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I polidrossilcanoati (PHA) sono poliesteri termoplastici biodegradabili 
e biocompatibili, prodotti da diversi microrganismi come riserva 
energetica intracellulare. I principali tipi di PHA finora identificati sono 
poliesteri lineari testa-coda, composti da monomeri appartenenti al 
gruppo dei β/3 (R-) idrossiacidi. Il gruppo laterale R in posizione β (3) 
è un alchile con un numero di atomi di carbonio che va da 1 a 15 e 
può essere lineare o ramificato, saturo o insaturo. In base al numero 
di atomi di carbonio dei monomeri costituenti il polimero, i PHA 
vengono classificati in tre gruppi: PHA a catena corta (short chain 
lenght-PHA, scl-PHA) da 3 a 5 atomi di carbonio; PHA a catena media 
(medium chain lenght-PHA, mcl-PHA) dai 6 ai 14 atomi di carbonio; 
PHA a catena lunga (long chain lenght-PHA, lcl-PHA) con oltre 14 
unità di carbonio. La composizione monomerica del polimero dipende 
da diversi fattori, tra cui il microrganismo che lo produce e la fonte di 
carbonio utilizzata per la crescita microbica. In natura più di 150 (R-) 
idrossiacidi sono stati identificati come varianti di monomeri che 
possono costituire il polimero, questa eterogeneità si riflette in polimeri 
con proprietà chimico-fisiche e termo-meccaniche uniche. Nonostante 
la potenzialità di questi polimeri, gli esempi di produzione su scala 
industriale sono pochi e con limitate capacità produttive (che vanno da 
1.000 a 10.000 tonnellate/anno) (Pakalapati et al 2018). Il principale 
ostacolo alla commercializzazione dei PHA è il costo associato al 
processo produttivo stimato pari a 8-11 USD per kg di cui il 50% circa 
è dovuto alla fonte di carbonio utilizzata per la fermentazione. In 
questo scenario l’utilizzo di fonti di carbonio a basso costo e 
rinnovabili, come le biomasse residue delle industrie alimentari, 
costituisce una valida e sostenibile alternativa che contribuisce alla 
riduzione dei costi senza dare luogo ad alcun tipo di competizione con 
le filiere alimentari. L’utilizzo di prodotti di scarto contribuisce alla 
realizzazione di un processo che acquisisce una sostenibilità non solo 
economica ma anche ambientale. Un approccio di questo tipo, che 
mira ad un utilizzo completo delle bio-risorse, è perfettamente in linea 
con il concetto alla base delle moderne bioraffinerie: industrie che 
integrano processi produttivi per la conversione di biomasse per la 
produzione di biocarburanti, energia, prodotti chimici e materiali. 
L’ottimizzazione del processo produttivo, oltre che alla scelta di fonti di 
carbonio a basso impatto ambientale, coinvolge la scelta di 
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microrganismi iper-produttori, molto spesso sistemi ingegnerizzati che 
permettono, oltretutto, di modulare la composizione monomerica del 
polimero prodotto. Negli ultimi anni alle colture pure si sono affiancate 
le cosiddette colture microbiche miste (MMC) che non richiedono 
sterilizzazione, hanno una grossa capacità adattativa dovuta alla 
diversità microbica e rendono possibile l’utilizzo di substrati 
rinnovabili.   
Il presente lavoro di tesi ha come scopo principale quello di illustrare 
diverse strategie per la produzione di PHA a partire da materie 
prime a basso costo (Capitolo 1) e l’applicazione di tali polimeri 
sotto forma di nanoparticelle per la modulazione delle proprietà 
meccaniche di film di natura proteica o come carrier di molecole 
bioattive (Capitolo 2). 
L’attività di ricerca si è focalizzata sull’utilizzo dell’inulina, il più 
abbondante carboidrato presente in natura dopo l’amido e prodotto 
come riserva di carbonio da diverse specie vegetali, tra cui il cardo 
(Cynara cardunculus). Quest’ultima è una pianta erbacea perenne 
appartenente alla famiglia delle Asteraceae che presenta una spiccata 
adattabilità all’ambiente mediterraneo. Il cardo è stato rivalutato dagli 
anni ‘90 come pianta per la produzione di grandi quantità di biomassa 
da destinare alla produzione di energia; impianti poliennali permetto di 
produrne fino a 25t/ha. Il 50% della biomassa recuperata è 
rappresentato dalle radici da cui è possibile estrarre l’inulina.   
Quest’ultima è un polimero lineare composto da molecole di D-
fruttofuranosio legate da legami β-2,1-glicosidici con un residuo di 
glucosio legato all’estremità riducente del polimero attraverso un 
legame 1α-2β-glicosidico, caratteristico del saccarosio.  
La possibilità da parte di microrganismi di utilizzare l’inulina come 
fonte di carbonio dipende dall’azione delle inulinasi, enzimi 
appartenenti alla famiglia delle glicosil idrolasi (famiglia GH32) che 
catalizzano l’idrolisi dei fruttani. In base alla differente attività idrolitica 
si distinguono le eso-inulinasi che agiscono rimuovendo monomeri di 
fruttosio dall’estremità non riducente del polisaccaride ed endo-
inulinasi che agiscono sul legame β-2-1 glicosidico della molecola 
rilasciando frutto-oligosaccaridi (FOS). In natura esistono pochi 
microrganismi che hanno la duplice capacità di idrolizzare l’inulina e 
convertire gli zuccheri rilasciati in prodotti dall’alto valore aggiunto. 
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Alcuni esempi sono riportati per la produzione di acido lattico, etanolo 
e acido poli-γ-glutammico. Esempi di microrganismi capaci di 
idrolizzare l’inulina e di produrre PHA non sono riportati; di fatto, tutti i 
bioprocessi sviluppati sinora prevedono una fase di saccarificazione e 
la successiva fermentazione degli zuccheri da parte di microrganismi 
produttori di PHA (Haas et al, 2015). 
Nel presente lavoro di tesi sono presentate due strategie per la 
conversione dell’inulina in biopolimeri da parte di Cupriavidus necator, 
noto produttore di Poli 3-idrossibutirrato (P3HB) ma che manca della 
capacità di produrre enzimi capaci di idrolizzare l’inulina. A tale scopo 
ci si è focalizzati sia sulla ricerca di microrganismi in grado di produrre 
esoinulinasi sia sulla messa a punto del processo fermentativo 
(Capitolo 1).  
Lo screening per la selezione di microrganismi produttori di inulinasi è 
stato fatto su una collezione di venti fughi. Dallo screening Penicillium 
lanosocoeruleum è stato selezionato ed è stato oggetto di studio. Le 
condizioni di produzione della miscela enzimatica (PlaI) sono state 
ottimizzate valutando diversi aspetti, tra cui la fonte di carbonio usata 
per la crescita, l’apporto di ossigeno e il tempo di crescita. Nelle 
condizioni ottimizzate sono state prodotte 28 U mL-1 al quarto giorno 
di crescita. Una volta prodotta, PlaI è stata caratterizzata sia in termini 
di attività in funzione del pH e della temperatura sia da un punto di 
vista di composizione isoenzimatica attraverso un approccio 
proteomico. La miscela ha mostrato un massimo di attività a 50°C, 
mantenendo comunque più del 70% di attività tra i 30 e i 60 °C. Per 
quanto riguarda il pH, l’attività massima è stata riscontrata a pH 5 
mentre più del 50% di attività è mantenuta in un intervallo di pH tra 4.5 
e 7. Questi valori sono perfettamente in linea con quanto riportato per 
la maggior parte delle inulinasi purificate da funghi. Un altro aspetto 
investigato è stato la termostabilità della miscela enzimatica. La 
miscela ha mostrato un’ottima stabilità a 40°C conservando la sua 
attività fino a tre giorni di incubazione.  
La messa a punto e l’ottimizzazione delle condizioni di idrolisi 
dell’inulina da parte di PlaI è stata condotta con un approccio statistico 
mediante Central Composite Rotatable Design (CCRD). Il disegno 
sperimentale ha permesso investigare le interazioni dei fattori coinvolti 
nell’idrolisi (pH, temperatura, concentrazione di inulina e unità 
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enzimatiche per g di substrato) e definire un modello matematico che 
descrive il processo. Nelle condizioni ottimizzate (T=45.5 °C; pH=5.1; 
concentrazione di inulina = 60 g L-1; quantità di enzima per g di 
substrato =50 U gsubstrato -1) è stato raggiunto il 97% di conversione del 
substrato in 20 h. L’idrolizzato ottenuto, caratterizzato da alte 
concentrazioni di fruttosio è stato utilizzato per complementare il 
terreno di crescita di C. necator DSM 428 (SHF). Con questo 
approccio è stato possibile ottenere un accumulo di P3HB pari al 70% 
(g polimero/g peso secco cellulare), corrispondente a 2 g L-1 dopo 120 h di 
fermentazione. Oltre all’SHF è stato messo a punto anche un 
processo di simultanea saccarificazione e fermentazione (SSF). In 
tale approccio la miscela enzimatica è stata aggiunta direttamente al 
brodo di coltura e in questo caso è stato raggiunto l’80% (g polimero/g 

peso secco cellulare) di accumulo di P3HB, corrispondente a 3.2 g L-1 di 
polimero, dopo 120 h. L’SSF rappresenta il primo esempio di 
bioprocesso di simultanea saccarificazione e fermentazione per la 
conversione di inulina in PHA.  
Accanto alla possibilità di utilizzare una miscela enzimatica, un'altra 
strategia investigata è stata quella di compensare l’incapacità idrolitica 
di C. necator allestendo delle co-colture con un microrganismo in 
grado di produrre inulinasi. A tale scopo una collezione di 
microrganismi isolati dalla rizosfera del parco naturale de Ses Salines 
d'Eivissa (§1.2) è stata sottoposta allo screening e Bacillus gibsonii 
(RHF15) è stato selezionato. La messa a punto delle condizioni di co-
coltura dei batteri in termini di accumulo di biomassa e produzione del 
polimero è stata fatta mediante un disegno sperimentale (CCRD) 
investigando l’effetto di quattro variabili: la concentrazione di inoculo 
di ciascuno dei due microrganismi, la concentrazione della fonte di 
carbonio (inulina) e la concentrazione di azoto. Il disegno 
sperimentale ha permesso di determinare i valori delle suddette 
variabili che permettono di ottenere 1.9 g L-1 di PHB dopo 96 h di 
fermentazione, corrispondente al 78.8% di accumulo e una 
produttività di 0.02 g L-1 h-1. 
 

Accanto alle strategie per la valorizzazione di biomasse a basso costo 
per la produzione dei PHA, oggetto di studio è stata la loro 
applicabilità nell’ambito delle nanotecnologie. Nel capitolo 2 sono 
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presentate due diverse applicazioni di nanoparticelle di PHA: 1) 
modulazione delle proprietà meccaniche di film di natura proteica, 2) 
veicolazione di molecole bioattive. 
La preparazione di materiali nanocompositi, ovvero materiali composti 
da particelle con dimensioni dell’ordine dei nanometri conferisce ai 
materiali nuove proprietà chimiche, fisiche, meccaniche e funzionali. 
Nel presente lavoro di tesi questa strategia è stata applicata a film di 
natura proteica inglobando nanoparticelle di poli (3 idrobutirrato-co-3 
idrossiesanoato) (P(3HB-co-3HHx) (NPs-PHA) (§2.1). La metodologia 
scelta per la preparazione delle NPs è stata quella dell’evaporazione 
del solvente. Nelle condizioni ottimizzate sono state prodotte NPs-
PHA con un diametro medio di 80 nm e un valore di potenziale-Z di -
40 mV, indice di nanoparticelle stabili. L’addizione delle suddette NPs 
a film prodotti a partire da proteine del siero di latte (Whey protein- 
WP) ha permesso di ottenere film con proprietà meccaniche e di 
barriera migliorate: i film sono risultati essere più elastici e con ridotta 
permeabilità all’O2, caratteristiche che li rendono applicabili per 
l’imballaggio alimentare specialmente per quei prodotti facilmente 
ossidabili.  
Accanto alla possibilità di utilizzare le NPs come additivi nella 
preparazione di film, è stata valutata la possibilità di un loro utilizzo 
come vettori di molecole bioattive. Nel caso di studio (§2.2), è stato 
messo a punto il protocollo di incapsulamento di oli essenziali estratti 
da piante di origano in nanoparticelle di PHA. Il protocollo di 
incapsulamento è stato ottimizzato su due classi di polimeri: scl-PHA 
(P3HB) e copolimero poli 3-idrossibutirrato- 3-idrossiesanoato 
(P(3HB-co-3HHx)). I sistemi sviluppati sono risultati essere 
vantaggiosi nel rilascio delle molecole bioattive, nel prevenire la loro 
volatilità con un miglioramento dell’attività antimicrobica. 
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This thesis is focused on microbial Polyhydroxyalkanoates (PHA): 
polyesters produced by a wide range of microorganisms as 
intracellular carbon and energy reserve. In this PhD thesis the 
valorisation of inulin-rich biomasses for PHA production was 
investigated. The use of inulin as carbon source for polymer 
production requires the integration of inulinases production, its 
hydrolysis and microbial fermentation step. Penicillium 
lanosocoeruleum was identified as inulinase producer. Hydrolytic 
enzymes production by the selected fungus, was optimized reaching 
up to 28 U mL-1 after 4th day of growth. The enzymatic mixture PlaI 
was characterized in terms of isoenzymatic composition, stability, and 
activity profile. Optimization of inulin hydrolysis by PlaI was performed 
through a statistical approach using a Central Composite Rotatable 
Design (CCRD). In the optimized condition (T=45.5 °C, pH=5.1, 
substrate concentration=60 g L-1, enzyme loading=50 U gsubstrate -1) up 
to 97% of inulin conversion in fructose was achieved in 20 h. The 
integration of PlaI in a process for the conversion of inulin into PHA by 
Cupriavidus necator pursued two process strategies: Separated 
Hydrolysis and Fermentation (SHF) and Simultaneous 
Saccharification and Fermentation (SSF). A maximum of 2.2 and 3.2 g 
L-1 of PHB accumulation, corresponding to 60% and 82% polymer 
content, was achieved in the SHF and SSF processes, respectively. 
Another strategy for PHA production from inulin involved the use of a 
microbial “substrate facilitator” consortium (SFC). Bacillus gibsonii 
(RHF15) was selected as inulinases producer (15U/mL after 15 h of 
growth). RHF15 was co-coltured with C. necator DSM 428. 
Optimization of co-culture growth was carried out thought response 
surface methodology and led to a production of 1.9 g L-1 of PHB after 
96 h of growth. Another part of this work was focused on the 
production of PHA-based nanoparticles (NPs-PHA) to be used as 
additive for protein-based films. Addition of PHBHHx-NPs to WP-
based FFSs resulted in a plasticizing effect on the biobased material, 
producing a resistant and more extensible biofilm, characterized by an 
enhanced barrier property towards O2. A second approach for NPs-
PHA application involved the encapsulation of oregano essential oils 
into NPs. The encapsulation protocol was optimized on two classes of 
polymers: PHB and P(PHBHHx). Both formulations of NPs, showed 
better or comparable properties to inactivate the tested microorganism 
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respect to free EOs, preventing their volatility, stability issues and poor 
water solubility, increasing their bioavailability and thus their 
antimicrobial activity. 
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Bioplastic: an eco-friendly alternative to conventional plastic 
The term plastic is used to address a class of synthetic materials 
made from a wide range of organic polymers that have the capability 
of being moulded and shaped while soft, and then set into a rigid or 
slightly elastic form.  These materials are characterized by different 
chemical and physical properties, making them versatile and suitable 
for a wide range of applications. One main consequence of the 
massive development and spread of plastic, a material that, when 
discovered, was supposed to simplify human’s life, is pollution, the 
most visible example of human damage to the planet.  
The boom of plastic industries blew up in the 1950s, with an 
exponential growth, which is still going on (Hannah Ritchie and Max 
Roser, 2018). The worldwide annual production of plastics exceeds 
300 million tons, with about 3% end up every year in rivers, seas and 
oceans. Only 9% of all plastic waste ever produced is recycled. About 
12% is incinerated, while the remaining 79% is accumulated in 
landfills, dumps, or the natural environment. Warring data, about 
recycling, refer to the more advanced areas of the world, with 
recycling figures too low to be sustainable (The United Nations 
Environment Programme (UNEP) 
Homepage. https://www.unenvironment.org/interactive/beat-plastic-
pollution).  
In EU 62 million tons of plastic are produced each year, however less 
than 30% of this plastic is recycled, and approximately 70% goes in 
landfills or incinerators (European Commission, 2018). The Great 
Pacific Garbage Patch is a physical representation of plastic pollution 
at global scale (Sohn et al., 2020). It is one of the five patches formed 
due to oceanic currents, covers an area of around 1.6 million km2 and 
is expanding rapidly (Statistical Review of World Energy, 2018). The 
patches have plastic soup consistency and are mainly composed of 
plastic particles (Choi et al., 2020). Particles bigger than 5 mm 
account for 87% of the weight of this plastic waste (Eriksen et al., 
2014). By contrast microplastics (particles with less than 5 mm in 
diameter) account for about 13.2% of plastic waste by mass and 
concerns regarding health-related problems are increasing due to 
their entry into the food chain (Eriksen et al., 2014). As a fact, food 
from marine sources, such as fish, bivalves, and crustaceans, has 
been reported to contain ingested microplastics. 

