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RIASSUNTO 

A. INTRODUZIONE 

Molecole che contengono due o più regioni di polarità differente sono note 
come tensioattivi. Questa definizione, seppur molto semplice, racchiude un 
vasto insieme di molecole diverse, utili nei più svariati campi di applicazione. 
La presenza di porzioni idrofobiche/idrofiliche conferisce loro la possibilità di 
riarrangiarsi strutturalmente all’interfaccia tra fluidi, determinando di 
conseguenza la capacità di abbassare la tensione superficiale, stabilizzare 
schiume o emulsioni, formare aggregati (per lo più nella forma di micelle). 
Sono queste abilità a rendere particolarmente utili i tensioattivi in moltissime 
industrie come quella tessile, alimentare, farmaceutica, cosmetica, 
petrolifera, e nei processi di bonifica e risanamento. Essendo prodotti molto 
richiesti nel mercato globale, hanno ormai raggiunto livelli competitivi di costi 
e produzione, a discapito però di aspetti negativi che riguardano il loro 
impatto ambientale e quindi tossicità e biodegradabilità. Un composto è detto 
biodegradabile quando la sua struttura chimica può essere completamente 
scomposta da microrganismi. Mentre molti surfattanti chimici non sono 
facilmente biodegradabili e possono essere tossici, quelli prodotti 
naturalmente da microrganismi, compresi batteri, lieviti e funghi filamentosi, 
offrono un'alternativa altamente più ecologica. Questi composti sono noti 
come biosurfattanti (BS).  
La produzione di BS è una delle risposte adattive alle mutevoli e talvolta ostili, 
condizioni ambientali in cui i microrganismi crescono. Infatti, questi composti 
possono coadiuvare la pseudo-solubilizzazione di substrati idrofobici. 
Secondo alcune teorie, essi potrebbero anche essere direttamente coinvolti 
in processi catabolici, fungendo da riserve energetiche. A seconda poi 
dell’organismo produttore, possono avere strutture chimiche e efficienze 
altamente diverse. Uno dei modi più comuni di classificarli è basato sulla loro 
attività, si distingue infatti tra biosurfattanti e bioemulsionanti (BE). I primi 
sono prevalentemente efficienti nell’abbassare la tensione superficiale, i 
secondi invece, nello stabilizzare emulsioni. Questa classificazione è spesso 
correlata a differenze nei pesi molecolari: BS sono piccole molecole, come 
zuccheri, acidi grassi, glicolipidi ecc. BE sono generalmente molecole ad alto 
peso molecolare, come lipopolisaccaridi, proteine ed altri. Tra i 
microorganismi produttori di tali composti, troviamo i funghi. 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, talvolta anche estremi, come ad esempio, a 
bassi pH, pressioni elevate, temperature estreme, ma anche in presenza di 
composti recalcitranti, come inquinanti o sostanze tossiche. Come strategie 
per sopravvivere in queste condizioni producono sostanze, quali proteine o 
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BS. I funghi, rispetto ai batteri, ed in particolare i BS da loro prodotti, sono 
ancora molto meno studiati rispetto a quelli dai batteri      L’ottimizzazione 
delle condizioni di crescita è uno dei modi più facilmente attuabili per la 
riduzione dei costi di produzione di BS, usando come substrati, per esempio, 
materiali di scarto. Non solo la produzione, ma anche protocolli di estrazione 
e purificazione sono continuamente oggetto di studio e ottimizzazione. 
Un’altra interessante alternativa è data dalla ingegneria genetica. Un valido 
esempio a tal proposito è dato dall’industria Henkel (GE) la quale produce 
BS da ceppi batterici modificati. 
Le proteine sono tra le varie classi di BS prodotti da funghi. Tra esse, le più 
studiate e caratterizzate, sono le idrofobine (HPBs) e le ceratoplatanine 
(CPs). Le idrofobine sono prodotte da tutti i funghi in diversi steps della loro 
crescita, adempiendo a diversi scopi. La loro attività principale è quella di 
diminuire la tensione superficiale per permettere ad esempio, lo sviluppo di 
spore e corpi fruttiferi. Sono piccole proteine (tra 5 – 20 kDa), che 
contengono un pattern di otto cisteine altamente conservato. A seconda della 
posizione di queste cisteine, e ancor di più della stabilità degli aggregati che 
sono in grado di formare, si possono dividere in due classi. Le idrofobine di 
classe I formano aggregati estremamente stabili, solubili solo in acidi forti. 
Gli aggregati formati da quelle di classe II invece, sono solubili in condizioni 
più blande. Entrambe le classi, comunque, sono caratterizzate da un core 
strutturale simile, formato da quattro foglietti beta organizzati in “beta barrel”. 
Recentemente un’ulteriore sottodivisione per le idrofobine di classe I è stata 
suggerita, a seconda se sono prodotte da Ascomiceti o Basidiomiceti, sulla 
base di differenze nel processo di aggregazione. Nonostante le variazioni 
strutturali, tutte le proteine di questa famiglia, mostrano nella struttura 3D una 
separazione tra zone polari e apolari. 
Le CPs sono un’altra classe di piccole proteine (sempre tra 5 – 25 kDa), con 
un pattern conservato di cisteine, originariamente considerate quali membri 
della famiglia delle HPBs. Studi recenti hanno rivelato in realtà differenze 
strutturali e di attività. Ad esempio, le CPs mostrano solo quattro cisteine 
conservate e mancano di grandi zone idrofobiche. Inoltre, i loro aggregati 
sono nettamente meno stabili. Studi sulla loro attività hanno evidenziato che 
queste proteine si comportano in alcuni casi da co-fattori di virulenza, in altri 
casi al contrario, inducono l’espressione dei geni di difesa. Comunque, la 
loro presenza ubiquitaria tra funghi con diversi stili di vita suggerisce che 
possano essere coinvolte in altri aspetti del ciclo vitale fungino. La 
caratteristica peculiare delle CPs è la loro attività non-enzimatica nei 
confronti della cellulosa, che comporta un indebolimento delle fibre di 
cellulosa. Studi riguardanti l’attività come tensioattivi invece, sono ancora 
molto limitati. Solo alcuni autori ne hanno caratterizzato l’abilità di stabilizzare 
emulsioni, abbassare tensione superficiale o modificare polarità delle 
superfici.  Quello che emerge dal recente lavoro del nostro gruppo di ricerca, 
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e da questo lavoro di tesi, è però la possibilità che vi siano altre proteine 
fungine, diverse dalle sopracitate HPBs e CPs, con proprietà di biosurfattanti.  
Nel presente lavoro di tesi, il focus è principalmente sulle applicazioni in 
campo biomedico, e del biorisanamento. I biosurfattanti, in particolare quelli 
fungini, hanno dimostrato ottime proprietà antibatteriche, antiadesive e 
antitumorali. Possono giocare un ruolo importante anche nello sviluppo di 
nuovi sistemi di somministrazione dei farmaci, come micro o nano carrier. La 
natura adesiva dei biosurfattanti risulta preziosa negli impianti biomedici, 
perché può prevenire l'adesione e la colonizzazione batterica o favorire 
l’adesione cellulare.  
Per quanto riguarda problemi ambientali come le fuoriuscite di petrolio in 
suolo e acqua, i biosurfattanti sono degli ottimi sostituti dei tensioattivi 
sintetici, in quanto non si accumulano e non contribuiscono ulteriormente 
all'inquinamento ambientale. Il meccanismo chiave con il quale agiscono è il 
potenziamento della biodisponibilità dei contaminanti scarsamente solubili, 
facilitandone il desorbimento, solubilizzazione e assimilazione da parte dei 
microorganismi. I biosurfattanti hanno dimostrato efficacia contro vari 
composti dannosi, inclusi sostanze a base di petrolio, molecole aromatiche 
e metalli tossici. Il biorisanamento può essere realizzato attraverso tecniche 
in situ o ex situ. Per le tecniche in situ, ad esempio, i biosurfattanti offrono il 
vantaggio di poter essere rilasciati con un impatto ambientale minimo. Nelle 
metodologie in situ, inoltre, i funghi svolgono un ruolo chiave sia come 
produttori di metaboliti attivi come surfattanti e enzimi, sia come bio-inoculi. 
Per bio-inoculi si intendono ceppi specifici resistenti alla presenza di altri 
microorganismi nel sito contaminato, in grado di interagire con i contaminanti 
e/o produrre metaboliti per il biorisanamento. 

