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I am among those who think that science has 

great beauty. A scientist in his laboratory is 

not only a technician, he is also a child 

placed before natural phenomena which 

impress him like a fairy tale. 
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Riassunto 
 
A. INTRODUZIONE 

Nell’ambito dello sviluppo di una economia sostenibile, i microrganismi, 
come batteri, funghi e piante, svolgono un ruolo fondamentale come fonte di 
prodotti naturali. La natura biologica di questi composti li rendono ottimi 
sostituti delle loro controparti sintetiche. I funghi filamentosi, ad esempio, 
rappresentano una straordinaria fonte di biomolecole quali enzimi, antibiotici 
e proteine. Grazie alle loro proprietà intrinseche, tali microrganismi sono 
estremamente interessanti per una vasta gamma di applicazioni. Prima tra 
tutte, la loro capacità di degradare materiale organico e sostanze 
polimeriche, li rende capaci di crescere in diversi ambienti, da quello terrestre 
a quello marino. Inoltre, grazie al fatto che producono svariati composti 
tensioattivi, meglio conosciuti come biosurfattanti (BSs), i funghi sono capaci 
di crescere in liquido, nell’aria e su superfici solide. I biosurfattanti sono 
composti che, possedendo porzioni idrofobiche ed idrofiliche, hanno la 
capacità di posizionarsi all’interfaccia tra due fasi con diversa polarità, come 
ad esempio acqua/olio o aria/acqua. Essi, inoltre, sono capaci di ridurre la 
tensione superficiale e di formare e stabilizzare emulsioni. Sono 
generalmente classificati in base al loro peso molecolare, definendo come 
bioemulsionanti i tensioattivi ad alto peso molecolare che esibiscono un 
elevato potere emulsionante, e come biosurfattanti quei composti a basso 
peso molecolare che riducono la tensione superficiale. Tale classificazione, 
però, non è sempre categorica, infatti è possibile che un bioemulsionante 
possa abbassare la tensione superficiale e viceversa. La loro natura 
biologica, la biodegradabilità e la bassa tossicità rendono i BSs utili in svariati 
campi di applicazione, tra cui l’industria alimentare nella quale vengono 
utilizzati, ad esempio, come additivi o conservanti, o nel biorisanamento, 
grazie alla loro capacità di migliorare la solubilità degli idrocarburi. Tra i 
biosurfattanti ad alto peso molecolare, si possono annoverare alcune 
proteine fungine, le Idrofobine e le Ceratoplatanine che svolgono un ruolo 
fondamentale nel ciclo vitale del microorganismo. Le prime, infatti, sono 
molecole tensioattive prodotte da funghi filamentosi e posseggono la 
capacità di auto-assemblare alle interfacce idrobofiche/idrofiliche rendendo 
possibile lo sviluppo delle strutture aree come ife e corpi fruttiferi. Sono 
costituite da circa 100 amminoacidi, possiedono un motivo conservato di otto 
cisteine e sono generalmente suddivise in due classi. La differenza 
sostanziale tra le due classi risiede nella stabilità dei film anfifilici che 
formano. Le idrofobine di classe I formano film più stabili e hanno delle 
strutture simili a fibrille amiloidi dissociabili solo in presenza di acidi forti come 
l’acido formico o l’acido trifluoroacetico (TFA), mentre i film formati da quelle 
di classe II sono poco stabili e mancano di strutture amiloidi. Quindi le 
idrofobine di classe II sono più solubili e meno tendenti all’aggregazione, 
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utilizzabili per scopi diversi rispetto a quelle di classe I. Entrambe le classi, 
però, hanno la capacità di modificare le caratteristiche chimico-fisiche delle 
superfici sulle quali vengono immobilizzate. Ad esempio, la 
funzionalizzazione di una superficie idrofobica, quale il polistirene, permette 
alle proteine di aderire fortemente tramite la formazione di interazioni 
idrofobiche, esponendo così la porzione idrofilica e cambiando, di 
conseguenza, la bagnabilità della superficie. Questa caratteristica potrebbe, 
talvolta, permettere l’utilizzo delle idrofobine nel campo biomedicale per 
evitare la formazione di biofilm batterici sui dispositivi medici, o nella 
nanotecnologia, in quanto la funzionalizzazione dei nanomateriali con queste 
proteine permette un incremento della solubilità degli stessi e quindi una 
migliore stabilità. Parimenti, come stabilizzatori di emulsioni, le idrofobine 
possono essere impiegate nell’industria alimentare o nei processi di 
biorisanamento. Oltre a creare film proteici sulle superfici, tali tensioattivi 
hanno anche l’abilità di permettere l’adesione di altre biomolecole nella loro 
forma attiva, rendendo le idrofobine interessanti anche dal punto di vista 
biosensoristico. In questo e in altri campi, l’idrofobina di classe I Vmh2, 
prodotta dal fungo edibile Pleurotus ostreatus, è stata ampiamente utilizzata. 
Questa idrofobina, infatti non solo è stata impiegata per migliorare la 
solubilità di nanomateriali come il grafene, ma è stata anche utilizzata per 
funzionalizzare superfici come ferro, polistirene e vetro per permettere una 
successiva immobilizzazione di enzimi nella loro forma attiva. Soprattutto nel 
campo della biosensoristica, invece di utilizzare il film proteico come 
piattaforma di immobilizzazione per altre biomolecole, si è preferito produrre 
Vmh2 in maniera ricombinante, fusa a livello genico, con proteine di interesse 
biotecnologico, come la Glutatione-S-transferasi, la Green-Fluolescence 
Protein, l’enzima laccasi. In tutti i casi, il gruppo di ricerca di cui faccio parte, 
è stato in grado di sviluppare biosensori ottici ed elettrochimici utili per 
l’analisi di un’ampia gamma di analiti. Un’altra classe di biosurfattanti proteici 
prodotti da funghi consiste nelle Ceratoplatanine. Anch’esse sono 
caratterizzate dalla presenza di cisteine e possono essere secrete dal fungo 
nel brodo di coltura o trattenute sulle ife e sulle spore. Il ruolo fisiologico delle 
ceratoplatanine nel fungo non è ancora ben noto, ma esse possono fungere 
sia da fattori di virulenza che da elicitori. Pur essendo strutturalmente diverse 
dalle idrofobine, le ceratoplatanine hanno alcune caratteristiche funzionali in 
comune, anch’esse riescono ad assemblare alle interfacce 
idrofobiche/idrofiliche attraverso la formazione di film proteici anfipatici. È 
stato dimostrato, infatti, che queste proteine riescono a stabilizzare emulsioni 
e ridurre la tensione superficiale. Oltre ad avere proprietà in comune con le 
idrofobine, le ceratoplatanine presentano strutturalmente il dominio N-
terminale simile alle espansine e, come queste, possiedono la capacità di 
indebolire le maglie di cellulosa senza alcuna attività idrolitica rendendole più 
disponibili all’azione di enzimi idrolitici. Questa proprietà rende le 
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ceratoplatanine interessanti nel campo delle biotecnologie per la 
valorizzazione di materiali di scarto.  
 