https://www.unenvironment.org/interactive/beat-plastic-pollution
https://www.unenvironment.org/interactive/beat-plastic-pollution
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The durability and degradation resistance that make plastics so 
useful, make them nearly impossible for nature to completely break 
down. Moreover, the environmental problems linked to plastic are not 
only associated to its end-life but involve each stage of the plastic 
lifecycle, hence their complexity and variety. In this scenario the need 
to either reduce plastic use or replace nondegradable plastic with 
sustainably produced and biodegradable plastics is imperative. 
Bioplastics are plastic material that are biobased or can be 
biodegradable or both (Bioplastics, n.d.) and they can be considered 
as an alternative to conventional plastics.  
  

 
Figure 1. Bioplastics classification and global production capacities (2019). 
(Source: European Bioplastics) 

Bioplastics represent about one percent of the about 368 million 
tonnes of plastic produced annually. Its capacity is set to increase 
from 2.11 million tonnes in 2020 to 2.87 million tonnes in 2025. This 
effect is due to the emergence of increasingly sophisticated 
biopolymers that expand their application fields.   
Among bio-based/non-biodegradable plastics there are PE 
(polyethylene) and bio-based PET (polyethylene terephthalate), as 
well as bio-based PA (polyamides). These all together represents 
41.9% of world global production capacities. In addition, a new 
polymer that is expected to enter in the market in 2023 is PEF 
(polyethylene furanoate), that is comparable to PET, with superior 
barrier and thermal properties, making it an ideal material for 
packaging of drinks, food and non-food products.  
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On the other hand, among bio-based and biodegradable plastics there 
are PLA (polylactic acid), PHA (Polyhydroxyalkanoates), cellulose or 
starch-based materials that all together account for over 43% of the 
global bioplastics production capacities.  
Bio-based plastics contribute to increased efficiency resource use 
through a closed resource cycle; they can be designed to be either 
totally biodegradable to CO2 and water in few months or years 
(Rutkowska et al., 2002), or contribute to carbon capture and storage 
through integration into nondegradable long-term infrastructure, 
including plastic-based municipal water and sewer piping, building and 
roofing materials, and road surfaces.  The highest relative growth 
rates of bio-plastic production are associated to bio-based PP 
(polypropylene) and PHAs (polyhydroxyalkanoates). 
 
Polyhydroxyalkanoates 
Polyhydroxyalkanoates (PHA) are key biopolymers that have the 
potential to replace the conventional petrochemical based plastics 
(Sabapathy et al., 2020; Sohn et al., 2020). They are a class of 
polyesters of R-hydroxyalkanoic acids that are both biodegradable 
and bio-based produced as carbon and energy storage in granular 
form by both Gram-positive and Gram-negative bacteria. Many of 
these microorganisms require, to produce PHA, nutrient limitation 
such as nitrogen, oxygen or magnesium while they do not accumulate 
PHAs during the growth phase (Nikodinovic-Runic et al., 2013). 
Ralstonia eutropha and Pseudomonas putida belong to this group.  
Other microorganisms, such as recombinant Escherichia coli, do not 
require any nutrient limitation for accumulating PHAs during the 
growth phase (Muhammadi et al., 2015). According to the number of 
carbon units in their monomers, PHAs can be divided into three 
groups. Short-chain-length PHAs (scl-PHAs), composed of monomers 
ranging from 4 to 5 carbon atoms, like 3-hydroxybutyrate (3HB) and 3-
hdroxyvalerate (3HV); medium-chain-length PHAs (mcl-PHAs) which 
contain monomeric units with 6 to 14 carbon atoms. PHAs containing 
more than 14 carbon atoms in their monomers are classified as long 
chain PHAs (lcl-PHAs) (Raza et al., 2019). In addition, depending on 
the variety of monomers, PHAs can be classified into homo- and co-
polymers. An example of hybrid polymers comprising both short-chain 
and medium-chain monomers is poly(3-hydroxybutyrate-co-3-
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hydroxyhexanoate) (Castilho et al., 2009). Since the first identification 
of PHA accumulation in Bacillus megaterium by Lemoigne in 1926, 
over 90 PHA producing species and about 150 (R)-hydroxyalkanoic 
acids, as monomer constituents of natural PHAs, have been 
discovered (Ojumu et al., 2004).  
PHA intracellular granules are coated with a monolayer of 
phospholipids and proteins, typically 0.2 µm in diameter, and are 
visible using a phase contrast light microscopy or using specific dyes, 
like Nile Blue A (Khanna et al., 2005). Moreover, Licciardello et al. 
reported new bacterial strains, Pseudomonas corrugata and 
Pseudomonas mediterranea able to produce PHAs extracellularly 
(Licciardello et al., 2019).  
Insolubility in water, good resistance to hydrolytic attack, but poor 
resistance to acids and bases, resistance to UV, sinking in water, that 
eases anaerobic biodegradation in sediments, and solubility in 
chloroform and other chlorate solvents are common properties to all 
PHAs polymers. Moreover, they are non-toxic and biocompatible, and 
hence suitable for medical applications (Bugnicourt et al., 2014). 
Structural variation in monomeric composition widely affects 
hydrophobicity, melting point (from 40 to 180°C), glass transition 
temperature (from -50 to 4°C) and degree of crystallinity. The Young’s 
module can vary from 0.008 MPa per mcl-PHA to a peak of 3.5 x 103 
MPa per scl-PHA, elongation at break varies from a 2% to a 1,000%, 
while tensile strength can assume values between 8.8 and 104 MPa 
(Rai et al., 2011).  

 
PHA biosynthesis  

Microbial PHA are produced as a form of reserve carbon or as a 
stress resistance mechanism (Sudesh et al., 2000). Three main 
pathways regulate their biosynthesis in vivo (Choi et al., 2020). The 
biosynthetic routes to PHA monomers, which are strictly 
interconnected with the central metabolic pathways, compete with 
and/or rely on tricarboxylic acid (TCA) cycle and fatty acid 
biosynthesis and degradation (Figure 2).  
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Figure 2. Biochemical pathways for PHAs production from different carbon 
sources. Abbreviation: mcl, medium-chain-length; scl, short chain length; 
PhaB, Acetoacetyl-CoA reductase; PhaJ, Enoyl-CoA hydratase; PhaG, 3-
hydroxyacyl-acyl carrier protein-coenzyme A transferase; PhaA, Acetyl-CoA 
acetyltranferase (β-ketothiolase); PhaC, PHA synthase; PHB, 
polyhydroxybutyrate; P3HB4HB, Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate); PHBV, poly(3-hydroxybutyrate-co-hydroxyvalerate); 
P3HP3HB, poly(3-hydroxypropionate-co-3-hydroxybutyrate) 

When sugars are supplied as carbon source, pathways I and III are 
activated, and scl-PHAs and mcl-PHAs are produced, respectively. 
These carbon sources are defined unrelated since their structure is 
different from that of PHA monomers. If carbon sources, such as fatty 
acids, are supplied, pathway II is activated, and mcl-PHAs are 
produced (related carbon source). Both pathway II and III can also led 
to the production of PHA copolymers (Verlinden et al., 2007). 
A key enzyme responsible for chain polymerization is PHA synthase 
(PhaC). Based on substrate specificity and subunit composition, there 
are four classes of PhaCs (Rehm, 2003). Classes I and II synthase 
consist of only one subunit with a molecular mass of 60-73 kDa. They 
are represented by Ralstonia Eutropha (Cupriavidus necator) and 
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Pseudomonas oleovorans enzymes, respectively. Class I polymerizes 
scl-PHA monomers, whereas class II mcl-PHA monomers.  Class III 
and IV of PHA synthases, are represented by the Allochromatium 
vinosum and Bacillus megaterium enzymes, respectively. They are 
composed of two heterosubunits. The catalytic subunit PhaC has a 
molecular mass of 40 kDa and requires a secondary subunit for being 
active (PhaE 40 kDa for Class I and PhaR 20 kDa for Class IV) 
(Tsuge, 2016). Both classes of enzymes synthesige PHAs using scl-
RHA-CoAs as substrate. In some exceptions, some class I PhaC can 
produce scl-mcl-PHA with low medium-chain-length monomers 
incorporation, albeit inefficiently (Sudesh et al., 2000).  
PHA monomeric composition and mechanical properties are, 
therefore, strictly depending by the supplied carbon source, the 
activated pathway, the properties of the enzymes involved, as well as 
by growth and operating conditions (Favaro et al., 2019). The complex 
metabolic network that drives PHA biosynthesis in vivo makes every 
microorganism unique in its producing abilities. This scenario leave 
room to metabolic engineering to channel precursors into preferred 
routes in order to control PHA composition (G. Q. Chen and Jiang 
2017; Y. Lee et al., 2019). At the same time, since the incorporation of 
specific precursors is linked to substrate specificity of the PHA 
synthetic enzymes, protein engineering can be applied to PHA 
biosynthetic enzymes, especially PHA synthases (PhaCs), to 
modulate the abundance of a specific monomer into the synthesized 
polymers(Lee et al., 2019; Turco et al., 2021). 
 

In vivo PHA production  
PHA is currently produced by pure culture systems (wild-type or 
engineered microorganisms) that can be divided into two main groups: 

1. Non-growth associated: bacteria that require nutrient limitation to 
accumulate PHA such as C. necator and Pseudomonas species. 
Biomass growth and PHA accumulation are typically performed 
in two separate stages: the first stage is associated with biomass 
growth due to the availability of nutrients. In the second stage, 
due to the limitation or depletion of one nutrient PHA production 
prevails. 

2. Growth associated: bacteria that do not require nutrient limitation 
and PHA accumulation and growth occur simultaneously; among 
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them Alcaligenes latus and recombinant Escherichia coli.  Since 
cell growth and PHA synthesis occur at the same time, a correct 
feeding strategy is essential for obtaining high PHA production 
yields.   

In addition to the pure cultures systems an emerging and promising 
strategy involves the use of Mixed microbial cultures (MMCs) reducing 
the high costs related to aeration, media and equipment sterilization 
(Fradinho et al., 2019; Mannina et al., 2020). Three main processes 
are used to produce PHA from MMC system (Kaur et al., 2017):  

1. Anaerobic-aerobic (AN/AE), a three steps process: i) culture 
enrichment through Activated Sludge Treatment Plant (ASTP); ii) 
acidogenesis into substrate containing Volatile Fatty Acids 
(VFAs); iii) using of VFAs for PHA production.  

2. Aerobic Dynamic Feeding (ADF) system (feast and famine): long 
periods of substrate shortage (famine period) are alternated with 
short periods of substrate excess (feast period) in an aerobic 
reactor. 

3. Fed-batch process under nutrient growth limitation: fermentation 
through acidogenesis into substrate containing VFAs which are 
used for PHA production in a fed-batch process. 

MMCs have shown several advantages over pure cultures, among 
them the possibility of using a wide range of substrates and the ability 
to degrade recalcitrant compounds due to the heterogeneity and 
synergies of microbial species. Further advantage of MMCs-based 
processes is its integration in waste treatment plants (Kourmentza et 
al., 2017). Besides these advantages, the use of MMCs also presents 
major challenges which must be addressed, for examples: i) the 
balance between microorganisms involved in the community, ii) the 
definition of specific environmental and operative conditions to 
promote the relevant microbial community to produce the targeted 
biopolymers, as well as the improvement in the extraction 
technologies due to the higher resistance of cells to hydrolysis with 
respect to pure cultures (Mannina et al., 2020; Samorì et al., 2015). 