 

B. NUOVE PROTEINE FUNGINE BIOSURFATTANTI 

I funghi sono microorganismi resilienti trovati in vari ambienti ostili, tra cui 
discariche, aree contaminate dal petrolio sia terrestri che marine. L'ambiente 
marino, in particolare, con la sua estrema varietà di ambienti, offre una ricca 
fonte per la scoperta di nuovi composti. Tuttavia, gli ecosistemi marini sono 
in gran parte inesplorati a causa delle difficoltà nell'isolare e far crescere in 
laboratorio questi microorganismi. A tal proposito, si è condotto uno studio 
approfondito sui funghi marini come fonte di biosurfattanti e bioemulsionanti 
ed in particolare sulle metodologie di screening. Nel presente lavoro, sono 
state estratte e caratterizzate nuove proteine biosurfattanti prodotte da funghi 
isolati da alghe o da plastiche rinvenute in discarica. Nel primo caso, una 
proteina chiamata PAC3, estratta dal ceppo fungino marino Acremonium 
sclerotigenum, ha mostrato caratteristiche strutturali e di auto-assemblaggio 
molto simili alle proteine idrofobine di classe I. Le caratteristiche di questa 
proteina sono state analizzate a confronto con quelle di Vmh2, nota 
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idrofobina di classe I. Entrambe hanno mostrato la capacità di stabilizzare 
emulsioni in diverse condizioni (concentrazione, pH, etc), di abbassare 
notevolmente la tensione superficiale e di assemblare spontaneamente in 
lunghe fibrille amiloidi. Nonostante le similarità funzionali con le idrofobine, 
la determinazione parziale della sequenza di PAC3 permette di escludere 
che appartenga alla stessa classe.  
Tra i vari ambienti ostili in cui i funghi possono crescere, troviamo anche siti 
contaminati, come le discariche, poiché, grazie al loro apparato ifale, 
combinano meccanismi chimici e fisici per colonizzare anche le matrici più 
complesse, come la plastica, che è oggigiorno motivo di reale 
preoccupazione. Due ceppi fungini appartenenti al genere Fusarium sono 
stati isolati da substrati plastici prelevati in discariche dalla Mycoteca 
Universitatis Taurinensis, Quando cresciuti in presenza di olio di oliva, il loro 
brodo di coltura ha la capacità di abbassare la tensione superficiale. Una 
proteina con ottime proprietà emulsionanti viene secreta in queste condizioni 
ed è stata identificata e caratterizzata. L’identificazione ha permesso di 
stabilire che la proteina contiene un dominio ricco in cisteine, tipico dei 
funghi, noto come CFEM (Common in Fungal Extracellular Membrane). 
Inoltre, sulla base di modelli strutturali di questa proteina è stato proposto un 
possibile meccanismo di aggregazione, che gioca un ruolo fondamentale per 
la stabilizzazione delle emulsioni. Lo studio, dunque, introduce la possibilità 
di isolare nuove classi proteiche con buone attività tensioattive ed 
emulsionanti, diverse dalle note idrofobine.  

 

C. APPLICAZIONI 

I composti biosurfattanti (BS) hanno significative applicazioni industriali, ma 

la loro produzione su larga scala rimane una sfida. I BS possono essere 

utilizzati come coadiuvanti nel trattamento idrolitico dei rifiuti agroindustriali. 

Infatti, la ceratoplatanina isolata da Trichoderma harzianum, e caratterizzata 

come efficace biosurfattante, è stata utilizzata per pretrattare scarti alimentari 

(come bucce di mela, o patata) prima della loro idrolisi per l’ottenimento di 

zuccheri fermentabili, utili ad esempio per la produzione di biocarburanti. 

