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Riassunto

| polidrossilcanoati (PHA) sono poliesteri termoplastici biodegradabili
e biocompatibili, prodotti da diversi microrganismi come riserva
energetica intracellulare. | principali tipi di PHA finora identificati sono
poliesteri lineari testa-coda, composti da monomeri appartenenti al
gruppo dei B/3 (R-) idrossiacidi. Il gruppo laterale R in posizione (3 (3)
e un alchile con un numero di atomi di carbonio che vada 1 a 15 e
pud essere lineare o ramificato, saturo o insaturo. In base al nhumero
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, Icl-PHA) con oltre 14
unita 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 piu di 150 (R-)
idrossiacidi sono stati identificati come varianti di monomeri che
possono costituire il polimero, questa eterogeneita si riflette in polimeri
con proprieta chimico-fisiche e termo-meccaniche uniche. Nonostante
la potenzialita di questi polimeri, gli esempi di produzione su scala
industriale sono pochi e con limitate capacita produttive (che vanno da
1.000 a 10.000 tonnellate/anno) (Pakalapati et al 2018). Il principale
ostacolo alla commercializzazione dei PHA € il costo associato al
processo produttivo stimato pari a 8-11 USD per kg di cui il 50% circa
e 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 sostenibilitd non solo
economica ma anche ambientale. Un approccio di questo tipo, che
mira ad un utilizzo completo delle bio-risorse, & 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



Riassunto

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 capacita adattativa dovuta alla
diversita 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 I'applicazione di tali polimeri
sotto forma di nanoparticelle per la modulazione delle proprieta
meccaniche di film di natura proteica o come carrier di molecole
bioattive (Capitolo 2).

L’attivita di ricerca si & focalizzata sull'utilizzo dell'inulina, il piu
abbondante carboidrato presente in natura dopo I'amido e prodotto
come riserva di carbonio da diverse specie vegetali, tra cui il cardo
(Cynara cardunculus). Quest'ultima € una pianta erbacea perenne
appartenente alla famiglia delle Asteraceae che presenta una spiccata
adattabilita allambiente mediterraneo. Il cardo & stato rivalutato dagli
anni ‘90 come pianta per la produzione di grandi quantita di biomassa
da destinare alla produzione di energia; impianti poliennali permetto di
produrne fino a 25t/ha. Il 50% della biomassa recuperata é
rappresentato dalle radici da cui e possibile estrarre I'inulina.
Quest'ultima & un polimero lineare composto da molecole di D-
fruttofuranosio legate da legami [(-2,1-glicosidici con un residuo di
glucosio legato all'estremita riducente del polimero attraverso un
legame 1a-2B-glicosidico, caratteristico del saccarosio.

La possibilita 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 attivita idrolitica
si distinguono le eso-inulinasi che agiscono rimuovendo monomeri di
fruttosio dall’estremita non riducente del polisaccaride ed endo-
inulinasi che agiscono sul legame [(3-2-1 glicosidico della molecola
rilasciando frutto-oligosaccaridi (FOS). In natura esistono pochi
microrganismi che hanno la duplice capacita 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-y-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
capacita di produrre enzimi capaci di idrolizzare l'inulina. A tale scopo
ci si é 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 e
stato fatto su una collezione di venti fughi. Dallo screening Penicillium
lanosocoeruleum é stato selezionato ed e stato oggetto di studio. Le
condizioni di produzione della miscela enzimatica (Plal) sono state
ottimizzate valutando diversi aspetti, tra cui la fonte di carbonio usata
per la crescita, I'apporto di ossigeno e il tempo di crescita. Nelle
condizioni ottimizzate sono state prodotte 28 U mL™* al quarto giorno
di crescita. Una volta prodotta, Plal & stata caratterizzata sia in termini
di attivita 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 attivita a 50°C,
mantenendo comunque piu del 70% di attivita tra i 30 e i 60 °C. Per
guanto riguarda il pH, l'attivita massima & stata riscontrata a pH 5
mentre piu del 50% di attivita € 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 e stato la termostabilita della miscela enzimatica. La
miscela ha mostrato un’ottima stabilita a 40°C conservando la sua
attivita fino a tre giorni di incubazione.

La messa a punto e [lottimizzazione delle condizioni di idrolisi
dell’inulina da parte di Plal e 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 unita

iv
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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?; quantita di enzima per g di
substrato =50 U gsubstrato ) € stato raggiunto il 97% di conversione del
substrato in 20 h. L’idrolizzato ottenuto, caratterizzato da alte
concentrazioni di fruttosio e stato utilizzato per complementare |l
terreno di crescita di C. necator DSM 428 (SHF). Con questo
approccio é stato possibile ottenere un accumulo di P3HB pari al 70%
(g polimero/g peso secco ceIIuIare), corrispondente az2 g L1 dOpO 120 h di
fermentazione. Oltre allSHF & stato messo a punto anche un
processo di simultanea saccarificazione e fermentazione (SSF). In
tale approccio la miscela enzimatica e stata aggiunta direttamente al
brodo di coltura e in questo caso € stato raggiunto I'80% (g polimero/g
peso secco cellulare) di accumulo di P3HB, corrispondente a 3.2 g L? 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 possibilita di utilizzare una miscela enzimatica, un'altra
strategia investigata é stata quella di compensare l'incapacita 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 (81.2) e stata sottoposta allo screening e Bacillus gibsonii
(RHF15) e stato selezionato. La messa a punto delle condizioni di co-
coltura dei batteri in termini di accumulo di biomassa e produzione del
polimero é 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'! di PHB dopo 96 h di
fermentazione, corrispondente al 78.8% di accumulo e wuna
produttivita di 0.02 g L h't,

Accanto alle strategie per la valorizzazione di biomasse a basso costo
per la produzione dei PHA, oggetto di studio e stata la loro
applicabilita nellambito delle nanotecnologie. Nel capitolo 2 sono

\'
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presentate due diverse applicazioni di nanoparticelle di PHA: 1)
modulazione delle proprieta 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 proprieta chimiche, fisiche, meccaniche e funzionali.
Nel presente lavoro di tesi questa strategia e stata applicata a film di
natura proteica inglobando nanoparticelle di poli (3 idrobutirrato-co-3
idrossiesanoato) (P(3HB-co-3HHXx) (NPs-PHA) (82.1). La metodologia
scelta per la preparazione delle NPs € 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 proprieta meccaniche e di
barriera migliorate: i film sono risultati essere piu elastici e con ridotta
permeabilita all’O2, caratteristiche che li rendono applicabili per
limballaggio alimentare specialmente per quei prodotti facilmente
ossidabili.

Accanto alla possibilita di utilizzare le NPs come additivi nella
preparazione di film, e stata valutata la possibilita di un loro utilizzo
come vettori di molecole bioattive. Nel caso di studio (§82.2), é stato
messo a punto il protocollo di incapsulamento di oli essenziali estratti
da piante di origano in nanoparticelle di PHA. Il protocollo di
incapsulamento e stato ottimizzato su due classi di polimeri: scl-PHA
(P3HB) e copolimero poli 3-idrossibutirrato- 3-idrossiesanoato
(P(3HB-co-3HHXx)). | sistemi sviluppati sono risultati essere
vantaggiosi nel rilascio delle molecole bioattive, nel prevenire la loro
volatilita con un miglioramento dell’attivita antimicrobica.

Vi



SUMMARY




Summary

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? after 4" day of growth. The enzymatic mixture Plal
was characterized in terms of isoenzymatic composition, stability, and
activity profile. Optimization of inulin hydrolysis by Plal 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%, enzyme loading=50 U Qsubstrate 1) UP
to 97% of inulin conversion in fructose was achieved in 20 h. The
integration of Plal 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
Lt 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* 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 Oz. 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(PHBHHXx). 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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Introduction

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 km? 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.
2
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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.

A) sobs B)

Other 1.1% 13.5% PBAT

i y 3

) Bioplastics (bio-base ;
i \ non-biodegradable) =
=2 ©FE 105% N

: )

H i
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| @PA 11.9% Total:
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\ / coo0o0ce eoe00

Bio-based/non-biodegradable Biodegradable
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Fossil-based

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 CO: 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 (Icl-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-

4
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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 pum 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 Dbacterial 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).



Introduction

Fatty acids Sugars Propionate Glycerol
S P F
7 Aeetyl-Cod g AeylCoA
N /.,7,.\
A “‘“"‘n . ..
Kcnac\,k\ n::u:;l:n ‘.Im,ﬂr » . Malowate 3 Hydraxyproprionaldehyde
CoA \ / Semialdehyde ™
(s)-3-Hydroxyacyl- | . T l
CoA / I — TR 3-Hydroxyproprionale
~a \
\ f /
| | puas \\ICAQ’:IE ]
Pathway I \ Sucdngi-Con
“ v o
(R)-3-Hydroxyacyl-CoA Snccate Methylmalong-CoA
(R)-3-Hydroxybutyryl-CoA
[ (R)-3-Hydroxy-unsaturated-acy-CoA ] @’ yry-eo ¢ i
4-itydroxybutyrate Propionyl-CaA — Aayloyl-CoA
Pathway 11T '
Phatt athway Il l Phad
3ketovaleryl-CoA
« 4-Hydroxybutyryl-CoA

l Phall

(RJ)-3-Hydroxyvaleryl-CoA

mcl-PHA/unsaturated

Pathway [

scl-mel PHA/unsaturated

(R)-3-Hydroxypropionyl-CoA

scl-PHA
(PHB/P&H.B:I}IB[PHB\ iPSHP 1H_B)

Flgure 2 Blochem|cal pathways for PHAs productlon from dlfferent 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  (B-ketothiolase); PhaC, PHA synthase; PHB,
polyhydroxybutyrate; P3HB4HB, Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate); PHBYV, poly(3-hydroxybutyrate-co-hydroxyvalerate);
P3HP3HB, poly(3-hydroxypropionate-co-3-hydroxybutyrate)

When sugars are supplied as carbon source, pathways | and Il 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 Il is activated, and mcl-PHAs are
produced (related carbon source). Both pathway Il and Il 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 | and Il 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 | polymerizes
scl-PHA monomers, whereas class Il mcl-PHA monomers. Class Il
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 (Phak 40 kDa for Class | and PhaR 20 kDa for Class V)
(Tsuge, 2016). Both classes of enzymes synthesige PHAs using scl-
RHA-CoAs as substrate. In some exceptions, some class | 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

7



Introduction

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; Samori 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
8
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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).
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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).
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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 (B-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-(y-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 B-2,1 glycosidic bond in inulin molecule, releasing
inulotrioses (F3), inulotetraoses (F4), and other 10Ss 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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Inulin, a polydisperse fructan found as a common storage polysaccharide in the
roots of several plants, represents a renewable non-food biomass resource for the
synthesis of bio-based products. Exploitation of inulin-containing feedstocks requires
the integration of different processes, including inulinase production, saccharification
of inulin, and microbial fermentation for the conversion of released sugars into
added-value products. In this work paper, a new microbial source of inulinase,
Penicillium lanosocoeruleum, was identified through the screening of a fungal
library. Inulinase production using inulin as C-source was optimized, reaching up
to 28 U mL~" at the 4th day of growth. The fungal inulinase mixture (Plal) was
characterized for pH and temperature stability and activity profile, and its isoenzymes
composition was investigated by proteomic strategies. Statistical optimization of
inulin hydrolysis was performed using a central composite rotatable design (CCRD),
by analyzing the effect of four factors. In the optimized conditions (T, 45.5°C;
pH, 5.1; substrate concentration, 60 g L~'; enzyme loading, 50 U Qsustrate ')
up to 96% inulin is converted in fructose within 20 h. The integration of Plal
in a process for polyhydroxyalkanoate (PHA) production by Cupriavidus necator
from inulin was tested in both separated hydrolysis and fermentation (SHF) and
simultaneous saccharification and fermentation (SSF). A maximum of 3.2 g L™ of
PHB accumulation, corresponding to 82% polymer content, was achieved in the
SSF. The proved efficiency in inulin hydrolysis and its effective integration into a SSF
process pave the way to a profitable exploitation of the Plal enzymatic mixture in
inulin-based biorefineries.
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INTRODUCTION

The biorefinery concept focuses on the sustainable conversion
of renewable biomasses into a broad range of industrial
products, materials, and energy. Inulin-rich biomasses represent
inexpensive, renewable, and abundant feedstock to build up a
biorefinery strategy (Li et al., 2013; Hughes et al., 2017; Bedzo
et al, 2020). Inulin is a linear polysaccharide (8-2,1-linked
d-fructose residues terminated by a glucose residue) accumulated
asa storage carbohydrate in plants such as chicory and 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 through microbial bioprocesses
(Chietal,, 2011; Qiu et al,, 2018; Singh et al., 2019, 2020a).
Among the emerging bio-based products, bioplastics derived
from microbial processes, polyhydroxyalkanoates (PHA),
represent promising “green” alternatives to conventional plastics.
Synthesized by a wide range of bacteria from renewable sources,
PHA are fully biodegradable polyesters, exhibiting a wide
spectrum of properties, very close to those of fossil-derived
polyolefins (Samui and Kanai, 2019; Medeiros Garcia Alcantara
et al, 2020). PHA properties are dependent on their monomer
chain length (ranging from the most common C4 monomer,
butyrate, to C > 6 monomers) with a composition strictly
influenced by the supplied carbon source and the specific
metabolic pathway activated in the cell. This variability translates
into a wide range of material properties allowing this polymer

to find applications in different sectors (Raza et al., 2018; Zhong
et al., 2020). The use of low-cost substrates as starting feedstock
for microbial fermentation therefore represents the keystone 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; Guzik et al., 2020; Surendran et al., 2020).

Hydrolysis into fermentable monosaccharides is a prerequisite
for inulin utilization as carbon and energy source in the
subsequent fermentation processes. Acid hydrolysis is a common
method to achieve fast and cheap inulin conversion into
fermentable sugars; however, it results in the formation of
colored by-products as well as in the production of inhibitors
of microbial growth. Enzymatic processes, conversely, besides
representing an environmentally friendly alternative to acid
hydrolysis, prevent the formation of pigments and inhibitors,
paving the way to combined hydrolysis and fermentation
steps, with an advantage in terms of overall time, costs, and
productivity of the process (Qiu et al., 2018). The key enzymes
involved in inulin hydrolysis are inulinases, which are glycosyl
hydrolases, belonging to the GH32 family, that catalyze the
hydrolysis of fructans. Based on their differential hydrolytic
activity, they can be classified into exo-inulinases (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), which randomly
break any B-2,1 glycosidic bond in the inulin molecule, thus
releasing inulotrioses (F3), inulotetraoses (F4), and other 10Ss
oligosaccharides (Hughes et al., 2017). While exoinulinases have
been shown to display a significant amount of activity toward
sucrose, endoinulinases lack invertase activity (Chi et al., 2009
Singh et al., 2019, 2020b).
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Inulinases have been reported to be present in plants, animals,
and various microorganisms. The latter are the most preferred
source of inulinases due to their easier manipulation, higher
production levels, and variety of their properties (Singh and
Chauhan, 2016, 2017). Numerous fungal, yeast, and bacterial
strains have been isolated for their ability to produce inulinases
(Rawat et al., 2017b; Singh et al., 2019); fungal inulinases are
the most attractive for their production levels, low substrate
requirement, and tolerance to low pH and high temperature
(Singh and Singh, 2017). As a matter of fact, microbial inulinases
have been widely exploited: exo-inulinases, in high-fructose syrup
preparation (Rawat et al., 2017a; Singh et al., 2017) and endo-
inulinases in the production of inulo-oligosaccharides (IOS) as
functional probiotics (Singh and Singh, 2010; Chikkerur et al.,
2020; Singh et al., 2020b, 2021).

Despite the high potential, the high price of commercial
inulinases and the lack of efficient inulinase catalyzed processes
still represent the main limitations to their effective exploitation
(Qiu et al, 2019b). The cost-competitiveness of inulinase
production can be achieved by using a cheap inulin-rich
feedstock for their production, and several examples have
been reported in this field (Singh et al, 2019). On the other
hand, search for new, better-performing enzymes by exploring
the potential of new inulinase producers represents a viable
strategy to promote the exploitation of these enzymes in
industrial processes as well as in the valorization of inulin-
rich biomasses.

The production of different microbial products, including
ethanol, butanol, citric and succinic acids, and single-cell
proteins (Singh et al., 2020a), has been achieved while exploiting
microbial inulinases in separate hydrolysis and fermentation
(SHF) and simultaneous saccharification and fermentation (SSF)
processes. Only few microbial strains are naturally endowed
with the ability of both hydrolyzing inulin and converting
fructose into value-added chemicals. Consolidated bioprocesses
(CBP) based on biomass-derived inulin have been reported
for the microbial production of lactic acid (Choi et al., 2012),
ethanol (Khatun et al., 2017), poly-(y-glutamic acid) (Qiu et al.,
2019a), exopolysaccharide (Meng et al., 2021), and single-cell
oils (Zhao et al., 2010). On the other hand, PHA production
from inulin has been less explored. Cupriavidus necator, one of
the most widely known PHA producers, 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). As a fact, only examples of SHF processes for PHA
production from inulin extracts have been reported for this strain
(Koutinas et al., 2013; Haas et al., 2015).

In the perspective of designing processes for saccharification
of inulin substrate, the optimization of inulinase reaction
conditions is essential for their utilization in the SHF process,
while expanding the pool of available inulinases will help to
address the specific process conditions imposed by the SSF
process (Zheng et al., 2018b).

In this work, a collection of fungi was screened as inulinase
producers. The inulinase mixture obtained from the best-
performing fungus was characterized and used to optimize a
protocol for inulin hydrolysis through an approach of statistical

Inulinases Application for PHA Production

design of experiments. The fructose-containing hydrolyzate was
used as starting feedstock for the production of PHAs from
C. necator in an SHF process. Furthermore, the exploitation of the
inulinase mixture in an SSF strategy for PHA production was also
tested and the performances of the two processes were compared.

MATERIALS AND METHODS

Microbial Strains and Culture Conditions
Fungal strains were obtained from the Mycotheca Universitatis
Taurinensis (MUT) culture collection. C. necator DSM 428
production was used for PHB production.

All fungi were grown and maintained on Malt Extract Agar
medium (MEA) (for 1 L): 20.0 g malt extract, 2.0 g peptone, 20.0 g
agar, and 20.0 g glucose through periodic transfer at 28°C (40°C
for Thermomyces lanuginosus) for 7-9 days. A minimal medium
(MM) (Vries et al., 2017) supplemented with inulin at 10 g L'
was used for the screening in liquid medium and for inulinase
production. Inulin from chicory root, used in the culture media,
was provided by Lineavi, Germany.

Cupriavidus necator DSM 428 strain was grown aerobically at
30°C in both rich (Tryptic Soy Broth, TSB) and minimal media
(MMcy) according to Budde et al. (2011a,b).

Screening of the Fungal Library

For screening in liquid medium, all fungi were grown on an
MEA plate for 7-9 days. A mycelium plug (1 cm diameter)
was transferred on the MM + Inulin 1% w/v agar plate
for an additional 7-10 days before the inoculum in liquid
medium. Shake flasks, smooth conventional or baffled (250 mL),
containing 50 mL of MM were inoculated with four mycelium
plugs (0.5 cm diameter) and incubated at 28°C (40°C for
Thermomyces lanuginosus) in an orbital shaker at 200 rpm.

Inulinase Production From Penicillium

lanosocoeruleum

Penicillium lanosocoeruleum cultures were made on an agar
MM medium with 1% glucose and then transferred to a liquid
medium. 1% w/v of inulin, glucose, or fructose was tested as
different carbon sources for the preinoculum phase. After 3 days
of growth (28°C, 200 rpm), the preinoculum was milled, tenfold
diluted into 1-L baffled flasks containing the MM medium
plus 10 g L' inulin, and grown for 10 days in the same
conditions. Different medium/flask volume ratios were tested in
the inoculum phase (1:2; 1:3, 1:5). Samples of fungal cultures
were daily withdrawn and assayed for inulinase activity in
the culture broth.

Different methods were tested to concentrate secreted
inulinases in the crude extract: (i) precipitation by the addition
of 80% (NH4),S04 at 4°C; (ii) precipitation in cold acetone
at fourfold volume with respect to the sample; and (iii)
ultrafiltration in Amicon® Stirred Cell Millipore with a 10-kDa
cutoff cellulose membrane.

Total protein content was determined according to the
method of Bradford (1976) using bovine serum albumin (BSA)
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as standard. The concentrated P. lanosocoeruleum enzymatic
mixture recovered after the ultrafiltration step was herein
defined Plal.

Inulinase Activity Assay

Enzymatic activity on inulin and sucrose substrates was measured
using the 3,5-dinitrosalicylic acid (DNS) reagent method in
conformity with (Miller, 1959). A 0.2 mL of sample was added to
1.8 mL of 0.2 mol L~! sodium acetate buffer, pH 5.0, containing
0.5% w/v of high purity grade inulin (provided by Sigma) or 1%
of sucrose. The mixture was incubated at 37°C for 15 min. Total
reducing sugars were measured by adding 3 mL DNS reagent
and boiling in a water bath for 5 min. Samples were allowed to
cool, and their absorbance was read at 540 nm. A calibration
curve was obtained using fructose as standard. One enzymatic
unit (inulinase or invertase activity) was defined as the amount
of the enzyme which produces 1 pmol of reducing sugars per
minute. All the assays were carried out in duplicate.

The effect of pH on inulinase activity was measured at 37°C
in a pH range of 3-10.5 using 0.1 mol L' of citric acid-
sodium citrate (pH 3-4), sodium acetate (pH 4.5-5.5), phosphate
(pH 6-8), and sodium carbonate (pH 9.2-10.5) buffers. The
effect of temperature was determined in 0.2 mol L~! M sodium
acetate buffer at pH 5, incubating the mixture for 15 min in the
temperature range 30-80°C. Thermal stability of the Plal mixture
was determined by measuring the residual inulinase activity after
incubation at 40, 60, and 80°C.

Experimental Design

Inulin hydrolysis was optimized using response surface
methodology (RSM) with central composite design (CCD).
Four factors were selected to evaluate the response pattern and
to determine the optimal combination of temperature, pH,
substrate concentration, and enzyme loading. The coded values
for each parameter were as follows [—1 0 1]: temperature in°C
[28, 40, 50], pH [5, 6, 7], substrate concentration in g L~ [40,
50, 60], and enzyme loading in enzyme units for gram of inulin
[20, 40, 60]. The experimental design was developed using JMP*
14.1.0 (SAS Institute Inc., 1989-2019, Cary, NC)' and resulted in
26 conditions; all conditions were tested in triplicate.

Enzymatic Hydrolysis of Inulin

Enzymatic hydrolysis was performed in 10-mL glass vials with
5 mL working volume. Different amounts of Plal were added to
Na-acetate (0.1 mol L™}, pH 5) or Na-phosphate buffer (0.1 mol
L~!, pH 6, and 7) supplemented with inulin (high-grade purity)
at the desired concentration. The vials were hermetically covered
and incubated for 24 h while shaking at 250 rpm.

Kinetic of inulin hydrolysis was assessed in the optimal
condition defined by DOE. Samples were withdrawn at different
times and incubated at 100°C to inactivate the enzymatic
mixture. For each reaction, a corresponding control was carried
out in the absence of enzyme, to consider possible inulin
spontaneous hydrolysis. The presence of free sugars into inulin
powder without any incubation was taken at time 0 h. Conversion

! https://www.jmp.com/it_it/home.html
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efficiency was calculated on the basis of maximum fructose
released per gram of inulin. The complete inulin hydrolysis
was carried out by incubating the Aspergillus niger endo-exo-
inulinase enzyme mixture (SIGMA CAS: 9025-67-6) for 4 h at
50°C (5 U goubstrate *)- Afterward, the mixture was kept in 100°C
boiling water for 1 h to assure that the complete hydrolysis and
fructose released was assayed. Concentrations of fructose and
glucose were determined by D-fructose and D-glucose assay kits
(K-FRUGL Megazyme).

Gel Electrophoresis and Activity Staining
on Polyacrylamide Gel

SDS-PAGE was performed according to Laemmli (1970). Native
electrophoresis was carried out on 7% gel according to a method
proposed by Chen et al. (1996). After that, PAGE gel was
subjected to activity staining (Pessoni and Braga, 2007).

In situ Digestion

The two gel bands that demonstrated inulinase activity were
cut, destained, and in situ digested. Briefly, the gel pieces were
washed with three cycles of 0.1 mol L~! NH4HCO; of pH 8.0
and acetonitrile, followed by reduction (10 mmol L' DITin
100 mmol L' NH4HCO3, 45 min, and 37°C) and alkylation
(55 mmol L~! IAM in 100 mmol L~! NH4HCO3, 30 min, and
RT). The gel pieces were washed with three further cycles of
100 mmol L~ NH4HCO; of pH 8.0 and acetonitrile. Finally,
the gel plugs were rehydrated in 40 mL sequencing grade
modified trypsin (10 ng mL~! trypsin; 10 mmol L~ ! NH4HCO;)
and incubated overnight at 37°C (Lettera et al., 2010). Peptide
mixtures were eluted, vacuum-dried, and resuspended in 0.1%
v/v formic acid for LC-MS/MS analysis.

LC-MS/MS

LC-MS/MS analyses were carried out on a 6520 Accurate-
Mass Q-TOF LC/MS System (Agilent Technologies, Palo Alto,
CA, United States) equipped with a 1200 HPLC system and
a chip cube (Agilent Technologies) and on an LTQ Orbitrap-
XL (Thermo Scientific, Bremen, Germany) as reported in Linn
et al. (2018), and raw data were analyzed as reported in
Vinciguerra et al. (2015). Each LC-MS/MS analysis was preceded
and followed by blank runs to avoid carryover contamination.
MS/MS spectra were transformed in Mascot Generic files (.mgf)
format, and the FASTA file of all the proteins from the
gene expression profiling of P. lanosocoeruleum were used as
database for protein identification. (10698 sequences; 5093396
residues). A licensed version of MASCOT software’ version
2.4.0 was used. Standard parameters in the searches were as
follows: trypsin as the enzyme; 3 as the allowed number of
missed cleavages; 10 ppm MS tolerance and 0.6 Da MS/MS
tolerance; and peptide charge from 2+ to 4+. In all the database
searches, carbamidomethylation of cysteine was inserted as fixed
chemical modification, but possible oxidation of methionine
and the transformation of N-terminal glutamate or glutamine

*https://genome.jgi.doe.gov/portal/PenlanEProfiling FD/PenlanEProfiling_FD.
info.html
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to pyroglutamate were considered as variable modifications.
Only proteins presenting two or more peptides were considered
as positively identified. Protein scores were derived from ion
scores as a non-probabilistic basis for ranking protein hits.
“The ion score is —10*Log(P), where P is the probability
that the observed peptide match is a random event. The
individual ion score threshold provided by MASCOT software
to evaluate the quality of matches in MS/MS data was used
for the confidence threshold in protein identification. Basic
Local Alignment Search Tool (BLAST) was used to calculate
the sequence similarity among the amino acid sequences of the
P. lanosocoeruleum-identified proteins with fungal proteins in
the NCBI database.

PHA Production and Extraction

Cupriavidus necator was grown on a rich medium (TSB) for
24 h and precultured in MMg, for an additional 48 h before
the inoculum in fermentation media. PHA production was
carried out in 250-mL Erlenmeyer flasks. For the SSF process,
20 g L' inulin was supplemented to the minimal medium
together with both 40 and 80 Plal inulinase U gy prate -
For the SHF process, inulin hydrolyzed in the best conditions
defined by DOE was used as a carbon source. The pH was
adjusted to 6.8 using 1 mol L~! NaOH, filtered, and added to
MMg, (final concentration of fructose 20 g L™'). The flasks
were inoculated at 0.1 OD mL~! and incubated at 30°C on
shaker running at 200 rpm for 5 days. Single flasks were taken
every 24 h, and the cells were recovered by centrifugation
at 5,500 g for 15 min and lyophilized for determination of
the cell dry weight (cdw). Analysis of fructose concentration
was carried out on culture supernatants, while the PHA
polymer was extracted from the lyophilized cell according to
Sayyed et al. (2009).

TH-NMR Spectroscopy

Polyhydroxyalkanoates extracts were analyzed by 'H-NMR
spectroscopy: samples (0.5-1.5 mg) were resuspended in
deuterated chloroform (500 L). "H-NMR spectra were recorded
on Bruker DRX-400 ("H-NMR: 400 MHz) in CDCI3 (internal
standard, for 'H: CHCl; at d 7.26 ppm) (Mostafa et al., 2020).

Statistical Analysis

The results were statistically analyzed using the JMP 14.1.0 (SAS
Institute Inc., 1989-2019, Cary, NC)'. Arithmetic means and
mean square errors (SD) were calculated in all cases. Significant
differences in average values of inulinase activity measured in
the liquid screening were tested using the Tukey-Kramer HSD
test (significance level: P < 0.05). ANOVA test has been applied
to the experimental results of CCRD and to model validation
experiments. The interaction and quadratic effect of parameters
were determined based on an alpha 0.05 using the F test. The
fitted models were evaluated by normal probability plots, R?, and
adjusted R%.

“http://www.matrixscience.com/help/interpretation_help.html
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TABLE 1 | Library of fungal strains constructed in this work.

Fungal strain Note

Penicillium
brevicompactum MUT 793
Thermomyces lanuginosus

Inulinase activity detected (Abd et al., 2014)
Annotated enzyme models: 4
Inulinase activity detected (Nguyen et al., 2013)

MUT 2896 Annotated enzyme models: nd

Penicillium chrysogenum Inulinase activity detected (Gujar et al., 2018)
MUT 618 Annotated enzyme models: 6

Penicilli MUT d enzyme models: 13

1168

Penicilliurm Annotated enzyme models: 9

lanosocoeruleum MUT

3921

Penicillium expansum MUT Inulinase activity detected (Femandes et al., 2012)
1164 Annotated enzyme models: 4

Penicillium raistrickii MUT Annotated enzyme models: 5

1525

Nectria haematococca Growth on inulin substrate (Battaglia et al., 2011)
MUT 5670 Annotated enzyme models: 6

Fusarium graminearum Inulinase activity detected (Gongalves et al., 2016)
MUT 209 Annotated enzyme models: 5

Chaetomium globosum Growth on inulin substrate (Battaglia et al., 2011)
MUT 337 Annotated enzyme models: 6

Talaromyces stipitatus MUT  Annotated enzyme models: 7 (Vries et al,, 2017)
237

Aspergillus brasiliensis MUT  Annotated enzyme models: 7 (Vries et al., 2017)
4853

Information reported in the table is from scientific literature available on strains
belonging to the same genus and species and/or whose genome sequence
was deposited on the JGI genome portal (https://genome.jgi.doe.gov/portal/).
The number of annotated enzyme models derives from CAZY database;
nd, not detected.

RESULTS AND DISCUSSION

Screening of a Library of Fungal Strains

for Inulinase Production

Library Screening

A library of twelve fungi was assembled by choosing among
strains with reported evidence in literature of inulinase
production and/or for which the presence of genes belonging
to the GH32 inulinase family was deduced from querying the
CAZY database® (Table 1). All the strains were purchased from
MUT collection, choosing, when available, those isolated from
the rhizosphere or soil environment.

The strain collection was screened for inulinase production
in liquid medium. P. brevicompactum and P. lanosocoeruleum
exhibited the best performances. As a fact, the highest level
of inulinase activity was detected in the extracellular media of
the two abovementioned strains: about 18 U mL™" at the 4th
day and 9 U mL~! at the 6th day, with an 1/S ratio equal to
1 and 2, respectively, with these values being indicative of the
prevalence of inulinase activity over the invertase one (Singh and
Singh, 2010; Figure 1). For all the other tested strains, inulinase
production does not go beyond ~5 U mL~!. Based on these
results, P. lanosocoeruleum was selected for further exploitation.

*http://www.cazy.org/
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UmL"

HSD test, see Supplementary Material 1). The red line marks the maximum value

FIGURE 1 | Time-course of inulinase activity as monitored in fungal culture supernatants. Each data bar represents the mean =+ SD of two independent experiments.
Significant values (*) (P < 0.05) were estimated respect to the uninoculated “Control” experiment, representative of spontaneous inulin hydrolysis (Tukey-Kramer

of spontaneous inulin hydrolysis achieved in the same growth condition.

Inulinase Production From P. lanosocoeruleum
Inulinase production was carried out in liquid cultures (250 mL
volume, smooth flasks) using inulin as C-source. When different
medium/shake flask volume ratios were tested (1:5; 1:3; 1:2),
comparable results were obtained at 1:5 and 1:3 ratios (~15
U mL~"), while a significant decrease in inulinase production
levels was observed at the 1:2 ratio (~5 U mL'). When the
flask geometry was changed from smooth to baffled flaks, no
relevant differences in terms of inulinase production levels were
observed, whatever was the medium/flask volume ratio used.
However, the use of baffled flasks assured more reproducible
results, possibly because of a reduced formation of fungal pellets.
Interestingly, when the culture was scaled up to 1 L, the use
of baffled flasks yielded an almost three-fold higher inulinase
production with respect to not-baffled ones (~15 U mL™! vs. 5
UmL™Y), confirming the levels obtained on the small scale.

The type of C-source used for preinoculum growth was
found to strongly affect enzyme production in the following
inoculum. When the preinoculum was carried out using
glucose as C-source, a notable increase in inulinase production
was achieved in the following culture step with respect to
inulin and fructose.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org
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Inulinase production has been reported to be induced by
the presence of inulin itself (Singh and Singh, 2017) and to
be sensible to catabolite repression by free sugars (Mahmoud
et al,, 2011; Singh and Chauhan, 2017; Garuba and Onilude,
2020). Consistently, no inulinase production was observed when
the fungus was grown in the presence of fructose or glucose
as unique C-sources in the inoculum phase. Moreover, the
high fructose concentration in the preinoculum (released by
inulin hydrolysis, or directly available in the medium) was
found to inhibit further inulinase production in the inoculum
phase, while the presence of glucose (the minority monomer in
inulin polymer) did not interfere with the following inulinase
production (data not shown).

In the optimized condition, P. lanosocoeruleum inulinase
activity production reached a maximum of 28 U mL~! at
the 4th day of growth. Inulinase production seems to be
growth-associated: as a fact, a decline in enzyme activity
was observed after the 4th day, possibly ascribable to the
secretion of proteolytic enzymes. A similar profile was
already reported for inulinase production in shake-flask
fermentations of many fungal species, i.e., Penicillium sp. (Rawat
et al,, 2015b), Aspergillus fumigatus (Chikkerur et al., 2018),
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Aspergillus niger (Mahmoud et al., 2011), and Aspergillus tritici
(Singh et al., 2020b).

Inulinase activity levels achieved in this work are among
the highest ever obtained from submerged fermentation of
Penicillium strains. A novel strain of Penicillium subrubescens
(FBCC 1632") isolated from soil has been found to produce up
to 7.7 U/mL™" when tested on pure inulin (Mansouri et al.,
2013), while a production level of 1 U/mL~! has been reported
for Penicillium sp. NFCC 2768, and this strain is much more
effective as inulinase producer (up to 3.9 U/mL ") when grown
on inulin-rich vegetable infusions with respect to pure inulin
(Rawat et al., 2015b). Similarly, four Penicillium strains, selected
from a fungal library of inulinase producers on inulin-rich plant
extract, displayed a production level ranging from 0.5 to 2.7
U/mL~! (Rawat et al., 2015a). A higher production level (up to
20 U mL™") has been achieved by Abdal-Aziz and coauthors
(Abd Allah AbdAl-Aziz et al., 2012) with Penicillium citrinum
grown on pure inulin, by increasing the incubation temperature
to 35°C. A maximum of 46 U mL~" of inulinase production has
been reported for Penicillium sp. XL10 in an inulin-containing
medium after optimization of the supplied nitrogen source
(Zheng et al., 2018b), while about 38 U/mL ™" was obtained with
Penicillium oxalicum BGPUP-4 in a growth media containing
both inulin and lactose (Singh and Chauhan, 2017).

Characterization of the Inulinase
Enzymatic Mixture

Several methods to concentrate proteins from the growth
medium were tested to recover an extracellular enzymatic
mixture endowed with high inulinase activity, i.e., acetone
precipitation, ~ammonium  sulfate  precipitation, and
ultrafiltration. The latter method provided the highest recovery
of enzymatic activity (~90%), as well as an almost doubling of
the specific activity of the extract (from 453 to 905 U mg™!).
Conversely, acetone and ammonium sulfate precipitation
resulted in a dramatic drop of the recovered activity (~10% yield
of recovered activity), probably due to the high glycosylation
level typical of secreted fungal proteins. The notable specific
activity of the P. lanosocoeruleum crude extract (Plal) denotes
a high inulinase production ability of the strain. As a fact,
the specific activity so far reported for enzymatic extracts
from Penicillium strains ranges from 80 to 740 U mg™!
and has been achieved after at least two purification steps
(Pandey et al., 2016).