B. CARATTERIZZAZIONE DI NUOVI BIOSURFATTANTI PROTEICI 

Come precedentemente descritto, i microorganismi, siano essi terrestri o 
marini, rappresentano una fonte inestimabile di biomolecole. L’ecosistema 
marino, in generale, gioca un ruolo fondamentale nel mantenimento 
dell’equilibrio ambientale ed è, contemporaneamente, fonte di una 
straordinaria biodiversità. Pur avendo sviluppato abilità fisiologiche che li 
rendono capaci di sopravvivere in un ambiente estremo, i microorganismi 
marini restano comunque poco caratterizzati. Un esempio è rappresentato 
dai funghi, il cui termine è erroneamente associato solo a quelli terrestri pur 
essendo state trovate più di 10.000 specie in ogni tipo di habitat marino, dalle 
acque superficiali a quelle profonde. In più, come quelli terrestri, i funghi 
marini sono fonte di composti tensioattivi, tra cui biosurfattanti e 
bioemulsionanti, largamente impiegati in svariati settori. In questo contesto 
una parte del presente lavoro di tesi si è focalizzato sull’isolamento e sulla 
caratterizzazione di nuovi biosurfattanti proteici prodotti da funghi marini. In 
particolare, la proteina Sap-Pc, prodotta dal fungo Penicillium chrysogenum, 
è stata ampiamente caratterizzata in base alla sua capacità emulsionante, 
all’abilità di abbassare la tensione superficiale e alla sua propensione 
all’aggregazione. Inoltre, in collaborazione con un gruppo di ricerca sud-
americano, abbiamo dimostrato che altri due ceppi fungini, Paradendryphiela 
salina e Talaromyces pinophilus, sono capaci di crescere utilizzando come 
fonte nutrizionale materiali di scarto e producendo, allo stesso tempo, noti 
biosurfattanti proteici quali le idrofobine e le ceratoplatanine.  
 
C. APPLICAZIONI DELL’IDROFOBINA VMH2 DA P. ostreatus 

C.1 DIAGNOSI DEI BENI CULTURALI 
L’approfondita caratterizzazione dell’idrofobina di classe I Vmh2, ha 
permesso, come già spiegato, il suo utilizzo in un’ampia gamma di 
applicazioni. Più recentemente, la sua capacità di formare film proteici stabili 
sulle superfici per permettere poi l’adesione di enzimi funzionali è stata 
sfruttata nel campo dei beni culturali. L’analisi proteomica di affreschi, 
sarcofagi, resti lapidei, non solo permette di capire la composizione naturale 
dei pigmenti un tempo utilizzati, ma spesso permette anche di datare il bene 
in questione. Molto spesso però tale analisi risulta essere invasiva e 
deteriorante, per cui l’utilizzo dell’idrofobina è venuto in aiuto per lo sviluppo 
un sistema che possa consentire il superamento di tali problematiche. In 
questo progetto di tesi è riportato, infatti, un kit portatile costituito da un 
foglietto di acetato di cellulosa, funzionalizzato con la Vmh2, sul quale sono 
stati immobilizzati due enzimi proteolitici: la tripsina, generalmente utilizzata 
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per l’identificazione di proteine, e la PNGaseF, utilizzata per migliorare 
l’identificazione di glicoproteine data la sua capacità di catalizzare la 
scissione di legami glicosidici. L’azione della PNGase, quindi, permette un 
miglior accesso alla tripsina che in questo modo riesce ad idrolizzare più 
facilmente le proteine.  
 

C.2 PROTEINE DI FUSIONE PER LO SVILUPPO DI BIOSENSORI 
Per quanto riguarda, invece l’utilizzo della Vmh2 in campo biosensoristico, 
tecniche di ingegneria genetica hanno permesso la produzione ricombinante 
di tale idrofobina fusa a proteine di interesse biotecnologico. In particolare, 
nell’ambito del progetto FlashMob (Chimera amiloide funzionale per il 
biosensing marino), il cui scopo era basato sullo sviluppo di biosensori atti 
all’analisi di una vasta gamma di analiti utilizzando le proteine di fusione, 
sono state sviluppate tre diverse chimere. Le prime due sono caratterizzate 
dalla fusione di Vmh2 con i frammenti variabili a catena singola ScFv (Single 
chain Fragment variable) di due anticorpi capaci di legare due tossine algali, 
la saxitossina e l’acido domoico. Analizzare tali composti è di notevole 
importanza dal momento che questi si accumulano generalmente nei 
molluschi e, arrivando all’uomo attraverso la catena alimentare, provocano 
importanti malattie neuronali. Quindi, lo sviluppo di un biosensore che sfrutti 
l’interazione antigene/anticorpo può essere una buona strategia per il loro 
rilevamento. Le chimere Vmh2-ScFv sono state espresse in maniera 
ricombinante nel batterio Escherichia coli e rinaturate dai corpi di inclusione. 
Una volta verificata, poi, l’attività di entrambi i partner di fusione, sono stati 
messi a punto biosensori ottici ed elettrochimici immobilizzando le proteine 
su nanoparticelle magnetiche. In ambito biosensoristico i nanomateriali sono 
ampiamente utilizzati grazie alle loro proprietà intrinseche. Questi, infatti, 
presentano, non solo un elevato rapporto superficie/volume, che permette 
l’immobilizzazione di una maggiore quantità di biomolecole, ma anche 
proprietà conduttive che li rendono buoni candidati come trasduttori. Sulla 
base di queste considerazioni, un’altra proteina chimerica, Vmh2-Laccasi, è 
stata prodotta in maniera ricombinante nel lievito Pichia pastoris e 
immobilizzata su nanomateriali quali grafene e nanotubi di carbonio. La 
natura redox dell’enzima laccasi, e quindi la sua capacità di ossidare una 
vasta gamma di composti aromatici insieme con la riduzione dell’ossigeno 
molecolare ad acqua, è stata sfruttata per sviluppare diversi biosensori 
elettrochimici volti all’analisi di contaminanti quali antracene, catecolo e 
dopammina.   
 
D. CONCLUSIONI 

I risultati conseguiti nel presente progetto di tesi sono quelli riportati qui di 
seguito: 
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1. Nuovi biosurfattanti proteici, tra cui idrofobine e ceratoplatanine, 

prodotti da tre ceppi fungini di origine marina sono stati identificati e 

caratterizzati come tensioattivi e bioemulsionanti. 