Sfruttando la capacità delle Ceratoplatanine di indebolire i legami tra catene 

di cellulosa, infatti, si è osservato un aumento della conversione di zuccheri 

a valle dell’idrolisi enzimatica. Questo tipo di trattamento minimizza tempi di 

incubazione, aumentandone l’efficienza. 

Nell’ambito biomedico, la colonizzazione batterica di superfici di interesse, 

aggravata dai batteri resistenti ai farmaci, è un problema significativo. La 

funzionalizzazione di tali superfici è una possibile via per risolvere il 

problema. Un aspetto importante per la funzionalizzazione di superfici è 

evitare l’uso di sostanze chimiche, reagenti tossici o costosi. È per questo 
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che l’uso di biosurfattanti, come le idrofobine, è oggetto di studio del presente 

lavoro di tesi. I layers estremamente stabili formati da queste proteine, 

possono fungere da punti di ancoraggio per legare molecole di interesse, 

come enzimi, anticorpi o peptidi. In più, le tecniche di ingegneria genetica 

apportano il vantaggio di potere fondere queste molecole, fornendo ulteriori 

vantaggi in termini di facilità e velocità del processo. In particolare, sono state 

funzionalizzate due superfici, polistirene e cellulosa batterica, con una 

proteina ingegnerizzata contenente l’idrofobina Vmh2 e un peptide 

antimicrobico. Quando adesa alla cellulosa batteria, questa proteina, ha 

dimostrato un buon effetto antibatterico contro i patogeni Staphyloccoccus. 

aureus e S. epidermidis.  

In aggiunta, le proprietà dei BS, tra cui la formazione e stabilizzazione di 
schiume, e la riduzione della tensione superficiale e della viscosità, li rendono 
adatti per la pulizia di acque e suoli inquinati da petrolio. Sono quindi state 
effettuate preliminari analisi sulle proteine estratte da Fusarium solani per 
testarne la capacità di rimuovere il petrolio da sabbie contaminate. 
 

D. CONCLUSIONI 

I risultati conseguiti nel presente progetto di tesi sono qui di seguito riassunti: 
- Una proteina biosurfattante fungina, estratta da Trichoderma harzianum 

precedentemente caratterizzata, è stata utilizzata con successo per il 
pretrattamento di biomasse ligno-cellulosiche nel processo di idrolisi. 

- Due proteine idrofobiche note, una idrofobina di classe I (Vmh2) e una 
nuova (nominata PAC3) sono state caratterizzate come efficaci 
biosurfattanti.  

- Una nuova proteina è stata isolata ed identificata da due ceppi di 
Fusarium solani, cresciuti su plastica isolata da discariche. La sua 
caratterizzazione ha mostrato che in forma aggregata la proteina 
stabilizza emulsioni.  

- La cellulosa batterica, purificata da Komagataeibacter xylinus, è stata 
funzionalizzata con una proteina chimerica, che combina Vmh2, 
idrofobina adesiva di classe I, con un peptide antimicrobico (GKY20), 
impartendogli proprietà battericida.  
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SUMMARY 
 
Proteins are intrinsically amphipathic molecules, even if their amphiphilic nature is 

affected by several factors such as protein folding or post-translational 

modifications. Hydrophobins and ceratoplatanins are the most studied surface-

active proteins to date. They are both small fungal proteins, with high content of 

cysteines, that fulfill several functions in fungal life cycle.  

Hydrophobins are involved in the development of aerial development oh hyphae 

thanks to their capability to reduce surface tension, while ceratoplatanins can act 

both as virulence factor and as elicitors, besides possessing the ability to weaken 

cellulose fibers without enzymatic activity. Fungal biosurfactant proteins are still 

poorly characterized and exploited as class of biosurfactants. For this reason, one 

of the purposes of the present PhD project has been the isolation and 

characterization of new biosurfactant proteins from different fungal strains. The first 

work was conducted on two Fusarium solani strains isolated from a plastic dumpsite, 

collected by the Mycoteca Universitatis Taurinensins. From these fungi a protein 

has been extracted and identified as a new unknown protein, containing a cysteine-

rich domain.  Its characterization revealed that this protein forms aggregates, 

endowed with excellent emulsifying abilities. Moreover, other two already known 

hydrophobic proteins, named Vmh2 and PAC3, extracted from Pleurotus ostreatus 

and Acremonium sclerotigenum respectively, were herein characterized for the first 

time in terms of surfactant activities. Although many functional similarities, partial 

identification of PAC3 excludes that it does belong to the HPBs protein family. In 

addition, an already known BS protein, in particular the Ceratoplatanin extracted 

from Trichoderma harzianum, has been exploited for lignocellulosic valorization 

processes. This protein has proven able to efficiently pre-treat agrifood wastes, 

increasing the sugar conversion yield achievable after hydrolytic treatment.  

Another promising application that has been exploited in my PhD work, has 

regarded the functionalization of two different materials, to impart antimicrobial and 

antibiofilm properties. Polystyrene and Bacterial cellulose have been successfully 

functionalized with an engineered protein that fuses the adhesive protein of Vmh2 

and the antimicrobial activity of the peptide GKY20. When adhered on cellulose, this 

protein has proven a good antimicrobial effect against Staphyloccoccus. aureus and 

S. epidermidis.  

Results here achieved, indicate that there are other classes of fungal proteins with 

surfactant abilities; these proteins offer a valid substitute for synthetic surfactants, 

because of the potential for industrial-scale utilization through genetic engineering. 
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1. INTRODUCTION 
 
Surfactants are amphiphilic molecules, containing two or more moieties of opposite 

polarity. This definition actually hides a huge and fascinating world of different 

molecules which can be entailed to a wide range of possible applications. The 

presence of both hydrophilic and hydrophobic groups imparts these molecules the 

ability to re-arrange themselves at fluid interfaces, leading to multiple effects like the 

decrease of surface tension, formation and stabilization of foam or emulsions (in 

case of two immiscible liquids), formation of aggregates/nanostructure (mostly in the 

form of micelles). When the surfactants are fully immersed in water, the structure 

formed takes on two different names, “micelles” when the concentration of 

surfactant is low and “surfactant liquid crystals” at very high concentrations of 

surfactants[1].Those that seem to be just specific phenomena of a certain class of 

compounds, actually span in a wide range of application fields. The “ambivalent” 

nature of surfactants makes them valuable in many industries like textile, food-

processing, pharmaceuticals, and cosmetics, but also oil and gas industry, 

refineries, and remediation processes. This can explain why these compounds are 

highly demanded in the global market and since the early ’30, have been 

incorporated into various commercial products [2]. 