The ultrafiltrated broth enriched in inulinase activity, herein
defined as Plal, was further characterized. The effect of
temperature on the activity of the inulinase mixture was
determined in the range 30-80°C. Plal displays a maximum at
50°C and retains >70% of its activity in the range 30-60°C
(Figure 2A). The pH activity profile displays a maximum at pH
5, along with a retention of more than 50% of the enzymatic
activity in the pH range 4.5-7 (Figure 2B). The heterogeneity
of the enzymatic mixture may explain the deviation from a
bell-shaped behavior between pH 6 and 7 (Figure 2B). The
biochemical properties exhibited by Plal are in agreement with
the characteristics reported for most of the purified fungal
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inulinases, i.e., a pH optimum in a range 4-7 and a temperature
optimum in the range 30-60°C (Rawat et al., 2017b).

Plal thermostability was evaluated at selected temperatures,
and t; /> was calculated at each value (Figure 2C). The mixture
shows a very good stability at 40°C, retaining its full activity
up to 3 days of incubation. A reduction in thermal stability
was observed at 50°C, although the enzymatic mixture still
retains 50% of its activity after 37 h. The high activity of
Plal at 50°C, combined with the observed stability at this
temperature, represents an extremely advantageous feature
for inulin processing on an industrial scale, allowing the
solubilization of inulin at high concentrations (Flores-Gallegos
et al,, 2015; Qiu et al., 2018). However, a drastic drop in enzyme
stability was recorded at higher temperatures: at 60°C, the
half-life of the enzymatic mixture is lower than 1 h, while at 80°C
it sharply reduces to a few minutes.

Protein Characterization of the Inulinase Mixture

In order to identify the proteins endowed with inulinase activity,
the Plal enzymatic mixture was analyzed by zymography,
by staining for inulinase activity (Figure 3). The two active
protein bands were detected, excised, and analyzed by an
in situ proteomic approach, and the proteins were identified
by searching raw LC-MSMS data against the set of putative
proteins encoded in the annotated P. lanosocoeruleum genome
(see text footnote 2).

Table 2 reports the proteins identified in the two active bands
(see Supplementary Material 2 for details of identified peptides).
Several putative glycosyl hydrolase (GH) proteins of different
families were identified in both bands. In the upper band in the
gel, 10 proteins were identified; 9 proteins in the lower gel band.
Three proteins (Protein ID: 323309; 417764; 371227) were found
to be annotated as members of the GH32 family, with two of them
present in both gel bands. When submitted to BlastP analysis,
Penlal_323309 displays 74.8 and 72.7% identity with Aspergillus
fumig InuD exoinuli (Q4WDS4) and Aspergillus lentulus
exoinulinase InuE (AOA0S7DXQ8), respectively, and is closely
related to several other fungal exoinulinases. Penlal_417764
shows the highest identity (90.9%) with a putative GH32
hydrolase from Penicillium rubens as well as 63.4 and 62.5%
identity with the exoinulinases InuE from A. niger (A2ROE0)
and A. awamori (Q96TU3), respectively. From the multiple
alignment with representative members of fungal exoinulinases,
both Penlal_323309 and Penlal_417764 exhibit all the conserved
motifs and residues characterizing this class of enzymes
(Figure 4). Interestingly, the two putative P. lanosoceruleum
exoinulinases differ for the length of an internal sequence
reported to function as an additional non-catalytic inulin-affinity
region in Penicillium sp. TN-88 InuD, responsible for a higher
affinity for the substrate (Moriyama and Ohta, 2007).

Penlal_371227, instead, resulted to be related to fungal
endoinulinases, displaying 74.7 and 69.6% identities with
Penicillium subrubescens endoinulinase Inu2 and A. niger
InuA, respectively. Consistently, the Penlal_371227 sequence
reveals the presence of all the conserved motifs and the
unique aminoacidic residues described for fungal endoinulinases
(Chikkerur et al., 2018; Singh et al., 2020a; Figure 4).
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FIGURE 2 | Effect of temperature (A) and pH (B) on the activity of the enzymatic mixture. (C) Half-life of the inulinase enzymatic mixture at different temperatures.

FIGURE 3 | (A) SDS-PAGE of ultrafiltrated broth; (B) Zymographic analysis of a native PAGE revealed by inulinase activity.
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Inulin Hydrolysis by Plal Mixture Using
Response Surface Methodology

An experimental design approach was applied to investigate
the effect of different parameters on the Plal-catalyzed
hydrolysis of inulin. In all the tested experimental conditions,
inulin was efficiently converted into monomeric sugars
(Table 3). ANOVA was used to determine the influence
of independent variables on the dependent response. The
F value, which substantiates the significance of the model,
is 73.42, which is very high if compared to the critical
value, thus indicating its significance (Supplementary
Material 3). On the basis of a regression analysis, a second-
order polynomial equation in terms of the coded value
was generated:

Fructose = —152.7 + 45.32* A + 6.911*B —3.79*C
—0.256*D —0.211*A*B —0.140* A* C + 0.047*
A*D + 0.031*B*C—0.006*B*D + 0.007*C*
D —2.885* A> —0.081 * B2 + 0.038* C* + 0.004*D?

where A is the pH; B, the temperature (°C); C, the substrate
concentration (g L~"); and D, the enzyme loading (U g~ ').

The significance of each parameter’s coefficient was assessed
by Prob > F value: values less than 0.05 indicate the significance
of the model terms, and values greater than 0.1 depicts
insignificance model terms. In the selected model, all the tested
factors (A, B, C, D) have an effect on the hydrolysis process.
The interaction effects between pH and temperature (A*B)
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TABLE 2 | Protein identification in the active gel lanes by LC-MSMS.

Band gel lane Protein ID Score Number of Protein ge (%)
Lower gel band lane 323309 295 10 19 GH32 family/GH116 family
371227 204 8 16 GH32 family
376719 166 5 9 Multicopper oxidase
327740 165 6 16 GH43 family
383312 149 T 14 Glucooligosaccharide oxidase
387674 122 6 10 GH84 family
383083 120 5 16 GH17 family
417764 11 4 7 GH32 family
381496 62 5 1" Putative oxidoreductase
Upper gel band lane 384244 423 20 54 GMC oxidoreductase family
315441 274 12 42 GH2 family
400960 253 1 32 Uncharacterized protein
371227 185 10 34 GH32 family
385992 181 10 32 Amidase
323309 177 12 33 GH32 family/GH116 family
401322 99 7 18 GH20 famify
373946 147 1" 28 GH3 family
383654 145 1 31 Uncharacterized protein
401322 99 7 18 GH20 family

Protein bands were in situ digested and analyzed by LC-MSMS, and raw data was searched on the protein database as described in details in the “Materials and
Methods" section. Search details and extensive description of the identified peptides are reported in Supplementary Material 2. The proteins belonging to the Gh32
family are highlighted in bold.

Descru:rlon of the glycosy( hyd/olase (GH] families accordmg to CAZypedia (htto: //wwwcazypedla olg/) GH2: includes the following activities, B-galactosidases,
B-gl B- , and a GH3: groups together exo-acting p-D-glucosidases,
a-L-arabinoft p-D- N-acetyl-p-D- , and N- aoetyf Q'» -D-glucosaminide phosphorylases; GH17: includes two major groups
of enzymes with related bur distinct substrate specificities, namely, 1,3-p-| D—gzucan endohydrolases and 1,3;1,4-p-D-glucan endohydrolases; GH20: includes exo-

acting f , BN B-6-SO3-N-acetyigl , and exo-acting lacto-N-biosidases; GH32: includes: enzymes
able to hydrolyze fructose conrammg polysaccharides, ie., muﬁnases, invertases, Ievanases and other; GH46 includes the following major activities, a-L-

endo-a-L-arabi (or and p-D- ; GH64: io -producing B (1,3)-gl ; GH116:
includes enzymes with diverse including B i B and N- lgh ini GMC oxic glucose dehydrog fholin

dehydrogenase/mandelonitrile lyase.

and substrate concentration and temperature (B*C) were also
significant (Supplementary Material 3).

The quadratic terms of pH, temperature, and substrate
concentration show significant contribution to the model.
P-value < 0.0001 suggests that pH and temperature are the
experimental variables with the greatest influence on inulin
hydrolysis, and therefore a small variation in their value will
strongly affect the product formation rate. Moreover, the negative
sign of the coded coefficients A and B suggests that the
curve is concave.

The P-value 0.008 for the quadratic substrate concentration
term indicates an effect of this variable on the hydrolysis process,
although less significant than that of the pH and T. The positive
sign of the relative coefficient indicates that the curve is convex;
thus, the uppermost is the substrate concentration, the higher is
the amount of released fructose. On the contrary, the probability
value of the coefficient of the quadratic effect of enzyme loading
is very high (0.337), indicating that the quadratic model does
not fit with the observed data. As a fact, the contribution of this
parameter is better described by a linear model. The Lack of Fit
F-value of a model is useful to describe the co-relation between
response variable and independent factors. The fitness of our
experimental model is proved by a non-significant Lack of Fit
F-value (0.543). The goodness of the models is also confirmed
by the determination (R? = 0.98) and adjusted determination
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coefficients (Adj.R? = 0.97). Moreover, a difference < 0.2 between
adjusted R? and predicted R? (0.95) values further substantiated
the robustness of the model.

On the basis of this model, the optimal conditions to maximize
inulin conversion (69.4 g L™ of fructose) are as follows: T,
45.4°C; pH, 5.1; substrate concentration, 60 g L™'; enzyme
loading, 50 U gubstrate ~

The three-dimensional surface plots display the interaction
between two independent variables on the dependent variables
(fructose), while keeping the other two independent variables
at their respective optimal values (45.4°C, pH 5.1, inulin 60 g
L', and 50 U gpsrate ') (Figure 5). The 3D graph plots
of the combined effect of temperature with three variables,
i.e., pH, enzyme loading, and substrate concentration, suggest
that there is an optimal temperature range between about
35 and 55°C in which the highest fructose concentration
can be achieved (Figures 5A,CE). Specifically, in this
temperature range, the highest fructose release can be
reached if pH is lower than 6. Consequently, a decrease in
the response yield is observed out of this temperature range at
pH > 6 (Figure 5A).

It is worth noting that, in the same optimal temperature range,
the substrate concentration has a remarkable effect on the release
of fructose, with the highest value was obtained at an increasing
inulin amount (Figure 5B). Conversely, the combined effect of
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TABLE 3 | Enzymatic inulin conversion under the experimental conditions (pH, T, substrate concentration, and enzyme loading) explored in the CCRD.

pH °C Substrate concentration (g L™) U Qsubstrate ™" Fructose (g L™7) St. dev. Conversion efficiency %
1 5 375 45 275 39.66 0.79 734
2 5 375 45 425 44.06 0.64 81.6
3 5 375 55 275 45.05 1.01 68.3
4 5 375 55 425 53.23 1.07 80.7
5 5 525 45 275 36.03 0.98 66.7
6 5 525 45 425 41.24 0.50 76.4
& 5 525 55 275 47.26 0.51 71.6
8 5 525 55 42.5 52.81 0.24 80.0
9 7 375 45 275 36.61 0.25 65.9
10 A 375 45 425 41.95 0.62 7.7
1 7 37.5 55 27.5 37.87 0.21 57.4
12 7 375 55 425 47.70 0.23 72.3
13 i 525 45 275 2472 0.61 458
14 74 525 45 425 82.77 0.08 60.7
15 7 525 55 275 36.44 1.08 53.7
16 7 525 55 425 4017 0.77 60.9
17 4 45 50 35 45.05 0.36 751
18 8 45 50 35 26.36 1.07 439
19 6 30 50 35 35.01 1.38 58.3
20 6 60 50 35 22.99 0.01 38.3
21 6 45 40 35 42.14 1.26 87.8
22 6 45 80 35 60.00 1.08 833
23 6 45 50 20 43.26 0.21 721
24 6 45 50 50 53.01 0.59 883
25 6 45 50 35 47.07 1.02 784
26 6 45 50 35 46.03 0.42 76.7
Fructose conc has been after24 h ion. C efficiency has been calculated as reported in the section “Enzymatic Hydrolysis of Inulin”.

enzyme loading and temperature is not significant: at the optimal
temperature, 45.4°C, more than 60 g L™! of fructose can be
obtained even when lowering the enzyme amount from 50 to 30
U Zoubstrate - Within the optimal temperature range, about 50—
60 g L~! of fructose is released whatever is the amount of enzyme
used (20-50 U g pyrae ) (Figure 5C).

The combined effect of pH and enzyme loading indicates
that at the optimal pH (5.1) more than 60 g L™! of fructose
is obtained using from 30 to 50 U gypsrae |- However,
when moving far from the optimum, a comparable response
is assured by increasing the enzyme loading (Figure 5D).
Similarly to what was observed for temperature, a pH optimal
range (4-6.5) can also be identified, within which an increasing
amount of fructose can be obtained by increasing the substrate
concentration (Figure 5E). Taking together all the observed
effects, it can be assumed that within the optimal range of
pH and T, fructose release can be adjusted by acting on
enzyme and substrate concentrations (Figure 5F). Interestingly,
in the investigated range of substrate concentration, from
40 to more than 60 g L~! of released fructose can be
achieved by using an intermediate enzyme loading (30 U
Bsubstrate ! )-

In order to validate the RSM model, experiments were
carried out in the proximity of the estimated optimal conditions
(Table 4). The predicted results were compared to the
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experimentally obtained values, and the T-test at 95% confidence
showed no significant differences between predicted and
experimental values.

The ANOVA (F-test) applied to the experimental data resulted
in an F-value of 21.64 and R? = 0.88. Thus, the proposed RSM
model can be a useful tool to predict maximum inulin conversion.

The kinetics of inulin conversion in the optimized hydrolysis
condition is reported in Figure 6. The release of fructose
increases progressively to reach about 60% in the first 8 h.
The 90% is achieved in 16 h, settling in a plateau level of
97% of conversion after 20 h. Experimental data were fitted
with a third-order polynomial model. The goodness of the
predictive models is confirmed by the determination coefficient
(R? = 0.99).

Although the available literature data on inulin hydrolysis are
not easily comparable because of the several variables affecting
the process (source and amount of inulin, reaction conditions,
determination of inulin conversion) (Sirisansaneeyakul et al.,
2007; Mutanda et al., 2009; Saber and El-Nagg, 2009; Wang
et al, 2013; Zheng et al, 2018a), the results obtained with
Plal mixture are worth of notice, since an almost complete
hydrolysis at high substrate concentration (60 g L~') was
achieved in the optimized conditions. In a similar RSM-based
approach, up to 95% fructose yield has been obtained by
hydrolysis of 60 g L' Jerusalem artichoke-derived inulin,
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TABLE 4 | Model validation: predicted and experimental enzymatic inulin conversion around the estimated optimal conditions.

pH c gL'
5.1 455 60
56 38.2 60
4.3 46.6 60

Enzyme loadingU gsubstrate™ Fructose g L~'

50 69.4 69.8+ 15
50 65.1 642+08
50 67.1 66.4 + 0.6

with a commercial A. niger inulinase (10 U/g~"', 48°C, pH
4.8) (Sarchami and Rehmann, 2014). The definition of optimal
T and pH for inulin hydrolysis by commercial Fructozyme
(Novozyme) with an RSM approach has led to a fructose
yield of 82.5% after 12 h at 35°C and pH 5.2, with 30
U/g™" of Jerusalem artichoke powder (Wang et al., 2013).
Statistical optimization of inulin hydrolysis has been applied
to immobilized inulinase from A. tubingensis, resulting, in
the best conditions (60°C, 10 U/g 112 h),in a hydrolysis
yield higher than 70 and 85% from chicory and asparagus
inulin, respectively, both supplied at 17.5% (Trivedi et al.,
2015). High conversion efficiency (up to 88%) in a short time
(5 h) using P. citrinum inulinases has been also reported, by
using a lower amount of inulin (10 g L=!) and a very high
enzyme loading (2,500 U gpstrate ') (El-Hersh et al., 2011).
Similarly, a variable degree of hydrolysis, in the range 50-
70%, has been shown by using a high amount of A. tamarii
AR-IN9 inulinase (1,000-3,000 U/g) at 45°C, pH 5.2, after
2 h, depending on the agro-waste used as inulin source
(Saber and El-Nagg, 2009).

Exploitation of Plal Mixture in a Process
for PHA Production From Inulin

The applicability of the Plal mixture was tested in a combined
process of inulin hydrolysis and PHA production by C. necator
DSM428. Previous reports have shown that high PHB
accumulation in C. necator has been achieved starting from
an initial fructose concentration of 20 g L™! (Budde et al., 2011a;
Koutinas et al,, 2013). For the design of an SSF process, Plal
hydrolytic performances were preliminarily tested in conditions
reproducing the C. necator culture media (MMcy, pH 6.8, 30°C)
containing 20 g L~ inulin, corresponding to a maximum yield
of 24 g L ! releasable fructose.

When different Plal amounts (10, 20, 40, and 80 U goubsrate )
were tested, the amount of released fructose after 24 h of
incubation increases linearly (2.4, 3.8, 7.4, and 103 g L7,
respectively). However, all the obtained values were largely
below the theoretical ones expected from a complete substrate
hydrolysis. Inulinase activity measured in culture resulted to be
reduced up to 42% of the initial one, indicating that both the pH
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FIGURE 6 | Fitted curve plot of kinetics of inulin conversion in the optimized hydrolysis condition. Regression analysis was performed with OriginLab (OriginLab
Corporation, Northampton, MA, United States). The determination coefficient for polynomial fit is A2 = 0.99.

and salt concentration of the growth medium affected the Plal
enzymatic activity.

In order to ensure an adequate amount of C-source for the
microbial growth, the SSF process was carried out adding 40
U gmb&m[c_l (trial A) or 80 U g,ub,,m,g_' (trial B) of Plal
to the culture medium containing 20 g L™! inulin, and the
process triggered with the simultaneous inoculation of C. necator
(Figures 7A,B). About 3 g L™! of fructose was measured at the
zero time, the inoculum time, corresponding to the amount of
free sugars present in the inulin substrate used in these trials.

In trial A, with a Plal concentration of 40 U gabsirare ' @
slow increase in fructose concentration coupled to cellular growth
was observed in the first 24 h, after which the cells entered
the stationary phase. PHA accumulation started at 24 h and
constantly increased during the stationary phase, reaching up to
3.2g ™! at 120 h, corresponding to 82% of polymer content. The
fructose profile was monitored during the growth and reflects
the simultaneity of the two processes, i.e., fructose release due to
inulin hydrolysis and its consumption due to microbial growth.
The rate of fructose release was higher than its consumption
up to 72 h, determining an increase in fructose concentration.
Conversely, after 72 h, fructose concentration slightly decreased,
probably for a slowdown in the inulin hydrolysis, due to enzyme
inactivation and/or inulin consumption. It is worth noting that
the Plal mixture ensures a high level of fructose during the whole

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

process, supporting PHA accumulation, despite the unfavorable
starting conditions of the growth media for its activity. Most
likely, acidification of the culture media and salt consumption
occurring during the microbial growth could help in restoring
the conditions for optimal Plal activity. When the same process
was carried out in the presence of 80 U gy psirate ' 0f Plal (Trial
B), no increase in polymer accumulation was observed. As a
fact, a maximum of 2.3 g L~! PHA was achieved after 120 h,
corresponding to a 60% polymer content. Thus, comparing the
two SSF processes, a higher biomass accumulation was obtained
in Trial B. The kinetic of polymer accumulation also followed a
different trend in the presence of a higher Plal loading, displaying
arapid increase up to 72 h, reaching an almost stationary level at
120 h. Hence, a slower and more gradual release of fructose in
Trial A seems to be more favorable for PHA accumulation. In
both processes, the released glucose was not utilized as C-source,
in agreement with data already reported for the same C. necator
strain (Azubuike et al., 2019). In both trials, a residual fructose
settled to about 10 g L™! at the end of the process, probably
due to the exhaustion of other medium components, such as
N-source or oxygen, as already reported by Koutinas in 2013
(Koutinas et al., 2013). Further trials carried out using a higher
inulin concentration in the growth medium (30 g L~") resulted
in an overall inhibition of cellular growth, with about 0.8 g L~
cdw at 120 h (data not shown). On the other hand, negligible
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PHA production (0.032 g L") and biomass levels (0.4 g L™1)
were obtained at 120 h, in a control experiment performed in the
absence of Plal.

The SSF processes were compared to the SHF one (Trial C)
where the best conditions for inulin hydrolysis, as determined
by DOE, were applied and the resulting hydrolyzate was used as
C-source for the PHA production process (Figure 7C). The pH
of the hydrolyzate was adjusted to 6.8, and the fermentation was
carried out with a C-source content of 2 g L~' and 20 g L~ for
glucose and fructose, respectively. In this condition, the growth
is characterized by a long lag phase, with fructose concentration
decreasing slowly in the first 48 h. Polymer accumulation
occurred in the stationary growth phase, reaching up to 2 g L~!
after 120 h, corresponding to about 62% polymer content. As
observed in Trial B, the availability of high fructose level in the
first growth phase promotes a lower PHA accumulation with
respect to the conditions that ensure a more gradual release of
fructose (Trial A).

Only few examples have been reported so far on the use
of inulin-rich biomasses as renewable feedstocks for PHA
production (Koutinas et al., 2013; Haas et al., 2015). Koutinas
etal. used ground Jerusalem artichoke tubers as substrate in solid-
state fermentation of Aspergillus awamori, producing a crude
enzymatic mixture that was later employed in the hydrolysis
of the inulin extracted from the tubers. The crude hydrolyzate
was tested as fermentation medium for PHB production from
C. necator, achieving up to 52% of intracellular PHB content
and a concentration of 4 g L™! of polymer (Koutinas et al.,
2013). Similarly, Haas et al. described a process for the production
of PHB from chicory root hydrolyzate using a commercially
available inulinase mix of endo/exo-inulinases, comparing the
performances of three different C. necator strains. Up to 78% PHB
accumulation has been reported for the best-performing strain
(Haas et al., 2015).

To our knowledge, this is the first example of SSF finalized to
PHA production from inulin. Although it is well reported that the
SSF strategy usually leads to superior productivity of the target
product with respect to SHE since it circumvents the inhibitory
effect of high sugar concentration on cell growth (Ge et al., 2010;
Lietal,, 2014); it is worth noting that this process is effective only
if fermentation conditions are also optimal for enzyme activity
(Wang et al,, 2013). The encouraging results obtained in shaken
flasks represents a proof of concept of the exploitability of the

Plal mixture in the PHA production process by C. necator. It is
expected that the implementation of the proposed SSF process
in bioreactors, with fine controls of oxygen levels, will further
improve its performance.

In all the conditions tested (Trials A, B, C), the polymer
was extracted and analyzed by H-NMR. The spectra display
the presence of three groups of characteristic signals of the
homopolymer polyhydroxybutyrate (PHB) (Mostafa et al., 2020):
the resonance peak at 1.2 ppm is attributed to the methyl group
coupled to one proton; a doublet of quadruplet at 2.4 ppm
is attributed to a methylene group adjacent to an asymmetric
carbon atom bearing a single proton; and a multiplet at 5.2 ppm is
characteristic of the methine group (Supplementary Material 4).

CONCLUSION

In this work, a new microbial source of inulinase,
P. lanosocoeruleum, was identified by screening a fungal
library. Three potentially active inulinases, two related to
the exoinulinase and one to the endoinulinase families, were
identified in the Plal enzymatic mixture.

The application of a statistical experimental design allowed
to define the optimal conditions for inulin hydrolysis by Plal,
leading to envisage its exploitation as effective biocatalyst mixture
for inulin processing.

The optimal conditions defined for the hydrolysis could be
exported and incorporated into a process for industrial fructose
syrup production, since in these conditions the formation of
undesired color as well as the production of unwanted by
products such as fructose dianhydrides are prevented (Mutanda
et al, 2009). Additionally, information on the isoenzymes
composition of the Plal mixture represents the starting point for
further characterization of the single isoenzymes, to be carried
out through their purification from the culture broth or their
recombinant expression in suitable hosts. The availability of each
single isoenzyme will allow the formulation of inulinase mixtures
with different composition in terms of endo- and exo- inulinase
activities, addressing specific applications, such as the generation
of fructose as well as of inulo-oligosaccharides (IOS) for
applications as probiotics in food and pharmaceutical industries.

The integration of Plal-catalyzed hydrolysis within a
fermentation process finalized to the production of added-value
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bio-based products was tested, using PHA production as a case
study. Two different process configurations, such as SHF and SSF,
were explored, with the latter displaying the best performances in
terms of biopolymer yields.

In conclusion, the results herein described let to foresee a
profitable and versatile utilization of the Plal mixture in inulin-
based biorefineries.
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Optimization of inulin Hydrolysis by Penicillium lanosocoeruleum inulinases and efficient

conversion into Polyhydroxyalkanoates

S1. Significance values were estimated through Tukey-Kramer HSD test
(p<0.05), comparing each mean to a control experiment that represents
spontaneous inulin hydrolysis. Means that non share a letter are significantly

Supplementary meterials

different.
Day
2 3 5 10

Control 31+ 3¢ 3.1 310 31 3.1 31 310
A. brasiliensis 340 348 5249 1.7 24 1.0 1.0 25
C. globosum 31% 37% 31* 29 asw 24 24 379
T. stipitatus 1.5 1.3 286 21 25 3.2 322 329
F. graminearum 36¢ 1.6 1.8 0.8 21 24 24 389
T. lanuginosus 24 25 38° 3.0 390 23 23 392
P. canescens 40 27 27 1.9 27 25 25 53¢b
P. expansum 35k 46% 46° 1.3 73° 32% 32¢ 58¢
H. haematococca 22 33 20 0.9 1.6 1.1 1.1 21
P. chrysogenum 42' 54° 38° 1.2 22 1.2 1.2 4.9
P. lanoscoeruleum 6.29 1%.0 179" 174% 814d 85¢ B850 48
P. brevicompactum 35« 50°¢ 6.6° 2.8 78¢° 26 26 22
P. raistrickii 22 1.3 16 1.6 18 19 1.9 15
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$2. Identification of all P. lanosocoeruleum proteins in two active gel band

lanes by LC-MS/MS analysis.

Lower gel band lane

Protein m/iz lon Charge Peptide
code Score
3812071 | 17 2 R.SAMTVPRK
491.2646 | 47 2 K.VDGVHELGR.|
4938103 | 21 2 R.WVAVISLAK L
513.3074 | 45 2 KAILVQEPAGK.W
574.8382 | 38 3 K.VLIYTSPDLK.K
323309 | 639.3499 | 15 2 KALEINLTFSNR.E
4792473 | 26 3 R.YRPQFHFSPEK.N
501.2348 | 28 3 R.DPGVFWHEETER W
826.4368 2 R.LFSTGGATSNVELEVK.E
1051.546 | 23 K ALEINLTFSNREPSPSSSSSEFGIVIAATK.G
404.2174 | 24 K.GMLSFPR.T
461.7475 | 28 2 KLWLDYGR.D
504.2562 | 34 2 K.VFFHEGSGK.W
587.3369 | 56 2 RTLALQQTGSVR.S
371227 | 5933001 | 15 2 KVTFWTSTDTK.H
609.8106 | 18 2 K.TFQPDPVDTAK.L
685.8377 | 13 2 R.YNQSTSTLSVDR.T
675.9683 | 17 3 R.DFDGAMSWENVPSSDGRR.I
4682746 | 32 2 R.ASTFAIAVR.A
4922741 | 24 2 K.VIPTDPWR.S
417764 | 541.8222 | 45 2 K.VTLLQQPQR.S
5202441 | 19 3 K.IDLSFADHGPDESR A
428718 2 34 K.SSPGSFF.K
4512537 | 2 13 K.APSLDSAL.K
376719 | 498.7664 | 2 28 KAFVIGSAMG.K
555.290. 2 38 K.FTWGSIAEA K
426.899 46 K.LDKEPGSYTILR
433.7392 2 20 K.SITGPYT.K
474.7482 | 2 28 R.GGSIDPAGF.K
554.2916 | 2 49 R.VQVAVSDDF K
327740 | 402.4562 4 31 R.GGSIDPAGFKDKDGS.R
599.3307 | 3 5 K.VGADGVTPIGDAVQILD.R
4218962 | 3 32 K.RVQVAVSDDF K
4272345 | 2 31 K.EADIHLR
465.753 2 19 KEIPISTD.R
579.3351 2 21 K.GAVNIDLSQL.K
383312 | 582282 2 16 K.EEQGVYPW.R
602.8451 2 6 K.AIFSPVLSSGA.R
4242209 | 3 45 KVWYGEHNLP.R
5122699 | 3 11 R.GAGHNFGIVTSATF R
387674 | 300.712 2 16 K.LVIQ.K
336.6978 ] 14 KNGVNLR
381.7208 2 16 RLAAAFN.R
525.2803 36 R.LWFVQDN.K
4055417 | 3 33 RICHSVNIDT.R
462.9207 | 3 16 K.DNAGWDKLVIQ.K
4802723 | 2 19 KKDWAAIQ K
527.3052 37 K.TPENILPAA K
383083 | 538.79 27 K.NLLEEPSF K
630.8381 22 K.GVLVGTAESWN.K
5109559 | 3 2 KVVLGMWVGKPTDT.K
539.2985 | 2 24 R.YGLAADQVLK
4915819 | 3 17 KAKYDPNDIFYAR
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381496 | 492.925 5 K.KVFYGTNYDTLR
507.6094 1 K.VSGDVHNAVLPAWR
521.6253 6 R.STGAGALAIWTHHLK

Upper gel band lane
404.2158 | 19 K.GMLSFPR.T
587.3391 | 15 RTLALQQTGSVR.S
609.8107 | 14 K. TFQPDPVDTAK.L
658.334 3 K.NWMNEPNGLIK.I
685.8384 | 10 | - R.YNQSTSTLSVDR.T
7278692 | 12 | 2 R.LAYSVDDGVTWTK.F

371227 | 9354006 | 13 | 2 R.DFDGAMSWENVPSSDGR R
988027 | 18 | 2 RILAAIANSYGASPPTNTWK.G
764.0957 | 28 | 3 R.SFVQWPVSELLTAGTALTTIR.N
847.0821 | 37 K FAGNPIISAAQEAPHDETDGLETR.D
584.3059 K.AVNFNVYAN.R
609. € R.EWLLPNYQ.R
626.33 RJIAESILEDYA K
659. K.LDQWAEETVA R
782.4 R.ALMNTVSAFGAPIQ.K + Oxidation(M)
824.955€ K.INFDIWNLIPFT.R
574.637 R.GVSMIPNNLHENQI.R
892.958! 3 K.FFMNELDLLGQAAAT K + Oxidation(M)

384244 | 935510 0 K.TYDYVIAGGGLTGLTVAAK
7297245 | 31 K.GIELLDT.KLDQWAEETVA R
760.3507 | 15 K.VFGMEGWNWDNVFQYMQ.K
1145576 | 20 R.GSVHILSSDPYLWQYANDP.K
777.4545 | 27 R EVLLAAGSSISPLILEYSGIGLK
787.0504 | 27 R.NWLLDEDVAFAELFFDTEG K

71.8002 | 5 K.AGVEQLLELPVGLNMQDQTTTTV.R
677.1094 | 1 4 R.VIDGSIPPTQVSSHVMTVFYGMAL R
779.9056 | 2 4 K.SGLGLGGSTLINGDSWT.RPD.KVQIDSWE K
105257 | 44 3 K SVLDKAGVEQLLELPVGLNMQDQTTTTV.R
830.1417 | 15 | 4 R.S.RPPTDAQIEAGHFYDPACHGTDGTVHAGP.R
4042388 | 13 | 2 R.FVDVT K

4157339 | 19 | 2 KNLNGVW.K

315441 | 6183332 | 13 R QLDLMVNQF K

670.8417 | 11 K.EAMVYDLQML K + Oxidation(M)
743.853 6 K.LGDDQVESYTGF.R
641.6876 | 20 K.VGTNPWPEYP.RPLLQ R
667.6922 | 14 R.SPGYAL.KEPPLTTPWTD.K
782.0635 | 26 R.DANGNSVTILPNEQQQIEFA R
834.0953 | 29 R..RDANGNSVTILPNEQQQIEFA R
97849 | 26 K.FDQSNELLVFVHDPTDDGDYVIPIG.K
1008137 | 12 | 3 R.LYACSGGVWTQTTDVEGEVNGLMTYD.R
1158919 | 41 3 K.SFPSIVTWVIYNEGWGQITAYNPEFALTD.R
8809503 | 40 | 4 K.IETDLFYQACDELGLLVIQDMPSL.RPLQS R
1176264 | 30 | 4 | RLVDSTSGWVDHGAGDFSDNHHYANPQCGSPFYSTPSSPYDSS.R
7429103 | 19 | 2 R.NIDVDPITINGVS K
975.9612 | 20 | 2 R.AQDMNNIASWTDEINT K
722.0639 | 17 K.FTSNGIIPPAITGLHNGDAL R
8054335 | 12 R.LAEWPIITLTHQEMSASFLA R
8527726 | 17 KIAAFAPTTGFTTESVAGVINNFDG.R
400960 ["903.7664 | 15 K.ENAMWPLFTTAAANNFDGMQINP.R
458.703 | 35 R.VNLNTQIDDMFLETEIYSPAGENF.R
024.839 | 21 R.RVNLNTQIDDMFLETEIYSPAGENF.R
27202 | 41 K FGTSAIGGCCDNGVEQLVSFTDISDFPTSGLK
217.258 | 60 R.IYYNCDTPACTVAEWIATSAGAGTFQDLLAIE K
371.7485 | 14 KAGALLLG.K
3551764 | 15 R.DSYVVHGM.R
631.3589 | 16 R.GYLERPLPVAF
484.9088 | 11 R.DYLSEVENTNILR
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509.9729 | 18 3 RNSVVGIKPTVGLTS.R
601.3202 | 14 3 R.METTAGSWALLGNVVP.R
385992 | 6916985 | 25 3 K.DRMETTAGSWALLGNVVP.R
856.4602 | 20 3 R.VHQTQPYLNAILQVNPDAFSIA K
1020547 | 24 3 K.GAVFGIPWESFWALGDADQIAQLLDLV K
1383.357 | 46 3 R.SVEDLVQYNIDNYGSEGGLPGIHPAFGSGQDGLLASLET.K
381.2074 | 11 2 R SAMTVP.R
327.8467 | 14 3 K.VDGVHELG.R
604.8002 | 14 | 2 K.TTGDFVDASPAK
4262597 | 14 3 K.VLIYTSPDLKK
7688942 | 12 | 2 RANQQAQSIAYSLD.K
8229132 | 15 | 2 R.VGYNFGTQEVFID.R
323309 (78264343 | 10 | 2 R.LFSTGGATSNVELEV K
1260.625 | 12 2 R.TVIAWMNNWQYGATIPTDPW.R
1001.834 | 32 3 R SGTIEIIDNATGGWGHLNVDEISFSNT.R
1101.858 | 33 3 R ANNQVANWLDWGPDFYAALGWNGLPQDD.R
1118.878 | 12 3 K.GMTWTTYDAANPVIPEPPAPYQDQFLEF.R
1154.906 | 19 3 K.WGLASEF GPVNAVGGVWECPSIFPLSLDGGES K
373946 | 357.7337 | 12 2 K.AQAALL K
672.3169 2 K.ANVASVMCSYN.K
480.9267 | 14 3 KATVDVTADHASVV.R
5243142 | 1 3 K.GLGVHVQLGPAAGPLG.K
607.3166 | 1 3 RATHELYLWPFMNAV.K
698.0213 3 R.YANPVTAFPAGINAGATWD.R
757.0534 | 25 3 K.SLAIIGQDAIVNPDGANACVD.R
842 5154 1 3 K NVIVWWHSVGPIILETILAQPSV K
967.8222 | 7 3 RILAAWYLLGQDQGYPEVTFSSWDGG.K
9947978 | 29 3 K.QSSDYGAGWDSALVDNFVEDLFIDY.R
1005.164 | 8 3 R.GCNTGTLAMGWGSGTSEFPYLVAPLDAILK
460.7505 | 14 | 2 K.YGVPLDT R
682.8629 | 11 2 R.SPYLSTWLNVG.K
779.3626 | 11 2 K.DYTESSNLASSLD.R
5516083 | 18 3 K.SGDSGFLNDHYSLL K
886.9118 | 10 2 K.GDWECFTAAVSSVST R
383654 | 670.9875 | 17 3 R.NAIAEWEYGSTDGVAYH.K
1040523 | 21 2 R AMFISDLATWINETPTN.R
7853874 | 15 3 R QAFGATQLCGT KD.KMYMFL K
6338404 | 23 | 4 R.RVEHDSIATAGQEYLTVTSLSV.R
8734398 | 18 3 R.AISSSWPVFGFSYNLGSVDSSPVS K
1133.925 | 21 3 K EISSNGNMNTVDVIFPAYPIFLYTNPELL K
527.3255 | 10 2 K.GGLIIEQPV K
4042158 | 13 3 K.IEDAPLYPH.R
6723646 | 16 | 2 R.AAALGELVWSGN.R
401322 | 562.0702 | 18 4 K.GGLIIEQPVKIEDAPLYPH.R
9185099 | 33 3 RINAQTVWGVLHAFTTLQQIIISDG.K
9755015 | 22 3 K.HIVGAEAPLWSEQVDDVTVSSVFWP.R
7828748 | 17 | 4 K.LNVLHWHLDDSQSWPVQMSSYPEMT K
5512947 | 19 | 2 RAVEQSLDAIR
575.7995 | 13 | 2 K.AFDSEFPLP.K
688.8705 | 16 | 2 K.FGQAIAAGSDAQL K
702.3894 | 18 K.NVGFPVLSVTEN.K
378182 | 819.9089 | 18 2 R.AGMIADSGALAASGYQ.R
546.9513 | 17 3 R.ERDFPIPDLDFF K
758.4009 | 13 3 R.TGDVRPEEDQTLFPVMLGL.R
9024756 | 14 3 R FLRTGDVRPEEDQTLFPVMLGL R
8984892 | 19 | 2 K.VGADGVTPIGDAVQILD.R
9479703 | 16 | 2 K.GAWLGLNTNFPDPSFM.K
327740 | 7043441 | 19 | 4 R.HHCVGTAIADHPAGPYVPSNTPLSC.R
1171246 | 25 | 3 K.SWTLLDVEALPTLSTWETENDHWAPDVVM.R
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S3. Analysis of variance of fitted model

Source Sum of Degrees Mean F Value p Value

squares of square Prof>F

freedom
Model 20171 14 1441 73.42 <.0001*
pH (A) 420.9 1 420.9 214.5 <.0001*
°C (B) 143.7 1 143.7 732 <.0001*
Enzyme concentration 214.7 1 214.7 109.4 <.0001*
(€)
Substrate Concentration 410.1 1 410.1 208.98 <.0001*
(D)
AB 40.2 1 40.2 2047 0.0007*
AC 1.96 1 1.96 1.00 0.3374
BC e 1 17 0.87 0.3704
AD 7.89 1 7.89 4.02 0.0681
BD 211 1 211 10.75 0.0066*
CD 1.15 1 115 0.59 0.4583
A? 177.5 1 177.5 90.46 <.0001*
B? 443.8 1 443.8 226.16 <.0001*
Cc? 1.06 1 1.06 0.54 0.4766
D? 19.6 1 19.6 9.98 0.0082*
R-squared 0.98
Adj squared 0.97
R-squared (pred) 0.93
H;
%o—i—c—l‘—
H H
™ bl Jle L

002 002

T T T T
58 50 45

T
40
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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

41


mailto:cpezzella@unina.it

Chapter 1

and N-source concentrations. In the optimized conditions, a maximum
of 1.9 g L of Polyhydroxybutyrate (PHB), corresponding to ~ 80%
(gpolymer/gcow)  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

Cupriavidus necator

Bacillus gibsonii DSM428
¢ @
1@

¢ PN
€ ¢ -

Inulinase ‘ H, o E

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

Highlights

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

e Bacillus gibsonii RHF15 was discovered as a new inulinase producer

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

e 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 (Al
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 3-2,1-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 WohlfGhltag).