PHA applicability 
PHAs main properties, such as biocompatibility and biodegradability 
make this polymer an important biological material with diverse 
applications in numerous fields. The polymers can be used as biofuels 
(hydroxyalkanoates methyl ester), through transesterification with 
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methanol in the presence of catalysts (Gao et al., 2011; Kargbo, 2010; 
Zhang et al., 2009), packaging materials, cosmetic containers, 
sanitary products, carriers for long term release of herbicides or 
insecticides production of pharmaceutical and biomedical devices 
(Mozejko & Ciesielski, 2014; Tan et al., 2021). PHAs can also be 
applied to produce ultra-strong fibers for fisheries industry (Bugnicourt 
et al., 2014).  
Packaging, food service, agriculture and medical products can be 
taken as some of the most evident examples of PHAs product 
development. Nevertheless, several undesirable physical properties 
that involve both scl and mcl PHA limit their application. These 
disadvantages include poor mechanical properties, limited 
functionalities, incompatibility with conventional thermal processing 
techniques and susceptibility to thermal degradation. On the other 
hand, these limits can be overcome by blending PHA with other 
polymers, like poly-lactic acid (PLA) or poly-caprolactone (PCL), or by 
chemical modification, such as graft or block copolymerization (Li et 
al., 2016). 
PHA production costs are estimated to be 5-10 times higher than that 
of conventional plastics such as PE. In 2018 PHB price was around 
$3.5/kg, while PP and PE prices were around $1.2-$1.3/kg (Aramvash 
et al., 2018). The major’s factors affecting production costs include 
carbon source, cost of fermentation, productivity, and yields (g of 
product/g of substrate) of production processes, and downstream 
processing. In particular, cost of substrates used to feed the microbial 
growth was estimated to account for more than 50% of the production 
costs (Koller et al., 2017; G. D. Saratale et al., 2020; R. G. Saratale et 
al., 2020). This makes the whole process not cost-efficient when 
compared with petroleum-based plastics and has encouraged the use 
of inexpensive waste biomasses to reduce the economic impact of 
supplying of raw material (Kourmentza et al., 2017; Sabapathy et al., 
2017; Sirohi et al., 2020). The selection of a hyper productive 
microorganisms is equally important. For example, the average 
USD/kg cost of PHB production were reported to be 2.6, 5.37 and 
6.69 for Alcaligenes latus, E. coli and Mathylobacterium organophilum 
(Raza et al., 2018).  
 



Introduction 

 

10 

 

Aim of thesis  
Aim of this thesis has been the development of new strategies to 
produce Polyhydroxyalkanoates and the assessment of new 
approaches for their applicability. 
This work is part of the “CARDOon valorisation by inteGrAted 
biorefiNery (CARDIGAN)” project (Italian Minister of Research, 
National projects of relevant interest (PRIN), 2017). In this project 
Cardoon was chosen as feedstock for PHA production. Inulin, the 
major component of Cardoon roots, was tested as substrate for PHA 
production through three different approaches: a two-step process, 
including enzymatic hydrolysis of inulin from cardoon roots, followed 
by the conversion of the obtained fermentable sugars by native 
bacterial strain (Chapter 1, § 1.1); a one-step process, in which inulin 
hydrolysis and PHA production occur simultaneously (Chapter 1, § 
1.1); construction of an “artificial microbial consortium” to address 
PHA production from inulin, by complementing Cupriavidus necator 
enzymatic deficiency with a properly isolated inulin-hydrolysing 
microorganism (Chapter 1, § 1.2).  
To enlarge the application fields of PHAs, the preparation of a nano-
biocomposite material based on the use of poly-3-hydroxybutyrate-co-
hydroxyhexanoate nanoparticles (PHBHHx-NPs) within a scaffold of 
whey protein (WP) based films was carried out (Chapter 2, §2.1). 
Additionally, a protocol for encapsulation of bioactive compound into 
nanoparticles of PHA was set up. As a fact, PHA-NPs were used as 
delivering system of essential oil with antioxidant and antimicrobial 
activity (Chapter 2, §2.2). 
 

Aramvash, A., Moazzeni Zavareh, F., & Gholami Banadkuki, N. (2018). Comparison 
of different solvents for extraction of polyhydroxybutyrate from Cupriavidus 
necator. Engineering in Life Sciences, 18(1), 20–28. 
https://doi.org/10.1002/elsc.201700102 

Bioplastics, E. (n.d.). European bioplastics. https://www.european-bioplastics.org/ 
Bugnicourt, E., Cinelli, P., Lazzeri, A., & Alvarez, V. (2014). Polyhydroxyalkanoate 

(PHA): Review of synthesis, characteristics, processing and potential 
applications in packaging. Express Polymer Letters, 8(11), 791–808. 
https://doi.org/10.3144/expresspolymlett.2014.82 

Castilho, L. R., Mitchell, D. A., & Freire, D. M. G. (2009). Production of 
polyhydroxyalkanoates (PHAs) from waste materials and by-products by 
submerged and solid-state fermentation. Bioresource Technology, 100(23), 
5996–6009. https://doi.org/10.1016/j.biortech.2009.03.088 



Introduction 

 

11 

 

Chen, G. Q., & Jiang, X. R. (2017). Engineering bacteria for enhanced 
polyhydroxyalkanoates (PHA) biosynthesis. Synthetic and Systems 
Biotechnology, 2(3), 192–197. https://doi.org/10.1016/j.synbio.2017.09.001 

Choi, S. Y., Rhie, M. N., Kim, H. T., Joo, J. C., Cho, I. J., Son, J., Jo, S. Y., Sohn, Y. 
J., Baritugo, K. A., Pyo, J., Lee, Y., Lee, S. Y., & Park, S. J. (2020). Metabolic 
engineering for the synthesis of polyesters: A 100-year journey from 
polyhydroxyalkanoates to non-natural microbial polyesters. Metabolic 
Engineering, 58(February), 47–81. 
https://doi.org/10.1016/j.ymben.2019.05.009 

Eriksen, M., Lebreton, L. C. M., Carson, H. S., Thiel, M., Moore, C. J., Borerro, J. C., 
Galgani, F., Ryan, P. G., & Reisser, J. (2014). Plastic Pollution in the World’s 
Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat 
at Sea. PLoS ONE, 9(12), 1–15. https://doi.org/10.1371/journal.pone.0111913 

Favaro, L., Basaglia, M., & Casella, S. (2019). Improving polyhydroxyalkanoate 
production from inexpensive carbon sources by genetic approaches: a review. 
Biofuels, Bioproducts and Biorefining, 13(1), 208–227. 
https://doi.org/10.1002/bbb.1944 

Fradinho, J. C., Oehmen, A., & Reis, M. A. M. (2019). Improving 
polyhydroxyalkanoates production in phototrophic mixed cultures by optimizing 
accumulator reactor operating conditions. International Journal of Biological 
Macromolecules, 126, 1085–1092. 
https://doi.org/10.1016/j.ijbiomac.2018.12.270 

Gao, X., Chen, J. C., Wu, Q., & Chen, G. Q. (2011). Polyhydroxyalkanoates as a 
source of chemicals, polymers, and biofuels. Current Opinion in Biotechnology, 
22(6), 768–774. https://doi.org/10.1016/j.copbio.2011.06.005 

Hannah Ritchie and Max Roser. (2018). Plastic Pollution. Our World in Data. 
https://ourworldindata.org/plastic-pollution 

Kargbo, D. M. (2010). Biodiesel production from municipal sewage sludges. Energy 
and Fuels, 24(5), 2791–2794. https://doi.org/10.1021/ef1001106 

Kaur, L., Khajuria, R., Parihar, L., & Dimpal Singh, G. (2017). 
Polyhydroxyalkanoates: Biosynthesis to commercial production- A review. 
Journal of Microbiology, Biotechnology and Food Sciences, 6(4), 1098–1106. 
https://doi.org/10.15414/jmbfs.2017.6.4.1098-1106 

Koller, M., Maršálek, L., de Sousa Dias, M. M., & Braunegg, G. (2017). Producing 
microbial polyhydroxyalkanoate (PHA) biopolyesters in a sustainable manner. 
New Biotechnology, 37, 24–38. https://doi.org/10.1016/j.nbt.2016.05.001 

Kourmentza, C., Plácido, J., Venetsaneas, N., Burniol-Figols, A., Varrone, C., 
Gavala, H. N., & Reis, M. A. M. (2017). Recent advances and challenges 
towards sustainable polyhydroxyalkanoate (PHA) production. Bioengineering, 
4(2), 1–43. https://doi.org/10.3390/bioengineering4020055 

Lee, Y., Cho, I. J., Choi, S. Y., & Lee, S. Y. (2019). Systems Metabolic Engineering 
Strategies for Non‐Natural Microbial Polyester Production. Biotechnology 
Journal, 14(9), 1800426. https://doi.org/10.1002/biot.201800426 

Li, Z., Yang, J., & Loh, X. J. (2016). Polyhydroxyalkanoates: Opening doors for a 
sustainable future. NPG Asia Materials, 8(4), 1–20. 



Introduction 

 

12 

 

https://doi.org/10.1038/am.2016.48 
Licciardello, G., Catara, A. F., & Catara, V. (2019). Production of 

polyhydroxyalkanoates and extracellular products using Pseudomonas 
corrugata and P. mediterranea: A review. Bioengineering, 6(4). 
https://doi.org/10.3390/bioengineering6040105 

Mannina, G., Presti, D., Montiel-Jarillo, G., Carrera, J., & Suárez-Ojeda, M. E. 
(2020). Recovery of polyhydroxyalkanoates (PHAs) from wastewater: A review. 
Bioresource Technology, 297(October 2019), 122478. 
https://doi.org/10.1016/j.biortech.2019.122478 

Mozejko, J., & Ciesielski, S. (2014). Pulsed feeding strategy is more favorable to 
medium-chain-length polyhydroxyalkanoates production from waste rapeseed 
oil. Biotechnology Progress, 30(5), 1243–1246. 
https://doi.org/10.1002/btpr.1914 

Muhammadi, Shabina, Afzal, M., & Hameed, S. (2015). Green Chemistry Letters 
and Reviews Bacterial polyhydroxyalkanoates-eco-friendly next generation 
plastic : Production , biocompatibility , biodegradation , physical properties and 
applications. 8253. https://doi.org/10.1080/17518253.2015.1109715 

Nikodinovic-Runic, J., Guzik, M., Kenny, S. T., Babu, R., Werker, A., & O’Connor, K. 
E. (2013). Carbon-rich wastes as feedstocks for biodegradable polymer 
(polyhydroxyalkanoate) production using bacteria. In Advances in Applied 
Microbiology (Vol. 84). https://doi.org/10.1016/B978-0-12-407673-0.00004-7 

Ojumu, T. V., Yu, J., & Solomon, B. O. (2004). Production of 
Polyhydroxyalkanoates, a bacterial biodegradable polymer. African Journal of 
Biotechnology, 3(1), 18–24. https://doi.org/10.5897/AJB2004.000-2004 

Rai, R., Keshavarz, T., Roether, J. A., Boccaccini, A. R., & Roy, I. (2011). Medium 
chain length polyhydroxyalkanoates, promising new biomedical materials for 
the future. Materials Science and Engineering R: Reports, 72(3), 29–47. 
https://doi.org/10.1016/j.mser.2010.11.002 

Raza, Z. A., Abid, S., & Banat, I. M. (2018). Polyhydroxyalkanoates: Characteristics, 
production, recent developments and applications. International 
Biodeterioration and Biodegradation, 126(September 2017), 45–56. 
https://doi.org/10.1016/j.ibiod.2017.10.001 

Raza, Z. A., Tariq, M. R., Majeed, M. I., & Banat, I. M. (2019). Recent developments 
in bioreactor scale production of bacterial polyhydroxyalkanoates. Bioprocess 
and Biosystems Engineering, 42(6), 901–919. https://doi.org/10.1007/s00449-
019-02093-x 

Rehm, B. H. A. (2003). Polyester synthases: Natural catalysts for plastics. 
Biochemical Journal, 376(1), 15–33. https://doi.org/10.1042/BJ20031254 

Rutkowska, M., Krasowska, K., Heimowska, A., Steinka, I., Janik, H., Haponiuk, J., 
& Karlsson, S. (2002). Biodegradation of Modified Poly(ε-caprolactone) in 
Different Environments. Polish Journal of Environmental Studies, 11(4), 413–
420. 