2. Foglietti di acetato di cellulosa funzionalizzati con l’idrofobina Vmh2 

sono stati utilizzati come piattaforma per l’immobilizzazione di enzimi 

proteolitici, per lo sviluppo di un kit portatile utile nel campo della 

diagnosi dei beni culturali. 

3. Le proteine chimeriche, Vmh2-ScFv, sono state espresse con 

successo in E. coli e correttamente immobilizzate su nanoparticelle 

magnetiche utilizzate poi per lo sviluppo di biosensori ottici e 

elettrochimici volti al rilevamento di due neurotossine algali. 

4. La proteina di fusione, Vmh2-Laccasi è stata prodotta in maniera 

ricombinante nel lievito Pichia pastoris e successivamente 

immobilizzata su nanomateriali, come grafene e nanotubi di carbonio, 

per lo sviluppo di biosensori elettrochimici capaci di rilevare 

contaminanti aromatici. 
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SUMMARY 
 
Protein biosurfatants produced by marine and terrestrial filamentous fungi 
represent the best example of biomolecules that can be widely used as a 
replacement of their synthetic counterparts, thanks to their low toxicity and 
biodegradability. Among them, hydrophobins and ceratoplatanins are 
proteins able to self-assemble at hydrophobic/hydrophilic interfaces forming 
amphiphilic layers. It is well known that the hydrophobins are involved in the 
fungal growth thanks to their capability to reduce the surface tension of the 
air/water interface, instead, while the ceratoplatanins can act both as 
virulence factor and as elicitors. Moreover, the amphiphilic nature of both 
classes of proteins makes them of great interest in many fields. For this 
reason, one of the purposes of the present PhD project is the isolation and 
characterization of protein biosurfactants from marine fungal strains. The 
isolated protein from Penicillium chrysogenum has been characterized both 
as biosurfactant and bioemulsifier, indeed its capabilities to stabilize 
emulsion and to reduce the surface tension have been verified. Moreover, it 
has been proved that two marine fungi, Paradendryphiela salina and 
Talaromyces pinophilus grown on seaweed wastes, are able to produce both 
cerato-platantins and hydrophobins. Another hydrophobin deeply 
characterized and exploited in my research group, is Vmh2, produced by the 
edible fungus P. ostreatus. This protein can form protein layers on several 
surfaces changing their physical-chemical properties and allowing the 
attachment of other biomolecules in their active form. Thus, the exploitation 
of Vmh2 in the diagnosis of cultural heritage and in biosensing field has been 
under investigation in this PhD project. The functionalization of cellulose 
acetate sheets with Vmh2 has been employed to immobilize proteolytic 
enzymes, trypsin and PNGaseF, developing a portable, easy-to-use and 
non-invasive kit for the identification of ancient proteins on cultural heritage 
objects. Furthermore, in biosensing field the same hydrophobin has been 
genetically fused to two Single chain Fragment variables of two antibodies 
able to bind algal marine neurotoxins, and to a laccase enzyme that can 
oxidize aromatic and phenolic compounds. The recognition ability of chimeric 
proteins has been coupled with the interesting characteristics of 
nanomaterials, such as graphene, carbon nanotubes and magnetic beads. 
The functionalized 2D-materials with both chimeric proteins have been 
exploited to develop electrochemical and optical biosensors for the detection 
of the analytes mentioned above.  
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1 
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1. INTRODUCTION 

In the current century, research is facing several challenges for the 
development of a sustainable bioeconomy and for the exploration of natural 
sources that can support a cleaner environment. Thus, the investigation of 
biobased solutions is becoming progressively more important. In this context, 
nature offers amazing biological products that are similar, or often better, 
than their synthetic counterparts. Over the last decades, the natural products 
produced by a plethora of microorganisms, such as bacteria, fungi and 
plants, have been used as a replacement of the chemical compounds for 
several applications. Filamentous fungi, for example, represent an 
extraordinary source of organic acids, enzymes, drugs, antibiotics, proteins, 
vitamins that are fundamental in our daily life.  
The capabilities of filamentous fungi to feed on and break down organic 
matter and polymeric substances are of great interest allowing the fungal 
growth in several environments [1], from the terrestrial to the marine one. 
Moreover, these microorganisms efficiently degrade lignocellulosic biomass 
and convert the sugars into energy-rich molecules, these features ensure 
their exploitation in biorefinery applications towards second generation 
biofuels or chemicals [2]. The amazing ability of filamentous fungi to growth 
in liquid, semiliquid or into the air and onto solid surfaces is aided by a variety 
of surface-active compounds, also known as biosurfactants (BSs), that fungi 
produce during their life cycle [3] through fermentative processes using 
sugars, oils, hydrocarbons and residues as substrates [4]. 
 
1.1 BIOSURFACTANTS 

The uniqueness of these compounds resides in their structural 
characteristics; indeed, they possess both hydrophobic and hydrophilic 
moieties that allow their position at the interface between two phases with 
different degrees of polarity (i.e. oil/water or air/water interfaces). These 
structural features make the BSs able to reduce surface tension and to form 
emulsions solubilizing hydrophobic compounds in hydrophilic environments. 
Therefore, BSs exhibit interesting ability such as detergency, emulsification 
and foaming that make them versatile and useful in several applications [5,6]. 
Thanks to their biological nature, biosurfactants are less toxic than their 
synthetic counterparts [7] and, moreover, they can provide more advantages, 
such as pH, temperature and salinity resistance, exploitable in 
bioremediation processes or in medical, pharmaceutical, textile and food 
industry. Only in the last decades, it has been discovered that BSs are 
produced also by filamentous fungi because, until now, their production was 
associated to other microorganisms such as bacteria and yeasts. 
Nonetheless, one of the drawbacks of BSs exploitation is represented by 
their low production yield and the high cost of the processes. For this reason, 
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to overcome these disadvantages some strategies have been adopted, such 
as the usage of genetic modified microorganisms or the employment of 
agricultural waste material as carbon source [8,9]. Based on their molecular 
weight, the surface-active compounds are often classified as biosurfactants 
(BS) or bioemulsifiers (BE) [10]. Lipoproteins, proteins and 
lipopolysaccharides belong to the class of the high molecular mass 
molecules, better defined as BE, and they exhibit a higher emulsification 
ability respect to that one displayed by the low molecular mass 
biosurfactants. These last compounds consist of amino acid, fatty acids, 
glycolipids, lipopeptides and are often recognized thanks to their capability 
to decrease the interfacial tension (Fig.1). However, it cannot be ruled out 
that a bioemulsifier can reduce the surface tension and viceversa.  
 