Screening for inulinase producers

lodine 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 ODegoo/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 pmol 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 MMc, 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™ for bacteria inoculum, 2 g L'* of NH4CI
and 30 g L? 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 (% gpoymer/9cow). 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

H NMR spectrum of the extracted polymer was performed in CDCl3:CDsOD
(1:1), at 298K using a 600 MHz Bruker (Bruker lItalia, 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

47



Chapter 1

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? (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, 1/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.
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Figure 1. a) Screening for inulinase producers. Maximum of Inulinase
activity (U mL™?) 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?; inulinase U mL?; fructose, g L?; glucose g L? in liqguid 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 B-fructosidase superfamily, able to hydrolyse non-reducing B-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 (B-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.

Similarity Expect

Query ID Subject ID Source Type Bit score

(%) value
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

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, B-
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) 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*A? - 383.2*B2 +
2.12*C?-0.02*D? + 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= -1.234+ 0.69*A+11.22*B — 1.05*C + 0.09*D+ 3.57*A? - 39.72*B?
-0.38*C2-0.002*D? + 4.89*A*B — 1.14A*C + 0.086*A*D +0.99*B*C+ 0.06*B*D
—0.002*C*D
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being A) C. necator inoculum concentration (OD mL1); B) RHF15
inoculum concentration (OD mL1); C) NH4Cl, concentration (g Lt); D)
inulin concentration (g L™2).

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, D2and A, B,
C, D, AB, AC, AD, BC, B? C? 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, A? and BD, CD, C? with a P value higher
than 0.05 are not significant for both CDW and PHA, respectively.

The goodness of fit is confirmed by R?, that reflects a good co-relation
between actual and predicted value. The value of R?, adjusted R? and
predicted R? 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 R? and predicted R? 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, NH4CI:C. necator, NH4CI: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! inoculum concentration for both bacterial
strains, 20 g L inulin and 1.7 g L™* 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™Y,
PHA production holds at ~70 % with NH4CI concentration below 1 g L-
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1 (Figure 3, Panel B). From the interactive plot NH4CI: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 inulin together with more than 0.25
OD mL™ 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)
R C. RHF15 NH,.Cl  Inuin  CDW PHB .
un necator o' % 4 K E % UmL
OD mL! gL 9 g
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 15 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 14 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 15 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 04 7.9 0
19 0.1 0.1 1.25 20 15 14.7 35
20 0.1 0.1 1.25 20 1.7 19.0 3.3
21 0.1 0.1 1.25 20 15 21.2 3.3
22 0.1 0.1 1.25 20 14 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 51
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 57 1.2
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Table 1. Analysis of variance (ANOVA) and regression analysis of quadratic
model for CDW and polymer production (2SS, sum of squares; "DF, Degree of
freedom; °MS, mean square.

ANOVA Regression analysis

Source cowglL® PHA % cowglL” PHA %

ss® DF FF’,X)%';’,E ss® DF° F;,X;’;'S,S Ms® FValue ms® FValue
Model 12.8991 14 <.0001* 102645 14 <.0001* 0.9214 30.15 733.18 60.08
C.necator (A) 0.7506 1 <.0001* 52743 1 <.0001* 0.7506 2456 5274.3 432.20
RHF15(B) 0.6856 1 <.0001* 7654 1 <.0001* 0.6856 2244 7654 62.72
NH,CI(C) 0.0204 1 0425 6183 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 00383 1 0279 12000 1 <.0001* 0.0383 1.25 12000 98.33
AC 01161 1  0.069 3276 1 <0001* 0.1161 3.80  327.6 26.84
AD 01195 1  0.065 1481 1 0003 01195 391 1481 1214
BC 0.0889 1  0.107 753 1 0024 00889 291 753  6.17
BD 0.0514 1  0.213 1.9 1 0697 00514 1.68 1.9 0.16
cD 0.0052 1  0.687 08 1 0803 00052 0.17 0.8 0.06
A2 00211 1  0.418 709 1 0028 00211  0.69 709 581
B> 2.6100 1 <0001* 2429 1 <.0001* 2.6100 8542 2429  19.9
c? 1.0093 1 <0001* 316 1 0127  1.0093 3303 316 259
D2 1.2465 1 <0001* 721 1 0027 12465 40.80 721 255
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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'* 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* for C. necator and a wide range of NH4Cl concentration,
being RHF15 and inulin at the mid value (0.15 OD mL* and 20 g L
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™ to
obtain more than 1 g L't 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™?, NH4Cl was set in the range
1.5- 2 g L%, and a concentration of inulin higher than 20 g L' was
chosen.

The optimum variable values were 0.3 OD mL™ for inoculum, 2 g L* of
NH4Cl and 30 g L? 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'* 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 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't at 96 h, corresponding to a polymer accumulation (Ypix)
of 78.8 % and a productivity of 0.02 g Lt hl. 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), thus assuring the
carbon source excess necessary for polymer accumulation. At the end
of the process, 93 % of inulin was converted, with yield coefficients
Yris = 0.07 and Yxis = 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™ estimated from
the total hydrolysis of 30 g L inulin), its release promote the growth of
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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 ‘H NMR.
The spectrum confirmed the presence of the characteristic signals
attributable to the homopolymer polyhydroxybutyrate (Sabarinathan et
al., 2018) (Figure S6).
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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* h' (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? 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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Process Substrate Strain Cbw PHB gL- Yo Productivity, g L Ref.
gLrl 1 (%) 1 h—l
Microbial co-culture Inulin from C. necator 428 and 2.4 1.9 79 0.02 This work
(Shake flasks) chicory roots B. gibsonii RHF15
SHF Inulin from C. necator 4058 7.7 4 52 0.07
(Shake flasks) Jerusalem Koutinas,
artichoke 2013
tubers
SHF Inulin from C. necator 428 11.0 7.3 66 0.062
(Bioreactor) chicory roots C. necator 531 35 1.6 45 0.016 Haas,
C. necator 545 14.0 11.0 78 0.15 2015
SHF Inulin from C. necator 428 3.2 2.0 62 0.02 Corrado
SSF chicory roots C. necator 428 3.9 3.2 82 0.03 2021 ’
(Shake flasks)

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? of PHB,
corresponding to ~ 80 % (gpolymer/g cow) 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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Table S1. List of the halophilic bacteria screened for inulinase production (Petrillo et al. 2021).

Strain Species

RHF1 Bacillus licheniformis
RHF2 Bacillus subtilis 168

RHF4 Bacillus cereus

RHF6 Bacillus amyloliquefaciens
RHF12 Bacillus halotolerans
RHF13 Bacillus subtilis

RHF15 Bacillus gibsonii

RHF17 Bacillus licheniformis

Table S2. Circular genome map of strain RHF15’s genome obtained with CG View (Stothard and Wishart,
2004). The contents of the feature rings (starting with the outermost ring) are as follows: Ring 1 depicts the
identified CDSs. Ring 2 shows GC content and Ring 3 shows GC skew.
Il GC Content
B GC Skew+
B GC Skew-
B tRNA
WCDs
[ tmRNA
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Table S3. Functional classification of RHF15’s genome CDSs performed with RASTA server. The detected
categories are reported.

Table S4. List of well-known bacterial and fungal inulin hydrolases used for the multiple alignment analysis
(Figure S5). Accession number from NCBI database. source and enzyme type are specified for each entry.

Acc. No Source Type Size Refere
CAC44220.1 Aspergillus awamori subsp. awamori Exo- 573 aa https://
CAK41278.1 Aspergillus niger Exo- 537 aa https://
AMX81520.1 Kluyveromyces marxianus Exo- 555 aa https://
BAB19132.1 Peniciffium sp. TN-88 Endo- 515 aa https://
AHNO08014.1 Paenibacillus polymyxa Exo- 485 aa https://
BAC45010.1 Geobacillus stearothermophilus Exo- 493 aa https://
AAL34524 1 Aspergillus niger Endo- 516 aa https://
OLG11497.1 B. paralicheniformis Levanase 515 aa https://
WP_153940225.1 B. subtilis Levanase 677 aa https://
2.6-beta-fructan 6-
WP_106073378.1 B. subtilis 516 aa https://
levanbiohydrolase
Sucrose-6-phosphate
B7HWI1 B. cereus 491 aa https:/
hydrolase
Sucrose-6-phosphate
NP_391683.2 B. subtilis 479 aa https://

hydrolase
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Figure S5. Multiple sequence alignment between well-known GH32 hydrolases and the selected enzymes of
strain RHF 15 obtained using SeaView software. The red boxes highlight the highly conserved catalytic motifs.
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Figure S6. 'H NMR spectrum recorded in CDCI3:CD3OD (1:1) of PHB produced in the optimized co-culture
condition

55 50 4s 40 3s 30 25 20 s o
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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 O, 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 (Rodriguez-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; Rodriguez-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 Dbacteria,

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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ARTICLEINFO ABSTRACT
Keywords: This wo: led in the ion of a bi ite material based on the use of poly-3-
Poly-3-hydr hydroxyh hydroxybuty hydroxyh nanoparticles (PHBHHx-NPs) within a scaffold of whey protein (WP)
:‘"“y P“’_"li"’ films based films. The experimental conditions for PHBHHx-NPs pr ion by solvent i hnique were
anoparticles

set up, and the obtained NPs characterized. Dynamic light scattering analyses showed that PHBHHx-NPs are
stable, exhibiting a zeta-potential value close to —40 mV and a Z-average size of 80 nm. Morphological char-
acterization by ission and ing electron y confirmed icle average di. i The
addition of PHBHHx-NPs to WP-based films improved the mechanical properties of the derived bioplastics,
producing more extensible materials preserving their mechanical resistance. The grafting of PHBHHx-NPs as
material fillers also enhanced the film barrier properties towards O,, the permeability to both water vapor and

CO, remaining unaffected.

1. Introduction

The redesigning of plastic materials under a “green perspective” is,
nowadays, necessary to address the issue of plastic pollution as well as of
shortening of fossil resources. In the bioplastics scenario, materials
derived from natural bio-based pol; (i.e. polysaccharides, proteins)
or produced by bacteria from renewable resources (ie. poly-
hydroxyalkanoates, PHA) play a key role, due to their renewable origin
and biodegradability features. In particular, the formulation of new
biobased composites based on the combination of different classes of
biopolymers represents an area of increasing interest for numerous
application fields (Li, Yang, 2016; Raza, Abid, & Banat, 2018;
Zhang, Shishatskaya, Volova, da Silva, & Chen, 2018).

PHAs are a family of polyesters accumulated by various bacteria
as carbon and energy storage under stressful conditions. Due to their
intrinsic  biodegradability and d bi patibility
(Elmowafy et al., 2019; Koller, 2018), PHA found a range of ap-
plications, from food packaging to biomedical sectors. The spectrum
of properties displayed by PHA-derived materials is very close to

rated
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that of conventional petro-plastics, and is dependent on their
monomer structure and relative content, which influence the phys-
icochemical parameters of the biopolymers as well as their kinetics
of biodegradation (Chanprateep, Buasri, Muangwong, & Utiswan-
nakul, 2010). In the last decade, different PHAs (poly-
hydroxybutyrate, PHB; poly-3-hydroxybutyrate-co-hydroxyvalerate,
PHBV;  poly-3-hydroxybutyrate-co-hydroxyhexanoate, ~PHBHHx)
have been exploited for the preparation of nanoparticles (NPs), able
to encapsulate and release various drugs (Kalia, 2019; Kiliay et al.,
2011; Murueva, Shishatskaya, Kuzmina, Volova, & Sinskey, 2013;
Naureen et al., 2015; Sandoval, Rivera, Barrera-Rivera, & Marti
nez-Richa, 2010; Shrivastav, Kim, & Kim, 2013). Among the
different polymers, PHBHHx displays peculiar elastic properties,
thus emerging as promising biopolymeric source for the designing of
nanocomposites with improved flexibility (Raza et al., 2018; M
Vastano et al., 2017; Vastano, Corrado, Sannia, Solaiman, & Pez
zella, 2019).

However, despite their potential, the effective exploitation of PHA-
based materials is still hindered by their high production costs.
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Consequently, sustainable strategies for PHA production are based on
the use of waste materials as starting feedstock for microbial fermen-
tation and are considered even more effective if integrated in a bio-
refinery concept (Kumar & Kim, 2018; Nugroho Prasetyo et al., 2010;
Vastano et al., 2019). In this regard, an engineered Escherichia coli strain
able to produce PHBHHx (40:60 M ratio) was developed (Vastano et al.,
2017) and its ability to accumulate the biopolymer through the valor-
isation of waste materials was recently demonstrated (Vastano et al.,
2019).

Another class of renewable biomacromolecules that deserves a spe-
cial attention is represented by proteins derived from agro-food by-
products as they are quite abundant and their recovery might contribute
to waste reduction. In particular, it is important to mention proteins
present in the whey, a by-product of dairy industries produced in huge
amounts following milk casein coagulation. The total worldwide whey
production is estimated to be more than 180 million tons/year, the
major amount (approximately 70%) coming from the EU and USA
(Yadav et al., 2015). Only 50% of whey is recycled and converted into
high added value products (Mollea, Marmo, & Bosco, 2013). For both
the large volume and the high organic content the direct disposal of
whey is not environmental friendly and it is virtually forbidden all over
the world. The great majority of whey proteins (WPs) is represented by
pB-lactoglobulin and a-lactalbumin, endowed with different features such
as solubility, foaming, and gelling ability (Norwood, Croguennec, Le
Floch-Fouere, Schuck, & Jeantet, 2018) suitable for several biotechno-
logical applications. In particular, it was recently found out that under
alkaline conditions these proteins have the ability to give rise to prom-
ising edible bioplastic materials (Abdalrazeq et al., 2019). However,
‘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). Many authors investigated the possibility to
improve the features of WP-based films by blending them with poly-
saccharides. Addition of polysaccharides has a significant effect on the
physical properties of protein-based edible films (Ciesla, Salmieri, &
Lacroix, 2006). In this respect, Di Pierro et al. (2013) (Di Pierro et al.,
2013) examined the behaviour of pectin and thermally denatured WPs
at various protein/polysaccharide ratios and at various pH values. The
same authors also investigated the effect of the addition of chitosan to
WP-formulations, in order not only to enhance the film technological
properties but also to confer antimicrobial activity to the derived bio-
plastics thus extending fresh dairy product shelf-life (Di Pierro, Sor-
rentino, Mariniello, Giosafatto, & Porta, 2011). Moreover, further
investigations have been focused on the use of different NPs, such as the
ones prepared by nanocellulose, usually used to improve the properties
of diverse biomaterials (Sharif Hossain, Uddin, Veettil, & Fawzi, 2018).
As matter of fact, cellulose nanostructures have been most usually
applied as reinforcing phases, but they may also be used as matrices for a
variety of materials including films for food packaging applications
(Azeredo, Rosa, & Mattoso, 2017). As far as WP-based films reinforce-
ment some efforts have been made by using porous silica (SiO2) coated
titania (TiO,) NPs (TiO,@@SiO,) (Kadam et al., 2013), and it was
demonstrated that the incorporation of TiO,@@SiO, NPs helps to
improve WP-based film mechanical properties. However, the optical
properties of the WP films were dramatically modified following
incorporation of these NPs, changing from a transparent appearance to
an opaque one, even though the embedded NPs contributed effectively
to increase the thickness of films and to alter the contact angle of their
surface. Therefore, the development of high strength, flexible
nano-biocomposites controlling nanoparticle properties, their volume
fraction and their topographic distribution within the scaffold still re-
mains a significant challenge.

With the aim to decrease the hydrophilicity of WP-based materials
and, consequently, to improve their performance, the possibility to
prepare nano-biocomposites by blending WP-proteins with NPs ob-
tained from PHBHHx has been studied. In this paper, the optimal
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formulation of PHBHHx-NPs into the whey protein film matrix was
explored and the technological properties of the derived films
investigated.

2. Material and methods
2.1. Materials

Commercial WP isolate (~90% dry basis protein) was obtained from
BioLine (New Zealand), Glycerol (GLY) and all other reagents were of
analytical grade and they were purchased from Sigma (Steinheim,
Germany).

2.2. Recombinant production of PHBHHx

For PHBHHx production, recombinant Escherichia coli strain, LipoB,
was cultured in an Eppendorf NewBrunswick, BioFlo/CelliGen®115
according to (Vastano et al, 2017). LipoB strain was grown in
Luria-Bertani (LB) broth at 37 °C, supplemented with ampicillin (100 pg
mL ). After 12 h, the pre-inoculum was transferred in M9 medium at
ODgoonm of 0.1. The composition of M9 medium is as follows (for 1 L):
100 mL M9 salt [10x]; 0.1 mL of CaCl, [1 mol L ']; 5 mL of Glucose
[40%]; 2 mL of MgSO,4 [1 mol L i Composition of M9 salt [10x] for 1L
[pH 7.4] is as follows: 60 g Na;HPO4; 30 g KH2PO4; 5 g NaCl; 10 g
NH4CL. The media were completed after sterilization with the carbon
source and other components were prepared in a concentrated solution.
A stock solution [20 g L™'] of yeast extract was autoclaved and then
added to complete medium at 2 g L~ '. M9 was supplemented with 0.01
mM of FeSO4. Sodium octanoate was prepared in a stock solution of 40
[g L '] and sterilized by filtering. This additional carbon source was
added to the cultures (0.1 w/v) as extra-volume. Induction of protein
expression was performed after 5 h from the inoculum with 0.5 mM
IPTG (isopropyl-p-1-p-thiogalactopy ide). Cultures were carried out
for additional 48 h. At the end of the batch fermentation, cells were
recovered by centrifugation and solvent extracted with chloroform by
using Soxhlet apparatus (100 mL for gram of lyophilized cells). The
dissolved biopolymer was then precipitated by the dropwise addition of
cold methanol (10 vol). The polymer was collected by centrifugation
(5500 g, 30 min at 4 °C), recovered using fresh chloroform and dried
under a N» flux at 21 °C. The purified polymer was stored at 4 °C until
further use.

2.3. Synthesis of PHBHHx-NPs

Synthesis of PHBHHx-NPs was carried out using solvent evaporation
protocol. Briefly, polymer was dissolved in chloroform at different
concentrations and was then added to 5 mL of aqueous solution of so-
dium dodecyl sulphate (SDS) (4.44 mg/mL). The mixture was stirred at
room temperature for an hour on a magnetic stirring plate, resulting in
monodisperse chloroform droplets containing the dissolved polymer,
separated from water by the SDS. Sonication (Sonopuls HD 2070; with
standard horn) was then used (40% amplitude, 5 s pulse, 8 min) to
emulsify the droplets and form the PHBHHx-NPs. Chloroform was
removed by evaporation leaving the emulsion at room temperature
under stirring for 24 h. Residual chloroform was removed in a rotary
evaporator under partial vacuum at RT. NPs were recovered by centri-
fugation (5500 g, 10’, 4 °C), resuspended in 10 mL of distilled water and
filtrated using sterile filter paper disk (0.45 pm). Different organic:
aqueous phase ratios, and SDS to PHBHHx mass ratios were assessed
(see Results and discussion). The yield of recovered NPs was calculated
as: Y = Mp*100/Mnp, where Myp is the mass of recovered NPs, and Mp
the amount of polymer used for their preparation.

2.4. Film preparation

Film forming solutions (FFSs) were prepared by dissolving WP
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isolate (500 mg) in 25 mL distilled water and adjusting the pH to 12 by
0.1 N NaOH addition. The derived solutions were stirred for 1 h and,
then, aqueous dispersion of PHBHHx-NPs (1, 2, 4 or 8%, w/w of WPs)
was added under continued stirring at 700 rpm for 15 min. GLY (40%,
w/w of WPs), used as a plasticizer, was finally added, under continued
stirring for 15 min, just before casting. Each FFS (25 mL) was poured
into 8 em diameter polyester Petri dishes and the films were then ob-
tained by drying all the FFSs at 25 °C and 45% RH for 24 h.

2.5. Zeta potential and particle size measurements

PHBHHx-NPs dispersion (0.1 mg/mL) in water and 1.0 mL of each
WP-based FFSs were 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.

2.6. Film mechanical properties

All dried films were cut into 1 em x 8 cm strips by using a sharp
scissor, conditioned at 25 °Cand 50% RH for 24 h by placing them into a
glass chamber over a saturated solution of Mg(NOj;), before being
tested. Film thickness was measured in six different points with a
micrometer (Electronic digital micrometer, DC-516, sensitivity 0.001
mm) and film tensile strength (TS), elongation at break (EB) and
Young's modulus (YM) were determined on five specimens of each
sample (5 em gage length, 1 kN load and 5 mm/min speed) by using an
Instron universal testing instrument model no. 5543 A (Instron Engi-
neering Corp., Norwood, MA, USA).

2.7. Film permeability

Gas (CO2 and O2) and water vapor permeability (WWP) was deter-
mined using a modification of ASTM Standard Method D 3985-8126
with MultiPerm apparatus (ExtraSolutions s.r.l., Pisa, Italy). The sam-
ples, duplicates of each film, were conditioned for 2 day at 50% RH
before measurement. Aluminum masks were used to reduce film test
area to 5 cm®. The testing was performed at 25 °C under 50% RH.

2.8. Film transparency

The opacity of each sample was investigated as described by Shev-
kani etal. (2015) (Shevkani & Singh, 2015). This method is based on the
measurement of absorbance at 600 nm (spectrophotomer UV/Vis
SmartSpec 3000 Bio-Rad, Segrate, Milan, Italy) divided by the thickness
(mm). All the samples were cut into pieces of 1 cm x 3 cm and they were
let adhere perfectly to the wall of the cuvette. For studying the trans-
mittance, film strips (1 cm x 4 cm) were placed in a quartz cuvette and
their whole light transmittance was obtained by using an Agilent UV-vis
spectrophotometer (Santa Clara, CA, USA) in the range of 200-800 nm
with a scan rate of 250 nm/min.

2.9. Scanning electron microscopy (SEM)

A field emission scanning electron microscope (FE-SEM, FEI Nova
NanoSEM450) was used to study the morphology of both films (cross-
section and surface) and PHBHHx-NPs. For cross section imaging, the
films were previously frozen using liquid nitrogen and then cryo-
fractured. To investigate the PHBHHx samples, a droplet of NPs (sus-
pension in water) was deposited on carbon stickers on aluminum 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.
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2.10. Transmission electron microscopy (TEM)

Samples for TEM analysis were prepared by placing a drop of a water
dispersion of the PHBHHx-NPs on a carbon-coated copper TEM grid and
allowing the solvent to evaporate. TEM images were collected using a
FEI TECNAI G2 S-twin apparatus operating at 120 kV (LaBg source).

2.11. Statistical analysis

The results were analysed statistically using the JMP software 5.0
(SAS Institute, Cary, NC, USA). Arithmetic means and mean square er-
rors were calculated in all cases. Data are referred to experiments carried
out in triplicate, both for NPs preparation and film characterization.
Significant differences in average values were tested using the Tukey-
Kramer HSD test (significance level: P < 0.05).

3. Results and discussion
3.1. Characterization of PHBHHx-NPs

PHBHHx-NPs were prepared using the solvent evaporation tech-
nique, by dispersing a polymer solution in the aqueous phase containing
SDS as surfactant. The effect of different parameters on the Z-average
size, polydispersity index (PdI) and zeta potential of PHBHHx-NPs was
assessed (Table 1). Taking the SDS concentration invariable, the poly-
mer amount was reduced from 50 to 5 mg mL!, keeping constant the
volume of the organic phase (0.25 mL). This allowed to explore a SDS:
PHBHHx mass ratio, ranging from 1.8 to 17.6 mg of surfactant for mg of
polymer (Table 1, trials A-D). The highest polymer concentration
resulted into the greatest particle size (trial A). The increase of the SDS:
PHBHHx mass ratio corresponds to a decrease into particle size down to
82 nm (Trial D), while the Pdl is almost comparable (Trials B-D) and
indicative of very monodisperse NPs. In all the tested conditions,
PHBHHx-NPs revealed a good stability, with zeta potential values < -30
mV. An increase in the NPs recovery efficiency was also observed
increasing the SDS: PHBHHx ratio. Another variable explored in
PHBHHx-NPs preparation, was the organic: aqueous phase ratio. The
effect of this parameter was tested, keeping constant the volume of the
aqueous phase and increasing the organic one from 0.5 to 2.5 mL
(Table 1, Trials E-G). In these conditions, the same amount of PHBHHx
(12.5 mg) was used, leaving constant the SDS: PHBHHx mass ratio.
However, particle size was almost unaffected by decreasing the solvent
ratios, achieving a diameter of about 110 nm, whilst the PdI slightly
increased from trials E to G (remaining always < 0.2), thus indicating a
homog particle dispersion. All these conditions produced stable
NPs, as revealed by their zeta potential values.

In the preparation of NPs via solvent evaporation, the surfactant
plays a crucial role in term of size distribution of the formed NPs. The
ionic surfactant forms a repulsive barrier around the droplet in the form
of an electrical double layer, thus avoiding coalescence phenomena.
Usually, an increase in surfactant concentration makes the particles size
to decrease down to a minimum value over which the particles start to
increase again (Komailo & McClements, 2015), probably because of the
large increase in viscosity that makes emulsification difficult (Jaouani,
Tabka, & Penninckx, 2006; Saberi, Fang, & McClements, 201 3; Tebaldi,
Maia, Poletto, de Andrade, & Soares, 2019). In trials A toD, a decreasein
particle size was observed with increasing SDS: PHBHHx ratio. This
result derives from the combination of two effects: i) a higher amount of
surfactant is available to swround polymer particles; i) a lower polymer
concentration reduces the viscosity of the organic phase, thus increasing
the stirring efficiency. Similarly, Radu et al. (Radu et al., 2019) have
shown that an increase in polyvinyl alcohol to PHBHV ratio causes a
progressive reduction into particle size up to an equilibrium, under
which smaller particles could not be obtained. The increase in organ-
ic/aqueous phase volume ratio was reported to cause a decrease in poly
(lactic-co-glycolic acid) NP size prepared by emulsification-solvent
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Table 1
Effect of SDS/PHBHHx mass ratio and aqueous/organic (A/O) phase volume ratio on Z-average size, polydispersity index (PdI) and zeta potential during PHBHHx-NPs
production.
Values are mean -+ SD; the different letters indicate significant differences from the values reported in the same column (Tukey-Kramer test, p < 0.05).
Trial  PHBHHx Organicsolution  Polymer concentration SDS/PHBHHx A/Ophase  Z-average size PdI Zeta potential  Method
(mg) (mL) (mgmL™") mass ratio (mL) (d.nm) (mV) efficiency (%)
A 125 0.25 50 1.8 20 127 0.153 —-30* 59.8%
B 6.5 0.25 25 3.5 20 99b¢ 0.185 -53° 71.3%
C 2.5 0.25 10 8.9 20 90¢ 0.191 -40° 79.4%
D 1.25 0.25 5 17.6 20 82¢ 0.195 —44c4 80.5%
E 1.25 0.5 25 18 10 123*° 0.128 —38%¢ 57.6%
F 1.25 1 125 1.8 117* 0.148 —62°¢ 55.8%
G 1.25 2.5 5 1.8 2 133* 0.184 —50°¢ 67.8%

evaporation technique (Mainardes & Evangelista, 2005; Poletto et al.,
2008). In this case, the coalescence of droplets is prevented by a greater
amount of organic phase available for diffusion in the forming emulsion.
The conditions explored in our study (trials E-D) did not lead to the same
effect. On the other hand, another study demonstrated that the diameter
of poly (lactic-co-glycolic acid) nanoparticles prepared with the same
method was not influenced by increasing volumes of organic phase
(Budhian, Siegel, & Winey, 2007), indicating that the solvent effect is
finely dependent on the applied experimental conditions.

Taken together, the results in Table 1 indicate that condition D as-
sures the smallest particle size (in the nano-range) together with a good
stability and high recovery efficiency. In addition, these NPs formed a
stable colloidal suspension in water which could be stored at RT for at
least 7 days without aggregation. The NPs derived from condition D
were further characterized by SEM and TEM analyses. Images in Fig. 1
indicate that PHBHHx-NPs derived from condition D were regular and
spherical in shape (Fig. 1). Furthermore, their dimensions measured
from SEM and TEM images are in accordance with those obtained by z-
average size measurements. In particular, SEM images (Fig. 1A and B)
show the presence of aggregated polymeric nanoparticles whereas TEM
image, reported in Fig. 1C, highlights the presence of isolated NPs with
an average diameter of 60-90 nm.

3.2. Characterization of WP/PHHB-NPs composites

PHBHHx-NPs were tested as nanofillers in the preparation of WP-
based films. To this aim, PHBHHx-NPs were added to WP containing
FFSs, plasticised with 40% (w/w) glycerol at different concentrations
(from 1 to 8%, w/w of WPs), and then mechanically stirred for 15 min.
The FFSs prepared either in the absence or presence of different amounts
of NPs, were analysed for their zeta potential and particle size, resulting
into the formation of stable solutions with zeta potential values between
—30.1 and 33.7 mV (Table 2). The addition of PHBHHx-NPs led to a
significant reduction in the particle size (Fernandez-Bats, Di Pierro,

Villalonga-Santana, Garcia-Almendarez, & Porta, 2018), with a more
pronounced effect observed at the highest concentration of NPs tested
(Table 2). Then, the FFSs were cast and the derived films characterized.
It is worthy to point out that all the films analysed in this study were
prepared under alkaline conditions (pH 12.0) without any preliminary
WP heat treatment, an experimental condition that allowed to obtain
handleable, transparent as well as flexible films (Abdalrazeq et al.,
2019).

3.2.1. Film mechanical properties

Mechanical properties of both WP films and WP/PHBHHx-NPs
composite films were determined by calculating the stress-strain
curves. The data reported in Table 3 show that PHBHHx-NPs have a
significant plasticizing effect on the WP-based films, as indicated by the
marked decrease of YM and concurrent increase of EB observed by
increasing the NP amount into the film matrix. On the other hand, a
significant TS reduction was detected only at the highest concentration
of NPs tested, thus indicating that PHBHHx-NPs concentrations up to 4%
made the films grafted with NPs more extensible without loss of their
original resistance. Similar results were obtained by using zinc oxide
NPs incorporated into pectin/alginate edible films (Ngo, Dang, Tran, &
Rachtanapun, 2018).

Table 2

Effect of different concentrations of PHBHHx-NPs on WP FFS zeta potential and
Z-average size.

Values are mean + SD; the different letters indicate significant differences from
the values reported in the same column (Tukey-Kramer test, p < 0.05).

PHBHHx addition Z-average size (d.nm) Zeta potential (mV)

none -32.0+59%
+1% -32.6

+ 2% -30.1

+ 4% -30.1 X

+ 8% 337+ 467

Fig. 1. SEM (A and B) and TEM (C) images of PHBHHx-NPs (2.10 ' and 2.10 9 mg/mL, respectively).

PHBHHx-NPs were prepared under the experimental condition D described in Table 1; SEM images were
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Table 3

Effect of different concentrations of PHBHHx-NPs on the thickness and me-
chanical properties of WP-based films.

(TS, tensile strength; EB, elongation at break; YM, Young's modulus). Values are
mean =+ SD; the different letters indicate significant differences from the values
reported in the same column (Tukey-Kramer test, p < 0.05).

Film TS (MPa)  EB (%) YM (MPa) Thickness
(pm)
wp 31+08 88:11% 1041129 85:4°
3 ab

WP+1% PHBHHx 33 =05 73+25% 1304=132 8332
-NPs 2 <

WP+2% PHBHHx 3002 101£22 109182 713"
-NPs 2 2 ©

WP-+4% PHBHHx 3202 166+ 783+34° 72zx1°
-NPs 2 0s®

WP+8% PHBHHx 2002 240=34 285:68¢ 675"
-NPs v N

Finally, also the film thickness was observed to decrease significantly
in parallel with the increasing amount of NPs inside the matrix, and also
this result is in strict agreement with previous data obtained by ana-
lysing a different nanocomposite film constituted by a starch-based
matrix containing TiO, NPs (Goudarzi, Shahabi-Ghahfarrokhi, &
Babaei-Ghazvini, 2017).

3.2.2. Film permeability

Water vapor (WV) and O, and CO, permeabilities are important bio-
material features for their use in various industrial sectors, especially in
food packaging. The data reported in Table 4 demonstrate that the
presence of PHBHHx-NPs inside the film matrix significantly increased
only the O, barrier property of the WP-based films. It is well known that
the addition of iso-dimensional or elongated nanoparticles in a matrix
generally induces a variation of gas (O,, CO,) permeability that usually,
but not always, decreases with the addition of fillers with high-aspect
ratio. However, the final barrier properties are not easy to predict
since they are the result of the combination of many variables such as
filler/matrix affinity, filler aspect-ratio and the related tortuosity effect,
filler orientation and agglomeration (Wolf, Angellier-Coussy, Gontard,
Doghieri, & Guillard, 2018). It is worth to highlight that O, permeability
is one of the most important properties of a packaging material as it is
the main factor of organoleptic and nutritional quality degradation of
food during storage throughout the oxidation of lipids, proteins, vita-
mins, pigments and various aroma compounds.

3.2.3. Film transparency

Film transparency is also a crucial parameter specifically influencing
the appearance of a product and its acceptance by consumers. Films with
low transparency are not generally suitable for food packaging appli-
cations especially when they are prepared as a see-through packaging
material and used to enhance product visibility. Therefore, analyses of
the opacity of the prepared nanocomposite films was carried out by
measuring light transmission at a wavelength of 600 nm (Galus &
Kadzinska, 2016). As shown in Fig. 2 the obtained WP-based films are
quite transparent (Agoo nm/mm = 1.8 + 0.1), and they did not signifi-
cantly change this property when they were grafted with PHBHHx-NPs

Table 4

Barrier properties of WP-based films prepared in the absence or presence of 4%
(w/w protein) PHBHHx-NPs.

Values are mean + SD; the different letters indicate significant differences from
the values reported in the same column (Tukey-Kramer test, p < 0.05).

Film Permeability (cm® mm m 2 day ' kPa™!)
COs 0, wv
wp 0.45 +0.01* 0.89 + 0.02* 0.36 = 0.02*

‘WP+4% PHBHHx -NPs 0.37 £ 0.03* 0.55 = 0.01° 0.34 = 0.01*
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(Agoo nm/Mmm = 2.1 £ 0.3). Fig. 2 also shows that the presence of NPs
inside the WP biopolymer matrix conferred to the film a higher visible
and UV barrier property as indicated by the lower light transmission in
the range between 200 and 280 nm and 350 and 800 nm, respectively
(Leceta, Guerrero, & De La Caba, 2013). It is worthy to highlight that the
prevention of lipid oxidation induced by UV is a further requirement in
food packaging (Leceta et al., 2013).

