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Abstract 

Agricultural and food industries generate substantial waste that, remaining 

underexploited, entails environmental, economic, and social issues. The shells of 

Pistacia vera, Prunus dulcis, Corylus avellana, and Juglans regia species 

represent the most abundant by-products and have the potential to be further 

processed into value-added nutraceutical ingredients and other innovative 

materials. 

In this thesis, dry fruit shells have been employed as sources of valuable 

bioactive compounds. Specifically, the Response Surface Methodology (RSM) 

coupled with Box-Behnken design (BBD) models were adopted to optimize 

entirely eco-sustainable microwave-assisted extraction (MAE) protocols. The 

optimized shell extracts exhibited the highest total phenolic content (TPC) and 

antioxidant/antiradical activity. Furthermore, in this thesis, MAE method was 

applied for the first time to recover antioxidants from pistachio and hazelnut shells. 

Although MAE was previously employed to extract bioactive compounds from 

almond and walnut shells, the herein optimized MAE conditions led to higher 

phenolics recovery rates. Moreover, MAE protocols were carefully designed to 

support their application at an industrial level, where the extraction of natural 

products using microwave irradiation is already a reality. 

The phytochemical composition of the optimized shell extracts was 

determined by hyphenated techniques, namely high-performance liquid 

chromatography/electrospray ionization ion-trap tandem mass spectrometric 

(HPLC/ESI-MS/MS) analyses. A thorough qualitative and quantitative analysis of 

mass spectrometric data allowed the identification of phenolic compounds and 

lipids as the predominant organic constituents in all the extracts. Remarkably, the 

phytochemical composition of Pistacia vera shells has never been reported before. 

Furthermore, the abundant presence of alkyl phenols, namely anacardic acids 
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(AAs), in both P. vera and J. regia shells was herein uncovered for the first time, 

highlighting such biomasses as novel sources of bioactive AAs. 

Unique insights into the potential biological properties of the optimized 

shell extracts were provided in this thesis. Particularly, their reactive oxygen 

species (ROS) scavenging capacity, their anti-glycation properties, and their 

inhibitory behaviour towards pancreatic lipase, Ŭ-glucosidase, Ŭ-amylase, and 

tyrosinase, molecular targets of notable therapeutic importance, were in vitro 

investigated.  

Considering the remarkable anti-glycation and hypoglycemic properties 

observed for the AAs-rich extracts from P. vera and J. regia shells, AAs were 

screened, for the first time, as novel natural-derived drug candidates for the 

treatment of type 2 diabetes mellitus (T2DM). Noteworthy, AAs exhibited strong 

anti-glycation properties and higher hypoglycemic activity than the anti-diabetic 

drug acarbose, used as a positive control. In silico molecular modelling was 

consistent with the results from the in vitro bioassays. Moreover, in vitro kinetics 

of inhibition and fluorescence quenching experiments provided unique findings 

on AAs interaction with the targeted enzymes.  

MTT assays were performed to assess the biocompatibility of the 

optimized shell extracts on human intestinal (Caco-2 and HT29-MTX) and buccal 

(TR146 and HSC-3) cell lines. This represented the first study reporting the effects 

of compounds from dry fruit shells on the viability of intestinal and buccal cells.  

The metabolic fate of the optimized extracts from P. vera, P. dulcis, and C. 

avellana shells was estimated through in vitro simulated gastrointestinal digestion 

followed by untargeted LC-ESI-LTQ-Orbitrap-MS metabolomic analyses of the 

resulting oral, gastric and intestinal digests. The changes in the extractsô 

phytochemical composition, antioxidant/antiradical activity (FRAP, DPPHÅ, and 

ABTSÅ+), and hypoglycemic properties (Ŭ-glucosidase and Ŭ-amylase inhibition) 

occurred after the gastrointestinal digestion simulation were widely explored 
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providing novel insights into compoundsô bioaccessibility, hence contributing to 

expand the value of dry fruit shells into the field of food nutrition. Lastly, in vitro 

cell-based permeability models were adopted to assess the permeability of the 

gastrointestinal epithelium and buccal mucosa to the optimized shell extracts.  

Further green applications were investigated for walnut and pistachio 

shells. The optimized extract from walnut shells (OWS) was loaded into 

biodegradable polylactide (PLA)/poly (butylene adipate-co-terephthalate) (PBAT) 

polymeric blends. The resulting bio-film formulation showed improved 

performances in terms of UV-light resistance, antioxidant capacity, and 

mechanical properties. These results support the use of such PLA/PBAT-OWS 

blends as eco-friendly food packaging and bio-plastics. 

Another approach involved utilizing exhausted pistachio shells, leftover 

from the MAE treatment, as carbonaceous precursors for their transformation into 

activated carbons (ACs). Nowadays, ACs have multipurpose applications, such as 

electrode and battery production, water purification from heavy metals, and air 

pollution control. Hence, the proposed strategy introduces even exhausted 

pistachio shells as equally promising biomasses for the development of several 

clean-label materials with broad environmental and industrial relevance. 

All the findings shown in this thesis encourage the employment of dry fruit 

shells for the sustainable recovery of valuable bioactive compounds and 

antioxidants that, within the framework of a circular economy, can be included in 

nutraceutical formulations and other innovative materials.  
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Relevance of thesis 

Nowadays, climate change, pollution, and resource scarcity have been 

recognized as severe environmental priorities that must be faced at multiple levels 

by governments, industries, and public society. In this framework, the circular bio-

economy concept, which allows for transforming by-products into new value-

added resources to minimize waste generation [1], has arisen as a unique solution 

to address critical challenges on sustainability.  

Remarkably, several policy initiatives collected into the European Green 

Deal have been adopted by the European Commission (EC) as a roadmap to make 

Europe the first climate-neutral continent by 2030 [2]. In March 2020, the EU 

launched the new circular economy action plan (CEAP) [3], including legislative 

and non-legislative measures to reduce pressure on natural resources and 

encourage circular economy processes, with a special focus on the employment of 

safe and non-toxic products, sustainable consumption, and waste prevention.  

At a global level, all United Nations Member States established 17 

Sustainable Development Goals (SDGs) in 2015 [4], constituting a global call to 

action for introducing green innovative processes throughout multiple sectors of 

human life.  

The present Ph.D. thesis intends to answer two of these goals by ensuring 

healthy lives, promoting well-being (SDG 3), and guaranteeing sustainable 

consumption and production patterns (SDG 12) [4]. Specifically, agri-food wastes, 

namely dry fruit shells, were explored as valuable sources of bioactive compounds 

that can be turned into nutraceuticals or food additives for novel bio-plastic 

materials. The study was extended by exploring the potential use of the exhausted 

Pistacia vera shells to produce activated carbons with multiple applications [5, 6].  

A particular focus was dedicated to Green Chemistry concept [7], 

comprising strategies to improve energy efficacy and limiting the use of hazardous 
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solvents, thus ensuring environmental friendliness of chemical processes. Such 

approaches were successfully applied for the achievement of all the thesis 

objectives. 
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Thesis objectives 

The present doctoral project aimed to promote the concepts of circular 

economy and sustainable development through valorizing lignocellulosic waste 

biomasses, namely pistachio, almond, hazelnut, and walnut shells, to obtain 

innovative products with high added value. These biomasses were explored as 

potential sources of valuable bioactive compounds that can be extracted and turned 

into new nutraceutical ingredients and innovative materials.  

More specifically, the objectives of the present thesis include: 

1. Optimizing, by the employment of Response Surface Methodology (RSM) 

with Box-Behnken designs, different microwave-assisted extraction (MAE) 

protocols for the obtainment of shell extracts from typical cultivars of the 

Mediterranean area, namely Pistacia vera, Prunus dulcis, Corylus avellana, 

and Juglans regia L., with the highest total phenolic content (TPC) and 

antioxidant activity (evaluated by FRAP, DPPHÅ and ABTSÅ+ assays), 

carefully investigating the effects of key extraction variables affecting the 

MAE process, namely solvent concentration, irradiation time, microwave 

power, and solvent-to-solid ratio;  

2. Investigating the phytochemical composition of the resulting optimized 

extracts by High-Performance Liquid Chromatography (HPLC) coupled 

with Electrospray Ionization Tandem Mass Spectrometry (HPLC-MS/MS) 

analysis; 

3. Validating the application of the resulting antioxidants-rich shell extracts as 

valuable nutraceutical ingredients with multiple pro-healthy properties. 

Mainly, in vitro assays were performed to test the potential i) antiradical 

effects against intracellular reactive oxygen species (ROS), such as 

superoxide radical anion (O2
īÅ), hypochlorous acid (HClO) and peroxyl 

radical (ROOÅ), ii) inhibitory power against advanced glycation end-products 
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(AGEs) formation, and iii) inhibitory activities towards target metabolic 

enzymes, including Ŭ-glucosidase, Ŭ-amylase, pancreatic lipase and 

tyrosinase;  

4. Assessing the in vitro biocompatibility of the optimized shell extracts on 

intestinal (Caco-2 and HT29-MTX) and buccal (TR146 and HSC-3) cell lines;  

5. Elucidating the contribution of anacardic acids, accounting for the main 

constituents of Pistacia vera, and Juglans regia L. shell extracts, on the 

hypoglycemic, anti-glycation, of the extracts by in vitro inhibition assays, 

docking studies, kinetic analyses, and fluorescence quenching experiments; 

6. Investigating the effects of in vitro simulated gastrointestinal digestion on the 

bioaccessibility and bioactivity of bioactive compounds from dry fruit shells 

by spectrophotometric assays and liquid chromatography coupled to orbitrap-

mass spectrometry (LC-ESI-LTQ-Orbitrap-MS) analysis;  

7. Testing the ability of the optimized shell extracts to permeate the intestinal 

epithelium and buccal mucosa by 3D cellular permeability models; 

8. Demonstrating a feasible employment of the optimized walnut shell extract 

by including it as an antioxidant and UV stabilizer additive in PLA/PBAT 

bio-plastic blends; 

9. Laying the foundations to further exploit the exhausted pistachio shells, 

leftover from the MAE treatment, to produce activated carbons with excellent 

absorption properties. 
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Thesis structure 

This thesis presents the work developed during the three years Ph.D. course 

under the scope of the approved grant (D.M. n 1061, PON R&I 2014/2020, ï Cycle 

37) financed by the Italian Ministry for Education, University and Research 

MIUR. The project includes a six-month research period at the company 

Teamnetwork S.r.l. (Augusta, Italy), under the supervision of Dr. Pietro Nicotra. 

The thesis is organized into 11 Chapters, including the results presented in 

three published scientific papers and in two manuscripts in preparation. The 

figures and tables were sequentially numbered throughout the thesis, while the 

references were grouped into a single list available at the end of the document.  
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Chapter 1 | Introduction 

 

1.1. Importance of agri-food wastes 

Food waste is a global issue directly linked to environmental (e.g., energy, 

climate change, water), economic (e.g., resource efficiency, price volatility, 

consumption, waste management), and social (e.g., health, equality) aspects. Agri-

food wastes refer to fractions of food and inedible parts of food removed from the 

food supply chain to be recovered or disposed of (Figure 1) [8].  

 

 

Figure 1. Food supply chain and food wastes. Adapted from [8]. 

 

The main disposal strategies currently consist of composting, not 

harvesting crops, anaerobic digestion, bioenergy production, co-generation 

(organic waste captured through anaerobic digestion and burned to produce 

electricity and heat), incineration, and disposal to sewers, land or sea [8] (Fig. 1). 

Various reports showed that about 1/3 of global food production is wasted [8, 9], 
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with dramatic effects on greenhouse gas emissions and economic losses 

throughout the food supply chain. In Europe alone, food waste costs are projected 

reached 132 billion euros in 2023, contributing approximately 16 % to overall 

greenhouse gas emissions [10]. Considering such data, it became clear that 

preventing and reducing food waste is increasingly necessary for establishing a 

future-oriented bioeconomy. 

Researchers from various interdisciplinary fields recently focused on 

managing food, agricultural, and forestry waste in ways other than incineration or 

landfilling [11]. The challenge consists of counteracting the worldwide 

predominant linear economy model, giving a second life to such wastes, and 

understanding the high value their constituents still own.  

Some well-established applications of agri-food by-products include their 

use as soil fertilizers or animal feed and for producing energy or fuels [12]. 

However, waste biomasses have recently been discovered to be a rich source of 

natural bioactive compounds [13], mainly vitamins, minerals, polysaccharides, 

dietary fibers, phytosterols, polyphenolic compounds, and other antioxidants [12]. 

The recovery of phytochemicals contained in agro-residues can arise as a great 

opportunity within the framework of the circular economy.  

Valuable ingredients can be recovered by extraction, a chemical process 

facilitating the transfer of biomass constituents from the cellular matrix to an 

appropriate solvent system [14], thus producing natural extracts highly demanded 

for their functional and health-promoting properties and their higher safety profile 

compared to synthetic drugs [15]. Many antioxidants-rich extracts deriving from 

agri-food wastes have been efficiently incorporated into sustainable cosmetics [16, 

17], functional foods [18, 19], and nutraceutical products [20, 21], or used as 

natural additives [22, 23].  

Among food by-products, dry fruit shells can represent promising sources 

of bioactive compounds [24]. Their extraction using low-impact technologies 
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represents a fascinating strategy for obtaining new value-added products and oral 

nutraceutical formulations. In this thesis, particular emphasis has been dedicated 

to the potential applications of the outer shells of Pistacia vera, Prunus dulcis, 

Corylus avellana, and Juglans regia Mediterranean cultivars, introducing 

novelties in the food and nutraceutical research fields. 

 

1.2. Dry fruit shells: a potential source of bioactive compounds  

Pistachios, almonds, hazelnuts, and walnuts are dry fruits typical of 

temperate climates including the Mediterranean area [25]. Such fruits have always 

been an integral part of the human diet since they are incredibly energetic, easy to 

transport, and storage [24]. Many studies have demonstrated that nut consumption 

promotes antioxidant, antidiabetic, and hypocholesterolemic effects [24, 26] and 

improves body weight maintenance, preventing several diseases, including 

cardiovascular disease and metabolic syndrome [27, 28]. These benefits have been 

attributed to their high lipid content, even if other phytoconstituents (e.g. 

tocopherols and phenolic compounds) may have protective roles against the onset 

of these lifestyle related disorders [29]. Noteworthy, dried fruitsô chemical 

composition is affected by high variability, mainly caused by genotypic and 

environmental factors, including growing areas, farming methods, harvesting 

periods, and climatic conditions [29]. 

Pistachios are fruits from the Pistacia vera L. (Anacardiacae) plant tree, 

widely cultivated in Iran, United States of America (USA), and Turkey [30]. A 

peculiar Pistacia vera L. cultivar, with a Protected Designation of Origin (PDO) 

[31], is typical of Bronte, an Italian town located in Sicily on the Etna volcano, 

where the lava soil and the Mediterranean climate allow the production of a nut 

highly appreciated in international markets [31, 32]. Pistachio global production 

accounted for over 900 kilotons in 2021 [33], unavoidably generating massive 
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quantities of organic waste, namely skins (seed coat), hulls (green shell cover), 

and hard shells (lignified hardened endocarp) [30]. Pistacia vera shells represent 

almost 70 % of the by-products generated and accumulated during the pistachio 

industrial dehulling [30]. Up to date, the exploitation alternatives of pistachio 

shells (PS) include biofuel [34], bioethanol [35], and composite film [36] 

production, enzymatic production of xylooligosaccharides [37] and activated 

carbon synthesis [38], as lignin (13.5%) and cellulose (42%) are the main 

constituents of such biomass [30].  

Sweet almonds consist of the edible seeds harvested from Prunus dulcis 

Mill D.A. Webb. (Rosaceae) plant [29], attractive for their sensory, nutritional, 

and functional properties [39], with expanding commercial importance in the 

USA, Australia, Spain, and Italy, where the total production accounted for 

approximately 1.520 M MT, 123.4 MT, 115.3 MT, and 42 MT, respectively, in 

2023 [39, 40]. In Italy, the production is mainly concentrated in the southern areas, 

namely Sicily (60%) and Apulia (30%), where the native varieties ñPizzutaò and 

ñRomanaò prevail [41]. The almond processing industry continuously grows, 

contributing to the accumulation of almond by-products, primarily shells [42], 

which constitute about 50% of the weight of the fresh nut. Almond shells (AS) 

have recently been used in animal husbandry [43] and renewable energy 

production [44] with encouraging results. A profitable alternative for growers and 

producers may derive from exploiting AS in the pharma industry, given their 

richness in lignin-carbohydrate complexes [42] and, likely, in other undiscovered 

antioxidant compounds. 

Hazelnuts (Corylus avellana L.) belong to the Betulaceae family and, 

because of their appealing organoleptic and nutritional characteristics, are among 

the most consumed dry fruits in the world [29, 45]. Turkey is responsible for about 

70% of the global hazelnut production, followed by countries such as Italy, the 

USA, and Azerbaijan [40]. Hazelnut shells (HS), making up over half of the nut's 
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weight, represent the major by-product [46]. Their chemical analysis revealed a 

lignocellulosic composition (24.6ï30% hemicelluloses, 27ï27.3% cellulose, 

40.7ï43% lignin, and 7.4% other components) that makes them suitable to be 

employed as boiler fuel or for biofuel production [47]. Nevertheless, recent studies 

underscored key bioactive molecules in HS, notably polyphenols and 

diarylheptanoids [48, 49], valuable ingredients that could potentially be recovered 

and turned into new oral nutraceutical products. 

Similarly, Juglans regia L. shells, an abundant and underexploited by-

product generated during the walnut peeling process, are currently treated as waste 

of low economic importance [50]. Exploitation attempts proposed walnut shells 

(WS) as abrasives for cleaning and polishing plastics, soft metals, stone, wood, 

and fiberglass [51] or as filtration media for separating raw oils and heavy metals 

from water [52]. Further, WS were extracted with both lipophilic and hydrophilic 

solvents leading to the recovery of value-added compounds including terpenes, 

fatty acids, and polyphenols [53]. Notably, hydroalcoholic extract from walnut 

shells exhibited even higher phenolic content and antioxidant activity than walnut 

kernel and fruits [53].  

Although different authors have already proposed innovative applications 

for dry fruits shells, research in the food and nutraceutical fields may offer new 

perspectives. This thesis seeks to promote new alternatives for valorizing dry fruits 

largely cultivated worldwide. Novel attracting applications, such as the design of 

bioplastics for the food storage packaging of over-the-counter drugs and 

nutraceuticals, might extend the economic importance of these biomasses, 

contributing to the development of more sustainable approaches. 
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1.3. Extraction techniques for the recovery of bioactive compounds 

Extraction is a crucial process for achieving natural extracts rich in a 

variety of bioactive compounds, such as vitamins, minerals, essential oils, and 

active ingredients, primarily sourced from plants [54], algae [55], fruits [56], 

vegetables [57], seeds [58], nuts [28], and, more recently, even from agricultural 

and food by-products and wastes [20, 59]. Valued for their functional properties, 

powdered or liquid phytonutrient-rich extracts are sought after in several 

formulations and, above all, nutraceuticals.  

Before extraction, raw starting material must be promptly processed since 

factors such as high temperature, UV radiation, or enzymatic activity can cause 

oxidation and subsequent degradation of bioactive constituents [13]. Specifically, 

lowering moisture content by drying is necessary to counteract microbial growth 

and enzymatic degradation. Lastly, grinding and sieving the dried material to an 

appropriate particle size facilitate extraction efficiency by increasing surface area 

[13].  

Numerous extraction techniques are available to obtain extracts 

concentrated in bioactive phytochemicals, each playing a pivotal role in 

determining the yield and quality of the final product [13]. Since every natural 

source has its physical characteristics and peculiar chemical composition, 

selecting the most appropriate extraction technique must be based on the type of 

starting biomass and the target bioactive molecules of interest. Moreover, eco-

friendly extraction processes, strongly aligned with the principles of green 

analytical chemistry, are expected to replace conventional solvent-based 

extraction techniques, even at the industrial level [54]. Supercritical fluid 

extraction (SFE), subcritical water extraction (SWE), microwave-assisted (MAE) 

and ultrasound-assisted extraction (UAE), pressurized liquid extraction (PLE), 

enzyme-assisted extraction (EAE), and pulsed electric field (PEF) have emerged 

as new technological trends. Nevertheless, the poor availability of appropriate 
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pilot equipment, the costly initial investment, and the necessity of careful process 

optimization that guarantees a balance between energy expenditure and economic 

profit are some of the challenges that must be faced for translating academic 

knowledge development into industrial business. Among non-conventional 

extraction methods, UAE and MAE have proven to be the most mature 

technologies to be applied at an industrial level, offering superior yields in much 

less time than traditional methods [60, 61]. GMC (http://www.gmariani.it/), 

GIOTTI (http://www.giotti.it/), and PELLAS (http://pellasnature.com/) are some 

of the companies specialized in the extraction of food and pharmaceutical 

ingredients that invested in MAE and UAE industrial equipment for the production 

of polyphenol-rich nutraceuticals [60].  

In this thesis, MAE was the technique of choice for recovering bioactive 

compounds from PS, AS, HS, and WS. This technique effectively satisfies 

essential requirements, namely the employment of low quantities of Generally 

Recognized as Safe (GRAS) solvents like ethanol for a reduced extraction time, 

thus limiting energy consumption without laying down the recovery index of 

target compounds. Furthermore, the MAE process performed excellently in 

extracting polyphenols at laboratory and industrial scales [61]. 
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1.3.1. Microwave-assisted extraction (MAE): principle, advantages and 

drawbacks 

In recent years, the MAE technique has emerged as a sustainable 

alternative to conventional extraction methods, such as maceration or Soxhlet 

extraction [62]. It utilizes microwave energy to facilitate the extraction of 

compounds from solid, semi-solid, or liquid samples [63]. Figure 2 shows a 

schematic representation of the MAE system and phenomena occurring under 

microwave irradiation. 

 

 

Figure 2. Schematic representation of the MAE system. 

 

Generally, the sample is put in contact with a suitable solvent or solvent 

mixture within a microwave vessel, and frequencies ranging from 0.3 GHz to 300 

GHz are applied to the mixture and absorbed by polar solvent molecules [64]. At 

a molecular level, heating is caused by ionic conduction and dipole rotation that, 

in most cases, co-occur [65]. Ionic conduction refers to the electrophoretic 

migration of ions under the influence of the changing electric field. The resistance 

offered by the solution to the migration of ions generates friction, which heats the 

solution [65]. Dipole rotation, instead, refers to the rapid and periodic reorientation 

of polar molecules caused by the high frequency alternating electromagnetic field. 

When the electric field at microwave frequencies is applied, molecules try 

continuously to realign themselves with the new field orientation, causing the 
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generation of frictional forces that rapidly heat the solution, promoting the 

migration of target compounds from the sample into the solvent [65, 66]. 

There are multiple parameters affecting MAE, for instance, the solvent 

concentration, the microwave power, the solvent-to-sample ratio, and the 

irradiation time [66]. Remarkably, the solvent needs to be carefully chosen since, 

in this extraction process, it needs not only to show great affinity towards targeted 

compounds, but even to absorb microwave radiation [54]. Ethanol is one of MAE's 

most commonly used solvents due to its good dissipation factor and the 

appreciable solubility of many organic compounds within it [66]. Further, it can 

be easily recovered by distillation, contributing to the low environmental impact 

of the MAE process. In most cases, mixtures of solvents can be employed to 

increase the extraction yield. For instance, a small amount of water can easily 

penetrate the cell matrix, providing better sample heating and increasing the mass 

transfer of the natural constituents into the extracting solvent [66].  

Microwave power is another crucial parameter in MAE: if high, it can lead 

to faster heating and higher extraction efficiency; if too high, it can lead to the 

degradation of heat-sensitive compounds [54, 67]. Similarly, an idoneous time of 

extraction can ensure maximum yield while minimizing energy consumption. In 

contrast, the appropriate solvent-to-sample ratio helps to improve the extraction 

efficiency by ensuring sufficient contact between the solvent and the sample 

matrix [67].  

MAE offers several advantages over conventional extraction techniques. 

For instance, this technique enables fast and efficient extraction, leading to 

reduced extraction times and higher yields. Compared to traditional methods, 

smaller volumes of solvent are required, contributing to lower solvent 

consumption and waste generation [54, 68]. Moreover, MAE equipment is 

relatively low-cost and simple to clean and operate [62].  
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Among the drawbacks of this technique, it is noteworthy to mention the 

difficulty of obtaining a certain degree of selectivity for targeted compounds [62]. 

Moreover, MAE was found to be more effective for polar or semi-polar 

compounds, while non-polar, heat-sensitive, or volatile ingredients may not be 

efficiently extracted or may be altered by intense electromagnetic radiation [67]. 

Despite this, MAE has been successfully employed in extracting several organic 

compounds, namely phenols, carbohydrates, and lipids, from multiple waste 

biomasses, including Castanea sativa shells [69], Myrtus communis L. leaves [70], 

and Citrus limon peels [71].  

To find the best MAE operating conditions and, consequently, maximize 

the recovery of bioactive compounds, the Design of Experiments (DoE), 

exploiting mathematical tools such as the response surface methodology (RSM), 

can be effectively employed [72]. 

 

1.3.2. Design of experiments (DoE) 

Design of Experiments (DoE) is a rigorous methodology that enables the 

study of the relationship between multiple input variables, or factors, on key output 

variables or responses [73]. This efficient statistical approach can be widely 

exploited in almost any field or discipline and has been used to optimize extraction 

processes [74, 75], constituting a valid alternative to the classic One Variable at A 

Time (OVAT) approach. OVAT is a simple, easy-to-control and interpret 

approach, but its main limitations concern the missing information related to the 

interactions among variables and the high number of necessary experiments [73]. 

Conversely, DoE can be considered as a form of active learning. Changes in the 

parameters studied are deliberately made in a highly controlled environment to 

understand cause and effect. Thus, estimating the consequences of changing 

experimental factors on a specific response in a well-designed, planned, and 
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executed set of experiments [76, 77] is possible. Figure 3 summarizes all the steps 

that must be carefully followed when applying the DoE approach. 

 

 

Figure 3. Framework for Experimental Design. 

 
The DoE approach starts with planning experimental design. Experiments 

must be organized to ensure the right type and quantity of data to answer the 

questions of interest as clearly and efficiently as possible [77]. Prior knowledge 

about the system of interest is indispensable before carrying out experiments. The 

screening phase usually requires a few experimental executions where the focus is 

not on interactions but on identifying those factors that primarily influence the 

process under study [73, 77]. Once selected, key factors are used to define the 

experimental space within which it is possible to achieve the desired objective 

through the optimization phase [73], which is devoted to obtaining the best 

responses. Finally, testing robustness and validating the developed model is 

crucial to verify the strengths and limitations of the experimental design and 

determine the designôs ability to detect effects associated with meaningful changes 

in the responses. Diagnostic tools include analysis of variance (ANOVA), 

prediction variance profiler, and 3D surface plots.  

The response surface methodology (RSM) represents the tool by which the 

DoE approach can be applied. When the goal of a study is optimization, the 

objective is to find the operating conditions for the factors that give the best value 
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for the response. The best value might be a target, a minimum, or a maximum, 

depending on the situation.  

This thesis aimed to find the optimal MAE setting for obtaining shell 

extracts with the highest TPC and antioxidant/antiradical activity. Hence, RSM 

was selected as a suitable mathematical tool to achieve such a goal.  

A response surface model needs at least three distinct values for each factor 

under study to fit a second-order predictive equation for the response optimization. 

If a maximum or minimum exists inside the design region, the point where that 

value occurs can be estimated, thus reducing the number of assays needed to 

establish the existing interdependencies among factors. Two different 

experimental designs can be selected within RSM:  

¶ Central Composite design (CCD), a design with center points augmented 

with a group of axial points called ñstar pointsò; 

¶ Box-Behnken design (BBD), a design that requires at least three 

continuous factors with three levels (-1, 0, +1) at the midpoints of the edges 

of the experimental space.  

Figure 4AïB shows the differences between CCD and BBD in terms of the 

number of required data points and the arrangement of the experimental space.  