 
 

Figure 1: Classification of Biosurfactants according to their molecular weight [11] 

 
Mainly due to their low toxicity, biodegradability and sustainable production, 
BSs are of great interest in many applications [12]. In food industry, for 
instance, they are exploitable as food additives or preservatives [13], due to 
their effectiveness in emulsion formation and stabilization. Furthermore, 
thanks to the surface-active compounds ability to alter the hydrophobicity of 
the surfaces, the BS functionalized area can show anti-adhesive activity 
affecting the microbial adhesion and making BS useful in biomedical 
application. Moreover, in environmental and agriculture fields, the structural 
properties of the BS have been exploited for enhancing the oil recovery and 
for stimulating the hydrocarbons biodegradation due to the BS capabilities to 
reduce hydrophobic compounds viscosity and to enhance the hydrocarbons 
solubility [14].  
As regard the protein biosurfactants, proteins are intrinsically amphipatic 
molecules, even if their amphiphilic nature is affected by several factors such 
as the protein folding or posttranslational modifications. However, the 
production of these surface-active compounds is essential for many 
microorganisms whose abilities are actually due to an array of protein 
biosurfactants expressed during their life. Among them, hydrophobins 
(HFBs) and ceratoplatanins (CPs), small proteins mainly produced by 
terrestrial and marine fungi, deserve attention as surface-active molecules.  
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1.2 FUNGAL PROTEIC BIOSURFACTANTS: THE HYDROPHOBINS 
 
1.2.1 Biological role 
To grow into the air, filamentous fungi, both ascomycetes and 
basidiomycetes, produce a particular class of surface-active proteins, the 
HFBs, able to self-assemble at hydrophobic/hydrophilic interfaces allowing 
the development of fungal structures such as aerial hyphae and fruiting 
bodies [15]. These proteins are secreted as monomers, then their 
polymerization process, called interfacial self-assembly [16], starts when 
they find an interface between air and water, or a hydrophobic surface (Fig 
2).  

 

 
 

Figure 2: Biological role of hydrophobin in the fungal growth [17]. 

 
Hydrophobins were discovered by Wessel and co-authors [18] during their 
studies on the fruiting bodies of Schizophyllum commune. They understood 
that during a particular growth phase of the fungus, an interesting gene was 
abundantly expressed. This gene encodes for a small protein characterized 
by a large amount of hydrophobic amino acids, for this reason they attributed 
to it the name hydrophobin. SC3 hydrophobin was the first studied 
hydrophobin and its involvement in the fungal aerial growth has been clarified 
[19]. Once the mycelium has been formed, the basidiomycete S. commune 
secretes into the medium the SC3 protein. As the majority of the 
hydrophobins, SC3 decreases the surface tension of aqueous environment 
allowing the growth of hyphae. Then, SC3 proteins self-assemble at the 
interface between hydrophobic air and the hydrophilic cell wall, forming an 
amphipathic layer in which all the proteins are held together by hydrophobic 
interactions. In this way they expose hydrophobic side, characterized by a 
mosaic of rodlets.  
Moreover, by using the same process, HFB layer enables the aerial growth 
of the fungus coating the spores, improving their dispersion in the air and 
preventing their recognition by immune cells in the initial step of infections 
[20]. Likewise, HFBs play an essential role in the symbiosis process [21], 
indeed they are able to mediate the attachment of the fungus to the surface 



- 10 - 

 

of the host, if it is hydrophobic. Each of these roles is due to the structural 
characteristics of HFBs that make them a very versatile class of protein 
biosurfactants. 
 
1.2.2 Structural features 
HFBs are composed by about 100 aa and one of their main features is 
represented by the presence of eight conserved cysteine residues [22]. The 
eight cysteines form four disulfide bridges, connecting C1-C6, C2-C5, C3-C4 
and C7-C8, that are fundamental to keep the protein in solution, as confirmed 
by the study on the SC3 hydrophobin [23]. Except for these conserved 
residues, the amino acid sequences of the proteins show a low identity, even 
if the relative positions of non-polar and polar amino acid seem to be quite 
preserved. However, the alignment of the amino acid sequences suggested 
that HFBs can be divided in two main classes based on the length of the 
inter-cysteine spaces (Fig.3).  
 

 
 

Figure 3: Schematic representation of the differences and variations in inter-cysteine 
length that underlie the classification of HFBs. The eight conserved cysteine residues are 
highlighted in yellow. The lengths of the N- and C-terminal regions have been omitted for 

clarity. The lengths of the polypeptide chains between the cysteine residues vary from that 
shown in black (shortest) to the combined length illustrated in black and grey (longest). 

The positions of the loops 1, 2 and 3 are indicated by L1, L2 and L3. 
 

Naturally, these differences give to the proteins belonging to the two classes 
different structural and functional characteristics. Indeed, Class I HFBs 
assemble into polymeric layer composed of fibrillar structures that can be 
disassembled only by the usage of strong acid treatment (such as 
Trifluoroacetic or formic acids) [24]. On the contrary, Class II HFBs form 
protein layers that can be dissociated in organic solvents or detergents [25]. 
Recently this classification has been questioned, indeed an intermediate 
third class has been proposed based on the hydrophobicity profiles and 
protein properties [26]. In the case of the Aspergillus species, for example, 
several hydrophobins, with inter-cysteine spaces different from class I and II, 
have been identified [27]. As shown in Fig.4, the 3D structures of some 
soluble class I and II hydrophobins have been solved. In particular, EAS 
(Neurospora crassa), DewA (Aspergillus nidulans), MPG1 (Magnaporthe 
grisea), RodA (Aspergillus fumigatus) and SC16 (S. commune) for class I 
hydrophobins [22,28–31] and HFBI, HFBII (Trichoderma reesei), and NC2 
(N. crassa) for class II hydrophobins [32,33]. All of them are characterized by 
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the presence of a four-stranded β-barrel core, while the main differences 
regard the length of the loops and the position of α-helical structures. Indeed, 
Class I hydrophobins show a variation not only in length but also in structure 
of the loops. The loop L1 of SC16 contains a α-helical structure while that of 
EAS is unstructured; L3 loops are unstructured, while L2 contains β-sheet 
structure. On the contrary, Class II hydrophobins are composed by two short 
loops (L1 and L3) and another one that contains an α-helical structure (L2). 
 