The synthetic surfactants that are currently used in the market are usually classified 

into four different categories, which are anionic, cationic, zwitterionic, and non-ionic 

surfactants, according to the hydrophilic head group of the molecules, that can affect 

the different applicability of each compound [3]. As they fit in the global market, they 

must have accessible and competitive large-scale production costs, something that 

petroleum-based products possess but with disadvantages such as toxicity, high 

environmental impact, low biocompatibility and degradability etc.  

The two most significant aspects of surfactants affecting the environment are toxicity 

and biodegradability. Toxicity is the measure of adverse effects caused by 

surfactants in the soil, whereas biodegradability is the ability of microorganisms to 

destroy the surfactant [4] A surfactant is said to be biodegradable when its chemical 

structure is broken down completely by the microbes present in the environment. 

Most of the chemical surfactants used in soil remediation are not readily 

biodegradable and can cause a toxic impact on the soil environment. Notably, these 

surfactants may undergo sorption on the surface of the soil grains and lead to toxic 

accumulation [5].  

 

1.1 Biosurfactants  

When such molecules are produced by microorganisms they are referred to as 

biosurfactants (BS). Several microorganisms are known for BS production, varying 

from bacteria, yeasts, and filamentous fungi. 
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Biosurfactant production is considered one of the numerous adaptations exhibited 

by microorganisms for metabolizing hydrocarbons. They represent a physiological 

response to the changing environmental conditions encountered by the cells [6]. 

Pseudo-solubilization of hydrophobic substrates and motility towards them could 

underlie this phenomenon [7]. Another explanation for BS production could imply 

microbial adhesion-release of the cell to surfaces: BS associated with the microbial 

walls can regulate the properties of the cell surface increasing, for example, the 

permeability of the membrane [2]. Other authors, moreover, foresee that BS can 

serve as an energy reserve, since they can enter the catabolic process as a possible 

source of energy during periods of nutrient limitation [7]. Although a variety of 

mechanisms and specializations distinguish biosurfactants, they all share a few 

essential traits. They are part of the process of interaction of microbes with surfaces 

and substrates, especially when these are of a hydrophobic nature. Depending on 

the producing organism, they can show different chemical structures, surface 

properties and efficiency. These molecules are amphiphilic in nature and this 

property allows their dissolution in both polar and non-polar solvents. BS can be 

classified following more than one criterion, like chemical composition, microbial 

origin, mode of action, molecular weight, and other general physico-chemical 

properties like their charge [8]. However, one of the most acknowledged ways is by 

their predominant activity, either emulsifying or surface active, whose differentiation 

is also linked to their molecular weight. It is generally spoken of bioemulsifiers (BE) 

to refer specifically to high molecular weight molecules that can form and stabilize 

foams, and BS for low molecular weight compounds that can sensibly reduce 

surface tension. This classification is widely accepted and used among researchers, 

since Uzigowe et al. [9] well established that the two terms are not always 

exchangeable.   

BS are generally composed of sugars, aminoacids, fatty acids but also glycolipids 

(rhamnolipids, sophorolipids, trehalose lipids), and lipopeptides (surfactin, iturin, 

fengycin). BE usually are complex mixtures of heteropolysaccharides, 

lipopolysaccharides, lipoproteins, and proteins. Emulsan e.g., one of the most 

studied BE, can reach a molecular weight of 1000 kDa when produced by 

Acinetobacter calcoaceticus [9]. 

 
1.2 Fungal biosurfactants 

Fungi constitute a large and diverse kingdom of eukaryotic organisms 

morphologically classified as yeasts, filamentous fungi, or dimorphic fungi. They are 

present in diverse environments, both terrestrial and marine, and some have 

evolved to thrive and proliferate in extreme conditions, e.g. high salinity or 

hydrostatic pressure, low pH, extreme temperature conditions, and the presence of 

hydrocarbons. Fungi employ a range of remarkable strategies to counteract 
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recalcitrant compounds, like pollutants and toxic substances. These strategies 

include a powerful enzymatic system, but also the production of BS, which enables 

them to use these recalcitrant compounds (i.e., plastics or other oil-based 

compounds) as a source of carbon and electrons, providing them with cellular 

materials and an energy source [10].  

 
Figure 1. General scheme of biodegradation of complex polymers (e.g., petroleum-

based plastics) by a fungal cell (hypha). In general, the hyphal structure can be 
organized into 4 zones: the apical growth zone, absorption zone, storage zone and 

senescence zone, each of them with a specific metabolic activity. Image adapted from 
Sanchez 2020 [10]. 

 

Da Silva et al. [2] report a detailed review of the most studied and characterized 

fungal BS,      highlighting that s     ophorolipids (SL) and mannosylerythritol (MEL) 

lipids are the main fungal products investigated so far. Other classes of lipids are 

Cellobiose and polyol lipids, the latter considered to be exclusive of fungi, differing 

from other glycolipids for the replacement of the hydrophilic portion by a polyol 

(typically D-mannitol or D-arabitol) linked to a fatty acid. Another class of BS typical 

of fungi is that of proteins, in particular Hydrophobins. According to Sanches et al 

[11], Aspergillus, Penicillium, and Fusarium are the most studied genera for the 

production of BS. Unfortunately, fungal BS are still way less exploited when 

compared to the bacterial ones. Fungal BS, and in particular those from filamentous 

fungi, represent only 19% out of the total, although they show a wide chemical 

structural variability [12]. Bacterial strains like Pseudomonas and Bacillus are the 

most studied and characterized throughout the scientific literature. The differences 

between scientific data output on fungal and bacterial BS may lie in the fact that 

fungal growths are more time-consuming and also growth conditions in the lab still 

represent quite a challenge. Anyway, the main reason could be linked to the 

production yields obtained are still lower when compared to those of bacteria [8]. 

