
Dottorato in Biologia  

36° Ciclo 

Università degli Studi di Napoli Federico II 

 

 

 

 

 

AN INSIGHT INTO THE ECO-FRIENDLY 

VALORIZATION OF LIGNOCELLULOSIC 

BIOMASS 

 

 

Flora Salzano 
 
 
 
 

Anno Accademico 2022-2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Dottorato di ricerca in Biologia  

XXXVI Ciclo 

Università degli Studi di Napoli Federico II 

 

 

 

 

 

AN INSIGHT INTO THE ECO-FRIENDLY 

VALORIZATION OF LIGNOCELLULOSIC 

BIOMASS 

 

 

Dottoranda: Flora Salzano 
Relatore: Prof. Danila Limauro 
Coordinatore: Prof. Sergio Esposito 
 

Anno Accademico 2022-2023 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

               “Climbing the same mountain you're not getting higher you're 

running after yourself, and you can't let go. 

Hiding in that place you don't wanna be you push happiness so 

far away, but it comes back to give you all that you've given 

before to love you the way that you do, like a mirror.  

Look in the air 'n catch that boomerang can't fall 

anywhere else but in your own hand.” 
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Abstract 
The transition from fossil-based economies to a circular bioeconomy is necessary 
to mitigate climate change by adopting more sustainable strategies. Replacing 
fossil resources and reducing greenhouse gas emissions is possible by biorefining 
renewable lignocellulosic biomass into biofuels and high-value products. In this 
context, thermophilic microorganisms have evolved to colonize extreme 
environments on Earth, and their thermozymes are regarded as powerful and eco-
friendly tools in biorefinery to promote biomass valorization. They help maintain 
high operating temperatures that are associated with higher yields of 
lignocellulose transformation. Therefore, the research of new thermophilic 
enzymes that act on the carbohydrate matrix of biomass is needed to make the 
enzymatic process cost-competitive, reduce the enzyme load dosage, improve 
substrate and product solubility, and minimize the risk of microbial 
contaminations. 
The first section of my doctoral project focuses on the characterization of two 
novel hemicellulolytic enzymes from the thermo-acidophilic bacterium 
Alicyclobacillus mali FL18, isolated from a hot spring of Pisciarelli, near Naples, 
Italy. The genome of A. mali FL18 was sequenced and annotated using the NCBI 
and RAST database [1]. Among several glycosyl hydrolases (GHs) retrieved 
from the genome, we selected a b-xylosidase (AmbXyl) annotated as GH3 and 
an endo-b-1,4-xylanase (AmXyn) annotated as GH10. The synthetic genes were 
cloned into pET-30 (a+) expression vectors and the two enzymes were produced 
recombinantly in Escherichia coli BL21 (DE3) RIL strain and subsequently 
biochemically characterized.  
AmbXyl showed a dimeric structure and an optimal catalytic activity at 80 °C 
and pH 5.6. It exhibited not only an excellent tolerance to organic solvents 
DMSO, ethanol, and methanol and monosaccharides xylose, arabinose, and 
glucose, but was also activated by 0.75 M xylose and up to 1.5 M by both 
arabinose and glucose. With the aim of developing a new enzymatic cocktail 
acting on hemicellulose, the recombinant AmXyn was also biochemically 
characterized. Molecular exclusion chromatography coupled with light scattering 
showed a monomeric structure of the protein with a molecular weight of ~ 40 
kDa. The enzyme displayed peculiar biochemical properties like an optimal 
hydrolytic activity at 80 °C and pH 6.6, a good thermostability at 60 °C, and a 
high catalytic efficiency on beechwood xylan, compared to other thermophilic 
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xylanases. AmXyn hydrolyzed exclusively xylan and not cellulose, that makes it 
very suitable in the paper and pulp industry for bio-bleaching process. 
The two enzymes from the same microorganism shared optimal activity at similar 
pH and temperature and a good stability at 60 °C and were used to develop a new 
cocktail for xylan hydrolysis. They exhibited a high degree of synergy in both 
sequential and simultaneous assays at 60 °C. According to TLC and HPAEC-
PAD analyses, the combination of AmXyn and AmbXyl resulted in the complete 
degradation of xylan to xylose, with a conversion yield of 22.62 %. With the aim 
of valorizing lignocellulosic wastes as sources of fermentable sugars, AmXyn and 
AmbXyl were assayed on ultrasound-treated wheat bran (WB), showing a 
conversion yield into xylose of 91.56 %. The results obtained demonstrated the 
capability of these enzymes to degrade xylan substrates into fermentable sugars, 
important feedstocks in food, biofuel, and biochemical production. 
The second section of this thesis concerns the assessment of antioxidant, 
antimicrobial and antiproliferative properties of selected agri-food residues after 
an enzyme-assisted extraction (EAE) method. Different associations of 
commercial enzyme cocktails from Novozyme were employed for the hydrolysis 
of spent coffee grounds (SCGs), sunflower and citrus wastes: Viscozyme L (V), 
Cellulase (C) and V + C. SCGs extract showed the highest total phenolic content 
(TPC) (~ 30.00 mg GAE/g biomass) in all the enzymatic conditions, followed by 
sunflower and citrus extracts (~ 20 and ~ 15 mg GAE/g biomass). In accordance 
with TPC, DPPH and ABTS results indicated that SCGs and sunflower have the 
highest antioxidant capacity in all the enzymatic conditions, compared to citrus 
extract. On the other hand, DNS assay was performed to measure the reducing 
sugar content of each extract, and the most favourable outcome was achieved 
from the citrus subjected to V + C treatment (~ 400 mg reducing sugars/g 
biomass). Studies of the antimicrobial effect on different microorganisms 
highlighted that citrus extract obtained through V + C combined treatment was 
the most promising, reducing the development of microbial biofilms at the sub-
MIC concentration of 2.5 mg/mL. It reached up to 65 % inhibition for Klebsiella 
pneumoniae and up to 50 % for Staphilococcus aureus, Candida albicans, and 
Candida parapsilopsis. Lastly, the antiproliferative effect of all residue extracts 
was assessed on human dermal fibroblasts (HDF). Based on preliminary results, 
the citrus extract obtained through V + C treatment did not affect HDF viability. 
Further experiments are underway to assess its antiproliferative effect on 
metastatic melanoma cells (WM266).  
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1.1 Lignocellulosic residues as raw material for biorefinery  
The effects of climate change depend on the enhancement of greenhouse gas 
emissions and the utilization of fossil fuels, which still support 84 % of energy 
demand [1]. Promising alternative strategies that can promote the transition 
toward a circular economy include the utilization of lignocellulosic biomass [2], 
that can be exploited in biorefineries for food, biofuel, and biochemical 
production [2,3]. The first-generation biorefinery that exclusively utilizes 
biomass, particularly food crops, to produce biofuels [4] was succeeded by the 
second-generation biorefinery that relies on the production of value-added 
chemicals from industrial and domestic lignocellulosic wastes [5].  
Lignocellulose is the main component of cell wall of plants, a complex structure 
composed of different layers: primary cell wall, secondary cell wall and middle 
lamella [6] (Figure 1). The secondary cell wall is formed only in some plants, and 
it is located between the primary cell wall and the plasma membrane only after 
the cell wall has stopped growing, resulting in increased rigidity [7]. A typical 
lignocellulosic biomass is composed of cellulose (40-60 %), hemicellulose (20-
40 %), lignin (up to 25 %), as well as minor amounts of organic and inorganic 
constituents [8,9]. In general, cellulose and hemicellulose constitute the chief 
source of fermentable sugars, while lignin is devoid of sugar.  

 
Figure 1. The structure and composition of the cell wall plants. 