 
 

Figure 4: Representation of the 3D structures of Class I hydrophobin (A)EAS [34], (B) 
SC16 [22] and class II hydrophobin (C) NC2 [33] 

 
These structural characteristics entail the diverse ability of the two classes of 
HFBs to form fibrillar structures. For example, in SC16 the α-helix structure 
is associated with the β-barrel and a hydrophobic interface is formed 
between them. This α-helix is in the loop L1, while it is present in L2 in the 
class II hydrophobins where it is linked to the core β-barrel by a disulfide 
bridge. Thus, the different degree of conformational flexibility of the α-helix 
structure allows a higher propensity to the fibrils formation for SC16 than the 
class II HFB. Recently, to clarify the molecular determinants that play a key 
role in the self-assembly process, five mutants of the class I hydrophobin, 
Vmh2 from P. ostreatus, have been produced by site-directed mutagenesis. 
Then, starting from a reliable 3D model built using the structure of the class 
I hydrophobin SC16 from S. commune as a template, a possible mechanism 
of formation of amyloids has been proposed. As shown, (Fig.5) part of the 
loop L1 of Vmh2 changes conformation forming a β-hairpin, which represents 
the β-spine of the fibrils, whereas the bulk of the protein is accommodated 
externally [35].  
 

 
 

Figure 5: A model for the formation of fibrils proposed after site-directed mutagenesis 
studies 



- 12 - 

 

1.2.3 Applications 
The exploitation of the HFBs in several application fields is mainly due to their 
capability to change the physical-chemical properties of a wide range of 
surfaces and to stabilize emulsions (Fig.6).  
 

 
 

Figure 6: Schematic representation of possible HFBs applications 

 
In cosmetic, pharmaceutical and food applications [36,37], the HFBs 
emulsifying capability have been investigated as a replacement of the typical 
synthetic emulsifiers, and it has been demonstrated that Class II HFBs show 
a higher emulsifying activity and longer stabilizing period of oil droplets than 
class I HFBs [38]. Moreover, this capability can be exploited in 
bioremediation processes of soil and water. in fact, they can promote water 
solubility of hydrophobic pollutants, which facilitates their removal [39]. 
Both classes of HFBs have been largely employed to solubilize hydrophobic 
solids in water, as occurred for nanomaterials dispersions that are often 
affected by the aggregation processes. Different nanomaterials such as two-
dimensional graphene, carbon nanotubes (CNT) or multi-walled carbon 
nanotubes (MWCNT) have been coated by HFBs. Indeed, these proteins are 
able to create hydrophobic interactions with nanomaterials and, at the same 
time, to expose their hydrophilic sites keeping the materials in solution. HFBs 
capability to form protein layers on several surfaces by non-covalent bonds 
[40] represents a valid alternative for conventional surface modification 
methods that are more complicated and time consuming. Moreover, the HFB 
protein layers can be also used as a platform to immobilize a wide range of 
proteins exploitable, for example, in the biosensing field [41–47]. However, 
the use of HFBs can be affected by their low production and purification 
yields, even if a high grade of purity can be necessary when the protein is 
employed, for example, in foodstuff or medicines [48], while a low purified 
sample can be sufficient as foaming agent. However, these issues have been 
often overcome by the recombinant production of these fungal proteins in 
microorganisms such as bacteria and yeasts [49,50]. 
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Among the Class I HFBs deeply characterized by our research group and 
used in a very wide range of applications, Vmh2, secreted by the fungus P. 
ostreatus, can be counted. 
 
1.3 VMH2: A CLASS I HYDROPHOBIN 
 
The family of genes coding for P. ostreatus hydrophobins is large and 
complex and the function of the encoded proteins is regulated by different 
developmental stages. Vmh2 is secreted by the fungus basidiomycete P. 
ostreatus, an important edible mushroom used as a source of proteins and 
other chemicals, containing also seven genes encoding cerato-platanins. 
Belonging to the Class I HFBs, Vmh2 can form amyloid-like structures that 
can be disassembled only using strong acid treatments. Structural and 
functional properties of the protein as a function of the environmental 
conditions have been also determined. Indeed, solvent polarity, pH, 
temperature, and the presence of calcium ions trigger the protein transition 
towards amyloid structural states [51]. Vmh2 is soluble in alkaline aqueous 
buffer and, thanks to the alcohols ability to mask the exposed hydrophobic 
areas avoiding the interactions between the proteins, its solubility increases 
in less polar solvents (e.g., 60% ethanol). The Vmh2 natural capability to 
form protein layers has been largely exploited in the modification of several 
surfaces (Fig. 7) both to change their wettability and to immobilize 
biomolecules in their active form. 
 

 
 

Figure 7: Examples of Vmh2 modified surfaces used to develop several systems suitable 
for different applications 
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The amphiphilic nature of the hydrophobin has been used, for example, to 
biofunctionalize silicon surface allowing the adhesion of two different 
proteins: the bovine serum albumin and a laccase enzyme [52]. Furthermore, 
in proteomic and diagnostic fields, the Vmh2 layer has been employed to 
improve the MS analysis through the adhesion of hydrolyzed peptides or 
proteolytic enzymes [41,53]. To avoid the sampling invasiveness of cultural 
heritage objects, a similar proteomic approach has been used in the 
development of a minimally invasive and portable method. In fact, the Vmh2 
functionalized cellulose acetate sheets have been used to easily immobilize 
proteolytic enzymes. Then, only by a fast contact with the ancient object, the 
proteomic analysis has been possible[54]. Instead, in nanobiotechnology 
field, the same HFB has been used to obtain functionalized graphene through 
exfoliation process of low-cost graphite performed in presence of the protein 
solution in ethanol-water mixture [55]. Likewise, the Vmh2 functionalization 
of gold-nanoparticles has been performed by one-step synthesis obtaining a 
modified surface able to interact with protein and antibodies and to recognize 
and monitor glucose in aqueous solutions [56,57]. If on one hand the coating 
capability of the Vmh2 allows the protein adhesion, on the other hand, 
hydrophobin layer can avoid the attachment of microorganisms on the 
biofunctionalized surfaces. In fact, it has been demonstrated that the Vmh2 
functionalized polystyrene is able to prevent the Staphylococcus epidermidis 
biofilm formation [58]. Furthermore, the genetic fusion of the Vmh2 and the 
human antimicrobial peptide LL37 has allowed the development of 
antibacterial surfaces against a wider spectrum of bacteria [59]. 
In biosensing field the Vmh2 has been used to overcome some issues related 
to the immobilization of bioreceptors on the transducer elements. Indeed, the 
adhesion of biomolecules, such as enzymes, antibodies, peptides is often 
mediated by chemical linkers whose preparation can be expensive and time-
consuming. The employment of Vmh2 layers represents a valid alternative 
to tightly bind the biomolecules in an easy, rapid, and reliable way, within 
very short times, without resorting to covalent chemistry. As reported by Della 
Ventura et al [60], exploiting the natural ability of Vmh2 to bind glucose, gold 
nanoparticles functionalized with the hydrophobin have been used to 
quantitatively analyze the sugar. More recently, a homogeneous biocatalytic 
layer has been formed using Vmh2 fusion proteins. Indeed, the HFB has 
been genetically fused to different biomolecules of biotechnological interest. 
In this way, the obtained chimeric protein is endowed with both the adhesive 
capability of Vmh2 and the specific function of the target protein. Therefore, 
the enzyme glutathione-S-transferase (GST) fused to Vmh2 has been 
immobilized on polystyrene surface to develop an optical biosensor to 
quantify pesticides in aqueous environmental samples [61]. Likewise, the 
chimeric protein GreenFluorescentProtein (GFP)-Vmh2 has been used to 
develop an optical biosensor to detect and quantify thrombin in real plasma, 
thanks to the presence of a thrombin cleavage site between the two fusion 
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partners [62]. Moreover, another optical biosensor to detect caffeic acid (3-
(3,4-dihydroxyphenyl)-2-propenoic acid) and L-DOPA ((S)-2-amino-3-(3,4-
dihydroxyphenyl) propanoic acid), has been developed immobilizing the 
chimera PoxA1b laccase-Vmh2 on the same surface [63]. For the detection 
of As (III), an innovative electrochemical biosensor has been developed 
immobilizing the chimera Arsenate reductase-Vmh2 on gold-coated 
piezoelectric quartz crystals, exploiting the ability of the target protein to 
reduce As(V) to As(III) [64]. Then, the fusion protein Vmh2-H3w peptide (a 
heavy metal binding peptide) has been immobilized on a polystyrene surface 
to develop an easy and portable biosensor to detect mercury (II) in sea water 
[65]. The achieved results open a very interesting scenario, exploiting both 
the protein layer formation and the design and the production of new fusion 
proteins.  
 