 

 

Figure 4AïB. Differences between A) central composite design (CCD) and B) 

Box-Behnken design (BBD) in terms of number of experiments (n) and 

experimental space. 

A) B)

Box-Behnken design (BBD)

n = 13

Central Composite design (CCD)

n = 15
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Noteworthy, BBD is more efficient than CCD as it does not contain 

extreme points at the corner of the cube (Fig. 4AïB), providing more data in a 

smaller number of experimental runs. Therefore, BBD was herein selected for the 

optimization of MAE protocols. 

 

1.4. Polyphenols and their key role as natural antioxidants 

In the last decades, polyphenols have attracted much interest. Their 

strategic role and significance have been demonstrated from medical, clinical, and 

nutritional points of view [78]. This has contributed to the expansion of heated 

topics related to them, including toxicological considerations [79], effects on gut 

microbiota and intestinal permeability [80], and implications in the management 

of oxidative stress-related disorders, such as cardiovascular diseases [81], obesity 

[71], type 2 diabetes (T2DM) [82], skin disorders [83], cancer [84] , and metabolic 

syndrome [85], among others. 

Polyphenols are natural compounds ubiquitous in the plant kingdom, 

characterized by one or more aromatic rings and multiple hydroxyl groups [78]. 

Depending on their basic chemical structure, polyphenols can be classified as 

phenolic acids, flavonoids, tannins (hydrolyzable or condensed), stilbenes, and 

lignans [86]. 

Phenolic acids are the most common dietary polyphenols presenting 

hydroxycinnamic or hydroxybenzoic structures (Figure 5). They are 

biosynthesized from the amino acids L-phenylalanine or L-tyrosine through the 

shikimate pathway, essentially by deamination, hydroxylation, and methylation 

reactions [87]. Initially, deamination of phenylalanine and/or tyrosine results in 

the formation of cinnamic acid and p-coumaric acid, respectively. These aromatic 

compounds are subsequently hydroxylated and methylated, yielding derivatives 

such as ferulic and caffeic acids. Additionally, the benzoic acid formation may 
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occur through the degradation of the cinnamic acid side chain. Then, similarly to 

cinnamic and p-coumaric acids, benzoic acid undergoes hydroxylation and 

methylation on its aromatic ring, producing derivatives such as protocatechuic and 

p-hydroxybenzoic acids [87].  

 

 

Figure 5. Chemical structures of cinnamic and benzoic acid derivatives. 

 

Both cinnamic and benzoic acid derivatives have received much attention 

due to their health benefits and nutraceutical potential. For instance, ferulic acid, 

well-known as a free radical scavenger, has been recently associated with 

neuroprotective effects in cognitive decline and Alzheimerôs disease [88, 89]. 

Among benzoic acid derivatives, gallic acid has been reported to have not only 

antioxidant, anti-inflammatory, and antineoplastic properties but even therapeutic 

efficacy in gastrointestinal, neurological, metabolic, and cardiovascular disorders 

[90, 91].  

Including more than 6000 compounds, flavonoids are the most 

heterogeneous class of phenolic compounds [92]. Flavonoids derive from the 

phenylpropanoid metabolic pathway and have a basic structure that comprises a 

C6-C3-C6 carbon skeleton and two 6-carbon benzene rings (rings A and B) linked 

by a 3-carbon heterocyclic ring (ring C) [93]. However, ñopen-chain flavonoidsò 

are represented by chalcones, flavonoids in which the carbon chain between the A 

Cinnamic acid derivatives

R1 = OH                                o-Coumaric acid

R3 = OH                                p-Coumaric acid

R3 = R4 = OH                        Caffeic acid

R2 = OCH3; R3 = OH            Ferulic acid  

R2 = R4 = OCH3; R3 = OH    Sinapic acid

Benzoic acid derivatives

R3 = OH                               p-Hydroxybenzoic acid

R3 = R4 = OH                       Protocatechuic acid

R2 = OCH3; R3 = OH           Vanillic acid  

R2 = R3 = R4 = OH               Gallic acid

R2 = R4 = OCH3; R3 = OH   Syringic acid
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and B rings is linear (Figure 6) [94]. Depending on the degree of oxidation of the 

heterocycle and the number of hydroxyl or methyl groups on the benzene rings, 

flavonoids are furtherly distinguished into flavones, flavonols, flavanones, 

flavanols, anthocyanidins, isoflavonoids, and chalcones (Fig. 6) [95].  

 

 

Figure 6. Basic chemical structures of flavonoids. 

 

Many are the health-promoting properties associated with dietary 

flavonoid intake [96]. In the last years, flavonoids have been discovered as 

metabolic enzyme inhibitors [97, 98]. Notably, studies have demonstrated that 

flavonoids inhibited yeast Ŭ-glucosidase (Ŭ-GLU) and porcine pancreatic Ŭ-

amylase (Ŭ-AMY) in a dose-dependent manner and that the structures of the A, B, 

and C rings were closely related to such inhibitory activities [98]. For instance, it 

was found that the inhibitory activity increased considerably with an increase in 

the number of the hydroxyl groups on the B ring (e.g. 

myricetin>quercetin>kaempferol) [97]. Conversely, lacking the 2,3-double bond 

and 4-CO, flavanols showed the lowest inhibitory activities compared to the other 

classes of flavonoids [97].  

Lastly, stilbenoids and lignans identified in various plant sources constitute 

comparatively small but significant groups of polyphenols belonging to the 

phenylpropanoids family. Stilbenoids are hydroxylated derivatives of stilbene and 

have a C6ïC2ïC6 structure [99], while lignans are dimeric compounds consisting 
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of two coupled phenylpropanoid units linked by the central carbons of their side 

chains (Figure 7) [100].  

 

 

Figure 7. Basic chemical structures of A) stilbenoids and B) lignans. 

 

As plant secondary metabolites, polyphenols offer protection against 

ultraviolet radiations and pathogens [78]. Moreover, polyphenols' importance can 

also be extended to humans, where they can act as non-enzymatic antioxidants by 

interrupting free radical chains and their damaging reactions, thus supporting 

endogenous antioxidant defences [101]. Phenolic antioxidants can hinder free 

radical formation and their propagation with different mechanisms. For instance, 

the reaction of phenolic compounds (PïH) with a peroxyl radical (ROOÅ) 

generates more stable hydroperoxides (ROOH) and a comparatively inert 

phenoxyl radical (PÅ): 

ROOÅ + PïH Ÿ ROOH + PÅ 

Further, PÅ can act as a chain-breaking antioxidant, reacting again with ROOÅ and 

giving non-radical products: 

ROOÅ + PÅ ŸNon-radical products 

It can be noticed that, during such oxidation processes, polyphenols themselves 

become radicals by giving their HÅ to the radical species. However, the new radical 

Stilbenoid, basic structureLignan, basic structure

A) B)
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intermediates are more stable due to the resonance delocalization of the electron 

within the polyphenol aromatic ring and the formation of quinone structures [102]. 

Thanks to their ability to react in this way, phenolic compounds can be 

exploited in many fields. This thesis has investigated the potential application of 

polyphenol-rich extracts from PS, AS, HS, and WS in nutraceutical and 

biomaterial fields. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

1.5. Reactive oxygen species (ROS) and oxidative stress 

Free radicals are molecular species with an unpaired electron. Those 

containing oxygen are known as ROS and are the most common in living 

organisms [103]. Although ROS can physiologically derive from several 

biochemical pathways, exposure to stressful environmental factors such as 

pollution, xenobiotics, an unbalanced diet, radiation, and diseases can excessively 

increase their concentration, altering body redox homeostasis and, due to their 

high reactivity, causing detrimental effects on cellular macromolecules (lipids, 

proteins, and nucleic acids) and tissues [104]. Overexpressed ROS include both 

charged and neutral species such as singlet molecular oxygen (1O2), superoxide 

radical anion (O2
Åī), hydrogen peroxide (H2O2), hydroxyl radical (ÅOH), and 

ROOÅ. Figure 8 illustrates the main reaction schemes for in vivo ROS formation. 

 

 
Figure 8. Reactions involved in the ROS generation. Superoxide radical anion 

formation (O2
Åī) from molecular oxygen occurs in mitochondria and is mediated 

by the NADPH oxidase complex, cytochrome c peroxidase or xanthine oxidase. 

GPx, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; MAO, 

monoamine oxidase; RH, lipid. Adapted from [105]. 
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With two electrons with opposite spins, 1O2 is the strongest oxidant species 

for molecules with double bonds [101, 104]. O2
Åī instead is a charged ionic species 

owing a single unpaired electron and a negative charge. Even if O2
Åī is not a strong 

oxidant, it can dismutate to form H2O2 that, in turn, decompose via Fenton reaction 

to OHī and ÅOH, another harmful oxidant [103], responsible for damage to 

proteins and nucleic acids (Fig. 8). Lastly, ROOÅ derives from H2O2 decomposition 

and, although moderately oxidizing, can be relevant to mechanisms of lipid 

peroxidation initiation in vivo [105]. 

Another reactive species comes from the reaction between 

myeloperoxidase (MPO), an enzyme included in neutrophil cytoplasmic granules, 

and H2O2 in the presence of the chloride ion, which is ubiquitous:  

 

The reaction leads to the formation of hypochlorous acid (HClO), a potent oxidant 

and antimicrobial agent [106]. 

The overproduction of all these reactive species leads to the onset of an 

oxidative stress status that can degenerate in different pathological conditions, 

including metabolic syndrome [107], T2DM [108] and skin disorders [109]. 

Antioxidant-enriched extracts may be useful to counteract ROS and free radical 

chain propagation, thus preventing disease progression.  
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1.6. Upon more natural approaches against metabolic syndrome  

Metabolic syndrome is a worldwide prevalent condition characterized 

by a constellation of interrelated clinical manifestations, encompassing 

visceral adiposity, hypertension, insulin resistance, oxidative stress, and 

chronic inflammation [107]. Its clinical diagnosis depends on the concurrent 

presence of at least three of the five above-mentioned critical conditions in an 

individual [85]. The incidence of this endocrine disorder changes across 

countries, ranging from 1.44% to 55.8% [110, 111]. Moreover, the syndromeôs 

impact is compounded by its correlation to an elevated risk of developing 

cardiovascular diseases and T2DM [107]. Obesity, oxidative stress, and 

insulin resistance, whose main symptom is represented by postprandial 

hyperglycemia, have been recognized among the main syndromeôs etiological 

factors [107]. Among the available therapeutic resources, metabolic enzymes 

inhibitors are currently at the forefront.  

Ŭ-Amylase (Ŭ-AMY ) (E.C. 3.2.1.1) and intestinal Ŭ-GLU (E.C. 

3.2.1.20) are key hydrolytic enzymes involved in the breakdown of 

carbohydrates during digestion [112]. As shown in Figure 9, salivary and 

pancreatic Ŭ-AMY  starts the digestion of complex carbohydrates, including 

starch and glycogen. Afterward, in the small intestine, Ŭ-glucosidase (Ŭ-GLU) 

completes the digestion by breaking down maltose and maltotriose released by Ŭ-

AMY into individual glucose molecules that, once released, are absorbed into the 

bloodstream (Figure 9) [112].  
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Figure 9. Physiological mechanism of action of Ŭ-amylase and Ŭ-glucosidase 

enzymes. 

 

In pathological conditions, such as T2DM or metabolic syndrome, slowing 

down this process by inhibiting both Ŭ-AMY and Ŭ-GLU is therapeutically useful 

to prevent high glycemic spikes after a meal [112]. Acarbose is a pseudo 

tetrasaccharide that acts in this manner [113]. It is characterized by an 

unsaturated cyclitol attached to the nitrogen of 4-amino-4,6-dideoxy-D-

glucopyranose, which is linked Ŭ-(1Ÿ4) to maltose (Figure 10).  

 

 

Figure 10. Chemical structure of acarbose, a tetrasaccharide derivative 

consisting of a cyclitol moiety (in green) linked via nitrogen to isomaltotriose (in 

blue). 
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Nonetheless, its administration is accompanied by several adverse effects, 

such as gastrointestinal issues and skin reactions [114], which strongly limit its 

tolerability. In some cases, the onset of diabetic complications makes the 

management of such a disorder even more complex. Advanced glycation end 

products (AGEs), such as glycated haemoglobin (HbA1c) [115], deriving from the 

non-enzymatic reactions among reducing sugars and free amino groups of 

peptides, can alter the structure and function of nucleic acids and proteins, thus 

resulting in diabetic complications such as vasculopathy and retinopathies [116]. 

As shown in Figure 11, the active carbonyl group of a sugar and the nucleophilic 

free amino group of a protein react producing Schiff bases that, in turn, undergo 

rearrangements producing more stable Amadori products. These lasts, under 

oxidative conditions, can directly form AGEs or can be degraded into reactive 

carbonyl species (RCS), also able to glycate other proteins also forming AGEs.  

 
Figure 11. Schematic representation of protein glycation with AGEs generation 

from Amadori products and reactive carbonyl species. 
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Aminoguanidine (AG, Figure 12) was found to be able to interact with 

reactive 1,2-dicarbonyl species, such as 3-deoxyglucosone, glyoxal, and 

methylglyoxal, thus effectively inhibiting AGEs formation [117]. 

 

 

Figure 12. Chemical structure of aminoguanidine (AG), a one-carbon 

compound, and its role as a scavenger of reactive 1,2-dicarbonyl species. 

 

However, phase III trials were stopped after the safety monitoring 

committee discovered serious side effects in the treatment group [118].  

If, on the one hand, Ŭ-amylase and Ŭ-glucosidase can be inhibited to 

influence carbohydrate metabolism, on the other, lipid metabolism can be 

therapeutically affected by inhibiting pancreatic lipase. 

Pancreatic lipase (E.C. 3.1.1.3) enzyme plays a crucial role in the 

digestion of dietary fats [119]. It is released by the pancreas in the small 

intestine, where it is responsible for hydrolyzing triglycerides in individual 

fatty acids and a glycerol molecule (Figure 13) [120]. For this reason, its 

inhibition is exploited as an anti-obesity therapeutic strategy.  

 

 

Figure 13. Schematic representation of pancreatic lipase physiological activity. 
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Orlistat (XenicalÊ), a carboxylic ester resulting from the formal 

condensation of the carboxy group of N-formyl-L-leucine with the hydroxy 

group of (3S, 4S)-3-hexyl-4-[(2S)-2-hydroxytridecyl]oxetan-2-one (Figure 

14), is the only pancreatic lipase inhibitor approved by the Food and Drug 

Administration (FDA) as anti-obesity drug [120, 121]. 

 

 
Figure 14. Chemical structure of orlistat, a carboxylic ester resulting from N-

formyl-L-leucine (in blue) condensed with the hydroxy group of (3S, 4S)-3-

hexyl-4-[(2S)-2-hydroxytridecyl]oxetan-2-one (in green). 

 

Noteworthy, orlistat is intended only for short-term or intermittent use 

to help individuals start weight loss in combination with diet and lifestyle 

modifications since its intake is associated with constipation, polyuria, 

polydipsia, and edema [122]. 

Although strongly effective in counteracting a specific symptom 

(hyperglycemia or lipid accumulation), conventional drugs are not intended to act 

on the oxidative stress status directly associated with metabolic syndrome and 

T2DM [123]. Hence, multitargeted therapeutic approaches are necessary.  

Bioactive compounds extracted from agricultural waste biomasses, 

such as PS, AS, HS, and WS, could simultaneously act as exogenous 

antioxidants, counteracting the excessive production of ROS, as metabolic 

enzyme inhibitors, and as anti-glycation agents, constituting valid therapeutic 

alternatives potentially able to offer both efficacy and reduced risk of adverse 

reactions compared to commercial drugs.  
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1.7. Tyrosinase enzyme and its key role in skin disorders 

Tyrosinase (E.C. 1.14.18.1) is a glycosylated and copper-containing 

oxidase involved in the enzymatic browning of foods and, in humans, in the 

melanogenesis process. It was discovered in 1895, when Bourquelot et al. found 

that mushrooms as Russula foetens and Rhizopus nigricans became red and dark 

brown or black after an oxidative process [124].  

Tyrosinase is a key rate-limiting enzyme that owns two main activities on 

phenolic compounds: the monophenolase and the diphenolase activities. That 

means that tyrosinase catalyzes the hydroxylation of monophenols (or cresols) and 

the oxidation of diphenols (or catechols), producing the corresponding 

dopaquinones, with the concomitant reduction of molecular oxygen to water. 

In the melanogenesis process (Figure 15), tyrosinase, catalyses the o-

hydroxylation of L-tyrosine to 3-(3,4-dihydroxyphenyl)-l-alanine (L-DOPA) by its 

monophenolase activity, subsequently oxidizing L-DOPA into dopaquinone 

(diphenolase activity), the main precursor of both pheomelanin, an orange to red 

soluble pigment, present in the hair, skin and eye, and eumelanin, a brown-black 

insoluble pigment, expressed in hair and skin, more protective against DNA 

damage induced by UV radiation [125].  

 

 

 

 



26 

 

Figure 15. Synthesis of eumelanin and pheomelanin promoted by human 

tyrosinase enzyme in the skin melanocytes. DHI, 5,6-dihydroxyindole; DHICA, 

5,6-dihydroxyindole-2-carboxylic acid; TRP, tyrosinase-related protein. 
 

In general, melanin is responsible for skin pigmentation, wound healing, 

and cuticular hardening, protecting the skin from UV radiations and oxidative 

stress. However, when tyrosinase is expressed in an abnormal way, can lead to an 

unusual production of melanin. If melanin is hypo- or hyperproduced by a 

tyrosinase irregular activity, it can cause different skin disorders. Tyrosinase is 

also accountable for the enzymatic browning of fruit and vegetables, when they 

are exposed to oxygen: this alters the colour attributes and sensory properties of 

these foods, reducing their quality and both nutritional and commercial value. 

In recent years, tyrosinase has been recognized as a target of choice in 

pharmacology and dermo-cosmetics since its inhibition results in depigmentation, 

satisfying the therapeutical needs of patients suffering from aesthetic to more 
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dermatological severe disorders related to hyperpigmentation, such as melasma, 

solar lentigo, and melanoma [126]. 

Hydroquinone and kojic acid represent the gold standards as skin-

whitening agents. However, they have been associated with bone marrow toxicity, 

immunotoxicity, mutagenicity, and carcinogenesis [126]. Consequently, the EU 

Cosmetic Regulation banned hydroquinone and strongly restricted the use of kojic 

acid up to 1% in cosmetic formulations [126]. This emphasized the necessity of 

finding novel depigmenting agents that are safer for both cosmetic and medical 

practices.  

Tyrosinases have been isolated from various sources, including plants, 

animals, and microorganisms. Nonetheless, mushroom tyrosinase from Agaricus 

bisporus is the most used model system for screening tyrosinase inhibitors, due to 

its high similarity to the human enzymatic isoform [127, 128]. 

It has been stated that polyphenols, especially flavonoids, can prevent 

melanogenesis by inhibiting mushroom tyrosinase [129]. Besides, many 

polyphenol-rich extracts from agri-food by-products have been recently tested as 

tyrosinase inhibitors and applied in cosmetic and nutraceutical formulations. For 

instance, Srisuksomwong et al. reported promising anti-hyperpigmentation 

properties for an ethanolic extract from cashew (Anacardium occidentale) leaves, 

which they incorporated into face cream formulations [130]. Similarly, Zarudin et 

al. described the anti-tyrosinase properties of an extract from Syzygium aqueum 

leaves prepared by SFE [131].  

In this thesis, PS and AS extracted at optimal MAE conditions have been 

screened for the first time as tyrosinase inhibitors to be potentially included into 

topical formulations as effective natural skin-whitening agents. 
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1.8. Mechanistic understanding of the gastrointestinal fate of polyphenol-

rich extracts 

As described above, outstanding biological properties have been attributed 

to polyphenols. Their diverse chemical structures make them incredibly effective 

in modulating various biochemical pathways. Moreover, polyphenols-rich extracts 

from agri-food by-products have been discovered to be effective in counteracting 

metabolic syndrome both in vitro [85] and in vivo [132]. Nevertheless, to be 

effective when orally administered, polyphenols-rich extracts need to be 

bioaccessible in the gastrointestinal tract [133]. The bioaccessibility is defined as 

the degree of absorption of bioactive compounds and other xenobiotics [10]. The 

complex physiological events that occur during digestion, including the action of 

enzymes, pH and temperature, may enhance or hinder bioactive compoundsô 

absorption and, to some extent, their bioactivity [133, 134]. Specifically, it has 

been observed that polyphenols are sensitive to gastrointestinal digestive 

conditions [133, 135], resulting poorly bioavailable and, consequently, less 

bioactive [136]. It is known that specific enzymes, such as pepsin and pancreatin, 

are responsible for metabolization in the gastrointestinal tract, promoting the 

conversion of phenolic compounds into more hydrophilic structures that are easier 

to expel [137]. Considering this, to ensure the appropriate in vivo effectiveness of 

extracts-based nutraceuticals intended for oral administration, studies on the 

effects of digestion are fundamental.  

Recently, robust in vitro digestion systems able to closely mimic the human 

gastrointestinal tract have been developed to explore the fates of foods, extracts, 

and pure compounds during digestion [19, 136, 138]. Compared to human clinical 

trials, in vitro approaches are simpler, cost-effective, and, more importantly, do 

not have ethical restrictions [136]. However, designing an ideal in vitro digestion 

system that can completely simulate the real human digestive process is 

challenging due to the intrinsic complexity of the gastrointestinal apparatus, 



29 

 

characterized by motility, enzymes, microbiota, and hormones [139]. Moreover, a 

major concern raised for the great variations of in vitro static protocols that hinders 

the comparison of results across research-groups and the achievement of general 

findings on polyphenolsô metabolic fate. Consequently, within the COST 

INFOGEST network (https://www.cost.eu/actions/FA1005/), Minekus et al. 

proposed a standardized static in vitro digestion protocol that gained an 

international consensus as it considers the current state of knowledge on in vivo 

digestive process and promote harmonization of digestion simulations, including 

validation with data from different human populations such as infants, elderly, and 

sport professionals [138].  

In this thesis, the method proposed by Minekus et al. has been applied to 

investigate the changes in the phytochemical profile and bioactivity of the 

optimized shell extracts after gastrointestinal digestion, supporting their potential 

applicability as oral nutraceutical ingredients. 

 

1.9. Cell-based in vitro models for predicting extract permeability 

The mechanisms and factors affecting compound absorption are of great 

importance in developing nutraceuticals. Before in vivo tests, in vitro cellular 

models can be used to assess the extractsô ability to permeate mucous membranes, 

offering benefits in terms of costs and ethical considerations [139]. 

Intestinal and buccal are among the absorption routes that can be simulated 

in cell-based in vitro models, designed considering the dynamism and complexity 

of absorption phenomena.  

Thanks to its unique structure comprising several villi and a wide surface 

area, the gastrointestinal apparatus allows maximal nutrient absorption, mainly in 

its small intestinal tract [139]. This latest is divided into four layers, namely the 

mucosa, the submucosa, the lamina propria, and the serosa, that are linked each 

https://www.cost.eu/actions/FA1005/
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other by connective tissue, neural, and vascular components [139]. The innermost 

and also the most complex layer is the mucosa, where the absorption takes place. 

A single layer of epithelial cells divide mucosa from the intestinal lumen. These 

cells are divided into two populations: absorptive enterocytes, making up more 

than 80% of all intestinal cells, and secretory cells, including goblet, 

enteroendocrine, and Paneth cells [139]. Enterocytes are columnar and highly 

polarized cells, characterized by the presence of an apical brush border responsible 

for the absorption of compounds across the epithelium, while goblet cells produce 

and secrete mucins, constituting the mucus with a protective function on the gut 

epithelium [140].  

To more accurately replicate such an environment, a model was recently 

created using a combination of Caco-2 intestinal cells to mimic enterocytes, and 

mucus-producing HT29-MTX intestinal cells to mimic goblet cells [139]. This 

model offers an advantage over using only Caco-2 monolayers, as it considers the 

influence of mucus on compound permeation, resulting in highly predictive 

experimental results [139]. To explore compound permeability to the intestinal 

epithelium, Caco-2 and HT29-MTX are co-cultured into a TranswellÈ system. 

This system consists of a 10 mm-thick membrane made of polyester or 

polycarbonate and is available with different pore sizes. The epithelial cells are 

seeded on this membrane, which separates the apical from the basolateral 

compartment corresponding, respectively, to the intestinal lumen and the epithelial 

layer, thus mimicking in vivo conditions more realistically. 

TranswellÈ system can be used even for seeding buccal cells, namely the 

keratinized cells TR146, obtaining 3D cellular models suitable for investigating 

the potential transbuccal absorption of extractsô phytoconstituents [141].  

These physiologically relevant models allow for controlled in vitro 

experiments, which reduce the need for animal testing and provide valuable 
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insights into bioactive compounds' interaction with the oral and intestinal 

environments before progressing to in vivo studies [69]. 

Since the primary aim of cellular in vitro models is to establish an idoneous 

physiological barrier to study the diffusion profile of bioactive compounds, the 

model functionality and integrity must be tested. Specifically, the adequacy of cell-

based in vitro models can be carefully monitored through the measurement of the 

transepithelial electrical resistance (TEER), which provide absolute values of 

resistance per unit of area.  

In this thesis, 3D cellular permeability models have been used to test the 

ability of the optimized shell extracts to permeate the intestinal epithelium and 

buccal mucosa, providing fundamental insights for their application in the 

nutraceutical sector. The functionality of all the in vitro cellular models was 

attested by monitoring TEER, as described in Chapter 8.  
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Chapter 2 | Optimization of microwave-assisted extraction 

conditions 

 

2.1. General workflow for the MAE of antioxidants from shells 

In this thesis, four different MAE protocols were optimized using the RSM 

with BBD, allowing the obtainment of extracts with the highest TPC and 

antioxidant/antiradical activity from PS, AS, HS, and WS. The workflow adopted 

for each optimization study included the following stages:  

1. Single-factor experiments 

2. Model fitting 

3. Analysis of the 3D response surfaces 

4. Model validation 

The appropriate choice of the experimental space represents the first 

critical step to ensure the development of efficient predictive regression models 

[73]. Single-factor experiments were carried out to select the preliminary ranges 

of the most relevant independent variables affecting the MAE of compounds from 

dry fruit shells, namely solvent concentration (% v/v), MW power (W), irradiation 

time (s), and solvent-to-sample ratio (mL/g). 

As is known, polar organic solvents such as methanol and ethanol are 

recommended for extracting many bioactive compounds by microwaves due to 

their heating efficiency and dielectric properties [142]. Moreover, ethanol is by far 

the most used GRAS solvent in industrial preparations for food and nutraceutical 

applications [143]. Unlike methanol, classified as a class 2 solvent whose residue 

within the final nutraceutical products is limited at 1.5 mg/K to protect human 

health, ethanol is classified as a class 3 solvent with no toxic potential to humans 

[143, 144]. Additionally, it has been reported that a binary solvent mixture 

consisting of water and ethanol could be more efficient than a single solvent for 
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the recovery of polyphenols [142, 143]. Reasonably, water can enhance the 

efficiency of the extraction process promoting the sample swelling and, 

consequently, facilitating a greater diffusion of extractable components like 

polyphenols through the sample matrix [70, 143]. For these reasons, aqueous 

ethanol was the solvent mixture chosen for the MAE of antioxidants from dry fruit 

shells.  

In these pilot experiments, extractions were performed by deliberately 

varying one factor at a time while maintaining the others fixed at a central value. 

Table 1 shows all the primary factor levels investigated during such experiments. 

The levels investigated for the extraction time (X2) and the solvent/liquid ratio 

(X3) were selected based on recent studies on the MAE of bioactive compounds 

from agri-food by-products [70, 74]. Hence, based on the TPC results of the 

resulting extracts, the experimental space was defined by selecting three levels per 

factor as a preliminary range to be used in the optimization design phase.  

 

Table 1. Conditions applied in the single-factor experiments performed for 

pistachio, almond and hazelnut shells. 