 
1.1.1 Cellulose  
Cellulose, the most abundant biopolymer on Earth, is a linear polysaccharide 
composed of D-glucose subunits linked together by b-1,4-glycosidic bonds, 
which results in the formation of cellobiose, a glucose dimer (Figure 2). 
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Amorphous and crystalline regions are present in natural cellulose [10]. The latter 
are characterized by polymeric subunits bound by hydrogen bonds to form 
microfibrils that are insoluble in water and difficult to hydrolyze. Conversely, 
amorphous regions are less compact and easier to access [11]. Generally, 
hardwood biomass, such as mahogany, walnut, and birch, tends to have a higher 
cellulose content than softwood, like pine and larch [12].  
 

 
Figure 2. The smallest repeating unit, cellobiose, of the chemical structure of 

cellulose. 
 
1.1.2 Hemicellulose 
Hemicellulose is more structurally varied than cellulose and is more prevalent in 
agricultural biomass and softwood than in hardwood [12]. It consists of xylan, 
mannan, galactan, 4-O-methyl-glucuronoxylan, galactoglucomannan and 
arabinan polymers, including pentoses (C5) and hexoses (C6) sugars and organic 
acid substituents [9]. Among these, xylan and glucomannan are the most 
abundant polymers, while arabinan, mixed-linked glucan, and xyloglucan are less 
common [11]. They can also be covalently linked to lignin matrix to form lignin 
carbohydrate complexes (LCC), which increase the recalcitrance and rigidity of 
plant cell walls [13].  
Xylan is the primary type of hemicellulose and accounts for around one-third of 
the total amount of renewable organic carbon in nature [14]. It consists of a main 
chain of b-1,4-linked xylosyl residues [15] with various substituents, such as 
arabinose, glucuronic acid, and acetyl [15] (Figure 3). Thus, the main sub-
categories of xylan are homoxylan, arabinoxylan, glucuronoxylan, and 
arabinoglucuronoxylans (Figure 3).  
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Figure 3. The main classes of xylan: arabinoxylan, glucuronoxylan, and 
arabinoglucuronoxylan. 

 
1.1.3 Lignin 
Lignin is the third major component of the plant cell wall. It consists of 
phenylpropane building blocks, including guaiacyl propanol, syringyl propanol, 
and p-hydroxyphenyl propanol, and it is also bound to side groups of 
hemicellulose and cellulose fibers [16–18]. Lignin content is higher in both 
hardwood and softwood biomass than in agricultural residues and herbaceous 
plants [12]. Softwood features a high percentage of guaiacyl propanol; hardwood 
has a shared composition of guaiacyl propanol and syringyl propanol. 
Herbaceous wood contains guaiacyl propanol and a smaller quantity of p-
hydroxyphenyl propanol [2,19]. Based on the different composition and content 
of lignin units, the most suitable pretreatment is selected to achieve a high 
conversion rate into value-added products.  
 
1.2 Bioconversion of lignocellulosic residues 
Bioconversion of lignocellulosic biomass consists of three steps: i) pretreatment, 
ii) saccharification, and iii) fermentation [3,20].  
Pretreatment is a key step in disrupting the stiff and reticulated structure of 
biomass to ensure saccharification and fermentation processes [21–23].The 
optimal pretreatment involves delignifying biomass without altering the native 
lignin structure, consuming low energy, reducing cellulose crystallinity, avoiding 
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the production of enzyme inhibitors, and using environmentally friendly 
chemicals. Several techniques have been explored and can be classified into 
physical, chemical, and physico-chemical techniques [21,24].  
Conventional chemical pretreatments are generally detrimental to the 
environment and the activity of value-added products. They are performed using 
acids like sulphuric acid, acetic acid, and phosphoric acid [25]; alkali catalysts 
such as potassium hydroxide, sodium hydroxide, ammonium hydroxide, and 
calcium hydroxide [26]; or organic solvents such as methanol, ethanol, ethylene 
glycol, and acetone [27]. Typically, higher temperatures (> 200 °C) are employed 
with dilute acid (0.1 %) and lower temperatures (< 50 °C) with concentrated acid 
(30-70 %) [28]; however, inhibitors are produced in both cases [21]. Although 
they increase enzyme accessibility to cellulose and hemicellulose, pretreatments 
with alkali and organic solvents also have several drawbacks. The first method 
demands longer reaction times and is ineffective on biomass with a high lignin 
content [29]. The latter is associated with high cost, volatility, flammability, and 
difficulty in the recovery [21].  
Physical pretreatments include microwave irradiations which produce explosions 
within the treated material, resulting in swelling and fragmentation of 
lignocellulosic components [30]. Although these facilitate shorter enzymatic 
reaction times and higher end-product yields [31], they also necessitate high 
energy consumption and operational costs [21]. Other methods, such as ammonia 
fibre explosion [32], steam explosion [33], and hot water [34] have been carried 
out to expose carbohydrates for the downstream hydrolysis. 
Ultrasound-assisted extraction (UAE) has emerged as an efficient, eco-friendly, 
and clean way to physically treat biomass in recent years, bypassing harsh 
chemical methods. Ultrasonic instruments emit mechanical-acoustic waves at 
frequencies ranging from 20 kHz to 500 MHz [35]. These generate radical 
reactions that break glycosidic bonds in the biomass [36] and cause the implosion 
of microbubbles at high pressure and temperature, which accelerate the reactions 
[35]. Ultrasonic frequencies of 20-50 kHz have been reported to increase the 
porosity of cellulose fibers and induce lignin separation from lignocellulosic 
matrix [37]. They can also be combined with new solvents, such as ionic liquids 
(ILs) (Figure 4) or deep eutectic solvents (DESs), to shorten the impulse time and 
make enzymatic attack easier. However, the recovery and recycling of these 
solvents have not been thoroughly studied [38].  
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Figure 4. Scanning electron microscopy (SEM) of untreated wheat straw (A), 
IL-UAE pretreaated at RT for 15 min (B), and 30 min (C), IL-UAE pretreated 
at 130 °C for 15 min (D), and 30 min (E).  

 
After pretreatment there are four methods of bioconversion: i) SHF, in which 
saccharification and fermentation are performed separately; ii) SSF and SSFC, in 
which the two processes are carried out simultaneously (SSF refers to 
fermentation of hexoses only, SSFC of pentoses and hexoses); iii) CBP, in which 
a single organism is employed to produce the hydrolytic enzymes and perform 
fermentation [12].  
 
1.2.1 Lignocellulose degrading enzymes: saccharification process 
Once lignin has been removed and the cell walls have been affected by 
pretreatments, carbohydrates become more readily accessible for enzymatic 
saccharification to convert into C5 and C6 sugars [39]. The enzymes responsible 
for working on carbohydrates in plant biomass are known as carbohydrate-active 
enzymes (CAZymes). According to the CAZymes database (CAZy – 
www.cazy.org), they have been classified into 6 families based on amino acid 
sequence similarities: glycoside hydrolases (GHs), glycosyltransferases (GTs), 
polysaccharide lyases (PLs), carbohydrate esterases (CEs), carbohydrate-binding 
modules (CBMs), and auxiliary activities (AAs) [39]. This thesis focuses on 
GHs, also known as glycosidases, which are currently grouped into 180 families 
[12] and are widely distributed in fungi, bacteria, and some archaea [40]. Notably, 
those from thermophilic microorganisms have gained major attention since they 
are active and stable at high operating temperatures [41]. GHs hydrolyze the 

A B C 

D E 

http://www.cazy.org/
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glycosidic bonds of two carbohydrates or a carbohydrate and another moiety. 
They are distinguished in exo- and endo- glycosidases depending on the position 
of the glycosidic bond and a- and b-glycosidases based on the stereospecificity 
of the substrate’s anomeric carbon [42]. Lastly, the retaining or inverting action 
mechanisms are also used to classify them. Two amino acids are involved in these 
processes, one to act as a proton donor for the hydrolysis of glycosidic bonds, 
maintaining or reversing the anomeric atom configuration, and another to 
stabilize the charge [43,44].  