Sabapathy, P. C., Devaraj, S., & Kathirvel, P. (2017). Parthenium hysterophorus: 
Low cost substrate for the production of polyhydroxyalkanoates. Current 
Science, 112(10), 2106–2111. https://doi.org/10.18520/cs/v112/i10/2106-2111 



Introduction 

 

13 

 

Sabapathy, P. C., Devaraj, S., Meixner, K., Anburajan, P., Kathirvel, P., Ravikumar, 
Y., & Zabed, H. M. (2020). Bioresource Technology Recent developments in 
Polyhydroxyalkanoates ( PHAs ) production – A review. Bioresource 
Technology, 306(January), 123132. 
https://doi.org/10.1016/j.biortech.2020.123132 

Samorì, C., Basaglia, M., Casella, S., Favaro, L., Galletti, P., Giorgini, L., Marchi, D., 
Mazzocchetti, L., Torri, C., & Tagliavini, E. (2015). Dimethyl carbonate and 
switchable anionic surfactants: Two effective tools for the extraction of 
polyhydroxyalkanoates from microbial biomass. Green Chemistry, 17(2), 
1047–1056. https://doi.org/10.1039/c4gc01821d 

Saratale, G. D., Rijuta, G. R., Varjani, S., Cho, S., Ghodake, G. S., Kadam, A., 
Mulla, S. I., Bharagava, R. N., Kim, D., & Shin, H. S. (2020). Industrial Crops & 
Products Development of ultrasound aided chemical pretreatment methods to 
enrich sacchari fi cation of wheat waste biomass for polyhydroxybutyrate 
production and its characterization. Industrial Crops & Products, 150(April), 
112425. https://doi.org/10.1016/j.indcrop.2020.112425 

Saratale, R. G., Cho, S., Ghodake, G. S., Shin, H., Saratale, G. D., Park, Y., Lee, H., 
Bharagava, R. N., & Kim, D. (2020). Utilization of Noxious Weed Water 
Hyacinth Biomass as a Potential Feedstock for Biopolymers Production : 
Polymers, 12. https://doi.org/10.3390/polym12081704 

Sirohi, R., Prakash Pandey, J., Kumar Gaur, V., Gnansounou, E., & Sindhu, R. 
(2020). Critical overview of biomass feedstocks as sustainable substrates for 
the production of polyhydroxybutyrate (PHB). Bioresource Technology, 
311(May), 123536. https://doi.org/10.1016/j.biortech.2020.123536 

Sohn, Y. J., Kim, H. T., Baritugo, K., Jo, S. Y., Song, H. M., Park, S. Y., Park, S. K., 
Pyo, J., Cha, H. G., Kim, H., Na, J., Park, C., Choi, J., Joo, J. C., & Park, S. J. 
(2020). Recent Advances in Sustainable Plastic Upcycling and Biopolymers. 
Biotechnology Journal, 1900489, 1–16. https://doi.org/10.1002/biot.201900489 

Sudesh, K., Abe, H., & Doi, Y. (2000). Synthesis, structure and properties of 
polyhydroxyalkanoates: Biological polyesters. Progress in Polymer Science 
(Oxford), 25(10), 1503–1555. https://doi.org/10.1016/S0079-6700(00)00035-6 

Tan, D., Wang, Y., Tong, Y., & Chen, G. Q. (2021). Grand Challenges for 
Industrializing Polyhydroxyalkanoates (PHAs). Trends in Biotechnology, 1–11. 
https://doi.org/10.1016/j.tibtech.2020.11.010 

Tsuge, T. (2016). Fundamental factors determining the molecular weight of 
polyhydroxyalkanoate during biosynthesis. Polymer Journal, 48(11), 1051–
1057. https://doi.org/10.1038/pj.2016.78 

Turco, R., Santagata, G., Corrado, I., Pezzella, C., & Di Serio, M. (2021). In vivo and 
Post-synthesis Strategies to Enhance the Properties of PHB-Based Materials: 
A Review. Frontiers in Bioengineering and Biotechnology, 8. 
https://doi.org/10.3389/fbioe.2020.619266 

Verlinden, R. A. J., Hill, D. J., Kenward, M. A., Williams, C. D., & Radecka, I. (2007). 
Bacterial synthesis of biodegradable polyhydroxyalkanoates. Journal of 
Applied Microbiology, 102(6), 1437–1449. https://doi.org/10.1111/j.1365-
2672.2007.03335.x 



Introduction 

 

14 

 

Zhang, L., Shi, Z. Y., Wu, Q., & Chen, G. Q. (2009). Microbial production of 4-
hydroxybutyrate, poly-4-hydroxybutyrate, and poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) by recombinant microorganisms. Applied Microbiology and 
Biotechnology, 84(5), 909–916. https://doi.org/10.1007/s00253-009-2023-7 

  



 

15 

 

Chapter 1 
PHA Production from waste materials: 

inulin-rich feedstocks as carbon source for 
PHA production 
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In this chapter, two parallel approaches for sustainable conversion of 
renewable inulin-rich biomasses into PHA are presented. Inulin-rich 
biomasses represent inexpensive, renewable, and abundant 
feedstock (Hughes et al., 2017; Li et al., 2013). Inulin is a linear 
polysaccharide (ß-2,1-linked d-fructose residues terminated by a 
glucose residue) accumulated as a storage carbohydrate in plants 
such as chicory, dahlia, and more interestingly, in low-requirement 
crops, such as Jerusalem artichoke and Cynara cardunculus (Hughes 
et al., 2017). Growing well in non-fertile and harsh lands, these inulin-
containing biomasses do not compete with grain crops for arable land 
and have received attention as renewable resource for the production 
of several bio-based products, such as PHA, through microbial 
bioprocesses (Chi et al., 2011; Qiu et al., 2019a). On the other hand, 
the use of low-cost substrates as starting feedstock for microbial 
fermentation represents a key aspect to promote a cost-effective and 
sustainable exploitation of this class of biopolymers (Kumar et al., 
2019; Tsang et al., 2019; Vastano et al., 2019).Inulin hydrolysis into 
fermentable monosaccharides is a prerequisite for its utilization as 
carbon and energy source for subsequent fermentation processes. 
Only few microbial strains are naturally endowed with the ability to 
both hydrolyse inulin and convert fructose into value-added chemicals. 
Consolidated bioprocesses which make use of biomass derived inulin 
exploiting wild-type strains have been reported for lactic acid (Choi et 
al., 2012), ethanol (Khatun et al., 2017)and poly-(γ-glutamic acid) (Qiu 
et al., 2019b) but not for PHA production. C. necator, one of the most 
widely known PHA producer, is able to accumulate 
Polyhydroxybutyrate (PHB) with high productivity from fructose but 
lacks the ability to utilize inulin as C-source (Bhatia et al., 2018). 
An enzymatic approach for inulin hydrolysis represents an 
environmentally friendly alternative to acid hydrolysis, preventing the 
formation of pigments and fermentation inhibitors, opening the way to 
combined hydrolysis and fermentation steps, with advantages in terms 
of overall time, cost and productivity of the process (Qiu et al., 2018). 
The key-enzymes involved in inulin hydrolysis are microbial 
inulinases, glycosylhydrolases, belonging to the GH32 family, that 
catalyse the hydrolysis of fructans. Based on their specific hydrolytic 
activity on glycosidic bonds, they can be classified into exo-inulinases 
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(E.C. 3.8.1.80), acting by removing fructose moieties from the non-
reducing end of inulin, or endoinulinases (E.C. 3.2.1.7), that randomly 
break any β-2,1 glycosidic bond in inulin molecule, releasing 
inulotrioses (F3), inulotetraoses (F4), and other IOSs oligosaccharides 
(Hughes et al., 2017). While exo-inulinases have been shown to 
display a significant amount of activity toward sucrose, endoinulinases 
lack invertase activity (Z. Chi et al., 2009). 
In Paragraph 1.1 a collection of fungi was screened for the selection 
of new inulinases producer. The inulinase mixture obtained from the 
better performing fungus was characterized and used to optimize a 
protocol for inulin hydrolysis through an approach of statistical design 
of experiment. The fructose containing hydrolysate was used as 
carbon source to produce PHAs from C. necator, comparing different 
process configurations: Separated Hydrolysis and Fermentation (SHF) 
and Simultaneous Saccharification and Fermentation 
(SSF). Paragraph 1.2 reports a novel approach for PHB production 
without any pre-treatment of inulin by using a co-culture of PHA-
accumulating C. necator DSM 428 and inulin hydrolysing Bacillus 
strain. 
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Abstract 
One of the major issues for the microbial production of 
polyhydroxyalkanoates (PHA) is to secure renewable, non-food 
biomass feedstocks to feed the fermentation process. Inulin, a 
polydisperse fructan that accumulates as reserve polysaccharide in 
the roots of several low-requirement crops, has the potential to face 
this challenge.  
In this work, a “substrate facilitator” microbial consortium was 
designed to address PHA production using inulin as feedstock. A 
microbial collection of Bacillus species was screened for efficient 
inulinase producer and the genome of the selected strain, RHF15, 
identified as Bacillus gibsonii, was analysed unravelling its wide 
catabolic potential. RHF15 was co-cultured with Cupriavidus necator, 
an established PHA producer, lacking the ability to metabolize inulin. 
A Central Composite Rotary Design (CCRD) was applied to optimise 
PHA synthesis from inulin by the designed artificial microbial 
consortium, assessing the impact of species inoculum ratio and inulin 
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and N-source concentrations. In the optimized conditions, a maximum 
of 1.9 g L-1 of Polyhydroxybutyrate (PHB), corresponding to ~ 80% 
(gpolymer/gCDW) polymer content was achieved. The investigated 
approach represents an effective process optimization method, 
potentially applicable to the production of PHA from other complex C- 
sources. 
Graphical Abstract 

 
Keywords: artificial microbial consortium; inulin; Central Composite Rotary Design 
 
Highlights 

• C. necator is an established PHA producer lacking the ability to 
metabolize inulin 

• Bacillus gibsonii RHF15 was discovered as a new inulinase producer 

• Co-culturing the two bacterial strains on inulin lead to effective PHB 
accumulation 

• Central Composite Rotary Design allowed optimization of consortium 
performances  
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Introduction 
The extensive worldwide use of plastic and the impact of its 
production chain have seriously harmed the environment, increasing, 
at the same time, the demand for fossil resources, therefore, plastic 
pollution of soil and water is urgently asking for biodegradable 
plastics.  
Polyhydroxyalkanoates (PHAs) are a family of biodegradable 
polyesters produced by various microbial species for energy storage. 
Being produced from renewable sources, they have been proposed as 
green alternative to traditional chemical plastics, including 
polyethylene (PE), polypropylene (PP), and polyethylene 
terephthalate (PET) (Tan et al., 2021). Besides Polyhydroxybutyrate 
(PHB), the best characterized member of PHA family, several 
hydroxyalkanoic acid monomers, differing in their chain length, have 
been identified so far, giving rise to different PHA copolymers with 
tunable properties (Turco et al., 2021).  
The main limit for exploitation of PHA is related to their production 
cost, with the starting feedstocks accounting for more than 50% of the 
total. As a fact, the use of biomass and waste feedstocks has 
emerged as the main breakthrough for cost-effective PHA production, 
and, to this purpose, different lignocellulosic materials and food 
wastes have been tested (El-malek et al., 2020; Sirohi et al., 2020). 
To be considered as appropriate feedstocks for microbial synthesis of 
PHAs, the complex C-sources contained in raw materials require a 
preliminary catabolic step to be converted into suitable substrates for 
microbial fermentation. The isolation of strains for direct high yield 
PHA synthesis from low-cost waste streams has been reported in few 
cases (Bustamante et al., 2019; Tan et al., 2021). On the other hand, 
in vivo engineering approaches have been applied, focusing on the 
introduction of specific catabolic genes into native PHA producers or, 
vice versa, on the implementation of PHA-synthetic genes into non-
native producers endowed with the ability to metabolize complex C-
sources. Although effective on different waste materials, both the 
above-mentioned strategies are time-consuming and challenging 
(Favaro et al., 2019).  
The design and construction of artificial microbial consortia has 
opened a new perspective in this field. The production of several 
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microbial products by co-culture has been successfully reported, 
highlighting their advantages in terms of productivity and process 
economic over pure cultures (Bhatia, Bhatia, et al., 2018). Microbial 
consortia represent a valuable strategy to deal with the need to use 
complex C-sources that would be not metabolized by an individual 
species, and/or to relieve the negative effect of side products inhibiting 
one of the species of the consortium (Ai et al., 2021; Diender et al., 
2021). 
Co-culture based approaches have been applied to PHA synthesis (Ai 
et al., 2021). Bhatia et al., (2018b) have co-cultured Ralstonia 
eutropha and Bacillus subtilis, respectively as PHA and invertase 
producers, to address PHA production from sucrose as substrate. 
These bacteria form a mutually beneficial symbiotic relationship, since 
glucose, fructose and propionic acid produced by B. subtilis are 
efficiently converted into P(3HB-co-3HV) copolymer by R. eutropha. 
Simultaneous production of PHA and xanthan gum has been reported 
by a mixed culture of Cupriavidus necator and Xanthomonas 
campestris from palm oil (Rodrigues et al., 2019). Sawant et al., 
(2017) have ascribed the increased efficiency in PHA production from 
lignocellulosic substrates by Saccharophagus degradans and Bacillus 
cereus co-culture, to the occurrence of mutual communication and 
cooperative growth between the two bacteria. Finally, a mutually 
beneficial symbiotic relationship based on nutrient supply and 
detoxification, has been achieved by properly engineering Escherichia 
coli and Pseudomonas malodorous strains, during fermentation of 
mixed glucose and xylose substrates (Liu et al., 2020). 
Inulin is a linear polysaccharide composed of ß-2,1-linked D-fructose 
residues terminated by a glucose residue, accumulated as a reserve 
carbohydrate in the roots and tubers of various crops, such as chicory 
and dahlia and, more interestingly, in low-requirement crops, such as 
Jerusalem artichoke and Cynara cardunculus (Bedzo et al., 2020; 
Hughes et al., 2017). These inulin sources have a high potential for 
applications in biorefineries, being able to cope with drought, pests 
and diseases and growing well in marginal lands with little fertilizer 
applications (Bedzo et al., 2020). Inulin hydrolysis into fermentable 
sugars, catalysed by microbial inulinases, is mandatory for its 
utilization as carbon and energy source in microbial processes. The 
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synthesis of several microbial products has been reported from these 
inulin-rich biomasses (H. Y. Choi et al., 2012; Khatun et al., 2017; Qiu 
et al., 2019), although PHA production is still less explored. In the 
reported examples, PHA production has been achieved by exploiting 
microbial inulinases in separate hydrolysis and fermentation (SHF) 
(Haas et al., 2015; Koutinas et al., 2013) and simultaneous 
saccharification and fermentation (SSF) processes (Corrado et al., 
2021), since no PHA-producing strain naturally endowed with the 
ability of hydrolyse inulin has been isolated so far.  
Cupriavidus necator is an established PHA producer, able to 
accumulate polymer with high productivity from fructose, however it 
lacks the hydrolytic enzymes necessary to convert inulin into 
fermentable sugars (Corrado et al., 2021). In this work, an artificial 
microbial consortium was designed to address PHA production from 
inulin, by complementing this C. necator enzymatic deficiency with a 
properly isolated inulin-hydrolysing microorganism. To this aim, a 
microbial collection of halophilic Bacillus species was screened for 
efficient inulinase producers. Halophilic bacteria are a useful source of 
enzymes suitable for industrial processes. To adapt to saline 
conditions, this group of microorganisms has developed different 
strategies, as the production of a large variety of extracellular 
hydrolytic enzymes. Moreover, this enzymes exhibit optimal activities 
at various ranges of salt concentration, pH and temperature, making 
them suitable to be used in many industrial processes (Moreno et al., 
2013).  
A Central Composite Rotary Design (CCRD) was applied to optimise 
PHA synthesis from inulin by the designed artificial microbial 
consortium, assessing the impact of species inoculum ratio and inulin 
and N-source concentrations. The investigated approach represents 
an effective process optimization method, potentially applicable to the 
production of PHA from other complex C- sources. 
 