Variables Factors Levels 

X1 Ethanol concentration in water (% v/v) 20, 50, 70, 80, 90 

X2 Extraction Time (s) 50, 90, 120, 210, 270 

X3 Microwave power (W) 150, 430, 670, 850, 1000 

X4 Solvent-to-powder ratio (mL/g) 20, 25, 30, 35, 40 

 

Single-factor experiments are not detailed for WS, as they were conducted 

prior to my involvement in an ongoing project I joined at the beginning of my 

Ph.D. The experimental design for WS considered only three factors (X1 ï X3). 

However, the sample-to-liquid ratio (X4) was later incorporated into the BBD 

models developed for PS, AS, and HS, as it was identified as a key factor 

influencing the recovery of phenolic compounds. 
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In the model fitting stage, MAE experiments were carried out using the 

different factor combinations suggested by the BBD. Therefore, data on the TPC 

and antioxidant/antiradical capacities of the extracts were collected and analysed 

through ANOVA, carefully evaluating the adequacy of the developed models. Data 

were fitted to second-order polynomial equations that predicted optimal extraction 

conditions for responsesô maximization.  

Analysis of 3D response surface plots, deriving from the above-mentioned 

predictive equations, was conducted to investigate the interactive effects of two 

paired MAE parameters on a single response. These graphs enable fixing two 

independent variables at their central level, while the other two can be 

simultaneously adjusted, providing a comprehensive view of each factorôs impact. 

Based on the predictive equations and ANOVA results, each model 

estimated the best balance point leading to the maximum responses. To validate 

the predictions, extractions were performed thrice under the suggested optimal 

conditions.  
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2.2. Optimization of the extraction conditions for Pistacia vera shells 

 

2.2.1. Single-factor experiments 

The preliminary factor ranges for optimizing the recovery of phenolic 

compounds and antioxidants from PS were determined through single-factor 

experiments. Each independent variable (X1 ï X4) was investigated at different 

levels, as reported in Table 1. The central values kept constant while varying one 

factor at a time, were 50% EtOH, 430 W, 120 s, and 25 mL/g. The results of these 

pilot experiments are shown in Table 2. According to the TPC values, the 

preliminary ranges chosen for the ethanol concentration were 20%, 50%, and 80% 

(v/v). 120 s, 210 s, and 270 s were the ranges selected for the irradiation time; 670, 

850, and 1000 W for MW power; and 20, 25, and 30 mL/g for the solvent-to-

sample ratio. As can be observed in Table 2, TPC increased from 11.21 mg GAE/g 

DW to 13.82 mg GAE/g DW by raising the ethanol concentration up to 80% and 

then substantially decreased at a higher concentration (90%). 

 

Table 2. Results of the single-factor experiments for Pistacia vera shells. 

EtOH conc. (X1) Time (X2) MW power (X3) Ratio (X4) 

(% v/v) TPC (s) TPC  (W) TPC  (mL/g) TPC  

20 11.21 ± 0.89b 50 10.56 ± 0.45c 150 11.52 ± 0.88c 20 11.59 ± 0.16b 

50 13.50 ± 0.87a 90 10.78 ± 0.66b 430 15.52 ± 0.37b 25 12.74 ± 0.22a 

80 13.82 ± 1.09a 120 13.68 ± 0.23b 670  16.66 ± 0.62ab 30 10.92 ± 0.49b 

90 10.21 ± 0.69b 210  14.77 ± 0.98ab 850 18.26 ± 0.49a 35 10.86 ± 0.35b 

  270 15.79 ± 0.41a 1000 16.54 ± 0.86b   

Data are expressed as mg of gallic acid equivalents (GAE) per g of PS dry weight (mg GAE/g 

DW) and reported as means ± SD (n = 4). Different letters in the same column indicate significant 

differences (Tukeyôs test, p < 0.05). TPC, Total phenolic content. 

 

A similar trend was observed by Dahmoune et al. for the MAE of 

polyphenols from Myrtus communis L. leaves [70]. Consequently, the 
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optimization design explored the ethanol concentration between 20 and 80%. A 

solvent mixture with 50% ethanol in water was used to determine the preliminary 

range of the other extraction variables investigated in this study.  

Irradiation time is another factor that undoubtedly influences the MAE 

process. This latest was initially modified from 50 to 270 s. Increasing the 

irradiation time significantly increased the recovery of polyphenols (from 10.56 to 

15.79 mg GAE/g DW). Although a shorter time is desirable to reduce the energy 

costs and prevent the thermolabile compounds from degradation, 50 and 90 s were 

insufficient to provide good sample heating [145]. Therefore, 120 ï 270 s was the 

selected preliminary range for the irradiation time.  

Another set of extractions was carried out by changing the MW power from 

150 to 1000 W, keeping the ethanol concentration at 50% for 120 s, with a solvent-

to-solid ratio of 25 mL/g. It was observed that the TPC yield increased at higher 

MW powers. Sanchez-Reinoso et al. reported a similar behaviour for the MAE of 

Sacha inchi shells [75]. Hence, 670, 850, and 1000 W were the MW powers 

selected for the experimental design.  

Lastly, considering a potential industrial scale-up of the MAE process, it is 

fundamental to establish the quantity of solvent necessary to obtain the maximum 

yield of bioactive compounds. In this single-factor trial, it was observed that the 

TPC decreased (from 12.74 to 10.86 mg GAE/g DW) with the increase of the 

solventïto-solid ratio from 25 to 35 mL/g, perhaps due to a reduced stirring of the 

sample at higher ratios [54]. According to these results, 20 ï 30 mL/g was the 

range selected for the optimization. Table S1 (Section 1 of Supporting material) 

summarizes all the preliminary ranges selected in this study to design the 

following MAE experiments. 
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2.2.2. Model fitting 

Table 3 shows the experimental design followed to optimize the MAE of 

compounds from PS and the corresponding results in terms of TPC and 

antioxidant/antiradical capacities evaluated by FRAP, DPPHÅ, and ABTSÅ+ assays. 

As can be observed in Table 3, the TPC ranged from 9.60 (run 17) to 20.57 mg 

GAE/g DW (run 20); the FRAP values varied from 2.91 (run 26) to 5.80 mg TE/g 

DW (run 15); the DPPHÅ results ranged between 76.15 (run 2) and 107.16 ɛg TE/g 

DW (run 20); and the ABTSÅ+ values varied from 9.81 (run 2) to 17.50 mg TE/g 

DW (run 20). 
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Table 3. Experimental design and results of the TPC and antioxidant/antiradical activities of PS extracts. 

Run  

Independent variables  Dependent variables 

MAE conditions  Experimental values 

X1 

(EtOH, % v/v) 

X2 

(Time, s) 

X3 

(MW, W)  

X4 

(Ratio, mL/g) 

Y1, TPC  

(mg GAE/g DW) 

Y2, FRAP 

(mg TE/g DW) 

Y3, DPPHÅ  

(ɛg TE/g DW) 

Y4, ABTSÅ+ 

(mg TE/g DW) 

1 50 210 850 25  15.18 ± 1.14 3.96 ± 0.66 94.92 ± 1.86 12.25 ± 0.34 

2 50 210 670 20  11.61 ± 0.18 4.33 ± 1.20 76.15 ± 1.97   9.81 ± 0.10 

3 20 270 850 25  17.46 ± 0.47 4.71 ± 0.45    100.42 ± 1.15 16.54 ± 0.41 

4 80 120 850 25  13.82 ± 1.23 3.90 ± 0.64 85.99 ± 2.51 12.73 ± 0.71 

5 50 270 850 30  10.81 ± 0.46 4.20 ± 0.56 93.46 ± 1.24 14.49 ± 1.15 

6 50 210 670 30  16.27 ± 0.43 4.34 ± 0.64 95.78 ± 1.39 14.69 ± 0.55 

7 50 270 670 25  15.66 ± 0.06 4.14 ± 0.49 92.63 ± 1.64 13.79 ± 0.49 

8 20 210 850 20  14.98 ± 0.18 4.55 ± 0.24 89.68 ± 1.45 13.08 ± 0.32 

9 50 210 850 25  15.17 ± 0.74 3.98 ± 0.43 93.01 ± 1.83 12.75 ± 0.66 

10 80 210 1000 25  14.39 ± 0.71 3.28 ± 0.19 90.15 ± 1.16 13.10 ± 0.82 

11 80 210 850 20  12.20 ± 0.70 3.01 ± 0.28 79.58 ± 1.68 13.20 ± 0.32 

12 50 270 850 20  13.63 ± 0.21 4.40 ± 0.60 80.71 ± 0.89 12.80 ± 0.78 

13 80 210 670 25  12.23 ± 0.54 4.02 ± 0.62 81.72 ± 1.27 12.55 ± 0.64 

14 50 270 1000 25  13.13 ± 0.07 4.32 ± 0.23 98.94 ± 1.48 14.61 ± 0.71 

15 20 210 850 30  17.21 ± 1.39 5.80 ± 0.51 99.67 ± 1.71 17.36 ± 0.55 

16 50 120 850 30  16.60 ± 1.19 5.23 ± 0.42 96.41 ± 1.78 15.05 ± 0.14 

17 50 120 670 25    9.60 ± 0.36 4.03 ± 0.57 78.20 ± 1.60 12.33 ± 0.47 

18 50 120 1000 25  16.40 ± 0.55 5.17 ± 0.46 99.31 ± 1.24 14.42 ± 0.36 

19 50 210 1000 30  14.53 ± 0.70 4.59 ± 0.39 98.03 ± 1.93 14.66 ± 0.56 

20 20 210 1000 25  20.57 ± 0.92 5.14 ± 0.62    107.16 ± 1.72 17.50 ± 0.41 

21 20 120 850 25  18.57 ± 0.55 4.90 ± 0.52    106.03 ± 1.81 15.78 ± 0.46 

22 20 210 670 25  16.57 ± 0.02 4.96 ± 0.45    100.69 ± 1.45 14.42 ± 0.70 

23 50 210 850 25  15.43 ± 0.59 3.95 ± 0.66 95.64 ± 2.27 12.21 ± 0.49 

24 80 270 850 25  11.75 ± 0.47 3.59 ± 0.23 79.33 ± 1.40 12.94 ± 0.91 

25 50 210 1000 20  14.52 ± 0.22 3.73 ± 0.15 98.54 ± 0.52 14.14 ± 0.58 

26 80 210 850 30  11.74 ± 0.88 2.91 ± 0.18 77.11 ± 1.69 10.22 ± 0.22 

27 50 120 850 20  10.85 ± 0.62 3.39 ± 0.12 91.21 ± 0.81 11.50 ± 0.29 
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Once the experiments were performed, the model provided the regression 

analysis using the least square technique [72], as detailed in Table 4. 

According to Table 4, all the linear coefficients were highly significant at 

p < 0.05. Moreover, the ethanol concentration (X1) presenting F-values of 57.32 

for TPC, 95.30 for FRAP, 54.01 for DPPHÅ, and 106.11 for ABTSÅ+, constituted 

the factor that affected the TPC and antioxidant/antiradical activities of PS. The 

model was highly significant (p < 0.0001) for all responses (TPC, FRAP, DPPHÅ, 

and ABTSÅ+), with F-values of 10.41, 13.30, 7.80, and 22.85, respectively. R2 

values close to 1 highlighted a high correlation between the measured and the 

predicted values. Additionally, the lack of fit was not significant, indicating the 

modelôs suitability in determining the optimal parameters.  

The coefficient of variation (CV) further confirmed the modelôs adequacy. 

Usually, CV < 10 is desirable to ensure the reliability and not significant variability 

of the collected experimental data [70, 146]. The CV value of our model was 

2.62%, meaning that all the measurements carried out to develop the experimental 

design were consistent. The final predictive polynomial equations are summarized 

in Eq. 1 ï 4:  

 

ὣ Ὕὖὅ ρπχȢπωςππȢρπυωὼ πȢσψτρὼ πȢπτωψὼ τȢφυφτὼ πȢπππςὼ 
                       πȢπφςψὼ  ψȢωπρπὼὼ πȢππτυὼὼ πȢππςὼὼ πȢππυυὼὼ  (1) 
 

ὣ ὊὙὃὖτȢωσυτπȢπχπσὼ πȢπφψσὼ πȢπρπψὼ πȢσωψςὼ
                           ψȢψφρπὼ πȢππσσὼ  τȢχυρπὼὼ πȢππςςὼὼ
                           τȢπωρπὼὼ πȢππρτὼὼ πȢπππσὼὼ                                                        (2) 

 

ὣ ὈὖὖὌ  ςτχȢρωσψπȢρσςυὼ πȢςχωρὼ πȢςυσυὼ  ρτȢωψυψὼ
                           πȢρυωφὼ ωȢφςρπὼὼ πȢπςπχὼὼ πȢπππσὼὼ
                           πȢππφςὼὼ                                                                                                                (3) 

 

ὣ ὃὄὝὛ ρφȢπχψψπȢςςωσὼ πȢπτρςὼ πȢπππωὼ ρȢχφψπὼ πȢππρσὼ
                          ρȢφτρπὼ σȢρτρπὼ πȢππυτὼ ρȢςψρπὼὼ
                          πȢπρςρὼὼ ςȢςυρπὼὼ  πȢππρυὼὼ                                                    (4) 
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Table 4. Results of ANOVA from the BBD model for TPC (Y1) and antioxidant/antiradical activities evaluated by FRAP 

(Y2), DPPH
Å (Y3), and ABTS

Å+ (Y4) assays for PS. 

X1: solvent concentration (%, v/v); X2: irradiation time (s); X3: MW power (W); X4: solvent-to-sample ratio (mL/g). 
 *Values statistically significant at p < 0.05. 

Variable 

Sum of squares 
 
F-values 

 
p-values 

  

Y1 Y2 Y3 Y4 
 
Y1 Y2 Y3 Y4 

 
Y1 Y2 Y3 Y4 

  

Model 163.06 12.53 136.20 87.60  10.41 13.30 7.80 22.85  < 0.0001* < 0.0001* < 0.0001* < 0.0001* 

X1 64.12 6.41 949.35 29.06  57.32 95.30 54.01 106.11     0.0102* < 0.0001* < 0.0001* < 0.0001* 

X2 5.77 0.59 106.05 1.75  32.00 8.01 6.34 5.83  < 0.0001*    0.0109*    0.0460*    0.0397* 

X3 18.80 0.48 431.28 10.83  16.80 7.06 24.54 39.55     0.0003*    0.0268*    0.0003* < 0.0001* 

X4 14.48 1.45 163.19 13.76  12.94 21.59 9.28 50.26     0.0037*    0.0005*    0.0101* < 0.0001* 

X1X2 0.16 0.03 0.004 0.07  0.15 0.41 0.02 0.28       0.7091    0.5326    0.9878    0.6066 

X1X3 6.78 1.82 8.13 1.63  5.70 3.32 0.52 4.78     0.0186*    0.0433*    0.0007*    0.0097* 

X2X3 23.30 1.06 75.03 0.32  20.83 15.75 5.27 5.96     0.0007*    0.0018*    0.0411*    0.0310* 

X1X4 5.82 0.53 104.30 5.93  5.20 7.94 5.93 21.64     0.0416*    0.0154*       0.0313*    0.0005* 

X2X4 17.89 1.09 11.28 1.14  16.00 16.31 0.64 4.17     0.0018*    0.0016*    0.4386    0.0637 

X3X4 1.80 0.45 38.73 13.15  1.61 6.72 2.20 48.01     0.2281    0.0234*    0.1634 < 0.0001* 

X1X1 2.41 0.01 13.98 6.87  2.15 0.17 0.79 25.10        0.1682      0.6852        0.3899       0.0003* 

X2X2 5.57 0.18 7.05 4.12  4.98 2.77 0.40 15.04        0.0455*      0.1216       0.5384       0.0022* 

X3X3 0.01 0.58 10.01 3.82  0.12 8.56 0.57 13.96        0.9734      0.0127*      0.4651       0.0028* 

X4X4 10.42 1E-03 97.16 0.09  9.31 0.01 5.53 0.35        0.0101*      0.9424      0.0366*       0.5643 

               

Lack of fit 0.73 0.06 0.05 0.18  4.39 0.84 0.74 0.75        0.9050      0.0742     0.0848      0.7722 

               

R2 0.92 0.94 0.90 0.96           

R2 (Adj.) 0.83 0.87 0.78 0.92           
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2.2.3. Analysis of the 3D response surfaces 

Figure 16A ╖ D illustrates the effects of the significant interaction terms on 

TPC (Fig. 16A), FRAP (Fig. 16B), DPPHÅ (Fig. 16C), and ABTSÅ+ (Fig. 16D) 

assays. The 3D response surface plots observed for the not significant interaction 

terms (X1X2, X3X4, and X2X4) are reported in Figure S1.  

 

 

Figure 16AïD. 3D response surfaces plots for the significant (p < 0.05) 

interaction effects of ethanol concentration (% v/v), irradiation time (s), MW 

power, and solvent/powder ratio on TPC (A), FRAP (B), DPPHÅ (C), and 

ABTSÅ+ (D) of PS extracts. 

Figure1.3-DresponsesurfacesplotsforTPC(A),FRAP(B),DPPH

(C),andABTS(D)asafunctionofthesignificantinteractionterms

(irradiationtime/MW power;MW power/ethanolconcentration;

ethanolconcentration/solvent-to-solidratio).
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Concerning the mutual effect between the MW power and the irradiation 

time (X2X3 interaction term) on the response variables, it can be observed that both 

TPC and antioxidant/antiradical activities increased employing a short irradiation 

time (around 100 s) at a high MW power (1000 W). This pattern might be linked 

to the increased solubility of compounds at elevated temperatures. Typically, high 

microwave (MW) power levels lead to increased temperatures, causing a higher 

migration of compounds from the shell matrix to the solvent [70]. At the same 

time, shorter exposure times could shield specific compounds from thermal 

breakdown, which could clarify the high responses observed with this combination 

of factors. Other studies also reported that the MAE of phenolic compounds was 

effective with low irradiation times and high MW powers, suggesting a common 

trend with the present study [147, 148]. 

According to Table 4, the mutual interaction between the MW power and 

the ethanol concentration (X1X3 interaction term) was significant for all the 

response variables. Specifically, the shape of the response surfaces indicates that 

both TPC and antioxidant/antiradical activity increased as the MW power 

increased, with an ethanol concentration between 20 and 30 %. This combination 

of factors leads to enhanced extraction efficiency, likely because of increased 

sample swelling induced by water, consequently facilitating greater migration of 

compounds from the sample matrix into the solvent.[70].  

Fig. 16A  ╖ D shows that when the solvent-to-solid ratio increased from 26 

to 30 mL/g, always within 20 ï 30 % of ethanol, the ethanol, the TPC and the 

antioxidant/antiradical activity increased as well. This trend could be attributed to 

a higher concentration gradient in presence of higher amount of solvent, which 

leads to a higher compound diffusion rate [148]. 
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2.2.4. Model validation 

According to the final predictive equations and the regression analysis 

reported above, the optimal calculated MAE conditions for the highest TPC were 

20% EtOH, 120 s, 1000 W, and 30 mL/g. The predicted optimal conditions for 

FRAP were 20% EtOH, 135 s, 1000 W, and 27.9 mL/g; for DPPHÅ were 20% 

EtOH, 135 s, 1000 W, and 25.09 mL/g; and for ABTSÅ+ were 20% EtOH, 135 s, 

1000 W, and 27.7 mL/g. Consequently, 20% EtOH, 135 s, 1000 W, and 27.7 mL/g 

were the optimal MAE conditions selected for this study. Under this factor 

combination, the expected value for the TPC was 23.15 mg GAE/g DW, with 

FRAP value of 7.35 mg TE/g DW, DPPHÅ 113.29 ɛg TE/g DW and ABTSÅ+ 20.12 

mg TE/g DW. The optimal predicted factor combination was experimentally 

validated by performing a MAE extraction in triplicate to verify the modelôs 

predictions. Table 5 compares the predicted and the obtained values of TPC and 

in vitro antioxidant/antiradical activities of the optimized extract from PS (OPS-

E). The experimental and the predicted results agreed each other, and no 

significant variance (p < 0.05) was observed between the values (Table 5).  

 

Table 5. Comparison between experimental and predicted values of TPC and in 

vitro antioxidant activity of the extract from Pistacia vera L. shells obtained at 

optimal MAE conditions. 

Responses 
TPC, Y1 

(mg GAE/g DW) 

FRAP, Y2 

(mg TE/g DW) 

DPPHÅ, Y3 

(ɛg TE/g DW) 

ABTSÅ+, Y4 

(mg TE/g DW) 

Measured 23.83 ± 0.70a 6.37 ± 0.35a 122.2 ± 1.63a 20.55 ± 1.25a 

Predicted 
22.03a 

[19.45 ï 24.61] 

6.58 ± 0.64a 

[5.94 ï 7.22] 

111.89a 

[101.67 ï 122.11] 

19.03a 

[17.75 ï 20.31] 

Different letters in the same column indicate significant differences (Tukeyôs test, p < 0.05). 

 

An extraction yield of 13.6% (w/w; g of dry extract over 100 g of PS) was 

achieved under optimal conditions. This extraction yield was comparable to the 

one reported for the alcoholic extract from Castanea sativa shells (13.02%) 
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obtained by MAE [69]. A lower extraction yield (3% w/w) was reported by 

Cardullo et al. for a pistachio shell extract obtained using ethanol and a MW power 

of 1000 W for 270 s [32], highlighting the importance of RSM to achieve the 

optimal extraction parameters to recover bioactive compounds from agro-

industrial by-products.  
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2.3. Optimization of the extraction conditions for Prunus dulcis shells 

 

2.3.1. Single-factor experiments 

Single-factor trials guided the selection of the proper preliminary ranges 

for aqueous ethanol concentration (X1), irradiation time (X2), MW power (X3), and 

solvent-to-sample ratio (X4), key variables influencing the MAE of antioxidants 

from AS. An overview of all factor levels investigated during these pilot 

experiments is reported in Table 1. In the case of AS, the central values kept 

constant while one factor at a time was changed were: 50% EtOH, 430 W, 120 s, 

and 25 mL/g. The results of the single-factor experiments for Prunus dulcis shells 

are reported in Table 6. 

 
Table 6. Results of the single-factor experiments for Prunus dulcis shells. 

EtOH conc. (X1) Time (X2) MW power (X3) Ratio (X4) 

(% v/v) TPC (s) TPC  (W) TPC  (mL/g) TPC  

20 10.75 ± 0.07d 50 10.49 ± 0.05c 150 11.05 ± 0.88b 20 10.27 ± 0.09b 

50 13.46 ± 0.13b 90 10.51 ± 0.03c 430 11.13 ± 0.11b 25 11.39 ± 0.26a 

70 14.42 ± 0.05a 120 11.77 ± 0.15b 670  11.71 ± 0.45ab 30 11.74 ± 0.11a 

80 11.63 ± 0.17c 210 12.62 ± 0.13a 850  12.65 ± 0.01ab 35 10.35 ± 0.14b 

90 9.87 ± 0.11e 270  12.01 ± 0.17ab 1000 13.88 ± 0.12a 40 9.83 ± 0.10b 

Data are expressed as mg of gallic acid equivalents (GAE) per g of AS dry weight (mg GAE/g 

DW) and reported as means ± SD (n = 4). Different letters in the same column indicate significant 

differences (Tukeyôs test, p < 0.05). TPC, Total phenolic content. 

 

As can be observed in Table 6, TPC increased from 10.75 mg GAE/g DW 

to 14.42 mg GAE/g DW by raising the ethanol concentration up to 70% and then 

substantially decreased (9.87 mg GAE/g DW) at a higher concentration (90%). A 

similar trend was observed for the single-factor experiments conducted for P. vera 

shells. Consequently, the optimization design explored the ethanol concentration 

between 20 and 70%. A solvent mixture with 50% ethanol in water was used to 

determine the preliminary range of the other extraction variables investigated in 
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this study. Irradiation time was initially modified from 50 to 270 s. By increasing 

the irradiation time, a significant increase in the recovery of polyphenols (from 

10.49 to 12.62 mg GAE/g DW) was observed. Consequently, 120 ï 270 s was the 

selected preliminary range for the irradiation time. As previously observed for PS, 

50 and 90 s did not provide enough sample heating.  

By raising the MW power from 150 to 1000 W, keeping the ethanol 

concentration at 50% for 120 s, and using a solvent-to-solid ratio of 25 mL/g, the 

TPC changed from 11.05 to 13.88 mg GAE/g DW. Hence, 670, 850, and 1000 W 

were the MW powers selected for the MAE optimization for AS.  

Lastly, even the solvent-to-sample ratio has been reported to influence the 

MAE of bioactive compounds [74]. Similarly to the single-factor experiments 

performed for PS, the TPC of AS decreased (from 11.74 to 9.83 mg GAE/g DW) 

with the increase of the solventïtoïsample ratio from 30 to 40 mL/g, likely due to 

improper sample heating in the presence of higher solvent volumes [54]. Hence, 

25 ï 35 mL/g was the range selected for the next MAE experiments on AS. All 

the selected preliminary ranges and the corresponding coded values for AS are 

summarized in Table S2 (Section 2 of Supporting material). 

 

2.3.2. Model fitting 

The optimization of MAE of antioxidants from AS was achieved by 

performing extractions under the different factor combinations suggested by the 

BBD model and then, measuring the TPC and antioxidant/antiradical capacity (by 

FRAP, DPPHÅ, and ABTSÅ+ assays) of each resulting extract. Results are reported 

in Table 7. As can be observed, the TPC ranged from 14.67 (run 3) to 32.71 mg 

GAE/g DW (run 6); the FRAP values varied from 2.69 (run 3) to 5.05 mg TE/g 

DW (run 23); DPPHÅ results ranged between 22.96 (run 3) and 40.93 ɛg TE/g DW 

(run 22); and ABTSÅ+ values varied from 11.98 (run 3) to 24.01 mg TE/g DW (run 

22).  
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Table 7. Experimental design and results of TPC and antioxidant/antiradical activities of AS extracts. 