 
1.2.2 Factors affecting enzymatic saccharification of lignocellulose 
The conversion yield of lignocellulosic biomass into fermentable sugars can be 
affected by other factors besides the temperature, pH, and the choice of 
pretreatment method, which are essential for enzyme activity [39]. Hydrolysis 
time, enzyme loading, substrate concentration, and surfactants are also 
parameters that govern the effectiveness of enzymatic saccharification [45,46].  
The minimization of hydrolysis time has been suggested to lower the overall cost 
of industrial processes and avoid the formation of inhibitory compounds such as 
acetic acid and furfural [39]. For industrial applications, higher substrate 
concentrations (in the range of 2.5-10 % w/v) are preferred to achieve a higher 
final concentration of fermentable sugars for downstream fermentation [47]. 
However, with high substrate loadings, the suspension is more viscous, and it 
becomes harder for the substrate to access the active site of enzymes [48]. 
Another issue related to the high substrate loading is enzymatic inhibition by end-
products, which occurs after the release of sugars during saccharification [49,50]. 
A strategy to overcome this challenge could be to use of enzymes that are highly 
monosaccharide tolerant.  
Moreover, low enzyme-loading rates are preferred to reduce bioconversion costs, 
which still pose a significant bottleneck to their practical deployment in the 
industrial field. The optimal enzyme loading is determined by the substrate’s 
composition and the pretreatment method chosen [39]. Biomasses with a high 
lignin content may need a higher enzyme amount, as some of it can bind to the 
lignin surface [51,52]. In this regard, surfactants can prevent unproductive 
enzyme binding by attaching to lignin through hydrophobic interactions and 
competing with the free enzyme [53]. Therefore, the research of new enzymes 
tolerant to surfactants is also needed to lower the cost of many industrial 
processes.  
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1.2.3 Cellulose degrading enzymes 
Cellulose degradation involves three different groups of GHs (Figure 5). The 
endo-b-1,4-glucanase (EC 3.2.1.74) randomly cleaves the internal b-1,4-linked 
glycosidic bonds and is distributed in 12 GH families (GH 5, 9, 12, 16, 17, 26, 
44, 45, 48, 51, 74, 124) [44]. The cellobiohydrolase (EC 3.2.1.91), which 
hydrolyzes the reducing or non-reducing ends of polysaccharides, thus releasing 
cellobiose from chains, and is mainly distributed in GH 1, 3, 5, 6, 7, 9, 39, and 
51 families [44]. Lastly, the b-glucosidase (EC 3.2.1.21) cleaves the non-
reducing ends of cellobiose units into glucose and is distributed in GH 1, 2, 3, 5, 
30, 39, and 116 families [44].  
 

 
Figure 5. Schematic illustration of cellulose enzymatic degradation.  

 
1.2.4 Hemicellulose (xylan) degrading enzymes 
Hemicellulose is a complex and heterogeneous polysaccharide; thus, its 
degradation requires a full array of hydrolases with different substrate 
specificities. In this study only xylan-degrading enzymes are described, being 
more in line with the purpose of this thesis. Hydrolysis of xylan is mainly 
catalyzed by endo-b-1,4-xylanase (EC 3.2.1.8) and b-xylosidase (EC 3.2.1.37), 
which act to depolymerize xylan backbone into smaller xylo-oligosaccharides 
(XOS) and further convert them into xylose, respectively [44,54]. According to 
CAZy database xylanases are found in GH 5, 6, 8, 10, 11, 26, 30, 43, 51, 98 and 
141 families and those mostly characterized belong to GH 10 and 11 families. b-
xylosidases are found in GH 1, 2, 3, 5, 8, 10, 30, 39, 43, 51, 52, 54, 116 and 120 
families. As shown in figure 7, to remove side chain substituents and decoration 
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and achieve the complete depolymerization of xylan, other additional enzymes 
are required, such as a-L-arabinofuranosidase (EC 3.2.1.55), acetyl xylan 
esterase (EC 3.1.1.72), a-D-glucuronidase (EC 3.2.1.139), and ferulic acid 
esterase (EC 3.1.1.73) [55].  
 

 
 

Figure 6. Hydrolases responsible for xylan degradation. 
 
The focus of this thesis work was to examine thermophilic b-xylosidases 
belonging to GH 3 family and endo-b-1,4-xylanases belonging to GH 10 family 
in greater detail. 
GH 3 is one of the largest GH families in the CAZy database, including 103 
enzymes with b-xylosidase activity and various activities like b-glucosidase, b-
glucosylceramidase, a-L-arabinofuranosidase, and b-N-acetylhexosaminidase 
[56]. Structural analyses revealed that most GH 3 members feature a single 
(b/a)8 TIM-barrel domain to which a second (a/b)-sandwich domain is 
connected via a short linker. Frequently, there is a fibronectin type III (FnIII) 
domain at the C-terminus with unknown function [57]. These enzymes hydrolyze 
the glycosidic bond by retaining reaction mechanism and display an aspartic acid 
residue as the nucleophile residue. 
GH 10 enzymes display an (b/a)8-barrel structure and two glutamic acid residues 
involved in the retaining action mechanism [58]. However, they exhibit several 
structural variations that lead to highly flexible substrate specificities and 
different activities on glucan-based substrates, such as carboxymethyl cellulose 
(CMC) and lichenan, unlike the GH 11 family [59]. Moreover, the majority of 
GH10 enzymes are inefficient at cleaving short-chain XOS, unlike xylanases 
from other GH families [58].  
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1.2.5 The benefits of thermophilic GHs 
Industrial biotechnology research on thermophilic and thermostable GHs has 
become a hot topic [60] as these enzymes can support current raw material 
pretreatment procedures and other conditions typical of some industrial processes 
such as paper and pulp bio-bleaching or animal feed and biochemical production 
[61,62].  
Thermozymes come from thermophilic microorganisms, which grow in the 
temperature range of 50-80 °C, and extremophiles (above 80 °C), including 
archaea, bacteria, and some fungi from extreme environments such as volcanic 
area, hot springs, mud pots, and deep-sea hydrothermal vents [63–65]. These 
evolved adaptive and genomic mechanisms to thrive under harsh conditions, such 
as reduced genome size, shorter genes, a plasma membrane rich in saturated fatty 
acids that give it rigidity and strength, or thermostable proteins with a lower 
turnover [66–68].  
Thermozymes have several benefits compared to mesophilic enzymes: i) promote 
the solubility of the substrate, thus accelerating the reaction rate, reducing the 
dosage of the enzymatic load, and improving the economic efficiency of the 
enzymatic process; ii) have a high tolerance and stability at high temperatures 
associated with a higher conversion rate of lignocellulose; iii) are more tolerant 
to denaturing agents, which are often used as additives during saccharification to 
attack the lignin of the pre-treated material and avoid unproductive enzymatic 
bonding; iv) lastly, reduce the risk of microbial contamination [44,54]. Therefore, 
they have received considerable attention for the efficient conversion of 
lignocellulosic residues into fermentable sugars and other industrial applications 
[69].  
 