3.2.4. Film morphology

SEM micrographs of both surface and cross-section of film samples
prepared in the absence and presence of PHBHHx-NPs are shown in
Fig. 3. The images show a smooth surface without any fracture in the WP
film prepared without NPs (panel A of Fig. 3). In addition, also the film
cross-section appears quite smooth (Fig. 3, panel A’) despite the pres-
ence of some holes, probably due to non-protein colloidal particles, such
as fat globule membranes, deriving from the whey (Brooker, 1985).
Conversely, as expected, PHBHHx-NPs created rougher structures
(white spots) on the surface of the WP film (panel B of Fig. 3), which
tend to migrate through the film with a reasonable dispersion (panel B’
of Fig. 3).

4. Conclusions

PHBHH-NPs were produced, characterized and used as nanofillers to
obtain WP bio-nanocomposite films under different experimental con-
ditions. The addition of PHBHHx-NPs to WP-based FFSs resulted in a
plasticizing effect on the biobased material, producing a resistant but
more bi rial. M , the presence of PHBHHx-NPs
inside the matrix enhanced the film barrier property towards O,, lett-
ing to envisage a possible application of this novel material in food
packaging, especially suitable for the products requiring preservation
from oxidative reactions. This is the first report in which PHA-NPs are
successfully used to improve the properties of the protein-based films by
achieving the dispersion of a hydrophobic biopolymer into an aqueous
FFS. Although this process might open the way to design further smart
biomaterials through the incorporation of bio-active molecules into the
NPs used, further studies are needed to assess the potential risks of the
films grafted with PHBHHx-NPs for both consumers and environment
safety.
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Fig. 2. Images of WP-based films prepared in the absence or presence of 4%
PHBHHx-NPs (A) and their whole transmittance spectra (B).
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Fig. 3. SEM images of the surface of WP-based films prepared in the absence (A) and presence (B) of 4% PHBHHx-NPs and of the respective cryo-fractured cross-

sections (A’ and B'). Insets in A’ and B’ show details at higher magnification.
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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 Garcia 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 nanopatrticles
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 i) 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%) (Hernandez-Hernandez 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/MQgrolymer, 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?), different
mMgeos/Mgrolymer ratios (1:1; 0.5:1), at a constant A/O phase (20),
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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?t 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/mgroymer (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! (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/mgroymer 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 ml1; B) SDS at 4.4 mg ml-1,A/O 20 and PHB 5 mg ml%; C) SDS at
2.2 mg mlI'1,A/O 2 and PHB 5 mg ml-%; D) SDS at 2.2 mg ml-1,A/O 2 and PHB 10 mg ml%; 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
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highest percentage of LC were obtained at the highest amount of
polymer (10 mg mL?) (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-3HHXx) 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™)
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*) 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
ml1, A/O 2 and PHBHHX 10 mg ml; B) SDS at 4.4 mg ml-1, A/O 2 and PHB HHx 10 mg ml?;
C) SDS at 4.4 mg ml'1, A/O 2 and PHBHHx 20 mg ml* D) Effect of polymer concentration on

Encapsulation efficiency and loading capacity.

Figure 3 shows a representative SEM image of PHB and PHBHHXx
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).

88



Chapter 2

Figure 3. caning electron microsope iage from EOs Ioaded ses (panel A
and B) and PHBHHXx loaded NPs (panel C).

In vitro EOs release

The release profile was studied for EOs loaded PHB and PHBHHXx
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 P3HBHHXx-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.

A) 50 +PHBNPspH& 4 PHBNPspH4 B) 50 + P(HBHHX)NPspH6 & P(HBHHX)NPs pH 4
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Figure 5. In vitro release profile from A) PHB and B) PHBHHXx loaded NPs

Assessment of antimicrobial activity of EOs loaded nanopatrticles
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Micrococcus Iluteus NCIB 8166 was chosen as positive control
because of its high sensitivity to the tested EOs (Hernandez-
Hernandez 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* of NPs was added. On the
other hand, for the copolymer-based nanoparticles a lower MIC was
determined, corresponding to 0.25 mg mL. Unloaded nanoparticles
did not affect microbial growth up to 2 mg mLt. The measured MIC for
the loaded NPs resulted lower or comparable to that of free EOs (0.2
mg mL?). 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-Sanchez 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* 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™)

EOs 0.2 0.3

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

EOs loaded PHBHHXx-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-c0-3HHXx), produced by recombinant E. coli as described in
Paragraph 2.1. All reagent employed were purchased from Sigma Aldrich.
Deionized water from WIiX 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 Hernandez-Hernandez 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 EQO’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 CHCI; at
different concentrations (5, 10 mg mL1) The aqueous phase consisted of 5
mL of sodium dodecyl sulphate (SDS) tested at different concentration. To
obtain EOs-loaded nanopatrticles, 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? 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 pg 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 9

(phenol of EOs used)mg
To determine the loading capacity the following equation was employed:
LC o (phenol of EOs used)mg — (phenol in the supernatant)mg 100
0 =

(NPs)mg

100

In vitro release of EOs from PHA based nanopatrticles

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:
t—1

Ct X VBuffer + Vzt=0 Cl % 100

EOs
where C; is the concentration of sample measured at time t, Vputer iS the
volume of dialysis buffer (20 mL), V is the Volume of sample withdrawn, Ciis
the concentration of each sample previous to 1, EOs is the total amount of
the drug encapsulated in the NPs.
Study of antimicrobial activity of PHA loaded nanopatrticles
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 10° CFU
mL1. Bacterial suspension (ImL was) inoculated in the sample series. After
24h samples (10 ul) 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 nanopatrticles (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.

Cumulative release% (t) =
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Concluding remarks

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:

- ldentification 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.

97



98

Appendix




Appendix

Research visit to the Automonous University of Querétaro (11lsept
2018 -10 oct 2018). PROGRAMA EJECUTIVO DE
COOPERACIONCIENTIFICA Y TECNOLOGICA MEXICO-ITALIA.
Laboratory of Dr. Carlos Regalado Gonzalez Professor of Food
Biotechnology of Universidad Autbnoma De Querétaro Facultad De
Quimica Divisién De Estudios De Posgrado

Posters

e |olanda Corrado, Mario Malinconico, Cinzia Pezzella, Giovanni
Sannia, Gabriella Santagata, Rosa Turco, Martino Di Serio. “A
holistic zero waste biorefinery approach for Cardoon biomass
exploitation: bioplastics design” 3rd International Conference for
Bioresource Technology for Bioenergy, Bioproducts & Environmental
Sustainability 2021.
ORAL PRESENTATION

e J|olanda Corrado, Nicoletta Cascelli, Giovanni Sannia, Cinzia
Pezzella. “Inulin-based biorefinery: inulinases for microbial
Polyhydroxyalkanoates production”. XVII PhD-Chem Day-
Webinar, Consorzio interuniversitario Reattivita chimica e catalisi,
April 29, 2021.
ORAL PRESENTATION

e |olanda Corrado, Nicoletta Cascelli, Giovanni Sannia, Carlos
RegaladoGonzalez, Blanca GarciaAlmendarez, Cinzia Pezzella.
“‘BIOACTIVE NANOPARTICLES BASED ON
POLYHYDROXYALKANOATES BIOPOLYMERS” IFIB2019 -
International Forum On Industrial Biotechnology And Bioeconomy,
Naples, 3-4 October 2019. POSTER
BEST POSTER AWARD

e Jolanda Corrado, Giovanni Sannia, Cinzia Pezzella, Rocco Di
Girolamo,C. Valeria L. Giosafatto, Carlos RegaladoGonzalez, Raffaele
Porta and ManarAbdalrazeq. “WHEY
PROTEIN/POLYHYDROXYALKANOATE = BIONANOCOMPOSITES”
60th Congress of the Italian Society of Biochemistry and Molecular
Biology, Lecce, 18-20 September 2019.
POSTER

e Claudia Petrillo, lolanda Corrado, Stefany Castaldi, Cinzia Pezzella,
Rachelelsticato  IDENTIFICATION OF NATURAL INULINASE
PRODUCING BACILLI, FOR INDUSTRIAL APPLICATIONS 14th
International Symposium on the Genetic of industrial microrgansims
(GIM) 8-11 September 2019 Pisa (ltaly).

99



Appendix

POSTER

Publications

Corrado |, Abdalrazeq M, Pezzella C, Di Girolamo R, Porta R,
Sannia G, Giosafatto CVL. Design and characterization of poly (3-
hydroxybutyrate-co-hydroxyhexanoate) nanoparticles and their
grafting in whey protein-based nanocomposites. 2021, Food
Hydrocoll, Vol. 110: 106167.
https://doi.org/10.1016/].foodhyd.2020.106167. (82.1)

Turco R, Santagata G, Corrado |, Pezzella C, Di Serio M. In vivo and
Post-synthesis Strategies to Enhance the Properties of PHB-Based
Materials: A Review. 2021, Front Bioeng Biotechnol, Vol. 8: 619266.
https://doi.org/10.3389/fbioe.2020.619266

Corrado |, Cascelli N, Ntasi G, Birolo L, Sannia G, Pezzella C.
Optimization of Inulin Hydrolysis by Penicillium
lanosocoeruleum Inulinases and  Efficient  Conversion  Into
Polyhydroxyalkanoates. 2021, Front Bioeng Biotechnol, Vol. 9:
616908. https://doi.org/10.3389/fbioce.2021.616908. (81.1)

Corrado |, Vastano M, Cascelli N, Sannia G, Pezzella C. Turning
Wastes into Resources: Exploiting Microbial Potential for the
Conversion of Food Wastes into Polyhydroxyalkanoates. 2021, Bio-
valorization of waste. Ed. Springer Singapore. pp. 133-168.
https://doi.org/10.1007/978-981-15-9696-4_6

100


https://doi.org/10.3389/fbioe.2021.616908

Appendix

’ frontiers

in Bioengineering and Biotechnology

OPEN ACCESS

Edited by:
Ligia R. Rodrigues,
University of Minho, Portugal

Reviewed by:

Anouk Duque,

NOVA University of Lisbon, Portugal
Mualia Oner,

Yidiz Technical University, Turkey

*Correspondence:
Cinzia Pezzella
cpezzella@unina.it

Specialty section:

This article was submitted to
Industrial Biotechnology,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 19 October 2020
Accepted: 30 November 2020
Published: 14 January 2021

Citation:

Turco R, Santagata G, Corrado |,
Pezzella C and Di Serio M (2021) In
vivo and Post-synthesis Strategies to
Enhance the Properties of PHB-Based
Materials: A Review.

Front. Bioeng. Biotechnol. 8:619266.
doi: 10.338%/fbioe.2020.619266

Frontiers in Bicengineering and Biotechnology | www.frontiersin.org 1

REVIEW
published: 14 January 2021
doi: 10.3389/fbloe. 2020.619266

®
=

In vivo and Post-synthesis Strategies
to Enhance the Properties of
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The transition toward “green” alternatives to petroleum-based plastics is driven by the
need for “drop-in" replacement materials able to combine characteristics of existing
plastics with biodegradability and renewability features. Promising alternatives are
the polyhydroxyalkanoates (PHAs), microbial biodegradable polyesters produced by
a wide range of microorganisms as carbon, energy, and redox storage material,
displaying properties very close to fossil-fuel-derived polyolefins. Among PHAs,
polyhydroxybutyrate (PHB) is by far the most well-studied polymer. PHB is a
thermoplastic polyester, with very narrow processability window, due to very low
resistance to thermal degradation. Since the melting temperature of PHB is around
170-180°C, the processing temperature should be at least 180-190°C. The thermal
degradation of PHB at these temperatures proceeds very quickly, causing a rapid
decrease in its molecular weight. Moreover, due to its high crystallinity, PHB is stiff and
brittle resulting in very poor mechanical properties with low extension at break, which
limits its range of application. A further limit to the effective exploitation of these polymers
is related to their production costs, which is mostly affected by the costs of the starting
feedstocks. Since the first identification of PHB, researchers have faced these issues, and
several strategies to improve the processability and reduce brittleness of this polymer
have been developed. These approaches range from the in vivo synthesis of PHA
copolymers, to the enhancement of post-synthesis PHB-based material performances,
thus the addition of additives and plasticizers, acting on the crystallization process as
well as on polymer glass transition temperature. In addition, reactive polymer blending
with other bio-based polymers represents a versatile approach to modulate polymer
properties while preserving its biodegradability. This review examines the state of the art of
PHA processing, shedding light on the green and cost-effective tailored strategies aimed
at modulating and optimizing polymer performances. Pioneering examples in this field
will be examined, and prospects and challenges for their exploitation will be presented.

January 2021 | Volume 8 | Article 619266

bb



Appendix

Turco et al.

Green Solutions for PHA Exploitation

Furthermore, since the establishment of a PHA-based industry passes through the
designing of cost-competitive production processes, this review will inspect reported
examples assessing this economic aspect, examining the most recent progresses

toward process sustainability.

reactive bio-based

INTRODUCTION

The exploitation of fossil resources to satisfy the current demand
for plastic materials is a serious threat for the environment,
with consequences in terms of global warming, human health
risks, and ecosystem toxicity (Harding et al., 2007). The superior
chemical and physical properties of petro-plastics, which are
responsible for their wide applicability, turn out into very
low degradation rate in the environment, determining their
1 as serious poll E policies in relation
to waste management, emission reduclmn. and sustainable
development strongly encourage the search for new green
solutions to the plastic issue (Directive 2008/98/EC on waste).
Polyhydroxyalkanoates (PHAs) are biodegradable and
naturally synthesized p s, acc lated by various
microorganisms as carbon, energy, and redox storage material,
in response to stressful/unbalanced growth conditi The
discovery of polyhydroxybutyrate (PHB) accumulation in
Bacillus megaterium dates back to 1926 by Lemoigne. Since
then, several steps ahead have been done in the field, from the
identification of other hydroxyalkanoic acid monomers (1974),
to the cloning and characterization of the genes involved in PHA
biosynthesis (1988) (Choi et al., 2020). In 1995, the occurrence
of more than 91 PHA monomers had been reported, with this
number increasing to up to 150 (R)-hydroxyalkanoic acids at

acc

in modulation of polymer composition (Sudesh et al., 2000; Choi
et al., 2020).

According to their monomer chain length, PHAs have been
classified into three main categories: short chain length (scl)-
PHA (C4 and C5), medium chain length (mcl)-PHA (C >6), and
long chain length (Icl)-PHA (C >14). Since their discovery and
characterization, PHAs and particularly PHB gained intensive
attention from the scientific community, being the first example
of bio-based and biodegradable polyesters synthesized in vivo by
microorganisms for the intracellular storage. Hence, differently
from the other bio-based polymers, PHAs are polymerized by
several bacterial strains, and being natural polyesters, they are
considered the most easily biodegradable polymers in aerobic
(soil, compost, and marine) and anaerobic (sewage sludge,
digesters, and landfills) environments, thanks to the biotic
degradative action of several bacterial and fungal enzymes.
Furthermore, PHA degradation products are easily assimilated
into usable products for microbial growth. As a matter of fact,
also PLA is a bio-based polymer produced through fermentation
of lactic acid, but it is chemically polymerized and, most
noteworthy, it is a compostable polymer, making it unsuitable to
reduce the plastic waste pollution (Meereboer et al., 2020).

Among the PHAs, polyhydroxybutyrate (PHB), a scl-PHA,
is by far the most well-studied PHA polymer, accumulated
to up to 80% of cell dry weight by native as well as

present (Muneer et al., 2020). Other important mil in
this field, including the characterization of the first copolymers
and the description of the PHA biosynthetic pathways (1990s),
up to the elucidation of the first crystal structure of the main
PHA biosynthetic enzymes (2017) (Kim et al, 2017), have
contributed to progresses in PHA production process as well as

recombi microorganisms (Aldor and Keasling, 2003). Being
thermoplastic, it can develop bio-plastics by exploiting the
common processing methodologies widely used for the oil-
derived polymers and biodegradable polyesters, i.e., film casting
and blowing, injection Iding, extrusion, thermoforming,
etc. (Raza et al, 2018). Due to its mechanical and barrier
properties, which are similar to those of oil-based polymers
such as polypropylene, this material can be proposed as an
excellent candidate to substitute petroleum-derived plastics

bb 3H9D, 3 hydroxy-9-d ;. 9DEO, 9-d l; ATBC,
acetyl tributyl citrate; AVE aloe vera fibers; BDO, 1.4 b diol; BIB, di-
(2-tert-butylperoxyisopropyl)-benzene; CI, chain transfer; DBS, dibutyl

sebacate; DCP, dicumyl peroxide; DDA, dodecanoic acid; DHBA, 2,3-
dyhydroxybutyrate; DOS, dioctyl sebacate; EB, elongation at break; FC,
celluk‘ne fibers; FDA, federation; G, geraniol; GA, gmnml acetate; HB,

ydroxybuty HD, hy HDD, hydroxy ; HHx,
hyd HP, hydroxyproprionate; HPhYV, hydroxy-3-phenylval
HTD hyd d HV, hydroxyval ; IRR, lmemal rate of

return; L, lmalool L503, Lapro1503; LA, levulinc acid; MA, maleic anhydride;
NA, nucleating agents; NCS, neural stem cells; PCIL, polycaprolactone; PCT,
poprionyl CoA transferase; PDLLA, poly(DL-lactide); PDO, 1,3 propanediol;
PE, polyethylene; PEG, polyethylene glycol; PhaP, PHA binding protein; PLA,
polylactic acid; PP, Polypropyl PVA, 5-phenylvaleric acid; RBS, ribosome-
binding site; RGD, arginyl-glycyl-aspartic acid petide; TBC, tributyl citrate;
Te, crystallization temperature; TC, triethyl citrate; Tee, cold crystallization

p Tg, glass i Tm, melting p YM,
Young’s modulus; , solubility paﬂmelzr

ingly drawing the commercial attention. Indeed, PHB
high melting temperature and high tensile strength are similar
to that of polypropylene, whereas its gas barrier properties result
in its being even better and more promising than those of
polypropylene and polyethylene terephthalate; in light of the
above, PHB deserves many attention for its great potential in
several applications such as in food packaging. As an assessment,
in Table 1, the main properties of PHB compared with that of
PP are detailed (Masood, 2017; Markl, 2018). In particular, the
molar mass of the polymers, representing the measure of the
distribution of the individual molar masses around an average
value, is reported. For the PHB, this value is measured to be
very high and depends on the type of microorganism used and
the conditions adopted for the fermentation process, the growth
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TABLE 1 | Range of typical properties of PHB (Bucci et al., 2005; Bugnicourt
etal,, 2014; dos Santos et al., 2017; Keskin et al., 2017; Rajan et al., 2017).

Property Value PP
Density, p (g/cm®) 1.23 0.095
Glass transition temperature, T, (*C) 4-7 -10
Melting temperature, T, (°C) 175-180 176
Crystallinity, Xcr (%) 50-90 50-70
Young's modulus, YM (GPa) 1-2 1.5-17
Tensile strength, TS (MPa) 15-40 38
Elongation at break, EB (%) 1-15 4
Water vapor transmission rate, WTR 1-5 0.2-0.4
(g'mmm? day MPa)

Oxygen transmission rate, OTR (cc-mm/mZ.day) 2 67.7

rate of the polymer, and the final purification procedures. This
parameter is very important, since it significantly influences
molecular, processing, and final properties of the polymer, in
particular its mechanical performance (dos Santos et al., 2018).

In addition, PHB is biocompatible, and its degradation inside
the body occurs slowly. For this reason, PHB can be used both as
a polymer drug carrier in case of gradual and controlled releasing
kinetics and as scaffold in the field of tissue engineering (Degli
Esposti et al,, 2019; Babos et al.,, 2020). Anyway, despite the
comparable features with synthetic polymers, PHB exploitation is
strongly limited due to its high stiffness, brittleness, and narrow
processability window.

Although this ph is not clearly elucidated, it
is d that the llar amorphous chains are
progressively tightened up resulting in an increase in the
amorphous rigid fraction (Crétois et al., 2016). This outcome
could be explained by two plausible hypoth The first one
is related to a secondary crystallization slowly occurring during
the storage at room temperature: small crystallites not only
can bridge crystalline lamellae but also freeze the remaining
amorphous PHB chains, leading to the embrittl of the
material (Di Lorenzo and Righetti, 2013). The second assumption
is based on the physical aging of the amorphous phase strictly
linked to the non-equilibrium character of the glassy state.
Actually, based on this theory, two types of amorphous phase
coexist: a mobile amorphous fraction (MAF) far from the
crystalline lamellae and a rigid amorphous fraction (RAF), which,
due to the interaction with the crystals, evidences restricted
mobility; in this last case, the boundary Tg associated is disturbed
by the presence of crystals, and the physical aging process occurs
below this Tg (Esposito et al., 2016).

Actually, both phenomena have strong c es on

: 1
inter

configuration R (Michel and Billington, 2012) and is produced
by bacterial fermentation (Vroman and Tighzert, 2009), while
the syndiotactic PHB is synthesized starting from the monomers
with R and S configuration (Barham et al., 1984). In this way,
the fermentation route allows to obtain the highest crystallinity.
Depending on the several approaches used to synthesize and
process PHB, it is possible to affirm that they shoot in a high range
between 40 and 80% (dos Santos et al., 2017).

In addition to its marked brittleness, with very low
deformability, PHB has a very strong susceptibility to rapid
thermal degradation, posing serious problems to processing
using conventional technol for thermoplastics (Erceg et al.,
2005). Indeed, the polyester undergoes thermal degradation and
depolymerization at temperatures close to its melting point at
around 180°C, so that the acceptable residence time in the
processing equipment is severely limited to only few minutes
(Erceg et al., 2005).

The thermal degradation is believed to happen almost
exclusively via a random chain cleavage mechanism. The
degradative reaction, occurring with the elimination of cis f-CH
and a six-membered ring transition (Gras et al., 1984; Doi et al.,
1994), leads to a rapid decrease in molecular weight (Bugnicourt
et al, 2014); however, some Kkinetically favorable cleavages
occur near the ends of macromolecules (Erceg et al., 2005).
Thus, several degraded products such as olefinic compounds,
carboxylic acids, crotonic acid, and oligomers form (Figure 1).

Most of the bio-based polymers suffer from these
shortcomings to such an extent that their diffusion as commodity
materials has been confined to niche applications. As a result
of the above flaws and to curb the previous drawbacks,
several investigations reported in the literature have been
performed aimed at producing PHB-based materials with
improved properties.

In this review, the most promising strategies finalized to
obtain PHB-based materials with suitable and performing
properties have been outlined (Figure 2). In particular, green
and cost-effective approaches aimed to modulate and optimize
the polymer technological performances have been discussed, as
well as pioneering examples, prospects, and challenges for their
effective exploitation have been detailed, too.

Specifically, in this review, two different approaches have
been followed. The first one concerned the modification of
the monomeric composition of PHA polymers; different kinds
of PHAs have been in vivo biosynthesized by incorporating
additional units into the PHB backbone, thus providing the
possibility to fine tune the polymer properties: a general
decrease in the glass transition and melting temperatures are
observed with a consequent decreasing material brittleness and

broadening processing window. In addition, in vivo biosynthetic

the physical properties of PHB such as crystallinity, impact
strength, Young’s modulus, toughness, and elongation at break
that undergo continuous worsening even to several days above
its processing (dos Santos et al., 2017).

From the structural point of view, crystallinity is strongly
related to its regular structure, which in turn depends on the
type of synthesis adopted to obtain it. The isotactic PHB is
characterized by the only presence of a chiral carbon in absolute
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methodologies aimed to modulate polymer molecular weight
and cost competitiveness of the overall process have been
also reviewed.

The second overture concerned the fine tuning of the
properties of post-synthesis PHB-based polymers. To this aim,
several studies related to PHB processing with compatible
organic or inorganic materials, in order to obtain polymer
physical blends, chemical reactive modifications, and
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bionanocomposites, have been recently reported, and a
short account of them will be detailed in the following sections,
together with the description of the main chemical-physical
and mechanical properties. In particular, since the toughness
and processability of PHB can be improved by incorporating
natural additives, like plasticizers, a closer analysis on PHB, their
main function, and of course, their most suitable plasticizers will
be provided.

AP M

FIGURE 1 | PHB p-elimination and degradation process.

In this work, the literature data of the past 20 years, focusing
specifically on the past decade, has been reviewed.

IN VIVO STRATEGIES TO MODULATE PHB
PROPERTIES: SYNTHESIS AND
APPLICATIONS

Copolymer Synthesis

The synthesis of copolymers of various molecular weights,
compositions, and architectures has led to the ability to
broaden the knowledge and the exploitation of new materials
with unique properties. In addition to the control of the
stereochemical microstructure, the copolymerization represents
a way to opportunely modulate the physical properties of the
polymeric materials. By varying the composition, monomer
sequencing, and molecular weight, the polymer microstructure
can be tailored for specific applications, mostly if a proper balance
between the mechanical and thermal properties, together with
degradation rate, is needed.

The introduction of other monomeric units in the PHB
backbone has been reported to change polymer properties in
favor of a reduced stiffness, higher elongation to break, and lower
melting point.

Copolymerization is obtained by the activation of different
pathways for PHA biosynthesis in the microbial cell. Depending
on the available carbon source, three main pathways regulate
PHA biosynthesis in vivo (Figure 3), although up to 13 different

* Enzymes engineering
*Media engincering
* Fermentation strategies

* Co-polymerization
* Physical and reactive blends
* Bio-composites

¥ Modulation of ic comp R
v Increase of polymer M, \
( v Tg depression, Stiffness red \
¥ Increase of EB ’/
¥ Additional antioxidant/antibacterial properties F
. ¥ Cost effective approach | _at

FIGURE 2 | Green solutions for effective PHA processing and exploitation.
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routes allowing channeling specific precursors into PHA have
been described (Tan et al, 2014b). If sugars are supplied,
pathways I and III can be followed, yielding short chain length
PHA (scI-PHA) and medium chain length PHA (mcl-PHA),
respectively. These carbon sources are unrelated since their
structure is different from that of PHA. If related carbon sources,
such as fatty acids, are supplied, pathway II is followed, yielding
mcl-PHA. Both pathways II and III can also produce PHA
copolymers (Verlinden et al., 2007). Tt follows that the polymer
composition is strictly related to the supplied C-source and to the
activated pathway within the cell.

In vivo approaches for tailored copolymer synthesis are based
on the use of both pure cultures and mixed microbial cultures
(MMCs), in which the supplying of precursor compounds,
structurally related to the monomer of interest, determines the
activation of the metabolic pathway/s required for its synthesis.
In the case of MMC, a raw complex organic substrate is first
fermented to obtain volatile fatty acids (VFAs) by anaerobic
acidogenic fermentation; then, the VFA-rich stream is used
to select for PHA-producing microorganisms against the non-
producing ones. Finally, the enriched microbial population
is fed with the VFA under optimal conditions to maximize
PHA production (Mannina et al,, 2020). The type of starting
feedstock, the operating conditions for VFA production, and
their relative proportions, as well as the applied enrichment

flexibility, strength, reduced chain packaging, and toughness
compared to PHB (Tebaldi et al,, 2019). The higher is the amount
of the HV fraction, the lower is the melting point of the resulting
PHBV copolymer, which broadens the processing window of the
material (Ishida et al,, 2005; Wang et al., 2013b). In addition,
due to the longer side chain of HV, the segmental mobility in
the amorphous phase of this copolymer increases, thus reducing
the Tg (Ishida et al,, 2005). Ultimately, PHBV copolymers show
improvement in flexibility and ductility in comparison to PHB
(Wang et al,, 2013b).

PHBV thermomechanical properties vary widely depending
on the mol% of 3-hydroxyvalerate (3HV). Although the
incorporation of 3HV moieties in the PHB polymer is expected to
reduce its crystallinity, this reduction is limited by the occurrence
of the isodimorphism phenomenon, by which 3HB and 3HV
are able to co-crystallize (Yeo et al., 2018). As a fact, PHBV still
exhibits a high degree of crystallinity throughout a wide range of
compositions from 0 to 95 mol% HV (Cai and Qiu, 2009).

Different cultivation strategies have been designed for the
incorporation of 3HV monomers in the forming polymeric
chain, using organic acid precursors, such as propionic and
valeric acid (Zinn et al., 2003; Masood et al., 2012; Follonier et al.,
2014; Hilliou et al., 2016; Martla et al., 2018).

In one of the first examples Madden et al. (1998) applied
an alternate feeding strategy of glucose and propionic acid

strategies directly affect the yield, productivity, and ic
composition of the produced polymer (Kourmentza et al,
2017). Being based on natural principles of selection and
competition among the microorganisms, MMC-based processes
display an economic advantage since they are carried in unsterile
conditions. Moreover, they allow to broaden the choice of
possible feedstocks as the microbial consortium naturally adapts
itself to the provided C-source (Mannina et al., 2020).

On the other hand, the use of pure cultures, although
requiring sterile and thus costly conditions, is widely applied
for PHA production (Anjum et al,, 2016; Kourmentza et al.,
2017). Both naturally occurring microorganisms as well as
engineered strains have been used for copolymer synthesis,
taking ge of their h 2 bolic pathways or
finely manipulating them. Protein engineering, applied to the
key enzymes of the biosynthetic pathway (Figure 3), also allowed
to tailor their substrate specificity, favoring the incorporation of
monomer of interests and, more recently, also of non-natural
ones (Choi et al., 2020).

This section will cover the most significant examples in
the field of copolymer synthesis. The mechanical and thermal
properties of the most relevant examples of PHA copolymers
have been collected in Table 2.

Poly (3-Hydroxybutyrate-co-Hydroxyvalerate)

Poly (3-hydroxybutyrate-co-hydroxyvalerate) is one of the most
studied copolymers, has been developed on an industrial scale
(Chang et al,, 2014), and has recently attracted the attention of
both industry and researchers as a promising material due to its
biotechnological potentiality and its applicability in the medical,
agricultural, and packaging fields (Rivera-Briso and Serrano-
Aroca, 2018). PHBV has gained attention due to its better
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to Ral. eutropha cultures, to produce mixtures of PHB
and smaller amount of 3HV-rich (7-18 mol% HV) random
copolymer, PHBV. The process of chain termination resulted in
the synthesis of polymer mixtures rather than block copolymers.

The d d for cost-competitive PHA production processes
has translated into an increasing number of examples reporting
the production of PHBV from waste materials and/or less costly,
renewable precursors of HV moieties. Gahlawat and Soni (2017)
tested the feeding with different acids to Cupriavidus necator
cultures growing on waste glycerol from jatropha oil as the main
carbon source. A multiple-pulse feeding strategy was applied to
prevent growth inhibition caused by high acid concentration.
In the best conditions, up to 25% HV content was achieved in
the copolymer, reaching around 5 g/L polymer accumulation.
The polymers produced in these diti display a low
molecular weight, consistently with the role of glycerol as
chain termination agents. Similar production levels, although
with a lower HV content (2.8-8%) were obtained by Garcia
et al. (2013) using all crude by-products (waste glycerol and
rapeseed hydrolysates) as C-sources. A different approach to
improve PHBV productivity as well as HV content (up to
36.7%) was applied by de Paula et al. (2017), through the
selection of a Pandoraea sp. MAO3 mutant strain with the highest
performances on crude glycerol suppl d with propioni
and valeric acids. In all the cases, the copolymers composition
was found to be affected by the specific precursor feed rate,
resulting into PHBV with different 3HV mol%. Saturated fatty
acids from the animal processing industry were used as main
C-source for the synthesis of PHBV copolymer from C. necator
(Koller et al., 2014).

In view of process sustainability, the use of levulinic acid (LA)
as 3HV precursor has been suggested by several authors. LA
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can be produced from a wide range of renewable biomaterials,
such as cellulose-containing agricultural and forest wastes, in
a cost-effective manner. Although R. eutropha could grow in
the presence of LA as the sole carbon source, accumulation of
PHBV occurred in significant amount only in the presence of
glucose as cosubstrate and was strongly affected by the type
of added nitrogen source (Wang et al., 2013b). More recently,
the fine engineering of LA catabolic pathway in Pseudomonas
putida EM42 allowed the production of various type of scl-PHA,
containing 3HV and 4-hydroxyvalerate (4HV) with different
monomer compositions and proportions, depending on the
expression of different PHA reductases and synthases endowed
with different substrate specificities (Cha et al, 2020). The
incorporation of 4HV in place of 3HV into PHBHV has been
reported to further decrease the melting point of the final
copolymer (Schmack et al., 1998) and improve toughness without
affecting the degradation temperature (Sheu et al,, 2018).
Hydrolysates of residual spent coffee ground after oil
extraction are also interesting source of LA, promoting the
accumulation of PHBV copolymer (up to 11.6 mol% HV) by
Burkholderia cepacia (Obruca et al., 2014). Another original
example of waste valorization has been described by Pramanik
et al. (2014), who reported the production of PHBV (13.8
mol% 3HV) from an alkaliphilic microbe, Alkaliphilus oremlandii
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OhILAs strain, th
elastomeric film.

To overcome the need for acid cosubstrates, which cannot
only inhibit cell growth but also increase production costs, PHBV
copolymer synthesis has been also approached using glucose as
C-source. To this aim, fine engineering strategies, focused on the
pathways responsible for propionyl-CoA synthesis in Haloferax
mediterranei, have been applied (Chen et al,, 2011; Tan et al,,
2014a; Yang et al, 2014). In one of the most recent examples, the
CRISP/cas9 approach was used to simultaneously target different
genes of the tricarboxylic acid cycle without compromising cell
growth, resulting in up to 25 mol% 3HV in the synthesized
polymer (Chen et al., 2019).

PHBV copolymers have also been produced in MMC-based
processes, starting from a various range of complex organic
substrates, such as food waste (Gouveia et al., 2017), municipal
wastewater sludge (Wijeyekoon et al., 2018), the liquid fraction
resulting from pyrolysis processes (Bio-oil) (Moita Fidalgo et al.,
201-1), and brewery wastewaters (Tamang et al., 2019). In an

I dulation of pH in the range of 4.5-

gh the biodegradation of linseed oil-based

ing the
7 during the acndogemc reactor operating conditions led to
different monomer precursor profiles, which resulted in PHBHV
copolymers with different compositions starting from cheese
whey as model feedstock (Gouveia et al., 2017). By increasing the
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TABLE 2 | Main properties of PHA copolymers.