Materials and Methods 
Microbial strains and culture conditions 
Halophilic Bacillus sp. strains used in this work are listed in Table S1. 
Tryptone Yeast extract (TY) medium was used for Bacillus strains 
maintenance and pre-inoculum growth. Minimal medium (MM) 
supplemented with inulin 1 % (w/v) was used for inulinase producers 
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screening in liquid cultures (Budde et al., 2011). Bacillus strains were grown 
at 37°C with shaking (150 rpm). 
C. necator DSM 428 strain was grown aerobically at 30 °C both in rich 
(Tryptic Soy Broth, TSB) and minimal medium (MMCn) according to Budde, 
2011 (Budde et al., 2011). 
Powder inulin used in this study were a commercial mixture of chicory roots 
inulin provided by Sigma chemical as high purity grade substrate for in vitro 
assays (inulin from chicory, 9005-80-5, Sigma-aldrich) and a low purity 
grade inulin from chicory as carbon source for microbial growth (provided by 
Lineavi, Inulinpulver, Jeder Tag Ein Wohlfϋhltag). 
Screening for inulinase producers 
Iodine agar plate assay was used for screening on solid medium. 
Microorganisms were grown on MM supplemented with inulin 1 % w/v agar 
plates and after for 24 hours they were incubated in a close jar sutured of 
iodine vapors for 6 minutes at room temperature. 
For screening in liquid medium, bacterial strains were grown in TY medium 
for 16 h and inoculated in MM+ Inulin 1% (w/v) at 0.4 OD600/ml (250 mL 
Flasks with 25 mL of medium) for 30 h.  
Inulinase enzymatic assay  
The culture medium was centrifuged at 5000 g for 15 min and the 
supernatant was used as the inulinases source. Enzymatic activity was 
measured by determination of reducing sugars released from substrate 
inulin by DNS-method (Muller 1996) according to Corrado et al. (2021). One 
unit of the enzyme (inulinases or invertase activity) was defined as the 
amount of the enzyme which produces 1 μmol of reducing sugars per 
minute. All the assays were carried out in duplicate. 
Whole genomic annotation 
The Rapid Annotation using Subsystems Technology (RAST) was applied to 
RHF15 genome, already available (Petrillo et al., 2021) for gene prediction 
and annotation (Aziz et al., 2008; Overbeek et al., 2014). CG View (Circular 
Genome Viewer) server 1.0 was used to construct a circular genome map of 
strain RHF15 (Stothard & Wishart, 2004). 
Response surface methodology 
A 23 full factorial central composite rotary design (CCRD) was employed to 
find out the interactive effects of inulin, NH4Cl concentration, bacteria strains 
inoculum concentration on both cell biomass production and PHA 
accumulation. CCRD was designed using Minitab 19 and resulted in 31 
conditions with eight axial points and seven replicates at the center point 
(Table 1). The combination of predictor setting that optimized the fitted 
response was used to verify the model.   
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Experiments were performed at 20 mL scale in MMCn at 30 °C for 96h. The 
four components (Inulin, NH4Cl, RHF15 and C. necator) were added to the 
media according to the designed values (Table 1). After 96h cells were 
recovered by centrifugation (5500 g 15 min) and lyophilized for CDW 
determination and PHA extraction. Regression analysis using ANOVA was 
performed, and model fitting methods applied for data analysis. Contour and 
surface plots were created to visualize the interactive effects of all 
components on PHA accumulation. 
Verification of the model for PHA production using inulin as carbon source.  
To validate the model a numerical optimization method via Minitab 19 was 
applied to predict the variables value. The high and low variables values 
were determined according to overlaid plots for all responses. Optimized 
conditions turn out to be 0.3 OD mL-1 for bacteria inoculum, 2 g L-1 of NH4Cl 
and 30 g L-1 of inulin. Bacillus strain and C. necator were co-cultured in 
MMCn media at 20 mL scale up to 96 h. Samples were collected at 24 h 
intervals and analysed for biomass production (Cell Dry Weight, CDW) and 
PHA accumulation (% gpolymer/gCDW). Concentration of glucose, fructose and 
residual inulin in the culture broth were assayed by D-fructose and D-
glucose, and fructan assay kits (Megazyme). 
PHA extraction and analysis  
Polymer extraction was performed on lyophilized cells (Corrado et al., 2021). 
Gas chromatography mass spectrometry method (GC-MS) was used to 
analyse PHA production and composition as previously described by 
Vastano et al. (2015).  
NMR  
1H NMR spectrum of the extracted polymer was performed in CDCl3:CD3OD 
(1:1), at 298K using a 600 MHz Bruker (Bruker Italia, Italy) instrument 
equipped with a cryogenic probe.  

 
Results and Discussion 
Screening of halophilic bacteria for inulinase production  
A halophilic bacteria collection was screened for the ability to produce 
inulinases (Table S1). All microorganisms belong to a larger collection 
isolated from samples of sand and rhizosphere of Juniperus sabina 
collected from saltpans (Castaldi et al., 2021; Petrilloet al., 2021)). 
The selected strains are facultative anaerobic belonging to the 
Bacillus genus, all classified as moderate halophilic bacteria, being  
able to grow between 0.5 and 2.5 M of salt (Kushner, 1978). The 8 
strains were chosen for their exoenzymatic activity profile, being able 
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to hydrolyse substrates like cellulose, starch or xylan (Petrillo et al. 
2021). 
After the primary screening on agar, four strains were selected, based 
on the diameter of the hydrolytic zone. Once cultured in liquid 
medium, the strain RHF15, displayed the highest level of inulinase 
production, reaching up to 14 U mL-1 (Figure 1) after 15 h, in line with 
the values reported for other inulinase producers (Ram Sarup Singh et 
al., 2017). The enzymatic activity was detected in the culture broth in 
the early stage of growth, probably as a result of inulin induction (Ram 
Sarup Singh et al., 2017). The inulinase/saccharase activity ratio, I/S, 
was equal to 2, indicating the prevalence of inulinase over invertase 
activity (Ram S. Singh & Singh, 2010). As a fact, the release of both 
glucose (the minority component of inulin) and fructose was recorded 
from the beginning of the process. Then, whilst glucose level remains 
almost neglectable, fructose concentration rises steeply up to 12 h, 
when it approaches a constant level in correspondence with the entry 
into the stationary growth phase. It is noteworthy that high inulinase 
activity levels were preserved in the culture broth even after prolonged 
stationary phase, representing an advantage for the exploitation of 
this strain as inulinase-producer in a properly designed artificial 
microbial consortium. Based on these results, the strain RHF15, 
identified as B. gibsonii, was selected for further analysis.  
 
 

 
Figure 1. a) Screening for inulinase producers. Maximum of Inulinase 
activity (U mL-1) registered in liquid medium for the strains selected based on 
the hydrolytic zone shown on plate (pictures below). b) Kinetic profiles of OD 
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mL-1; inulinase U mL-1; fructose, g L-1; glucose g L-1 in liquid medium for 
RHF15. 

Whole genome investigation of putative inulinase coding genes 
of the strain RHF15  
The genome of strain RHF15 (Figure S2) was analysed by the RAST 
annotation server (Aziz et al., 2008; Overbeek et al., 2014), revealing 
100 RNAs and a total number of 4282 predicted protein-coding 
sequences (CDSs), where “Amino Acids and Derivatives” (17.4 %) 
and “Carbohydrates” (14.4 %) were the most represented subsystem 
features (Table S3). In order to identify proteins responsible for inulin 
hydrolysis, predicted amino acid sequences from Carbohydrates 
subsystem were analysed scanning for Carbohydrate-Active enZymes 
(CAZymes). CAZymes are a group of enzymes involved in 
carbohydrate metabolism, divided into classes according to their 
catalytic activity. The analysis revealed the presence of 129 
CAZymes, including 16 Carbohydrate Esterases, 40 Glycoside 
Hydrolases (GH), 34 Glycosyl Transferases, 5 Polysaccharide Lyases 
and, 34 enzymes involved in Auxiliary Activities (Figure 2A). The 
abundance of hydrolytic enzymes belonging to different CAZY 
families, highlighted by this analysis, is in accordance with the wide 
hydrolytic abilities towards different substrates (xylan, cellulose, 
amylose, chitin) recently reported for this strain (Petrillo et al., 2021). 
Among GH, the Glycoside Hydrolase Family 32 includes members of 
the β-fructosidase superfamily, able to hydrolyse non-reducing β-D 
fructosidic bonds  releasing fructose (Barrangou et al., 2003) and for 
this reason, more attention was dedicated to this group of enzymes. 
Interestingly, 3 genes putatively coding for enzymes related to this 
family (Figure 2B) have been identified. A multiple alignment of the 
deduced aminoacidic sequences with those of well-known GH32 
hydrolases able to cleave inulin (Table S4) was performed using 
SeaView software (Gouy et al., 2009) (Figure S5), highlighting the 
typical highly conserved motifs of the GH32 family (Lammens et al., 
2009; Pons et al., 2004; Reddy & Maley, 1990) in the selected RHF15 
enzymes.  
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Figure 2. Annotation of CAZymes in B. gibsonii RHF15 genome A) 
Distribution of CAZyme classes in strain RHF15. B) Distribution of CAZyme 
families in the GH class, and number of proteins belonging to each family. 

 
A blastP analysis of the aminoacidic sequences of the three putative 
inulinase coding genes was run against the NCBI database. The best 
hits were obtained with the levanase SacC, the sucrose-6-phosphate 
hydrolase ScrB and the levanbiose-producing levanase LevB of B. 
subtilis with a sequence similarity score ranging between 99 and 100 
% (Table 2). B. subtilis levanase SacC has been depicted as an 
exofructosidase, capable of hydrolyzing both levan and inulin, leading 
to the production of free fructose (Martin et al., 1989). Regarding 
ScrB, no data are available on the ability of this enzyme to hydrolyze 
inulin , while, from previous studies, it is known that B. subtilis LevB is 
an endolevanase that selectively cleaves the (β-2,6) fructosyl bonds 
and does not hydrolyze inulin (Jensen et al., 2016). Since the 
hydrolytic activity has been detected in the supernatant fraction, a 
predicted signal peptide in the primary structure of the SacC and ScrB 
homologous proteins has been searched using SignalP 3.0 Server 
(Bendtsen et al., 2004). The performed analysis allowed to identify the 
presence of a signal peptide (position 1-23) and a probable cleavage 
site (position 24 -25) in SacC (Tjalsma et al., 2000), while no 
significant result was obtained with ScrB, suggesting a cytoplasmic 
role of this enzyme. According to the collected information, the inulin 
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hydrolytic activity associated with strain RHF15 is most likely due to 
the levanase SacC homologue.  
 
Table 2 Summary of the blastP analysis run between the three selected 
enzymes of strain RHF15 (Query ID) and the NCBI database. Only the best 
hits are shown.  

 
 
Response surface design for optimization of PHA production 
from microbial co-culture 
An artificial microbial co-culture able to utilize inulin as a carbon 
source for PHA production was designed exploiting the RHF15 strain 
and C. necator as inulinase and PHA producers, respectively. No 
genes coding for essential proteins in the PHA biosynthesis (PhbA, β-
ketothiolase; PhbB, acetoacetyl coenzyme A reductase; and PhbC, 
Polyhydroxyalkanoate-synthase) were identified in the genome of the 
RHF15. 
A central composite rotary design (CCRD) was used to explore the 
effectiveness in PHA production of the co-culture as a function of 
inulin and NH4Cl concentrations as well as of the inoculum amount of 
each strain. The design resulted into 31 experiments (Table 1). Cell 
dry weight (CDW g L-1) and PHA content (PHA %) were assumed as 
the parameters influenced by the four independent variables. Biomass 
production and PHA accumulation were determined after 96 h. 
Inulinase activity was also assayed in culture supernatants at the end 
of the process (Table 1). The experimental results were fitted with a 
second order polynomial equations: 
PHA%= -10.59 + 53.1*A+116.7*B - 1.03*C + 0.79*D+ 207*A2 - 383.2*B2 + 
2.12*C2-0.02*D2 + 866*A*B - 60.3A*C + 3.04*A*D -28.9*B*C - 0.35*B*D - 
0.03*C*D 
CDW g L-1= -1.234+ 0.69*A+11.22*B – 1.05*C + 0.09*D+ 3.57*A2 - 39.72*B2 

-0.38*C2-0.002*D2 + 4.89*A*B – 1.14A*C + 0.086*A*D +0.99*B*C+ 0.06*B*D 
– 0.002*C*D 

Query ID Subject ID Source Type 
Similarity 

(%) 
Expect 
value 

Bit score 

33193_RHF15_00488 WP_153940225.1 B. subtilis Levanase SacC 100.00 0.0 1399 

33193_RHF15_02998 WP_106073378.1 B. subtilis Levanbiose-producing levanase LevB 99.80 0.0 1062 