1.2.6 Discovery of new thermophilic GHs  
The isolation and identification of lignocellulose-degrading microorganisms 
from extreme environments as well as the study of genomic DNA led to the 
discovery of new thermophilic GHs [70–72]. Bacillus amyloliquefaciens, 
Pyrococcus, Thermotoga, Pseudothermotoga, Geobacillus, Alicyclobacillus, and 
Dictyoglomus are among the microorganisms that produce GHs with high 
temperature activity [63,72–76]. Several enzyme formulations including 
xylanases, pectinases, laccases, and cellulases have been developed by 
Novozyme (Bagsvaerd, Denmark) or Megazyme (Bray, Ireland). To enrich the 
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industrial library of enzymatic cocktails, it is crucial to discover and characterize 
new GHs with properties of interest for the enhancement of lignocellulose.  
Over the past few years, thermophilic bacteria belonging to the genus 
Alicyclobacillus have gained considerable attention as source of GHs that can 
withstand high temperatures, acidity as well as toxic metal compounds [72]. 
Several species of Alicyclobacillus acidocaldarius, Alicyclobacillus vulcanalis, 
Alicyclobacillus hesperidum, Alicyclobacillus sendaiensis have been isolated 
from hot soil or geothermal pool samples, with optimum growth temperature in 
the range from 40 to 60 °C [75,77–79]. 
In this regard, a new strain of A. mali FL18 was recently isolated from a hot mud 
pool with high level of arsenic in Pisciarelli, located within the volcanic zone of 
Campi Flegrei near Naples in Italy (Figure 7) [65]. It is an aerobic, Gram-
positive, and thermo-acidophilic bacterium that grows at 55 °C and pH 5. Its 
genome comprises 48 contigs (all of them ³ 1,000 bp) with a total length of ∼3 
Mbp, an N50 value of 128,277 bp, and an average GC content of 61.5 % [65]. 
Interestingly, genomic annotation has revealed a high percentage of genes 
involved in processes related to amino acid and carbohydrate metabolism 
genomic [65]. There are 73 coding DNA sequences (CDSs) belonging to 
CAZymes, 32 GHs (Figure 8), 28 GTs, 11 CEs, and 2 AAs [72]. A. mali FL18 
also possesses multiple genes that are involved in detoxifying metals and has a 
high tolerance to nickel, cobalt, mercury, and other metals [65].  

 
Figure 7. The hot mud pool of Pisciarelli site 
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Figure 8. Percentage pie chart of A. mali FL18 predicted GHs 

 
1.2.7 Value-added products from biomass saccharification  
Oligosaccharides with prebiotic activity are value-added products that can be 
obtained from lignocellulosic residue saccharification [80]. They are a valuable 
alternative to classical synthetic compounds that are unstable and low yield [81]. 
Some examples of prebiotics are inulin, fructooligosaccharides, 
galactooligosaccharides, and XOS [82]. The latter have attracted the attention of 
food, pharmaceutical, cosmetic, and agriculture industries for their prebiotic, 
anticarcinogenic, antimicrobial, antioxidant, and immunomodulatory properties 
[83].  
Lignocellulosic hydrolysates are also a promising and cheaper carbon source for 
microorganism fermentation, enabling the production of biofuel and other 
biomaterials [84]. Second-generation ethanol can be accomplished using glucose 
and cellobiose of byproduct hydrolysates as carbon sources for Saccharomyces 
cerevisiae yeast [85] or xylose and arabinose for Scheffersomyces stipites [86] or 
genetically modified S. cerevisiae [87]. Different microorganisms, including 
Candida parapsilosis and Pichia stipitis generate xylitol from xylose and 
arabinose [88]. This alcohol can find applications in food, odontological, and 
biomedical industries [89]. Other important biomaterials are organic acids, 
employed to produce pharmaceuticals, disinfectants, additives, or animal feed 
[90]. Among these, lactic acid, precursor of polylactic acid and lactate solvents 
[91,92], can be obtained from wheat straw hydrolysate by using Bacillus 
coagulans MA-13 [93] or sugarcane bagasse containing xylose by Lactococcus 
lactis IO-1 [94].  
Agri-food wastes are also rich in polyphenols, which can be found both in soluble 
and insoluble-bound forms. Orange peels have been reported to contain 80 % 
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bound phenolics [95,96]. These molecules, released by enzymatic hydrolysis of 
the cell wall, can be converted into distinctive metabolites by the methylation, 
hydroxylation, carboxylation, and oxidation capabilities of microorganisms 
during fermentation [97]. Numerous studies have revealed that phenolic 
compounds like phenolic acids, anthocyanins, and flavonoids, possess 
antioxidant, antimicrobial, anticancer, and anti-inflammatory properties [98]. 
Their applications include cosmetic and cream formulations, pharmaceuticals to 
prevent hypertension, obesity, cardiovascular diseases, or diabetes, and food 
additives to prevent microbial contamination of food [99].  
 
1.3 Aim of the work 
Discovering new thermophilic enzymes that can work synergistically and tolerate 
certain inhibitory conditions in biorefinery is crucial in the development of new 
effective enzyme cocktails.  
The purpose of this project focuses on the identification and biochemical 
characterization of carbohydrate-active enzymes from thermophilic 
microorganisms for the conversion of lignocellulosic biomass into fermentable 
sugars and bioactive compounds with beneficial effects.  
 
The first part of this PhD thesis describes the biochemical characterization of new 
thermophilic xylanolytic enzymes from A. mali FL18 and their synergistic action 
in hemicellulose deconstruction (Chapter 2). The results are shown in the 
following manuscripts: 
 
1.“Alicyclobacillus mali FL18 as a Novel Source of Glycosyl Hydrolases: 
Characterization of a New Thermophilic β-Xylosidase Tolerant to 
Monosaccharides” (https://doi.org/10.3390/ijms232214310). 
 
2.“Identification and characterization of a novel endo-1,4-b-xylanase from 
Alicyclobacillus mali FL18 and its synergistic action with b-xylosidase in 
hemicellulose deconstruction” (manuscript submitted to International Journal of 
Biological Macromolecules).  

 
The second part describes the use of commercial enzymatic cocktails to produce 
value-added compounds from different agri-food residues (Chapter 3). The 
results are reported in the manuscript in preparation: 

https://doi.org/10.3390/ijms232214310
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1. “Antioxidant, antimicrobial, and antiproliferative properties of agri-food 
residues after enzyme-assisted extraction (EAE) using commercial enzymatic 
cocktails”. 
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Chapter 2 

 

Identification and biochemical characterization of new 
xylanolytic enzymes from the thermo-acidophilic bacterium 

Alicyclobacillus mali FL18 

 

 
2.1 Alicyclobacillus mali FL18 as a Novel Source of Glycosyl Hydrolases: 

Characterization of a New Thermophilic β-Xylosidase Tolerant to 
Monosaccharides 

 
 