Copolymer Strain, bioprocess Properties References
Thermal Mechanical
P(3HB-co-10.2 mol% 3HV) Ralstonia eutropha, alternate feeding M, (@mol ') 6.7 x 10°3 TS (MPa) 29.0 Madden et al., 1998
with glucose or propionate Tm (°C) 169 EB (%) 17.4
T (C) ~1 YM (MPa) 472
T (FC) 75
P(8HB-co-18.1 mol% 3HV) M, (@ mol~') 6.6 x 10~ TS (MPa) 28.7
Tm (C) 161 EB (%) 121.1
To )-8 YM (MPa) 286
Te (°C) 80
P(8HB-co-7.5 mol% 3HV) M, (@mol 1)6.9 x 10 2 TS (MPa) 19.0
Tm (°C) 174 EB (%) 13.6
T, (C) -3 YM (MPa) 272
T. (°C) 70
P(3HB-co-7.3 mol% 3HV) My (@mol—) 7.1 x 108 nd.
Tm (°C) 172
T, C)nd.
Te (°C) 680
P(3HB-co-5 mol% 3HV) A. hydrophila 4AK4, grown on lauric M, (@ mol~') n.d. TS (MPa) 18.1 Zhang et al., 2009
acid and/or valerate Tm (°C) 170 EB (%) 2.3
T, (C)2.2 YM (MPa) 1465
P(3HB-co-6 mol% 3HV) [0} idus necator, odd: M, (gmol ')4.4 x 10° nd. Koller et al., 2014
carboxylic acid mix (FAM) as carbon Tm (°C) 159
source for large scale production of Ty (C) 22
copolymers T (°C) 50.9
P(3HB-co-9 mol% 3HV) M, (@ mol~') 4.5 x 10° nd
Tm (C) 159
T, (C)3.3
Te ('C) 56
P(3HB-co-12 mol% 3HV) C. necator, grown on waste glycerol Tm (°C) 155 nd. Garcia et al., 2013
and rapeseed hydrolysates Ty (C)-1.9
Te (°C)nd.
P(3HB-co-13.5 mol% 3HV) A. oremlandii, biodegradation of M, (gmol ')2.3 x 10° nd. Pramanik et al., 2014
linseed oil-based elastomeric film Tm (°C) 152
T, (C)-38
Te C)nd.
P(3HB-co-26 mol% 3HV) C. necator DSM 545, muitiple-pulse M, (@mol~) 1.1 x 10° nd. Gahlawat and Soni,
feeding with valeric acid Tw'! (°C) 142 2017
Tm? (°C) 156
P(3HB-c0-59 mol% 3HV) Recombinant Escherichia coli, Tm (°C) 135 nd. Bhatia et al., 2019a
functionalization of copolymer PHBV
P(3HB-c0-2.35 mol% 3HV) H. bluephagenesis; engineering of Tm (°C) 166 n.d. Chen et al., 2019
TCA cycle by CRISP/cas9 approach T, ((C) -04
for copolymer production from
glucose
P(3HB-c0-4.01 mol% 3HV) Tm (°C) 163 n.d.
To (C) -05
P(3HB-co-8.6 mol% 3HV) Tm (°C) 158 n.d.
T, ) 3.1
P(3HB-co-11.7 moi% 3HV) T, (°C) 156 nd.
To(C)23
P(3HB-co-15.2 mol% 3HV) Tm (C) 158 nd.
T, (C)28
P(3HB-co-19.6 mol% 3HV) Tm (°C) 137 n.d.
T, C) 0.5
P(3HB-co-11 mol% 4HB) Recombinant E. coli, unrelated Tm (°C) 131 TS (MPa) 20 Lietal,, 2010
carbon sources Ty (°C) -4.4 EB (%) 698
P(3HB-co-18 mol% 4HB) Tm (°C) 130 TS(MPa) 9.9
To (C) -9.2 EB (%) 729
(Continued)
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TABLE 2 | Continued

Copolymer Strain, bioprocess Properties References
Thermal Mechanical
P(3HB-co-38 mol% 4HB) C. necator strain A-04, different ratios M, (@mol~') 1.0 x 10° TS (MPa) 2.9 Chanprateep et al.,
of fructose and 1,4-butanediol Tm (°C) 152 EB (%) 48 2010
To (C) ~10 Y™
T. C) 55 (MPa) 0.6 x 10°
P(3HB-co-6 mol% 4HB) M, (@ mol=') 1.4 x 10% TS (MPa) 0.9
Tm (°C) 161 EB (%) 22
To £C) -5 YM
T. C) 83 (MPa) 0.8 x 10°
P({8HB-co-24 mol% 4HB) M, (@mol ) 1.0 x 10° TS (MPa) 1.4
Tm (°C) 168 EB (%) 11
T, (C) -2 YM
T. (°C) 104 (MPa) 1.4 x 10°
P(3HB-co-95 mol% 4HB) C. malaysiensis, batch M, (gmol-') 4.4 x 10° TS (MPa) 23 Norhafini et al., 2017
EB (%) 463
YM (MPa) 187
P(3HB-c0-97 mol% 4HB) C. malaysiensis; pulse feed of C and M, (g mol-') 3.4 x 10° TS (MPa) 31
N sources EB (%) 473
YM (MPa) 272
P(3HB-co-95 mol% 4HB) C. malaysiensis; mixed feeding M, (@mol~') 1.7 x 10° TS (MPa) 24
strategy EB (%) 471
YM (MPa) 214
P(3HB-co-97 mol% 4HB) C. malaysiensis; constant feeding My [gmol-') 3.2 x 10° TS (MPa) 31
strategy EB (%) 515
YM (MPa) 256
P(3HB-co-99 mol% 4HB) C. malaysiensis; twice pulse feed of C M, (g mol~') 3.3 x 10° TS(MPa) 25
and N sources EB (%) 368
YM (MPa) 184
P(3HB-c0-20 mol% 4HB) Recombinant, Cupriavidus sp. M, (@mol 1) 391 x 10% TS (MPa) 12 Syafiq et al., 2017
USMAA1020 Tm (°C) 129 EB (%) 353
T, (°C) 16 YMT72
P(3HB-co-85 mol% 4HB) M, (g mol-') 87 x 10° TS (MPa) 11
Tm (°C) EB (%) 380
To (C) 41 YM(MPa) 103
P(3HB-co-91 mol% 4HB) M, (g mol~') 60 x 10° TS (MPa) 14
Tm (°C) 53 EB (%) 402
T, FC) -53 YM(MPa) 93
P(3HB-co-10 mol% 4HB) C. necator B10648, valeric acid, M, (gmol 1)56.7 x 10° TS (MPa) 14.8 Zhila and Shishatskaya,
hexanoic acid, and y-butyrolactone Tm (°C) 150 EB (%) 5.7 2018
precursor for copolymer T, (C)34 YM (MPa) 957
production Te °C) 66
P(3HB-c0-29 mol% 4HB) M, (@ mol~') 8.3 x 10° TS (MPa) 7.8
Tm (°C) 162 EB (%) 31
Ty FC)n.d. YM (MPa) 243
Te (°C) 96
P(3HB-co-75 mol% 4HB) M, (@ mol') 7.0 x 10° TS (MPa) 15.4
Tm (°C) 158 EB (%) 323
Ty (C)nd YM (MPa) 425
Te (°C) 88
P3HP Recombinant E. coli, grown on M, (@mol-') 1.6 x 10° TS (MPa) 22 Meng et al., 2012
mixtures of 1,3- propanediol (PDO) Tm ('C) 78 EB (%) 498
and 1,4-butanediol (BDO) T, (°C) ~18 YM (MPa) 2889
P(3HP-co-38 mol% 4HB) M, (@mol~1) 2.8 x 10° TS (MPa) 0.5
Tm (°C) 63 EB (%) 1611
T, £C) -36 YM (MPa) 4.4
P(3HP-co-82 mol% 4HB) My (g mol~1) 3.0 x 10° TS (MPa) 6.3
Tm (°C) 36 EB (%) 595
T FC) 29 YM (MPa) 18.5
(Continued)
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TABLE 2 | Continued

Copolymer Strain, bioprocess Properties References
Thermal Mechanical
P3HP Recombinant E. coli for the synthesis My (gmol') 1.6 x 10° TS (MPa) 21 Tripathi et al., 2013b
of a block copolymer consisting of Tm (€C) 78 EB (%) 498
highly elastic P4HB portion with a To FO) —18 YM (MPa) 2889
P3HP block, PDO-BDO alternate
feeding
P4HB My (gmol=') 3.9 x 10° TS (MPa) 35
Tm (°C) 61 EB (%) 697
T, (C) —47 YM (MPa) 181
P(3HP-co-25 mol% 4HB) M, (@mol 1) 2.6 x 10° TS (MPa) 6.4
Tm ()63 EB (%) 963
T (C) =31 YM (MPa) 15.5
P(3HP-co-38 mol% 4HB) M, (g mol-') 2.8 x 10° TS (MPa) 0.6
Tm (°C) 63 EB (%) 1611
To (FC) —36 YM (MPa) 4.4
P3HP-b-29 mol% P4HB My (g mol~') 5.5 x 10° TS (MPa) 45
T (°C) 5568 EB (%) 877
Ty (C) —20; —46 YM (MPa) 177
P3HP-b-37 mol% P4HB M, [@mol-') 5.5 x 10° TS (MPa) 25.3
Tm (°C) 53,67 EB (%) 1031
Tg (°C) =22; —45 YM (MPa) 113
P(3HB-co-8 mol% 3HV) Wild-type A. hydrophila, using lauric T (€C) 170 nd. Noda et al., 2005
acid as carbon source Te ()2
P{3HB-co-12 mol% 3HHx) Tm (°C) 110 nd.
Ty (C) =25
P(3HB-co-8 mol% 3HHx) Tm (°C) 140 n.d,
Te (C)0
P(3HB-co-2.7 mol% 3HHx) C. necator, regulation of 3HHx mol% Tm (¢C) 151 nd. Arikawa et al., 2016
by expression of R-specific Ty (FC)-23
enoyl-CoA hydratases T (°C) 50
P(3HB-co-5.9 mol% 3HHx) T (°C) 139 nd.
T (C) —2.4
Te °C) -
P(3HB-co-7.9 mol% 3HHx) T (C) 131 nd.
To £C) =22
T (°C) -
P(3HB-co-10.8 mol% Tm (°C) 113 nd.
3HHx) T, (°C) 4.7
Te °C) -
P(3HB-co-7 mol% 3HHx) Crystaliization study on commercial M, (@mol~1) 2.3 x 10% nd. Cai and Qiu, 2009
PHBPHHX (Kaneka corporation) Tm (°C) 122; 141
containing different mol% HHx Ty (FC)23
monomer Te (°C) 62
P(8HB-co-10 mol% 3HHx) M, (@ mol 1) 4.5 x 10° nd.
Tm (°C) 121;139
T, (C) 2.9
Te (°C) 58
P(3HB-co-18 mol% 3HHx) My (g mol~') 2.6 x 10° nd.
T (°C)nd.
T, CC)1.3
Tee (C)n.d.
P(3HB-co-22 moi% 3HHx) Recombinant A. hydrophila My (gmol-') 2.9 x 10° nd. Tian et al., 2005
P(3HB-co-3HO) Enriched culture of Pseudomonas M, (g mol~') 49 x 10* nd. Ntaikou et al., 2014

sp.; production of PHA from acidified
oil mill wastewater

T (°C) 150; 163
To (C) 0.4

(Continued)
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TABLE 2 | Continued

Copolymer Strain, bioprocess Properties References
Thermal Mechanical
mcl copolymer from P, aeruginosa ATCC 27853, My (@mol 1) 77 x 102 nd. Impallomeni et al.,
heptadecanoic acid odd-chain fatty acids from C17 to Tm (°C) 52 2018
€21 under nitrogen starvation Tg (°C) —45
mel copolymer from My (g mol~') 97 x 10-3 nd.
non-adecanoic acid Tm (°C) 48
Ty (°C) —43
mel copolymer from M, (gmol~) 188 x 10 nd.
heneicosanoic acid Tm (°C) 49
T ((C) -39
P(16 mol%3HD-co-3HDD) P, putida mutant, grown on M, (@mol-') 155 x 10* TS (MPa) 5.2 Liu et al., 2011b
dodecanoate Tm (°C) 78 EB (%) 88
Ty (°C) -32 YM (MPa) 103
100% 3HD My (g mol~') 36.1 x 10* TS (MPa) 12
Tm (°C) 72 EB (%) 313
Ty (C) =37 YM (MPa) 20
P(15 mol% P, putida mutant, sequential My (g mol™') 10 x 10* TS (MPa) 8.7 Tripathi et al., 2013a
3HHx-co-40 mol% supplementation of hexanoate and Tm (°C) 53 EB (%) 189
3HO-c0-30 mol% dodecanoic acid Ty (C) -84 YM (MPa) 3.6
3HD-co-15 mol% 3HDD)
P(15.86 mol% My (@mol ') 16 x 10* TS (MPa) 16
3HD-co-35.25 mol% Tm (°C) 3366 EB (%) 369
3HDD). Ty (°C) —43 YM (MPa) 38
P{3HDD-co-10 mol%3H3D) P, entomophila with deficient M, (g mol~")8.5 x 10* TS (MPa) 4.0 Lietal, 2014
p-oxidation pathway Tm (‘C) 69 EB (%) 221
Ty ('C) 48 YM (MPa) 51
P(3HDD-co-40 mol%3HID) My (g mol 1) 8.8 x 10 TS (MPa) 35
T (°C) 52 EB (%) 206
Ty ((C) 54 YM (MPa) 20
P{BHDD-co-52 mol%3HID) My (@ mol=') 1.0 x 10° TS (MPa) 2.2
Tm ('C) 45 EB (%) 124
Ty (°C) -55 YM (MPa) 3
PEHDD-co-77 mol%3HID) My (@mol~') 9.9 x 10* TS (MPa) 3.6
T °C) 43 EB (%) 173
T ((C) 55 YM (MPa) 3
P(3HDD-co-81 mol%3HID) My (gmol 1) 9.4 x 10* TS (MPa) 3.7
Tm (°C) 43 EB (%) 105
Ty (C) 56 YM (MPa) 4.7
P3HDD-b-70 mol%P3HID My (@mol~') 13 x 10" TS (MPa) 3
Tm (°C) 46 EB (%) 138
T, (C) -55 YM (MPa) 8
P(3HDD-co-29 mol% Ps. chiororaphis subsp. aurantiaca, Mw ([@mol?) 1.1 x 10° TS (MPa) 3.9 Pereira et al., 2019
3HD-co-12 mol% using crude glycerol from biodiesel Tm °C) 43 EB (%) 273
3HTD-co-10 mol%3HO-co- production as the sole carbon source Ty (*C)—47 YM (MPa) 8
6 mol%3HHx)
mel-PHA (75 mol% 3HD) Mixed culture of Pseudomonas Tm (°C) 50; 82 n.d. Sangkharak et al.,
aeruginosa, Pseudomonas sp., and Ty (°C) -38 2020
Ralstonia sp. Te (°C) 20
mck-PHA (76 mol% Tm (°C) 50; 82 nd.
3HDYTGCN Ty (FC) =37
Te (°C) 12
P{BHDD-co-12 mol% mel-PHA by Pseudomonas My (@ mol ') 21 x 10* nd Lukasiewicz et al.,
3HTD-co-10 mol% rmendocina CH50 from waste oils; 2018
3HO-co-6 mol% 3HHXx) plasticising effect of the oligomeric
mcl-PHA on P(3HB)
(Continued)
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TABLE 2 | Continued

Copolymer Strain, bioprocess Properties References
Thermal Mechanical
Ol 3 M, (@mol~) 10 x 10° nd.
P(3HHx-3HO-3HD-3HDD)
P3HB-OligoHA blend (95/5) Tm C) 172 TS (MPa) 12.5
EB (%) 4
YM (MPa) 1000
P3HB-OligoHA blend Tm (°C) 175 TS (MPa) 15
(90/10) EB (%) 6
YM (MPa) 1200
PHB-OligoHA blend T C) 173 TS (MPa) 6
(80/20) EB (%) 16
YM (MPa) 480
P3HB Tm (O 177 TS (MPa) 20
EB(%)5
YM (MPa) 1440
P(3HDD-co-3HPhV) P, entomophia grown on M, (@mol )10 x 10* TS (MPa) 5.5 Shen etal., 2014
5-phenylvaleric acid (PVA) and Tm (°C) 82 EB (%) 60
dodecanoic acid for synthesis of Ty (°C) —49 YM (MPa) 61
controllable composition of 3HDD
and phenyl group on the side chain
P(3HDD-co-2.9 mol% M, (gmol 1)6.6 x 10* TS (MPa) 2.0
3HPHV) T (°C) 81 EB (%) 37
To (£C) -33 YM (MPa) 94
P(3HDD-co-18.7 mol% M, (gmol~')7.3 x 10" TS (MPa) 4.4
3HPHV) Tm (°C) 80 EB (%) 86
T, (C) =36 YM (MPa) 95
P(3HDD-co-32 mol% My (@mol 1) 6.1 x 10* TS (MPa) 3.1
3HPhV) Tm (°C) 76 EB (%) 32
To (C) =35 YM (MPa) 49
P(3HPhV) M, (gmol-')4.41 x 10* TS (MPa) n.d.
Tm °C) 50 EB (%) n.d.
T, (C)6 YM (MPa) n.d.
P(3HB-co-11 mol% Recombinant A. hydrophila 4AK4, nd. TS (MPa) 8.4 Zhang et al., 2009
8HV-co-10 mol% 3HHX) grown on lauric acid, and sodium EB (%) 341
valerate YM (MPa) 235
P(3HB-co-17 mol% nd. TS (MPa) 14
3HV-co-10 mol% 3HHxX) EB (%) 740
YM (MPa) 97
P(3HB-co-13 mol% nd. TS (MPa) 13
3HV-co-15 mol% 3HHX) EB (%) 833
YM (MPa) 66
P(3HB-co-10 mol% Cupriavidus eutrophus B10646, M, (@mol-1) 4.9 x 10° TS (MPa) 5.3 Zhila and Shishatskaya,
3HV-co-38 mol% 4HB) valeric acid, hexanoic acid, and Tm (°C) 164 EB (%) 130 2018
y-butyrolactone as precursor for T,(C) -5 YM (MPa) 48
ccopolymer production T (°C) 61
P(8HB-co-17 mol% M,y (gmol-')5.4 x 10° TS (MPa) 8.8
3HV-co-55 mol% 4HB) T (°C) 166 EB (%) 365
T, (C)nd. YM (MPa) 34
T (°C) 25
P(3HB-co-21 mol% M, (@mol~') 7.9 x 10° TS (MPa) 7.3
3HV-co-13 mol% Tm °C) 169 EB (%) 94
4HB-co-2 mol% 3HHX) Tg (°C) -0.7 YM (MPa) 128
T (°C) 51
P(3HB-co-6 mol% M. (@ mol~") 7.6 x 10° TS (MPa) 12
3HV-co-9 mol% T °C) 161 EB (%) 49
4HB-co-1 moi% 3HHx) T, (C)-4.4 YM (MPa) 419
To FC) 63
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operating pH of the acidogenic reactor, up to 30 mol% HV could
be achieved, while at low pH (<6), the HV content significantly
reduced to 5 mol%. Similarly, Huang et al. investigated the effect
of pH of B-cyclodextrin and glycerol on the profile of odd C-
number VFA in the anaerobic digestion of waste-activated sludge.
The glycerol amount was found to be the predominant factor in
regulating the odd VFA proportion, being the latter positively
correlated to the mol% HV of the synthesized copolymers
(Huang et al., 2018).

In another recent report, a valerate-dominant sludge
hydrolysate was fed to enrich a PHA culture under feast-famine
conditions. The valerate uptake was shown to correlate with the
production of 3HV and 3-hydroxy-2-methylvalerate (3H2MV)
precursors, resulting in a P(3HB-c0-23.7% 3HV-co-7.9%
3H2MV) mmol C % copolymer. Microbial analysis revealed that
such valerate-rich feedstock caused Delftia to be the prevailing
group over other PHA-producing bacteria (Hao et al., 2017).

Furthermore, the use of phototrophic mixed cultures (PMCs)
for PHBHV production has also been proposed to decrease
operational costs, as these microorganisms are able to draw
energy from sunlight and not require oxygen to produce ATP.
Fradinho et al. (2019) applied an anaerobic permanent feast
strategy to select for a PMC consortium able to regulate internal
reducing power via PHA production. When the selected PMC
was applied to fermented cheese whey,a PHBHV copolymer with
12 mol% HV was obtained, using light intensities corresponding
to those of direct sunlight illumination and without any
aeration requirement.

The PHBV properties as a function of HV content (Table 2)
indicate a gradual decrease in the Tm together with an
improvement in EB, resulting in a range of polymers with
enlarged processability, useful to make films and fibers with
different elasticities (Anjum et al., 2016; Keskin et al., 2017).
Biopol is the trade name of a PHBV copolymer, currently
produced by Metabolix, having a range of uses such as packaging,
disposable cutlery, razors, cups, shampoo bottles, as well as
surgical stiches, pins, and medical patches (Anjum et al., 2016).
Evidencing good gas barrier properties, this polymer can be
a good candidate for the production of biodegradable food
packaging material, able to both extend the shelf life of food
products and delay the foods’ spoilage. The physical-chemical
and structural stability of PHBHV (3 mol% HV) films under
food contact conditions was evaluated by Chea et al. (2016).
It was concluded that mechanical properties and water vapor
permeability of PHBHV films were preserved after contact at
40°C for 10 days with different food simulating liquids tested
(water, acetic acid 3% w/v, ethanol 20% w/v, iso-octane) except
with ethanol 95% (v/v).

Processing of PHBHV material via traditional melt spinning
is hampered by the transition from viscoelasticity to brittleness
that occurs with increase in storage time (Wang et al,, 2016).
The obtainment of PLA/PHBHV fibers via conventional melt-
spinning and hot-drawing processes represented a solution to
overcome this problem (Li et al., 2015a). Mechanical properties
of PHBHYV fibers were also improved through the application
of drawing and heat settling processes after the formation of the
fibers (Hufenus et al., 2015).
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The use of PHBHV electrospun fibers to develop active
multilayer materials for food packaging application was also
investigated (Castro-Mayorga et al., 2017a; Figueroa-Lopez et al.,
2020). An active PHBHV-based multilayer, loaded with silver
nanoparticles, was found effective against Salmonella enterica.
The mechanical performance of the PHBHV was not altered by
the incorporation of the electrospun PHBHV coating, and the
presence of AgNPs did not affect the properties of the coated
system as well (Castro-Mayorga et al., 2017a). In a more recent
example, a novel multilayer system based on PHBHV (2-3 mol%
HV) with antimicrobial properties was developed. Electrospun
mats of PHBHYV fibers containing eugenol were used as an active
interlayer between a food contact layer of PHBHV and a cast-
extruded PHB sheet. After the annealing at mild temperature,
the novel multilayer active packaging material exhibited, besides
antimicrobial activity, high hydrophobicity, strong mechanical
resistance, and improved barrier properties against water vapor
and limonene vapors (Figueroa-Lopez et al., 2020).

Additional updated examples of PHBV bioactive
nanocomposites will be detailed in section PHB-
Based Bionanocomposites.

The uses of PHBHV copolymers have been also investigated
in biomedical sectors, where they have been shown to provide
a positive effect on cellular growth and adhesion (Keen
et al, 2007; Ahmed et al, 2010). Furthermore, the more
amorphous structure displayed by PHBV copolymer has favored
its exploitation in drug delivery applications due to easy
diffusion of active molecules. Despite the improved polymer
properties, copolymers often exhibit slow degradability and
resorbability due to their intrinsic hydrophobicity, which limits
cell colonization. Bhatia et al. (2019b) addressed this issue
through the functionalization of PHBV copolymer (59% HV)
with ascorbic acid, mediated by Candida antarctica lipase B.
The modified polymer displayed antioxidant activity as well
as a 1.6-fold increase in biodegradability as compared to the
neat copolymer. In addition, the functionalization also resulted
into a lower degree of crystallinity (due to imperfection of
crystals) and higher thermal degradation temperature and
hydrophilicity degree.

Poly (3-Hydroxybutyrate-co-Hexanoate)

Poly (3-hydroxybutyrate-co-hexanoate) (PHBHHx) is a
promising copolymer based on 3HB with minor contents of
3HHx comonomer. Differently from PHBYV, the presence of
short chain branches of three carbon atoms in PHBHHXx has a
marked effect on reducing the regularity of the polymer chain,
thus lowering both crystallinity and Tm (Noda et al., 2010).
Actually, although the crystallization mechanism and the crystal
cell structure do not change, the overall isothermal crystallization
rate of PHBHHx copolymers reduces with HHx content and
occurs at lower crystallization temperature from the melt (Cai
and Qiu, 2009). Indeed, due to their steric hindrance, the 3HHx
does not co-crystallize with 3HB units; thus, PHBHHx displays
slower crystallization rate than PHB homopolymers, which can
be a challenge for its efficient processing (Vandewijngaarden
et al., 2016). The fact is that due to reduced crystallinity, when
PHBHHXx copolymers with different mol% HHx are subjected to
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anaerobic biodegradation, the higher is the HHXx, the faster is the
rate of weight loss (Morse et al,, 2011).

The synthesis of PHBHHx copolymer has been mainly
obtained through strain engineering approaches, focusing on the
specificity of the key PHA biosynthetic enzymes toward HHx
precursors. The mol% HHx in PHBHHx copolymer was finely
regulated (from 2.7 to 10.8%) by acting on the expression level
of the phajs in a C. necator strain harboring the PHA synthase
gene from Aeromonas caviae. The same gene target was also
overexpressed in R. eutropha Re2133, together with a PhaC2
synthase from Rhodococcus aetherivorans endowed with a broad
specificity for mcl-monomer, as well as with the deletion of phaB
genes. This strategy was effective in promoting up to 22% HHx
using coffee waste oil as the substrate (Bhatia et al,, 2018).

Escherichia coli has been used as chassis for the production
of PHBHHXx by introducing synthase genes specific for mcl-
precursors and/or acting on the pathways channeling specific
precursors (Taguchi et al., 1999; Lu et al., 2003). A high mol%

Green Solutions for PHA Exploitation

material barrier properties, thus opening the way to its use as a
protection layer for moisture-sensitive O3 barrier layers. The use
of zinc oxide as filler, on the other hand, also improved PHBHHx
crystallization but strongly affected its opacity, although resulting
in a successful UV-blocking property.

The exploitation of PHBHHX copolymers in combination
with reinforcing materials (Dehouche et al., 2020) as well as in
blending with other poly s, mainly polylactic acid (PLA), can
provide final materials with improved properties. Bio-composites
based on PHBHHx and aloe vera fibers (AVFs) have been
prepared by testing different surface treatment methods of AVF
in order to improve the interfacial adhesion between the fiber
and the polymer matrix (Dehouche et al., 2020). Blending of
PHBHHx (11% HHx) with poly(DL-lactide) (PDLLA) from
solvent casting, at ratios of 2:1 and 1:2, exhibit a lower YM
and a higher EB compared to unblended PDLLA, whereas
melt compounding of PLA and PHBHHXx in different ratios
inhibits PLA crystallization, resulting in enhanced elongation

HHXx (50 mol%) has been achieved in E. coli strain engi ed
with the PHA biosynthetic operon from Bacillus cereus, using
fatty acids as well as complex C-sources such as waste frying oils
as substrates (Vastano et al., 2017, 2019).

Most of the engineering approaches have been focused on
Aeromonas hydrohila, this strain being naturally able to produce
PHBHHX from dodecanoate. First attempts of strain engineering
reveal the synergic effect of the overexpression of phasins—
proteins associated to PHA granules in the cells—and PhaJ
coding genes in increasing 3HHXx fraction (Han et al., 2004).
An increase in 3HHx content is also obtained by deleting acetic
acid pathway-related genes (Liu et al,, 2011a). Interestingly,
the overexpression of phasin coding genes in the engineered
A. hydrophila strain not only determines an increase in 3HHx
content but also causes a reduction in polymer molecular weight
due to the formation of more PHA granules with reduced size
(Tian et al,, 2005).

To address PHBHHXx production from glucose or gluconate
instead of fatty acids, A. hydrophila and P. putida have been
engineered with different combinations of target genes, with tesA
thioesterase and phaG being the key targets in the two strains,
respectively (Qiu et al., 2005).

In terms of thermomechanical properties, PHBHHx combines
those of polyethylene (PE) (i.e., strength, flexibility, toughness,
and elasticity), with printability and dyeability features (Anjum
et al, 2016). Compared to conventional polymers used in
packaging, PHBHHx films obtained by compression molding
display relatively low oxygen permeability and a water vapor
permeability slightly higher than those of PE, PP, and PS.
CO; permeability is rather high if compared to known barrier
materials (PET, PA, and EVOH) but also lower than those
for packaging materials such as PP and PE (Vandewijngaarden
et al., 2014). Despite its potential in food packaging application,
the slow crystallization that characterizes this copolymer has
represented an obstacle for its industrial processing. In fact,
the addition of different additives acting as nucleating agents
has been proposed. Ultrafine talc was reported to drastically
improve PHBHHX crystallization, causing also an increase in the
YM (Vandewijngaarden et al., 2016) without modification of the
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and tough with respect to neat PLA (Lim et al., 2013).

Due to its biocompatibility and higher elasticity compared
with PHB and PHBV, PHBHHX has been widely applied as
scaffold matrix in tissue engineering and cell transplantation
(Gao et al., 2006).

3HHx content affects in vitro growth and differentiation of
smooth muscle cells (Qu et al., 2006a). When compared to PHB,
PHBHHXx reveals a higher degradation rate in subcutaneous
implants in rabbits, and, most importantly, the copolymer elicits
a very mild tissue response during implantation (Qu et al,
2006b). In one of the most recent examples, PHBHHX supports
the residence, survival, and stemness of the transplanted neural
stem cells (NSCs) cells in rat brain (Wang et al., 2019).

Surface modification of PHBHHx films under alkaline
conditions has been found effective in promoting osteoblast
cell response for application in bone-tissue engineering (Li
et al, 2005). In a pioneering approach, Li et al. (2015b) have
coated PHBHHXx scaffolds with PHA binding protein (PhaP)
fused with the arginyl-glycyl-aspartic acid peptide (PhaP-RGD)
to promote proliferation and differentiation of mesenchymal
stem cells seeded on them. Due to their reliable safety profile
and strong hydrophobicity, PHBHHX is suitable for prolonged
release delivery sy Implantabl dwich PHBHHXx films
have been designed to address long time release of drugs,
reducing the burst release effect (Peng et al., 2018). In addition,
PHBHHXx nanoparticles have been applied to this aim (Peng
et al, 2013; Heathman et al, 2014). Interestingly, a hybrid
copolymer, such as PEG200-end capped PHBHHX, has been
synthesized by A. hydrophila in microbial fermentation and the
derived nanoparticle tested as intracellular delivery nanocarriers
for sustained drug release (Lu et al., 2004). Noteworthy, besides
drug delivery, incorporation of PHBHHx nanoparticle in whey
protein-based films, improves the mechanical properties of
the derived bio-plastics producing more extensible materials
preserving their mechanical resistance (Corrado et al., 2021).

Poly (3-Hydroxybutyrate-co-4-Hydroxybutyrate)
Several studies have been focused on the synthesis of poly
(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB)
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copolymers, using wild-type strains under feeding of 4HB

and 4HB by redesigning the pathways for the synthesis of the

precursors such as 4-hydroxybutyric acid, y-butyrolact
1,4-butanediol, etc. (Choi et al., 1999; Lee et al., 2004).

Copolymers with different mol% 4HB (from 5 to 64%)
have been produced in C. necator strain A-04 by tuning the
ratios of fructose to 1,4-butanediol. The characterization of the
copolymers reveals an increase in both elongation at break and
tensile strength, as well as a reduction in polymer toughness, with
increasing 4HB content (Chanprateep et al., 2010).

Co-feeding of soybean oil and y-butyrolactone produces
high yield of copolymer accumulation, although higher
supplementation of the precursor has been shown to increase the
4HB fraction while inhibiting cell growth (Park and Kim, 2011).
High PHA density fed-batch cultivation strategies employing
mixed precursors (5:1 ratios 1,4-butanediol and 1,6-h diol)
have been developed to boost the 4HB content up to 99 mol% in
Cupriavidus malaysiensis transformed with additional copies of
PHA synthase gene (PhaC) (Norhafini et al., 2017, 2019; Syafiq
etal., 2017).

Waste materials such as saccharose from sugarcane industry
(de Sousa Dias et al., 2017) and waste frying oils (Rao et al,,
2010) have been also used in combination with 4HB precursors
in processes employing Burkholderia sacchari and C. necator,
respectively. Accumulation of P3HB4HB from slaughterhouse
residues was achieved by using Delftia acidovorans DSM39
expressing and heterologous lipase (Romanelli et al., 2014).

The high cost of the 4HB precursors supplied to the growth
media has encouraged the construction of engineered strains able
to produce P3HB4HB copolymer from unrelated C-sources. An
engineered E. coli strain has been designed to produce up to
65.5% P3HB4HB (11.1 mol% 4HB) accumulation using glucose
as C-source. To enhance the carbon flux to 4HB biosynthesis,
genes involved in succinate formation from succinate semi-
aldehyde (succinate semi-aldehyde dehydrogenase) have been
deleted (Li et al, 2010). A significant increase in copolymer
accumulation has been achieved by the “enlarged cell strategy,”
based on the alteration of the genes involved in cell division,
in order to get filamentary E. coli with larger internal space.

cor from 1,3-propanediol (PDO) and 1,4
butanedlol (BDO) P(3HP-co-4HB) with adjustable monomer
ratios have been produced and characterized (Meng et al., 2012).
Interestingly, the same recombinant E. coli strain has been used
for the synthesis of a block copolymer consisting of highly
elastic P4HB portion together with a P3HP block endowed
with enormous tensile strength, by applying an alternate PDO-
BDO feeding. In comparison to the homopolymers P3HP and
P4HB, the block microstructure displays reduced Tm as well as
increased YM and TS (Tripathi et al., 2013b).

Medium Chain Length PHA Copolymers

The incorporation of longer monomers (C >6) within the PHA
polymeric chain determines the shift toward a more elastomeric
behavior of the resulting polymer. These properties suit well with
applications in tissue engineering and drug delivery, justifying
the great interest in this research area.

Most of mcl-PHA are produced from Pseudomonas sp.,
which possess the specific metabolic pathways necessary for the
synthesis of mcl-precursors from fatty acids. Mcl-copolymers
with P g from C5 to C17 are
synth d by P. aerug ATCC 27853 grown on odd-
chain fatty acids from C17 to C21 under nitrogen starvation.
The highest yield is obtained for heptadecanoic acid, probably
because of limitation in the uptake of longer fatty acids. The
characterized polymers are soft, sticky, rubber-like materials
(Impallomeni et al,, 2018). Previously, mcl-PHA production has
been achieved by supplying even-chain n-alkanoic acids from
C8 to C22 (Ballistreri et al., 2001). The use of complex oily
sources, including waste frying oils, has been also explored for the
synthesis of mcl-PHA from different Pseudomonas strains (Haba
etal., 2007; Gamal et al., 2013; Follonier et al., 2014; Vastano etal.,
2019).

The comonomer composition can be finely regulated by using
B-oxidation weakened mutants of P. putida (Wang et al.,, 2011),
so that the monomer composition is strictly related to the nature
of the supplied fatty acid (Liu et al, 2011b). In an interesting

< ion

As an additional advantage, this fil t E. coli
also allows easier downstream separation from the fermentation
broth (Wang et al,, 2014). A P4HB homopolymer (PHA4400)
is currently commercialized by Tepha Inc. (Cambridge, MA),
which uses a proprietary transgenic fermentation process based
on E. coli. The polymer is characterized by remarkable flexibility
and good absorbability behavior in vivo, being well-suited for
implantable medical applications. Noteworthy, the first products
approved by the Food and Drug Administration (FDA) for
clinical uses were P3HB4HB-based devised produced by Tepha
(US) (Zhila and Shishatskaya, 2018).

A low-cost platform for non-sterile and continuous
production of P3HB4HB from glucose has been designed
using the halophilic Hal bluephagenesis as chassis. In

1 binatorial deleti of multiple orthologs of

y rec

this
succinate sem| -aldehyde dehydrogenases has allowed to increase
the 4HB molar fraction up to 24-fold (Ye et al,, 2018).

Finally, a complex engineering strategy has been applied
to E. coli to get co-polyesters of 3-hydroxypropionate (3HP)

cC
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ple, a B-oxidation P. putida mutant has been exploited
for the production of a novel diblock copolymer P3HHx-b-
P(3HD-co-3HDD) by seq ppl tation of h
and dodecanoic acid (Tripathi et al., 2013a). The incorporation
of block microstructure determines an increase in TS, YM, and
EB if compared to corresponding random copolymers. Thus, the
blocky feature helps to capture the amorphous nature of the mcl-
polymers, as well as to gain crystallinity, improving the overall
polymer properties (Tripathi et al., 2013a). The incorporation
of unsaturated PHA site chains represents a useful strategy
to obtain functional and easily modifiable PHAs. By using
a Pseudomonas entomophila strain with deficient p-oxidation
pathway, the incorporation of 3-hydroxydodecanoate (3HDD)
and 3-hydroxy-9-decenoate (3H9D) moieties in different ratios
has been obtained from feeding with mixture of dodecanoic
acid (DDA) and 9-decenol (9DEO). Due to the presence of
unsaturated bonds, the copolymers can be cross-linked under UV
radiation. Moreover, a diblock polymer P3HDD-b-P3H9D has
been synthesized under specific feeding strategies. This polymer
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displays a 2-fold increase in YM compared with the random
copolymer with similar 3HDD/3H9D ratios (Li et al., 2014).

A rather unique copolymer composed of 3HB and 3HO units
was obtained using an enriched culture of Pseudomonas sp. as
initial inoculum for the production of PHA from acidified oil mill
wastewater. The weight average molecular mass of polymer was
characterized by a wide polydispersion index, as a consequence of
the high complexity of the final microbial consortium (Ntaikou
etal, 2014).

When the so-called glycogen-accumulating organisms

endowed with proper specificity in recognizing uncommon
substrates is a sine qua non-condition for effective in vivo
synthesis (Park et al., 2012). The introduction of a phenyl group
on the side chain has been obtained in P. entomophila p-oxidation
weaken mutant, in the presence of 5-phenylvaleric acid (PVA)
as precursor (Shen et al., 2014). A microbial cell factory for
the production of P(LA-co-3HB) copolymer has been designed
through fine E. coli engineering (Taguchi et al., 2008). Besides
the PhaA and PhaB from R. eutropha, the recombinant strain
expresses a propionyl-CoA transferase (PCT) from Megasphaera

(GAOs) from mixed culture bic-aerobic

treatment processes were used to produce PHAs from acetate,
the applied operational conditions were found to affect polymer
microstructure. As a fact, a mixture of true copolymers consisting
of monomers HB, HV, 3H2MV, and 3-hydroxy-2-methylbutyrate
(HMB) was produced under anaerobic conditions, while the
aerobic process primarily produced the HB monomer, most
likely forming separate homopolymer blocks (Dai et al., 2008).

Despite their potential, the widespread use of mcl-PHA is
limited by the difficulty in their processing, which is due to
low viscosity, poor melt strength, adhesive-sticky nature, and
very slow crystallization. Gopi et al. (2018) have proposed
a chemical modification strategy involving the reaction with
dicumylperoxide and triallylotrimesate co-agent to introduce
branching and thus enhancing the crystallization kinetics of
poly(3-hydroxydecanoate) (P3HD). The authors pointed out a
possible application of these improved polymers in 3D printing
of biomedical products.

The adhesive properties of an mcl-PHA (43 mol% HDD,
12 mol% HTD, 10 mol% HO, 6 mol% HHx) produced by
Pseudomonas chlororaphis subsp. aurantiaca when grown on
crude glycerol were investigated by Pereira et al. (2019). The
films displayed good adhesion properties toward porcine and
human skins, together with high tension and shear bond
strength, suggesting the potential use of this material as novel
natural adhesive for wound dressing. A different applicative
scenario for this class of polymers has been recently reported
(Sangkharak et al,, 2020). The authors designed a novel bio-
composite of an mcl-PHA (75 mol% HD) incorporating torch
ginger cellulose nanowhiskers (TGNCs) as a filtering material for
wastewater treatment.