Run  

Independent variables  Dependent variables 

MAE conditions  Experimental values 

X1 

(EtOH, % v/v) 

X2 

(Time, s) 

X3 

(MW, W) 

X4 

(Ratio, mL/g) 

Y1, TPC  

(mg GAE/g DW) 

Y2, FRAP 

(mg TE/g DW) 

Y3, DPPHÅ  

(ɛg TE/g DW) 

Y4, ABTSÅ+ 

(mg TE/g DW) 

1 50 210 670 35  17.14 ± 0.16 3.48 ± 0.06 32.40 ± 0.22 17.04 ± 0.12 

2 50 210 1000 25  20.54 ± 0.28 4.05 ± 0.08 34.61 ± 0.54 18.84 ± 0.23 

3 50 120 670 30  14.67 ± 0.24 2.69 ± 0.01    22.96 ± 0.19 11.98 ± 0.16 

4 50 210 670 25  14.73 ± 0.27 3.17 ± 0.07 27.02 ± 0.14 15.73 ± 0.29 

5 70 210 1000 30  25.05 ± 0.91 4.40 ± 0.11 35.06 ± 0.53 18.96 ± 0.13 

6 70 270 850 30  32.71 ± 0.56 4.87 ± 0.15 37.58 ± 0.15 20.60 ± 1.05 

7 50 210 1000 35  21.47 ± 0.44 4.01 ± 0.03 34.21 ± 0.46 18.71 ± 1.02 

8 50 270 670 30  26.10 ± 1.15 4.38 ± 0.08 34.43 ± 0.15 20.75 ± 0.83 

9 20 210 850 25  17.12 ± 1.06 3.51 ± 0.12 28.21 ± 0.70 16.34 ± 1.02 

10 20 120 850 30  19.33 ± 0.57 3.02 ± 0.06 26.89 ± 0.15 14.58 ± 0.21 

11 50 120 1000 30  18.98 ± 1.11 3.45 ± 0.10 29.82 ± 0.31 15.60 ± 0.53 

12 50 270 850 35  28.31 ± 1.13 4.63 ± 0.06 39.15 ± 0.38 22.38 ± 0.11 

13 50 210 850 30  18.77 ± 0.29 3.94 ± 0.09 28.61 ± 0.77 15.84 ± 0.26 

14 20 270 850 30  23.38 ± 0.32 4.15 ± 0.06 35.41 ± 0.71 19.72 ± 0.32 

15 50 270 1000 30  25.07 ± 0.67 4.45 ± 0.09 34.82 ± 0.39 20.84 ± 0.61 

16 20 210 670 30  14.97 ± 0.24 3.18 ± 0.05 25.63 ± 0.72 13.20 ± 0.15 

17 20 210 850 35  23.16 ± 0.59 3.72 ± 0.01 35.92 ± 1.04 20.00 ± 0.24 

18 50 120 850 25  17.84 ± 0.38 3.08 ± 0.03 27.53 ± 0.43 14.09 ± 0.11 

19 70 120 850 30  17.59 ± 0.19 3.10 ± 0.02 39.21 ± 0.76 15.97 ± 0.72 

20 20 210 1000 30  20.40 ± 0.38 4.13 ± 0.09    31.50 ± 0.62 19.31 ± 0.44 

21 50 210 850 30  18.97 ± 0.55 3.88 ± 0.07    28.22 ± 0.13 16.16 ± 0.05 

22 70 210 850 25  24.11 ± 0.61 4.26 ± 0.11    40.93 ± 1.50 24.01 ± 0.38 

23 50 270 850 25  20.44 ± 0.37 5.05 ± 0.13 36.84 ± 0.94 23.39 ± 0.14 

24 50 210 850 30  19.57 ± 0.45 3.85 ± 0.02 28.02 ± 1.00 16.12 ± 0.07 

25 70 210 850 35  19.27 ± 0.16 3.41 ± 0.06 39.40 ± 0.08 17.43 ± 0.13 

26 70 210 670 30  16.49 ± 0.20 3.42 ± 0.02 30.42 ± 0.18 17.76 ± 0.22 

27 50 120 850 35  19.08 ± 0.62 3.06 ± 0.01 34.19 ± 0.34 16.77 ± 0.05 



48 

According to the regression analysis detailed in Table 8, all the linear 

coefficients were highly significant at the level of p < 0.05, except for the solvent-

to-sample ratio (X4), which was significant only for DPPH
Å and ABTSÅ+ 

maximization. Moreover, the irradiation time (X2) exhibited F-values of 95.99, 

130.51, 55.16, and 102.16, respectively, for TPC, FRAP, DPPHÅ, and ABTSÅ+, 

constituting the factor that mainly influenced the MAE of antioxidants from AS.  

The model was highly significant (p < 0.0001) for all responses (TPC, 

FRAP, DPPHÅ, and ABTSÅ+), with F-values of 17.78, 65.07, 25.68, and 32.81, 

respectively. Moreover, coefficient of determination (R2) and adjusted R2 (R2 Adj.) 

were close to 1, revealing a high correlation between the experimental and the 

predicted values. Additionally, the lack of fit was not significant, indicating the 

model goodness in determining the optimal MAE conditions. Adequate precision 

values, reflecting the signal-to-noise (S/N) ratio, were higher than 4, corroborating 

the model's reliability and reproducibility [50, 150]. The model adequacy was 

finally confirmed by the CV. The CV value of the present BBD was 2.84%, 

suggesting that all the measurements carried out to develop the experimental 

design were consistent. Excluding the not significant (p > 0.05) coefficients (Tab. 

8), the final predictive polynomial Eq. 5 ï 8 were:  

 
ὣ Ὕὖὅ  ςφȢφχςωπȢςφςτὼ πȢςψπρὼ πȢπψρψὼ ρȢρτωυὼ 

                         φȢςψρπὼ  ρȢστρπὼὼ ςȢχφρπὼὼ 

                        πȢπςσφὼὼ                                                                                                                 (5) 

 

ὣ ὊὙὃὖ ρρȢτχπȢπυψρὼ πȢπρπψὼ πȢπρσφὼ πȢστπσὼ 

                   χȢφ ρπὼὼ σȢφρρπὼὼ πȢππρωὼὼ                                     (6) 

 

ὣ ὈὖὖὌ σφȢυψφρπȢστφπὼ πȢπφχπὼ πȢρςρωὼ φȢτρτςὼ 

                          φȢπςρπὼ ρȢφ ρπὼ  πȢρφςςὼ  πȢππρςὼὼ 

                  χȢυχρπὼὼ πȢπρψπὼὼ                                                                           (7) 

  

ὣ ὃὄὝὛχȢφωωςπȢφφχσὼ πȢπφρςὼ πȢπττωὼ ςȢψχσπὼ πȢππςςὼ 

                  πȢππχσὼὼ  σȢρφρπὼὼ πȢπρψωὼὼ                                               (8) 
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Table 8. Results of ANOVA from the BBD model for TPC (Y1) and antioxidant/antiradical activities evaluated by FRAP 

(Y2), DPPH
Å (Y3), and ABTS

Å+ (Y4) assays for AS. 

Variable 
Sum of squares F-values p-values  

Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 

Model   19.80 3.58 26.44   15.04 17.78   65.07 25.68   32.81 <0.0001* <0.0001* <0.0001* <0.0001* 

X1   19.50 0.21 143.84   12.08   9.00     4.82 56.68   10.24   0.0102*   0.0417* <0.0001*   0.0076* 

X2 207.86 6.34 139.95 120.51 95.99 130.51 55.16 102.16 <0.0001* <0.0001* <0.0001* <0.0001* 

X3   52.81 1.45 68.84   27.77 24.39   29.86 28.05   23.54   0.0003*   0.0001*   0.0001*   0.0004* 

X4     5.64 0.01 53.43   20.95   2.60     0.05 21.07   17.76   0.1306   0.8181   0.0006*   0.0012* 

X1X2   26.66 0.08 20.52   13.73 12.31     2.76   8.05   11.64   0.0039*   0.0021*   0.0157*   0.0052* 

X1X3     0.05 0.09 92.16     7.00   7.53     2.89 26.75     5.94   0.0167*   0.0029* <0.0001*   0.0313* 

X2X3     4.31 0.07 10.18     2.75   1.99     1.49   8.19     2.33   0.1816   0.2451   0.0727   0.1525 

X1X4   40.83 0.24 20.76   23.02 18.85     4.89   2.33   19.51   0.0008*   0.0472*   0.0151*   0.0008* 

X2X4     6.54 0.04 5.92     4.22   3.02     0.76   3.21     3.58   0.1058   0.4000   0.1592   0.0828 

X3X4     0.67 0.04 8.15     0.66   0.31     0.90 43.62     0.56   0.5869   0.3608   0.1033   0.4689 

X1X1   16.31 0.01 0.40     9.17   0.02     0.24   3.99     7.77   0.8772   0.6307   0.7132   0.0164* 

X2X2   60.64 0.15 55.42     0.02 28.01     3.11 41.73     0.02   0.0001*   0.1034   0.0005*   0.8934 

X3X3     1.83 0.04 0.99     0.06   0.85     0.84   0.35     0.05   0.3740   0.3782   0.5513*   0.8237 

X4X4     0.03 0.01 87.75     2.39   0.01     0.20 30.87     2.02   0.9050   0.6642   0.0001*   0.1804 

             

Lack of 

fit  
  26.35 0.62 0.47 0.03   4.39   18.81   8.27     2.48   0.1249   0.0616   0.073   0.1920 

             

R2 0.94 0.94 0.94 0.95         

R2 (Adj.) 0.88 0.90 0.88 0.89         

S/N ratio 21.4 17.9 14.3 14.6                 

X1: solvent concentration (%, v/v); X2: irradiation time (s); X3: MW power (W); X4: solvent-to-sample ratio (mL/g). 
*Values statistically significant at p < 0.05, Tukeyôs test.
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2.3.3. Analysis of the 3D response surfaces 

The effects of the significant interaction terms on the dependent variables 

(TPC, FRAP, DPPHÅ, and ABTSÅ+) are shown in Figure 17A ╖D. All the 3D 

response surface plots, including those observed for the not significant interaction 

terms (X2X3, X3X4, and X2X4), are illustrated in Figure S2.  

 

Figure 17A ╖D. 3D response surfaces plots for the significant (p < 0.05) 

interaction effects of ethanol concentration (% v/v), irradiation time (s), MW 

power and solvent/powder ratio on TPC (A), FRAP (B), DPPHÅ (C), and ABTSÅ+ 

(D) of AS extracts.

A

B

C

D
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Concerning the mutual effect between the aqueous ethanol concentration 

and irradiation time (X1X2 interaction term), it was observed that values of the 

dependent variables (TPC, FRAP, DPPHÅ, and ABTSÅ+) increased at more 

extended extraction times in the presence of increasing ethanol concentration (up 

to about 70 %). These observations are consistent with previous studies reporting 

more effective MAE of phenolics and antioxidants with ethanol concentrations 

between 50ï70 % [75, 151].  

According to Table 8, the mutual interaction between MW power and 

ethanol concentration (X1X3 interaction term) significantly (p < 0.05) affected all 

the response variables. Specifically, the shape of the response surfaces indicates 

that both TPC and antioxidant/antiradical activity increased as the MW power 

increased, with the ethanol concentration tending to 70%. Such a factor 

combination enhanced the MAE efficiency, likely since the higher the wattage, the 

heater the extractive solvent, and, consequently, the easier compound migration 

from the shell matrix into the extract. Moreover, the small percentage of water was 

sufficient to promote good sample heating and the recovery of target polar 

compounds. Even Costa et al. observed that a 75 % aqueous ethanol mixture at 60 

ÁC could promote a higher recovery of phenolics from coffee silverskin by-product 

[152]. 

As can be noticed in Figure 17A ╖D, when the solvent-to-sample ratio 

decreased at about 25 mL/g, always with 60 ï 70 % of ethanol, both TPC and 

antioxidant/antiradical activity improved. This behaviour could be related to more 

rapid heating occurring in the presence of smaller solvent volumes, enhancing the 

mass transfer conditions during MAE [70]. 
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2.3.4. Model validation 

Based on the BBD predictive models developed to optimize the recovery 

of TPC and antioxidant activity from P. dulcis L. shells, the ideal MAE conditions 

were estimated to be: 70% ethanol, 270 s, 914.67 W, and 25.06 mL/g for TPC; 

66.97 % ethanol, 270 s, 1000 W and 25.7 mL/g for FRAP; 65.94% ethanol, 255 s, 

1000 W and 25 mL/g for DPPHÅ; 70% ethanol, 243.4 s, 972.8 W and 25 mL/g for 

ABTSÅ+. According to these estimates, 68.23% ethanol, 260 s, 1000 W, and 25.2 

mL/g were selected as potentially optimal MAE conditions. Under this MAE set-

up, the model estimated a maximum TPC of 32.94 mg GAE/g DW, as well as the 

highest FRAP (5.36 mg TE/g DW), DPPHÅ (45.97 Õg TE/g DW) and ABTSÅ+ 

(24.97 mg TE/g DW) results. Validation experiments (an extraction in triplicate 

followed by spectrophotometric assessments) were performed to verify the 

modelôs predictions. Measured and predicted results are compared in Table 9. As 

expected, the experimental results were in remarkable agreement with the 

predicted values, demonstrating the validity of the regression model to be applied 

for the MAE of bioactive compounds from AS.  

 
Table 9. Comparison between experimental and predicted values of TPC and in 

vitro antioxidant activity of the extract from Prunus dulcis shells obtained at 

optimal MAE conditions. 

Responses 
TPC, Y1 

(mg GAE/g DW) 

FRAP, Y2 

(mg TE/g DW) 

DPPHÅ, Y3 

(ɛg TE/g DW) 

ABTSÅ+, Y4 

(mg TE/g DW) 

Measured 28.46 ± 1.24a 5.18 ± 0.22a 40.97 ± 1.53a 24.64 ± 1.10a 

Predicted 
32.94a 

[28.62 ï 37.25] 

5.36a 

[4.70 ï 6.02] 

45.84a 

[40.91 ï 51.03] 

24.97a 

[24.01 ï 30.53] 

Different letters in the same column indicate significant differences (Tukeyôs test, p < 0.05). 

 

The resulting optimized extract from Prunus dulcis shells (OAS-E) 

exhibited an experimental TPC of 28.46 mg GAE/g DW, which was slightly higher 

than the one reported by Queir·s et al. (23.7 mg GAE/g DW) for an AS extract 
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prepared by UAE using an extraction time of 60 min at 50 ÁC, with a 1:1 

water/ethanol mixture and a solid/liquid ratio of 1:10 m/v [153]. At the optimal 

conditions, an extraction yield of 3.9 % w/w was achieved, consistently with that 

(3.4 % w/w) reported by Queir·s et al. [153]. 
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2.4. Optimization of the extraction conditions for Corylus avellana shells 

 

2.4.1. Single-factor experiments 

Ethanol concentration (X1), irradiation time (X2), MW power (X3), and 

solvent-to-powder ratio (X4) were the key factors investigated in the optimization 

study performed for HS. Table 1 sums up all the factor levels examined during the 

single-factor experiments performed for HS. The central factor values maintained 

fixed were 70% EtOH, 670 W, 120 s, and 30 mL/g. TPC values observed after 

these pilot experiments are shown in Table 10. 

 
Table 10. Results of the single-factor experiments for Corylus avellana shells. 

EtOH conc. (X1) Time (X2) MW power (X3) Ratio (X4) 

(% v/v) TPC (s) TPC  (W) TPC  (mL/g) TPC  

20 10.32 ± 0.53a 50   5.96 ± 0.33a 150   4.20 ± 0.88b 20   5.08 ± 0.69b 

50   9.84 ± 0.21a 90   6.04 ± 0.41c 430   4.52 ± 0.11c 25   5.56 ± 0.26c 

70   7.00 ± 0.27b 120    7.08 ± 0.15ab 670    6.84 ± 0.45bc 30   6.94 ± 0.21c 

80   6.88 ± 0.17b 210 10.48 ± 0.17a 850 10.65 ± 0.31a 35   9.43 ± 0.14b 

90   3.11 ± 0.63c 270   8.07 ± 0.47b 1000   7.52 ± 0.12b 40 10.24 ± 0.10a 

Data are expressed as mg of gallic acid equivalents (GAE) per g of HS dry weight (mg GAE/g 

DW) and reported as means ± SD (n = 4). Different letters in the same column indicate significant 

differences (Tukeyôs test, p < 0.05). TPC, Total phenolic content. 

 

According to Table 10, the ethanol concentration significantly affected the 

TPC of HS during MAE, with 20% aqueous ethanol providing a higher recovery 

(10.32 mg GAE/g DW) than 80% (6.88 mg GAE/g DW) and 90% (3.11 mg GAE/g 

DW). Consequently, the optimization design has explored the ethanol 

concentration between 20 and 70%.  

By increasing the irradiation time from 50 to 270 s, the TPC risen from 

5.96 to 10.48 mg GAE/g DW (Tab. 10). This behaviour could be attributed to 

inadequate dielectric heating at 50 and 90 s [62]. Consequently, 120, 210, and 270 

s were the lower, middle, and upper levels selected to develop the BBD model. 
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Concerning MW power, results showed that TPC increased as MW power 

increased, reaching a maximum of 10.64 mg GAE/g DW at 850 W, followed by a 

decrease at 1000 W (8.07 mg GAE/g DW), as previously observed even for PS 

(Section 2.2.1 of the present Chapter). Based on these results, 670 ï 1000 W was 

the preliminary range adopted in the BBD for the optimization phase.  

The solvent/powder ratio represents the last crucial variable for an optimal 

MAE of antioxidants from HS. TPC increased from 5.08 to 10.24 mg GAE/g DW 

by increasing the solvent/powder ratio from 20 to 40 mL/g. Hence, 30 ï 40 mL/g 

was the preliminary range explored in the following MAE experiments. An 

overview of all preliminary factor ranges selected for HS during single-factor 

experiments can be found in Table S3.  

 

2.4.2. Model fitting 

The experimental design developed for HS and the corresponding data on 

the measured responses (Y1 ï Y4) are shown in Table 11. The preliminary factor 

ranges were defined according to the above-discussed single-factor experiments 

(Tab. 10). According to Tab. 11, TPC changed from 7.41 (run 5) to 13.40 mg 

GAE/g DW (run 19); FRAP ranged between 0.73 (run 5) to 1.55 mg TE/g DW 

(run 13); DPPHÅ varied from 8.62 (run 22) to 16.86 ɛg TE/g DW (run 19); whereas 

ABTSÅ+ changed from 0.92 (run 7) to 2.27 mg TE/g DW (run 13). 
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Table 11. Experimental design and results of TPC and antioxidant/antiradical activities of HS extracts. 

Run  

Independent variables  Dependent variables 

MAE conditions  Experimental values 

X1 

(EtOH, % v/v) 

X2 

(Time, s) 

X3 

(MW, W)  

X4 

(Ratio, mL/g) 

Y1, TPC  

(mg GAE/g DW) 

Y2, FRAP 

(mg TE/g DW) 

Y3, DPPHÅ  

(ɛg TE/g DW) 

Y4, ABTSÅ+ 

(mg TE/g DW) 

1 70 210 850 30    8.72 ± 0.50 1.09 ± 0.02 12.86 ± 0.21 1.54 ± 0.07  

2 50 210 850 35  11.75 ±0. 71 1.38 ± 0.05 15.88 ± 0.14 1.77 ± 0.08 

3 50 120 850 40    8.24 ± 0.98 0.87 ± 0.01    12.16 ± 1.01 1.36 ± 0.02 

4 70 210 670 35  10.49 ± 0.47 1.23 ± 0.04 14.48 ± 0.83 1.37 ± 0.03 

5 20 120 850 35    7.41 ± 0.92 0.73 ± 0.02 11.75 ± 0.15 1.12 ±0.27 

6 20 210 670 35  13.02 ± 0.25 1.27 ± 0.03 16.32 ± 0.17 1.63 ± 0.06 

7 50 120 670 35    9.87 ± 0.84 1.09 ± 0.02 12.61 ± 0.12 0.92 ± 0.14 

8 50 210 1000 40  12.09 ± 0.45 1.18 ± 0.02 15.31 ± 0.13 1.72 ± 0.02 

9 50 270 1000 35  12.55 ± 0.51 1.43 ± 0.05 16.71 ± 0.13 1.78 ± 0.05 

10 50 210 1000 30  12.35 ± 0.32 1.31 ± 0.03 16.22 ± 0.46 1.95 ± 0.14 

11 70 270 850 35  11.69 ± 0.50 1.43 ± 0.01 15.18 ± 0.88 1.71 ± 0.06 

12 20 270 850 35  11.66 ± 0.54 1.35 ± 0.03 15.78 ± 0.21 1.80 ± 0.02 

13 50 270 850 40  11.56 ± 0.85 1.55 ± 0.05 14.82 ± 1.37 2.27 ± 0.08 

14 50 210 850 35  11.75 ± 0.43 1.37 ± 0.02 15.65 ± 0.07 1.79 ± 0.04 

15 50 120 1000 35  10.22 ± 0.29 1.11 ± 0.01 13.56 ± 0.39 1.34 ± 0.05 

16 50 210 670 40  12.35 ± 0.55 1.36 ± 0.04 16.25 ± 0.89 2.23 ± 0.04 

17 50 210 850 35  11.74 ± 0.93 1.37 ± 0.04 15.77 ± 0.13 1.77 ± 0.03 

18 70 210 850 40  10.28 ± 0.30 1.09 ± 0.02 12.73 ± 0.51 1.93 ± 0.01 

19 50 270 670 35  13.40 ± 0.58 1.45 ± 0.02 16.86 ± 0.37 1.84 ± 0.10 

20 20 210 850 40  10.46 ±0.89 1.32 ± 0.06    16.32 ± 0.15 2.14 ± 0.12 

21 20 210 1000 35  10.87 ± 0.85 1.31 ± 0.04    16.16 ± 1.33 1.93 ± 0.06 

22 50 120 850 30    7.74 ± 0.37 0.76 ± 0.05      8.62 ± 0.08 1.13 ± 0.10 

23 50 270 850 30  11.08 ± 0.82 1.18 ± 0.01 15.25 ± 0.86 1.95 ± 0.16 

24 50 210 670 30  11.04 ± 0.23 0.98 ± 0.03 12.68 ± 0.21 1.28 ± 0.19 

25 20 210 850 30  10.56 ± 0.76 0.78 ± 0.11 13.49 ± 0.25 1.99 ± 0.01 

26 70 210 1000 35  12.70 ± 0.41 1.29 ± 0.02 15.27 ± 1.09 1.34 ± 0.04 

27 70 120 850 35    8.22 ± 0.64 0.96 ± 0.03 10.84 ± 1.71 1.03 ± 0.09 
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The model adequacy, as well as the significance (p < 0.05) of both primary 

and interactive effects of each factor under study, were evaluated through the 

ANOVA shown in Table 12. The R2 values were higher than 0.9438 for all the 

responses. Nevertheless, a high R2 alone does not ensure the reliability of the 

regression model. The adjusted R2 (R2 Adj.) for a robust BBD should be close to 

R2. R2 and R2 (Adj.) values closely matched each other. Furthermore, the not 

significance (p > 0.05) of the lack of fit (Table 12) and a CV of 2.87% supported 

the modelôs validity as well. Adequate precision values (S/N ratios) were higher 

than 4, corroborating the model's reliability and reproducibility [150, 50] 

According to Table 12, all the linear coefficients significantly impacted the 

response variables. However, irradiation time (X2) exhibited the highest F-values 

of 205.05 (Y1), 142.77 (Y2), 256.28 (Y3), and 164.22 (Y4), being the independent 

variable that mostly affected TPC and antioxidant/antiradical activities of HS. 

Among the interactive regression coefficients, X1X2, X2X3, and X2X4 terms 

significantly (p < 0.05) affected all dependent variables. Regarding quadratic 

terms, X2X2 and X4X4 were significant (p < 0.05) for all responses. 

Excluding the not significant (p > 0.05) coefficients (Tab. 12), the final 

predictive equations (Eq. 9 ï 12) were obtained as follows: 

 

ὣ Ὕὖὅ   ρχȢχψςπȢρωτὼ πȢπψτὼ πȢπυφὼ ςȢφτρὼ ρȢυψρπὼ 

                               πȢπσσὼ ρȢφ ρπὼὼ ρȢψ ρπὼὼ πȢππσ ὼὼ                   (9) 

 

ὣ ὊὙὃὖ  ρφȢσπφπȢπυωὼ πȢχρπὼ πȢπυςὼ πȢπφωὼ ρȢυ ρπὼ 

                                  πȢππχὼ ςȢφ ρπὼὼ ρȢχ ρπὼὼ πȢππρ ὼὼ           (10) 

 

ὣ ὈὖὖὌ  ρρωȢςςρπȢςυψὼ πȢςπψὼ πȢππτὼ υȢχφρὼ ςȢς ρπὼ 

                                 πȢπυςὼ  υȢχ ρπὼὼ φȢς ρπὼὼ πȢππσ ὼὼ             (11) 

 

ὣ ὃὄὝὛ  ψȢχπχπȢπρςὼ πȢπςτὼ πȢπςςὼ πȢρτψὼ ρȢω ρπὼ 

                                σȢς ρπὼ  πȢππφὼ πȢππχὼὼ πȢππσὼὼ 

                                 φȢςτρπὼὼ                                                                                             (12) 
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Table 12. Results of ANOVA from the BBD model for TPC (Y1) and antioxidant/antiradical activities evaluated by FRAP 

(Y2), DPPH
Å (Y3), and ABTS

Å+ (Y4) assays for HS. 

Variable 
Sum of squares F-values p-values 

Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 

Model 67.66 1.24 107.74 3.40 29.01 28.77 39.57 24.45 <0.0001* <0.0001* <0.0001* <0.0001* 

X1 4.44 0.09 5.88 0.2 26.68 16.32 30.22 20.41 0.0002* 0.0016* <0.0001* 0.0007* 

X2 34.16 0.68 49.84 1.63 205.05 142.77 256.28 164.22 <0.0001* <0.0001* <0.0001* <0.0001* 

X3 5.02 0.06 1.18 0.09 30.17 12.09 6.07 9.22 0.0001* 0.0046* 0.0298* 0.0103* 

X4 3.74 0.17 10.84 0.27 22.49 34.90 55.72 26.71 0.0005* <0.0001* <0.0001* 0.0002* 

X1X2 4.62 0.06 5.01 0.35 27.71 12.04 25.74 35.32 0.0002* 0.0029* 0.0003* <0.0001* 

X1X3 0.06 2E-04 0.27 0.02 0.29 0.05 1.38 2.38 0.0631 0.8152 0.2637 0.1487 

X2X3 0.91 0.02 1.59 0.11 4.24 17.01 10.97 14.42 0.0477* 0.0022* 0.0046* 0.0026* 

X1X4 1E-04 6E-05 0.18 2E-03 1E-03 2.64 0.98 0.23 0.9739 0.1300 0.3623 0.6428 

X2X4 3.62 0.08 2.21 0.06 20.69 16.52 11.38 5.82 0.0005* 0.0016* 0.0055* 0.0328* 

X3X4 0.36 0.01 4E-04 8E-04 2.16 2.11 2.5E-03 0.08 0.1671 0.1724 0.9611 0.7786 

X1X1 0.38 0.01 0.13 0.07 2.29 2.56 21.23 6.87 0.1562 0.1357 0.3971 0.0223* 

X2X2 3.79 0.03 7.63 0.16 22.79 6.03 39.22   15.70 0.0004* 0.0303* <0.0001* 0.0019* 

X3X3 0.04 1E-03 2.53 0.04 0.24 0.35 13.03 3.91 0.0634 0.5648 0.0036* 0.0617 

X4X4 0.84 0.17 9.06 0.14 4.55 35.30 46.59 13.59 0.0465* <0.0001* <0.0001* 0.0031* 

             

Lack of fit 0.89 0.08 2.50 0.22 3.52 4.84 1.54 19.27 0.0883 0.6193 0.0613 0.0842 

             

R2 0.97 0.94 0.98 0.97         

R2 (Adj.) 0.94 0.91 0.95 0.93         

S/N ratio 24.71 15.1 23.9 16.5         

X1: solvent concentration (%, v/v); X2: irradiation time (s); X3: MW power (W); X4: solvent-to-sample ratio (mL/g). 
*Values statistically significant at p < 0.05. 

 

 

 



59 

 

2.4.3. Analysis of the 3D response surfaces 

3D response surface plots derived from the above-mentioned predictive 

equations are shown in Figure 18AïD. As can be observed, both TPC and 

antioxidant/antiradical activities of HS improved when MW power ranged 

between 670 and 700 W for irradiation times exceeding 250 s. Conversely, MW 

power around 1000 W decreased all responses, consistently with the observations 

from prior single-factor experiments (Table 10). Lower MW energy could 

promote a more gradual and uniform heating, reducing the risk of degradation of 

thermolabile compounds. These results aligned with Dahmoune et al., who also 

observed a TPC decline at MW powers higher than 600 W [70].  

 

 

Figure18AïD. 3-D response surfaces plots for the significant (p < 0.05) 

interaction effects of ethanol concentration (% v/v), irradiation time (s), MW 

power and solvent/powder ratio on TPC (A), FRAP (B), DPPHÅ (C), and ABTSÅ+ 

(D) of HS extracts. 
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According to Table 12, the interaction between ethanol concentration and 

irradiation time (X1X2 term) significantly (p < 0.05) affected all response variables. 

Figure 18AïD shows that all responses were maximised by increasing the time 

from 120 to 270 s, with an ethanol concentration ranging between 20 ï 30%. This 

solvent concentration resulted in ideal, presumably due to the water-induced 

swelling of the solid phase, combined with the amphiphilic properties of ethanol, 

which promote the migration of both polar and non-polar compounds [145]. 

Lastly, Figure 18AïD showed that by increasing the solvent/powder ratio from 30 

to 40 mL/g and prolonging the extraction time above 250 s all responses raised, 

likely due to a steeper concentration gradient promoted by larger solvent volumes 

[155]. 