1.4 FUNGAL PROTEIC BIOSURFACTANTS: THE CERATOPLATANINS 
 
Another class of fungal biosurfactant proteins, even if very poorly studied 
from this point of view, consists of the small cysteine-containing proteins 
named CP. They can be released into the culture filtrate by the filamentous 
fungi, but they can also be found in the cell wall of the hyphae and spores. 
Even though the biological role of CPs in fungi is not still clear, these proteins 
can act both as virulence factor and as elicitors. Indeed, it is reported that 
some CPs from plant pathogenic fungi act as phytotoxins inducing the cell 
necrosis. On the contrary, some beneficial fungi produce the CPs proteins to 
induce plant defence responses, thus showing an eliciting activity [66]. These 
proteins, structurally different from HFBs, show some similarity concerning 
their functional characteristics. Indeed, ceratoplatanins can self-assemble at 
hydrophobic-hydrophilic interfaces into ordered amphipatic layers as the 
HFBs [67]. However, some studies indicated that the CPs behavior is 
opposite to that of HFBs, for example, the ceratoplatanin EPL1 from 
Trichoderma atroviride increases the polarity of solutions and surfaces [68]. 
Moreover, as demonstrated by Pitocchi et al [69], CPs can stabilize emulsion 
and reduce the surface tension. Furthermore, while the self-assembling 
mechanisms of HFBs has been widely studied, the study on the cerato-
platanin assembly is still limited, even if it has been confirmed that this 
process is linked to the protein concentration and to the interaction with a 
hydrophobic material [70]. The importance to study this mechanism is mainly 
due to the potential use of CPs in the fabrication of new biofunctionalized 
materials and in the field of nano-biotechnology. Additionally, CPs are 
homologous to the N-terminal domain of expansins, which are proteins 
associated with carbohydrate binding and loosening of the cellulose scaffolds 
in plant cell walls [71]. Indeed, ceratoplatanins are also able to weaken 
cellulose substrate disrupting its non-covalent bonds without any hydrolytic 
activity [69,72]. This ability has been exploited, for example, in 
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biotechnological applications contributing to the valorization of lignocellulosic 
waste materials using the ThCP protein from Trichoderma harzianum. 
Indeed, this CP has been recently used in a pretreatment process of apple 
pomace, coffee silverskin and potato peel to enhance the cellulases activity 
obtaining a high sugar conversion [73].   
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WORK DESCRIPTION 
 
The main purposes of this PhD project are related to both the identification 
and characterization of novel protein biosurfactants produced by marine 
fungal strains and the exploitation of the hydrophobin Vmh2 in different 
application fields (Fig. 8). In particular: 
 

• The isolated surface-active proteins have been characterized both as 
biosurfactants and bioemulsifiers through several specific techniques.  

• The wild type Vmh2 has been employed in the development of a portable 
kit exploitable in the cultural heritage field.  

• By engineering genetic techniques, the same hydrophobin has been 
fused two Single chain Fragment variable (ScFv) of antibodies to detect 
two algal neurotoxins and to a laccase enzyme (PoxA1b) for the 
detection of aromatic compounds. In both cases, optical and 
electrochemical biosensors have been developed to detect different 
contaminants.  

 

 
Figure 8: Schematic flow of this PhD project 

  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2 
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2. Characterization of novel protein biosurfactants from marine fungal 
strains 

 
Marine ecosystems perform several key environmental functions, and it 
represents the greatest source of biodiversity. Indeed, the marine 
microorganisms have developed physiological abilities to survive in extreme 
habitats, among their physiological adaptation the production of new 
metabolites that are often absent in the terrestrial ones. Nonetheless, due to 
the enormity of the marine ecosystem, most of the marine microbial world is 
still unexplored. The word fungus, for example, is wrongly synonymous of the 
terrestrial microorganism, while in nature there are more than 10.000 marine 
species found inhabiting several marine habitats, ranging from surface 
seawater to the sea depths [74].  
More generally, the filamentous fungi can be classified into three groups 
namely Ascomycetes, Basidiomycetes and Zygomycete [75]. They are 
ubiquitous and very relevant in the maintenance of the environmental 
equilibrium thanks to their ability to recycle nutrient, to form symbiotic 
interactions and to decompose organic matter [76]. Exploiting these skills, 
fungi are studied, for example, as a valid alternative to physicochemical 
processes to remove micropollutants [77,78] and the production of 
extracellular enzymes makes them useful in the valorisation of substrate 
nutritional value [79] and as a pre-treatment step of lignocellulosic materials 
[80].  
Among the interesting biomolecules produced by fungal microorganisms, the 
surface-active proteins are studied due to their usage as biosurfactants 
and/or bioemulsifiers. Recent studies carried out in our laboratory and in 
collaboration with other national and south-American research groups gave 
the possibility to isolate two kinds of surface-active proteins from some 
marine fungal strains: the hydrophobins and the ceratoplatanins [69,81]. 
In this context, the section 2.1 is focused on the characterization of a new 
surface-active protein, named Sap-Pc, produced by a marine strain of 
Penicillium chrysogenum and my contribute was mainly related to the 
isolation of the protein and its characterization by Surface tension and 
Dynamic Light Scattering measurements. Moreover, the section 2.2 is 
focused on the growth of two marine fungi on seaweed polysaccharides and 
their production of cerato-platantins and hydrophobins. Considering my skills 
about the manipulation of fungal strains, my contribution was related to set 
up and optimize the protein purification process from the fungal culture 
broths.  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1 Characterization of surface-active protein extracted 
from a marine strain of Penicillium chrysogenum 
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2.2 The growth of marine fungi on seaweed polysaccharides 
produces cerato-platanin and hydrophobin self-assembling proteins 
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3. Novel application of the Class I hydrophobin of P. ostreatus in 
cultural heritage 