Finally, an mcl-PHA (7.6 mol% HHXx, 454 mol% HO,
41.8 mol% HD, 5.2 mol% HDD) produced by Pseudomonas
mendocina CH50 from waste oils was transformed into an
oligomeric derivative by acid hydrolysis and efficiently used
as a plasticizer for PHB, resulting in softer and more flexible
materials. The obtained materials, entirely based on PHA,
were found applicable in soft tissue engineering, thanks to
their improved properties as well as the demonstrated in vitro
biocompatibility (Lukasiewicz et al,, 2018).

Other Copolymers

Manipulation of synthetic pathways for PHA production has
allowed to design new engineered strains able to incorporate
unnatural monomers within the polymer backbone (Choi et al.,
2020). Whatever is the unnatural monomer to be introduced in
the bio-polyester, the designing of new evolved PHA synthases
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Isdenii, able to catalyze coenzyme A addition to lactic acid,
and a mutated PHA synthase from Pseudomonas sp. 61-3,
endowed with the ability to polymerize lactoyl-CoA precursor.
Interestingly, the same strain was exploited for the production
of P(LA-co-3HB) from on a lignocellulosic feedstock, taking
advantage of the E. coli abilities to metabolize both xylose and
galactose derived from woody-extract hemicellulosic hydrolysate
(Takisawa et al., 2017).

A similar approach allows to incorporate 2,3-
dyhydroxybutyrate (DHBA) in engineered E. coli using
glycolate as the sole C-source (Insomphun et al., 2016).

Properly designed feeding strategies, combined with a
set of PHA synthetic genes with suitable specificities, have
been developed to obtain complex ter- or quarter-polymers.
Terpolyesters composed of HB, HV, and HHx monomers have
been produced by providing Aeromonas hydrophila 4AK4 strain
with a set of PHA synthesis genes, allowing to supply the
corresponding monomer precursors from lauric acid and/or
valerate. Among the different synthesized polyesters, P(3HB-
co-11% 3HV-co-10% 3HHx; PHBV11HHx10), and P(3HB-co-
17% 3HV-co-10% 3HHx; PHBV17HHx10) have the suitable
combination of YM, EB, and TS ranging from 97 to 235 MPa, 341
to 740%, and 8.4 to 14.3 MPa, respectively (Zhang et al., 2009).

In a similar approach, R. eutropha has been engineered with A.
hydrophila PHA biosynthetic operon to produce PHBV7HHXx11
and PHBVI8HHx11 when fed with increasing amount of
propionic acid. Compared with PHBHHx with 12 mol%
HHx (PHBHHx12), the terpolymer has higher crystallization
rate and degree of crystallinity. Crystallization studies have
revealed that the simultaneous introduction of 3HHx and
3HV monomers in PHB improves the mobility of chain stems
along the chain direction, leading to easier intralamellar slip
during heating or drawing, finally resulting in improvement
of mechanical properties (Ye et al, 2010). Furthermore,
different P3HB4HB biopolymers, P3BHBHV4HB terpolymers,
and P3HBHV4HBHHXx quarter-polymers with varying 4HB

have been synth d by C. necator strains under specific
feeding strategies. The effect of 4H monomer unit into all
the synthesized copolymers is in lowering the melting and the
crystallization temperatures, thus improving processing-related
properties of these materials. All the copolymers also display
enhanced EB compared to PHB (Zhila and Shishatskaya, 2018).

Tuning Polymer Molecular Weight

The average molecular weight of PHB synthesized by bacteria
is usually in the range of 0.1-2.0 x 10° g mol™! in R
eutropha (Tsuge, 2016). However, ultrahigh molecular weight
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PHB (UHMW-PHB) with defined Mw 43.0 x 10° g mol ™'
display high mechanical strength (TS, 1,320 MPa; EB, 35%;
YM, 18.1 GPa) and are preferred in applications requiring high
mechanical strength, such as in developing high-strength fibers
and films (Iwata, 2005).

Several factors have been shown to increase molecular weight
during in vivo synthesis of PHA polymers: the concentration and
the activity of the PHA synthase, the occurrence of chain transfer
(CT) reactions, and the simultaneous degradation of PHA during
biosynthesis (Tsuge, 2016). The molecular weight has been shown
to decrease with increasing PHA synthase concentration and to
increase proportionally with its catalytic activity. A CRISPRi-
based approach to modulate PhaC expression level in E. coli has
come to the same correlation: the higher the PhaC activity, the
more the PHA accumulation, yet the less the molecular weight
and the wider the polydispersity (Li et al., 2017).

The CT reaction is caused by the presence of molecules (CT
agent) that promote the transesterification reaction between their
hydroxy group and the carboxy group of the growing polymer
chain-PHA synthase complex. Commonly occurring CT agents
include water, 3HB, and ethanol. Thus, high-molecular-weight
PHA can be synthesized, for example, by ensuring sufficient
culture aeration to facilitate cell growth while preventing ethanol
production. Furthermore, deletion of PHA depolymerase genes
promotes the production of high-molecular weight PHA by
turning off the polymer degradation within the cell (Tsuge, 2016).

CHEMICAL AND PHYSICAL STRATEGIES
TO IMPROVE POST-SYNTHESIS
PHB-BASED MATERIALS

Use of Plasticizers

In general, in the field of polymers, it is possible to identify two
types of plasticizers: internal and external (Vidéki et al., 2007).
The internal plasticizers are part of the polymer molecules, as
they are chemically bound to the polymer chains, grafted or
reacted with the original polymer, thus making the polymer
chains more difficult to adapt and compact together closely.
Their main role is to soften the polymers by lowering their
glass transition temperature (Tg) and reducing their elastic
modulus (Vieira et al, 2011). External plasticizers, instead,
are low volatility molecules added to interact with polymers,
widening the polymer chains without chemical reaction. In this
case, the internal molecular forces between plasticizer molecules
and between a plasticizer and a polymer play a fundamental
role, such as dispersion forces, induction forces, dipole-dipole
interaction, and hydrogen bonds (Mekonnen et al., 2013). Several
theories have been proposed to explain the mechanism and
role of plasticizers in polymers. The most important are (a) the
lubricity theory, (b) the gel theory, and (c) the free volume theory
(Vieira et al., 2014).

Although these theories are widely accepted and used in
plasticizer selection for polymers, Shtarkman and Razinskaya
(1983) have emphasized the limitation of current theories on the
mechanism of plasticization. Indeed, according to these authors,
it is not possible to establish a plasticization mechanism because
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of the huge versatility of the investigated polymer and plasticizer
systems; hence, instead of trusting on the above theories, it would
be much more useful to consider the direct correlation between
compatibility-efficiency-property of each investigated polymer-
plasticizer blend. As an example, since the behavior of a single
polymer highly depends on its thermal history, different film
processing can provide substantial diverse crystalline pattern,
and the effect of the same plasticizer on these polymer substrate
will, therefore, be quite different.

Therefore, the choice of a plasticizer involves several
important criteria, including a high degree of compatibility
with the polymer matrix, responsible of its easy solubility
and inclusion in both crystalline (toughening) and amorphous
(softening) regions. The compatibility should be consistent with
the whole temperature range of applications; hence, plasticizer
molecular mass and chemical structure, including polarity, shape,
and size, must be considered to assure a suitable plasticizing
effect. Generally, plasticizers are responsible for Tg lowering
and elastic modulus decreasing, as reported above. Hence, the
efficiency may be expressed in terms of Tg depression and
stiffness reduction. With the lowering of Tg, elongation at break
and flexibility of the polymer increases. In fact, elongation
and impact r strongly depend on polymer Tg and
molecular structural organization. In addition, the plasticizers
should remain inside the polymer matrix. The larger the
plasticizer, the lower its vapor pressure, and thus, the greater
its permanence inside the polymer; on the other hand, bigger
molecules are slowly diffused inside the macromolecular chains,
since the highest diffusion rate is associated to small molecules
that, on contrary, show higher vapor pressures (Vieira et al,
2011).

As noted above, the blending with the plasticizers is
considered to be one of the simplest route to overcome the
limitations of PHB, allowing for a broader application window.
Generally, the use of natural or non-natural plasticizers would
allow to lower the glass transition and melting temperature,
through the enhanced macromolecular movement. In this way, it
would be possible to process the polymer at lower temperatures
without inducing its thermal degradation (Baltieri et al., 2003;
Erceg et al, 2005). Furthermore, plasticizers could improve
both the toughness and softness of the polymer by decreasing
its crystallinity, weakening the intramacromolecular bond, and
facilitating conformational changes.

For these reasons, many efforts have focused on the industrial
formulation of PHB with external plasticizers able to improve
their thermal and mechanical properties (Mangeon et al., 2018).
The relevant literature is rich in number and type of plasticizers
for PHB. They vary from those of natural origin to synthetic one
from those with low to high molecular weight, from linear to
branched structures. Table 3 summarizes some of the best known
plasticizers in the literature, together with the main properties
investigated, when used in mixing with PHB with a molecular
weight in the range of 100,000-300,000 g mol .

From Table 3, it emerges that blending with plasticizers
induce a general lowering of the glass transition temperature
and an improvement in elongation at break for almost all
the additives used, with few exceptions. The difference can be
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TABLE 3 | Main plasticizers for PHB.

Plasticizers Acronyms M, (gmol~) % wiw ToC)  Tm (*C) (%) TS(MPa) YM(MPa) References
Glycerol G 92 13 170 09 248 2835 Jost and Langowski,
2015
Triacetyl glycerol TAG 218 20 —-167 161 10.3 14.1 2384 Baltieri et al., 2003
Dioctyl phthalate DOP 20 -94 164.5 10.5 180 448 Baltieri et al., 2003;
Wang et al., 2008
Dioctyl adipate DOA 30 -69 165.3 6.2 16.1 576
Dioctyl sebacate Dos 30 -36 163.5 43 6.0 374
Propylene glycol PG 76 17 1m 09 249 3,360 Répe et al., 2015
Triethyl acetate TEC 276 20 -30 164 23 158 1,135 Choi and Park, 2004;
Répe et al., 2015
Soybean ol SO 920 20 -34 161 15 Choi and Park, 2004
Epoxidized soybean oil ESO 975 13-20 -19 160 1.0 30 2,729 Chol and Park, 2004;
Jost and Langowski,
2015; Panaitescu
etal, 2017
Castor oil co 933 13 1m 09 271 3,089 Jost and Langowski,
2015
Triethy! citrate C 276 30 -24 - 21 186 960 Rape et al., 20156
Tributyl citrate BTC 515 30 ~23 - 32 94 800 Répe et al., 2015
Acetylbutyryitrihexyl citrate ABTC 558 30 -30.7 156.8 9.7 6.1 1927 Erceg et al., 2005;
Répe et al., 2015;
Chaos et al., 2019
Salicylic acid decylester - - 30 28 - 104 1.8 850 Kunze et al., 2002
Salicylic acid 2-butyloctyl ester - - 30 -28 - 22 135 810 Kunze et al., 2002
Acetylsalicylic acid hexylester - - 30 -14 - 126 118 680 Kunze et al., 2002
Ketoprofenethylester = - 30 14 = 58 1.8 600 Kunze et al., 2002
polyhydroxy-butyrate-hexancate ~ PHHBX 1760 PHB-1/6 -10 102 98 25 Wang et al., 2008
Polyethylene glycol PEG 1000  950-1050 50 - 170 1.0 23 2,700 Bibe et al., 1999
Linalool L 154 20 =110 174 5.2 20 560 Mangeon et al., 2018
Geraniol G 154 20 -9.0 179 59 21 760 Mangeon et al., 2018
Gerany! acetate GA 196 20 -130 170 138 15 395 Mangeon et al,, 2018
Dodecanol 186 10 % 155 Yoshie et al., 2000
Lauric acid - 200 10 4 1m Yoshie et al., 2000
Tributyrin - 302 10 1 172 Yoshie et al., 2000
Trilaurin = 689 10 -4 173 Yoshie et al., 2000

ascribed to the variation in combining the chemical structure
of the plasticizer, the molecular weight, the solubility, and
compatibility with the polymer, as above discussed. Therefore,
the summarized plasticizers can be discussed after their
subdivision based on building block molecule: (i) glycerol, (ii)
oil, (iii) citric acid, and (iv) salicylic acid. Besides these, we must
also add the category of plasticizers that have structures similar
to some phthalates, common plasticizers of PVC, and those of
smaller natural molecules such as those of terpenes.

Yoshie et al. (2000) compared the effect of tributyrin,
trilaurine, lauric acid, and dodecanol on the physical properties
of PHB. All the molecules used act to reduce the Tg and the cold
crystallization temperature, Tcc. In this trend, the best seems to
be tributyrin, given its good miscibility with the polymer chains.
Although there is this advantage, all additives, even in small
amounts (1% by weight), promote the enzymatic degradation of
the polymer.

Frontiers in Bioengineering and Biotechnology | wwuw.frontiersin.org

82

17

Recently, bio-based compounds such as the terpenes have also
been studied as additives for PHB, thanks to their additional
beneficial properties such as antioxidant and antibacterial
activities (Persico et al, 2012). Terpenes are interesting
components of essential oils extracted from plants, with a
chemical structure of repeating units of isoprene (CsHg). Among
these, the oxygenated monoterpenes that contain alcohol have
been described as having greater biological activity. Mangeon
etal. (2018) studied linalool (L), geraniol (G), and geraniol acetate
(GA) as PHB plasticizers. In this study, the use of terpenes led
to a decrease in Tg and an increase in elongation at break over
650% combined with a decrease in Young’s modulus compared
to pure PHB. The effect is more pronounced with GA due to the
presence of the segment bearing an ester group, which increases
free volume and molecular mobility. The fact that terpenes are
already widely used in the chemical industry gives them real
potential as a PHB plasticizer with antibacterial properties.
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Salicylic acid esters and ibuprofen ketones have also been
reported as suitable plasticizers of PHB. Their use, given their
properties, is recommended for medical packaging (Kunze et al.,
2002).

Dibutyl sebacate (DBS), dioctyl sebacate (DOS), polyethylene
glycol (PEG), and Lapro1503 (L503), have also been reported
in the literature as biodegradable lower molecular weight
plasticizers to improve the properties of PHB. All the additives
proved to be compatible with the polymer, forming monophasic
mixtures up to a concentration of 15-20% by weight. For all,
a decrease in Tg and an improvement and a decrease in the
crystallization temperature were found (Baltieri et al, 2003;
Wang et al., 2008).

Citric acid ester plasticizers are among the most important
plasticizers and environment friendly because of their safety and
non-toxicity. They have been approved in the United States, the
European Union, and other developed countries for use in plastic
products in close contact with the human body and meet high
hygiene requirements (Chabrat et al., 2012). Acetyl tributyl citrate
(ATBC) and tributyl citrate (TBC) are among the most studied in
detail, thanks to their excellent performance. In addition, TBC
has antibacterial and flame-retardant properties, which further
expand its applicability (Chaos et al., 2019).

Many of these have been described as good plasticizers for
PHB, improving its processability, in particular ATBC, TBC,
and triethyl citrate (TC). The incorporation of plasticizers into
PHB decreased TS and YM but increased the elongation at
break. TBC and ATBC were the most compatible and efficient
plasticizers on improving the thermal, mechanical, and barrier
properties of PHB, The optimum concentration could be up to
20% depending on the desired properties of the final products
(Erceg et al., 2005; Rape et al., 2015; Chaos et al., 2019). From
the study of Choi and Park (2004), triethyl citrate was the most
effective plasticizer in terms of reduction in the glass transition
temperature as well as in terms of improvement in the impact
strength and elongation.

This result can be explained by the decrease in crystallinity
and the crystalline size and in the formation of small spherulites,
due to the easier penetration of the additive molecules between
the polymer chains, which reduce the hydrogen bond. These data
were correlated with the increase in elongation at break of the
initial degradation temperature of the PHB.

Sudrez Palacios et al. (2014) postponed the use of glycerol-
based plasticizers and as an alternative to phthalates in the
medical field. When mixed with PHB, glycerol and its derivatives
showed good results due to their polarity (Jost and Langowski,
2015).

Many works in the literature point out that the use of high
molecular weight plasticizers has a more pronounced effect in
improving the mechanical properties. This is the case with PEG
and epoxidized oils (Bibe et al., 1999). Epoxidized oils are among
the most studied plasticizers of PVC, obtained by epoxidation
with peracids with various oils (Turco et al., 2019b). The behavior
in mixture with PHB can be explained by the higher reactivity
of the epoxide group and the possibility of hydrogen bond
formation (Choi and Park, 2004; Jost and Langowski, 2015;
Panaitescu et al., 2017).
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The main drawback in the use of plasticizers mainly concerns
the external plasticization with the migration of the plasticizer
from the plasticized material. This process can occur by diffusion
of the plasticizer from the bulk material to the surface (exudation)
or by interface phenomena and absorption or by evaporation in
the surrounding medium. This phenomenon causes a decrease in
the plasticizer amount in the polymer, with loss of elasticity and
ductility of the material. Additionally, the leaking plasticizer from
the material can ¢ the surrounding medium (medical
application problems). Several factors influence the migration
of the plasticizer, the main ones with regard to the type and
concentration of the plasticizer, its molecular weight, branching,
and polarity. Low-molecular-weight plasticizers are more prone
to migrate from the polymeric material. The more linear the
plasticizer structure, the faster the extraction and migration rate
will be compared to more branched plasticizers. The migration
of the plasticizer is also influenced by the type of polymer,
its molecular weight, and its compatibility with the plasticizer,
and from the plasticization process and the homogeneity of
the product.

PHB Physical Blends and Reactive Blends

For a sustainable processing strategy, the blending with other
polymers or additives represents a much more easy and cost-
effective approach and, as a result, is the more frequently used
technique in the industrial sector (Anna and Arrigo, 2019). In
fact, following this procedure, polymeric materials with enhanced
and tailored chemicophysical and mechanical properties can be
obtained by opportunely regulating the weight ratio between
the selected polymers. Actually, the blending of two polymeric
matrices is strictly correlated to their miscibility, i.e., to their
respective solubility parameters (3). If they are quite similar, a
good miscibility should be expected. Anyway, the miscibility
between two or more polymers also depends on the processing
temperature, weight ratio in the blend compositions, as well as
polymer respective molecular weights and crystallinity (Arrieta
et al,, 2017). Among bio-based polymers, poly(lactic acid) (PLA)
is the most used mainly in food packaging area because of
its easy processability, high transparency, and relatively low
costs. PLA is produced through fer of lactic acid,
followed by ch | polymeri ly from PHB, it
is a compostable material mainly commercialized for single-use
disposal packaging items, such as bottles, cold food cups, and
trays, as well as for flexible films (Auras et al.,, 2004; Jamshidian
et al, 2010). Blending PHB with PLA could gain mutual
advantages; indeed, PLA shows low crystallinity, scarce barrier
properties, low heat distortion temperature (softening above
60°C), and difficult biodegradation at ambient conditions. These
drawbacks, limiting its industrial exploitation, could be improved
by its melt blending with another highly crystalline biopolymer
matrix with similar melting temperature, lower Tg, and suitable
barrier properties and biodegradability, as in PHB (Gonzilez-
Ausejo et al, 2017). Hence, PHB/PLA blends have gained a
great interest, since their combination allows to obtain new
biopolymer based systems with enhanced properties as compared
to the single components while preserving their ecosustainability
(Modi et al., 2013). Nevertheless, generally, PHB and PLA do
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not evidence fine miscibility although they have similar solubility
parameters, ranging between 19.5 and 20.5 (MPa'/?) for PLA and
between 18.5 and 20.1 (MPa'/?) for PHB. Actually, in polymer
blending, several parameters should be taken in consideration.
The first one is the polymer molecular weight. In their paper,
Bliimm and Owen found that low-molecular-weight (LMW) PLA
and high-molecular-weight (HMW) PHB were melting miscible
over the whole composition range, whereas a blend of HMW-
PLA with LMW-PHB evidenced phase separation above PHB
content of 25% (Bliimm and Owen, 1995).

Similarly, Zhang and Thomas (2011) reported the formulation
of PLA/PHB blends with different weight ratios (100:0, 80:20,
60:40, 40:60, and 0:100), showing that some interactions
between the two polymers were blished, notwith ding
their immiscibility. In particular, the blend containing 25 wt%
of PHB evidenced outstandingly improved tensile properties
compared with pure PLA because of the homogeneous dispersion
of PHB crystals, which acted as a filler and nucleating agent in
PLA. Anyway, the processing temperature can play a decisive
role on PHB-PLA miscibility by providing, in some case, to
melt reactive compatibilized blends. Indeed, while LMW-PLA
and HMW-PHB blends obtained by solvent casting at room
temperatures evidence phase ion in all itions, the
same blend melt blended at 200°C showed higher miscibility,
evidenced by the lowering of both PHB melting temperature
and PLA glass transition temperature The better miscibility was
ascribed to transesterification reactions occurring between PLA
and PHB chains during heating, leading to the formation in situ
of low-molecular-weight PLA-PHB block copolymers acting in
the interfacial region between the two phases as enhancer of
their compatibility (Zhang et al,, 2012). In addition, PHB/PLA
interfacial compatibilization can be improved by melt-reactive
extrusion in the presence of an external compatibilizer agent.
For instance, Jandas et al. (2014) used maleic anhydride (MA)
as reactive compatibilizer for PLA and PHB matrices to increase
their miscibility. Actually, MA chemically grafted the a-carbon
atom of the carbonyl group of PHB and PLA. Moreover, the
presence of the reactive dicumyl peroxide was responsible of

Green Solutions for PHA Exploitation

poly(adipates) (Martino et al.,, 2011), PEG (Wang et al., 2008),
citrate esters (Fenollar et al.,, 2013), and low-molecular-weight
additives such as aroma compounds including D-limonene,
carvacrol, and thymol (Arrieta et al., 2014). Most of them were
able to decrease PLA Tgand increase polymer blend tensile strain
(Arrieta et al., 2017), as previously detailed.

The blending with another natural polymers, such as
thermoplastic starch (TPS), could represent a valid support
to both obtain cost-effective biopolymer-based systems and
enhance PHB properties without compromising |
and carbon management benefits. Starch, a biodegradable
polysaccharide produced by numerous plants, is one of the
most abundant renewable feedstock resources known to man.
Thanks to its biodegradability, renewability, and easy availability,
starch has been extensively studied as a low-cost component of
biodegradable plastic materials (Zhang et al., 2014). It is mostly
composed of linear amylose and highly branched amylopectin
organized in granular state due to the inherent hydrogen
bonding between molecules. This native structure, providing
a high crystalline material, severely hinders the dispersion of
starch into a polymer matrix at a fine scale. When mixed with
some water and/or plasticizers such as glycerol and following
subjection to heat and shearing action, starch undergoes
spontaneous destructurization, provoking the breaking down
of intermolecular hydrogen bonds in favor of the polymer
gelatinization. A homogeneous melt known as thermoplastic
starch (TPS), evidencing typical thermoplastic behavior, is thus
formed (Pyshpadass et al., 2008). Hence, TPS can be obtained and
formulated by means of standard equipment commonly used in
industrial manufacturing of synthetic polymers (Liminana et al.,
2019). However, the high hydrophilicity and hygroscopicity, the
quick physical aging effect due to the retrogradation process,
and the poor mechanical properties strongly affect the industrial
application of neat TPS (Ortega-Toro et al.,, 2017). This is why
blending with more hydrophobic polymers, such as PHB, could
enhance its functional properties (Turco et al., 2019a).

Hence, the mixing of PHB and TPS would combine the
of the two polymers by synergizing their properties

envir
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the formation of cross-linked and branched structures at their
interfaces. In addition, the compatibilized blends evidenced
substantial improvement of mechanical flexibility as a function
of MA concentration. Passing from 1 to 9 wt%, PLA-PHB 70:30
blend changed from a brittle to a ductile material, reaching the
best flexibility of more than 500% by grafting 7 wt% of MA
(Jandas et al., 2014).

In order to improve PHB-PLA blends flexibility, by both
increasing the polymer chain mobility and improving their
processing for film manufacturing, plasticizers are frequently
added to the blend. In this sense, PLA-PHB plasticization has
been proven to be an effective way to enhance mechanical
performance as well as to improve the compatibility between PLA
and PHB biopolymers. Nowadays, the traditional plasticizers
give way to natural ones due to the migration phenomenon,
which could result in potential human health and environmental
hazards (Harmon and Otter, 2018). Several plasticizers have
been used mainly at concentrations between 10 and 30 wt% for
film applications, such as glycerol (Martin and Avérous, 2001),
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while preserving the complete biodegradability of the blend.
In their work, Godbole et al. (2003) blended PHB and TPS
at different weight ratio compositions and studied the thermal
and mechanical properties of the obtained films. They found
that the blends PHB/TPS with a w/w percentage ratio of 70:30
howed a consi impro of mechanical performances
with respect to neat PHB; as an example, the blending of only
30% w/w of TPS to PHB could double and quadruple the stress
and strain at break values of the polyester, respectively. Although
no shifting of PHB melting temperature could be observed, thus
indicating that there were no interactions at molecular level,
a strong delay of PHB decomposition temperature could be
highlighted passing from about 220 to 260°C; TPS could act as
a thermal stabilizer of PHB.

Vice versa, by investigating the influence of PHB on TPS
properties, Lai et al. (2006) studied the mechanical properties of
films based on TPS doped with different amounts of PHB (1, 3, 5,
and 7 wt%). They found that the mechanical properties of films
increased by increasing PHB content, whereas the values of water
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absorption, one of the main issues of hygroscopic TPS, decreased
because of the higher PHB hydrophobicity. Actually, it is worthy
to underline that, for PHB/TPS blends, there is an optimized
ratio between glycerol (used to thermoplasticize starch) and PHB
concentration finalized to reach a suitable compatibility between
the polymers. The same authors found that, when TPS contains
25% of glycerol, the tensile strength of the blend TPS/PHB
significantly increased by increasing PHB content, whereas when
33% of glycerol is used, only slight changing could be observed.
This outcome could be probably due to the higher gelatinization
degree, resulting in a structure more prone to water diffusion.
Similar results were found by Thiré et al. (2006). In their work,
the authors investigated compression-molded PHB/starch blends
with starch content varying between 0 and 50%. They found that,
above 30% in weight of TPS blended with PHB, higher starch
contents led to the worsening of mechanical properties due to
the lack of interfacial adhesion between starch and PHB, also
evidenced by morphological analysis.

In order to improve the interfacial adhesion between the
polymers, Zhang and Thomas (2010) prepared PHB/starch
blends by melt process and investigated the properties in terms
of interfacial adhesion between the polymers. Two types of
maize starch, starch 1 (containing 70% amylose) and starch 2
(containing 72% amylopectin), were melt blended with PHB. The
spectroscopic and morphological analyses evidenced that starch
particles acted as nucleating agent for PHB crystallite formation
by significantly reducing the spherulites size; moreover, the starch
fillers physically interacted with PHB by means of intermolecular
hydrogen bonds. This effect was particularly highlighted when
the more linear and tighter structure of amylose-rich starch was
used. Hydrogen bonding between the polar residues of starch
(hydroxyl groups) and carbonyl residues of PHB could inhibit the
chain scission degradation in PHB, thus improving its thermal
stability. As a consequence, higher melt shear viscosity and better
mechanical properties were observed when starch 1 was used.

PHB Reactive Blends

Blending different polymers opens up a range of possibility for
the development of novel materials with interesting properties.
As previously underscored, melt compounding is one of the
most effective methods to tune the polymer blending properties.
This method allows preparation of new bio-based polymer
blends or composites with pleasing properties. Anyway, most of
the blends consist of thermodynamically immiscible polymers,
and the simple physical mixing in the melt state usually
leads to phase separation on the micrometer scale resulting in
unfulfilling properties of the final products. To overcome the
problems related to incompatibility, bio-based polymer blends
and composites require a reduction in interfacial tension between
the components leading to improved final properties of the
materials (Muthuraj et al,, 2018). Among various strategies for
compatibilization, reactive blending seems to be one of the
most p ing and envi friendly approaches (Raquez
et al., 2008). It is a fast, solvent-free, low-cost, and environment-
friendly method by which designed chemical reactions between
the components in suitable processing conditions occur.
Reactive blending is really versatile since it can be successfully
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applied during “in situ polymerization” of biodegradable
polymers, functionalization of natural fibers/fillers, or chemical
modification of the polymer structure. Moreover, the reactive
blending occurring by using the “dynamic curing” of bio-based
polymers and composites is worthy of consideration in this
research field. The method consists on using reactive species
as organic peroxides in the melt chamber resulting in the
formulation of copolymers, which act as interface compatibilizers
between two (or more) polymer matrices. In the literature
data, the dynamic curing of biodegradable aliphatic polyesters
blends (Ma et al., 2014), aliphatic polyester/natural rubber blends
(Wang et al, 2015), and, more recently, bio-composites (Luo
et al., 2016) indicated that the high temperature necessary to
decompose organic peroxides also induces transesterification
reactions of aliphatic polyesters, responsible of polymer chain
rearrangements toward soluble copolymers. This confirms that
dynamic curing of bio-based polymer blends and composites
can lead to the development of semi-interpenetrating networks
connecting two (or more) phases, which significantly enhances
their physicomechanical properties.

In their paper, Przybysz et al. (2018) used two different
organic peroxides, dicumyl peroxide (DCP) and di-(2-
tert-butylperoxyisopropyl)-benzene (BIB), to compatibilize
polycaprolactone (PCL)/PHB blend. Polycaprolactone is a
synthetic semi-crystalline linear aliphatic polyester that is
biocompatible and biodegradable. It is ductile and has a
significantly lower melting point than PHB at about 60°C.
Blends of PCL and PHB have attracted much attention due to
their inherent biodegradability and biocompatibility, although
they are immiscible on the molecular scale as proven by Antunes
and Felisberti (2005).

It was observed that the addition of free radical initiators
to PCL/PHB blends resulted in the significant enhancement
of mechanical and thermal properties in comparison to
uncompatibilized blend obtained by only physical mixing. The
severe improvement of PCL/PHB properties was due to the
partial cross-linking and/or branching of the covalently linked
blends, as evidenced by the melt flowrate. Moreover, the better
efficiency of BIB due to its higher number of free radicals
was r ible for a tigh d final ¢ ibilized structure

P Bl P

(Przybysz et al., 2018).

PHB-Based Bionanocomposites

One of the main drawbacks of PHB is the high costs correlated
to the fermentation and extraction processes. As a result, several
studies investigated on the preparation of PHB bio-composites
by blending it with natural fibers and fillers, aiming at producing
more cost-effective materials with improved properties (Delmas
et al, 2011; Garcia-Garcia et al, 2016). Inspired by these
considerations and in the frame of an eco-sustainable approach,
Angelini et al. (2014) prepared compression-molded bio-
composites employing a lignin-containing filler obtained as a
by-product of the bioethanol fermentative production process,
using Arundo donax as a biomass (Vishtal and Kraslawski,
2011). When blended with biodegradable aromatic and aliphatic
polyesters, an increase in thermal stability and elastic moduli
of the resulting composites was observed, not neglecting the
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valid opportunity for converting an agro-food by-product into
a bio-resource, aimed to improve the properties of PHB in an
environment-friendly and cost-effective way (Mousavioun et al.,

Driven by the necessity to overcome these issues, attempts
to improve bio-composite performances have been carried
devel of bi p Polymer

Py

2010). Therefore, in order to reduce the costs of filler pr g,
hence the bio-composite overall cost, no pretreatments other
than milling were performed on the crude lignin-containing
residue filler prior to use. The biodegradation behavior of the
composites, qualitatively assessed by analyzing the surface of
soil buried films, evidenced a significant surface degradation
of PHB-based bio-composites. The authors demonstrated that
lignin positively affected the rheological behavior of the polymer
melt and acted as a PHB nucleating agent (Angelini et al., 2014).
In mixtures, the nucleation rate and size of the spherulite depend
on the cooling rate and the nucleation density. Nucleating agents
(NAs) provide polymers with homogeneous nuclei and allow
more rapid crystallization during the cool-down period after the
polymer melts. Indeed, it is very important to both accelerate
the crystallization rate of PHB-based materials and provide the
formation of small and more homogeneous spherulite sizes in
order to enhance its mechanical properties In general, adding
NAs results in an increase in melt crystallization temperature and
narrowing of the crystallization peak during non-isothermal melt
crystallization; in other words, in the presence of NA, less degree
of supercooling and shorter crystallization time occur (Shi et al.,
2015).

Recently, natural fibers are increasingly being utilized as
environment-friendly materials to improve polymer properties.
The natural fibers can represent a valid alternative to synthetic
oil-fossil-derived fibers, such as glass and carbon fibers,
commonly used as reinforcements in bio-plastics due to their
strong mechanical properties. The cellulose-based fibers are eco-
sustainable and cost effective (Tan et al., 2015) due to their
biodegradability, renewability, and availability; moreover, they
have low density, competitive specific mechanical properties, and
a relatively low cost (Ching et al., 2016). Generally, along with a
number of benefits as reinforcements, there are some drawbacks

d with the exploitation of these natural lignocellulosic
fibers. Indeed, the hydrophilicity and strong cross-linking of
lignocellulosic fibers prevent the compatibility with biopolymer
matrices, leading to poor interfacial adhesion and mechanical
properties (Sanchez-Garcia et al., 2008). In their paper, Tinase
et al. (2015), prepared new bio-composite materials based on
PHB and different percentages of cellulose fibers (from 2 to 10%)
in order to improve PHB physical and mechanical behavior. By
increasing the cellulose fiber content, the authors evidenced a
decrease in melt viscosity and melting temperature, making the
composites easy to process.

The crystallinity of PHB/FC composites decreased for all
samples compared to neat PHB. The decrease in the crystallinity
of the tested samples could be attributed to the hindered
motion of the polymer due to the p e of cellul
fibers in the polymer matrix. The composite showed a blocking
effect in the UV light spectra region while maintaining high
transparency, resulting in a suitable property for a packaging
material. On the other side, the water vapor barrier was poor
due to the hydrophilicity of cellulose fibers (Tinase et al.,
2015).
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out by the de

nanocomposi by incorporation of nanosized
particles into polymer matrices, evidenced clear impr

of PHB properties, mostly if mechanical performances are
concerned. For example, studies on the effect of organoclay
minerals on mechanical properties of PHAs have been
performed (Ozkoc and Kemaloglu, 2009). As a matter of
fact, polymer nanocomposites exhibited markedly improved
properties when compared to the pure polymer. Mineral clays
are the most used silicates in bi posi fi
Indeed, they can modify the polymer characteristics and improve
their processability. As clays are naturally hydrophilic, in order
to make them more ible with hydrophobic polymer
like PHB, the cations between the layers can be changed by
cationic surfactants like the alkyl ammonium (Alexandre and
Dubois, 2000). The modified clay becomes organophilic, its
surface energy decreases, and the interbasal distance increases.
The modified organo-nanosilicates are more compatible with
the hydrophobic PHB nature due to the improvement of the
interfacial adhesion. Furthermore, it makes possible the polymer
molecules intercalating inside clay galleries, thus strongly
modifying the mechanical, thermal, and barrier properties of the
polymer (Bordes et al., 2009a).

Among the traditional composites, bentonite is one of
the lamellar silicates most used as inorganic filler. Indeed, it
is environment friendly and available in large quantities at
a relatively low cost. Thus, it provides for the manufacture
of bionanocomposites, preserving the biodegradability of
the whole system (Bordes et al., 2009b). In their paper,
Junior et al. evaluated the thermal behavior of PHB/PEG/clay
bionanocomposites. It was observed that the initial temperature
of degradation of bionanocomposites increased with
organobentonite content. It was also verified that clay addition to
most of the systems led to an increase in crystallinity compared
to the PHB matrix, which was attributed to clay nucleating
action able to reduce the size of the spherulitic crystals by both
decreasing the free energy barrier required for crystal growth and
increasing the number of nucleation sites available for crystal
growth. This effect was due to the organic modification of the
bentonite able to provide suitable different interlayer structures
for the bionanocomposites (Junior et al,, 2019). Actually, from
the application point of view, PHBV is widely investigated in the
preparation of high-performing P to be exploited
in food packaging. However, the main drawbacks needed to be
overcome are its slow crystallization rate and low crystallinity
responsible for the dropping down of mechanical and barrier
properties. According to Zhang et al. (2017), the addition
of cellulose nanocrystals (CNCs) substantially modulates
the crystallization profile of the polymer, thus enhancing its
mechanical property and thermal stability. In addition, finalized
to bestow antibacterial properties, thus obtaining a bioactive
food packaging material, the authors included bifunctional
nanohybrids composed of CNCs and antibacterial agents, such
as silver nanoparticles, AgNPs, in the biopolymeric matrix
and found that they acted as suitable nucleating agent able to

uring.
8

January 2021 | Volume 8 | Article 619266



Appendix

Turco et al.

strongly improve PHBV crystallization temperature and rate
and whole crystallinity. As a consequence, also thermal stability,
mechanical, barrier, and antibacterial properties of the ternary
bionanocomposite significantly enhanced.

In their paper, Yu et al. (2010) performed a pioneering
research about the structural and optical properties of
PHBV/ZnO nanofibers fabricated by the electrospinning
technique. ZnO nanoparticles (NPs), doped in the PHBV
fibers, resulted in well-dispersion due to the hydrogen bonding
occurring between the polar groups of ZnO and PHBV.
The crystallinity and crystallization rate were lowered by
adding ZnONPs.