2.4.4. Model validation 

Based on the above-mentioned predictive equations and ANOVA results 

(Tab. 12), the best balance point leading to the maximum TPC was estimated to 

be 26.7% (v/v) of ethanol in water concentration, 270 s, 670 W, and 36.1 mL/g. 

The expected optimal MAE conditions for FRAP were 29.9 % EtOH, 270 s, 670 

W, and 36.6 mL/g; for DPPHÅ were 23.8 % EtOH, 258.5 s, 670 W, and 36.5 mL/g; 

while for ABTSÅ+ were 32.7% EtOH, 270 s, 670 W, and 40 mL/g. Accordingly, 

28% (v/v) of ethanol in water concentration, 270 s, 670 W, and 37 mL/g were the 

optimal parameters for the MAE of bioactive compounds from HS.  

Under these conditions, the model estimated a maximum TPC of 14.28 mg 

GAE/g DW, a FRAP value of 1.67 mg TE/g DW, a DPPHÅ value of 17.86 Õg TE/g 

DW, and an ABTSÅ+ result of 2.50 mg TE/g DW, respectively. MAE was carried 

out under the predicted optimal conditions to validate such results. Overall, the 

experimental values closely (p < 0.05) matched the predicted ones (Table 13), 

suggesting the validity of the regression model to be applied for the MAE of 

bioactive compounds from HS. 
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Table 13. Comparison between experimental and predicted values of TPC and in 

vitro antioxidant activity of the extract from Corylus avellana L. shells obtained 

at optimal MAE conditions. 

Responses 
TPC, Y1 

(mg GAE/g DW) 

FRAP, Y2 

(mg TE/g DW) 

DPPHÅ, Y3 

(ɛg TE/g DW) 

ABTSÅ+, Y4 

(mg TE/g DW) 

Measured 15.12 ± 1.17a 1.58 ± 0.04a 18.43 ± 0.08a 2.64 ± 0.03a 

Predicted 
14.28a 

[13.40 ï 15.15] 

1.67a 

[1.47 ï 1.86] 

17.86a 

[16.82 ï 18.90] 

2.50a 

[2.25 ï 2.74] 

Different letters in the same column indicate significant differences (Tukeyôs test, p < 0.05). 

 

The resulting optimized extract from HS (OHS-E) exhibited an 

experimental TPC of 15.12 mg GAE/g DW, higher than the one reported by Yuan 

et al. (11.23 mg GAE/g DW) for a hazelnut shell extract prepared by UAE using 

an extraction time of 4 h, 61% of acetone concentration and a solid/liquid ratio of 

10 g/L [149]. Concerning antioxidant/antiradical activities, OHS-E exhibited 

FRAP, DPPHÅ, and ABTSÅ+ values of 1.58 mg TE/g DW, 18.43 Õg TE/g DW, and 

2.64 mg TE/g DW, respectively. Di Michele et al. reported lower FRAP values, 

ranging from 0.21 to 0.68 mg TE/g, for hazelnut shell extracts obtained by 

maceration, UAE, and high-power UAE in ethanol [46].  
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2.5. Optimization of the extraction conditions for Juglans regia shells 

 
2.5.1. Model fitting 

The effects of MW power (X1), ethanol concentration (X2), and irradiation 

time (X3) were evaluated with the RSM with BBD for the optimization of MAE of 

antioxidants from WS. Table 14 reports the experimental design and the results 

for TPC and antioxidant activity (ORAC, DPPHÅ, and ABTSÅ+ assays) of WS 

extracts. As can be noticed, TPC ranged from 4.98 to 8.36 mg GAE/g DW, 

whereas for the antioxidant capacity, the ORAC values ranged from 365.75 to 

615.90 ɛmol TE/g, the DPPHÅ values from 0.53 to 2 mg TE/g DW, and the ABTSÅ+ 

values from 0.71 to 2.64 mg TE/g DW.  
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Table 14. Experimental design and results of the TPC and antioxidant/antiradical activities of WS extracts. 

Run 

Independent variables Dependent variables 

MAE conditions Experimental values 

X1 

(MW power, W)  

X2 

(EtOH, % v/v) 

X3 

(Time, s) 

Y1, TPC 

(mg GAE/gdw) 

Y2, ORAC 

(µmol TE/gdw) 

Y3, DPPHÅ 

(mg TE/gdw) 

Y4, ABTSÅ+ 

(mg TE/gdw) 

1   670 30   90 7.87 ± 1.68 605.94 ± 41.7 1.60 ± 0.65 2.16 ± 0.75 

2 1000 30   90 5.94 ± 1.55 438.03 ± 19.0 1.34 ± 1.82 1.78 ± 0.39 

3   670 90   90 5.33 ± 1.38 393.14 ± 30.1 0.63 ± 0.39 0.81 ± 1.23 

4 1000 90   90 5.16 ± 1.21 380.82 ± 10.7 0.77 ± 0.11 0.96 ± 0.66 

5   670 60   60 7.36 ± 1.54 542.55 ± 32.6 1.43 ± 0.73 1.92 ± 0.18 

6 1000 60   60 5.83 ± 1.39 430.10 ± 11.3 1.10 ± 1. 29 1.33 ± 0.45 

7   670 60 120 7.99 ± 0.71 589.01 ± 51.2 1.44 ± 1.91 2.51 ± 1.03 

8 1000 60 120 7.43 ± 1.08 547.11 ± 30.7 1.37 ± 1.26 1.87 ± 0.24 

9   850 30   60 5.65 ± 1.26 408.15 ± 32.4 1.26 ± 1.95 1.64 ± 0.43 

10   850 90   60 6.51 ± 0.78 482.02 ± 42.1 0.61 ± 1.74 0.81 ± 0.52 

11   850 30 120 8.36 ± 1.76 615.91 ± 36.8 2.00 ± 0.82 2.64 ± 0.77 

12   850 90 120 4.98 ± 1.02 365.76 ± 20.2 0.55 ± 0.78 0.71 ± 0.67 

13   850 60   90 6.43 ± 1.23 477.23 ± 34.8 1.32 ± 1.56 1.71 ± 1.33 

14 1000 90 120 5.51 ± 1.67 406.80 ± 61.1 0.53 ± 0.34 0.83 ± 0.92 

15   850 60   90 6.67 ± 0.94 444.42 ± 12.7 1.33 ± 0.57 1.83 ± 0.97 
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The model adequacy and the significance (p < 0.05) of both primary and 

interactive effects of each factor under study were evaluated through the ANOVA, 

as shown in Table 15. The quality of the fitted models was evidenced by the R2 

values, which were 0.98 for TPC and ORAC and 0.97 and 0.96 for DPPHÅ and 

ABTSÅ+, respectively. Besides, R2 Adj. values were 0.96, 0.94, 0.93, and 0.90 for 

TPC, ORAC, DPPHÅ, and ABTSÅ+, respectively. The coefficients being near 1 

suggested a strong correlation between the observed and predicted values. 

Additionally, the low CV (1.43 %) indicated high precision and reliability in the 

experimental values. Further, the S/N ratio was higher than 4 for all the models 

(Tab. 15), indicating their appropriateness to navigate the experimental space 

[150]. The p-value of the model was less than 0.05 for all the responses, suggesting 

that the model adequately explained the responses observed about TPC and 

antioxidant activity of WS. Moreover, all examined operational parameters (X1 ï 

X3) notably impacted (p < 0.05) both TPC and the antioxidant activity of the 

extract. Additionally, the model highlighted that the most significant linear 

variable for TPC, ORAC, DPPHÅ, and ABTSÅ+ was the ethanol concentration, 

exhibiting the highest F-values of 102.70 (p < 0.0001), 74.50 (p < 0.0001), 146.38 

(p < 0.0001), and 91.41 (p < 0.0001). Based on these results, it can be deduced 

that the increment of phenolic content and antioxidant activity depended mainly 

on ethanol concentration. Moreover, the interaction between the solvent 

concentration and the irradiation time (X2X3) was found to be highly significant (p 

< 0.05) for the ORAC, the DPPHÅ, and the ABTSÅ+ values. On the opposite, the 

interaction between MW power and extraction time (X1X3) was found to have no 

significant effects on the antioxidant activity. Lastly, model adequacy was also 

evaluated by the lack of fit, which was insignificant for TPC (0.2160) and 

antioxidant activity (0.4384, 0.2811, and 0.2848 for ORAC, DPPHÅ, and ABTSÅ+, 

respectively). 
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Table 15. Results of ANOVA from the BBD model for TPC (Y1) and antioxidant/antiradical activities evaluated by ORAC 

(Y2), DPPH
Å (Y3), and ABTS

Å+ (Y4) assays for WS. 

Variable 
Sum of squares F-values p-values 

Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 

Model 16.87 98640.88 2.45 5.42 42.29 29.83 23.24 16.97 <0.0001* 0.0003* 0.0005* 0.0013* 

X1 2.21 14556.81 0.15 0.29 49.84 39.62 16.92 8.08 0.0004* 0.0007* 0.0049* 0.0295* 

X2 4.55 27375.69 1.71 3.24 102.70 74.50 146.38 91.41 <0.0001* <0.0001* <0.0001* <0.0001* 

X3 1.52 8217.84 0.07 0.54 34.32 22.36 6.31 15.13 0.0011* 0.0032* 0.0458* 0.0081* 

X1X2 0.98 7255.65 0.03 0.07 22.24 19.75 2.25 1.99 0.0033* 0.0044* 0.1843 0.2072 

X1X3 0.28 1338.51 0.01 9.1E-4 6.43 3.64 0.97 0.03 0.0443* 0.1049 0.3617 0.8778 

X2X3 4.79 28915.62 0.16 0.35 108.22 78.69 13.51 9.72 <0.0001* 0.0001* 0.0104* 0.0206* 

X1X1 0.05 1897.39 6.9E-4 0.02 1.06 5.16 0.06 0.60 0.3425 0.0635 0.8156 0.4677 

X2X2 1.47 4208.21 0.22 0.51 33.14 11.45 18.06 14.46 0.0012* 0.0148* 0.0054* 0.0089* 

X3X3 0.79 5966.66 9.2E-4 0.05 18.03 16.24 0.08 1.36 0.0054* 0.0069* 0.7885 0.2882 

             

Lack of 

fit  
0.24 1652.09 0.06 0.18 3.86 1.49 2.79 2.74 0.2160 0.4384 0.2811 0.2848 

             

R2 0.98 0.98 0.97 0.96         

R2 (Adj.) 0.96 0.94 0.93 0.90         

X1: MW power (W); X2: aqueous ethanol concentration (%, v/v); X3: irradiation time (s). 
*Values statistically significant at p < 0.05. 
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Based on these findings, the model was considered suitable for predicting 

TPC, ORAC, DPPHÅ, and ABTSÅ+ due to the high R2 values, significant p-values 

and the not significant lack of fit. The final second-order polynomial equations 

(Eq. 13 ï 16), illustrating the empirical relationships between the responses (Y1 ï 

Y4) and the extraction operating conditions (X1 ï X3), are provided below: 

ὣὝὖὅ ρφȢςχωψπȢπςπσὼ πȢπψςρὼ πȢπυπωὼ τȢρρρπὼ 

                        φȢψωρπὼ  υȢπψρπὼ ωȢυρρπὼὼ υȢρρρπὼὼ 

                       πȢππρςὼὼ                                                                                                              ρσ 
 

ὣ ὕὙὃὅρφψτȢπτφςςȢτστρὼ σȢχσχψὼ τȢτςφυὼ ψȢςυρπὼ 

                          πȢπσφωὼ  πȢπτσωὼ  πȢππψςὼὼ πȢππσυὼὼ 

                          πȢπψωσὼὼ                                                                                                            ρτ 
 

ὣ ὈὖὖὌ ςȢςφυωπȢππσρὼ πȢπςςρὼ πȢππτπὼ τȢωωρπὼ 

                           ςȢφρρπὼ  ρȢυυρπὼ ρπȢςσρπὼὼ πȢππσυὼὼ 

                           ςȢπωρπὼὼ                                                                                                 ρυ 
 

ὣ ὃὄὝὛτȢψστρπȢππχχὼ πȢπςσσὼ πȢππτχὼ ςȢσψρπὼ 

                       σȢφχρπὼ  ψȢφψρπὼ σȢρυρπὼὼ φȢψτρπὼὼ 

                          σȢπχρπὼὼ                                                                                                  ρφ 
 

2.5.2. Analysis of the 3D response surfaces 

3D response surface plots (Figure 19AïD), based on the model equations 

mentioned above, allowed to more easily visualize the mutual effects of two 

factors on each response variable. Figure 19A shows that slightly raising the 

extraction time up to 120 s with an ethanol in water concentration of 30%, the 

extraction of phenolic compounds enhanced. Moreover, the interaction between 

MW power and ethanol concentration (X1X2), as well as between MW power and 

extraction time (X1X3), showed that the highest TPC yield could be obtained by 

using low MW powers (600 ï 700 W). This trend was in line with that previously 

observed for the MAE of antioxidants from C. avellana shells (Section 2.4.3 of 

the present Chapter).  
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In Fig. 19B ï D, the mutual effect between the microwave power and the 

irradiation time over the antioxidant activity evaluated by ORAC, DPPHÅ, and 

ABTSÅ+ can be observed. Overall, the values of all dependent variables increased 

as the MW power and the extraction time (X1X3) decreased at around 600 W and 

120 s, respectively. Concerning the mutual interaction between the MW power 

and the ethanol concentration, it can be observed that at lower MW power values 

(600 ï 700 W) and an ethanol concentration around 30%, high antioxidant capacity 

values can be achieved.  

 

 

Figure 19AïD. 3-D response surfaces plots for the significant (p < 0.05) 

interaction effects of ethanol concentration (% v/v), irradiation time (s), and MW 

power (W) on TPC (A), ORAC (B), DPPHÅ (C), and ABTSÅ+ (D) of WS extracts. 

A

B

C

D
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2.5.3. Model validation 

According to the above-mentioned predictive equations and ANOVA 

results (Tab. 15), the ideal MAE conditions for maximum phenolic recovery from 

WS were estimated to be: 30% of ethanol in water, 120 s and 670 W. The estimated 

optimal conditions for the highest ORAC were 34% of aqueous ethanol, 114 s, and 

670 W. For DPPHÅ, the best estimated conditions were: 30% aqueous ethanol, 120 

s, 670 W; while for ABTSÅ+ were: 37.8% aqueous ethanol, 118 s, 681 W. Hence, 

it was concluded that the optimal experimental conditions to have a WS extract 

with the highest content of phenolic and antioxidant compounds were: 30% 

ethanol in water, 120 s and 670 W. Under these optimized conditions, the expected 

values were: 8.92 mg GAE/g DW for TPC, ORAC 692.46 ɛmol TE/g DW for 

ORAC, 1.93 mg TE/g DW for DPPHÅ and 3.02 mg TE/g DW for ABTSÅ+. 

Extraction was performed thrice under the estimated MAE optimal conditions to 

validate the model's adequacy. Table 16 shows the predicted and experimental 

results for the optimized extract from WS (OWS-E). The experimental results 

were in great agreement with the predicted values, suggesting that the proposed 

MAE protocol can be effectively used to extract valuable phenolic compounds 

from WS. 

 

Table 16. Comparison between experimental and predicted values of TPC and in 

vitro antiradical activity of the extract from Juglans regia L. shells obtained at 

optimal MAE conditions. 

Responses 
TPC, Y1 

(mg GAE/g DW) 

ORAC, Y2 

(ɛmol TE/g DW) 

DPPHÅ, Y3 

(ɛg TE/g DW) 

ABTSÅ+, Y4 

(mg TE/g DW) 

Measured 8.49 ± 0.94a 668.3 ± 30.5a 1.67 ± 0.15a 2.88 ± 0.21 

Predicted 
8.92a 

[8.42 ï 9.42] 

692.5a 

[644.9 ï 740.1] 

1.93a 

[1.61 ï 2.25] 

3.02a 

[2.68 ï 3.36] 

Different letters in the same column indicate significant differences (Tukeyôs test, p < 0.05). 
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2.6. Summary 

Reliable mathematical BBD models enabled to find the best MAE 

conditions for the highest recovery of phenolics and antioxidants from dry fruit 

shells. TPC and antioxidant/antiradical efficiency of each shell extract prepared at 

optimal MAE conditions are summarized in Table 17. 

 

Table 17. TPC and in vitro antioxidant/antiradical activity of the extracts from dry 

fruit shells obtained at optimal MAE conditions. 

Sample 

TPC 

(mg GAE/g 

DW) 

FRAP 

(mg TE/g 

DW) 

DPPHÅ 

(ɛg TE/g 

DW) 

ABTSÅ+ 

(mg TE/g 

DW) 

ORAC 

(ɛmol TE/g 

DW) 

OPS-E 23.83 Ñ 0.70a 6.37 Ñ 0.35a 122.2 Ñ 1.63a 20.55 Ñ 1.25a  

OAS-E 28.46 Ñ 0.89a 5.18 Ñ 0.22a 40.97 Ñ 1.53b 24.64 Ñ 1.10a  

OHS-E 15.12 Ñ 1.17b 1.58 Ñ 0.04b 18.43 Ñ 0.08c   2.64 Ñ 0.03b  

OWS-E   8.49 Ñ 0.94c    1.67 Ñ 0.15d   2.88 Ñ 0.21b 668.3 Ñ 30.5 
TPC, Total phenolic content; FRAP, Ferric reducing antioxidant power; DPPH, 1,1-diphenyl-2-

picrylhydrazyl free radical; ABTS, 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt; 

ORAC, Oxygen radical absorbance capacity. Different letters in the same column indicate significant 

differences (p < 0.05, Tukeyôs test). 

 

Concerning the optimization study carried out for PS, the ethanol 

concentration, exhibiting the highest F-value (Tab. 4), was the variable that mainly 

affected the entire MAE process. The results demonstrated that the optimal MAE 

conditions were: 20% aqueous ethanol, 1000 W, 135 s and 27.7 mL/g. Under this 

MAE set up, the OPS-E showed a TPC value of 23.83 mg GAE/g DW, which was 

higher than that observed for the OHS-E and OWS-E but comparable to that 

measured for the OAS-E (Table 17). Concerning the antioxidant/antiradical 

activity, the OPS-E exhibited the highest FRAP (6.37 mg TE/g DW) and DPPHÅ 

(122.2 µg TE/g DW) values, with an ABTSÅ+ antiradical capacity similar to that of 

the OAS-E (Table 17). 

The MAE conditions optimized by RSM for the highest recovery of 

antioxidants from AS were 68.23 % aqueous ethanol, 260 s, 1000 W, and 25.2 

mL/g. Among the four independent variables investigated, the irradiation time 
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exhibited the highest F-value (Tab. 8), resulting the main variable influencing the 

MAE of bioactive compounds from AS. 

The OHS-E was obtained using 28% aqueous ethanol, 270 s, 670 W, and 

37 mL/g. Similarly to the outcomes from the optimization study performed for AS, 

the irradiation time resulted the main variable affecting the extractive process. 

Lastly, 30% ethanol in water, 120 s, and 670 W were attested as the optimal 

MAE conditions for the highest recovery of phenolics and antioxidants from WS. 

As observed for PS, the ethanol concentration was the extraction parameter that 

showed the most significant effects on the MAE of compounds from WS. 

Noteworthy, all the experimental results showed no significant (p < 0.05) 

differences with the predicted values, demonstrating that the proposed MAE 

protocols can be effectively used to extract valuable phenolic and antioxidant 

compounds from dry fruit shells. Furthermore, it is worth considering that the 

herein described MAE methods can be readily expanded for industrial use. Ethanol 

is commonly used to prepare food supplements from natural extracts. Additionally, 

the extraction of natural products using microwave irradiation is already a reality 

in industrial practices [61].  

The phytochemical profile of the optimized shell extracts was carefully 

studied by HPLC/ESI-MS/MS analysis and presented in the following Chapter 3. 

The potential biological properties of compounds from dry fruit shells were tested 

by in vitro enzymatic (lipase, Ŭ-AMY, Ŭ-GLU, and tyrosinase) and not enzymatic 

(ROS scavenging capacity and protein glycation) assays as described in the 

following Chapter 4. Besides, the extractsô biocompatibility was assessed by in 

vitro cellular studies on intestinal (Caco-2 and HT29-MTX) and buccal (TR146 

and HSC-3) cell lines, as discussed in Chapter 5.  
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Chapter 3 | Phytochemical profiles of shell extracts 

 

3.1. HPLC/ESI-MS/MS profiles of the optimized shell extracts 

HPLC/ESI-MS/MS analysis was performed as described in Chapter 

11, Section 11.13 to study the complex phytochemical composition of the 

optimized extracts from PS, AS, HS and WS.  

The putative identifications of phenolic compounds were obtained by 

considering their MS/MS elution times (rt), [M ī H]
ī m/z values, and by a 

thorough analysis of their characteristic fragmentation patterns, consisting, for 

instance, of typical losses of small neutral molecules such as H O (-18 Da), 

CO  (-44 Da), and sugars (e.g. glucose, -162 Da). Compound identifications 

were then corroborated by comparison with the relevant literature or retrieving 

information from well-established mass databases. Putative identification of 

fatty acids, in particular, was supported by the information retrieved from 

LIPID MAPS® Structure Database (LMSD) (https://www.lipidmaps.org; 

accessed February 2024) [156]. Finally, the areas of non-overlapping peaks in 

the mass chromatogram were considered to gain even quantitative 

information. 

The total ion current (TIC) chromatograms obtained in negative 

ionization mode are shown in Figures 20 ï 23. All putatively identified and 

quantified compounds are listed in Tables 18 ï 21. The detailed mass data 

interpretation is reported in Supporting material Sections 4 ï 7. 

 

 

https://www.lipidmaps.org/
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3.2. Phytochemical profile of the optimized extract from Pistacia vera 

shells (OPS-E) 

A total of 52 compounds were putatively identified in the OPS-E. Their 

chemical structures are shown in Figure S4. Specifically, four classes of 

compounds were distinguished, namely gallic acid derivatives, including 

hydrolyzable tannins (3 ï 5, 7, 8, 10, 15, 20, 22, 24, 25), flavonoids (6, 9, 11 

ï 14, 16 ï 19, 21, 26, 27, 31), fatty acids (23, 28 ï 30, 32 ï 40, 44, 45) and 

anacardic acids (41 ï 43, 46 ï 52) (AAs).  

 

 

Figure 20. HPLC/ESI-MS/MS profile (negative ion mode) of the optimized 

extract from P. vera shells (OPS-E). Peaksô identifications are reported in 

Table 18. 
 

The constituents of the OPS-E eluting as not overlapping peaks were 

quantified by HPLC-ESI-MS/MS employing as reference standards gallic acid 

for compounds 10 and 22; quercetin-3-O-glucoside for 6, 14, and 31; and 
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(17:1)-anacardic acid for 23, 28, 30, 32, 33, 37, 42, 47, 48. Coeluting 

compounds (18 + 19, 26 + 27, 44 + 45, 49 + 50) were quantified together.  

Gallic acid derivatives, hydrolyzable tannins, and flavonoids eluted at 

the beginning of the TIC chromatogram (tr = 10.90 ï 27.70 min; Fig. 20) with 

compounds 8, 10, 14, 18, 19, and 24 constituting the most abundant phenolic 

components of the extract (Table 18).  

Several saturated and unsaturated fatty acids appeared in intense peaks 

between tr = 38.45 ï 65.80 min (Fig. 20), except for compound 23 putatively 

identified as the glycoside of 39 and eluting at 23.8 min.  

AAs (49, 50, and 52) were identified among the most abundant 

constituents of the extract. The presence of this group of natural products has 

been previously documented in cashew nut shells [157], as well as in red and 

green pistachio hulls [158]. However, this was the first study reporting the 

occurrence of anacardic acids in PS.  

AAs have been studied for their potential health benefits, including 

antioxidant, anti-inflammatory and anti-bacterial properties [159, 160]. 

Moreover, Toyomizu et al. reported a strong inhibitory activity of AAs 

towards Ŭ-GLU and aldose reductase, key hydrolytic enzymes involved in 

carbohydrate absorption [161]. Such activity was more recently confirmed by 

Hu et al. and Skrjabin, et al. [157, 162]. 
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Table 18. Putative identification and quantification by HPLC/ESI-MS/MS of the main organic constituents of the 

optimized extract from P. vera shells (OPS-E). 

Peak tr [M ï H]ï 
Fragments, m/z 

(Relative intensity) 
Proposed identification 

mg/g DW  of 

extract 

1 2.50 133 115(100); 87(5)    Malic acid  

2 3.70 191 111(100); 173 (40); 147 (5) Quinic acid  

3 10.9 183 168(100); 124(40) Methyl gallate  

4 12.0 321 169 (100); 125(10) Digallic acid  

5 12.0 481 463(100); 437(40) 301(40) 169(2) HHDP-hexose isomer   

6 12.6 451 433(100); 292(20); 173(10); 337(5) 
3-Hydroxyphloretin-O-glucoside 

(Aspalathin) 

0.251 ± 0.009b 

7 14.0 373 169(100); 313(80); 151(25) Acetyl-O-galloyl hexose  

8 14.9 635 423(100); 465(80); 483(70); 313(20)  Tri-O-galloyl-glucose isomer 2.176 ± 0.023a 

9 15.0 631 479(100); 317(15); 299(5); 271(5) Myricetin galloyl hexoside  

10 15.5 197 169(100); 125(5) Ethyl gallate 2.328 ± 0.023a 

11 16.1 479 317(100); 359(5); 461(5); 271 (5); 179(5) Myricetin hexoside  

12 16.1 625 
316(100); 317(90); 607(20); 271(15); 463(10); 

287(10) 
Myricetin rhamno-hexoside 

 

13 16.3 493 317(100); 331(5); 211(5) Myricetin hexuronide  

14 16.8 615 463(100); 301(80); 313(20); 453(5) Quercetin galloyl hexoside isomer 1.009 ± 0.037b 

15 17.4 787 617(100); 635(85); 465(10) Tetragalloyl glucose isomer  

16 17.4 303 285(100); 125(10)   Taxifolin   

17 17.8 609 301(100); 300(50); 271(10); 463(5); 255(5) Quercetin-O-hexosedeoxyhexoside  

18 18.0 463 301(100); 179(5); 271(5); 255(5); Quercetin hexoside   1.267 ± 0.033b* 

19 18.4 477 301(100); 179(5); 151(5) Quercetin monoglucuronide   1.267 ± 0.033b,* 

20 18.9 319 239 (100); 139(5), 275(5) Luteic acid  

21 19.4 433 301(100); 179(5); 343(10); 272(5) Quercetin pentoside  

22 19.4 939 769(100); 787(15); 617(15); 635(5); 465(5) Pentagalloyl glucose isomer 0.578 ± 0.021a 
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23 23.8 427 265(100); 247 (5); 221(5) Fatty acyl glycoside  2.724 ± 0.002c 

24 25.2 347 267(100); 169(10) Gallic acid derivative 0.673 ± 0.007a 

25 25.2 483 
321(100); 277(30); 271(10); 465(5); 331(5); 

313(5); 169(5)  
Digalloyl hexose 

0.176 ± 0.013a 

26 27.3 301 179(100); 151(90); 257(50); 273(30); 229(20) Quercetin    0.661 ± 0.035b,ç 

27 27.7 285 241(100); 199(40); 151(25); 175(20) Kaempferol   0.661 ± 0.035 b,ç 

28 38.5 327 229(100); 291(50); 211(50), 171(40), 227(20) 
(18:2) Trihydroxy-octadecadienoic acid 

isomer 

0.359 ± 0.014c 

29 41.0 331 313(100); 311(20); 295(20); 231(5) 
(18:0) Trihydroxy-octadecanoic acid 

isomer 

 

30 42.1 329 229(100); 311(30) 171(10); 125(5) 
(18:1) Trihydroxy-octadecenoic acid 

isomer  

1.143 ± 0.027c 

31 43.6 287 269(100); 155(10); 251(10) Dihydrokaempferol 1.203 ± 0.016b 

32 44.7 475 395(100); 431(20)  (32:2) Octadecanoid acid isomer  0.351 ± 0.008c 

33 45.8 279 235(100); 217(60); 261(5); 252(5) (18:2) Linoleic acid  3.192 ± 0.024c 

34 48.5 393 313(100); 349(20); 375(10); 329(5) (26:1) Hexacosenoic acid   

35 49.0 293 249(100); 193(90); 181(5) (19:2) Octadecadienoic acid isomer   

36 50.8 395 
351(100); 349(40); 315(60); 377(10); 283(10); 

219(10)  
(26:0) Hexacosanoic acid isomer  

 

37 51.6 307 263(100); 245(60); 246(10); 289(5) (20:2) Eicosadienoic acid isomer  1.626 ± 0.030c 

38 55.3 297 183(100); 197(40); 171(5); 253(5) (18:1; O) Epoxyoctadecanoic acid isomer   

39 55.5 265 97(100); 238(40); 223(20)  (17:2) Heptadecynoic acid isomer   

40 57.9 309 97(100); 266(15); 292(10); 255(10); 141(5) (20:1) Eicosenoic acid isomer   

41 59.3 333 289(100); (14:0) Anacardic acid  

42 60.6 361 317(100); 299(20) (16:0) Anacardic acid 1.124 ± 0.031c 

43 60.9 331 287(100); 313(15) (14:1) Anacardic acid  

44 61.5 337 97(100); 293(60); 183(40); 319(5) (22:1) Erucic acid   1.351 ± 0.048c,§ 

45 61.5 289 245(100) (19:4) Nonadecadiynoic acid isomer    1.351 ± 0.018c,§ 

46 61.9 315 271(100); 255(5); (13:3) Anacardic acid  



76 

47 63.1 317 273(100); 107(5); (13:1) Anacardic acid 1.501 ± 0.015c 

48 63.7 369 325(100); (17:3) Anacardic acid 0.388 ± 0.007c 

49 64.2 319 275(100); (13:0) Anacardic acid   5.874 ± 0.273c,# 

50 64.4 345 301(100);  (15:1) Anacardic acid   5.874 ± 0.273c,# 

51 65.6 347 303(100) (15:0) Anacardic acid  

52 65.8 373 329(100) (17:1) Anacardic acid  
aquantified as gallic acid; bquantified as quercetin-3-O-glucoside; cquantified as (17:1)-anacardic acid. *, ç, §, # quantified together 
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3.3. Phytochemical profile of the optimized extract from Prunus dulcis 

shells (OAS-E) 

Figure 21 shows the TIC chromatogram resulting from the HPLC-ESI-

MS/MS analysis of the OAS-E, performed as reported in Chapter 11, Section 

11.13. All the putatively identified organic constituents of the extract, along 

with their MS/MS retention times (rt), [M ī H]
ī m/z values, the main MS/MS 

fragments, and the relative abundances, are tabulated in Table 19. The detailed 

HPLC-ESI-MS/MS data interpretation is reported in Supporting material 

Section 5. 