These drawbacks are hard to overcome, but the richness of this class of 

microorganisms, which reflects an even wider richness of BS compounds, is worthy 

of further studies. 
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Additionally, many BS producing bacteria are human pathogens (e.g. 

Pseudomonas, Bacillus) and hence are inadequate for use in food or 

pharmaceutical industries, while an advantage of using BS producing fungi, and in 

particular yeasts like Saccharomyces cerevisiae, resides in the aspect of most of 

them of being “generally regarded as safe” [13].  

Optimization of growth conditions is one of the most promising ways to reduce 

production costs, and hence increase applicability of fungal BS. Behind the use of 

agro-industrial waste and non-conventional substrates (plastics, oil-based 

compounds), the optimization of bioprocess parameters and downstream 

processing steps are also constantly being improved to ensure greater yields [2]. A 

new appealing possibility to increase the production and development of BS is 

through genetic improvements of strains. Genetic material can be modified e.g. by 

metabolic engineering, an example is given by the company Evonik, that produces 

sophorolipids from the genetically modified strain S. bombicola through the insertion 

and deletion of genes that overexpress enzymes involved in the synthesis of those 

compounds [14]. Other companies like Henkel (GE) or Holiferm (UK), produce SL 

or MEL via genetically modified bacterial strains; however, no BS produced by 

filamentous fungi is commercially available to date [11]. Although filamentous fungi 

can produce BS, the biosynthesis of these compounds, their genetic basis, and the 

production route are not yet fully understood.  

 

 
1.2.1 Hydrophobins and Ceratoplatanins 

As mentioned above, proteins are a class of fungal BS. Proteins are intrinsically 

amphipathic molecules, even if their amphiphilic nature is affected by several factors 

such as protein folding or post-translational modifications. This is particularly true 

for a class of proteins, named Hydrophobins (HPBs). Usually, all filamentous fungi, 

both ascomycetes and basidiomycetes, produce HPBs that fulfill several purposes 

during fungal growth. The importance of these proteins in fungal development 

processes lies in their ability to self-assemble into stable, amphipathic layers. These 

layers significantly decrease the interfacial tension, allowing aerial structures to 

breach the surface and grow into the air. Fruiting bodies or spores are also coated 

with HPBs layers, which reduces wetting, helps mediate resilience to environmental 

stresses, and allows the spores to adhere to hydrophobic surfaces [15]. 
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Figure 2. The role of surface-active proteins in fungal growth and development. Most 
filamentous fungi begin their lives as spores, coated by surface-active proteins, e.g. 

hydrophobins. Following germination, hyphae are formed and branch into an expanding 
network that is the mycelium. Because most fungi grow in a moist or liquid environment, 

aerial structures need to overcome surface tension at the substrate:air interface. 
Hydrophobins, along with cerato-platanins, are secreted by fungi to control the surface 

activity and properties of the substrate:air interface, coating aerial structures and conferring 
water resistance. Image adapted from [15] 

 

HPBs 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. HPBs are small proteins (5 to 20 kDa) with a 

conserved pattern of eight cysteine residues, that form four disulfide bridges, 

however, besides this highly conserved pattern, inter-cystein sequences show very 

low similarities. HPBs are usually classified in two classes mainly based on the 

solubility properties of their assemblies, but also on the spacing among the Cys 

residues and the position of hydrophobic residues relative to these Cys [17]. Class 

I HPBs assemble into insoluble polymeric layers composed of fibrillar structure 

known as rodlets; these layers are extremely stable and can be only solubilized with 

strong acid treatments. On the other hand, class II HPBs form layers soluble in 

detergents or alcohol and have a conserved length of the inter-cysteine spaces [18].  

Both classes, however, are characterized by 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. Class I HPBs have also been recently split into other two sub-

classes, depending on whether they are produced by Ascomycetes or 

Basidiomycetes, class IA and IB, respectively. Differences between the two concern 

mainly structure and self-assembling processes. Class IB subdivision includes the 

experimentally confirmed sequences HGFI (Grifola frondosa), Vmh2 (Pleurotus 

ostreatus), along with the S. commune SC3 and SC16, while Class IA include the 
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Aspergillus fumigatus RodA [17]. Despite these attempts to group HPBs into 

classes, high variability was revealed also between proteins produced by the same 

strain, as SC3 and SC16. SC16 share 56% of the sequence with SC3, from its first 

to last cysteine, yet it possesses a unique HPBs structure, resembling both class I 

and II. 

 
Figure 3.A) The sequence of SC16 from the first cysteine residue to the C-

terminus. The secondary structure is indicated for each residue and the locations 
of the loops, β -sheets and helix of SC16 are indicated. Cysteine residues are 

coloured fuchsia and disulphide linkages are indicated by a line. B) Schematics of 
the secondary structure elements of SC16, both β -sheets (1-4) and intervening 

loops (L1-L3) are indicated. C) A ribbon diagram of the lowest-energy SC16 
structure. Disulphide bonds are shown in fuchsia and the β -sheets and loops are 

indicated. Image adapted from [17]. 

 

Despite the structural variations across HPBs, they all display a separation of 

hydrophobic and charged/polar residues on different faces of the protein surface, 

explaining their high surface activity [19]. Moreover, the nature of the interface or 

environment that triggers the self-assembly of the Class I hydrophobin influences 

the structure and properties of the resultant coating [20].  

Another class of fungal biosurfactant proteins, poorly studied from this point of view, 

consists of Ceratoplatanins (CPs), another group of small cysteine-containing 

proteins. CPs were originally assumed to be HPB-like proteins, while recent studies 

highlight structural and biological differences among these two classes of proteins. 