33193_RHF15_02621 WP_072692791.1 B. subtilis Sucrose-6-phosphate hydrolase ScrB 99.79 0.0 1005 
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being A) C. necator inoculum concentration (OD mL-1); B) RHF15 
inoculum concentration (OD mL-1); C) NH4Cl, concentration (g L-1); D) 
inulin concentration (g L-1). 
The significance of the model is depicted by F-value of 30.15 and 
60.08 for both CDW and PHA, respectively. Analysis of variance 
(ANOVA) was used to determine the influence and the significance of 
the independent variables on the dependent responses (Table 3). The 
significance of model terms is defined by their P values, where only 
the terms with a Prob > F lower than 0.05 are considered significant.  
In this work, the P value for model terms A, B, D, B2, C2, D2 and A, B, 
C, D, AB, AC, AD, BC, B2, C2 was found to be lower than 0.05, 
therefore they are significant terms for both CDW production and PHA 
accumulation, respectively (Table 3). Conversely the model terms C, 
AB, AC, AD, BC, BD, CD, A2 and BD, CD, C2 with a P value higher 
than 0.05 are not significant for both CDW and PHA, respectively.  
The goodness of fit is confirmed by R2, that reflects a good co-relation 
between actual and predicted value. The value of R2, adjusted R2 and 
predicted R2 are 0.96, 0.93, 0.76 for CDW production and 0.98, 0.96, 
0.89 for PHA accumulation. The difference, smaller than 0.2, between 
adjusted R2 and predicted R2 further validates the model.  
Lack of fit-F value of the quadratic model proves the co-relation 
between response variables and independent factors. The Lack of fit-
F value for both CDW production and PHA production are 3.59 and 
3.51, respectively. The non-significant value justifies the fitness of 
model. 
The significance of interactive model terms for PHA production is 
depicted by contour plot and relative three-dimensional surface plots 
presented in Figure 3. 3D graphs display the effect of the interaction 
between RHF15:C. necator, NH4Cl:C. necator, NH4Cl:RHF15 and 
Inulin:C. necator on the dependent variable “PHA accumulation”. The 
combined effect of the variables was studied keeping the following 
mid-values: 0.15 OD mL-1 inoculum concentration for both bacterial 
strains, 20 g L-1 inulin and 1.7 g L-1 NH4Cl. It is evident from the plot 
that PHA production reaches a maximum with the increase of the 
concentration of both bacterial species (Figure 3, Panel A). 
Furthermore, for a C. necator inoculum in the range 0.2-0.3 OD mL-1, 
PHA production holds at ~70 % with NH4Cl concentration below 1 g L-
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1 (Figure 3, Panel B). From the interactive plot NH4Cl:RHF15, it is 
evident that a positive effect on polymer production is linked to an 
increase of RHF15 inoculum together with a decrease of NH4Cl 
(Figure 3, Panel C). This phenomenon can be due to the negative 
effect of NH4Cl on inulinase production. As a fact, in the co-culture 
system, high concentration of NH4Cl seems to negatively affects 
production of inulinases (compare runs 14 and 16). Conversely, in the 
absence of C. necator, a higher NH4Cl amount seems to promote 
inulinase production (runs 6 and 8) (Table 2). Thus, a major 
contribution of RHF15 to the co-culture seems to be a prerequisite to 
promote PHA accumulation.  
As for the interactive effect inulin:C. necator, their concomitant 
increase positively affects polymer production, assuring up to 70 % 
PHA content at more than 20 g L-1 inulin together with more than 0.25 
OD mL-1 C. necator (Figure 3, Panel D).  
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Table 1. Optimization of growth variables for CDW production and PHA 
accumulation from co-cultures, using central composite rotatable design 
(CCRD) 

Run 
C. 

necator 
OD mL-1 

RHF15 
OD mL-1 

NH
4
Cl 

g L
-1

 

Inulin  

g L
-1

 

CDW 

g L
-1

 

PHB 
% 

U mL-1 

1 0 0 0.5 10 0.0 0.0 0 

2 0 0 0.5 30 0.0 0.0 0 

3 0 0 2 10 0.0 0.0 0 

4 0 0 2 30 0.0 0.0 0 

5 0 0.2 0.5 10 0.8 0.0 6.8 

6 0 0.2 0.5 30 0.9 0.0 13.4 

7 0 0.2 2 10 1.3 0.0 2.0 

8 0 0.2 2 30 1.5 0.0 22.7 

9 0.2 0 0.5 10 0.3 12.4 0 

10 0.2 0 0.5 30 0.6 28.2 0 

11 0.2 0 2 10 0.2 5.2 0 

12 0.2 0 2 30 0.4 16.5 0 

13 0.2 0.2 0.5 10 1.4 58.4 3.2 

14 0.2 0.2 0.5 30 2.1 68.7 13.3 

15 0.2 0.2 2 10 1.5 31.2 2.1 

16 0.2 0.2 2 30 1.9 42.5 1.9 

17 0 0.1 1.25 20 1.3 0.0 5.3 

18 0.1 0 1.25 20 0.4 7.9 0 

19 0.1 0.1 1.25 20 1.5 14.7 3.5 

20 0.1 0.1 1.25 20 1.7 19.0 3.3 

21 0.1 0.1 1.25 20 1.5 21.2 3.3 

22 0.1 0.1 1.25 20 1.4 19.9 2.7 

23 0.1 0.1 1.25 20 1.6 17.8 4.1 

24 0.1 0.1 1.25 20 1.7 20.3 3.3 

25 0.1 0.1 1.25 20 1.6 17.9 3.3 

26 0.3 0.1 1.25 20 2.0 59.7 2.3 

27 0.1 0.3 1.25 20 1.1 18.2 5.1 

28 0.1 0.1 0 20 0.9 34.4 3.2 

29 0.1 0.1 2.75 20 0.6 16.7 8.32 

30 0.1 0.1 1.25 40 1.3 23.0 13.3 

31 0.1 0.1 1.25 0 0.0 5.7 1.2 

.
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Table 1. Analysis of variance (ANOVA) and regression analysis of quadratic 
model for CDW and polymer production (aSS, sum of squares; bDF, Degree of 

freedom; cMS, mean square.  

 

 
ANOVA  Regression analysis  

Source CDW g L
-1

 PHA %   
CDW g L

-1
 

 PHA % 

SS
a
 DF

b
 

p Value 

Prob>F 
 

SS
a
 DF

b
 

p Value 

Prob>F 
 

MS
c
 F Value  

MS
c
 F Value 

Model  12.8991 14 <.0001* 
 
10264.5 14 <.0001* 

 
0.9214 30.15 

 
733.18 60.08 

C. necator (A) 0.7506 1 <.0001* 
 

5274.3 1 <.0001* 
 

0.7506 24.56 
 

5274.3 432.20 

RHF15(B) 0.6856 1 <.0001* 
 

765.4 1 <.0001* 
 

0.6856 22.44 
 

765.4 62.72 

NH
4
Cl(C) 0.0204 1 0.425 

 
618.3 1 <.0001* 

 
0.0204 0.67 

 
618.3 50.66 

Inulin(D) 0.8447 1 <.0001* 
 

396.6 1 <.0001* 
 

0.8447 27.65 
 

396.6 30.29 

AB 0.0383 1 0.279 
 

1200.0 1 <.0001* 
 

0.0383 1.25 
 

1200.0 98.33 

AC 0.1161 1 0.069 
 

327.6 1 <.0001* 
 

0.1161 3.80 
 

327.6 26.84 

AD 0.1195 1 0.065 
 

148.1 1 0.003 
 

0.1195 3.91 
 

148.1 12.14 

BC 0.0889 1 0.107 
 

75.3 1 0.024 
 

0.0889 2.91 
 

75.3 6.17 

BD 0.0514 1 0.213 
 

1.9 1 0.697 
 

0.0514 1.68 
 

1.9 0.16 

CD 0.0052 1 0.687 
 

0.8 1 0.803 
 

0.0052 0.17 
 

0.8 0.06 

A
2
 0.0211 1 0.418 

 
70.9 1 0.028 

 
0.0211 0.69 

 
70.9 5.81 

B
2
 2.6100 1 <.0001* 

 
242.9 1 <.0001* 

 
2.6100 85.42 

 
242.9 19.9 

C
2
 1.0093 1 <.0001* 

 
31.6 1 0.127 

 
1.0093 33.03 

 
31.6 2.59 

D
2
 1.2465 1 <.0001* 

 
72.1 1 0.027 

 
1.2465 40.80 

 
72.1 2.55 

 



Chapter 1 

 

56 

 

 
Figure 3. Contour and 3D surface plots for the significant interactive model 
terms for PHA production 
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To validate the models and define the variable values that allow 
obtaining up to 2 g L-1 of CDW and up to 80 % of PHA accumulation, 
overlaid contour plots were constructed (Figure 4). In the plot each set 
of contours defines the boundaries of acceptable response values. 
The solid contour line and the dotted one correspond to the lower and 
the upper bounds respectively, whilst the white portion in the plot 
represents the acceptable range wherein the possible combination of 
parameter settings can be obtained. In the case study, two overlaid 
contour plots were taken into account: C. necator: NH4Cl and C. 
necator: RHF15.  
From the first plot (Figure 4A) the optimal solutions are defined by 0.1-
0.3 OD mL-1 for C. necator and a wide range of NH4Cl concentration, 
being RHF15 and inulin at the mid value (0.15 OD mL-1 and 20 g L-1 
respectively). In particular, at low concentrations of NH4Cl, a PHA 
content higher than 20 % can be obtained at low inoculum 
concentration, while when the N-source is increased, it is necessary to 
increase the inoculum. From the overlaid plot RHF15:C. necator 
(Figure 4B) it is evident that at low RHF15 inoculum it is necessary to 
increase the C. necator concentration at least to 0.25 OD mL-1 to 
obtain more than 1 g L-1 CDW together with a minimum of 20 % PHA. 
On the other hand, the increase in RHF15 inoculum allows to reduce 
the contribution of C. necator to be in the acceptable range.  
The possible combination settings were used as starting values for the 
numerical optimization of the models. The inoculum concentration of 
bacterial strains was set to 0.3 OD mL-1, NH4Cl was set in the range 
1.5- 2 g L-1, and a concentration of inulin higher than 20 g L-1 was 
chosen.  
The optimum variable values were 0.3 OD mL-1 for inoculum, 2 g L-1 of 
NH4Cl and 30 g L-1 of inulin. The result obtained using predicted 
response verified the model with a degree of accuracy higher than 95 
%. In the optimum conditions, up to 2.4 g L-1 of CDW and 75 % of 
PHA production were achieved.  
The composition of the polymers produced in all the conditions 
explored in the CCRD design was determined by GC-MS analysis, 
and revealed the presence of 3-hydroxybutyrate (3HB) as the only 
component.  
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Figure 4. Overlaid contour plot: A) C. necator: NH4Cl; B) C. necator: RHF15. 
The solid contour line and the dotted one correspond the lower and the 
upper bounds respectively; the white portion represents the acceptable 
range (1-2 g L-1 for CDW, 20-80% PHB) wherein the possible combination of 
parameter settings can be obtained. 

 
Kinetics of Polymer production 
Figure 5 displays the kinetics of PHB production in the optimized 
conditions defined for the artificial microbial consortium. An increase 
in cell biomass was observed in the earlier phase, whilst polymer 
synthesis started only after 48 h. From this point onward, the cellular 
growth slowed down and PHA production sharply increased reaching 
up to 1.9 g L-1 at 96 h, corresponding to a polymer accumulation (YP/X) 
of 78.8 % and a productivity of 0.02 g L-1 h-1. The efficiency of the 
mutual species interaction is visible from the profiles of C-sources 
consumption. Inulin concentration dropped rapidly in the first 24 h and, 
concomitantly fructose concentration increased, indicating an efficient 
polysaccharide conversion into fermentable sugars, in accordance 
with inulinases production in the early growth phase, observed for 
RHF15 strain. After 48 h, almost all the inulin was consumed, whilst 
fructose was available at high level (~ 10 g L-1), thus assuring the 
carbon source excess necessary for polymer accumulation. At the end 
of the process, 93 % of inulin was converted, with yield coefficients 
YP/S = 0.07 and YX/S = 0.09. No residual glucose was detected in the 
culture broth, indicating its consumption by the co-culture. Although 
glucose is the minority monomer in inulin (about 3 g L-1 estimated from 
the total hydrolysis of 30 g L-1 inulin), its release promote the growth of 



Chapter 1 

 

59 

 

RHF15, being C. necator DSM 428 not able to metabolize glucose 
(Azubuike et al., 2019), thus leaving a higher amount of fructose 
available for PHB production. 
Finally, the purity of the extracted polymer was checked by 1H NMR. 
The spectrum confirmed the presence of the characteristic signals 
attributable to the homopolymer polyhydroxybutyrate (Sabarinathan et 
al., 2018) (Figure S6).  

 
Figure 5. Kinetic profiles of CDW, g/L; PHB, g/L; Residual Biomass, g/L 1; 

Fructose, g/L; Inulin, g/L in the optimized conditions for the co-culture 

The use of inulin-rich biomass for PHA production has been reported 
in Separated Hydrolysis and Fermentation (SHF) processes using 
various fungal inulinase mixtures and different C. necator strains 
(Table 4). In these examples, the PHB volumetric productivities refer 
only to the fermentation process and do not take into account the 
overall process time, including also the production of the enzyme and 
the inulin hydrolysis steps. Recently, the efficiency of a Simultaneous 
Saccharification and Fermentation (SSF) process for one-step inulin 
hydrolysis by a Penicillium lanosocoeruleum inulinase mixture and 
PHA production by C. necator H16 has been demonstrated, with a 
PHB productivity of 0.03 g L-1 h-1 (Corrado et al., 2021). Although 
leading to a slightly reduced productivity if compared to the SSF 
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reported by Corrado et al (2021), the process with the co-culture is 
carried out in “one-pot”, allowing to reduce the overall production time 
by skipping the enzyme production step.  
To our knowledge, this is the first example of the use of a “substrate-
facilitator” (Bhatia, Bhatia, et al., 2018) microbial consortium for PHA 
production from inulin. A similar strategy has been applied by Bathia 
et al. (2018b) to a different substrate, saccharose, co-culturing R. 
eutropha 5119 strain with the sucrose hydrolysing B. subtilis. 
Interestingly, in this example, the synthesis of a P(3HB-co-3HV) 
copolymer has been reported, thanks to the supplying of the required 
precursor (propionate) from B. subtilis (Bhatia, Yoon, et al., 2018). 
Despite the similarity of the microbial species involved as well as of 
the supplied carbon sources, it is worth to note that differences in 
metabolic profiles of each strain of the consortium, their mutual 
interactions, together with the applied experimental conditions 
(concentration of the C and N sources, ratio between the two strains) 
might translate into substantial variation in polymer composition. 
Noteworthy, besides the PHB-containing cells, about 12 U ml-1 of 
inulinase activity were detected in the supernatant of the co-culture 
system developed in this work, leading to envisage the possibility to 
recover these enzymes as extracellular co-products of the process, 
enhancing its overall cost-competitiveness (de Jesus Assis et al., 
2019; Kumar & Kim, 2018; Turco et al., 2021). 
In conclusion, several engineering strategies have been applied for 
the designing of consolidated bioprocesses involving strains able to 
convert complex substrates into different microbial products (Favaro 
et al., 2019; Sirohi et al., 2020). The use of artificial consortia, 
although still less explored, allows to overcome the need for strain 
engineering, providing that the compatibility of the consortium 
members has been verified. The results of this work add a piece of 
knowledge in this field, providing an optimized process based on an 
artificial microbial consortium for inulin conversion into PHA. 
 