 

 

Figure 21. HPLC/ESI-MS/MS profile (negative ion mode) of the optimized 

extract from P. dulcis shells (OAS-E). Peaksô identifications are reported in 

Table 19. 

 

A total of 41 compounds were putatively identified in the OAS-E, 

namely flavonoids (6, 8, 9, 11, 14, 17 ï 19, 23 ï 26), lignans (4, 13, 21, 27, 

29), and fatty acids (28, 30 ï 41). This last group encompasses the most 

abundant components of the TIC chromatogram, with (18:1; O) hydroxy oleic 
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acid (32) and (20:1) eicosenoic acid isomers (35) eluting in the peaks with the 

highest intensity (Figure 21). Consistently with this work, previous studies 

reported the occurrence of high amounts of fatty acids in AS [163-165]. 

Nevertheless, except for linoleic acid (22), all the other phenolic lipids were 

identified and quantified for the first time.  

Noteworthy, flavonoids constituted the extract's most abundant class of 

phenolic compounds. A total of 12 flavonoids, including catechin (6), taxifolin 

(8), quercetin derivatives (17, 18, 26), and ellagic acid (22) eluted at the 

beginning of the TIC chromatogram (tr = 11.60 ï 31.00 min; Fig. 21). To the 

best of our knowledge, other extractôs constituents, including organic acids (1 

ï 3), a hydroxycinnamic acid (5), a xanthone (8), a hydroxycoumarin (10), two 

gallic acid derivatives (13 ï 15) and a deoxyceramide (20), were for the first 

time annotated in AS.  

Among flavonoids, delphinidin 3,5-diglucoside (compound 25; 2.72 

mg/g DW) and quercetin galloyl hexoside isomer (compound 17; 1.01 mg/g 

DW) were the most abundant in the extract (Tab. 19). 

Secoisolariciresinol (4), conidendric acid (13), conidendrin (20), an 

oligolignol (27) and medioresinol (29) were the lignans putatively identified in the 

OAS-E (Tab. 18). Among them, conidendrin, studied for its anticancer activity 

[166], was the most abundant (1.27 mg/g DW). 

The hydroxy coumarin isofraxidin (compound 12; 2.33 mg/g DW) and the 

xanthone mangiferin isomer (compound 10; 2.18 mg/g DW) were also among the 

most abundant phenolic compounds in the extract (Tab. 19). Isofraxidin has been 

recognized as a potent radical scavenger and antidiabetic ingredient [167, 168]. 

Several health-endorsing properties, such as antioxidant, antidiabetic, and 

neuroprotective, have been reported for mangiferin [169, 170]. 
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Table 19. Putative identification by HPLC/ESI-MS/MS of the main organic constituents of the optimized extract from P. 

dulcis shells (OAS-E). 

Peak tr [M -H] - 
Fragments, m/z  

(Relative intensity) 
Proposed identification mg/g DW  of extract 

1 2.6 133 115(100); 89(5)    Malic acid  

2 3.1 191 111(100); 173 (40) Quinic acid  

3 10.6 179 161 (100); 135 (20) Caffeic acid  

4 11.1 361 313 (100); 346 (10); 299 (10) Secoisolariciresinol  

5 11.6 335 291(100); 317(20); 179(5) Caffeoylshikimic acid  

6 11.6 289 245(100); 203(10); 179(10); 151(5); 125(5); 109(5) Catechin/Epicatechin  

7 15.6 195 151(100) Hydroxycaffeic acid  

8 17.5 303 285(100); 177(20); 125(10) Taxifolin 0.25 ± 0.01b 

9 18.1 595 287(100); 433(5) Eriodictyol-7-O-rutinoside (eriocitrin)  

10 18.4 421 301(100); 225(40); 403(10); 331(5) Mangiferin isomer 2.18 ± 0.02a 

11 18.4 593 285(100); 286(10); 267(5) Kaempferol-7-O-rutinoside  

12 19.3 221 177(100); 206(40); 191(5); 163(5) Isofraxidin 2.33 ± 0.02a 

13 20.5 419# 375(100); 373(40); 401(20); 177(20) Conidendric acid  

14 20.8 477 314(100); 315(40); 300(5); 299(5); 285(5); 271(5) Isorhamnetin-O-pentoside  

15 21.3 187 125(100); 169(10); 143(5); 97(5) Benzoic acid derivative  

16 22.1 373 313(100); 343(80); 151(10); 169(5) Acetyl-O-galloyl hexose  

17 21.3 615 463(100); 301(80); 313(20); 453(5) Quercetin galloyl hexoside isomer 1.01 ± 0.04b 

18 22.1 609 301(100); 447(40)  Quercetin hexosyl-rhamnoside  

19 24.0 449 405(100); 431(20); 419(20); 287(20) Eriodictyol hexoside  

20 29.0 630 434(100); 582(80); 612(50); 251(50) (24:1) 1-Deoxyceramide 1.31 ± 0.08c 

21 29.7 355 340(100); 325(40); 219(40); 337(20) Conidendrin 1.27 ± 0.03b 

22 31.0 301 286(100) Ellagic acid  

23 32.3 643 625(100); 505 (5) Dihydromyricetin dihexoside 0.05 ± 0.01b 

24 33.0 597 435(100); 289(10) Catechin 3-O-rutinoside 0.07 ± 0.01b 

25 33.5 626 465(100); 609(40); 503(10); 303(5) Delphinidin 3,5-diglucoside 2.72 ± 0.03b 

26 36.1 629 613(100); 433(80); 301(40); 585(30); 467(20) Quercetin-O-hexoside derivative 0.58 ± 0.02b 
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27 37.2 809 791(100); 761(80); 471(20) Oligolignol  0.67 ± 0.01b 

28 39.0 327 229(100); 291(50); 211(50); 171(40); 227(20) (18:2) Trihydroxyoctadecadienoic acid  0.18 ± 0.01c 

29 50.3 387 341(100); 343(60); 369(10); 207(40); 163(10) Medioresinol  

30 52.1 265 97(100); 238(40); 223(20) (17:2) Heptadecynoic acid isomer 0.66 ± 0.03c 

31 54.6 265 97(100); 238(40); 223(20) (17:2) Heptadecynoic acid isomer 0.36 ± 0.01c 

32 55.4 297 279(100) (18:1; O) Hydroxyoleic acid isomer 3.19 ± 0.02c 

33 56.7 315 279(100) (18:0; O2) Dihydroxystearic acid 1.14 ± 0.03c 

34 57.5 279 97(100); 261(5) (18:2) Linoleic acid isomer 1.20 ± 0.02c 

35 58.3 309 97(100); 291(40)  (20:1) Eicosenoic acid isomer 2.16 ± 0.02c 

36 59.0 311 183(100); 293(20); 267(5); 212(5) (20:0) Arachidic acid isomer 0.35 ± 0.01c 

37 60.3 293 97(100); 185(30); 249(30); 275(20) (19:2) Octadecadienoic acid isomer  

38 61.2 367 123(100); 349(20) (24:0) Lignoceric acid isomer  

39 61.5 339 183(100); 239(10); 198(100); 321(5) (22:0) Docosanoic acid isomer  

40 62.1 337 191(100); 293(40); 97(20); 263(10) (22:1) Erucic acid isomer 1.63 ± 0.03c 

41 63.2 381 337(100); 363(60) (25:0) Pentacosanoic acid  
#[M-H+HCOOH]ī. aquantified as gallic acid; bquantified as quercetin-3-O-glucoside; cquantified as (17:1)-anacardic acid. 
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3.4. Phytochemical profile of the optimized extract from Corylus avellana 

shells (OHS-E) 

The phytochemical profile of OHS-E was successfully obtained by 

HPLC/ESIïMS/MS analysis in negative ionization mode (Figure 22), as 

described in Chapter 11, Section 11.13. All the putatively identified and 

quantified compounds are listed in Table 20. The detailed HPLC-ESI-MS/MS 

data interpretation is reported in Supporting material Section 6. 

 

 

Figure 22. HPLC/ESI-MS/MS profile (negative ion mode) of the optimized 

extract from C. avellana shells (OHS-E). Peaksô identifications are reported in 

Table 20. 

 

Notably, 47 compounds were putatively identified, with a higher 

abundance of lipids (24 compounds) and polyphenols (15 compounds), 

followed by organic acids (7 compounds). Considering lipids, 12 hydroxy fatty 

acids (24 ï 29, 31, 33, 34, 36, 38, 43) and 6 unsaturated fatty acids (32, 35, 
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37, 39, 40, 45) were identified (Tab. 20). A glycerophospholipid (18), 

branched (41, 46) and straight chain (42, 44, 47) fatty acids were also 

annotated. Nevertheless, (C18:0) dihydroxy stearic acid (38) constituted the 

most intense peak of the TIC chromatogram (Fig. 22). (C18:1) Trihydroxy-

octadecenoic acid isomers (27 and 28) and (C16:0; O2) dihydroxy-

hexadecanoic acid isomer (29) were previously detected by Masullo et al. in 

hazelnut shells as the only constituents of the fatty acids class [49]. Moreover, 

compounds 27 and 28 have been reported as the most abundant ones in a 

hydro-alcoholic walnut shell extract obtained by MAE [50]. 

Among polyphenols, lignans (5, 12, 16, 19, 23), flavonoids (13, 14, 17, 

30), a stilbene (10), an hydroxycoumarin (11), as well as cyclic 

diarylheptanoids (6, 7, 20, 22) were identified in the OHS-E. Noteworthy, it is 

the first time that lignans 5, 16, 19, 23 are identified in HS.  

Diarylheptanoids were named ñgiffoninsò by Masullo et al. that 

previously isolated them from C. avellana leaves, male flowers, shells, and 

green leafy involucres extracted with ethanol, providing first evidence of the 

inhibitory activity of these compounds towards Ŭ-GLU [49].  

Lastly, valuable organic acids were annotated in the extract, mainly 

gallic acid (4) and two gallic acid derivatives (15, 21), shikimic acid (8), and 

ellagic acid (11).  

For the quantitative analysis, gallic acid, quercetin-3-O-glucoside and 

(C18:1) linoleic acid were employed as standards. Thus, compounds 8,15 and 

21 were quantified as gallic acid, 30 was quantified with quercetin-3-O-

glucoside and 25, 31 ī 34, 36, 38 ī 42, 46, and 47 were quantified with C18:2 

linoleic acid. Coeluting compounds (32 + 33) were quantified together. 
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Table 20. Putative identification by HPLC/ESI-MS/MS of the main organic constituents of the optimized extract from C. 

avellana shells (OHS-E). 

Peak tr [M ī H]ī 
Fragments, m/z 

(Relative intensity) 
Proposed identification 

mg/g of 

extract DW 

1 2.40 133 115(100); 89(5) Malic acid  

2 2.40 209 191(100); 85(20); 173(5); 129(5) D-Glucaric acid  

3 2.70 191 111(100); 173 (40) Quinic acid  

4 3.50 169 125(100) Gallic acid  

5 3.50 179 161(100); 164(10) Coniferyl alcohol  

6 13.4 361 241(100); 271(30); 301(20); 343(10) Giffonin P  

7 16.1 359 341(100); 329(60) Giffonin U  

8 16.7 173 111(100); 155(5) Shikimic acid 4.84  ± 0.24a 

9 17.5 301 257(100); 229(50); 284(30); 185(20) Ellagic acid  

10 17.5 225 210(100) Pinosylvin monomethyl ether  

11 19.6 221 162(100); 206(40); 150(5) Isofraxidin  

12 20.0 

419 

[M+HCOOH]-

H]ī 

195(100); 373(60); 325(20); 177(20) 
Erythro-guaiacylglycerol-ɓ-coniferyl aldehyde 

ether 
 

13 20.4 343 270(100); 285(40); 298(20); 257(20) Dihydroxy-trimethoxy flavone  

14 20.4 447 301(100); 300(20); 302(5) Quercetin-O-rhamnoside  

15 21.2 187 125(100); 169(10); 143(5) Gallic acid derivative 27.30 ± 0.09a 

16 23.1 375 345(100); 357(10) 7-Hydroxylariciresinol  

17 23.4 431 285 (100); 255 (10) Kaempferol-3-O-rhamnoside  

18 23.4 476 433(100); 462(80); 315(60); 337(20) 1-Linoleoyl-glycero-3-P-ethanolamine  

19 24.5 555 525(100); 507(40); 329(15); 315(5) Lariciresinol guaiacylglyceryl ether  

20 25.1 343 325(100); 299(20); 269(20); 283(5) Carpinontriol B  

21 25.9 601 583(100); 301(20); 273(5); 271(5) Gallagic acid dilactone 10.76 ± 0.02a 

22 26.9 327 253(100); 283(80); 271(30); 312(20) Giffonin V  
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23 33.9 583 369(100); 357(49); 373(20); 195(20) G(ɓïOï4ǋ)S(ɓï5ǋ)G -Lignin oligomer  

24 35.8 215 197(100); 153(40); 171(10); 169(5) (12:0) Hydroxy-dodecanoic acid isomer  

25 38.5 327 309(100); 291(80); 183(20); 239(15) Trihydroxy-octadecadienoic acid isomer 0.53 ± 0.01c 

26 39.7 327 291(100); 309(60); 211(60); 239(20) Trihydroxy-octadecadienoic acid isomer  

27 42.1 329 
229 (100); 211 (60); 311(40); 

285(20) 
Trihydroxy-octadecenoic acid isomer  

28 42.6 329 
229 (100); 211 (60); 311(40); 

285(20) 
Trihydroxy-octadecenoic acid isomer  

29 43.0 287 269(100); 243(10) Dihydroxy-hexadecanoic acid isomer  

30 43.6 577 285(100); 431(10) Kaempferol-3-O-p-coumaroyl-rhamnopyranoside 0.87 ± 0.01b 

31 47.3 313 295(100); 245(10); 171(10); 213(5) Trihydroxy-heptadecadienoic acid  1.75 ± 0.01c 

32 52.0 377 359(100); 333(10); 362(5) Methyl-tetracosadienoic acid isomer 6.54 ± 0.02c,d 

33 52.4 313 295(100); 245(20); 213(10); 171(10) Trihydroxy-heptadecadienoic acid isomer 6.54 ± 0.02c,d 

34 53.0 359 315(100); 341(40); 323(20) (22:6) Dihydroxy-docosahexaenoic acid isomer 3.36 ± 0.01c 

35 53.5 387 315(100); 343(20); 369(10) (26:4) Hexacosatetraenoic acid   

36 54.7 315 297(100); 295(20); 279(20); 271(10) (18:0) Dihydroxystearic acid isomer 1.87 ± 0.04c 

37 55.2 265 97 (100); 221(10); 247(5) (17:2) Heptadecynoic acid isomer  

38 55.7 315 297(100); 295(60); 279(20); 271(10) (18:0) Dihydroxystearic acid isomer 26.31 ± 0.08c 

39 57.2 279 97(100); 261(10); 235(10) (18:2) Linoleic acid  1.29 ± 0.01c 

40 57.8 309 97(100); 265(20); 291(10) (20:1) Eicosenoic acid isomer 3.96 ± 0.05c 

41 58.3 311 183(100); 293(10); 253(10); 267(5) Dihydroxy-octadecadienoic acid isomer 0.41 ± 0.01c 

42 58.7 353 291(100); 309(40); 335(40) (23:0) Tricosanoic acid isomer 2.09 ± 0.02c 

43 59.2 397 379(100); 353(80) (25:0) Hydroxy-pentacosanoic acid  

44 59.5 325 183(100); 307(20); 281(20);225(5) (21:0) Heneicosanoic acid isomer  

45 59.8 293 251(100); 221(40); 249(20); 207(5) Hydroxy-octadecatrienoic acid   

46 61.4 337 293(100); 319(40); 97(20) (22:1) Erucic acid 0.68 ± 0.01c 

47 62.2 381 337(100); 363(80) (25:0) Pentacosanoic acid 0.37 ± 0.01c 

aquantified as gallic acid; bquantified as quercetin-3-O-glucoside; cquantified as (18:2)-linoleic acid. d = quantified together
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3.5. Phytochemical profile of the optimized extract from Juglans regia 

shells (OWS-E) 

HPLC/ESI-MS/MS was performed on the OWS-E in negative ionization 

to identify its primary organic components. The resulting TIC chromatogram 

obtained is reported in Figure 23. The putatively identified and quantified 

compounds are listed in Table 21. The detailed HPLC-ESI-MS/MS data 

interpretation is described in Supporting material Section 7. 

 

 
Figure 23. HPLC/ESI-MS/MS profile (negative ion mode) of the optimized 

extract from J. regia shells (OWS-E). Peaksô identifications are reported in 

Table 21. 

A total of 46 compounds were putatively identified in the OWS-E (Table 

21) and mainly grouped in hydrolyzable tannins (14, 15, and 20), flavonoids (7, 

10 ï 13, 16, 18), xanthones (19, 21), fatty acids (9, 23 ï 26, 28 ï 31, 33 ï 35, 37, 

38, 40 ï 44) and phenolic lipids such as AAs (31, 35, 38, 44 ï 46). These two last 

groups encompass the most abundant components of the TIC chromatogram, with 
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trihydroxy-octadecenoic acid isomers (25 and 26) eluting in the peak with the 

highest intensity. In addition, other constituents, including organic acids (1 ï 5), a 

lignin oligomer (22), and a lignan (27), were putatively identified as well. Despite 

the efforts made, three unknown compounds (U1, U2, and U3), for which it was 

impossible to elucidate a structure due to a lack of sufficient evidence, are included 

in Table 20. Some constituents of the OWS-E have been quantified by HPLC-

ESI-MS/MS employing as standards quercetin-3-O-glucoside for compounds 12, 

16, and 18; and (17:1) anacardic acid for 23, 25, 26, 28, 29, 31, 32, 39, 43ï 47.  
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Table 21. Identification and quantification by HPLC/ESI-MS/MS of the main organic constituents of the optimized extract 

from Juglans regia shells (OWS-E). 

Peak tr [M -H] - Fragments, m/z (Relative intensity) Proposed identifications 
mg/gdw of 

extract 

1 2.50 133 115(100); 87(5) Malic acid  

2 2.50 195 129(100), 177(40); 99(10), 75(5) Gluconic acid  

3 3.60 209 
191(100); 85(30); 165(30); 133(30); 173(5); 

129(5) 
Glucaric acid 

 

4 3.60 191 111(100); 173 (50); 127(5); 155(5) Quinic acid  

5 4.60 353 191(100); 179(40); 309(20); 135(5) Neochlorogenic acid  

6 14.5 343 401(100); 269(10); 161(10); 327(5) 
Benzyl alcohol hexose-pentose derivative 

(formate adduct) 

 

7 14.5 433 301(100); 151(5); 271(5) Quercetin-3-O-pentoside  

8 14.5 377 331(100); 179(5); 119(5) Saccharide derivative  

9 14.5 333 
167(100); 285(40); 165(30); 135(20); 

152(10); 315(5); 271(5) 
(20:5) Hydroperoxyeicosapentaenoic acid isomer  

 

10 15.2 465 447(100); 299(10); 239(10); 303(5); 285(5) Taxifolin-3-O-hexoside isomer  

11 16.7 447 281(100); 285(40) Kaempferol-3-O-hexoside  

12 17.5 463 301(100); 271(10) Quercetin 3-O-hexoside 0.22 ± 0.01a 

13 17.8 303 285(100); 125(10) Taxifolin  

14 18.6 787 617(100); 623(20); 465(10) Tetragalloyl hexose isomer  

15 20.3 939 769(100); 787(15); 617(10); 447(5) Pentagalloyl hexose isomer  

16 21.3 447 301(100); 300 (30); 302(20) Quercetin-O-rhamnoside 0.04 ± 0.01a 

17 22.2 187 125(100); 169(20); 160(20); 97(5) Hydroxygallic acid  

18 22.5 615 
585(100); 597(80); 453(50); 463(20); 

301(20) 
Quercetin galloylhexoside isomer 

0.06 ± 0.01a 

19 23.1 583 463(100); 301(40); 565(5); 271(5) Tetrahydroxyxanthone-di-O,C-hexoside  

20 23.1 1091 - Hexagalloyl hexose isomer  

21 23.4 273 255(100); 258(5) Methoxy-trihydroxyxanthone  

U1 34.3 597 505(100); 553(80); 383(80); 549(30) -  
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22 38.1 809 
791(100); 743(80); 761(70); 773(60); 

713(40); 565(30); 417(15) 
Oligolignol  

 

23 39.8 327 
229(100); 291(80); 171(80); 211(60); 

209(20) 
(18:2) Trihydroxy-octadecadienoic acid isomer  

0.52 ± 0.06b 

U2 40.6 449 403(100); 311(20); 329(15); -  

24 43.3 329 
229 (100); 211 (60); 311(40); 293(20); 

171(20); 183(10) 
(18:1) Trihydroxy-octadecenoic acid isomer  

4.96 ± 0.02b,§ 

25 43.3 329 
229 (100); 211 (60); 311(40); 293(20); 

171(20); 183(10) 
(18:1) Trihydroxy-octadecenoic acid isomer  

4.96 ± 0.02b,§ 

26 44.1 375 357(100); 297(20) 7-Hydroxylariciresinol isomer  

27 46.3 327 309(100); 291(40); 209(20); 171(20); 163(5) (18:2) Trihydroxy-octadecadienoic acid isomer  0.46 ± 0.03b 

28 48.3 329 171(100); 201(80); 229(10); 211(10); 185(5) (18:1) Trihydroxy-octadecenoic acid isomer  0.13 ± 0.02b 

29 51.3 311 293(100); 275(20); 211(10); 183(10); 171(5) (20:0) Dimethyl-octadecanoic acid isomer 0.25 ± 0.01b 

30 53.5 313 295(100); 277(10); 171(10); 213(5) (18:1) Octadecanoic acid isomer  0.86 ± 0.03b 

31 54.3 359 341(100); 315(40); 297(30) (16:1) Anacardic acid 0.44 ± 0.03b 

32 55.3 265 97 (100); 238(10) (17:2) Heptadecynoic acid isomer  

33 55.8 279 97(100); 261(10); 235(10) (18:2) Linoleic acid   

U3 56.4 430 386(100); 412(60); 144(40); 368(20);  -  

34 56.9 315 297(100); 295(20); 279(20); 199(20) (18:0) Dihydroxystearic acid isomer   

35 56.9 361 317(100); 293(50) (16:0) Anacardic acid  

36 57.8 309 291(100) (20:1) Eicosenoic acid isomer   

37 58.9 295 277(100); 171(60) (18:2) Octadecadienoic acid isomer   

38 58.9 341 323(100); 297(60) (15:3) Anacardic acid 0.07 ± 0.01b 

39 59.4 293 249(100); 97(80); 185(60); 197(20) (19:2) Octadecadienoic acid isomer   

40 59.9 530 279(100); 249(40); 511(25); 267 (15) (36:3) Linolenyl oleate   

41 60.7 339 183(100); 239(10); 198(100); 321(5); 99(5) (22:0) Docosanoic acid   

42 61.2 337 294(100); 319(49) (22:1) Docosenoic acid  0.20 ± 0.02b 

43 63.4 271 225(100); 187(10); 125(10) (16:0) Hydroxypalmitic acid isomer  0.86 ± 0.03b 

44 64.5 317 273(100); 107(5) (13:1) Anacardic acid 0.04 ± 0.01b 

45 66.3 345 301(100) (15:1) Anacardic acid 0.10 ± 0.01b 

46 68.1 373 329(100) (17:1) Anacardic acid 0.08 ± 0.01b 
aquantified as quercetin-3-O-glucoside; bquantified as (17:1)-anacardic acid. §quantified together 
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3.6. Summary 

Figure 24AðD summarizes all the classes of compounds identified and 

quantified in the OPS-E (Fig. 24A), OAS-E (Fig. 24B), OHS-E (Fig. 24C), and 

OWS-E (Fig. 24D). Overall, all the optimized shell extracts prepared by MAE 

were rich in lipids and phenolic compounds, whose abundance was likely 

originated by the combined polarities of the water/ethanol solvent systems 

employed. These results highlighted MAE as a versatile technique for extracting 

a wide range of compounds at shorter times than conventional methods.  

Noteworthy, this was the first study elucidating the phytochemical 

composition of Pistacia vera shells. Moreover, the abundant presence of anacardic 

acids in P. vera and J. regia shells was uncovered for the first time.

 

Figure 24 Qualitative and quantitative phytochemical composition of the extract 

from pistachio (A), almond (B), hazelnut (C) and walnut (D) shells prepared at 

optimal MAE conditions. 
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Chapter 4 | Biological properties of shell extracts 

 

4.1. Radical scavenging capacity against reactive oxygen species (ROS) 

In this thesis, the scavenging capacity of the optimized extracts from PS, 

AS, HS, and WS prepared by MAE towards ROS was spectrophotometrically 

tested through three different assays, namely the O2
Å ╖ scavenging assay, the HClO 

scavenging assay, and the Oxygen Radical Absorbance Capacity (ORAC) assay, 

used to evaluate the antiradical efficacy towards ROOÅ. The assays were 

performed as detailed in Chapter 11, Section 11.8.1. The results are reported in 

Table 22. For the O2
Å ╖ and HClO scavenging assays, data were analysed 

considering that the lower IC50 values, the higher the antiradical activity. 