CPs show four conserved cysteines forming two disulfide bridges, and differently 

from HPBs, they lack a large hydrophobic patch [21]. Similarly to HPBs, they can 

self-assemble at interfaces, although the layers they form are endowed with a much 

lower stability. While the self-assembling mechanisms of HFBs have been widely 

studied, studies on the CPs assembly are still limited, even if it has been confirmed 

that this process is related to the protein concentration and the interaction with a 

hydrophobic material [22].  
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This protein family owes their name to the pathogen fungus Ceratocystis platani, 

from which the protein CP was firstly found and characterized as virulence factor 

[23]. Indeed, as their biological activity concerns, they are phytotoxic and contribute 

to full virulence of pathogens, but other protein of this family, can induce expression 

of defense genes in host and non-host plant tissues. However, the presence and 

abundant expression of CPs in fungi with all types of lifestyles suggests that the 

main biological functions are not solely related to fungal–plant interactions but to 

other, more general aspects of fungal growth, e.g. hyphal growth in submerged 

mycelium [15,21]. Additionally, according to Silva et al [24], Trichoderma spp. can 

regulate the hydrophobicity of the host or substrate surfaces, making them more 

hydrophilic to facilitate access to nutrients or plant interactions. 

Another interesting feature of these proteins is their structure (a double ψβ-barrel 

fold with six β-strands and two α-helices) that is 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. Similar to expansins, CPs can 

weaken cellulose substrate, disrupting its non-covalent bonds without any hydrolytic 

activity [25]. This action could be useful to efficiently hydrolyze cellulosic substrates; 

in fact, cellulases must have complete access to the cellulose chains that are tightly 

packed.  

 
Figure 4. schematic representation of CPs action on lignocellulosic materials. 

 

Although studies about CPs surface properties are still limited, in some cases it has 

been reported that CPs can increase the polarity of solutions and surfaces e.g. EPL1 

from Tricodherma atroviride [26]. Other studies, conversely, highlight the surfactant 

activity that these proteins possess, resembling those of HPBs [27]. In particular, 

two CPs isolated from marine fungal strains were proven to be effective surfactants, 

hence stabilizing emulsions and lowering the surface tension of aqueous solutions.  
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1.2.2 Other classes of BS proteins 
HPBs and secondly CPs, are the most studied fungal surface-active proteins. 

However, results achieved by our research group recently, seem to suggest that 

there are other classes of fungal proteins with surfactant abilities. In this sense, fungi 

particularly those grown in hostile environments are a rich and intriguing source of 

new BS. 

A good example is given by the work of Cicatiello et al [28] in which a BS protein 

secreted by the marine fungal strain Penicillium chrysogenum, was identified as a 

hypothetical protein, annotated as Pc13g06930. Although this protein was extracted 

according to already set up HPBs extraction protocols, and it also showed similar 

properties with this class of proteins (e.g. emulsification ability, aggregation in 

amyloid-like fibrils), identification by a proteomic approach, confirmed that it does 

not belong to HPBs family.   

Fungal surface-active proteins offer a valid yet underexplored substitute for 

synthetic surfactants. Beyond their intriguing properties, there is the potential for 

industrial-scale utilization through genetic engineering. 

 

1.3 Applications 

Synthetic surfactants able to reduce interfacial tension, increase solubilization of 

hydrophobic compounds, and stabilize emulsions are highly valuable in so many 

industrial sectors, that their environmental impact cannot be overlooked any longer. 

Moreover, one of today’s key challenges is to reduce our dependence on fossil fuels 

(oil, coal, gas) and to move toward using renewable and sustainable sources. As 

mentioned above, BS represent a valid replacement for such compounds, 

considering the enormous genetic diversity that microorganisms possess [29]. 

Application fields for BS are multiple and very diverse, they span from 

bioremediation to food processes, from pharmaceutical to agricultural practices, and 

from oil recovery to cosmetic products. The applications of most interest for this 

work concern bioremediation and biomedical aspects.   

BS, and in particular fungal BS, have shown good antibacterial, antiadhesive and 

also anti-cancer activity. Additionally, they can be used for the development of novel 

drug delivery systems, such as micro or nano-based drug carriers [30]. Antiadhesive 

properties arise from their ability to adhere to surfaces, changing their 

hydrophobicity and hence inhibiting the successive adhesion and colonization of 

bacteria. This property represents a very potent tool in the field of biomedical 

implants, often challenged by chronic infections. Activities strictly related to their 

amphiphilic nature are the capacity to form nano/micro emulsions useful for drug 

delivery systems and also the antibacterial and antiviral ones [31]. Regions of 

opposite polarity enable the interaction with the lipid bilayer of the microbial 

membrane causing disruption, and ultimately death.  A similar mechanism is 

believed to occur also in the case of viruses [32].  



16 

 

 

 
Figure 4. schematic representation of all the possible BS applications in the medical field. 

image adapted from [30]. 

 

BS are particularly suitable to tackle environmental issues, such as oil spills and 

bioremediations of soil and water, since synthetic chemical surfactants could 

accumulate and lead to further environmental pollution. The key process of these 

treatments is to increase the bioavailability of the poorly soluble contaminants. In 

this sense, BS are very useful for enhancing the desorption and solubilization of 

hydrocarbons, thereby increasing their bioavailability and facilitating their 

assimilation by microorganisms, either by enhancing their emulsification or by 

forming micelles, in which compounds are entrapped [33]. BS have proven to be 

efficient against multiple kinds of hazardous compounds, not only petroleum-based 

but also aromatic molecules like styrene, fluoroanthene, benzotriazole [3] and toxic 

metals (e.g. arsenic, lead, mercury) [34]. Bioremediation can be achieved through 

in situ or ex-situ techniques. Compared to their synthetic counterpart, BS can be 

released in situ with minor drawback effects on the environment, having the added 

advantages of low toxicity and biocompatibility. In situ methodologies can be 

distinguished in those that involve fungal active metabolites as surfactants and 

enzymes or those in which fungi are used as bioinoculants, also known as the 

bioaugmentation technique. Bioinoculants are selected strains that resist the 

presence of other microorganisms in the polluted site and still have the ability to 

interact with contaminants and/or produce metabolites for remediation [35]. In this 

way, the autochthonous microflora is enriched by the addition of selected indigenous 

or genetically modified microbial species to support oil degradation [36]. 
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WORK DESCRIPTION 

The main purposes of this PhD project are related to both the identification and 

characterization of novel BS protein produced by fungi isolated from hostile 

environments, especially landfill soils. At the same time, the exploitation of already 

known BS proteins (HPBs and CPs) in biomedical and bioremediation application 

fields was carried out.  More in detail: 

• Two fungal strains were studied as BS-producing microorganisms. The 

isolated surface-active proteins have been characterized as biosurfactants 

and bioemulsifiers.  Their identification revealed the existence of a novel 

class of BS proteins. 

