IC50, μg/mL) 

Ref. 

Abies Alba needles extract 10.1 ± 0.4 This study a 
Ascorbic acid (reference substance) 5.85 [67] 
Ascorbic acid (reference substance) 7.62 [12] 
Ascorbic acid (reference substance) 20 ± 1.3 [17] 
Ascorbic acid (reference substance) 50 [67] 
Resveratrol (reference substance) 16.62 [12] 
Quercetin (reference substance) 10.5 ± 4.6 [68] 

Butylated hydroxytoluene  
(synthetic antioxidant, reference substance) 11.58 [12] 

Butylated hydroxytoluene  
(synthetic antioxidant, reference substance) 21.30 [67] 

α-Tocopherol (vitamin E) 27.1 [67] 
Epigalocatechin gallate (a type of catechin) 7.06 [12] 
Abies Alba twigs and needles (essential oil) 27 ± 6.3 [17] 

Clove (essential oil) 13.2 ± 2.9 [68] 
Abies Alba wood (extract) 35.46 [12] 

Pinus coulteri needles (extract) b 22.7 ± 0.6 [69] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2018                   doi:10.20944/preprints201812.0175.v1

Peer-reviewed version available at Foods 2019, 8, 65; doi:10.3390/foods8020065

http://dx.doi.org/10.20944/preprints201812.0175.v1
http://dx.doi.org/10.3390/foods8020065


 14 of 22 

 

Pinus densiflora needles (extract) c 270 [70] 
a Lowest level of DPPH IC50 observed throughout the tests. b Crude extract. c Hot water extract.  546 

The ORAC antioxidant activity levels for the aqueous solutions obtained in this study, from HC 547 
processing of Abies Alba needles, were hard to compare with data obtained from other studies, due 548 
to scarce literature. In particular, very few data exist about the ORAC levels of aqueous solutions, 549 
such as beverages, while plenty of data are available, referred to the unit mass of several functional 550 
substances.  551 

However, at least one quite comprehensive study investigated the ORAC levels of several 552 
commercial beverages available on the U.S. market, also in relation with the respective total phenol 553 
concentration [71]. That is especially interesting, due to the observed strict relationship between the 554 
aforementioned quantities for the SFN_T2 test, where the highest ORAC level was achieved. 555 

Table 5 shows the ORAC and TPC levels for three representative samples extracted from 556 
SFN_T2, as well as for most of the commercial beverages investigated in [71]. Despite all the ORAC 557 
levels for those beverages were higher than the levels achieved in this study, the ratios between the 558 
respective levels for ORAC and TPC were relatively similar. 559 

Table 5. ORAC antioxidant activity and TPC from this study, and from a previous study (the TPC 560 
levels were referred to the volume of 1 L). 561 

Substance ORAC 
(μMTE/L) 

TPC 
(mgGAE/L) 

Ref. 

Abies Alba needles extract 186.6 ± 18.1 74 ± 4 This study a 

Abies Alba needles extract 497.9 ± 22.8 108 ± 2 This study b 
Abies Alba needles extract 840.8 ± 31.4 131 ± 2 This study c 

Iced white tea 2,700 ± 300 900 ± 0 [71] 
Iced black tea 3,100 ± 200 400 ± 0 [71] 
Apple juice 4,800 ± 1,000 400 ± 100 [71] 

Iced green tea 5,300 ± 1900 800 ± 100 [71] 
Orange juice 7,400 ± 500 700 ± 100 [71] 

Cranberry juice 15,400 ± 2,100 1,700 ± 200 [71] 
Blueberry juice 20,600 ± 2,900 2,300 ± 400 [71] 

Red wine 25,700 ± 2,100 3,500 ± 100 [71] 
a 15 min of process time. b 45 min of process time. c 60 min of process time.  562 

Fig. 4 shows the ORAC to TPC ratios, computed from data shown in Table 5, including the 563 
propagation of the respective uncertainties. These data tell an interesting story. 564 

The main considerations can be summarized as follows: 565 
• The ORAC to TPC levels found in this study increase with cavitation time, with the SFN_T2 566 

sample collected after 60 min exhibiting both the highest ORAC level and the highest ORAC to 567 
TPC level, which may suggest the HC ability to extract more and more functional polyphenols, 568 
likely bound in the raw material, during the process. 569 

• The highest ORAC to TPC level found in this study is comparable with most of the respective 570 
levels found for the considered commercial beverages, and it is likely to increase further with 571 
longer and/or optimized cavitation process. 572 