 

Table 22. Superoxide radical anion (O2
Åī), hypochlorous acid (HClO), and peroxyl 

radical (ROOÅ) scavenging capacities of the optimized extract from pistachio 

(OPS-E), almond (OAS-E), hazelnut (OHS-E) and walnut (OWS-E) shells. 

Reactive oxygen scavenging capacity 

Sample 
O2
Å ╖ 

IC50, ɛg/mL 

HClO 

IC50, ɛg/mL 

ROOÅ 

ɛmol TE/mg DW 

OPS-E 54.92 ± 2.36a 4.70 ± 0.29c     0.72 ± 0.07d 

OAS-E 37.97 ± 2.36b 14.05 ± 0.64b     2.42 ± 0.20c 

OHS-E 43.08 ± 1.11b 11.04 ± 0.98b     2.16 ± 0.28c 

OWS-E 32.66 ± 2.57c 24.36 ± 1.47a     0.67 ± 0.47d 

Gallic acid* 10.39 ± 1.60d 5.51 ± 0.34c     7.51 ± 0.40b 

Catechin* 26.24 ± 0.15c 0.32 ± 0.02d 237.11 ± 28.3a 

TE, Trolox equivalents. Results are reported as mean ± SD (n = 4). Different letters in the same 

column indicate significant differences (Tukeyôs test, p < 0.05). *positive control.  
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4.1.1. ROS scavenging capacity of the optimized extract from P. vera shells 

(OPS-E) 

OPS-E scavenging capacity against O2
Å ╖, HClO, and ROOÅ is reported in 

Table 22. Among the ROS studied, the OPS-E exhibited the highest antiradical 

power against HClO, with an IC50 value of 4.70 ɛg/mL, which was not 

significantly (p > 0.05) different from gallic acid (IC50 = 5.51 ɛg/mL), used as a 

positive control. When compared to the other optimized shell extracts prepared by 

MAE, OPS-E resulted in the most effective HClO scavenger. Moreover, its HClO 

scavenger capacity was higher than the one reported by Pinto et al. for the 

ethanolic extract obtained from Castanea sativa Mill. shells extracted by MAE 

(IC50 = 23.08 ɛg/mL) [69].  

Concerning O2
Å  ╖, an IC50 of 54.92 ɛg/mL was observed for the OPS-E. This 

result was lower than the ones achieved for the controls used, respectively, 

catechin (IC50 = 26.24 ɛg/mL) and gallic acid (IC50 = 10.39 ɛg/mL). Moreover, 

O2
Å  ╖ scavenging efficacy of OPS-E was lower compared to that of the other shell 

extracts obtained by MAE. Nevertheless, the OPS-E showed a higher O2
Å ╖ 

quenching capacity than the one reported by Ferreira et al. for the extract from C. 

sativa Mill. shells prepared by SWE at 180 °C (IC50 = 73.18 µg/mL) [171]. 

Analogously, a resinous by-product from Brazilian propolis exhibited a lower O2
Å ╖ 

scavenging ability (IC50 = 166.60 ɛg/mL) than the OPS-E [172].  

The ORAC assay was used to study the scavenging capacity of the OPS-E 

against ROOÅ. According to Table 22, OPS-E showed a poor quenching capacity 

towards ROOÅ (0.72 ɛmol TE/mg DW), comparable to that observed for OWS-E 

(0.67 ɛmol TE/mg DW). Nonetheless, a much lower result (0.05 ɛmol TE/mg 

DW) was reported for the C. sativa Mill. shell extract prepared by SFE [150].  

The scavenging efficacy of the OPS-E towards ROS is probably related to 

its phytochemical composition (Chapter 3, Section 3.2). Many studies have 
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demonstrated the antiradical importance of flavonoids and fatty acids [173, 174] 

abundantly identified in the extract (Tab. 18, Chapter 3, Section 3.2). 

 

4.1.2. ROS scavenging capacity of the optimized extract from P. dulcis shells 

(OAS-E) 

Table 22 shows the ROS scavenging capacities of the OAS-E. The 

extract showed its highest antiradical power against ROOÅ (2.42 ɛmol TE/mg 

DW), which was not significantly (p > 0.05) different from that of the OHS-E 

(2.16 ɛmol TE/mg DW).  

Concerning the scavenging capacity against O2
Å  ╖, the OAS-E reached an 

IC50 of 37.97 ɛg/mL, indicating a lower antiradical capacity compared to catechin 

(IC50 = 26.24 ɛg/mL) and gallic acid (IC50 = 10.39 ɛg/mL) used as positive 

controls. Nevertheless, the OAS-E was a better O2
Å  ╖ scavenger than the OPS-E and 

OHS-E (Tab. 22). 

The scavenging capacity of the OAS-E towards HClO (IC50 = 14.05 

ɛg/mL) was statistically (p < 0.05) lower than the ones exhibited by gallic acid 

(IC50 = 5.51 ɛg/mL) and catechin (IC50 = 0.32 ɛg/mL) and comparable to that of 

the OHS-E (IC50 = 11.04 ɛg/mL). Moreover, the OAS-E resulted a better HClO 

scavenger than the OWS-E (IC50 = 24.36 ɛg/mL), but a worse HClO scavenger 

than the OPS-E (IC50 = 4.70 ɛg/mL). Berto et al. reported an IC50 value of 25.3 

ɛg/mL for the extract from Couepia bracteosa fruit shells, which was far lower 

than the result observed in this study for the OAS-E [175].  

The remarkable scavenging efficacy of OAS-E towards ROS is likely 

related to its main phytoconstituents, mainly flavonoids and fatty acids (Table 19, 

Chapter 3, Section 3.3), whose antiradical significance has been previously 

reported [173, 174].  
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4.1.3. ROS scavenging capacity of the optimized extract from C. avellana 

shells (OHS-E) 

Table 22 shows the results of the ROS scavenging assays performed for 

the OHS-E as detailed in Chapter 11, Section 11.8.1. In all the assays, the ROS 

scavenging capacity of the OHS-E was comparable (p > 0.05) to that of OAS-E.  

According to Tab. 22, the OHS-E exhibited a high ability to quench the 

ROOÅ radical (2.16 ɛmol TE/mg DW). This result was almost similar to that of 

gallic acid (7.51 ɛmol TE/mg DW), which was employed as a positive control. 

Additionally, ROOÅ scavenging efficacy of the OHS-E was higher than those 

observed for the OPS-E (0.72 ɛmol TE/mg DW) and OWS-E (0.67 ɛmol TE/mg 

DW).  

As shown in Tab. 22, HClO was effectively scavenged by the OHS-E (IC50 

= 11.04 ɛg/mL), although gallic acid (IC50 = 5.51 ɛg/mL) and catechin (IC50 = 

0.32 ɛg/mL) Considering the other shell extracts, only the OWS-E was a less 

potent HClO scavenger (IC50 = 24.36 ɛg/mL) than the OHS-E.  

Concerning O2
Å ╖ scavenging effect, the OHS-E showed an IC50 of 43.08 

ɛg/mL, suggesting a lower activity compared to the controls used, respectively 

catechin (IC50 = 26.24 ɛg/mL) and gallic acid (IC50 = 10.39 ɛg/mL). Notably, the 

OHS-E activity against O2
Å ╖ was not significantly (p < 0.05) different from that 

observed for the other shell extracts (Tab. 22). 

Overall, OHS-E's scavenging capacities towards ROS may be attributed 

to its phytoconstituents, including isofraxidin and fatty acids (Table 20, Chapter 

3, Section 3.4), whose ROS antiradical activity has been previously reported [167, 

173].  
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4.1.4. ROS scavenging capacity of the optimized extract from J. regia shells 

(OWS-E) 

The results of the scavenging capacities of the OWS-E against O2
Å ╖, HClO, 

and ROO¶ are shown in Table 22.  

The OWS-E exhibited its highest antiradical power against O2
Å ╖ , with an 

IC50 value of 32.66 ɛg/mL, which was not significantly different (p > 0.05) than 

the one observed for catechin (IC50 = 26.24 µg/mL).   

In the HClO scavenging assay, the OWS-E achieved an IC50 value of 24.36 

ɛg/mL (Tab. 22). This result was significantly different (p < 0.05) than the ones 

observed for gallic acid (IC50 = 5.51 ɛg/mL) and catechin (IC50 = 0.32 ɛg/mL). 

Compared to the other optimized shell extracts, the OWS-E was the worst HClO 

scavenger.  

Concerning the ORAC assay, the OWS-E showed a moderate quenching 

capacity towards ROOÅ (0.67 ɛmol TE/mg DW), which was comparable (p > 0.05) 

only with that of the OPS-E (Table 22).  

Compared to the other shell extracts, the OWS-E showed the lowest 

antiradical effect towards HClO andROOÅ. In contrast, the OWS-E was the most 

active scavenger of O2
Å ╖  (Tab. 22). The scavenging efficacy of OWS-E towards 

ROS is probably related to its richness in flavonoids and fatty acids (Tab. 21, 

Chapter 3, Section 3.5).  
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4.2. Effects of the optimized shell extracts on metabolic enzymes 

This thesis in vitro assessed the potential inhibitory behaviour of the 

optimized extracts from PS, AS, HS, and WS towards Ŭ-GLU, Ŭ-AMY, and 

pancreatic lipase, enzymes that, as previously presented in Chapter 1, Section 

1.6, are involved in metabolic syndrome manifestations. The inhibitory properties 

of the extracts were tested according to the procedures described in Chapter 11, 

Sections 11.8.2 ï 11.8.4. 

Table 23 reports the extract concentrations (ɛg/mL) required to inhibit 

50% of the enzymatic activity (IC50). The results were analysed considering 

that the lower the IC50 values, the higher the inhibitory activity. Acarbose and 

orlistat were used as positive controls for Ŭ-AMY/GLU and lipase inhibition, 

respectively. 

 

Table 23. Inhibitory activity of the optimized extracts from P. vera (OPS-E), 

P. dulcis (OAS-E), C. avellana (OHS-E), and J. regia (OWS-E) shells towards 

Ŭïamylase, Ŭ ïglucosidase and pancreatic lipase. Results (IC50, ɛg/mL) are 

reported as mean ± SD (n = 3). 

Hypoglycaemic activity Anti -obesity activity 

 
Ŭ-AMY  

IC50, ɛg/mL 

Ŭ-GLU  

IC50, ɛg/mL 

Pancreatic lipase 

IC50, ɛg/mL 

OPS-E   2.05 ± 0.84c 41.07 ± 2.30b   75.13 ± 2.31c 

OAS-E   7.51 ± 1.84b 35.56 ± 2.12c   93.55 ± 2.00b 

OHS-E   7.73 ± 0.20b 49.44 ± 1.53b 132.55 ± 3.52a 

OWS-E 20.68 ± 1.12a 47.93 ± 1.71b   84.66 ± 2.14c 

Acarbose*    8.93 ± 1.37b 98.34 ± 1.78a    ð 

Orlistat*  ð ð   52.67 ± 0.17d 

Different letters in the same column indicate significant differences (Tukeyôs test, p < 0.05). 
*positive control. 
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4.2.1. Effects of the optimized extract from P. vera shells (OPS-E) on 

metabolic enzymes 

According to Table 23, the OPS-E demonstrated a notable Ŭ-GLU 

inhibitory activity (IC50 = 41.07 ɛg/mL), which was higher than the one observed 

for acarbose (IC50 = 98.34 ɛg/mL). Moreover, the inhibitory activity of the OPS-

E towards Ŭ-GLU was not significantly (p > 0.05) different from that of the other 

optimized shell extracts except for OAS-E. 

Regarding Ŭ-AMY, the extract resulted in an IC50 of 2.05 ɛg/mL, thus being a 

stronger inhibitor than acarbose (IC50 = 8.93 ɛg/mL). Furthermore, Ŭ-AMY 

inhibitory activity of the OPS-E was significantly (p < 0.05) higher than that 

observed for the other shell extracts (Tab. 23). 

Noteworthy, a commercial tannin extract derived from Schinopsis lorentzii 

wood exhibited weaker Ŭ-GLU (IC50 = 48.9 ɛg/mL) and Ŭ-AMY (IC50 = 129.3 

ɛg/mL) inhibitory effects than the OPS-E [176]. These results highlight profitable 

opportunities for harnessing extracts from agricultural by-products, like PS, as 

valuable hypoglycaemic ingredients.  

Concerning pancreatic lipase, the OPS-E showed an IC50 of 75.13 ɛg/mL, 

indicating a statistically (p < 0.05) weaker inhibitory activity compared to the anti-

obesity drug orlistat (IC50 = 52.67 ɛg/mL), used as a positive control. Nonetheless, 

such a result is of a certain importance considering that the extract was tested at a 

relatively low concentration (1.5 mg/mL) and compared to a pure molecule such 

as orlistat, also screened at 1.5 mg/mL. Comparing the lipase inhibitory activity of 

the OPS-E with the other shell extracts, the OPS-E exhibited the highest inhibitory 

capacity (Tab. 23). Moreover, a peanut (Arachis hypogaea) shell extract exhibited 

a much lower lipase inhibitory activity (IC50 = 172.9 ɛg/mL) than that of the OPS-

E [177]. 

The promising hypoglycaemic and anti-obesity properties observed for the 

OPS-E may be related to its phytoconstituents, namely AAs, as well as the other 
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phenolic compounds present, such as flavonoids and hydrolyzable tannins (Tab. 

18, Chapter 3, Section 3.2). Previous studies described AAs as potent Ŭ-GLU 

inhibitors [161, 162] and different authors have reported the Ŭ-GLU and Ŭ-AMY 

inhibitory activity of flavonoids and hydrolyzable tannins [98, 178]. Recently, 

flavonoids from lemon squeezing waste were attested as potent pancreatic lipase 

inhibitors [71].  

 

4.2.2. Effects of the optimized extract from P. dulcis shells (OAS-E) on 

metabolic enzymes 

The hypoglycaemic effect of the OAS-E was spectrophotometrically 

screened as described in Chapter 11, Sections 11.8.3 ï 11.8.4, and compared 

to that of acarbose, which was used as a positive control. As shown in Table 

23, the extract demonstrated a potent Ŭ-GLU inhibition (IC50 = 35.56 ɛg/mL), 

which was significantly higher (p < 0.05) than that of acarbose (IC50 = 98.34 

ɛg/mL). Similarly, the OAS-E acted as a strong Ŭ-AMY inhibitor (IC50 = 7.51 

ɛg/mL), with no significant differences (p > 0.05) with acarbose (IC50 = 8.93 

ɛg/mL).  

The anti-obesity properties of the OAS-E towards pancreatic lipase 

were spectrophotometrically screened as described in Chapter 11, Section 

11.8.2., According to Table 23, the OAS-E showed an IC50 value of 93.55 

ɛg/mL, suggesting a mild anti-obesity effect compared to orlistat (IC50 = 52.67 

ɛg/mL). However, even for this extract, such a result can be considered 

satisfactory, considering that the extract and the pure drug was tested at the 

same low concentration (1.5 mg/mL). Moreover, a lower lipase inhibitory 

capacity () was observed for a peanut shell extract prepared in 95% ethanol by 

agitation [177]. 

The OAS-E resulted in a significantly (p < 0.05) more potent Ŭ-GLU 

inhibitor than the other shell extracts. At the same time, its Ŭ-AMY inhibitory 
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capacity was closely comparable (p > 0.05) to that of the OHS-E (IC50 = 7.73 

ɛg/mL). 

The OAS-E's anti-diabetic and anti-obesity effects may be attributed to 

its primary constituents (Tab. 19, Chapter 3, Section 3.3), particularly 

flavonoids, whose inhibitory effects on lipase, Ŭ-GLU, and Ŭ-AMY  were 

previously reported [71, 98, 178]. These findings encourage the application of 

extracts from AS as potential therapeutic complements for preventing and 

managing metabolic disorders.  

 

4.2.3. Effects of the optimized extract from C. avellana shells (OHS-E) on 

metabolic enzymes 

As shown in Tab. 23, the OHS-E exhibited remarkable Ŭ-GLU inhibitory 

activity (IC50 = 49.44 ɛg/mL), which was higher than the one observed for 

acarbose (IC50 = 98.34 ɛg/mL). This result was in line with those obtained for the 

OPS-E (IC50 = 41.07 ɛg/mL) and OWS-S (IC50 = 47.93 ɛg/mL) but statistically 

different (p < 0.05) than that of the OAS-E (IC50 = 35.56 ɛg/mL).  

The potential inhibitory capacity of HS against Ŭ-AMY was screened for 

the first time. Specifically, the OHS-E achieved an IC50 of 7.73 ɛg/mL, not 

significantly different (p > 0.05) from that of acarbose (IC50 = 8.93 ɛg/mL), and 

OAS-E (IC50 = 7.51 ɛg/mL) (Tab. 23).  

Lastly, according to Tab. 23, the OHS-E was the weakest pancreatic 

lipase inhibitor (IC50 = 132.55 ɛg/mL). 

Fatty acids, such as (C18:2)-linoleic acid (compound 39, Tab. 20), as well 

as cyclic diarylheptanoids, namely giffonin P (compound 7, Tab. 20), giffonin U 

(compound 8, Tab. 20), carpinontriol B (compound 21, Tab. 20) and giffonin V 

(compound 23, Tab. 20) detected in the OHS-E (Chapter 3, Section 3.3) are 

likely responsible for its notable inhibitory activity toward Ŭ-AMY and Ŭ-GLU. 

Masullo et al. previously reported giffonins included in C. avellana óTonda di 
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Giffoniô by-products as potent Ŭ-GLU inhibitors [49]. Other studies have shown 

the hypoglycaemic effect of fatty acids [179-181]. 

 

4.2.4. Effects of the optimized extract from J. regia shells (OWS-E) on 

metabolic enzymes 

According to Table 23, the OWS-E showed a strong ŬïGLU inhibitory 

effect (IC50 = 47.93 ɛg/mL), which was substantially (p < 0.05) higher than 

that of acarbose (IC50 = 95.88 ɛg/mL) and comparable with those of the OPS-

E (IC50 = 41.07 ɛg/mL) and OHS-E (IC50 = 49.44 ɛg/mL).  

Oppositely, the OWS-E exhibited a significantly (p < 0.05) weaker Ŭï

AMY inhibitory effect (IC50 = 20.68) than acarbose (IC50 = 8.93) and the other 

optimized shell extracts (Tab. 23).  

Nonetheless, it has been demonstrated that a selective inhibition 

towards ŬïGLU with minor effects on ŬïAMY is preferable to avoid 

unpleasant side effects caused by the undigested carbohydrate accumulation 

in the gastrointestinal tract [85].  

Concerning the anti-obesity properties, the OWS-E exhibited a 

satisfactory inhibitory capacity against pancreatic lipase, with an IC50 of 84.66 

ɛg/mL. The selective inhibitory activity of the OWS-E towards lipase and Ŭ-

GLU may be attributed to its phytoconstituents (Tab. 21, Chapter 3, Section 

3.5), such as hydrolyzable tannins and flavonoids, whose hypoglycaemic and 

anti-obesity effects have been previously reported [98, 178, 182]. 
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4.3. Potential anti-glycation properties of the optimized shell extracts 

In the present thesis, human serum albumin (HSA)-fructose (FRU), HSA-

methylglyoxal (MGO), and arginine (Arg)-MGO reaction systems were adopted 

to mimic the different stages of protein glycation described in Chapter 1, Section 

1.6, and investigate, for the first time, the potential inhibitory properties of the 

OPS-E, OAS-E, and OHS-E towards AGE formation.  

Specifically, three reaction systems were employed, following the 

procedures detailed in Chapter 11, Section 11.8.6. The HSA/FRU reaction model 

allowed the evaluation of all the stages of protein glycation. The HSA-MGO 

model replicated the middle stage of protein glycation. In contrast, the Arg-MGO 

model simulated the glycation process entirely using Arg, the primary source of 

AGEs [116].  

Figures 25 ï 27A-C show the fluorescent AGEs inhibition percentages (%) 

and the IC50 values of the tested optimized shell extracts in the three reaction 

models. All the results were compared with those of catechin, whose inhibitory 

efficiency towards AGE formation has been previously reported [116, 183]. 

Aminoguanidine (AG) was also tested as a positive control, showing the highest 

anti-glycation activity in all the reaction systems. Overall, all the tested extracts 

inhibited the formation of fluorescent AGEs in a dose-dependent manner (Fig. 25 

ï 27A-C). The results observed for the individual extracts are detailed below. 
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4.3.1. Anti-glycation properties of P. vera shells 

Figures 25AïC illustrate the OPS-E's anti-glycation properties compared 

with those of catechin and AG. Results are reported as fluorescent AGE inhibition 

percentages (%) and IC50 values. 

 

 

Figure 25AïC. AGEs inhibitory effect of OPS-E using (A) human serum 

albumin-fructose (HSA-FRU), (B) HSA-methylglyoxal (HSA-MGO), and (C) 

arginine-methylglyoxal (Arg-MGO) reaction systems, respectively. Results are 

means Ñ SD. Different letters indicate a significant difference (p < 0.05, Tukeyôs 

test). 
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In the HSA-FRU model (Fig. 25A), mimicking all the stages of protein 

glycation, OPS-E inhibited 58.73% and 75.34% of AGEs formation at the lowest 

(0.15 mg/mL) and highest (2 mg/mL) tested concentrations, respectively, with a 

resulting IC50 of 97.3 ɛg/mL. Being a pure compound, catechin (IC50 = 75.3 

ɛg/mL) showed a higher AGEs inhibitory capacity than the OPS-E. Nonetheless, 

the OPS-E was a much more effective anti-glycation agent than a hydroalcoholic 

jabuticaba (Plinia cauliflora) peel extract (IC50 = 287ɛg/mL) in the HSA-FRU 

model [184].  

Regarding the HSA-MGO reaction system (Fig. 25B), an inhibition 

percentage of 51.3% was observed for the OPS-E (IC50 = 419.3ɛg/mL), which 

resulted a weaker methylglyoxal scavenger than catechin (IC50 = 363.3ɛg/mL; 

75.4% of inhibition). However, Camellia oleifera shells showed a lower anti-

AGEs capacity (IC50 = 641.86ɛg/mL) than the OPS-E in the HSA-MGO system 

[185].  

In the Arg-MGO system (Fig. 25C), the OPS-E inhibited the 44.37% of 

methylglyoxal-induced argpyrimidine formation at the highest tested 

concentration (2 mg/mL), suggesting a moderate activity compared to catechin 

(IC50 = 485.9ɛg/mL; 54.17% of inhibition). 

Altogether, these findings indicate a good capacity of the OPS-E in 

counteracting AGE formation in all the steps of the glycation cascade. Such an 

effect could depend on the extractôs phytoconstituents, including flavonoids and 

AAs. However, further studies are necessary to attest the contribution of single 

compounds to such a biological property. Noteworthy, the anti-glycation 

properties of AAs were for the first time investigated and reported in Chapter 6, 

Section 6.2 of the present thesis. 

 

 



103 

 

4.3.2. Anti-glycation properties of P. dulcis shells 

Figures 26AïC illustrate the anti-glycation properties of the OAS-E.  

 

Figure 26A-C. AGEs inhibitory effect of OAS-E using (A) human serum 

albumin-fructose (HSA-FRU), (B) HSA-methylglyoxal (HSA-MGO), and (C) 

arginine-methylglyoxal (Arg-MGO) reaction systems, respectively. Results are 

means Ñ SD. Different letters indicate a significant difference (p < 0.05, Tukeyôs 

test). 
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Specifically, the extract showed the highest anti-glycation capacity in the 

HSA-MGO reaction system (Fig. 26B), exhibiting an IC50 of 338.02 ɛg/mL, which 

was comparable to that of the pure compound catechin (IC50 = 363.3ɛg/mL).  

Conversely, the OAS-E resulted in a poor anti-glycation agent in the HSA-

FRU model (Fig. 26A), showing AGEs inhibition percentages of 19.91% and 

39.34% at 0.15 and 2 mg/mL, respectively. Catechin (IC50 = 75.3 ɛg/mL) exhibited 

a much higher inhibitory capacity (82.61% and 90.64%, respectively, at 0.15 and 

2 mg/mL) than the OAS-E.  

Similarly, in the Arg-MGO reaction model (Fig. 26C), the inhibitory effect 

of the OAS-E was lower than that of catechin. Even at 2 mg/mL, the extract 

showed only 23.6% of inhibition of the methylglyoxal-induced AGEs formation. 

Overall, these findings suggest that the OAS-E selectively inhibited the 

middle stage of the glycation cascade and had mild activity on the full protein 

glycation process.  
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4.3.3. Anti-glycation properties of C. avellana shells 

Figure 27AïC compares fluorescent AGEs inhibition percentages (%) and 

the IC50 values of the OHS-E with those of catechin and AG. 

 

 
Figure 27A-C. AGEs inhibitory effect of OHS-E using (A) human serum 

albumin-fructose (HSA-FRU), (B) HSA-methylglyoxal (HSA-MGO), and (C) 

arginine-methylglyoxal (Arg-MGO) reaction systems, respectively. Results are 

means Ñ SD. Different letters indicate a significant difference (p < 0.05, Tukeyôs 

test). 
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Notably, in the HSA-FRU model (Fig. 27A), the OHS-E scavenged 62.4% 

of AGEs at the lowest tested concentration (0.15 mg/mL), reaching a maximum of 

80.2% at 2 mg/mL, with an IC50 of 87.8 ɛg/mL. Although AGEs inhibitory 

efficiency of catechin was superior to OHS-E, the extract was more effective than 

the hazelnut skin extract (IC50 =109.70ɛg/mL) obtained by UAE [186].  

Concerning the HSA-MGO system (Fig. 27B), the OHS-E resulted in a 

mild methylglyoxal scavenger (IC50 = 426.6ɛg/mL) when compared to catechin 

(IC50 = 363.3ɛg/mL).  

Conversely, in the Arg-MGO system (Fig. 27C), the inhibitory effect of the 

OHS-E (IC50 = 465.5ɛg/mL) was significantly (p < 0.05) stronger than catechin 

(IC50 = 485.9ɛg/mL), suggesting its greater ability in preventing the 

methylglyoxal-induced formation of the fluorescent AGE Arg-pyrimidine [116].  

Altogether, these results indicated the ability of the OHS-E to counteract 

AGEs formation in all steps of protein glycation. Such an effect could mainly 

depend on the phenolic acids identified in the extract (Chapter 3, Section 3.4), 

including shikimic and ellagic acid, whose anti-glycation efficacy has been 

reported in previous studies [187, 188].  
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4.4. Evaluating the potential of shell extracts against skin disorders 

As previously reported in Chapter 1, Section 1.7, many studies 

highlighted the potential of phenolic compounds as natural inhibitors against 

mushroom tyrosinase [128, 131].Herein, tyrosinase inhibitory activity of the OPS-

E and OAS-E were evaluated in vitro, and compared to kojic and ascorbic acids, 

according to the procedure described in Chapter 11, Section 11.8.5. Notably, the 

anti-monophenolase activity was screened using L-tyrosine as a substrate, whereas 

the anti-diphenolase activity was tested using L-DOPA as a substrate. To the best 

of our knowledge, this is the first study assessing PS and AS as potential sources 

of tyrosinase inhibitors. Results are reported in Table 24.  

 
Table 24. Tyrosinase inhibitory efficacy of the optimized extract from pistachio 

and almond shells prepared by MAE. 

Samples 

Substrate 

L-Tyrosine L-DOPA 

IC50 (Õg/mL) IC50 (Õg/mL) 

OPS-E 116.83 Ñ 1.94a 106.39 Ñ 2.69a 

OAS-E   56.28 Ñ 1.06b   71.79 Ñ 2.33b 

Kojic acid*     2.87 Ñ 0.29c     1.89 Ñ 0.11d 

Ascorbic acid*     3.36 Ñ 0.45c     4.89 Ñ 0.17c 

IC50 values (Õg/mL) are mean Ñ SD (n = 4). Different letters in the same column indicate significant 

differences (p < 0.05, Tukeyôs test). *, reference standard. 