• The Class I HPB Vmh2 was characterized for the first time in terms of 

emulsifying and surface activity and compared to another unknown small 

Cys-rich protein, proving their excellent BS properties.  

• The BS protein, ThCP was tested for its potential application in the 

valorization of agro-food wastes.  

• The engineered variant of Vmh2 with an antimicrobial peptide (GKY20) was 

used to impart antibiofilm/antibacterial properties to different surfaces of 

interest in the biomedical field.   

In the appendix section, two publications are reported, one regarding studies about 

BS produced by marine fungal strains, published before this PhD work. The other 

arises from my collaboration with another research group, about the 

characterization of collagen-based glue in the art restoration field. Considering my 

skills in sample preparation and SDS-PAGE analysis, my contribution was related 

to setting up and optimizing dialysis protocols of glue samples and their visualization 

by SDS-PAGE. 
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2.1 INTRODUCTION 

Fungi are well-known resilient microorganisms, able to inhabit hostile environments 

such as landfill soils, both terrestrial and marine petroleum-contaminated areas, 

cold habitats, etc. The marine environment, for example, with its huge diversity of 

landscape and conditions, represents an abundant source for the discovery of new 

compounds. Fungal species variety, indeed, is as rich in the terrestrial environment 

as in the marine ecosystem, although the latter remains mostly unexplored.  Culture-

independent techniques such as metagenomics, can help for the exploration of 

otherwise inaccessible microorganisms [1] (See sect. 2.1). As mentioned above, 

fungi are also often isolated from contaminated sites, like dumpsites, landfills, or 

highly anthropized areas. Thanks to their hyphal apparatus indeed, they can 

combine biochemical and physical actions, involving secondary metabolites such as 

enzymes and BSs, to colonize and survive on different matrices [2,3]. Of particular 

interest today is the accumulation of plastic waste all around the globe. Plastic 

materials are remarkably stable over time, however, nature continues to adapt and 

evolve, and the fungal community can change due to the presence of plastic 

polymers, as already noticed in the presence of PE [4,5] or even of new generation 

biodegradable plastics. With this in mind, extraction and characterization of new BS 

protein from strains isolated from marine sites (see sect. 2.2) and from plastic landfill 

soils (See sect. 2.3) were herein conducted. A small protein, previously accounted 

as an HPB, was extracted from the marine fungal strain Acremonium sclerotigenum. 

The protein, named PAC3, showed many structural and self-assembling features in 

common with class I HPBs [6]. PAC3, indeed, in aqueous solution can 

spontaneously assemble into amyloid-fibrils, and also showed a high propensity to 

form lateral assembled, long fibrils when deposited onto a hydrophobic surface. BS 

extraction from the other fungal strains, isolated from plastic dumpsite, led to the 

identification of an unknown protein endowed with excellent emulsifying activity. The 

book chapter in section 2.1 gives a comprehensive introduction to the isolation of 

new fungal BS proteins, while sections 2.2 and 2.3 point out that there are different 

classes, besides the already known HPBs, of fungal proteins with surfactant 

abilities. 
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3.1 INTRODUCTION  

BS compounds are very valuable in several industrial fields, however, production on 

a large scale is the current challenge. One possible route is the production via 

fermentation, using waste materials, and in particular agrifood wastes, as growth 

substrates. Generation of agro-industrial byproducts is growing rapidly. In 2019, the 

industrial activities of bioethanol production, animal slaughter, as well as the 

processing of cassava, oil palm, and milk together generated more than four billion 

liters of wastewater [1]. To increase the sustainability of these agro-industrial 

processes, it is possible to utilize their waste products as substrates for the 

production of other useful products, such as BS. Another intriguing possibility is the 

use of BS as adjuvants in the hydrolytic treatment of agro-industrial wastes (see 

sect 3.2) In medicine technology, bacterial surface colonization represents a big 

issue, worsened by the spreading of drug-resistant bacteria [2]. Functionalization of 

surfaces of interest that does not involve the use of chemicals, toxic reagents, harsh 

conditions, or time-consuming steps, is a significant challenge. In this context, using 

BS with adhesive properties could be a “greener” way to achieve functionalization. 

The review in section 3.1 lists all the HPBs surface functionalization to date. In 

section 3.3 the adhesive capability of the class I HPBs Vmh2 has been tested in the 

fusion protein with an antimicrobial peptide (GKY20).  

Properties such as emulsification, foam formation, phase separation, reduction of 

surface tension, and viscosity allow biosurfactants to be applied for the cleaning of 

oil spills in both water and soil.  Surfactant molecules can accumulate at the soil-

pollutant (or water-soil) interface and change the system’s affinity for water. In 

addition, at concentrations higher than the CMC, surfactants can incorporate 

contaminants in micelles and hence favor their partition in the aqueous phase [3,1]. 

There are plenty of examples in literature about BS as bioremediation agents [4,5,6], 

therefore, starting from these protocols, preliminary experiments were carried out 

on the BE proteins extracted from F. solani (see sect. 2.3) to test their ability to 

remove oil from contaminated sands (see appendix) 
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4. CONCLUSIONS 
 