• The ORAC levels achieved in this study are likely to increase also after increasing the 573 
concentration of the raw material added to water, which was very low in this study; however, 574 
the dose-dependency over the ORAC antioxidant activity needs specific investigation. 575 
Thus, interesting perspectives exist about achieving aqueous solutions, based on silver fir 576 

needles as raw material, and the HC method proposed in this study, endowed with high ORAC 577 
levels. The above considerations lead as well to recommend further, urgent research on the 578 
relationship between the ORAC antioxidant activity and the functional compounds extracted in the 579 
aqueous solution based on silver fir needles as raw material, and the application of the HC method. 580 
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 581 

Figure 4. ORAC to TPC ratios for three samples from the test SFN_T2 (this study), and referred to few 582 
commercial beverages. 583 

Based on the nature of the raw material, the structural and operational features of the performed 584 
processes, and the obtained results, it is safe to state that the HC technique and the related method, 585 
proposed in this study, adhere to the nowadays well-established six principles of green extraction 586 
[72]: 587 
1. Innovation by selection of varieties and use of renewable plant resources: Abies Alba Mill. is a 588 

plant species at risk in Italian northern Apennines, relict of past large populations [14]; 589 
moreover, fir needles are abundant and renewable by-products of forest management, and can 590 
be used in small proportion to achieve remarkable oxidant activity in aqueous solution. 591 

2. Use of alternative solvents and principally water or agro-solvents: water was the only solvent 592 
used in the discussed extraction method. 593 

3. Reduce energy consumption by energy recovery and using innovative technologies: as little as 594 
0.04 kWh of electricity per liter of aqueous solution were consumed during 60 min of process 595 
time in both tests discussed in this study, with no other energy source used during operation; 596 
electricity consumed for centrifuge separation was not accounted for, but it is assumed 597 
negligible. 598 

4. Production of co-products instead of waste to include the bio- and agro-refining industry: once 599 
deprived of soluble (and solubilized) compounds, the residual fraction of the original mass of 600 
fir needle, which had to be separated from the aqueous solution, could be destined to 601 
composting, anaerobic digestion, or even to reuse as feedstock for biochar [73]. 602 

5. Reduce unit operations and favor safe, robust and controlled processes: the discussed extraction 603 
method comprised only two operations after fir needles harvesting, i.e. HC processing, and 604 
mechanical separation; the equipment was simple, safe, robust, and easily controllable; the HC 605 
process needed to achieve high levels of the antioxidant activity was very fast (60 min or less). 606 

6. Aim for a non-denatured and biodegradable extract without contaminants: absent any additives, 607 
water and fir needles were the only ingredients; although indirectly inferred, as discussed in 608 
Section 3.4, the HC process did not denature the antioxidant compounds of silver fir needles. 609 
Overall, hydrodynamic cavitation, as a technique and method for the creation of valuable 610 

bioactive aqueous solutions of extracts from silver fir needles, appeared to meet the best expectations 611 
raised by the properties and applications of HC processes, discussed in Section 2.2. Indeed, in this 612 
study, hydrodynamic cavitation processing of silver fir needles was proven to boost the antioxidant 613 
activity of the resulting aqueous extract, without the use of any solvent other than water, by means 614 
of a very fast process, and even at a very small concentration of the raw material (0.44% w/w dry 615 
basis). However, much research remains to be done. 616 

The DPPH antioxidant activity of aqueous solutions was shown to be remarkably dependent on 617 
solution pH (higher in less acidic media), and on the nature and concentration of metal ions [62]. A 618 
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similar dependence can be expected for silver fir needles water extracts, including dependence on 619 
the properties of further liquids in which it should be diluted (e.g., in the case of fortification of 620 
mineral waters or other beverages, including alcoholic ones). Further research along this direction is 621 
therefore recommended. As well, the dose-dependency of the aqueous solution properties should be 622 
investigated (only one concentration level was used in this study). 623 

As pointed out in Section 3.4., it is likely that ORAC-related compounds are much more unstable 624 
in time than DPPH-related compounds; more in general, the relationship between antioxidant 625 
activity, either DPPH or ORAC, and the functional compounds extracted from silver fir needles, 626 
needs further investigation. Such recommendation has been already suggested, limited to the ORAC 627 
antioxidant activity, in relation to the results shown in Fig. 4. Thus, further research is urged, about 628 
the accurate, quantitative analysis of the composition of the aqueous solutions, e.g. polyphenols, 629 
flavonoids, and essential oils, extracted by means of the method proposed in this study.  630 