 

4.4.1. The anti-tyrosinase activity of P. vera shells 

Although kojic acid and ascorbic acid showed a much stronger inhibitory 

power towards tyrosinase, the OPS-E considerably inhibited the monophenolase 

(IC50 = 116.83 Õg/mL) and diphenolase (IC50 = 106.39 Õg/mL) activity of the 

enzyme (Tab. 24). Notably, an ethanolic extract from Camellia tenuifloria fruit 

shells showed a similar anti-monophenolase activity (IC50 = 112.1 Õg/mL) but a 

much lower anti-diphenolase activity (IC50 = 307 Õg/mL) compared to the OPS-E 

[189]. Similarly, a poorer anti-diphenolase activity was observed for another 

ethanolic extract from orange peel (IC50 = 255.10 Õg/mL) [190]. 
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Such an inhibitory effect of the OPS-E could be related to its phenolic 

constituents (Chapter 3, Section 3.2), including flavonoids and AAs, whose anti-

tyrosinase efficacies have been reported in previous studies. [127, 191] 

 

4.4.2. The anti-tyrosinase activity of P. dulcis shells 

A promising anti-tyrosinase activity was observed for the OAS-E. 

Notably,the extract remarkably inhibited the enzyme's monophenolase (IC50 = 

56.28 Õg/mL) and diphenolase (IC50 = 71.79 Õg/mL) activity. Although the OAS-

Eôs inhibitory activity was weaker than kojic acid and ascorbic acid (Tab. 24), it 

resulted a significantly (p < 0.05) stronger inhibitor than the OPS-E. The OAS-E 

resulted a superior tyrosinase inhibitor even compared to different extracts from 

dandelion leaves and stems (IC50 > 480 Õg/mL) reported as potential skin-care 

agents [192]. The extractôs inhibitory behaviour could be ascribed to its 

phytoconstituents (Chapter 3, Section 3.3), mainly flavonoids and lignans, whose 

anti-tyrosinase effects have been previously reported [129, 193].  
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Chapter 5 | In vitro biocompatibility studies on intestinal and 

buccal cells 

 

5.1.      Safety of the optimized shell extracts 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assays were performed as detailed in Chapter 11, Section 11.9.2 to evaluate the 

safety of the optimized shell extracts on two human intestinal (Caco-2 and HT29-

MTX) and buccal (TR146 and HSC-3) cell lines. Noteworthy, the effects of PS, 

AS, HS and WS on the viability of intestinal and buccal cells have never been 

investigated before.  

The reduction of the yellow tetrazolium salt into a purple formazan product 

by metabolically active cells provides a quantitative measure of cell viability and, 

hence, allows us to indirectly estimate the cytotoxic or cytostatic effects of an 

extract on specific cell lines [194]. As previously detailed in Chapter 1, Section 

1.9, Caco-2 and HT29-MTX have characteristics similar to the enterocytes and 

goblet cells, respectively, and are commonly used for performing MTT assays to 

estimate the effects of extracts on the intestinal environment [172, 195]. Moreover, 

TR146 and HSC-3 can simulate the normal human buccal epithelium [196] and 

were selected to evaluate the potential effects of the extracts on the oral cavity. 

Specifically, HSC-3 are non-keratinized cells firstly isolated from the human 

tongue, whereas TR146 are keratinized cells resulting from human buccal mucosa 

[171]. 
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5.2. Safety of the optimized Pistacia vera shell extract (OPS-E) 

 

5.2.1. Effects on intestinal cells 

During MTT assay, Caco-2 and HT29-MTX cell lines were exposed to 

increasing concentrations (62.5 ï 1000 mg/L) of the OPS-E that, according to 

Figure 28, led to an intestinal cell viability higher than 75%.  

 

 

Figure 28. Effects of OPS-E on the viability of Caco-2 and HT29-MTX cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 

 

Specifically, the extract did not significantly (p > 0.05) affect the viability 

of the HT29-MTX cells, achieving results around 100%. On the other hand, the 

exposure of Caco-2 cells to the highest tested concentration (1000 ɛg/mL) led to 

a significantly lower (p < 0.05) cell viability (75.93%), likely due to an increased 

sensitivity of Caco-2 cells compared to HT29-MTX, which was highlighted even 
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by other authors [172, 197]. Nevertheless, Castanea sativa Mill. shell extract 

obtained by SWE exhibited cell viabilities of 9.06% and 6.29%, respectively, for 

Caco-2 and HT29-MTX at the highest concentration tested (1000 ɛg/mL) [198]. 

Similarly, the resinous by-product from Brazilian propolis showed a significantly 

lower Caco-2 viability (< 50% at 1000 ɛg/mL) than OPS-E [172]. Noteworthy, 

this was the first study about the effects of PS on the viability of intestinal cells. 

 

5.2.2. Effects on buccal cells 

OPS-E safety on HSC3 and TR146 buccal cells was screened by MTT 

assay. Figure 29 summarizes the results obtained for both cell lines at different 

extract concentrations (62.5 ï 1000 ɛg/mL). 

 

 

Figure 29. Effects of OPS-E on the viability of TR146-2 and HSC-3 cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 
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Notably, the extract did not significantly (p > 0.05) affect the viability 

of buccal cells, which was around 100% (Figure 29). The lowest viability 

percentages were 82% and 93% for HSC-3 and TR146, respectively, and were 

obtained at the highest tested concentration (1000 ɛg/mL). These results are 

more promising than those reported by Ferreira et al. According to the authors, 

all C. sativa shell extracts obtained by SWE significantly decreased the 

viability of both HSC-3 and TR146 in a concentration-dependent manner, 

leading to values below 57% at 500 ɛg/mL [171]. Analogously to this study, 

another agricultural waste, namely Actinidia arguta leaves, did not cause any 

cytotoxic effect on HSC-3 and TR146, with cell viability values around 100% 

[199]. 

These promising results indicate that the compounds extracted from PS 

by MAE did not cause toxicity and probably they could protect buccal mucosa 

from damage. Noteworthy, this represents the first study on the effects of PS 

on buccal cells.  
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5.3. Safety of the optimized Prunus dulcis shell extract (OAS-E) 

 

5.3.1. Effects on intestinal cells 

The effects of AS on intestinal cell lines have never been investigated 

before. Therefore, Caco-2 and HT29-MTX cells were exposed to increasing 

concentrations (62.5 ï 1000 ɛg/mL) of the OAS-E, as shown in Figure 30.  

 

 

Figure 30. Effects of OAS-E on the viability of Caco-2 and HT29-MTX cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 

 

As can be noticed, the cell viability decreased in a concentration-dependent 

manner. The highest viability was achieved at 62.5 mg/mL (79% and 77% for 

HT29-MTX and Caco-2, respectively). Regarding HT29-MTX, no significant 

differences (p > 0.05) were observed in the concentration range between 125 ï 

1000 ɛg/mL, with cell viability higher than 60%. On the other hand, the exposure 

of Caco-2 cells to the highest tested concentration (1000 ɛg/mL) led to the lowest 

cell viability (25.05%). Other authors reported an increased sensitivity of Caco-2 
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cells compared to HT29-MTX [69]. According to the above-mentioned results, it 

is noteworthy to conclude that the optimal non-cytotoxic concentration for the 

OAS-E was 62.5 ɛg/mL.  

 

5.3.2. Effects on buccal cells 

According to Figure 31, the OAS-E did not cause a reduction in the 

viability of TR146, which was higher than 80% for all the tested 

concentrations (62.5 and 1000 ɛg/mL). Moreover, TR146 viability was not 

significantly (p >  0.05) different from the control at 62.5 and 125 ɛg/mL, with 

values around 90.9 and 90.8%, respectively.  

 

 
Figure 31. Effects of OAS-E on the viability of TR146-2 and HSC-3 cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 

 

A slight decrease (80%) in the TR146 viability was observed at 1000 

ɛg/mL of extract. These results indicate that no concentration promoted a 

cytotoxic effect on TR146 cells.  
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Conversely, HSC-3 cells were sensitive to the OAS-E. A decrease in 

their viability was observed in a concentration-dependent manner. The 

exposure of HSC-3 to the highest OAS-Eôs tested concentration (1000 ɛg/mL) 

led to a viability value of 45%. HSC-3 viability was not significantly (p > 

0.05) affected after exposure to a concentration of 62.5 ɛg/mL (81.7%).  

These findings provide unique insights into the effects of AS on buccal 

cells, which have never been explored before. 
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5.4. Safety of the optimized Corylus avellana shell extract (OHS-E) 

 

5.4.1. Effects on intestinal cells 

Considering the potential use of OHS-E as a new oral formulation 

ingredient, cell viability studies were performed on intestinal cell lines. 

Specifically, the results (Figure 32) showed the absence of a significant 

cytotoxicity at all the tested concentrations (62.5 ï 1000 mg/mL).  

 

 
Figure 32. Effects of OHS-E on the viability of Caco-2 and HT29-MTX cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 
 

This was the first study exploring the effects of bioactive compounds 

from HS on Caco-2 and HT29-MTX cells. Notably, the extract did not 

significantly (p > 0.05) affect the HT29-MTX viability, which was higher than 

80%. Regarding Caco-2, at 62.5, 125, and 250 µg/mL concentrations, cell viability 

was 86.6%, 89.11%, and 83.3%, respectively. However, at a concentration of 1000 

µg/mL, cell viability was significantly (p < 0.05) different (73%).  
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Considering these results, it is noteworthy to conclude that the exposure of 

both cell lines to increasing concentrations of the OHS-E led to an intestinal cell 

viability higher than 73% and that the extract can be considered safe. Similar 

results were showed previously for the OPS-E (Section 5.2.1 of the present 

Chapter). 

 

5.4.2. Effects on buccal cells 

HSC-3 and TR146 cell lines were selected to screen the potential 

cytotoxicity or safety of the OHS-E in the oral cavity. The effects of HS on 

buccal cells have never been investigated before. According to Figure 33, the 

extract did not significantly (p > 0.05) affect the TR146 viability at any of the 

tested concentrations (62.5 ï 1000 mg/mL), presenting viabilities between 

97.33% and 88.52%.  

 

 
Figure 33. Effects of OHS-E on the viability of TR146-2 and HSC-3 cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 
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Concerning the HSC-3 cells, the values ranged between 93.88% and 

54.37% after exposure to 62.5 and 1000 µg/mL of extract, respectively. These 

results indicated, for the first time, that HSC-3 cells were more sensitive to the 

OHS-E than TR146. Based on the results, the optimal non-cytotoxic 

concentration for the OHS-E was 500 ɛg/mL.  
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5.5. Safety of the optimized Juglans regia shell extract (OWS-E) 

 

5.5.1. Effects on intestinal cells 

Although MAE was already employed to recover polyphenols from WS 

[200], the effects of the resulting extracts on the intestinal cells' viability were 

not previously studied. According to Figure 34, the HT29-MTX viability was 

close to 100% after exposure to 62.5 ï 1000 ɛg/mL of the OWS. A slight 

decrease in HT29-MTX viability (79%) was observed in the presence of 1000 

ɛg/mL of extract. Nevertheless, no significant differences (p > 0.05) in HT29-

MTX viability were observed for any tested concentrations. These results 

indicate that no concentration promoted a cytotoxic effect on HT29-MTX 

cells. 

 

 
Figure 34. Effects of OWS-E on the viability of Caco-2 and HT29-MTX cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 
 

Regarding Caco-2, the viability decreased in a concentration-dependent 

manner. This last was close to 100% only at 62.5 ɛg/mL, while the exposure 
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to the highest tested concentration (1000 ɛg/mL) led to its significant (p < 

0.05) decrease (63.2%). According to these findings, the optimal not cytotoxic 

OWSôE concentration was 62.5 ɛg/mL. 

 

5.5.2. Effects on buccal cells 

Considering the potential application of the OWS-E in an oral 

formulation, it is essential to assess its safety even on HSC-3 and TR146 

buccal cell lines. According to Figure 35, the extract did not significantly (p 

> 0.05) affect the TR146 viability at any of the tested concentrations (62.5 ï 

1000 mg/mL), presenting viabilities around 100%. However, for the HSC-3 

cells, the viability ranged between 87.82% and 47.88% after exposure to 62.5 

and 1000 µg/mL of extract, respectively. These results were comparable with 

that observed for the OAS-E (Section 5.3.2 of the present Chapter). Moreover, 

this represents the first study on the effects of WS on buccal cells. 

 

 
Figure 35. Effects of OWS-E on the viability of TR146-2 and HSC-3 cell 

lines. The results (n = 4) are reported as mean ± SD of two independent 

experiments. Different letters (a, b) indicate significant differences (Tukeyôs 

test, p < 0.05) compared with control. 
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Chapter 6 | Therapeutic potential of anacardic acids in type 2 

diabetes 

 

6.1. Anacardic acids: new therapeutical ingredients against hyperglycemia 

and protein glycation 

AAs, also known as ginkgolic acids, are a class of long-chain alkyl phenols 

that occur naturally in mostly Anacardiaceae family and, in particular, in cashew 

(Anacardium occidentale) nut shell liquid (CNSL) and in root bark of Ozoroa 

insignis [159, 201]. Recently, AAs have been reported in Syzygium samarangense 

leaves [162], and Ginkgo biloba leaves [202]. In this thesis, AAs have been 

detected, for the first time, among the main constituents of Pistacia vera, and 

Juglans regia L. shell extracts (Chapter 3, Sections 3.2 and 3.5).  

These compounds possess distinctive structures characterized by a 

salicylic acid moiety substituted with a hydrophobic side chain, which varies in 

length and degree of unsaturation. Emerging findings suggested that AAs could 

constitute potential drug candidates for the treatment of multiple pathological 

disorders, including acute respiratory distress syndrome [203], oxidative stress 

[204], bacterial and fungal infections [159, 160], cancer [160], inflammation, and 

pain [205]. Additionally, AAs have been shown to strongly inhibit target proteins 

such as histone acetyltransferase [160], lipoxygenase 1 [206], xanthine oxidase 

[207], and tyrosinase [208].  

AAs-rich extracts from Pistacia vera L. hulls [209], Syzygium 

samarangense leaves [162], as well as from the OPS-E and OWS-E, have 

demonstrated Ŭ-GLU inhibitory activity (Chapter 4, Sections 4.2.1 and 4.2.4), 

suggesting that the therapeutic potential of AAs could be extended to metabolic 

disorders such as T2DM. Furthermore, AAs could be responsible even for the 

strong Ŭ-AMY inhibitory efficacy and anti-glycation properties of the OPS-E 

(Chapter 4, Section 4.3.1).  
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Despite the available records on AAs bioactivities are promising, studies 

regarding their inhibitory effect on a-AMY are needed, with only preliminary data 

available on the a-GLU inhibitory potential of some AAs and derivatives [161, 

162]. Additionally, no studies are available on a-GLU/AMY kinetic of inhibition 

and their potential anti-glycation properties. 

The present Chapter seeks to fully elucidate the inhibitory behaviour of 

(15:0)-AA (1) and (17:1)-AA (2) (Figure 36) on a-AMY and a-GLU, as well as 

on AGEs formation, addressing the lack of a direct correlation between the 

hypoglycaemic and anti-glycation effects displayed by AAs-containing extracts 

and the activity of individual AAs. By employing experimental multi-

spectroscopic techniques and in silico experiments, crucial insights into AAs 

mechanism of action at the molecular-protein level were provided, setting the 

stage for the potential application of such a class of alkyl phenols in managing 

T2DM and its complications caused by altered glycated proteins.  

 

 
Figure 36. Chemical structures of (15:0) anacardic acid (1) and (17:1) anacardic 

acid (2). 
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6.2. Anti-glycation properties of anacardic acids 

For the first time, AAs 1 and 2 were screened as potential anti-glycation 

agents (Figure 37AïC).  

 

 

Figure 37A-C. AGEs inhibitory effect of (15:0)-AA (1) and (17:1)-AA (2) using 

(A) human serum albumin-fructose (HSA-FRU), (B) HSA-methylglyoxal (HSA-

MGO) and (C) arginine-methylglyoxal (Arg-MGO) reaction systems, 

respectively. Results are means Ñ SD. Different letters indicate a significant 

difference (p < 0.05, Tukeyôs test). 
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All the results were compared with those of catechin, whose inhibitory 

efficacy towards AGE formation has been previously reported [116, 183]. AG was 

tested as a positive control as well. As expected, this latest showed the highest anti-

glycation activity, hence attesting the suitability of all the employed reaction 

systems [116]. According to Figure 37AïC, both AAs 1 and 2 strongly inhibited 

fluorescent AGEs formation in a concentration-dependent manner. 

Considering the HSA-FRU reaction system (Fig. 37A), the inhibitory 

capacity of both AAs 1 and 2 was not significantly different (p > 0.05) from that 

of the pure compound catechin (IC50 = 75.3ɛg/mL), as highlighted by their IC50 

values of 75.6 ɛg/mL and 77.2 ɛg/mL, respectively. Furthermore, compared to AG 

and catechin, AAs 1 and 2 more gradually inhibited AGEs formation, with 

inhibition percentages ranging from 27.68 % to 79.28 % for AA 1, and from 31.87 

% to 82.27 % for AA 2, respectively, at 0.15 mg/mL and 2 mg/mL. 

As shown in Fig. 37B, both AAs acted as exceptional methylglyoxal 

scavengers with inhibition percentages higher than 79.57 % even at the lowest 

tested concentration. Moreover, the inhibitory efficacy of AAs 1 (IC50 = 126.3 

ɛg/mL) and 2 (IC50 = 144.2 ɛg/mL) towards AGEs formation was significantly (p 

> 0.05) higher than that of catechin (IC50 = 363.3 ɛg/mL) and almost comparable 

to that of AG (IC50 = 71.06 ɛg/mL) in this reaction model. 

Similarly, in the Arg-MGO reaction system (Fig. 37C), AAs 1 (IC50 = 243.6 

ɛg/mL) and 2 (IC50 = 245.1 ɛg/mL) acted as significantly (p > 0.05) more efficient 

inhibitors of Arg-pyrimidine formation compared to catechin (IC50 = 485.9 

ɛg/mL).  

Altogether, these results highlighted, for the first time, the important 

biological role of AAs in preventing AGEs-induced damages responsible for 

T2DM complications, promisingly suggesting them as new potential therapeutic 

tools.  
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6.3. In vitro inhibitory behaviour of anacardic acids towards metabolic 

enzymes  

AAs 1 and 2 were tested as new potential natural inhibitors of both a-GLU 

and a-AMY, following the methods described in Chapter 11, Section 11.8. The 

possible administration of AAs to diabetic patients was first considered by 

Toyomizu et al., who reported preliminary data on the a-GLU inhibitory activity 

of some 6-alkylsalicylic acids isolated from CNLS (Anarcardium occidentale) 

[161]. No studies have been performed on the potential inhibitory behaviour of 

such alkyl phenols towards a-AMY . Hence, spectrophotometric assays were 

conducted according to well-established procedures [210, 211] detailed in 

Chapter 11, employing the anti-diabetic drug acarbose as a positive control. 

Results on a-GLU and a-AMY  inhibitory activity of AAs 1 and 2 are shown in 

Table 25. The inhibitory efficacy was expressed as the concentration (µM) 

inhibiting 50% of the enzyme activity (IC50); therefore, results were analysed 

considering that the lower the IC50 values, the higher the inhibitory activity. 

 
Table 25. Inhibitory capacity of AAs 1 and 2 towards a-amylase (a-AMY) and 

a-glucosidase (a-GLU) compared to acarbose (positive control). 

Hypoglycemic properties 

 
a-AMY   

IC50 (ɛM) 

a-GLU  

IC50 (ɛM) 

1   7.46 ± 0.49b  13.21 ± 0.68c 

2   6.36 ± 1.14b    9.42 ± 0.83b 

Acarbose 27.68 ± 0.73a 225.10 ± 7.81a 

Results are means ± SD (n = 3). IC50 is the concentration required to 

inhibit 50% of enzymatic activity. Different letters in the same column 

indicate significant differences (Tukeyôs test, p < 0.05). 

 

According to Table 25, both tested compounds strongly inhibited a-GLU, 

in line with previous findings on 6-alkylsalicylic acids and derivatives [161, 162]. 

Specifically, AA 2, with an IC50 of 9.42, was found to be significantly (p < 0.05) 
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more active than AA 1 (IC50 of 13.21 µM). Moreover, both tested AAs showed a 

significantly (p < 0.05) higher a-GLU inhibitory activity than the one of acarbose 

(IC50 = 225.10 µM). However, I found a slightly higher IC50 value for AA 1 

compared to the one reported by Toyomizu et al. for the same compound (IC50 = 

1.1 µM) [161]. Concerning a-AMY , AAs 1 and 2 exhibited similar IC50 values of 

7.46 µM and 6.36 µM, respectively, indicating a powerful inhibitory effect (Tab. 

25). Besides, results showed both AAs as significantly (p < 0.05) more effective 

a-AMY  inhibitors than acarbose (IC50 = 27.68).  

Overall, these findings propose AAs as new candidates form diabetes 

management through the inhibition of metabolic enzymes. Hence, computational 

studies, kinetics, and fluorescence measurements were carried out to estimate their 

affinity and the inhibition mechanism towards a-AMY and a-GLU. Results are 

discussed in the following. 

 

6.4. Molecular modelling  

In this investigation, molecular docking was employed to reveal the 

affinity, also in relation to the bioassays, of the tested AAs 15:0 (1; X) and 17:1 

(2; Y) against a-GLU and a-AMY catalytic sites. The output poses were carefully 

analysed in collaboration with the Biomolecular Chemistry Institute (ICB) of 

National Research Council (CNR) Catania,  

The binding energies measured and the interactions between ligands and 

enzymes are reported in Table 26 and 27. Acarbose was employed as a positive 

control to validate the models; the same compounds were also used for the in vitro 

assays. The computational experiments were acquired by employing Glide Ligand 

Docking and the 3D protein models were downloaded from PDB (Protein Data 

Bank) and AlphaFold data bank (Chapter 11, Section 11.11).
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Table 26. Binding energies (ȹGbind) and list of molecular interactions and residues 

interacting with (15:0)-AA (1) and (17:1)-AA (2) within the a-glucosidase (a-

GLU) catalytic site. 

Ligands Glide calcd ȹGbind Interacting residues Interaction Distance (Å) 

1 -4.40 Kcal/mol    

     

C=O (-

COOH) 
 Lys155 H-bond 1.95 

OH (-COOH)  Lys155 salt bridge 3.34 

aromatic ring  Hie239 
ˊ ï ˊ 

stacking 
5.19 

C=O (-

COOH) 
 Hie239 

aromatic H 

bond 
3.15 

OH (-COOH)  Phe311 
aromatic H 

bond 
3.62 

     

2 -4.35 Kcal/mol    

     

OH (-COOH)  Hip279 Salt bridge 2.81 

OH (-COOH)  Hip279 H-bond 2.09 

C=O (-

COOH) 
 Hip279 

aromatic H 

bond 
3.25 

Acarbose -7.09 Kcal/mol    

 

Table 27. Binding energies (ȹGbind) and list of molecular interactions and residues 

interacting with (15:0)-AA (1) and (17:1)-AA (2) within the a-amylase (a-AMY) 

catalytic site. 

Ligands Glide calcd ȹGbind Interacting residues Interaction Distance (Å) 

1 -4.66 Kcal/mol    

     

OH (-COOH)  Thr52 H-bond 2.32 

OH (-COOH)  Asn53 H-bond 1.95 

OH (C-2)  Val50 H-bond 2.33 

     

2 -5.04 Kcal/mol    

     

OH (-COOH)  Thr52 H-bond 2.35 

OH (-COOH)  Asn53 H-bond 1.96 

OH (C-2)  Val50 H-bond 2.33 

Acarbose -6.70 Kcal/mol    



128 

The composition of a-GLU and a-AMY binding sites in terms of 

interacting residues was previously reported by us [211]. Figure 38 shows the 

molecular surface models of a-GLU (cherry wood) and a-AMY (faded red-

orange) with the natural ligands overlapping within the binding sites and suggests 

good compatibility in shape and size for the hydrophobic pocket. A good 

perspective on the affinity for the catalytic sites was also provided by the binding 

energy outcomes, which included values ranging from -4.62 and -4.35 Kcal/mol 

for a-GLU, and -5.04 and -4.66 Kcal/mol for a-AMY. A meticulous visual 

inspection of the poses obtained from docking was carried out to define how the 

ligands (X, Y) coordinate with the binding site of each protein evaluated in this 

study, thus exerting an enzymatic inhibition action. 

 

 
Figure 38. Binding site surface of ligands (X, Y) into the binding pocket: a-

glucosidase: cherry wood, a-amylase: faded red-orange, (15:0)-AA (1): faded 

orange, (17:1)-AA (2): teal. 

 
In general, ligands can interact by forming non-covalent interactions 

through the aromatic portion of their molecular structure, which includes a 

phenolic OH substituent at C-2 and an acidic group at C-1. Further, the aliphatic 

chain seems to stabilize due to the hydrophobic effect. In detail, as shown in 

Figure 39, (15:0)-AA (1; X) fits inside the catalytic pocket of a-GLU with which 

it coordinates through five non-covalent interactions involving the amino acids 
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Lys155, Hie239 and Phe311, hence allowing the formation of a ligand-protein 

complex with an affinity energy of -4.62 Kcal/mol (IC50 of 13.21 µM, Tab. 25). 

With the positively charged Lys155, compound 1 establishes a salt bridge (bond 

length: 3.39 Å) and a hydrogen bond (bond length: 1.96 Å) involving, in both 

cases, the acid group in position C-1. A ˊ ï ́  stacking interaction between the 

aromatic ring and Hie239 (bond length: 5.19 Å) was observed as well (Tab. 26). 

Finally, two aromatic hydrogen bonds were detected between the acidic COOH 

group and the residues Hie239 (bond length: 3.09 Å) and Phe311 (bond length: 

3.48 Å); these unconventional H-bonds are attributed to a strength of 3 Kcal/mol 

(1 cal = 4.184 J) that is estimated to be approximately half that of conventional 

ones [211].  

 

 
Figure 39. (15:0)-anacardic acid (1) (faded orange) and (17:1)-anacardic acid (2) 

(teal) into a-GLU binding site and 2D interaction diagram of a) (15:0)-AA (1) 

and b) (17:1)-AA (2). 

 

Compound 2, probably due to the greater length of the aliphatic chain, has 

an orientation that allows it to interact with the opposite part of the cavity, 

establishing a salt bridge (bond length: 2.81 Å), a hydrogen bond (bond length: 

2.09 Å) and an aromatic hydrogen bond (bond length: 3.25 Å) with Hip279 and 

forming a ligand-a-GLU complex with an energy affinity of -4.35 Kcal/mol (Tab. 

a

b
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26). Based on molecular modelling, the two natural ligands seem to promise good 

enzymatic inhibition, also confirmed by bioassays from which IC50 values 

between 9.42 and 13.21 µM were obtained, which are much higher than those of 

acarbose used as a positive control (Tab. 25).  

Results are also promising in the case of a-AMY, for which æG values of 

-4.66 and -5.04 Kcal/mol were obtained for compound 1 and 2, respectively (Tab. 

27). Visual inspection allowed us to see that the ligands are well accommodated 

in the hydrophobic cavity of a-AMY, simulating a lock key fitting in which the 

olefin chain penetrates a deeper portion of the protein due to the hydrophobic 

effect and the aromatic head accommodates a hollow portion further on the 

surface, taking on an overall shape similar to an open hairpin (Figure 40). Besides, 

Figure 40 shows that (15:0)-AA (1) can establish three hydrogen bonds with the 

amino acid residues of the cavity Thr52, Asn53 and Val50.  

 

 
Figure 40. (15:0)-anacardic acid (1) (faded orange) and (17:1)-anacardic acid (2) 

(teal) into a-amylase binding site and 2D interaction diagram of a) (15:0)-AA (1) 

and b) (17:1)-AA (2). 
 

a

b






























































































































































































































































































