 
In the world of cultural heritage, the main challenges to overcome are 
represented by the conservation and the diagnosis of the ancient 
archeological samples. The cultural heritage objects are constantly subjected 
to degradation agents ranging from the combination of water and air 
contaminants to the increasing air pollution with aggressive gases. In this 
context, the amphipathic nature of the hydrophobins and their capability to 
modify physical-chemical properties of the surfaces have been exploited as 
protective agents. In particular, the class I hydrophobin DewA from 
Aspergillus nidulans and the class II hydrophobin HFBI from Trichoderma 
reesei have been used to render stones impermeable to water but permeable 
to vapor [82]. Furthermore, the use of these biomolecules is completely in 
line with the concept that the protective agents must be removable from the 
surface without damaging the substrate.  
As far as the diagnosis of the archeological objects, the proteins and the 
proteinaceous binder identification is usually performed by proteomic 
analysis based on the proteolytic activity of enzymes such as trypsin, 
chymotrypsin, PNGaseF. The class I hydrophobin Vmh2 from P. ostreatus 
had been employed to improve proteomic analysis. Indeed, its ability to form 
amphiphilic layer on surfaces and to adsorb proteins in their active form had 
been used for the development of new diagnosis methods. As demonstrated 
by Longobardi et al, the hydrophobin Vmh2 can be used as coating of MALDI 
steel sample-loading plate to allow the immobilization of some proteolytic 
enzymes [41]. Among them, it has been proved that the immobilization of the 
trypsin on the Vmh2 layer also provides an enhancement of the enzyme 
activity. Starting from this assessment and considering that in the cultural 
heritage the invasiveness of the sampling is often underestimated, a 
minimally invasive portable kit has been developed by our research group 
immobilizing the trypsin on a Vmh2 functionalized sheet of cellulose acetate 
to digest ancient proteins directly on painted surfaces and to later identify the 
proteinaceous binder through a proteomic analysis [54].  
More recently, I was involved in the preparation of cellulose acetate sheets 
functionalized with Vmh2 and then with enzymes and their application on 
different real samples. Indeed, in the paper reported in the section 3.1, the 
identification of glycosylated proteins was improved by adding a new step 
using PNGaseF immobilized on Vmh2 functionalized acetate sheets.  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1 A versatile and user-friendly approach for the analysis 
of proteins in ancient and historical objects 
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4. Development of biosensing platforms based on ScFv chimera 
proteins 

 
The marine environment, which includes the waters of seas and estuaries, 
the seabed and its subsoils, and all marine wildlife and its sea and coastal 
habitats, represents a great contributor to economic prosperity and social 
well-being. Nonetheless, it is extremely vulnerable to the environmental 
changes due to the human action for the urban and industrial development. 
Thus, the conservation and sustainable use of the oceans, seas and marine 
resources for sustainable development is the focus of the 14th Sustainable 
Development Goal (SDG) of the 2030 Agenda for Sustainable Development. 
During years, these activities contributed to marine pollution through the 
discharge of industrial wastewater, agricultural waste, domestic sewage and 
excessive fertilizer use [83]. Thus, the monitoring of contaminants in the 
marine environment started to be necessary, even if it is affected by some 
issues such as the high surface covered by the oceans, the high salinity and 
the extremely low concentrations of the pollutants. In addition, the delay 
between sampling and analysis often affects the integrity of the water 
samples [84]. For these reasons, the research is making efforts to develop 
portable systems with a high sensitivity. Among them, the biosensors could 
represent an ad hoc solution for the detection of marine pollutants. Thus, our 
research is involved in this field under the framework of ERA-NET Cofund 
MarTERA (Maritime and Marine Technologies for a new Era), with the 
FLAshMoB project (Functional Amyloid chimera for Marine Biosensing), 
whose aim was the development of small, portable, easy to use, 
environmentally compatible, robust, and inexpensive sensing platforms to 
monitor marine contaminants. The innovation of the developed biosensors is 
based on the use of fusion proteins composed by the class I hydrophobin 
Vmh2 and target sensing proteins. The genetic fusion of both proteins allows 
the exploitation of both the adhesive capability of the hydrophobin and the 
specific recognition ability of the target protein, obtaining very versatile 
biosensors by changing the target protein. Indeed, the idea was to develop 
electrochemical and optical biosensors to detect Polycyclic aromatic 
hydrocarbons (PAHs) and Endocrine Disrupting Chemicals (EDC), arsenic, 
algal toxins and heavy metals using, respectively, laccase and arsenate 
reductase enzymes, antibodies and Glutathione-S-Transferase as fusion 
partners. Moreover, a further development of these biosensors was also 
possible exploiting the Vmh2 capability to interact, by non-covalent binding, 
with several nanomaterials used as transducing elements to the recognition 
events of these original proteins. In particular, the chosen nanomaterials 
were 2D-nanomaterials, such as graphene, and 3D materials, such as 
carbon nanotubes and magnetic nanoparticles that can enhance number of 
immobilized proteins per surface unit thanks to their high surface to volume 
ratio. Furthermore, the carbon nanomaterials-based show unique structural 
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features as well as exceptional chemical, electrical, mechanical and optical 
properties that can trigger direct electron transfers with redox enzymes.  
Hence, in the following section my work related to the development of optical 
and electrochemical biosensors for the detection of two algal toxins is 
reported. These systems exploit the own characteristics of two new chimeric 
proteins composed by the hydrophobin Vmh2 and two Single chain Fragment 
Variables (ScFvs). 
 