Table 4. Comparison of processes for PHA production from inulin-based 
substrates. SHF (Separated Hydrolysis and Fermentation), SSF 
(Simultaneous Saccharification and Fermentation) 
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Conclusions  
A “substrate facilitator” microbial consortium, composed of the inulin-
hydrolysing B. gibsonii strain RHF15 and the PHA-producer C. 
necator, was designed to address polymer production from inulin. The 
RHF15 strain was isolated from the screening of a halophilic microbial 
collection for its ability to produce inulinase, and its genome 
investigated, highlighting its hydrolytic potential. 
The co-culture performances were optimized through response 
surface methodology, achieving a maximum of 1.9 g L-1 of PHB, 
corresponding to ~ 80 % (gpolymer/g CDW) polymer content.  
The applied methodology can be extended to other complex carbon 
sources, exploiting the reservoir of hydrolytic activities discovered in 
RHF15 genome combined with other PHA producing strains with 
different substrate preferences. 
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The concept of nanotechnology was introduced in 1959 by Richard 
Feynman and the term “nanotechnology” was later coined again by 
Norio Taniguchi in 1974. The application of nanotechnology to 
polymers involves the design, manufacturing, processing and 
application of polymer materials filled with nano- particles and/or 
devices of nano range dimensions. In the Paragraph 2.1 blending of 
PHA-based nanoparticles (PHA-NPs) and Whey Protein (WP) -based 
materials is reported as strategy for obtaining new polymeric materials 
with improved properties. WP-based films, like all the hydrocolloid 
films, suffer from limitations in barrier and mechanical features, often 
requiring additives to improve resistance to moisture transfer as well 
as to enhance their flexibility (Ramos et al., 2012). The addition of 
PHA-NPs to WP-based materials resulted in a plasticizing effect 
producing a resistant and more extensible biomaterial. Moreover, the 
presence of NPs inside the matrix enhances the film barrier property 
towards O2, letting to envisage a possible application of this novel 
material in food packaging, especially for those products requiring 
preservation from oxidative reactions. 
In the field of nanobiotechnology, drug delivery systems (DDSs) aim 
to deliver drugs in an ideal, controlled time and space-related process, 
defining the right drug concentration, minimizing side effects, and 
reducing drugs degradation. All these advantages, together with the 
possibility of a wide range of drugs delivery, expand the DDSs 
applicability in different fields, from pharmaceutical to food industries. 
Among the carriers, biopolymeric nanoparticles gain a widespread 
interest due to low toxicity, good encapsulation, and the additional 
targeted biodegradability (Rodríguez-Contreras et al., 2013).  
Polyhydroxyalkanoates (PHAs) as biodegradable and biocompatible 
polyesters are good candidates in developing of biodegradable nano-
vehicles for active molecules delivery (Giufrida et al., 2016; Perveen 
et al., 2020; Rodríguez-Contreras et al., 2013). Interestingly PHAs 
differ from other polyesters for the nontoxic degradation products thus 
allowing this promising material to be applied in vivo in biomedical 
field. Many examples of NPs PHA-based production are reported in 
literature together with different applications.  
Among active molecules, scientists shifted their attention toward 
herbal medicine e.g plant products, such as Essential Oils (EOs). EOs 
are a mixture of volatile compounds largely employed for their 
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antibacterial, antifungal, and insecticidal activities (Burt, 2004; 
Stefanakis et al., 2013). Because of the great number of constituents, 
essential oils seem to have no specific cellular targets. As typical 
lipophiles, they pass through the cell wall and cytoplasmic membrane, 
disrupting the structure of the layers of polysaccharides, fatty acids, 
and phospholipids and permeabilizing them. In bacteria, 
permeabilization of the membranes is associated with loss of ions and 
reduction of membrane potential (Turina et al., 2006). Despite their 
high potential the volatile compounds found in EOs can be easily 
oxidized, so a process such as microencapsulation can suppress or 
retard oxidation, improving solubility and stability, while masking their 
strong odour (Chouhan et al., 2017; Lammari et al., 2020). Recently, 
the possibility to encapsulate EOs into polymeric NPs has been 
investigated, shielding their stability, controlling their delivery, and 
enhancing their bioavailability (Bilia et al., 2014). The possibility of 
using nanoparticles PHA-based as carriers for bioactive compounds 
was investigated encapsulating oregano essential oils (Paragraph 
2.2). 
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 2.1 Design and characterization of poly (3-hydroxybutyrate-co-
hydroxyhexanoate) nanoparticles and their grafting in whey 
protein-based nanocomposites 
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2.2 Polyhydroxyalkanoates-based nanoparticles as essential oil 
delivery carriers 
 

The activities reported in this paragraph are in the frame of a Scientific 
and technology Cooperation program that allowed me to collaborate 
with Prof. Carlos Regalado and Prof. Blanca Garcìa Almendares at 
the Universitad Autonoma de Querétaro (UAQ), Mexico. The main 
objective during the visit to Universidad Autonoma de Querétaro was 
the encapsulation of antimicrobial compound, such as essential oils of 
Mexican oregano (Lippia graveolens Kunth), in nanoparticles of PHAs 
that can be blend with whey protein, obtaining activated film. 
 

Results  
Encapsulation of EOs into PHA-based nanoparticles  

PHA-based nanoparticles were prepared by the solvent evaporation 
method, by dispersing a polymer solution in the aqueous phase 
containing a proper surfactant. Two different PHA polymers were 
tested: i) the homopolymer P3HB, derived from bioprocesses 
described in Paragraph 1.1, and ii) the copolymer poly-(3 
hydroxybutyrate)-co- (3-Hydroxyhexanoate) (P(3HB-co-3HHx), 
produced by recombinant E. coli as described in Paragraph 2.1. 
Oregano essential oils (EOs) were extracted from Lippia graveolens, 
Mexico oregano (MXO) at the University of Querétaro, Santiago de 
Querétaro, México. Hydro-distillation allowed to obtain a yield of 4 % 
(w/w dry mass). This result is in line with already extraction yields 
reported for MXO oregano. EOs, already characterized by GCMS, are 
mainly composed of thymol (>50%) and at low concentration of 
Carvacrol (<0.1%) (Hernández-Hernández et al., 2014). 
Encapsulation of EOs into PHA-nanoparticles was carried out by 
exploring the effect of different parameters, such as concentration of 
surfactant, Aqueous/Organic phase volume ratio (A/O phase) and 
mgEOs/mgPolymer, on particles size and morphology, and encapsulation 
efficiency.  
Preliminary experimens were carried on PHB. Figure 1 (Panels A, B) 
shows the mean particle size, polydispersity index (PDI) and Z-
potential of NPs obtained by using two different concentrations of 
Sodium Dodecyl sulphate (SDS), (2.2 and 4.4 mg ml-1), different 
mgEOs/mgPolymer ratios (1:1; 0.5:1), at a constant A/O phase (20), 



Chapter 2 

 

85 

 

corresponding to 1.25 mg of polymer. In general, the higher 
concentration of surfactant the smaller the size of the nanoparticles 
but its excess can increase particle size (Komaiko & McClements, 
2015). 
In the absence of EOs, SDS at 4.4 mg ml-1 provided the formation of 
smaller particles (below 150 nm) with a Z-potential below -60 mV and 
a PDI of 0.2, while a decrease of SDS concentration at 2.2 led to 
higher particle size (below 200 nm), a PDI index higher than 0.2 and a 
better Z-potential value (-40mV). The addition of EOs caused a 
marked increase in NPs size in all the tested conditions. However, an 
increase in PDI was also observed, indicating a higher heterogeneity 
in the particle size distribution. It is worth to note that, the formation of 
EOs micelles with a size of 500 nm was observed when EOs were 
subjected to the same experimental protocol in the absence of 
polymer. Thus, the formation of SDS-stabilized EOs emulsions could 
explain the observed heterogeneity of particle size, especially in the 
conditions with higher SDS amount. In line with this, at a lower 
mgEOs/mgPolymer (0.5), the PDI decreases to about 0.4, since a greater 
amount of polymer is available for the interaction with the EOs, thus 
preventing the formation of stabile EOs micelles.  
In order to promote polymer/EOs interaction and thus improving oil 
encapsulation into the polymeric matrix, a lower A/O phase ratio (2), 
corresponding to a ten-fold increase of polymer amount (12.5 mg) was 
tested, setting the SDS at 2.2 mg ml-1 (panel C). In these conditions, 
monodisperse NPs with a particle size below 200 nm and a Z-
potential below -30 mV were obtained in the absence of EOs. 
Interestingly, the addition of EOs slightly affected the size of the 
obtained NPs when compared to the unloaded ones and did not 
impair the PDI that remains about 0.2. A further increase of polymer 
amount (25 mg, keeping the A/O phase ratio to 2 caused an increase 
in the size of unloaded NPs, that remained almost constant after EOs 
addition at the highest mgEOs/mgPolymer ratio (1) (Panel D). 
Furthermore, the PDI was almost unaffected by the addition of the 
EOs. In particular, high monodisperse NPs were obtained at the 
lowest mgEOs/mgPolymer ratio (0.5), indicating that in these conditions, 
the formation of loaded NPs is favoured with respect to the formation 
of EOs micelles.  
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Figure 1. Effect of parameter settings on particle size, PDI and Z-potential. A) SDS at 2.2 mg 
ml-1, A/O 20 and PHB 5 mg ml-1; B) SDS at 4.4 mg ml-1,A/O 20 and PHB 5 mg ml-1; C) SDS at 
2.2 mg ml-1,A/O 2 and PHB 5 mg ml-1; D) SDS at 2.2 mg ml-1,A/O 2 and PHB 10 mg ml-1; E) 
Effect of polymer concentration on Encapsulation efficiency and loading capacity. 

Conditions reported in Panels C and D were further investigated, 
taking into account the EOs encapsulation efficiency (EE) and the 
loading capacity (LC). The highest percentage of EE together with the 



Chapter 2 

 

87 

 

highest percentage of LC were obtained at the highest amount of 
polymer (10 mg mL-1) (Panel E), reaching up to 68% and 50% 
respectively at the highest mgEOs/mgPolymer ratio (trial k figure 3).  
In this condition NPs resulted to be stable for more than one week 
without separation, precipitation, or agglomeration. 
The same experimental conditions used for PHB were applied for the 
synthesis of P(3HB-3HHx) based NPs. However, despite the obtained 
NPs showed a particle size of 180 nm with a PDI of 0.176 and an 
acceptable Z- potential, they resulted to be unstable, with a 
precipitation and phase separation after 48 h. To obtain monodisperse 
and stable NPs, a higher concentration of surfactant (4.4 mg mL-1) 
was needed; moreover, to promote polymer/EOs interaction and thus 
improving oil encapsulation into the polymeric matrix a higher 
concentration of polymer solution (20 mg mL-1) was used (Figure 2). In 
these conditions, the NPs produced showed a particle size of 210 nm, 
PDI of 0.125 and Z-potential value of -47.4 mV with an EE of 62 % 
and a loading capacity of 45%. Moreover, as for the loaded PHB-NPs 
the encapsulation of EOs slightly affected the particle size with 
respect to the unloaded ones (Figure 2). In general, at higher 
concentration of polymer, the collision frequency of polymer droplets 
and possible coalescence can increase. In this case this phenomenon 
is avoided by using higher concentration of surfactant that helps the 
formation of droplets and reduces coalescence (Tadros, 2009). 
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Figure 2. Effect of parameter settings on particle size, PDI and Z-potential. A) SDS at 2.2 mg 
ml-1, A/O 2 and PHBHHX 10 mg ml-1; B) SDS at 4.4 mg ml-1, A/O 2 and PHB HHx 10 mg ml-1; 
C) SDS at 4.4 mg ml-1, A/O 2 and PHBHHx 20 mg ml-1 D) Effect of polymer concentration on 
Encapsulation efficiency and loading capacity. 

Figure 3 shows a representative SEM image of PHB and PHBHHx 
nanoparticles prepared by solvent evaporation. The PHB loaded 
nanoparticles were found to be spherical in shape even if with an 
irregular surface. The size of the particles is quite homogeneous. The 
situation is different for PHBHHx loaded NPs, as a fact upon drying 
sample NPs lost their morphology, this can be due to the more flexible 
polymer matrix (Figure 3 panel C). 
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Figure 3. Scanning electron microscope image from EOs loaded PHB based NPs (panel A 
and B) and PHBHHx loaded NPs (panel C). 

In vitro EOs release 
The release profile was studied for EOs loaded PHB and PHBHHx 
nanoparticles produced under conditions “k” (PHB) and “t” (PHBHHx), 
characterized by 68% and 62% of EE and 51% and 45% of LC, 
respectively. The release was studied by dialysis method at pH 4 and 
6. The release profile is biphasic for both NPs, showing an initial burst 
followed by a constant release during the time (figure 4). 
Approximately 20% and 17% of the total EOs was released from PHB-
NPs and P3HBHHx-NPs respectively within the first 3h, whilst further 
release was very slow. The burst release can be explained by the fast 
release of EOs close-to or attached-to the surface of the 
nanoparticles. The release from both PHB based NPs seems to be 
not affected by the pH. On the other hand, at pH 4 copolymer-based 
nanoparticles showed a higher release than at pH 6, reaching up to 
30% after 72h. 
 
 

 
Figure 5. In vitro release profile from A) PHB and B) PHBHHx loaded NPs 

Assessment of antimicrobial activity of EOs loaded nanoparticles  
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Micrococcus luteus NCIB 8166 was chosen as positive control 

because of its high sensitivity to the tested EOs (Hernández-

Hernández et al., 2017) Main targets of EOs components, such as 

thymol and carvacrol, are the cytoplasmic membrane of 

microorganisms and the outer membrane of Gram-negative bacteria. 

In addition, these compounds can interact with membrane proteins 

and enzymes, as well as with other intracellular targets (Burt, 2004; 

Hyldgaard et al., 2012). 

The Minimum inhibitory concentration (MIC) and the minimum 

bactericidal concentration (MBC) against Micrococcus luteus of EOs- 

loaded NPs were determined in comparison with free EOs using broth 

dilution method (Table 1). Both loaded nanoparticles were found to be 

effective against M. luteus. In particular, for PHB based nanoparticles 

no turbidity occurred when 0.5 mg mL-1 of NPs was added. On the 

other hand, for the copolymer-based nanoparticles a lower MIC was 

determined, corresponding to 0.25 mg mL-1. Unloaded nanoparticles 

did not affect microbial growth up to 2 mg mL-1. The measured MIC for 

the loaded NPs resulted lower or comparable to that of free EOs (0.2 

mg mL-1). As a fact, the direct application of EOs may present rapid 

volatilization of their components, stability issues and poor water 

solubility decreasing their antimicrobial activity. On the other hand, 

their encapsulation prevents their volatilization and protects active 

compounds from environmental factors such as water, light, oxygen, 

pH thus enhancing their bioavailability (Arana-Sánchez et al., 2010; 

Liolios et al., 2009). In addition, Minimum Bactericidal Concentration 

(MBC) of loaded PHB and PHBHHx was determined using 

concentration above MIC value. MBC was 1 mg mL-1 and 0.4 for PHB 

and PHBHHx NPs, respectively.  