2.2 Identification and characterization of a novel endo-1,4-b-xylanase from 
Alicyclobacillus mali FL18 and its synergistic action with b-xylosidase in 

hemicellulose deconstruction 
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Summary  
Saccharification is an effective alternative to chemical hydrolysis for 
bioconversion of lignocellulosic biomass, as it is less energy-intensive and more 
eco-friendly. In this context, thermozymes from thermophilic microorganisms 
have gained particular attention for their exceptional efficiency in breaking down 
lignocellulose into its constituent components. However, some challenges still 
need to be addressed to reduce enzyme inhibition by oligo and monosaccharides, 
non-sinergic enzyme mixture, or non-productive enzyme-lignin interactions in 
order to achieve high fermentable sugar yields and reduce the cost of the entire 
process. For promoting high-performing bioconversions, it is essential to utilize 
enzymes more tolerant and stable to organic solvents, monosaccharides, and 
other chemicals that can inhibit biocatalyst activity.  
In the section 2.1 the manuscript “Alicyclobacillus mali FL18 as a Novel Source 
of Glycosyl Hydrolases: Characterization of a new thermophilic β-xylosidase 
tolerant to monosaccharides” is focused on the new β-xylosidase (AmβXyl) from 
Alicyclobacillus mali FL18. The recombinant enzyme, purified to homogeneity 
by His-trap affinity and anionic exchange chromatography, showed a dimeric 
structure in solution. Its thermophilicity and thermotolerance, along with its 
capability of hydrolyzing xylooligosaccharides (XOS), suggested it could be 
useful in the saccharification process. In addition, AmβXyl also exhibited the 
highest tolerance to organic solvents and monosaccharides discovered so far, 
making it very suitable for biorefinery.  
In the section 2.2 the manuscript “Identification and characterization of a novel 
endo-1,4-b-xylanase from Alicyclobacillus mali FL18 and its synergistic action 
with b-xylosidase in hemicellulose deconstruction” is based on the biochemical 
characterization of a novel endo-1,4-b-xylanase (AmXyn). The monomeric 
enzyme showed a peculiar thermophilicity and a high catalytic efficiency on 
beechwood xylan. It was found to be specific for xylan, with no activity on 
cellulose, unlike other xylanases belonging to the GH 10 family. Furthermore, 
synergistic action of AmXyn and AmβXyl was explored for the setting-up of a 
novel enzymatic cocktail for xylan degradation. The highest degree of synergy 
was obtained when the two enzymes were added sequentially on beechwood 
xylan. The cocktail developed for xylan was also employed for the hydrolysis of 
wheat bran residue, leading to a conversion yield into xylose of 91.56 %. 
The results highlighted the potential application of AmXyn and AmβXyl as 
promising biocatalysts for the valorization of agricultural wastes.  
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Chapter 3 

 

Value-added products from agri-food wastes through enzyme 
technology  
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Manuscript in preparation 
 
Abstract 
Agri-food wastes have gained increasing attention as a source of valuable 
bioactive compounds, such as polyphenols and fermentable sugars, with 
applications in the food, pharmaceutical, and cosmetic industries. The use of 
sustainable methodologies to extract these compounds is an appealing way to 
replace harsh chemical treatments. This work aimed to evaluate the total phenolic 
content (TPC), antioxidant capacity, reducing sugar content, antimicrobial and 
antiproliferative activities of agri-food extracts. In particular, spent coffee 
grounds (SCGs), sunflower, and citrus residues were subjected to an enzyme-
assisted extraction (EAE) method by using different commercial cocktails such 
as Viscozyme L (V), Cellulase (C) or V + C (Novozyme). TPC and antioxidant 
capacity of SCGs, sunflower, and citrus extracts did not show significant 
differences between the different enzymatic treatments. Whereas a 57 % increase 
in reducing sugar content was observed in the citrus residue extracted with V + 
C treatment than in the individual cocktails. The antimicrobial activity of waste 
extracts was also evaluated on several microorganisms. It is worth noting that the 
V + C treated citrus residue showed a significant inhibition of the growth of 
several microorganisms (MIC = 5 mg/mL) and the development of microbial 
biofilm at the sub-MIC concentration of 2.5 mg/mL. In addition, the 
antiproliferative effect of the different extracts on human dermal fibroblasts 
(HDF) and metastatic melanoma cells (WM266) will be assessed. The 
preliminary results indicated that the citrus extracts did not affect the viability of 
HDF, differently from those of SCGs, sunflower.  
 
1.Introduction 

The food supply chain and consistent industrialization produce large 
quantities of raw materials [1], 50 % of which are lost during harvesting, 
processing, and consumption [2], resulting in approximately 140 billion tonnes 
of agricultural and food wastes per year [3]. Approximately 15 million tonnes of 
citrus [4], 12 million tons of potato and tomato, and 3 to 4.2 million tonnes of 
apple by-products [5] are produced globally every year. Agri-food wastes are a 
renewable and low-cost source of valuable compounds such as polyphenols and 
sugars with health benefits like antioxidant, antimicrobial, anti-inflammatory, 
and anti-cancer properties [6]. The most abundant polyphenols are phenolic acids 
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(caffeic, gallic, and 4-hydroxybenzoic acid), anthocyanins, and flavonoids, 
mainly catechin and epicatechin derivatives [7]. They find a variety of 
biotechnological applications in the cosmetic industry for the formulation of 
creams, powders, and oils for skin care, prevention, and improvement [8,9]; in 
the pharmaceutical industry for the prevention and treatment of several diseases 
[10–12]; as food additives to enhance nutritional and sensory properties or 
prevent microbial contamination of foods [13,14]. Reducing sugars such as 
oligosaccharides are also employed in various biotechnological fields due to their 
prebiotic, anticarcinogenic and antimicrobial features [15–17]. 
Fructooligosaccharides, galactooligosaccharides and xylooligosaccharides 
obtained by saccharification of lignocellulosic waste are a viable alternative to 
classical synthetic compounds, which are unstable and low yielding [18].  

Examples of agri-food by-products rich in polyphenols and sugars include 
citrus residue and spent coffee grounds (SCGs). Citrus waste, such as bowls, 
seeds, and membrane residues, is represented by about 50 % of citrus after the 
processing of fresh juices, jams, and beverage flavourings [19]. Each year, 
processing industries produce more than 60 million tons of citrus waste 
worldwide [20]. SCGs are insoluble residues generated after milling and brewing 
of coffee beans; approximately 50 % is generated by the soluble coffee industry, 
and the remaining 50 % is generated by coffee shops and domestic usage [21]. 
Their valorization as source of functional ingredients for food and 
pharmaceutical applications has become an interesting approach to mitigate their 
improper disposal [22].  

In this context, among eco-friendly methodologies for the recovery of 
value-added compounds from agri-food residues, enzyme-assisted extraction 
(EAE) has emerged as a strategic approach to replace harsh chemical treatments 
[23–27]. Various enzymes, such as cellulases, xylanases, pectinases, proteases, 
and lipases are employed to solubilize cell wall structures under mild conditions, 
thus enhancing the selective release of biomolecules from food waste and 
preserving their functionality [28–32].  

This study aimed to evaluate the effect of EAE method on the release of 
bioactive compounds from agri-food wastes. Different combinations of multi-
enzymatic cocktails Viscozyme L (V), Cellulase (C), or V + C were used on   
SCGs and sunflower and citrus residues. The total phenolic content (TPC), 
antioxidant capacity, reducing sugar content, antimicrobial effect, and 
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antiproliferative activity on human fibroblasts were evaluated; the effect of the 
extracts on metastatic melanoma cells (WM266) is currently being studied. 

 
2. Material and methods 
2.1 Reagents 

Gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteau 
reagent, Viscozyme L (enzyme mixture of β-glucanases, pectinases, 
hemicellulases and xylanases) and Cellulase were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). 

 
2.3. Enzyme-Assisted Extraction (EAE) of food residues  

Eco-friendly method using different EAE procedures were carried out 
from different food wastes. 1 g of SCGs, Sunflower, and Citrus waste was 
autoclaved at 120 °C at 1 bar pressure for 20 min, placed in Milli-Q water (100 
mL) in the flask, and stirred at 180 rpm, at 50 °C, for 16 h with commercial 
Viscozyme L (V) (200 µL) and Cellulase (C) (200 µL) cocktails, added singly or 
in combination. Subsequently, the extracts were centrifuged at 5000×g for 10 
min at 4 °C, filtered (0.45 μm), lyophilized, the dry weights determined, and the 
dry extracts stored at -20 °C until the use. All experiments were performed in 
triplicate.  
 