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1 Immobilization of antibodies by genetic fusion to a 
fungal self-assembling adhesive protein 
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5. Development of biosensing platforms based on natural and 
engineered laccase  

 
The own characteristics of the laccase enzyme and its ability to oxidize 
aromatic and phenolic compounds, that represent the most common 
pollutants, make these biomolecules extremely useful in a wide range of 
application fields. To better describe the laccase enzyme and its functions, 
in the section 5.1 is reported the review of which I am the first author. In the 
manuscript it is explained the biocatalytic nature of the laccase, the molecular 
engineering methods to build highly efficient biocatalysts and its exploitation 
in several applications from bioremediation to pharmaceutical field, from food 
industry to biosensing field. For this last application, for example, the laccase 
enzymes present many advantages such as their capability to catalyze 
electron-transfer reactions without additional cofactors and a good stability. 
Indeed, many laccases produced by a plethora of microorganisms have been 
employed for the development of electrochemical and optical biosensors to 
detect phenolic compounds in different matrices [85].  
In this context, we developed electrochemical biosensors by the usage of the 
laccase PoxA1b from P. ostreatus and recombinantly expressed in Pichia 
pastoris yeast, to detect different aromatic compounds. Moreover, to 
increase and facilitate the enzyme immobilization on several surfaces, 
PoxA1b has been genetically fused to the class I hydrophobin Vmh2. Thus, 
the obtained chimeric protein is endowed with the enzymatic activity of the 
laccase and the adhesive capability of the hydrophobin. Since PoxA1b can 
adhere on a hydrophobic polystyrene surface with a low immobilization yield, 
probably due to its glycosylation grade, for each developed biosensors the 
performances of the chimeric protein PoxA1b-Vmh2 have been compared to 
those of the free PoxA1b.  
In the paper of the section 5.2, the PoxA1b-Vmh2 protein has been 
immobilized on few-layer graphene, through an exfoliation process starting 
from graphite, and then used to electrochemically detect phenolic 
compounds. In this paper, my relevant contribution, as first author, is related 
to the proteins production and the optimization of the immobilization process 
on the carbon nanomaterial. Then the French partners performed the 
nanomaterial deposition on a Glass Carbon Electrode to electrochemically 
detect catechol and dopamine. 
In the section 5.3 the development of the electrochemical biosensor for the 
detection of catechol and dopamine through the immobilization of the laccase 
on the multi walled carbon nanotubes (MWCNT) is described. Instead, 
exploiting the efficient adsorption of anthraquinones at CNT electrodes, an 
electrochemical biosensor to detect anthracene has been developed using 
either laccase in solution, CNT-supported laccase or laccase immobilized on 
magnetic beads (section 5.4). Due to my skills in recombinant protein 
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production and laccase manipulation, in both papers I was mainly involved in 
the production of PoxA1b and PoxA1b-Vmh2 proteins.  
Finally, in the section 5.5 the paper under preparation related to my work at 
the University of Oviedo, Spain, is reported. Taking advantages from the 
immobilization of the laccase chimera on the commercial micropipette 
polypropylene tips, a rapid, easy to use, and innovative electrochemical 
system has been developed for the detection of the caffeic acid in real 
samples. 
 
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.1 Beyond natural laccases: extension of their potential 
applications by protein engineering 
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5.2 From Graphite to Laccase Biofunctionalized Few-Layer 
Graphene: A “One Pot” Approach Using a Chimeric 

Enzyme 
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5.3 Carbon-nanotube-supported POXA1b laccase and its 
hydrophobin chimera for oxygen reduction and picomolar 

phenol biosensing 
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5.4 The Laccase mediator system at carbon nanotubes for 
anthracene oxidation and femtomolar electrochemical 

biosensing  
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6. Conclusions 
 
The predicted outcomes of the present PhD project, i.e. the identification of 
new fungal protein biosurfactants and their exploitation in diagnostic and 
biosensing fields, were successfully achieved. 
In the research of new protein biosurfactants produced by filamentous fungi, 
three different marine fungal strains have been investigated. Penicillium 
chrysogenum produces a protein named SAP-Pc, annotated as hypothetical 
protein, able to stabilize emulsions rather than to reduce surface tension, 
thus defined as bioemulsifier. Moreover, proteins isolated from 
Paradendryphiela salina and Talaromyces pinophilus, have been identified 
as protein biosurfactants belonging to the hydrophobins and ceratoplatanins 
classes.  
The employment of these kind of proteins in different application fields has 
been demonstrated using the most characterized protein biosurfactant 
produced by the fungus Pleurotus ostreatus. Indeed, Vmh2, having the 
capability to form amphiphilic layers on several surfaces allowing the 
adhesion of other biomolecules in their active form, has been exploited both 
in diagnosis of cultural heritage and in biosensing fields.  
The sampling invasiveness of the cultural heritage object represent the main 
issue that our developed system allows to overcome. The functionalization 
of cellulose acetate sheets with Vmh2 and the following immobilization of 
proteolytic enzymes, trypsin and PNGaseF, permitted the proteomic analysis 
of ancient objects through a contact of only few minutes between the 
functionalized sheet and the sample. Indeed, the functionalized surface not 
only allows the hydrolysis of the proteins but also the adhesion of the 
hydrolysed peptides on it to be later recovered and analysed by mass 
spectrometry techniques. 
The genetic fusion between the hydrophobin Vmh2 and different target 
proteins of biotechnological interest, is a successful strategy exploitable for 
the development of several kind of biosensors. This approach, in fact, 
allowed a one-step immobilization of the fusion proteins on several surfaces 
avoiding their chemical derivatization. In this context, the recombinant 
production of the chimeric proteins Vmh2-ScFvs was employed for the 
development of optical and electrochemical biosensors, to measure 
concentrations of the two algal neurotoxins saxitoxin and domoic acid, with 
a low limit of detection. Furthermore, the chimeric protein Vmh2-Laccase was 
exploited for the detection of different aromatic and phenolic compounds. 
Indeed, this protein has been immobilized on nanomaterials, such as 
graphene and carbon nanotubes, and electrochemical biosensors to detect 
cathecol, dopamine and anthracene were developed. Finally, an innovative, 
cheap and easy-to use electroanalytical biosystem was developed during the 
period spent at the University of Oviedo. The laccase chimera was 
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immobilized, for the first time, into common polypropylene tips and coupled 
with a screen-printed electrode to detect caffeic acid into a real matrix, tea 
samples.  
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Figure S1. (A) Chronoamperometry measurements after successive additions of (a, gray) catechol and 

(b, black) dopamine between 0 and 0.03M for concentrated POXA1b immobilized on AQ-MWCNT 

electrodes; (B) Corresponding plot of the catalytic current towards increasing concentrations of (◼) 

catechol and (⚫) dopamine (Measurements performed by chronoamperometry at E=-0.2 V vs. SCE, 

0.1 M phosphate/citrate buffer, pH 5, 25 °C) Fitting curves were obtained using Origin PRO 9.0 

software.; (C) Percentage of the amperometric response performed at 5 mM catechol and increasing 

concentrations of NaCl in the electrolyte (Measurements performed at E= -0.2 V vs. SCE, 0.1 M 

phosphate/citrate buffer, pH 5, 25 °C) 
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