The predicted outcomes of the present PhD project, i.e. the identification of new 
fungal biosurfactant proteins and the proof of their possible applications in 
biomedical and bioremediation fields, were successfully achieved. 
In the research of new biosurfactant proteins produced by filamentous fungi, 
different fungal strains have been investigated. On one hand, two F. solani 
isolated from hostile environments, such as plastic dumpsites, were analyzed. 
Following a common BS extraction technique, it was possible to separate a low 
molecular weight protein that has been demonstrated to form aggregates, 
responsible for the good emulsifying properties. The two extracts were thereafter 
tested on a small scale as bioremediation agents, for the cleaning of oil-
contaminated soil. Other two fungal proteins, named Vmh2 and PAC3, 
previously isolated and characterized as amyloid-forming proteins, were 
analyzed in terms of surfactant activities. Both showed great performances in 
reducing surface tension and stabilizing emulsions between oil and water. While 
the Vmh2 sequence was already known, only a partial sequence of PAC3 was 
obtained, since the genome of its producing fungus is not sequenced yet. 
Results obtained from both works represent evidence that there might be other 
new fungal proteins, behind HPBs or CPs families, with good BS/BE properties.  
As for the applications side, a BS native protein in one case and an engineered 
one in the other, have been successfully used in two different fields. The native 
Ceratoplatanin from T. harzianum, has been included in the hydrolysis process 
of lignocellulosic substrates, as a pretreatment step. Tightly packed cellulose 
fibers can be “loosened” by the non-enzymatic action of CP, being hence more 
prone to enzyme attacks. With the right scale-up system, CPs can be valuable 
resources for the valorization of agrifood wastes, or the extraction of cellulose 
from plants and other substrates. On the other hand, a recombinant fusion 
protein was designed to combine the adhesive properties of the HPB Vmh2, 
from P. ostreatus with the antimicrobial peptide GKY20. Exploiting the capability 
of Vmh2 to form stable layers on several surfaces, the designed chimera Vmh2-
GKY20 has been used to functionalize polystyrene and bacterial cellulose. 
Vmh2-GKY20 successfully adhered on both surfaces, imparting antibiofilm or 

antibacterial activity against different nosocomial pathogens.       
The work carried out within this PhD project has highlighted once more how 
filamentous fungi are a valuable and still untapped resource of compounds of 
biotechnological interest, just like BS/BE. Indeed, to achieve full valorization of 
these compounds, research must focus on sustainable large-scale production, 
e.g. by using genetically modified organisms, or through circular bioeconomy 
approaches. Particularly interesting in the case of BS proteins, is the possibility 
of using genetic engineering techniques to heterologously produce these 
proteins, allowing their large-scale production more easily. Moreover, these 
DNA recombinant techniques offer the possibility to design whole new proteins, 
combining the BS characteristics with those of other proteins/peptides, imparting 
them new functionalities. 
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On the other hand, circular bioeconomy approaches can imply fungal growth 
using wastes from different sources, as an inexpensive and abundant carbon 
source. This approach is particularly useful, for example, in an environmental 
context (i.e. bioremediation processes) where BS do not need to be pure. In this 
case, industrial waste materials, such as agrifood wastes, can be used as cheap 
and otherwise non-reusable growth substrates. Indeed, it is of fundamental 
importance to target the specific application field, in order to make BS industrial 
production truly viable. 
Synergy work of microbial biobanks, addressed to the identification and 
preservation of fungal strains of interest, and research focused on the isolation 
and characterization of new compounds, paves the way for the applicability of 
filamentous fungi and their products in the bio-industry.  
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5.1 Preliminary results on F. solani BS as bioremediation agents 

Protocol reported by Chaprao et al. [33], with slight modification, was used to assess 

ability of the raw extracts of F. solani strains to enhance oil recovery from sand 

samples. Contaminated sand samples were simulated by adding 20% w/w of 

exhausted motor oil to 100 g of silica (SiLibeads), and then let stand for one week 

prior any experiments. Raw extracts were incubated for different hours with 

contaminated sand samples, under magnetic stirring. Thereafter the supernatant 

was extracted using hexane. Percentage of oil removal was calculated as the ratio 

between weight of oil extracted by hexane (Orim) and initial oil weight (Otot).  

 
Both F. solani extracts showed a great enhancing in oil removal, even at low protein 

concentration (30 µM). BS from the strain MUT 6181 showed the highest percentage 

of oil removal already after 1h of incubation; while extract from the other strain 

reached the maximum extraction yield after 3h (figure 5). Control was performed 

using SDS at the same concentration (30 µM). Removed oil percentage calculated 

was 18 and 23% for 1h and 3h of incubation. 

 
Figure 5: Percentage of oil removed from oil contaminated sand by the two extract of 
F. solani strains (MUT6181 and MUT4426), varying incubation time. Water was used 

as negative control (CN). 

 
The BS produced by Candida sphaerica in the work of Chaprao 2015 caused a 
70% removal of the oil present in sands, but at a fourfold higher concentration 
compared to that presently used.  
Experiments were herein conducted on a lab scale, using small amount of sand 
and extracts, as preliminary analysis. However, they represent a promising 
indication about the applicability of this fungal BS for bioremediation purposes. 
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Table S1. Immobilization yield of Vmh2-GKY20 on polystyrene multiwell. 

 

 

 

Figure S.1: Antibiofilm activity tested at different time intervals on plates 

functionalized with Vmh2-GKY20 and incubated at 4 ºC and room temperature 

(RT). 

 

 

Number of depositions 

Amount of 

deposited 

protein (μg) 

Amount of 

bounded 

protein (μg) 

Immobilization 

yield(%) 

1  10 5±1 54±9 

2 

first   4.0±1.0  

second   7.0±1.0  

total 20 11±1 53±6 

1  20 12±1 58±4 

2 

first   10±1  

second   14±1  

total 40 24±1 60±3 

1  30 16.0±0.8 53±3 

2 

first   11±1  

second   21±1  

total 60 32±2 52±4 
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Figure S.2: SEM images of Vmh2-GKY20 fibril formed on BCps functionalized in 

7 µM protein solution. The red arrow points the fibril observed, two different details 

of the fibril, at different magnification are reported on the right. 

 
Figure S.3: Diffusion (left) and touch (right) assays against S. epidermidis for BCPs 

functionalized with fusion protein and the peptide GKY20, using the same initial 

molar concentration 14 µM. Control is untreated BCps. 
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Figure S.4: Diffusion assays against S. aureus for BCPs functionalized with fusion 

protein and the peptide GKY20, using the same initial molar concentration 14 µM. 

Control is untreated BCps. 

 

Figure S.5: Diffusion and touch tests against S. aureus for untreated BCp (A) and 

those functionalized with 14 µM of native Vmh2 (B). Samples on the left, diffusion 

test; samples on the right, touch test. 
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