Another direction for further research could concern the additivation of silver fir needles water 631 
extracts with preservative agents, such as citric acid or related formulations [74], aimed at the 632 
stabilization in time of the antioxidant activity. As well, the investigation of the dependence of the 633 
stability on the water properties is recommended. 634 

More in general, only silver fir (Abies Alba Mill.) needles were processed for the purpose of this 635 
study. Whether hydrodynamic cavitation could be successfully applied to other plant raw materials, 636 
however likely it may be, should be proven by suitable experiments, thus suggesting another 637 
direction for further research. 638 

Last, in this study, both DPPH and ORAC antioxidant activities were measured in vitro. Further 639 
research should address the in vivo effectivity of the aqueous solutions of fir needles, produced by 640 
means of HC processes, e.g. towards the prevention of lipid oxidation in storage foods, stimulation 641 
of plant growth, and fortification of beverages, the latter along with the investigation of the effects on 642 
the human health, including the bioavailability issue. 643 
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Appendix A 659 
The composition of essential oils (EOs) extracted from silver fir needles exhibits a remarkable 660 

variability through the growing regions, environmental conditions, plant age and season, as well as 661 
genetic variability. Table A1 shows the range of concentrations of the main constituents of the EOs, 662 
drawn from few studies [17,18,75,76]; based on the same studies, EOs represent between 0.77 and 663 
0.92% w/w (dry matter) of silver fir needles total biomass. 664 

Table A1. Range of concentrations of the main constituents of EOs for needles of silver fir (Abies 665 
Alba Mill.), expressed as % w/w of total EOs dry mass. 666 
Essential Oils Range of concentration 
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β-Pinene 1 0.51 - 32.80% 

Bornyl acetate 1 4.40 - 30.31% 

delta-3-Carene 1 13.85% 3 

Camphene 1 6.90 - 19.91% 

Limonene 1 6.10 - 13.90% 

α-Pinene 1 2.87 - 17.30% 

Tricyclene 1 0.80 - 12.90% 

β-Caryophyllene 2 1.30 - 6.70% 

α-Humulene 2 0.20 - 3.80% 

β-Phellandrene 0.00 - 4.90% 

Santene 2 1.20 - 2.00% 

Myrcene 1 0.80 - 1.00% 

Terpinolene 1 0.30 - 1.10% 

Sabinene 1 0.10% 1 
1 Monoterpene. 2 Sesquiterpene. 3 Only one data available. 667 

 668 
Although most of EOs constituents show bioactive properties, limonene (PubChem CID: 669 

440917), a monoterpene, was likely the most studied. Limonene is endowed with a wide-spectrum of 670 
antimicrobial, anti-oxidant, and anti-inflammatory properties, finding countless applications in the 671 
cosmetic and food industries, in the latter ones for both nutraceutical and anti-spoiling purposes [77]. 672 

It was first used, in the 1950s, as a bio-solvent, alternative to solvents derived from fossil fuels, 673 
as well as an insecticide, and two decades later as an antibacterial [78]. In early 1990s, its plant anti- 674 
fungal and antibacterial properties were first identified [79], and further scientific insight about the 675 
use of limonene as a bio-pesticide was supplied starting in mid-2000s [80]. At the same time, limonene 676 
was proved to be an effective adjuvant in preventive therapies against asthma [81]. 677 

It is worth noting that the antimicrobial action of limonene was found to markedly increase 678 
when applied as an oil-in-water nanoemulsion, for example reducing the thermal resistance of Listeria 679 
monocytogenes by one hundred times, against only two to five times when added directly [82]. On the 680 
other hand, EOs from different raw materials are volatile under environmental conditions; in 681 
particular, limonene is chemically unstable in the presence of air, light, moisture, and high 682 
temperatures, hindering the respective application as flavorings in the food industry and affecting 683 
the shelf-life. The same holds for EOs applications as biopesticides, due to rapid oxidative 684 
degradation and evaporation in the open environment, leading to the need for high application rate, 685 
and stimulating research on the respective encapsulation allowing controlled and prolonged release 686 
[83]. 687 

Based on the aforementioned shortfalls, methods have been proposed to reduce volatility and 688 
control the release of such compounds. For example, a recent study suggested nanoencapsulation of 689 
limonene in oil-in-water nanoemulsions created by means of ultrasonic irradiation, sustaining 690 
cavitation processes, and stabilized with a mixture of pectin and whey proteins [84]. 691 
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