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SUMMARY  
    

Inspired by the microorganism Bacillus species bacteria, this project explores 
the extraordinary world of poly-γ-glutamic acid (γ-PGA), a polypeptide with 
remarkable properties for diverse applications. An eco-friendly purification 
method of γ-PGA, based on an ultrafiltration process, was developed, and 
extensive characterization of low molecular weight purified fractions of γ-PGA 
(R1 and R2), revealing their remarkable properties and potential applications, 
was carried out. The use of purified R1 and R2 for biodegradable film 
preparation, using both casting and thermal pressing, was investigated, 
leading to the development of novel biomaterials. Building upon this success, 
an innovative blending approach between the anionic γ-PGA fractions and 
cationic chitosan (CH) was performed, employing a simple complexation 
method based on the physical electrostatic interaction between the two 
biopolymers. The resulting biomaterials were obtained as hydrogel in a 
hydrated form and a glass-like state in a dehydrated form. The novel 
biomaterials produced through this approach were characterized for their 
physicochemical features and their potential as bio-glue was explored.  In this 
project fermentation techniques to produce high molecular weight γ-PGA, 
using two genetically modified Bacillus subtilis strains able to hyper-produce 
γ-PGA, were also investigated, and the resulting biopolymer was 
characterized. Subsequently, taking advantage of the crosslinking method 
previously exploited for the R1 and R2 fractions, the γ-PGA produced by the 
modified bacteria was used for the preparation of hydrogels thanks, once 
again, to its blending with CH, a biocompatible polymer derived from chitin, 
the second most abundant polysaccharide occurring in Nature. Also, in this 
case, new materials were manufactured and shown to be endowed with 
interesting characteristics for the potential development of biodegradable 
agents to be used in the biomedical field.  During three months three-month 
stay at Wroclaw University, it was also explored the production of γ-PGA from 
bacterial strains isolated from local honey. Furthermore, a new 
spectrophotometric ninhydrin-based method, developed in foreign 
laboratories, enabled the reliable quantification of γ-PGA.  In conclusion, it is 
possible to assume from the research carried out over the last three years that 
γ-PGA is an anionic polymer with great potential for sustainable and eco-
compatible applications. Therefore, the general objective of the present 
Ph.D. project such as the optimization of the γ-PGA-based bioplastic 
production to obtain new materials was achieved, since before this study 
very little was known about the ability of polypeptides made up of the same 
amino acid unit to give rise to materials with plastic-like properties. 
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RIASSUNTO 
    