 
Table 1. MIC and MBC of free and encapsulated EOs against M. luteus 

 MIC (mg mL-1) MBC (mg mL-1) 

EOs 0.2 0.3 

EOs loaded PHB-NPs 0.5 (EOs 0.25) 1 (EOs 0.51) 

EOs loaded PHBHHx-NPs  0.25 (EOs 0.11) 0.4 (EOs 0.18) 
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Conclusions  

In this work EOs from oregano Mexico were encapsulated into PHA 

based nanoparticles. Two formulations of nanoparticles by using PHB 

and PHBHHx polymers were prepared. Both formulations presented a 

good size below 200 nm with a low polydispersity index and high 

encapsulation efficiency > 60%. The polymeric nanoparticles showed 

better or comparable results in inactivating the tested microorganism 

respect to free EOs, thus improving their bioavailability. Furthermore, 

the developed carriers may reduce the quantity needed to inhibit or 

inactivate bacteria. The results obtained demonstrate the efficiency of 

polymeric NPs as drug delivery system. Further studies will be carried 

out to develop new activated materials blending PHA-based 

nanoparticles (PHA-NPs) and Whey Protein-based films (WP).   

 

Materials and methods 
Materials  
The homopolymer P3HB derived from bioprocesses described in Paragraph 
1.1. The copolymer poly-(3 hydroxybutyrate)-co- (3-Hydroxyhexanoate) 
(P(3HB-co-3HHx), produced by recombinant E. coli as described in 
Paragraph 2.1. All reagent employed were purchased from Sigma Aldrich. 
Deionized water from WliX system was used in all experiment. Micrococcus 
luteus was used for antimicrobial activity testing. In this study EOs was 
extracted by hydro distillation from Lippia graveolens, Mexico oregano 
(MXO). MXO leaves and flowers were harvested and sun-dried in Toliman 
(Queretaro, Mexico). Dry material was stored in black polyethylene bags at 
25°C until use. The EOs were recovered by hydro-distillation of 400 g of 
material plants with 5 L of distilled water using a Clevenger-type apparatus 
(Cristalab, DF, Mexico) according to Hernández-Hernández et al., 2014. 
After 3h the oily layer on top of the aqueous distillate was removed and dried 
with anhydrous sodium sulphate obtaining ~15 mL of EOs. The EO’s were 
stored in sealed vials protected from light at 4°C until further analysis. 
Nanoparticles preparation via microemulsification method 
Nanoparticles were prepared according to M&M paragraph 1.1. Two 
miscible phases were prepared: an aqueous phase and an organic one. The 
organic phase was prepared dissolving PHB and PHBHHx in CHCl3 at 
different concentrations (5, 10 mg mL-1). The aqueous phase consisted of 5 
mL of sodium dodecyl sulphate (SDS) tested at different concentration. To 
obtain EOs-loaded nanoparticles, different amounts of essential oil (0.5-1 mg 
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for mg of polymer) was solubilized in the organic phase before being added 
to the aqueous one. Nanoparticles were recovered by centrifugation at 5000 
g for 15 minutes. The supernatant was used for encapsulation efficiency and 
loading capacity determination. 
Nanoparticles Characterization  

NPs-PHA based were characterized in terms of hydrodynamic size, zeta 
potential, morphology, for EOs encapsulation efficiency.   

Particle size and Z-potential 
NPs dispersion (0.1 mg/mL) in water was analysed for zeta potential and 
particle size by using a Zetasizer Nano-ZSP (Malvern®, Worcestershire, 
UK). The device was equipped with a helium-neon laser of 4 mW output 
power with a fixed wavelength of 633 nm (wavelength of laser red emission). 
The instrument software programmer calculated the zeta potential through 
the electrophoretic mobility by applying a voltage of 200 mV and using the 
Henry equation. 

Encapsulation efficiency and Loading capacity  

The encapsulation efficiency percentage (EE%) was determined considering 
the total phenolic contents of EOs. The total phenolic content was estimated 
using the Folin Ciocalteau reagent as described by Singleton et al., 1965. 
The calibration curve was plotted by mixing 0.100 ml aliquots of 50, 100, 
150, 200, 250, 300 mg ml-1 Gallic acid solutions with 0.5 ml of Folin 
Ciocalteu reagent (diluted tenfold) and 0.4 ml of sodium carbonate solution 
(75 g/l). The absorbance was measured after 30 min at 765 nm. Both EOs, 
and supernatant (containing non-encapsulated EOs) upon centrifugation of 
nanoparticles suspension were subjected to the same assay as described 
for calibration curve.  
The phenolic content of EOs was established to be 568 µg per mg of EO.  
To determine the encapsulation efficiency the following equation was 
employed (Ayres Cacciatore et al., 2020; Chen et al., 2014):  

EE % =
(phenol of EOs used)mg − (phenol in the supernatant)mg

(phenol of EOs used)mg
× 100 

To determine the loading capacity the following equation was employed:  

LC % =  
(phenol of EOs used)mg − (phenol in the supernatant)mg

(NPs)mg
 × 100 

 
In vitro release of EOs from PHA based nanoparticles  
In vitro release studies of EOs from EOs loaded P(3HB) NPs were carried 
out using a dialysis membrane according to Chen et al., 2014. Briefly, four 
mg of NPs were put into a cellulose dialysis tube containing 2 mL total 
volume. The dialysis bag was placed in 20.0 mL phosphate (pH 7) and 
acetate (pH 4) buffer solutions, and stirred at 150 rpm and 28°C. At regular 
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time intervals 0.2 mL of supernatant was sucked out and was replaced with 
an equivalent volume of fresh buffer solution.  A control experiment to 
determine the release behaviour of the free drug across the dialysis 
membrane was also performed placing the same amount of EOs as it was in 
loaded NPs. 
To determine the cumulative release % the following equation was 
employed:  

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒% (𝑡) =
𝐶𝑡 × 𝑉𝐵𝑢𝑓𝑓𝑒𝑟 + 𝑉 ∑ 𝐶𝑖

𝑡−1
𝑡=0

𝐸𝑂𝑠
× 100 

where Ct is the concentration of sample measured at time t, Vbuffer is the 
volume of dialysis buffer (20 mL), V is the Volume of sample withdrawn, C i is 
the concentration of each sample previous to ‘t’, EOs is the total amount of 
the drug encapsulated in the NPs.  
Study of antimicrobial activity of PHA loaded nanoparticles 
Minimum inhibitory concentration (MIC) of NPs was determined by a broth 
dilution method, as recommended by the NCCLS 2000. Micrococcus luteus 
was used as test microorganisms. The bacterium was inoculated in NB 
medium at 37°C for 24h. The culture suspension was adjusted to 105 CFU 
mL-1. Bacterial suspension (1mL was) inoculated in the sample series. After 
24h samples (10 µl) from all tubes without turbidity were transferred to NB 
agar plate and incubated at 37°C for 24h. The Minimum bactericidal 
concentration (MBC) was determined as the concentration of the sample 
which corresponding no bacterial growth. Tests were performed in triplicate 
for each sample.  
Scanning electron microscopy (SEM) 
A field emission scanning electron microscope (FE-SEM, FEI Nova 
NanoSEM450) was used to study the morphology of both NPs formulations. 
A droplet of nanoparticles (suspension in water) was deposited on carbon 
stickers on aluminium stubs and then dried at room temperature. The 
images were acquired using an incident electron beam energy between 2 
and 5 kV and by collecting secondary electrons (SE) with an ETD or TLD 
detector. 

 
References  

Arana-Sánchez, A., Estarrón-Espinosa, M., Obledo-Vázquez, E. N., Padilla-
Camberos, E., Silva-Vázquez, R., & Lugo-Cervantes, E. (2010). Antimicrobial 
and antioxidant activities of Mexican oregano essential oils (Lippia graveolens 
H. B. K.) with different composition when microencapsulated inβ-cyclodextrin. 
Letters in Applied Microbiology, 50(6), 585–590. https://doi.org/10.1111/j.1472-
765X.2010.02837.x 

Ayres Cacciatore, F., Dalmás, M., Maders, C., Ataíde Isaía, H., Brandelli, A., & da 



Chapter 2 

 

94 

 

Silva Malheiros, P. (2020). Carvacrol encapsulation into nanostructures: 
Characterization and antimicrobial activity against foodborne pathogens 
adhered to stainless steel. Food Research International, 133(December 2019), 
109143. https://doi.org/10.1016/j.foodres.2020.109143 

Burt, S. (2004). Essential oils: Their antibacterial properties and potential 
applications in foods - A review. International Journal of Food Microbiology, 
94(3), 223–253. https://doi.org/10.1016/j.ijfoodmicro.2004.03.022 

Chen, J., Huang, L., Lai, H., Lu, C., Fang, M., Zhang, Q., & Luo, X. (2014). 
Methotrexate-loaded PEGylated chitosan nanoparticles: Synthesis, 
characterization, and in vitro and in vivo antitumoral activity. Molecular 
Pharmaceutics, 11(7), 2213–2223. https://doi.org/10.1021/mp400269z 

Hernández-Hernández, E., Lira-Moreno, C. Y., Guerrero-Legarreta, I., Wild-Padua, 
G., Di Pierro, P., García-Almendárez, B. E., & Regalado-González, C. (2017). 
Effect of Nanoemulsified and Microencapsulated Mexican Oregano (Lippia 
graveolens Kunth) Essential Oil Coatings on Quality of Fresh Pork Meat. 
Journal of Food Science, 82(6), 1423–1432. https://doi.org/10.1111/1750-
3841.13728 

Hernández-Hernández, E., Regalado-González, C., Vázquez-Landaverde, P., 
Guerrero-Legarreta, I., & García-Almendárez, B. E. (2014). 
Microencapsulation, chemical characterization, and antimicrobial activity of 
Mexican (Lippia graveolens H.B.K.) and European (Origanum vulgare L.) 
oregano essential oils. Scientific World Journal, 2014. 
https://doi.org/10.1155/2014/641814 

Hyldgaard, M., Mygind, T., & Meyer, R. L. (2012). Essential oils in food preservation: 
Mode of action, synergies, and interactions with food matrix components. 
Frontiers in Microbiology, 3(JAN), 1–24. 
https://doi.org/10.3389/fmicb.2012.00012 

Komaiko, J., & McClements, D. J. (2015). Low-energy formation of edible 
nanoemulsions by spontaneous emulsification: Factors influencing particle 
size. Journal of Food Engineering, 146, 122–128. 
https://doi.org/10.1016/j.jfoodeng.2014.09.003 

Liolios, C. C., Gortzi, O., Lalas, S., Tsaknis, J., & Chinou, I. (2009). Liposomal 
incorporation of carvacrol and thymol isolated from the essential oil of 
Origanum dictamnus L. and in vitro antimicrobial activity. Food Chemistry, 
112(1), 77–83. https://doi.org/10.1016/j.foodchem.2008.05.060 

Singleton, V. L., Rossi, J. A., & Jr, J. (1965). Colorimetry of Total Phenolics With 
Phosphomolybdic-Phosphotungstic Acid Reagents. American Journal of 
Enology and Viticulture, 16(3), 144–158. 

Tadros, T. F. (2009). Emulsion Science and Technology. In Emulsion Science and 
Technology. https://doi.org/10.1002/9783527626564 



 

95 

 

 
Concluding remarks



Concluding remarks 

 

96 

 

The PhD project, developed and described in this thesis, was focused 
on the development of consolidated bioprocesses for PHA production, 
valorising renewable inulin rich biomasses, and on the application of 
the produced polymers. The achieved results can be summarized as 
reported below: 
 
- Identification of Peniciullium lanosocoeruleum as good inulinases 

producer; characterization of the mixture of secreted hydrolytic 
enzymes and inulin hydrolysis optimization through a statistical 
approach.   

- Design of two consolidate bioprocesses for the conversion of inulin 
into PHB: i) separate hydrolysis and fermentation process SHF; ii) 
simultaneous saccharification and fermentation process SSF. 

- Construction of a “facilitator microbial consortium” for the 
conversion of inulin into PHB using a statistical approach for 
optimization of the coculture growth conditions. 

-  Use of PHA-based nanoparticles for the enhancement of 
mechanical and barrier properties of protein-based films. 

- Development of PHA-based nanoparticles as carriers of active 
molecules: determination of the efficiency of the antimicrobial 
activity of encapsulated essential oils from Mexican oregano.  
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The interest in biobased and biodegradable materials is widespread at 
national and international level, as reflected by the increasing number 
of calls for projects focused on the development of innovative, 
sustainable, biobased and biodegradable plastics. The Horizon 
Europe (HORIZON) program, which will run from 2021 until 2027, 
gives many examples of this. Some of the upcoming calls are focused 
on the development of processes aimed to combine environmental 
sustainability, the circularity and functionality of the obtained products; 
others emphasize the need to develop materials with new properties, 
i.e. antimicrobial activity. PHAs as bio-based, biodegradable, and 
biocompatible polymers represent good candidates in these fields. 
Among the main representatives calls, the ones connected with the 
topic of this thesis, are focused on the use of renewable feedstock for 
the development of biobased and biodegradable plastics with 
enhanced functionalities (“Sustainable biodegradable novel bio-based 
plastics: innovation for sustainability and end-of-life options of 
plastics”; topic ID HORIZON-CL6-2022-CIRCBIO-02-03-two-stage) as 
well as the sustainable synthesis of nanocoatings (including bio-based 
materials) especially with effectiveness against a range of pathogens 
(“Antimicrobial, Antiviral, and Antifungal Nanocoatings (RIA)”; topic ID: 
HORIZON-CL4-2021-RESILIENCE-01-20).  
The results achieved in this thesis lay the basis for a future 
exploitation of the developed technologies, and for the establishment 
of a contact networking with other national and international research 
groups bringing complementary competences. 
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