2.4. Assessment of Total Phenolic Content (TPC)  

Total phenolic content was determined by Folin-Ciocalteu (FC) assay 
[33], adapted to a 96-well microplate using a total volume of 320 μL. A mixture 
of 32 μL of each waste extract (0.95 mg/mL) and 160 μL of 0.2 N Folin-Ciocalteu 
reagent (Sigma-Aldrich, St. Louis, Missouri, USA) was incubated at room 
temperature in the dark for 5 min. Then 128 μL of 0.7 M sodium carbonate were 
added and the final mixture was incubated at room temperature in the dark for 2 
h. Absorbance was measured at 765 nm using a Synergy H4 microplate reader 
(BioTeK, Winooski, VT, USA) and gallic acid was used to produce a standard 
curve from 0 to 100 μg/mL. All analyses were carried out in triplicate and the 
results were expressed as mg of gallic acid equivalents (GAE)/g biomass.  
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2.5. Assessment of antioxidant activity  
2.5.1 Free radical scavenging (DPPH) assay 

Radical scavenging activity of SCGs, sunflower and citrus extracts was 
evaluated by 2,2- diphenyl-1-picrylhydrazyl (DPPH) free radical assay, adapted 
to a 96-well microplate, as previously described [34]. Antioxidants react with 
DPPH, which is a stable free radical and converts it to α-α-diphenyl-β-
picrylhydrazine. The degree of discoloration indicates the scavenging potential 
of the antioxidant. A 0.2 mM DPPH solution was freshly prepared in methanol. 
A mixture of 25 µL of each enzymatic extract (4 mg/mL) and 225 µL of DPPH 
solution was incubated at room temperature in the dark for 30 min, and the 
absorbance at 517 nm was measured using Synergy H4 microplate reader 
(BioTeK, Winooski, VT, USA). The radical scavenging activity of the extracts 
was calculated as DPPH inhibition percentage using the following equation:  

 
% Inhibition = [(A0 – As)/A0 × 100] 

 
A0 and As are the absorbance values of the control (water and DPPH 

reagent) and of sample, respectively. The activity was plotted against the ascorbic 
acid concentration. The results were the average of three independent ± SD 
experiments each made in triplicate. 
 
2.5.2 Free radical scavenging (ABTS) assay  

The ABTS radical scavenging activity was measured as previously 
described [35]. ABTS radical cation solution was prepared by mixing 14 mM 
ABTS and 4.9 mM potassium persulfate aqueous solutions in equal volumes. The 
solution was allowed to react in the dark at room temperature for 16 - 20 h, before 
use. Then, the solution was diluted to yield a working ABTS solution with an 
absorbance at 734 nm of 0.70 ± 0.02. A mixture of 100 µL of each enzymatic 
extract (1 mg/mL) and 900 µL of ABTS solution was incubated at room 
temperature in the dark for 6 min, and the absorbance at 734 nm was measured 
using Synergy H4 microplate reader (BioTeK, Winooski, VT, USA). A standard 
curve was prepared by determining the reduction in absorbance of the ABTS 
radical solution over a period of 6 min with different amounts of ascorbic acid 
(0.00 – 1 µg). Results were reported as ABTS inhibition percentage using the 
following equation:  
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% Inhibition = [(A0 – As)/A0 × 100] 
 

A0 and As are the absorbance values of the control (water and ABTS 
reagent) and of sample, respectively. The results were the average of three 
independent ± SD experiments each made in triplicate. 

  
2.6 Assessment of reducing sugars 

Reducing sugar content of SCGs, sunflower, and citrus extracts was 
analyzed by employing the 3, 5-dinitrosalicylic acid (DNS) assay adapted to the 
96-well multi-well microplate [36]. The reaction mixture, composed of 40 μL of 
each extract (1.75 mg/mL) and 160 μL of DNS, was incubated at 100 °C for 20 
min in ThermoStat plus. After a cooling step at 4 °C of 30 min, the concentration 
of reducing sugars in solution was determined by measuring A450nm in a 96-well 
microplate reader (Sinergy H4, Biotek, Agilent, Santa Clara, CA, USA) and by 
interpolating absorbance data with a standard curve prepared with different 
amounts of glucose (0.00 – 80.00 µg). All analyses were carried out in triplicate 
and results were reported as reducing sugars mg/g biomass.  

 
2.7 Antimicrobial activity of SCGs, sunflower and citrus extracts 
2.7.1 Microbial Strains and Cultural Conditions 

Staphylococcus aureus ATCC 6538, Klebsiella pneumoniae ATCC 
13883, Candida albicans ATCC 90028, and C. parapsilosis DSM 5784 were 
used in this work. Bacteria were grown in Tryptone Soya Broth (TSB) (VWR 
chemicals Leuven, Belgium), at 37 °C for 16 – 18 h. The two Candida spp. were 
grown in TSB with 1 % w/v glucose for 24 h at 37 °C. The cultures were washed 
twice using sterile phosphate buffered saline (PBS) and standardized to 106 
cells/mL for next experiments. 

 
2.7.2 Determination of minimum inhibitory concentrations (MICs) 
  MICs were determined with a broth microdilution method according to 
the Clinical and Laboratory Standards Institute (CLSI) using 96-well microtiter 
plates [37]. In each well, 100 μL of fresh medium and 100 μL of microbial 
suspension were added, reaching a final concentration of 1 × 106 CFU/mL. 
Extracts were used at concentrations ranging from 0.5 to 200 mg/mL. After 24 h 
of incubation at 37 °C, the absorbance was measured at 590 nm wavelength by 
the turbidity method using an ELISA plate reader (SynergyTM H4; BioTek 
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Instruments, Inc., Winooski, VT, USA). MICs of extracts were considered as the 
lowest extract concentration that produced ≥ 90% inhibition of growth relative to 
growth control.  
 
2.7.3 Evaluation of the activity of SCGs, sunflower and citrus extracts against 
microbial biofilms 

According to the modified microtiter plate test proposed by Stepanovic et 
al. [38], S. aureus, K. pneumoniae, C. albicans and C. parapsilosis can form 
biofilms in vitro on polystyrene plates as reported previously [39,40]. Inhibition 
of biofilm formation was determined adding 100 µL of microbial suspension to 
96-well flat-bottomed plates containing sub-MIC concentration of 2.5 mg/mL of 
each extract. The plates were incubated at 37 °C for 24 h, then non-adherent cells 
were removed washing with PBS. The total biomass was evaluated using Cristal 
Violet method (CV). Briefly, biofilm was fixed at 37 ◦C for 1 h and then 200 μL 
of CV (0.2 % v/v) was added to the well for 15 min. Biofilm was resuspended by 
adding 300 μL of 30 % (v/v) acetic acid. The absorbance was quantified at 570 
nm using a microtiter plate reader (SYNERGYH4 BioTek). The % inhibition was 
calculated by normalizing each value with respect to the untreated control. 

To assess the eradication ability of extracts on a 24 h pre-formed biofilm, 
5.0 mg/mL of each extract were added, and the plates were incubated for 24 h at 
37 °C. The total biomass was evaluated using CV method, as previously 
described [41]. The percentages of inhibition and eradication were calculated as 
follows:  

 
% biofilm reduction = Abs control − Abs sample/Abs control × 100. 
 

2.8 Culture conditions 
Normal human fibroblasts (HDF) were a kindly gift of Dr. Annalisa Tito 

(Arterra Biosciences) and were grown in DMEM supplemented with 10 % fetal 
bovine serum (FBS), 1 % glutamine, 100 U/mL penicillin and 100 µg/mL 
streptomycin (Euroclone, Milano, Italy). Cells were maintained in humidified air 
containing 5 % CO2, at 37 °C. 