Questo progetto ha esplorato lo straordinario mondo dell'acido γ-
poliglutammico (γ-PGA), un omopolipeptide naturale derivante da unità 
ripetitive di acido glutammico dotato di  proprietà molto interessanti per 
diverse applicazioni industriali. La prima parte del presente studio ha 
riguardato lo sviluppo di  metodi di purificazione del γ-PGA a basso peso 
molecolare partendo da un prodotto disponibile commercialmente. In 
particolare, due distinti metodi di purificazione sono stati adottati: 1) 
purificazione mediante precipitazione grazie all’uso di un solvente organico, 
quale il metanolo; 2) purificazione basata su un metodo di ultra- e nano-
filtrazione che ha consentito di ottenere frazioni aventi peso molecolare 
specifico  ed uniforme (R1= 55-59 kDa; R2= 20 kDa, R3= 6.6 kDa). Più nel 
dettaglio, dopo la caratterizzazione chimica delle frazioni ottenute, la ricerca 
ha esplorato la bioattività e la capacità di formare materiali biodegradabili delle 
frazioni ottenute. Infatti sono stati ottenuti nuovi film idrocolloidali utilizzando 
sia il metodo del casting che della compressione a caldo. La compressione a 
caldo delle frazioni ottenute mediante ultrafiltrazione, nonché del precipitato 
ottenuto mediante trattamento con metanolo, ha portato alla formazione di film 
meno resistenti ma più estensibili rispetto ai materiali ottenuti mediante il 
metodo del casting, mentre l'analisi termica ha rivelato una maggiore stabilità 
termica dei campioni prodotti con la frazione a più alto peso molecolare (R1). 
Questi biomateriali potrebbero potenzialmente essere utilizzati in campo 
cosmetico e come veicolo di molecole attive in campo farmaceutico, dal 
momento che studi in vitro effettuati grazie alla collaborazione con la prof. 
Chiara Schiraldi (Dipartimento di Medicina Sperimentale dell’Università della 
Campania Luigi Vanvitelli) è stato scoperto che il γ-PGA purificato mediante 
ultrafiltrazione è in grado di proteggere i cheratinociti dall'essiccamento e dallo 
stress ossidativo. Il progetto inoltre ha portato alla produzione di biocompositi 
reticolati in modo non covalente miscelando le frazioni R1 e R2 del γ-PGA con 
il polisaccaride CH, sfruttando il principio della complessazione di 
polielettroliti. I biomateriali ottenuti previa precipitazione del complesso 
formatosi tra i due biopolimeri, presentavano una consistenza morbida e 
gommosa (hydrogel), facilmente modellabili, che, dopo la loro disidratazione, 
si trasformavano in materiali estremamente duri, rigidi, completamente 
insolubili in acqua e solventi organici, tali da assumere caratteristiche di tipo 
vetroso.  Analisi strutturali, fisico-chimiche e termiche hanno confermato forti 
interazioni fisiche tra le catene del CH e quelle del  γ-PGA, dovute 
essenzialmente all'attrazione elettrostatica e a legami idrogeno. Studi di 
caratterizzazione chimico-fisica hanno dimostrato che tali biomateriali 
avevano strutture sia cristalline che amorfe, e che erano dotati di buona 
stabilità termica oltre che di un buon grado di biodegradabilità nel suolo. 
Questi biocompositi termoplastici rappresentano pertanto un immenso 
potenziale nella medicina rigenerativa, come dispositivi biomedici, per 
l’imballaggio alimentare e la stampa 3D. Inoltre, le loro proprietà rispettose 
dell’ambiente li rendono candidati interessanti per lo sviluppo di materiali 
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sostenibili in altri vari settori industriali. In particolare, il progetto ha esplorato 
l'uso degli  idrogel prodotti come bio-adesivi per diversi tipi di materiali quali  
legno e alluminio. Le analisi reologiche hanno mostrato una significativa forza 
adesiva/coesiva delle miscele ottenute sui substrati analizzati, forza 
paragonale a quella delle colle viniliche esistenti in commercio. Infatti, 
esperimenti di microscopia elettronica a scansione hanno rivelato la 
formazione di forti legami tra la “biocolla” prodotta e i substrati di legno e 
alluminio utilizzati come substrato, indicando la formazione di robuste 
giunzioni adesive. Al di là del loro potenziale come colle innovative 
biodegradabili, le proprietà di questi materiali li rendono adatti per ulteriori 
applicazioni in vernici, rivestimenti e adesivi da utilizzare per diversi fini, non 
ultimo quello della conservazione e restauro del patrimonio artistico-culturale. 
Inoltre, durante la permanenza presso i laboratori della dott.ssa Cinzia Calvio 
(Dipartimento di Biologia e Biotecnologie dell’Università di Pavia), sono state 
utilizzate nuove tecniche fermentative per la produzione di γ-PGA ad alto peso 
molecolare, utilizzando due ceppi di Bacillus subtilis modificati geneticamente, 
il  PB5390 e PB5523. Il primo, che possiede una mutazione del gene degS, 
presente sull’operone pgs, che porta ad una maggiore produzione di γ-PGA , 
il secondo che, oltre alla mutazione sopradescritta, è un ceppo  in cui è stato 
eseguita una delezione (knockout) dei geni pgdS e ggt, geni che svolgono un 
ruolo nella sintesi dell’idrolasi responsabile della degradazione del γ-PGA. Il 
γ-PGA ottenuto da questi ceppi geneticamente modificati è stato 
caratterizzato in base al peso molecolare e sono stati applicati metodi di 
quantificazione utilizzando tecniche di NMR. Successivamente, sulla base dei 
metodi di complessazione utilizzati per le frazioni R1 ed R2, il polimero ad alto 
peso molecolare prodotto dai batteri modificati è stato utilizzato per la 
preparazione di nuovi idrogel grazie, ancora una volta, all’utilizzo del polimero 
biocompatibile CH. Anche in questo caso sono stati prodotti nuovi materiali 
con caratteristiche interessanti per una potenziale produzione di formulati da 
utilizzare in campo biomedico..  
L’esecuzione del presente progetto di ricerca è continuato nel corso di un 
soggiorno di 3 mesi (da giugno 2023 a settembre 2023) in Polonia, presso il 
Dipartimento di Biotrasformazione della Facoltà di Biotecnologie 
dell’Università di Wroclaw,  sotto la guida del Prof. Łukaszewicz. In questo 
periodo è stato dimostrato che alcuni ceppi batterici (da analisi morfologiche 
preliminari mediante microscopio presumibilmente appartenenti al genere 
Bacillus) isolati dal miele, hanno la capacità di produrre γ-PGA. In particolare, 
questo studio ha portato alla  produzione di γ-PGA da parte di otto ceppi isolati 
dal miele polacco, esplorando l’influenza della composizione dei terreni, degli 
additivi metallici e delle condizioni saline sui modelli di crescita adottati e sulle 
capacità di produzione di γ-PGA. I risultati hanno rivelato che tali ceppi 
rispondono diversamente a questi vari fattori, dimostrando caratteristiche di 
crescita e profili di produzione di γ-PGA distinti. Di particolare interesse si sono 
rivelati i ceppi MMS4 e MMS6, isolati dal miele di Gąski (prodotto dalla pianta 
Urtica dioica). Questi ceppi hanno mostrato una produzione di γ-PGA nel 
mezzo di coltura, confermata da analisi di  spettroscopia NMR, con un 
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ulteriore miglioramento della produzione osservato grazie all'aggiunta di rame 
e/o zinco. Inoltre, un nuovo approccio spettrofotometrico basato sulla 
ninidrina, ulteriormente ottimizzato presso i laboratori del Prof. Łukaszewicz,  
ha permesso anche una quantificazione affidabile e attendibile di γ-PGA. 
Questi risultati hanno dimostrato il potenziale di questi ceppi per la produzione 
di γ-PGA e suggeriscono ulteriori studi per l'ottimizzazione delle loro capacità 
di produzione. 
In conclusione è possibile dedurre dalla ricerca effettuata durante questi 3 
anni  che il γ-PGA è un omopolipeptide con potenzialità enormi per diverse 
applicazioni ecosostenibili e, più in generale, gli studi effettuati indicano che 
polipeptidi costituiti dalla stessa unità amminoacidica sono in grado di dare 
origine, in condizioni sperimentali selettive, a biomateriali con proprietà simili 
a quelle delle plastiche di sintesi. 
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INTRODUCTION 