Based on the previous research, recently, Castro-Mayorga
et al. (2017b) investigated the effect of zinc oxide size,
morphology, and crystalline structure on their antimicrobial
activity against the foodborne pathogens Sal, lla enterica and
Listeria monocytogenes of PHBV for active food packaging and
food contact applications. They found that ZnO particles were
significantly effective when their specific surface area increased,
i.e., when the hexagonal-pyramid nanoparticles (PZnO) were
used. In addition, they evidence that the antibacterial properties
were preserved even when they were incorporated in coating
PHBV structures. Moreover, ZnO nanoparticles positively
influenced the thermal stability and optical properties of
PHBV active films, avoiding their browning after the thermal
processing, even if they worsened the polymer mechanical and
oxygen barrier properties due to the high concentration required
to obtain suitable bactericide effect against L. monocytogenes.

In order to improve PHBV gas barrier properties, which
is useful for food and electronic packaging materials, and
its sensitivity to oxygen, many efforts have been performed.
The introduction of nanosized fillers inside polymeric matrix
attracted a great interest since their fine and homogeneous
distribution inside the polymer hinders gas permeability. In their
paper, Oner et al. (2016) used boron nitride crystals in hexagonal
nanoplate and nanoflake due to their structural similarities
to graphene. BN nanoparticles included in the PHBV matrix
during the extrusion process improved the gas barrier of the
polymer. Anyway, in order to enhance the physical interaction
occurring between PHBV and BNPs, thus assuring a stable
dispersion of BNPs, the same authors used a silane coupling
agent, octyltriethoxysilane (OTES), to modify the surface of
boron nitride. In their research, Oner et al. (2019) included
different amounts of BNPs with different crystalline silane
surfaces in PHBV, via melt compounding, and investigated
their effects on the barrier properties of PHBV nanocomposites.
For all the nanocomposites, the oxygen permeability decreased
in comparison to the neat PHBV due to the presence of
both BN nanoparticles and silane coupling agent. In particular,
the physical interaction occurring between PHBV and BN
were strongly enhanced in the presence of OTES, furthermore
improving the barrier properties.

Similarly, Oner and Ilhan (2016) investigated the chemical-
physical properties of bio-composites based on PHBV and
hydroxyapatite (HAP), obtained by extrusion processing. HAP is
one of the bioactive and biocompatible calcium phosphates fillers
widely used for polymer nanocomposites. Since both synthetic
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and natural HAPs have the same chemical composition and
crystallographic properties of bone joint, it is widely used as
osteoconductive filler for bone regeneration (Basile et al., 2015).

The bio-composites, produced by melt extrusion of PHBV
with untreated HAP and silane surface-treated HAP crystals,
were investigated by structural, morphological, and thermal
analyses. At high loading of unmodified HAP nanoparticles,
physical agglomeration occurred, and mechanical properties
dropped down, as the lack of proper adhesion between the matrix
and the HAP results in insufficient stress transfer. The silane
coupling agent induced a better dispersion of HAP NPs inside
PHBYV, as evidenced by SEM analysis; as a consequence, a good
stress transfer from the matrix to the dispersed phase could be
observed. Thus, surface treatment by silanization proved to be
necessary to avoid a decrease in the mechanical properties of the
filled biopolymer matrix (Oner and Ilhan, 2016).

Finally, Ambrosio-Martin et al. (2015a,b) prepared novel
nanocomposites based on PHBV and functionalized graphene
nanosheets (FGS) by means of mechano-physic ball milling
method. Morphological characterization evidenced proper
nanofiller dispersion into the matrix, whereas DSC analysis
evidenced an increased crystallinity of the polymer. Thermal
stability tests revealed that FGS affected the mechanism of
oxidative thermal degradation while they did not influence
the thermal degradation by pyrolysis. The authors highlighted
the positive influence of the homogeneous dispersion of FGS
nanofiller within the polymeric matrix, for both the mechanical
reinforcing effect of FGS and also gas barrier enhancement
(Ambrosio-Martin et al., 2015a,b).

CHALLENGES AND PERSPECTIVES FOR
EFFECTIVE PHA EXPLOITATION

The main challenge for exploitation of PHA polymers is related
to their high production costs. The costs of the raw materials and
recovery process are ~10 times higher than those of conventional
polymers, with the carbon sources used to feed the fermentation
process accounting for more than the 50% of the total (Wang
etal, 2013a; Koller et al., 2017). An estimation of the biopolymer
costs is ~$6-15/kg, almost two orders of magnitude higher than
those of PE and PP ($0.23-0.48/kg) (Reddy et al., 2003).

An important aspect related to the cost competitiveness of
PHA production is the final process productivity, which in turn
depends on production yield as well as on the efficiency of
downstream procedure. Genome-editing and synthetic biology
approaches have emerged as powerful and innovative tools to
address both these aspects (Zhang et al, 2020). Ribosome-
binding site (RBS) optimization, promoter engineering, and,
more importantly, CRISPR-cas9-based approaches have been
effective in model organisms, such as E. coli and non-
model ones, such as Halomonas spp. and Pseudomonas spp.,
to boost process competitiveness (Zhang et al, 2020). Cell
sizes and growth behavior are crucial targets for increasing
polymer accumulation. Engineering cell size/shape or cell walls
is an effective way to boost PHA accumulation within the
intracellular space. CRISPR/cas9 and CRISPi methods have
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polymers (physical blending and/or melt reactive blendmg).

and cost effective and to reduce greenhouse gas emissions and

copolymers, and bio-composites, leading to greatly imp
mechanical profiles, wider processability windows, and improved
post-processed thermal stability, without neglecting that PHB
compounding requires lower amounts of the neat polymer
with a consequent reduction in the final material costs. These
advances will improve PHB capacity to match with the practical
needs in several application fields, ranging from surgical sutures,
tissue engineering (Misra et al., 2010), agricultural foils, and
packaging materials for the storage of food products (Bucci et al.,
2005).

In this way, PHB could both shed lights on its commercial
applications and enhance its penetration in wider market sectors,
with a consequent reduction of its high production cost.

Nevertheless, it is expected that the PHA production
will almost quadruple by 2021 with regard to 2016, as a
result of a ramp-up of capacities in Asia and the USA
(www.euroepanbioplastics.org/market), and thus, it seems that
the costs of PHAs will decrease. This upcoming perspective is the
result of an important trend, driven by the changing of consumer
demands to make plastic products more efficient, eco-friendly,
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been used to manipulate genes related to cell division. The
deletion of fission-related genes, together with overexpression
of the genes involved in the division process in E. coli, allows
to significantly increase PHB accumulation by inducing a
multiple division pattern and, consequently, the formation of
a cell with increased volume (Jiang et al., 2015; Elhadi et al,,
2016; Wu et al, 2016a,b). Cell shape is also an important
factor influencing further cell separation from the culture
broth. A convenient downstream process has been designed
in engineered Hal p LS21,by deleting an
etf operon encoding two subunits of an electron transferring
flavoprotein, causing self-flocculation and an easy and rapid
recovery at the bottom of the bioreactor (Ling et al., 2019; Shen
etal., 2019).

Biomass feedstocks and waste materials have emerged
as promising substrates for cost-effective PHA production,
and their different kinds have been explored, including
lignocellulosic materials and agroindustrial and food wastes
(El-malek et al.,, 2020; Sirohi et al.,, 2020). Progresses in this
field have been achieved through the application of in vivo
engineering approaches. Microbial cell factories able to convert
different wastes into PHA have been designed, focusing on
different approaches: (i) introducing the genes required
for the metabolization of waste C-sources in native PHA
producers; (ii) conferring PHA-producing abilities to non-native
producers endowed with advantag bolic/physiol
features, i.e., halophilic bacteria and/or microorganisms naturally
able to metabolize complex C-sources; (iii) modulating PHA
composition acting on precursor-supplying pathways (Favaro
etal, 2019).

Although PHA at industrial scale is currently produced by
pure culture systems (wild-type or engineered microorganisms),
the use of MMC is emerging as a promising strategy to
reduce the intensive costs related to aeration and media and
equipment sterilization (Fradinho et al., 2019; Mannina et al.,
2020). A further advantage of MMC-based processes is the
possibility to integrate PHA production in waste treatment
plants (Kourmentza et al., 2017). In one of the most promising
examples, up to 75 wt% of PHA content has been reported
by MMC from fer: d mol (Albuquerque et al., 2010).
It has been estimated that, by opti the acidog;
fermentation to get a large amount of organic acids from
organic fraction of municipal solid waste (OFMSW) to be
further transformed into PHA, a total gross revenue of $7.6-
16.9 billion might be achieved (Colombo et al, 2017). The
feasibility of the MMC-based processes on waste substrates
has been demonstrated at pilot scale, and several European
projects aim at demonstrating PHA production at pilot scale
have been funded (Mannina et al., 2020). Future improvements
for the exploitation of MMC-based processes should address
the increase in cell densities and polymer productivities (Argiz
et al, 2020) as well as the improvements in the extraction
technologies due to their higher resistance to cell hydrolysis with
respect to pure cultures (Samori et al., 2015; Mannina et al.,
2020).

Most of the reported studies focus on the successful design
and optimization of the processes for PHA production from
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wastes on lab-scale; however, an estimation of process costs has
been reported only in few cases. In an interesting example, PHB
process economics using cheese whey as the low-cost substrate
was simulated on scenarios with different plant capacity. The
bioprocess was found efficient at 1,000 ton/h whey feed with an
estimated cost of US$10.2/kg (Pena-Jurado et al., 2019).

Although the use of waste materials certainly allows to reduce
the costs of raw material supply, the PHA production process
is still not economically competitive. Exploiting microbial cell
factories to obtain multiple products from the same process
would enhance process competitiveness. Several examples
of coproduction of PHA with other value-added products
(amino acids, proteins, alcohols, hydrogen, biosurfactants,
exopolysaccharides, and lipids) have been described in the recent
literature (Kumar and Kim, 2018; de Jesus Assis et al., 2019).
From an economical and technical point of view, the most
advantageous processes are those that couple an optimized
accumulation of intracellular PHA together with the recovery
of extracellular products (Kumar and Kim, 2018). A further
breakthrough in the same direction is represented by the
implementation of “waste bio-refineries)’ wherein the PHA
production is integrated in an ensemble of processes aimed at the
complete valorization of raw materials. A techno-economic and
environmental analysis of a sugar cane bagasse biorefinery for the
production of fuel ethanol, PHB, and electricity was performed
by Moncada etal. (2013). An optimization procedure was applied
to select the most promising process pathways for each product
and to define the criteria for the selection of technologies and raw
material distribution. It was d ated that, if ed in
the frame of a multiproduct biorefinery, where all the products
contribute in incomes and also share costs, instead of a separate
process, the PHA production becomes a feasible process.

A similar approach was applied to eval the ec
viability of a biorefinery for the coproduction of succinic
acid, PHB, and electricity from sugarcane bagasse and trash
lignocelluloses (Nieder-Heitmann al, 2019). Different
scenarios were simulated, and the most favorable configuration
(where PHB was produced from 25% of the fermentable glucose
stream and succinic acid from the remaining glucose together
plus the hemicellulose hydrolysate) resulted in an internal
rate of return (IRR) of 24.1% with a net present value of
US$477.2 million.

Although the above-described st of PHB p
from ble, ect ble, and cost tive bioresources
are ever more biotechnologically advanced and promising
approaches to drastically reduce the high production cost of
PHB, its commercialization is still in its early stages, even if
its global production capacity is one of the fastest growing
among biopolymers (Aeschelmann and Carus, 2017). This is
due to the restricted areas of PHB application unavoidably
associated to the lost challenge in up-front competition with
the petroleum-based plastics produced on a very large scale.
A valid attempt to obtain a cost-competitive material is to
strongly broaden its industrial production and diffusion in
bioplastics industry. A lot of progress has been recently
made through the formulation of PHB with tailored additives
(plasticizers, nucleating agents, organic, and inorganic fillers),
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Abstract

Polyhydroxyalkanoates (PHA) are microbial polyesters produced by a wide range
of microorganisms as storage materials. Besides displaying material properties
similar to those of petroleum-based plastics, their intrinsic biodegradability
makes them “green” candidates for solving plastic pollution issues. The PHA
diversity, determined by monomer size as well as by polymer structure, translates
into a wide range of material properties finding applications in different sectors.
This tunability is due to the complex metabolic network that drives PHA biosyn-
thesis in vivo, which makes every microorganism unique in its producing
abilities. Despite such potentialities, the production of PHAs at large scale is
hindered by the high cost of carbon substrate necessary to feed PHA producing
microbes. In this regard, the use of food wastes as starting feedstock for microbial
fermentation would represent a cost-effective way to boost PHA exploitation.
This chapter examines the state of the art of food wastes conversion into PHAs,
focusing on the strategies applied to develop microbial strains for producing
PHAs with tailored properties and high yield. Examples of PHA production
based on natural or engineered strains will be examined, and prospects and
challenges for the effective exploitation of the processes will be presented.
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6.1 Introduction

The exploitation of fossil resources to satisfy the current demand for plastic materials
is a serious threat for the environment, with consequences in terms of global
warming, human health risks, and ecosystem toxicity (Harding et al. 2007). Since
their introduction in human everyday life, petro-plastics, due to their intrinsic
resistance to microbial degradation, have accumulated in the environment,
generating a real pollution emergency. European policies in relation to waste
management, emission reduction, and sustainable development strongly encourage
the search for new green solutions to the plastic issue (Directive 2008/98/EC on
waste).

Polyhydroxyalkanoates (PHAs) are biodegradable and naturally synthesized
polyesters, accumulated by various microorganisms as carbon, energy and redox
storage material, in response to stressful/unbalanced growth conditions. In the last
decade, PHAs have been emerging as “green” candidates for solving plastic pollu-
tion issues due to their spectrum of properties, very close to those of petroleum-
based plastics.

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 dis-
covered (Ojumu et al. 2004). According to monomer chain length, PHAs have been
classified in two main categories: short chain length (scl)-PHA (C4 and C5) and
medium chain length (mcl)-PHA (C > 6). Polyhydroxybutyrate (PHB), a scl-PHA,
is by far the most well-studied PHA polymer, accumulated to up to 80% of cell dry
weight by native as well as recombinant microorganisms (Aldor and Keasling 2003).
Due to its thermoplastic properties, similar to those of polypropylene, PHB has
found application in food packaging as well as in agricultural purposes (Reddy et al.
2003). On the other hand, mcl-PHAs characterized by high elasticity and low
crystallinity emerged as suitable materials for novel applications in cosmetics,
paint formulations, medical devices, and tissue engineering (Vastano et al. 2017).

Three main pathways regulate PHA biosynthesis in vivo. 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, fatty acid
biosynthesis and degradation, and are based on central metabolites and cofactors,
i.e. acetyl-CoA and NADPH (Fig. 6.1).

The complex metabolic network that drives PHA biosynthesis in vivo makes
every microorganism unique in its producing abilities. PHA composition and
properties are strictly influenced by the supplied carbon source, the activated path-
way, the properties of the enzymes involved, as well as by growth and operating
conditions. The term “PHAome” was coined to describe the diverse and dynamic
modifications the PHA spectrum undergoes within the cell (Chen and Hajnal 2015).
Beside monomer composition, these modifications also reflect in the diversity of
polymer structure (homopolymers, random or block-copolymers) and molecular
weights, resulting from controlling operative culture conditions and/or external
substrate feeding (Aldor and Keasling 2%083; Chen and Hajnal 2015).
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Fig. 6.1 Schematic representation of the main metabolic pathways involved in PHA synthesis.
(Note: PhaA P-ketothiolase, PhaB ketoacyl-CoA reductase, PhaG transacylase, PhaJ enoyl-CoA
hydratase, TCA cycle tricatboxylic acid cycle)

This scenario left room to metabolic engineering to channel precursors into
preferred routes in order to control PHA composition (Chen and Jiang 2017; Lee
et al. 2019). At the same time, since the incorporation of specific precursors is linked
to the substrate specificity of the PHA synthetic enzymes, protein engineering was
applied to PHA biosynthetic enzymes, especially to the PHA synthase (PhaC), to
modulate the abundance of a specific monomer into the synthesized polymers (Lee
et al. 2019).

PHA heterogeneity gives rise to a wide range of materials, from thermoplastic
polymers, to elastomers or even sticky resins. This feature, coupled to the intrinsic
biodegradability and the renewable origin, confers an enormous potential to PHAs
exploitation. It has been estimated that PHA production can save on average 2 kg
CO, emitted (about 30 MY of fossil resources) for 1 kg PHA produced, compared to
fossil-derived plastics (Essel and Carus 2012). However, PHA production reached
industrial scale only in few examples (Pakalapati et al. 2018), with production
capacities from 1000 tonnes/year (Biomer, Germany; Kaneka Corporation, Japan)
to 10,000 tonnes/year (Tianjin GreenBio Materials, PR China). The main obstacle to
effective PHA application is the cost associated with the substrates used to feed the
microbial process that was estimated to account for more than 50% of the production
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Fig. 6.2 Main examples of food wastes and their principal components

costs (Koller et al. 2017). 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 the raw material (Sabapathy et al,
2017). In addition, the use of edible carbohydrates like glucose or lipids of
nutritional value would provoke the “plate-versus-plastics” controversy, adding
ethics concerns about bioplastic exploitation.

To be sustainable, PHA production processes should encompass aspects of
economic, environmental protection, optimized engineering, and ethics (Koller
2019). A possible solution is to directly link the food production sector with
biopolymer production, by using carbon-rich waste streams of food and feed pro-
duction as raw materials for biopolymer manufacturing (Nielsen et al. 2017). The
valorization of these wastes through a microbial process would also represent a
solution to their disposal. About 10'2 kg of food is discarded per year (Kwan et al.
2018), and many carbon-rich food waste streams are produced from different
productive sectors: from the cheese inc}_ua’(c)ry, to food companies producing waste
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frying oils; from waste animal fats from slanghterhouse to lignocellulosic wastes
from different agro-sectors (Fig. 6.2).

Several studies explored the use of these waste materials as substrate for micro-
bial PHA production. A survey of the scientific literature (Scopus search) published
over the past 35 years reveals an increasing trend in the number of articles containing
the keyword “PHA”, with a positive correlation with those resulting from the search
for “PHA and waste”. In the published papers, different aspects have been
addressed: the effect of waste composition on microbial metabolism and, conse-
quently, the choice of proper PHA producer for the selected waste; the presence of
readily metabolizable C-sources or the need for a pretreatment step to hydrolyse
complex substrates into small convertible compounds; the necessity to detoxify the
hydrolysates to remove inhibiting compounds.

This chapter covers the research carried out in the last decade on the exploitation
of food waste materials for PHA production, focusing on the different strategies
applied to optimize and customize biopolymer production processes (Fig. 6.3).

6.2 Exploring PHA Production from Pure Cultures and New
Microbial Isolates

Bacterial strains able to produce PHAs are generally classified into two groups:
(1) microorganisms that accumulate PHAs under limitation of some nutrients like
oxygen, nitrogen or phosphorous in presence of C-sources excess;
(2) microorganisms which do not require nutrient limitation for PHA biosynthesis,
because polymer production is associated with growth (Kourmentza et al. 2017).

Microbial PHA production from food wastes was thoroughly investigated in
order to reduce the production costs. In this section, the state of the art of food
waste conversion into PHAs is discussed, focusing on the most abundant wastes
worldwide and on the most relevant microbial processes in terms of PHA production
yield, costs and innovation (Tables 6.1 ja-16d16.2).
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Table 6.1 Examples of PHA production from lipid-rich waste by pure cultures
%
Waste Fermentation PHA Monomeric
source Microorganism | strategy (w/w) | composition | References
Waste Pseudomonas Batch flask 12 PHB Gamal et al.
frying oil | fluorescens 2011)
S48
Waste Pseudomonas One-stage 30 PHB Gamal et al.
frying oil | fluorescens bioreactor 2012)
548 Two-stage 47
bioreactor
Fed-batch 50
bioreactor
Waste Pseudomonas High cell density 55 PHB Gamal et al.
frying oil | fluorescens fed-batch culture (2013)
S48 in bioreactor
Waste Pseudomonas Batch flask 28 mcl-PHA Cruz et al.
frying oil resinovorans 2016)
Olive oil Pseudomonas Batch flask 31 mcl-PHA
distillate resinovorans
Qlive oil Cupriavidus Batch flask 62 PHB
distillate necator
Two- Azotobacter Batch flask 44 PHB Cerrone et al.
phase chroococcum 33 2010)
olive mill H23
waste Azotobacter
vinelandii
UWD
Two- Haloferax Batch flask 43 P(3HB-co- Alsafadi and
phase mediterranei 3HYV) Al-Mashagbeh
olive mill 2017)
waste
Waste Pseudomonas Batch bioreactor 43 mcl-PHA Mozejko and
palm oil sp. G101 Ciesielski
2013)
Waste Pseudomonas Batch bioreactor 20 mcl-PHA Mozejko et al.
rapeseed sp. G101 2011)
oil
Waste Pseudomonas Fed-batch 44 mcl-PHA Mozejko and
rapeseed sp. G101 bioreactor Ciesielski
oil (2014)
Waste Ralstonia Batch bioreactor 70 PHB Riedel et al.
animal eutropha 2015)
fats

Note: 3HB 3-hydroxybutyrate, 3HV 3-hydmxy]\-ra(x)]e2rate
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6.2.1 Fatty Wastes

Vegetable oils were studied as possible candidates for PHA production. Due to their
composition in medium and long chain fatty acids, oil-containing substrates can act
as precursor for PHA with medium/long-monomer length (Table 6.1).

Waste frying oils (WFO) from food industry are mainly composed of
triglycerides, containing long fatty acids (FFAs) with saturated and/or unsaturated
bonds. Despite their common reuse in biodiesel industry, WFO were also tested as
substrates for PHA production. Compared to pure vegetable oil, WFO provide
components that improve growth and PHA accumulation such as food residues,
readily available nitrogen compounds, peroxides, and short chain compound formed
during heating (Verlinden et al. 2011). An example of WFO exploitation as carbon
source at industrial scale was developed using P. fluorescens S48. Different
strategies were investigated. With a continnous WFO feeding at 0.55 mL/L/h, the
authors obtained a PHA content of 55.34% (w/w) and 0.64 g/L. cell dry weight (cdw)
after 54 h (Gamal et al. 2013). When operated in fed batch, with WFO supplying, a
higher cell dry weight (3.46 g/L) and 49.71% polymer content (w/w) were achieved
in a shorter time (48 h) (Gamal et al. 2012). In both cases, the feeding of carbon
source improved its solubility and availability for bacteria.

Olive oil distillate (OOD) is a by-product from olive refining industry
representing (.05-0.1% of total processed oil. It is mainly composed of free fatty
acids (>50 wt.%) with a lower concentration in triglycerides, diglycerides, and
monoglycerides than WFO (less than 10 wt.%). As for WFO, the concentration of
saturated fatty acids is lower than that of unsaturated FFA (Cruz et al. 2016). Using
OOD as substrate for PHA production, up to 62% of PHB (w/w) was obtained using
C. necator, and 31% (w/w) with P. resinovorans (Cruz et al. 2016). In the latter case,
the polymer was mainly composed of 3-hydroxyoctaonate (3HO) and
3-hydroxydecanoate (3HD) with smaller amount of 3hydroxyhexanoate (3HHx).

An interesting bioprocess, combining anaerobic and aerobic steps, was reported
by Cerrone and co-authors using the Two-Phase Olive Mill Waste (TPOMW), a
semisolid waste generated in the olive mill industry by the two-phase extraction
system (Cerrone et al. 2010). This waste is characterized by a high concentration of
organic matter and elevated hydro-soluble carbohydrate content (Dionisi et al.
2005). The first biological anaerobic treatment transformed TPOMW, during the
hydrolytic and acidogenic phases, into propionic, butyric or valeric acids; these were
then used as precursors for the synthesis of 3-hydroxybutyric (3HB) and
3-hydroxyvaleric (3HV) in the subsequent aerobic step. Nevertheless, despite the
capability of A. chroococcum H23 and A. vinelandii UWD to grow on this pretreated
waste, they produced only homopolymers of PHB (A. chroococcum 44% (wiw),
A. vinelandii 33% (w/w)); according to the authors this is due to the high concentra-
tion of carbohydrates (10 g/I.) with respect to that of volatile fatty acids (30 mg/L)
within the medium.

Alsafadi and Al-Mashagbeh (2017) proposed a one-stage cultivation step on
WEFO, by exploiting extremophilic organisms, which exhibits tolerance to a range
of environmental stressors. As a fact, H. mediterranei is able to incorporate
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3HV units in the synthesized polymer, using Olive Mill Waste (OMW) as carbon
source, without the need of a fermentation step or any additional feeding with costly
3HV-related precursors. H. mediterranei cultivation conditions were optimized in
medium containing 15% OMW by investigating several parameters affecting PHA
production. High salt concentration inhibits PHA biosynthetic pathway activating an
osmotic balance response (Vega-Castro et al. 2016). The highest PHA content (43%
(w/w)) was achieved at 37 °C, 170 rpm and 22% salt concentration.

Song, Haba and co-workers reported the synthesis of mcl-PHA by Pseudomonas
species using waste palm oil (WPO) as carbon source (Song et al. 2008; Haba et al.
2007). Pseudomonas sp. G101 strain was not able to grow on WPO in its original
form, and a preliminary saponification step to break down the triglycerides into free
fatty acids was required. After this pretreatment, up to 43% of mcl-PHA (w/w) after
17 h was produced (Mozejko and Ciesielski 2013). Interestingly, nitrogen limitation
is unnecessary for stimulating biopolymer synthesis. Pseudomonas sp. G101 was
also reported to produce mcl-PHA from waste rapeseed oil as carbon source
(Mozejko et al. 2011). In this case, oxygen concentration plays a crucial role, with
lower oxygen supply being responsible for higher PHAs accumulation. In addition,
the authors proposed a pulsed feeding strategy as more favourable approach for
mcl-PHA production, reaching 44% (w/w) at 41 h of fermentation (Mozejko and
Ciesielski 2014).

In addition to vegetable oils, waste animal lipids from the food processing and
slaughtering industries have a huge potential as carbon feedstock for PHA produc-
tion. There are many examples of PHA production from tallow; however, its low
availability to microorganisms renders the addition of an emulsifying agent manda-
tory. Riedel et al. (2015) achieved a total production of 70% of PHB (w/w) by
R. eutropha using a pre-emulsified tallow (mechanical mixing of tallow with arabic
gum before inoculation). To increase the yield, they investigated the possibility to
feed liquefied (by heat treatment) tallow during the fermentation in a fed-batch
process. However, in this condition a lower polymer accumulation (63% (w/w))
with respect to the batch process was achieved (Riedel et al. 2015).

6.2.2 Spent Coffee Grounds (SCG)

SCG is a solid residue derived from coffee processing and consumption. Coffee is
one of the world’s most common beverages and its consumption has grown in the
last 150 years: about 6.0 million ton of SCG are estimated to be produced worldwide
and disposed as solid wastes (Tokimoto et al. 2005). Apart from coffee oils (about
15% weight), SCG contains carbohydrates, especially hemicelluloses (37% weight)
and cellulose (9% weight), proteins (13% weight), and lignin (29% weight). Many
studies showed SCG potentiality for PHA production as a low-cost oil-containing
waste. When compared to other waste oils (rapeseed, palm, sunflower), oils
extracted from SCG (by using n-hexane) assured the highest PHB accumulation
and biomass recovery (70.3% PHA (w/w) and 14.2 g/L cell dry weight, cdw), in
shake-flasks experiments using C. necaifg7H16 (Obruca et al. 2014b). The authors
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attributed the superior properties of coffee oil to its high content of free fatty acids,
easily utilized by the bacterial culture. When scaled up in fed-batch mode, a
productivity of 0.82 g PHA per g of oil was achieved. Furthermore, the addition of
pure plant oils or recycled ones was also found effective to solve the difficulty related
to the natural foaming effect of SCG, because they act as antifoaming agent. Since
oil extraction reduces the calorific value of SCG by only 9%, the residual SCG can
be used as fuel to partially cover heat and energy demands of the fermentation
process, thus improving the economic feasibility of the PHA producing process.

Valorization of residual SCG after oil extraction was also pursued by Obruca
et al. (2014b). A detoxification step, aimed at extracting SCG polyphenols, was
applied before SCG hydrolysis to improve the fermentability of the hydrolysate
(SCGH). B. cepacia was able to utilize the SCGH and produced a PHB-co-HV
copolymer up to 51.6% (w/w). Levulinic acid present in the SCGH acted as
precursor for 3HV monomer. The introduction of a polyphenol extraction step
before the acidic hydrolysis enhanced PHA yields of about 25% (w/w) and allowed
also to recover these important side products with potential high market value.

In order to avoid the use of hazardous organic solvents like #-hexane, Cruz et al.
(2014) extracted SCG oil by supercritical fluid extraction with CO, obtaining a yield
higher than 90% (w/w). The oils were directly fed to C. necator DSM 428 in
fed-batch mode. The culture reached a 16.7 g/I. cdw, with a PHB content of
78.4% (w/w) (13.1 g/L). In contrast, batch mode operation produced lower amounts
of PHB (55% (w/w), 6 g/L) (Cruz et al. 2014).

6.2.3 Sugar Industry Waste

Several processes have been studied using molasses for PHA production. Sugarcane
molasses is a by-product of sugar industry, rich in nutrients, growth factors and
minerals, sucrose and glucose residues, not suitable for food. The absence of the
proper enzymes (i.e. a-galactosidases and p-furanosidases) required to metabolize
the major carbohydrates components of molasses (sucrose, stachyose and raffinose)
has limited the exploitation of this waste to few classes of microorganisms. Pseudo-
monas species have been considered for a long time the best microorganisms to
produce PHAs by molasses, accumulating up to 20.6% of PHB (w/w) (Chaudhry
et al. 2011). Recently, in a promising study by Kulpreecha et al. (2009), sugarcane
molasses was used as C-source by B. megaterium BA-019 achieving a cdw of 72.7 g/
L. and a PHB content of 42% (w/w) (Kulpreecha et al. 2009). Schmid et al. (2019) on
the other hand, recently investigated the potential of the halophilic bacterium
B. megaterium uyuni S29 in accumulating PHB by desugarized sugar beet molasses,
a saline by-product of fractionation of beet molasses obtained from the separation of
the sugar, betaine, and the refined fraction, which has a lower economic value than
regular sugar beet molasses and is currently used as fertilizer and as nutrient additive
for animal feed (Schmid et al. 2019). Fermentation of sugarcane molasses and other
linked by-products led to a prevalent synthesis of the homopolymer PHB

(Table 6.2).
108
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Another significant sugar industry waste is vinasse, an acidic compost with a pH
of 3.5-5.0, rich of organic and water-soluble components. It is the major by-product
of ethanol production by molasses, left after alcohol distillation from the fermenta-
tion broth. Recent research on using it as a C-source for PHA production focused on
extremely halophilic species like H. marismortui and H. mediterranei, notable for
their ability to produce P(3HB-co-3HV) without the addition of organic acids
(Pramanik et al. 2012; Bhattacharyya et al. 2014). Halophilic organisms have also
the advantage of reducing the risk of microbial contamination even in a not rigidly
sterile environment, due to the high salinity of the fermentation broth. The inhibitory
effects of polyphenols into vinasse and the accumulation of salts after fermentations
are two of the possible side effects in using them. While the second issue is
affordable using two-stage desalination of spent medium to reuse salts, pretreatments
like adsorption on activated carbon, at certain pH ranges, can reduce phenols
allowing the usage of vinasse as C-source above the concentration of 10%
wt. After this pretreatment, H. mediterranei was able to produce up to 19.7 g/L of
P(3HB-co-3HV) (70% of polymer (w/w)), from a vinasse concentrations of up to
50% weight, while H. marismortui accumulated 4.5 g/I. PHB, corresponding to 30%
(w/w) of production, starting from 100% of vinasse.

6.24 Starch

Starch is a polysaccharide found in many wastes, like food (cereals, fruits, tubers,
legume) and agricultural ones (roots). Worldwide, scientists tried to use this renew-
able carbon source for the production of different value-added products,
i.e. bioethanol and maltose syrup (Keshavarz and Roy 2010; Lareo et al. 2013).
There are only few reports about the use of starch directly by bacteria: most of
microorganisms do not have the metabolic apparatus for its metabolization, thus a
preliminary hydrolysis (chemical or enzymatic) step is required. Poomipuk et al.
(2014) isolated a new Cupriavidus sp. KKU38 from cassava starch wastewater and
tested it for PHAs production using hydrolysed cassava starch as C-source, under
selected conditions and nitrogen starvation (Poomipuk et al. 2014). A PHB content
of 5.9 g/l. cormesponding to 61.6% (w/w) was reported. Interestingly,
H, mediterranei (Chen et al. 2006) produced P(3HB-co-3HV) copolymer from salt
medium supplemented with previously hydrolysed starch.

In order to skip substrates pretreatment, and consequently reduce the overall
process cost, more attention has been paid to microorganisms with the ability to
metabolize starch and simultaneously produce PHA. Halami (2008) found that the
isolated B. cereus CFR06 secretes the enzyme amylase for substrate hydrolysis and
produces 0.48 g/L. of PHB (48.0% (w/w) and 1.0 g/l. cdw) (Halami 2008).
B. thuringiensis is also able to produce approximately 60-72% of PHB (w/w) with
a cdw of 3.6 g/L. (Gowda and Shivakumar 2014). A production of 25 g/I. of PHB
(46% (w/w)) was reported when soluble starch was utilized as a carbon source by
A. chroococcum in batch mode with oxygen limitation (Kim 2000). Aneesh et al.
(2016) focused on PHB production by ZT. asw environmental isolate B. megaterium
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PHB29 with 73.46% of PHB (w/w) accumulation (Aneesh et al. 2016). Salgaonkar
et al. (2019) explored the interesting potential of the Archaea H. boriguense E3 strain
to produce copolymers P(3HB-co-3HV) from cassava starch wastes with a 44.7%
(w/w) of accumulation (Salgaonkar et al. 2019).

6.2.5 Pomaces

Pomaces are fruit residues obtained by the pressing of grapes and distillation of fruits
like apricots and cherries. They are constituted by fruit skins, pulp and seeds, and are
considered as no-value wastes, usually subjected to landfill disposal, incineration or
composting. Due to their high polysaccharide content (cellulose, hemicellulose,
starch and pectin), pomaces have been used for the production of enzymes, organic
acids, fuels and also PHA. In their interesting work, Follonier et al. (2014)
investigated the production of mcl-PHA by the native PHA producer
P. resinovorans carrying out a two-step process (Follonier et al. 2014). Nine types
of fruit pomaces including apricots, cherries and red/white grapes were used as
C-source for biomass growth in the first step. All these wastes underwent a prelimi-
nary enzymatic hydrolysis to produce fermentable sugars, otherwise inaccessible to
P. resinovorans. WEFQ were added in the second step of a batch fermentation to
sustain PHA synthesis. All fruit pomaces hydrolysates were assayed for the presence
of possible growth inhibitors like phenols and tannins. The best PHA production was
achieved by White Solaris grapes reaching 6.1 g/L. of cdw, 21.3 g/(Lpomace) of PHA
and 23.3% of mcl-PHA accumulation (w/w) (Fig. 6.4).

Urbina et al. (2018) used apple pomace (cider and apple juice by-products), rich
of a heterogeneous mixture of sugars like fructose, glucose, xylose and sucrose,
directly as substrate for mcl-PHA production by P. putida KT2440 (Urbina et al.
2018). A PHA concentration of 1.1 g/L. with a 25.5% PHA (w/w) and 4.3 g/L. cdw
was achieved employing the fed-batch strategy. Compared to the Follonier’s
two-step process, despite the comparable production yields, the process reported
by Urbina is more economically sustainable because no saccharification step of fruit
residues are needed and no fatty acids were supplemented during the fermentation
process.

Untreated apple pulp wastes gained the attention of Rebocho research group who
produced about 30% mcl-PHA (w/w) using P. citronellolis NRLL B-2504 (Rebocho
et al. 2019). The authors succeeded in obtaining mcl-films by solvent casting and
characterized them. The films display enhanced hydrophobicity, presenting a lower
permeability to CO, and O, than silicone rubber, are less rigid and even less resistant
to deformations than other natural polyesters as PHB, P(3HB-co-3HV), P(3-HB-co-
3HHx) and polylactic acid (PLA), thus they turned out interesting for applications in
food packaging and biomedical fields.

Among fruit pomaces attracting recent attention, pineapple peel wastes, particu-
larly abundant in Colombia agro-industries, were tested as cheap C-source for
scl-PHA (containing 3HV, prevalently) production by R. eutropha ATCC 17697
with a maximum of 44.8% (w/w) accumll:ll-lation (Vega-Castro et al. 2016).
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Fig. 6.4 Overview of the production process of mcl-PHA using P. resinovorans grown on
pomaces as C-source and WFO as mcl-PHA precursor (Follonier et al. 2014)

6.2.6 Lignocellulosic Wastes

Lignocellulosic biomasses are plant residues obtained from different manufacturing
processes, made of hemicelluloses, cellulose, pectin and lignin. To be used as
C-sources for microbial processes, these materials need to be hydrolysed and often
detoxified to remove growth-inhibiting compounds. Lignocellulosic residues from
wheat straw (Cesdrio et al. 2014), bagasse (Yu and Stahl 2008), and wheat bran
(Annamalai and Sivakumar 2016) were investigated for PHA production, testing
different pretreatment methods, in which lignin depolymerization is always the
limiting step. Laccases, lignin peroxidases and other extracellular oxidative
enzymes, from fungi and bacteria, were applied as enzymatic pretreatment, reaching
similar production yields (as shown in Table 6.2).