 
2.9 Antiproliferative Activity 

HDF were plated at density of 2000/well in 96 well microplates 
(Corning). After 24 h incubation, cells were treated with increasing 
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concentrations of the extracts freshly solubilized in water at 100 mg/mL 
concentration. Cell proliferation was determined by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT, Sigma 
Aldrich) after 48 h treatment. Plates were then analyzed by using a microplate 
reader (Enspire, Perkin Elmer, USA) at 570 nm. The results are presented as the 
percentage of proliferating cells respect to the control (vehicle treated cells) and 
are expressed as means ± DS of, at least, three independent experiments 
performed in triplicate. The statistical analysis was performed using Student's t-
test, unpaired, two-sided, p < 0.05 was considered significant. Statistical 
significance was determined by the student’s test, paired, two-sided, a p value 
less than 0.05 was significative.  

 
3. Results and Discussion 
3.1. Antioxidant profile of SCGs, sunflower and citrus extracts  
3.1.1 Determination of TPC  

The total phenolic content (TPC) of different wastes subjected to EAE 
method is shown in Figure 1.  

 
Figure 1. TPC (mg GAE/g biomass) released during enzymatic extraction of SCGs, 
sunflower and citrus residues. The experiments were carried out in triplicate and values 
were presented as mean values ± S.D. (n=3). 
 

In each enzymatic condition tested (V, C, or V + C), SCGs and sunflower 
wastes showed a TPC of ~ 30 and 20 mg GAE/g biomass, respectively. This 
finding is interesting compared to several green extraction methods reported in 
the literature. One example is the ultrasound-assisted extraction (UAE) of SCGs 
which was used at 25 kHz and 60 % amplitude for 15 min to obtain 9.51 mg 
GAE/g biomass [42]. Moreover, in other studies spent coffee was extracted with 
water in a filter coffeemaker, whereas the coffee pulp with UAE using propylene 
glycol, showing a TPC of 10.20 - 17.44 and 9.52 mg GAE/g biomass, 
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respectively [43,44]. The higher extraction efficiency of EAE compared with 
UAE could be accounted for oxidation and reduction of the phenolic yield by free 
radicals formed during UAE [45]. Moreover, based on our results, citrus residue 
showed ~ 15 mg GAE/g biomass by using both enzymatic cocktails, similar to 
what was observed for Citrus sinensis peels following microwave-assisted 
extraction (MAE) [46]. These results confirmed the usefulness of enzymes as 
powerful tools to promote the breakdown of lignocellulosic matrix and the 
recovery of high-value products like phenolic compounds in an environmentally 
benign manner.  
 
3.1.2 Antioxidant capacity analysis 

The antioxidant activity of SCGs, citrus, and sunflower extracts was 
evaluated by DPPH and ABTS methods, and the results are shown in Table 1 and 
2, respectively.  

 
Table 1. DPPH radical scavenging activity of SCGs, sunflower, and citrus residues. The 
experiments were carried out in triplicate and values were presented as mean values ± 
S.D. (n=3). 
 

     % Inhibition 
DPPH   

  Viscozyme Cellulase Viscozyme + 
Cellulase 

SGCs 81.8 ± 0.007 81.7 ± 0.006 82.1 ± 0.004 
  

Sunflower 83.1 ± 0.007 82.4 ± 0.001 81.2 ± 0.005 
  

Citrus 12.9 ± 0.014 12.1 ± 0.001 9.8 ± 0.008 

  
 
Table 2. ABTS radical scavenging activity of SCGs, sunflower, and citrus residues. The 
experiments were carried out in triplicate and values were presented as mean values ± 
S.D. (n=3). 
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     % Inhibition 
ABTS   

  Viscozyme Cellulase Viscozyme + 
Cellulase 

SGCs  99.3 ± 0.000 99.0 ± 0.000 82.0 ± 0.005 
  

Sunflower  57.5 ± 0.011 68.3 ± 0.013 62.7 ± 0.023 
  

Citrus  22.6 ± 0.002 27.2 ± 0.002 22.3 ± 0.004 

  
 

In accordance with TPC results, SCGs and sunflower exhibited the 
highest antioxidant capacity, compared to citrus extract. Furthermore, no 
significant difference between enzyme treatments was observed. SCGs inhibited 
the radical DPPH and ABTS by 80 % at the concentrations of 4 and 1 mg/mL, 
respectively. A recent study by Divyashri et al. reported 74.55 % inhibition 
DPPH and 50.00 % inhibition ABTS for Coffee Husk Pectin (CHP) at the 
concentration of 10 mg/mL after microwave and citric acid-assisted extraction 
[47]. Sunflower waste inhibited DPPH and ABTS by 80 and 60 % (using 4 and 
1 mg/mL), compared to 52.30 % inhibition DPPH observed with sunflower meal 
washed with water at a concentration of 0.5 mg/mL [48]. The evaluation of the 
antioxidant capacity of SCG, sunflower and citrus residues after the EAE method 
paves the way for their application in diverse biotechnological fields. 
 
3.1.3 Assessment of sugar content 

The reducing sugar content released from SCGs, sunflower, and citrus 
residues after enzymatic hydrolysis was measured as shown in Figure 2.  

 
Figure 3. Content of reducing sugars (mg reducing sugars/g biomass) released during 
enzymatic extraction of SCGs, sunflower, and citrus residues. The experiments were 
carried out in triplicate and values were presented as mean values ± S.D. (n=3). 
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The most favourable outcome was achieved by treating the citrus residue 

with V + C mixtures (400.0 mg reducing sugars/g biomass). However, a 
significant content of reducing sugars about 250.0 mg/g biomass was also 
liberated by individual enzymatic cocktail treatments. This could be attributed to 
the lower lignin content in citrus (~ 2 %) [49] compared with SCGs and sunflower 
(~ 20 - 30 %) [50], which could make cellulose and hemicellulose more readily 
accessible to enzymatic attack. Nevertheless, the combined action of V + C also 
increased by ~ 106 % the release of reducing sugars from SCGs, compared to the 
single enzymatic cocktails. Altogether the data obtained might give useful 
insights into the efficiency of enzymes in the cell wall breakdown as well as in 
converting glycosylated compounds, phenolics linked to a glycoside, into their 
respective aglycones. Flavanones in aglycone form are the most important 
polyphenols present in foods and express greater biological potential than their 
glycosylated form due to their antioxidant, anticancer, and antimicrobial 
activities [30,51]. 
 
3.2 Antimicrobial and antibiofilm activity of waste extracts  

A comprehensive antimicrobial screening of the eco-friendly extracts 
obtained with V, C, or V + C was performed using as reference strains: S. aureus, 
K. pneumoniae, C. albicans and C. parapsilopsis ATTC strains. All the extracts 
showed activity against microbial cells with a MIC value greater than 25.0 
mg/mL, except for citrus extract, as shown in Table 3. 

 
Table 3.  MIC of SCGs, sunflower and citrus extracts obtained by V, C, or V + C for the 
microorganisms reported below. Results were expressed as means of three independent 
experiments ± standard deviation. 
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Microorganisms 
SCGs (mg/mL) sunflower (mg/mL) citrus (mg/mL) 

V C V + C V C V + C V C V + C 
S. aureus 

ATCC 6538 50.0 ± 
1.50 

25.0 ± 
1.12 

10.0 ± 
1.50 

25.0 ± 
1.00 

50.0 ± 
0.50 

10.0 ± 
0.25 

25.0 ± 
0.50 

50.0 ± 
1.50 

5.0 ± 
0.50 

K. pneumoniae 
ATCC 13883 50.0 ± 

1.25  
50.0 ± 
1.50 

5.0 ± 
0.20  

25.0 ± 
1.50 

50.0 ± 
0.50 

10.0 ± 
0.25  

10.0 ± 
1.25 

75.0 ± 
0.50 

5.0 ± 
0.50 

C. albicans 
ATCC 90028 75.0 ± 

1.20  
75.0 ± 
1.25 

75.0 ±  
0.50 

25.0 ± 
1.25 

25.0 ± 
1.00 

10.0 ± 
0.15 

25.0 ± 
1.25 

25.0 ± 
1.50 

5.0 ± 
0.50  

C. parapsilosis 
DSM 5784 100.0 ± 

0.50 
100.0 ± 

0.50 
50.0 ± 
0.50 

25.0 ± 
0.25 

100.0 ± 
1.25 

75.0 ± 
0.50 

25.0 ± 
0.25 

75.0 ± 
1.0 

5.0 ± 
0.50  

 
Considering the promising results obtained with the citrus extracts, the 

following experiments of inhibition and eradication of microbial biofilms (Figure 
4) were performed at previously measured sub-MIC (2.5 mg/mL) and MIC (5.0 
mg/mL) values, respectively.  