Liu et al. (2019) very recently reported an interesting direct bioconversion system
of lignin into PHA by Pandoraea sp. B-6 (Liu et al. 2019) without any pretreatment.
From the genome analysis of the isolated microorganisms, putative genes coding for
lignin depolymerases like laccases, peroxidases and Fenton-reaction enzymes were
individuated. Even if they are far from sitt::li-lig an ideal production process in terms of
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PHA content in both cases, the authors built the bases for the lignin bioconversion
into PHAs in one step, reducing the overall costs of the process and opening up new
perspectives in this field.

6.2.7 Dairy Industry Wastes

The dairy industry embraces several production sectors, milk, cheese, butter, milk
powder or condensate, each of them producing different kind of wastes. Dairy
industry wastes are characterized by high BOD and COD content, representing
polluting materials with high disposal costs. Ramkumar Pandian et al. (2010)
analysed a new potential PHB producer, B. megaterium sp. isolated from brackish
water. They optimized the production medium made of a mixture of dairy wastes,
rice bran and sea water as sources using RSM methodology, thus obtaining a
maximum of 11.3 g/L. of PHB (RamKumar Pandian et al. 2010).

Whey is the main by-product from cheese manufacture. It is rich in fermentable
nutrients such as lactose, soluble proteins vitamins and mineral salts. About 50% of
whey is recycled as animal feed, the remaining part usually destined for disposal.
Whey can be considered a cheap source for microbial fermentation aimed at PHA
production. Generally, whey does not require any extensive pretreatment before
fermentation: the only limit is the bacterial strain ability of using lactose directly for
their growth. Many microorganisms are reported to produce PHB directly from
whey, some of the most interesting in terms of production yields being
B. megaterium (Obruca et al. 2011), H. mediterranei and P. hydrogenovora (Koller
et al. 2008). In their recent work, Bustamante et al. (2019) found a new PHA
producer by cheese way, C. segnis DSM 29236, using an in silico screening
approach (Bustamante et al. 2019). They achieved 37% of PHB (w/w) reaching up
to 9.2 g/L, the highest concentration reported to date for a wild-type microorganism
capable of converting lactose from whey into PHA.

6.2.8 Other Wastes

The treatment of wastewaters, comprising liquid wastes discharged by domestic or
commercial residences and agricultural activities, was also coupled to the conversion
into PHAs. Lemechko et al. (2019) recently reported the production of a P(3HB-co-
3HV) copolymer using soybean industry effluents with the addition of valeric acid
for tuning the proportion of 3HV into the chains (Lemechko et al. 2019). In a recent
study, PHA production was investigated using different microbial strains
pre-isolated from sludge collected by different processes and fed with raw
wastewaters mainly containing milk, soybean and fruit juice residues (L.am et al.
2017). Despite the low PHA yields achieved by both single and mixed strains
cultures, due to the inhibitory effects of the high organic loading, this approach
succeeded in reducing drastically COD and BOD of the wastewater. Higher yields of
PHB production were, on the other ham:il-, fﬁhieved by A. junii BP 25 using rice mill
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effluent supplemented with some nutrients after a statistical medium optimization
using PB and RSM technique (Table 6.2) (Sabapathy et al. 2019).

Waste rice-based ethanol stillage, a distillery spent wash, was proved to be a good
substrate for PHA production. It does not contain antibacterial substances like
phenolic residues, thus no pretreatment is required, making the process costly
competitive. Bhattacharyya et al. (2014) produced and characterized the copolymer
P(3HB-co-3HV) obtained by the halophilic strain H. mediterranei grown on this
waste, obtaining a polymer accumulation of 71% (w/w) and optimizing the recovery
and the reuse of the spent saline production medium, which is a possible solution for
solving the major bottleneck in the industrial production of PHA by halophilic
strains (Bhattacharyya et al. 2014).

Syngas obtained from pyrolysis and gasification of solid municipal wastes was
efficiently introduced in chemical platforms for the production of PHA by using
microorganisms able to metabolize this gas as C-source and/or energy for growth
(Sahoo et al. 2021). Revelles et al. (2017) verified the PHA production from syngas
by the photosynthetic microorganism R. rubrum, using the microwave-induced
pyrolysis (MIP) as an eco-friendly and productive alternative to the standard thermal
conversion of solid wastes. The principal by-product of MIP is the carbonaceous
solid fraction (char) that can be used as solid fuel or amendment for carbon
sequestration according to the biorefinery concept (Revelles et al. 2017).

The anaerobic digestion of solid organic wastes is a pretreatment process which
degrades and stabilizes these wastes producing, at the same time, renewable energy
in the form of methane and hydrogen. The digestate resulting as by-product of the
process, rich of residual nutrients, is usnally used as plant fertilizer. An interesting
valorization of the digested liquors is their use as feedstock for PHA production.
Passanha et al. (2013) set up different growth experiments of C. necator on different
microfiltered digestates (Passanha et al. 2013). They achieved a major PHA accu-
mulation yield than that obtained in rich media (12 g/L., 90% (w/w)) and they also
demonstrated the reusability of the residual media after appropriate removal of
biomass and complementation of the consumed nutrients. Another significant exam-
ple of solid organic wastes revaluation is provided by Mohapatra et al. (2017). They
tested for the first time the bioconversion of fish solid waste extract into PHB by
using B. subtilis (KP172548), in one stage of batch cultivation at industrial scale
(Table 6.2).

6.3 PHA Production from Mixed Microbial Cultures (MMCs)

In recent years, PHA production by MMCs gained increasing attention due to its
inherent advantages. It is a cost-effective strategy, since sterilization of culture media
is not required, and control and process operation are facilitated. Moreover, the
presence of multiple species broadens the choice of possible feedstocks, as the
consortium tends gradually to adapt itself to the carbon source provided each time.
Preliminary studies, based on life C):Iﬁ% analysis, revealed that MMCs PHA
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production may be more favourable than pure culture in economic as well as
environmental terms (Gurieff and Lant 2007).

The MMCs based process for PHA production requires three essential stages:
(1) selection of suitable feedstocks; (2) enrichment of MMCs with biopolymer
producing microorganisms; (3) PHA production. The most significative examples
of MMC:s applied to PHA production are reported in Table 6.3.

Unlike most pure cultures, MMCs tend to accumulate glycogen as storing reserve
instead of PHA. Therefore, PHA production from food wastes requires a previous
transformation of complex organic compounds into short chain volatile fatty acids
(VFA), which can be effectively stored as PHA by mixed microbial cultures
(Albuquerque et al. 2010a, b). In most cases, VFA production is obtained by an
anaerobic acidogenic fermentation and, according to the specific raw materials,
different parameters should be taken into account to maximize VFA yields such as
PH, temperature, hydraulic retention time, sludge retention time, and organic loading
rate (Strazzera et al. 2018). Recently, Luo and co-workers reviewed the possible
strategies for enhancing VFA production from waste activated sludge derived from
wastewater treatment, including the co-digestion with different substrates and the
mechanical, chemical-physical and biological pretreatments. They concluded that
the VFA production performances vary considerably with sludge characteristics,
thus process parameters should be optimized for each specific co-substrate (Luo
etal. 2019). Lee et al. (2014) studied the influence of temperature (30, 40 and 55 °C)
on acidogenic fermentation of palm oil mill effluent (POME). Mesophilic conditions
(30 and 40 °C) considerably outperformed thermophilic condition (55 °C) revealing
acidification degrees of 48% and 7%, respectively (Lee et al. 2014).

Besides influencing the production yield, the anaerobic fermentation conditions
also affect the composition of the synthesized polymer. Gouveia et al. (2017)
focused on the possibility of tailoring PHA by controlling the acidogenic reactor
operating conditions, namely pH, using cheese whey as model feedstock (Gouveia
et al. 2017). They operated the acidogenic reactor under dynamic pH change
conditions in the range 4.5-7. The variation imposed on pH led to different monomer
precursor profiles, which resulted in PHA copolymer with different compositions.
Using the same feedstock, through the manipulation of the acidogenic reactor
conditions, it was possible to produce PHA with composition in terms of 3HB and
3HV percentage of 70/30, 83/17 and 95/5 at pH values 6, 5 and 4.5, respectively
(Gouveia et al. 2017). Similarly, Huang et al. studied the effect of pH and the
concentrations of B-cyclodextrin and glycerol on the anaerobic digestion of wasted
activated sludge in order to increase the abundance of odd-carbon VFA (Huang et al.
2018).

Although less explored, there are also alternative strategies to acidogenic fermen-
tation for monomer precursor fuelling. Moita Fidalgo et al. (2014) compared the
PHAS production performances of MMC from bio-oil, the liquid fraction resulting
from pyrolysis processes (Moita Fidalgo et al. 2014). Two strategies for bio-oil
upgrade were applied, anaerobic fermentation and vacuum distillation, and the
resulting liquid streams were tested for PHA production. The first one was rich in
VFA, the second mainly in phenolic andfa)-rjfg chain fatty acids. The vacuum distilled
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Table 6.3 PHA production using MMCs
Type of
Sludge Type of fermentation | Waste material polymer References
Anaerobic CSTR subjected toa | Cheese whey P Gouveia et al.
wastewater treatment | dynamic pH change (3HB-co- | (2017)
plant 3HV)
Wasted activated Batch and semi- Wasted P Huang et al.
sludge continuous reactors activated sludge | (3HB-co- |(2018)
3HV)
Activated sludge Sequencing batch Bio-oil (liquid P Moita
from wastewater reactors fraction from (3HB-co- |Fidalgo et al.
treatment plant pyrolysis 3HV) (2014)
processes)
Biological nutrient Sequencing batch Hydrothermal P Wijeyekoon
removal (Bardenpho | reactors liquors (3HB-co- |etal. (2018)
process) sludge 3HV)
Activated sludge Sequencing batch Brewery P Tamang et al.
from the municipal reactors with pulse wastewater (3HB-co- | (2019)
wastewater treatment | and batch feed 3HV)
plant
Mixed consortia of Sequencing batch Oil mill P Ntaikou et al.
Pseudomonas sp. reactors wastewater (3HB-co- | (2014)
3HO)
PHA-accumulating CSTR system Sugar molasses | P Albuquerque
mixed culture (acidogenic (3HB-co- | etal. (2010b)
acclimatized to the fermentation) and 3HYV)
fermented molasses sequencing batch
feedstock reactors
Sludge from a full- 2-stage CSTR system | Sugar molasses | P Albuquerque
scale anaerobic (acidogenic (3HB-co- |etal. (2010a)
digester operated in fermentation and 3HV)
continuous mode culture enrichment);
under anaerobic batch reactor (PHA
conditions for a production)
period of over 2 years
Activated sludge Sequencing batch Olive oil mill P Campanari
from the “Roma reactors wastewater (3HB-co- |etal. (2014)
Nord” (Italy) full- 3HYV)
scale municipal
treatment plant
Activated sludge Sequencing batch Food waste P Wen et al.
taken from a long- reactors fermentation (3HB-co- | (2018)
term operating parent leachate 3HV)
SBR
Heterotrophic Bio-PORec® Palm oil mill P3HB Md Din et al.
aerobic bacterium effluent (2012)
from a facultative
anaerobic pond of
POME and sludge
from a waste
stabilization pond
(continued)
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Table 6.3 (continued)

Type of

Sludge Type of fermentation | Waste material polymer References
Aerobic consortia Sequencing batch Food wasteand | P Venkateswar
acquired from an reactors under effluent from (3HB-co- |Reddy and
operating activated aerobic and anoxic acidogenic 3HV) Venkata
sludge process (ASP) | microenvironments biohydrogen Mohan
treating ten MLD of production (2012)
composite process
wastewater from
domestic and
industrial processes
Phototrophic mixed CSTR system Fermented P Fradinho
cultures (acidogenic cheese whey (3HB-co- |etal. (2019

fermentation), 3HV)

phototrophic selector

reactor (MMC

selection), batch

reactor (PHA

production) ‘
Activate sludge CSTR system Cheese whey P Duque et al.

(acidogenic and sugarcane (3HB-co- | (2014)

fermentation), molasses 3HYV)

sequencing batch

reactors (MMC

selection), fed batch

(PHA production)

bio-oil was not as effective as the digested one since it favoured growth instead of
PHA production (Moita Fidalgo et al. 2014).

Wijeyekoon et al. (2018) tested, for the first time, the oxidative hydrothermal
liquors from wet oxidation of organic residues for PHA production. They selected
two sources of organic biomass, municipal wastewater sludge and food waste to
subject to sub-critical wet oxidation to convert organic material into VFA, particu-
larly acetic acid (Wijeyekoon et al. 2018). The enriched culture produced up to 41%
of a PHA copolymer (77% Polyhydroxybutyrate (PHB) and 23%
Polyhydroxyvalerate (PHV)) (w/w). Similarly, Tamang et al. (2019) investigated
the potentiality of acidified brewery wastewater, compared to the anaerobically
treated one, as carbon source for PHA production by an enriched MMC. They
reported a similar maximum of PHA production in optimized conditions for both
wastewaters (45% (w/w)), in spite of the higher VFA concentration in acidified
brewery wastewaters (Tamang et al. 2019). Ntaikou et al. (2014) applied a
clarification step, based on aluminium sulphate to induce flocculation and precipita-
tion of solids, to the acidified oil mill wastewater. The treated waste was then tested
for PHA production from a Pseudngnas sp. enriched culture. Although
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clarification had no direct effect on the profile of the produced VFA, it positively
affected PHA production, altering the values of total suspended solids and total
chemical oxygen demand (Ntaikou et al. 2014).

The most common approach for enriching a mixed culture with the PHA-storing
phenotype was through an aerobic dynamic feeding (ADF), called “Feast and
Famine”; this process configuration originates periods of excess (Feast) and lack
(Famine) of external carbon substrate, resulting in the selection of microbial
populations with an enhanced capacity to store PHA.

In the MMC-based process, culture selection/enrichment and PHA production
occur in different Sequencing Batch Reactors (SBR), operated independently (dif-
ferent optimum conditions—namely different nutrient concentrations—were shown
to favour each step). Through optimization of the culture enrichment stage,
Albuquerque et al. (2010b) were able to achieve 74% PHA content (w/w) in batch
production stage using fermented molasses as feedstock fermentation (Albuquerque
et al. 20103, b). The same research group also investigated the possibility to operate
the culture enrichment in a 2-stage continuous stirred tank reactor (CSTR) under
feast and famine conditions. The effect of inlet VFA concentration and hydraulic
retention times (HRT) of the first and second reactors on system’s selection effi-
ciency was tested. It was shown that the feast reactor residual substrate concentration
affected the selective pressure for PHA storage (Albuquerque et al. 2010a).

Once the starting inoculum was enriched with a consortium with high
PHA-storing capacity, according to the selected feedstock, process parameters
have been optimized for biopolymer production. Campanari et al. (2014) studied
the effect of organic loading rates (OLR) ranging from 2.40 to 8.40 gCOD/(Ld) in
MMC PHA production using dephenolized OMW (Campanari et al. 2014). Wen
et al. (2018) reported the effect of sodium chloride concentration on PHA production
from food waste fermentation leachate under different (OLR) (1.35-8.43 gCOD/
(Ld) (Wen et al. 2018). Also, the micro-environment aeration is crucial for PHA
yield as reported by Md Din et al. (2012) for production of PHA from POME and
Venkateswar Reddy and Venkata Mohan (2012) for production of PHA from food
waste and effluent from acidogenic biohydrogen production process (Md Din et al.
2012; Venkateswar Reddy and Venkata Mohan 2012).

PHA production with MMCs enriched by ADF limits the exploitability to only
aerobic organisms, while the diversity of bacterial species that can produce and
accumulate PHA is much wider. Fradinho et al. (2019) developed a different
enrichment strategy based on an anaerobic permanent feast. In anaerobic conditions,
the organisms must activate internal mechanisms to oxidize reduced molecules
produced during cell metabolism (like NADH, NADPH). One of these mechanisms
is based on the accumulation of PHA that requires the reduction of monomer
precursors during its synthesis (Fig. 6.1). Therefore, the permanent feast strategy
allowed the selection of microorganisms able to regulate internal reducing power via
PHA production. The authors tested the selected Phototrophic Mixed Culture (PMC)
for PHA production from fermented cheese whey and obtained a biopolymer with a
3HV content of 12%. Interestingly, the lisio-(% light intensities (20 W/L) opened up the
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possibility for direct sunlight illumination for processes carried out in sunny regions
(Fradinho et al. 2019).

A common problem to all MMC process from wastes or by-product is the
seasonal availability of the feedstock. Duque et al. (2014) developed a system
operating with two feedstocks with different annual availability (cheese whey and
sugarcane molasses). The two raw materials induce different VFA profile during
biological conversion. By mixing the two feedstocks in defined volume proportions,
polymers with target compositions were achieved (Duque et al. 2014).

6.4 Engineered Strains for PHA Production

Genetic approaches have been widely applied to improve the performance of
microorganisms potentially exploitable for PHA production process (Favaro et al.
2018). A huge of examples have been described in the last decade, focusing on
different aspects: (1) optimizing PHA yield in native PHA producers, through host
cell genome manipulation and/or recombinant gene expression; (2) introducing
catabolic operons to allow metabolization of new C-sources in native PHA
producers; (3) conferring PHA producing abilities to non-native producers endowed
with advantageous metabolic/physiological features, i.e. halophilic bacteria,
microorganisms naturally able to metabolize complex C-sources; (4) modulating
PHA composition acting on precursors supplying pathways (Favaro et al. 2018).
Engineering strategies were also adopted to design microbial factories able to
convert different food wastes into PHAs (Table 6.4).

Cheese whey is a potential carbon source for PHA production, being rich in
lactose, lipids and soluble proteins. However, only a limited number of wild-type
microorganisms is able to metabolize lactose: among them, Escherichia coli has
been the main object of genetic manipulation. This host is also attractive due to the
absence of enzymes for PHA degradation and the easiness of polymer downstream
processing (Reddy et al. 2003). E.coli was engineered to efficiently produce PHB
from cheese whey by recombinant expression of the PHA biosynthetic operon from
Alcaligenes latus (Lee et al. 1997; Woo Suk Ahn et al. 2000) and C. necator (Pais
et al. 2014). In the latter example, implementation of PHB production was achieved
by generating E. coli mutants with reduced organic acid production capacity with the
aim to direct the strain’s metabolism towards biopolymer synthesis. The selected
mutant displayed the highest reduction in organic acid synthesis coupled to an
almost threefold increase of PHB yield with respect to the original E. coli strain
(Pais et al. 2014).

Among natural PHA producers, C. necator was engineered with the E. coli lac
operon to allow lactose utilization using cheese whey as carbon feedstock. Interest-
ingly, the lac genes were introduced within an intracellular depolymerase coding
gene (phaZl) achieving its inactivation. Disruption of phaZl ensured lower PHB
degradation and higher polymer yield compared to the wild-type strain (Povolo et al.
2010).
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Table 6.4 Engineering strategies for waste valorization into PHA
Type of
Strain Engineering/gene targets Waste material polymer References
C. necator phaZ depolymerase Cheese whey PHB Povolo
DSM 545 inactivation et al.
Insertion of E. coli lacZ, lacl, (2010)
lacO genes for lactose
utilization
C. necator Replacement of endogenous Waste cooking P Kamilah
H16 phaC with Aeromonas cavige | oils (3HB-co- |etal.
phaC 3HHXx) (2013)
C. necator Improved activities of Waste frying oils | P Obruca
H16 enzymes involved in (3HB-co- |etal.
oxidative stress response 3HV) (2013)
E. coli CML3- | Recombinant expression of Cheese whey PHB Pais et al.
1 C. necator phaABC operon (2014)
Reduced synthesis of organic
acids
Delftia Recombinant expression of Agricultural P Romanelli
acidovorans Pseudomonas stutzeri BT3 fatty by-products | (3HB-co- |etal.
DSM39 lipase genes lipC and lipH 4HB) (2014)
E. coli SKB99 | Recombinant expression of: Starch PHB Bhatia
Panibacillus sp. amylase et al.
coding gene and R. eutropha (2015)
phaABC operon
R. eutropha Recombinant expression of: Waste animal P Riedel
H16 scl-mcl-PHA synthase from fats and waste (3HB-co- |etal.
Rhodococcus aetherivorans frying oils 3HHXx) (2015)
and P. aeruginosa phal
R. eutropha Recombinant expression of Hydrolysate PHB Kim et al.
NCIMB11599 | E. coli xylA (xylose solution of (2016)
isomerase) and xylB sunflower stalk
(xylulokinase)
E. coli Recombinant expression of: Lignocellulosic P(LA-co- | Takisawa
mutated Pseudomonas sp.61- | waste 3HB) et al.
3 phaC1Ps(ST/QK) (lactic (hydrolysate (2017)
acid polymerizing enzyme); from woody
Megasphaera elsdenii extract)
propionyl-CoA-transferase;
R. eutropha phaA and phaB
Burkholderia Recombinant expression of Xylose PHB Guaman
sacchari endogenous xylA (xylose et al.
isomerase) and xylB (2018)
(xylulokinase)
R. eutropha Deletion of endogenous phaB | Food waste P Bhatia
Re2133/ Replacement of endogenous ferment (3HB-co- |etal.
pCB81 phaC with Rhodococcus 3HHXx) (2019)
aetherivorans phaC2
Pseudomonas | Deletion of 1ctA Waste vegetable | mcl- Borrero-de
putida (tricarboxylate transporter oil PHA Acuiia
KT2440 coding gene) et al.
(2019)
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Similar approaches were applied to design microbial strains able to utilize carbon
sources potentially derivable from food wastes (Bhatia et al. 2015; Takisawa et al.
2017; Kim et al. 2016; Guaman et al. 2018). Starch, for example, is a renewable
carbon source, available in large quantities in waste bread or mixed domestic wastes
(Tsang et al. 2019). An E. coli strain expressing the PHB synthetic genes from
R. eutropha was transformed with a functional amylase coding gene from
Panibacillus sp. to achieve PHB accumulation utilizing starch as the sole carbon
source (Bhatia et al. 2015). Lignocellulosic wastes are the most abundant resources
on earth, representing a promising substrate for PHA producing platforms. Xylose is
the major components of the hydrolysed lignocellulose, thus engineering approaches
were applied to transfer the E. coli xylose catabolic genes xy/AB (coding for xylose
isomerase and xylulokinase) to a native PHA producer, such as R. eutropha (Kim
et al. 2016). The recombinant strain accumulated PHB from both xylose and
glucose/xylose containing media and achieved high biopolymer yields when tested
on the hydrolysate solution of sunflower stalks, as a model lignocellulosic biomass.
Similarly, overexpression of the endogenous xylose assimilation operon in
B. sacchari, a non-model bacterium with high capacity for PHB accumulation,
proved to be an effective strategy to improve both xylose utilization and PHB
yield (Guaman et al. 2018).

An important target of strain engineering is the modulation of polymer composi-
tion, aimed at the incorporation of mcl monomers in the synthesized PHA. In fact,
the incorporation of mcl units within scl-mcl copolymer was shown to positively
affect material properties, reducing stiffness and brittleness which characterize PHB
polymers. Two main approaches were pursued: (1) altering the specificity of PHA
synthetic enzymes towards mcl-precursors; (2) engineering metabolic routes pro-
moting the activation of the pathways fuelling mcl-precursors (f-oxidation and
synthesis of fatty acids). These strategies, either individually or in combination,
were applied to bioprocesses fed with different wastes. In particular, WFQOs, a source
of fatty acids, cheap and widely available, were investigated by many authors as a
starting feedstock for PHA producing bioprocesses. In one of the early examples,
Kamilah and co-workers engineered C. necator by replacing the endogenous
scl-specific PhaC synthase with a PHA synthase gene of A. caviae endowed with
different specificity. When the recombinant strain was fed with WFOs and a properly
selected nitrogen source, it produced a P(3HB-co-3HHX) copolymer, while the wild
type accumulated only PHB (Kamilah et al. 2013). A similar approach was applied
to construct a R. eutropha mutant expressing a scl/mcl-PHA, synthase from
R. aetherivorans, favouring the synthesis of P(HB-co-3HHx), together with an
enoyl-CoA hydratase gene (phaJt) from P. aeruginosa. The combination of both
genetic modifications allowed to boost the incorporation of HHx moieties in the
copolymer synthesized using waste animal fats as inexpensive raw material (Riedel
et al. 2015). On the other hand, a random chemical mutagenesis was applied to
C. necator to select for the variants with the best producing performances from waste
frying oils. The selected mutant displayed not only the ability to produce polymer
with improved yields, but also an increased incorporation of 3HV in the final
copolymer (Obruca et al. 2013). The a}ll-tél(drs characterized some phenotypic traits
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of the mutant, coming to the hypotheses that the increased NADPH/NADP levels
observed in the mutant may support polymer accumulation, the highest activity of
malic enzyme may reduce the availability of oxaloacetate for the utilization of
propionyl-CoA in 2-methylcitrate cycle, thus resulting in more propionyl-CoA
available for incorporation into the copolymer (Obruca et al. 2013).

More recently, implementation of PHA production yield from waste vegetable
oils was achieved in a natural mcl-PHA producer, P. putida KT2440, by knocking
out the tctA (tricarboxylate transporter) gene, coding for the key transport enzyme of
carboxylic acids. The inactivation of the transport systems for these preferred carbon
sources resulted in a nearly twofold increment in the mcl-PHA volumetric produc-
tivity with respect to the wild-type strain (Borrero-de Acuiia et al. 2019). In order to
combine the native ability of D. acidovorans DSM39 to incorporate
4-hydroxybutyrate (4HB) monomer with the valorization of agricultural fatty
by-products (udder, lard and tallow), this strain, unable to grow on fatty substrates,
was engineered with lip genes from P. stutzeri BT3. The recombinant strain proved
to be able to accumulate P3HB-P4HB copolymer directly from slaughterhouse
residues without the supplementation of any precursor (Romanelli et al. 2014).

Furthermore, examples of copolymers synthesized from non-fatty wastes were
reported. Taking advantage of the E. coli abilities to metabolize both xylose and
galactose derived from woody-extract hemicellulosic hydrolysate, Takisawa et al.
designed a microbial cell factory for the production of P(LA-co-3HB) copolymer
from lignocellulosic feedstock (Takisawa et al. 2017). To this aim, the authors
carried out afine E. coli engineering, developing a recombinant strain that expressed,
besides PhaA and PhaB from R. eutropha, a propionyl-CoA transferase (PCT) from
Megasphaera elsdenii able to catalyse Coenzyme A addition to lactic acid, and a
mutated PHA synthase from Pseudomonas sp. 61-3 endowed with the ability to
polymerize lactoyl-CoA precursor (Yang et al. 2011). In another example, Bhatia
et al. (2019) applied a tailor-made designed R. eutropha strain to the production of P
(3HB-co-3HHXx) copolymer from anaerobically digested food waste derived volatile
fatty acids (Bhatia et al. 2019). The strain was engineered with a deletion of the
acetoacetyl-CoA reductase (PhaB) and a replacement of the native PHA synthase
with phaC2 from R. aetherivorans, characterized by a high specificity towards
mcl-PHA precursors (Jeon et al. 2014). A response surface design study showed
that in mixtures, butyrate is the main organic acid involved in PHA production,
acting as precursor for 3HHx monomer (Bhatia et al. 2019), without the addition of
any additional precursor for mcl-monomer units.

6.5 Biorefinery-Inspired Approaches for PHA Production

Despite the huge attempts made over the past decades to design sustainable and cost-
competitive PHA-based bioprocess, large-scale production of PHA is still limited
due to the cost of substrates and of recovery processes (Rodriguez-Perez et al. 2018).
The use of agro-food wastes was estimated to reduce PHA production cost up to
50%, and several attempts in this direcﬁi-%nlhave been discussed in this chapter. In
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Table 6.5 Examples of waste valorization processes for co-production of PHA with other

compounds

Strain Co-product Waste material References

P. aeruginosa IFO3924 Rhémnolipid | Palm oil Marsudi et al. (2008)

Rhodobacter sphaeroides | Biohydrogen | Olive mill wastewater Eroglu et al. (2008)

0.U.001 (OMW)

P. aeruginosa 1.2-1 Rbamnolipid | Cassava wastewater/ Costa et al. (2009)
waste cooking oil

P. aeruginosa Ta Rhamnolipid | Waste cooking oil Costa et al. (2009)

Sinorhizobium meliloti EPS Rice bran hydrolysate Saranya Devi et al.

MTCC100 (2012)

Bacillus sp. CFR-67 a-amylase Wheat and rice bran Shamala et al. (2012)
hydrolysates

Bacillus sp. CFR-67 a-amylase Wheat and rice bran Sreekanth et al.
hydrolysates (2013)

Bacillus thuringiensis a-amylase Nine agriculture/food Gowda and

TAM 12077 wastes Shivakumar (2014)

Bacillus cereus EGU43 Biohydrogen | Pea shell slurry Patel et al. (2015)

Rhodopseudomonas Biohydrogen | Olive mill wastewater Padovani et al.

palustris sp. (OMW) (2016)

Rhodobacter capsulatus Biohydrogen | Fruit/vegetable wastes Montiel Corona et al.

ATCC17015 (2017)

Burkholderia Rhamnolipid | Used cooked oil Kourmentza et al.

thailandensis (2018)

Paracoccus sp. LL1 Astaxanthin | Waste cooking oil Kumar and Kim

(2019)
MMC Biohydrogen | Dairy waste streams Colombo et al.
(2019)

Recombinant E. coli Biodiesel Waste frying oils Vastano et al. (2019)

Pseudomonas

resinovorans

view of a zero-waste policy, the efficient exploitation of resources is crucial to
support the sustainability of the process. In this regard, designing systems for the
production of multiple products would boost process competitiveness by further
lowering manufacturing costs and assuring a more efficient utilization of raw
materials (Li et al. 2017). Several examples of co-production of PHA with other
value-added products (amino acids, proteins, alcohols, hydrogen, biosurfactants,
exopolysaccharides) have been described in the recent literature (Kumar et al.
2018). It is worth to note that PHA synthesis is strictly related to energy and carbon
metabolism, thus it was shown to positively affect the production of other cellular
metabolites, i.e. amino acids, or more generally, all the products connected with
cellular oxidation/reduction balance (Li et al. 2017). From an economical and
technical point of view, the most advantageous processes are those which couple
an optimized accumulation of intracellular PHA together with the recovery of
extracellular products.
122
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Few examples of multi-product processes starting from agro-food wastes were
reported (Table 6.5). The simultaneous production of PHA and biosurfactants,
amphiphilic compounds able to decrease surface tension, was achieved in several
bioprocess fed with waste oils. Among biosurfactants, rhamnolipids have attracted
interests since they are produced in large quantities by microbial fermentation,
especially in the presence of hydrophobic substrates, as a strategy to enhance
bioavailability of the C-source (Kourmentza et al. 2018). In addition, their recovery
as extracellular products are relatively easy, thus increasing process feasibility.
Different P. aeruginosa strains displayed a wide range of PHA and rhamnolipids
yields when grown in the presence of various raw materials (waste oils, cassava
wastewater and palm oil). However, the use of these opportunistic pathogens
represents a limiting factor for the process. More recently, Kourmentza et al.
(2018) isolated a non-pathogenic strain of Burkholderia thailandensis, able to
co-produce high yields of PHB and rhamnolipids using waste cooking oil as
low-cost carbon source (Kourmentza et al. 2018).

Exopolysaccharides (EPS) are polymers secreted by several bacteria under stress
conditions, with the aim to protect the cells and provide energy source under adverse
conditions. The concurrent synthesis of both PHA and EPS polymers was observed
in many microorganisms, since their accumulation is triggered by quite similar
environmental stimuli (Kumar and Kim 2018). Supplementation of growth medium
with rice bran hydrolysate was found to enhance the co-production of both PHA and
EPS in S. meliloti MTCC100 (Saranya Devi et al. 2012).

In a PHA production process coupled to the synthesis of a co-product, the higher
market value the co-product has, the more economically attractive will be the
process. This is the case of compounds belonging to carotenoids such as
adonixanthin, astaxanthin, f-carotene, etc., characterized by very high market
value (about US$2000/kg). Few photosynthetic and dark-fermentative bacteria
were reported to produce pigments together with PHA and/or Hy, (Kumar et al.
2018). R. sphaeroides, grown on oil mill wastewater (OMW) produced H,, coupled
to both PHA and carotenoids (Eroglu et al. 2008). When fed with waste cooking oil
as substrate, the halophilic strain of Paracoccus sp. LL.1 co-generated the copolymer
P(3HB-co-HV) together with high yields of astaxanthin-rich carotenoids. Addition-
ally, these co-products were secreted in the form of vesicles, with a further advantage
to the recovery process (Kumar and Kim 2019; Kumar et al. 2018).

Process sustainability is also encouraged when inexpensive waste feedstocks are
used to support the co-generation of PHA with bioproducts characterized by high
large-scale production costs, i.e. microbial enzymes. Besides accumulating a P
(3HB-co-HV) copolymer, Bacilius sp. CFR-67 was found to produce high titres of
a-amylase, an industrially relevant enzyme, when grown on a mixture of wheat bran
and/or rice bran hydrolysates supplemented with corn starch and ammonium acetate
(Shamala et al. 2012; Sreeckanth et al. 2013). On the other hand, the intrinsic
a-amylase production by B. thuringiensis IAM 12077 was explored to support the
hydrolysis of nine different agriculture and food wastes (rice husk, wheat bran, ragi
husk, jowar husk, jackfruit seed powder, mango peel, potato peel, bagasse and
straw). The enzymatically treated substiaéeg promoted PHB accumulation at levels
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comparable to that of the acid-hydrolysed ones, thus supporting the one-step bio-
mass pretreatment and PHB production process (Gowda and Shivakumar 2014).

Several native isolates, mainly photosynthetic and dark-fermentative bacteria,
were reported to co-produce biohydrogen and PHA in response to different culture
conditions (Padovani et al. 2016; Montiel Corona et al. 2015, 2017; Patel et al.
2015). A dark-fermentation effluent from fruit and vegetable wastes was tested as
substrate for the simultaneous production of Hy and PHA (Montiel Corona et al.
2017). Among the tested microorganisms, R. capsulatus achieved an increase in
PHB production and H,, when light-dark cycles were applied in alternative to
continnous illumination, with also a benefit in terms of saved energy (Montiel
Corona et al. 2017). A more advantageous process to couple PHA with H, produc-
tion was achieved through a two-step system employing mixed microbial cultures
(MMC) and two diary waste streams coming from cheese whey deproteinization.
During the first step, dark fermentation of the sugar content of the wastes resulted in
high daily H, volume, together with production of organic acids. The latter were
used in the second step, as substrates for aerobic PHA production, reaching high
conversion yields and PHA accumulation for both the fermented diary streams
(Colombo et al. 2019).

Finally, an original example of waste frying oil conversion into two added-value
products, i.e. PHA and biodiesel, was recently reported by Vastano et al. (2019). The
authors used a WFQ with a high content of free fatty acids (FFAs), unsuitable for
direct transesterification into biodiesel, to design a process aimed at (1) reducing the
FFAs content allowing its conversion into biodiesel and (2) simultaneously produc-
ing PHA. The bioprocess was verified using both recombinant (E. coli) and native
(P. resinovorans) PHAs producing cell factories. Proper strain designing and pro-
cess optimization allowed to address the FFAs into PHA metabolism, achieving up
tolsg L~ of mcl-PHAs, together with an efficient conversion (80% (w/w) yield)
of the treated WFO into biodiesel (Vastano et al. 2019).

6.6 Conclusion and Perspectives

The current state of the art about “food waste conversion to PHA” depicted in this
chapter highlights the main strengths and weaknesses of the process. The principal
hurdles to waste exploitation are related to their availability and/or to the necessity to
store them properly, anticipating their seasonal shortage. Furthermore, the variability
in waste composition may influence process productivity as well as polymer recov-
ery. In this regard, monitoring the quality of the wastes and how it impacts on
process performances would be useful to define the crucial process variables and to
develop strategies to cope with them.

Although representing a green alternative to petroleum-derived plastics, PHA
exploitation is still limited by the high costs related to its large-scale production. The
use of waste materials allows to reduce the overall cost, but the production process is
still not economically competitive. A winning strategy seems to be to design
processes, which combine the producti](-)ﬁ A(,)f PHA with that of other added-value
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compounds. PHA synthetic pathway is centred on acetyl-CoA, a connecting link of
the majority of the biomolecule synthetic pathways, thus co-production of any
metabolite with PHA must balance the overall cellular metabolic flux. This implies
a strict optimization of process conditions and subtle strain designing, in order to
avoid competition for the main substrate. Protein engineering together with mathe-
matical model analyses will represent powerful tools to get insight into the metabolic
fluxes underying multi-products processes, and to identify the main targets for
performance improvement.

In conclusion, the conversion of food wastes into PHA represents a very
promising possibility to face both waste disposal and biopolymer production from
renewable sources. The future in this field will rely on the integration of polymer
production within a “Waste Biorefinery” aimed at valorizing wastes as renewable
feedstocks to recover biobased products and energy, in line with the concept of
circular economy-based process.
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