 
Figure 4. Effect of citrus extract extracts obtained by different EAE (V, C, or V + C) on 
the biofilms of S. aureus, K. pneumoniae, C. albicans, and C.parapsilosis. a) Inhibition 
of biofilm formation of extracts at the concentration of 2.5 mg/mL and b) eradication of 
pre-formed biofilm by the extracts at the concentration of 5.0 mg/mL quantified with 
CV.  Results were expressed as means of three independent experiments ± standard 
deviation: ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 (Tukey’s test). 

 
The development of biofilms was drastically reduced for all microbial 

species at the concentration of 2.5 mg/mL, reaching more than 50 % inhibition 
with the extract obtained by V + C mixture. The capacity of S. aureus, K. 
pneumoniae, C. albicans and C. parapsilopsis to establish disease-associated 
biofilms presents a serious problem in eradicating microbes from the infection 
sites due to the high tolerance of cells embedded within biofilms to 
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antibiotics/antifungals, so creating persistent and chronic diseases. Biofilm 
eradication by citrus extracts was evaluated:  V + C treatment showed a biofilm 
reduction of ~ 65 % for K. pneumonia, 55 % for the two Candida species and 40 
% for S. aureus.  
 
3.3 Cytotoxicity activity on human dermal fibroblasts 

The potential use of the residues from natural source in biotechnological, 
cosmetics or therapeutic applications, prompted us to evaluate the toxicity on 
human healthy cell. The extracts obtained with V, C and with the enzymatic 
cocktail of V + C were then tested for toxicity to human dermal fibroblasts. The 
different extracts were resuspended in sterile water and added at increasing 
concentrations to the cells and then incubated for 48 h at 37 °C. As reported in 
Figure 5a, even at high concentrations, citrus extract did not have any effect on 
the viability of the healthy cells tested, whereas both SCGs and sunflower 
extracts showed significant toxicity toward the same cells.  

 

 
 
Figure 5. Antiproliferative activity of the extracts treated with the enzymatic cocktail of 
V (a), C (b), or V + C (c) on HDF, healthy cells. The cells were incubated at 37 °C, for 
48 h in the presence of the citrus (blue), sunflower (green) and SCGs (red) extracts. The 
proliferation was determined by MTT assays. The results are presented as the percentage 
of proliferating cells with respect to the control (vehicle treated cells) and are expressed 
as means ± SE of at least three independent experiments. p: *<0.05, **<0.01, ***<0.001  
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Conclusions 
Harnessing agri-food residues through eco-friendly methods is an effective 
approach to achieving industrially relevant products and promoting the circular 
economy. This study demonstrated the effectiveness of commercial hydrolytic 
cocktails in the extraction of bioactive compounds from SCGs, sunflower, and 
citrus wastes in order to revalorize them. SCGs and sunflower extracts showed 
the highest TPC and antioxidant capacity. Furthermore, no significant difference 
was observed between each TPC and antioxidant capacity value after the 
different enzyme combinations. On the other hand, the highest reducing sugar 
content was obtained from the citrus residue through the combined action of V 
and C, suggesting the efficiency of microbial enzymes in breaking down the 
structural components of cell walls.  
The citrus residue also exhibited a great potential in inhibiting the growth of 
several microorganisms and the development of microbial biofilms. In addition, 
it showed no toxicity towards human health cells HDF, highlighting its wide 
applicability in the food, pharmaceutical and cosmetic industries. 
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The shift to a bio-based society requires a greater utilization and valorization of 
lignocellulosic wastes as renewable biological resources to reduce dependence 
on fossil resources [1]. The bioconversion of biomass into valuable products, 
such as fermentable sugars, antioxidants, and biologically active compounds 
plays a key role for several sectors of the industry, including biofuel, 
pharmaceutical, cosmeceutical, bioplastic, and food [2]. In this context, 
enzymatic hydrolysis of lignocellulose is regarded as the most suitable alternative 
to harsh chemical treatments [3]. My PhD thesis focuses on the characterization 
of xylanolytic enzymes for the development of a novel cocktail for lignocellulose 
bioconversion, and the investigation of the potential industrial applications of 
various agri-food residues after EAE treatment with commercial enzyme 
mixtures.  
In the first part of this work two putative novel glycoside hydrolases (GHs) were 
identified from the genome of A. mali FL18: AmbXyl and AmXyn. These proteins 
were expressed in E. coli, purified, and biochemically characterized. The 
enzymes showed the optimal activity at the same temperature and pH, and were 
selected for a cocktail that would breakdown the hemicellulose backbone. 
Interestingly, the mixture efficiently hydrolyzed beechwood xylan to form 
mainly xylose, which can be used in a fermentation process to produce 
bioethanol, and xylobiose (X2) which has a pronounced prebiotic activity, 
showing great applicability in both the food and pharmaceutical industries. The 
highest degree of synergy was obtained when AmXyn and AmbXyl were added 
sequentially, highlighting that AmXyn mainly operates during the initial phases 
of xylan hydrolysis releasing short XOS, that are further degraded into xylose by 
AmbXyl. During my internship at Vrije Universiteit of Brussels, in collaboration 
with Professors Eveline Peeters and David Cannella, the cocktail developed was 
also used to hydrolyze pre-treated wheat bran (WB) residue, leading to an 
excellent conversion of WB into xylose. This supports the application of these 
two enzymes as new biocatalysts in the saccharification process of agricultural 
wastes.  
Several wastes from the agri-food industry became sources of bioactive 
compounds [4,5]. To valorize different agri-food residues through eco-friendly 
approaches and mitigate their improper disposal, in the second part of the thesis, 
I focused on the potential applications of spent coffee grounds (SCGs), 
sunflower, and citrus wastes after enzymatic hydrolysis with two commercial 
cocktails from Aspergillus sp., Viscozyme L (V) and Cellulase (C). The extracts 
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obtained were analyzed for phenolic content, antioxidant capacity and reducing 
sugar content, showing different results:  SCGs showed the highest phenolic 
content and antioxidant capacity, followed by sunflower and citrus residues, 
while citrus extract showed the highest reducing sugar content after combined 
treatment with the commercial cocktails. The various extracts were tested for 
antimicrobial activity against different bacterial and fungal strains: citrus extract 
showed the highest inhibitory effect against all strains and reduced the 
development of microbial biofilms. In addition, the extracts were tested on 
human dermal fibroblasts (HDF), showing no cytotoxic effect of citrus extracts, 
even at high concentrations. Further experiments are underway to assess the 
effect of citrus extracts on metastatic melanoma cell lines (WM266).  
The present PhD thesis highlighted the effectiveness of microbial enzymatic 
cocktails in the sustainable revalorization of lignocellulosic residues into value-
added products to be used in industrial biotechnology fields.  
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