 

1.1. Micro- and nano-plastics, silent invaders 
 

Human exposure to plastics, microplastics (MPs) and nanoplastics (NPs) 
has raised concerns about their potential health risks (Koelmans et al., 
2019). Annual exposure to MPs can range from 74,000 to 121,000 
particles (Cox et al., 2019; Sana et al., 2020) and humans can be exposed 
to MPs and derived NPs through ingestion, inhalation, and skin contact 
(Shi et al., 2022) (Fig. 1, Shi et al., 2021).  
 

 
 
Fig. 1. Schematic diagram of the exposure route and toxic effects of MPs and NPs 
potentially harmful for humans (adapted from Shi et al., 2021). 
 
MPs are used in various products, including exfoliates in personal care 
products (Kosuth et al., 2018), while NPs are found in a variety of 
consumer products, including electronics, paints, drug delivery systems, 
adhesives, and 3D printing (Stephens et al., 2013; Browne, et al., 2011). 
MPs can also be released into public wastewater from textile washing 
machines (Shi et al., 2022). Besides humans can absorb toxins from the 
environment, such as polycyclic aromatic hydrocarbons, organochlorine 
pesticides, and polychlorinated biphenols (Horvatits et al., 2022; Chen et 
al., 2022; Yan et al., 2021). MPs can also lead to oxidative stress, 
abrasion, satiation, ulcers, decreased growth rate, and decreased fitness 
for reproduction (Sana et al., 2020). NPs have different physical and 
chemical properties than macroscopic objects based on the same material 
(Llorca & Farré, 2021), as they have small size, high specific surface area, 
and strong biological penetration (Anderson et al., 2015).   
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These features allow them to reach and penetrate organs, including the 

placenta and brain, having a marked impact on biological functions 

(Kutralam-Muniasamy et al., 2023). Studies have found MPs in 15 

human biological tissues and fluids, including blood, breast milk, liver, 

spleen, placenta and meconium, lung, and Bronchoalveolar Lavage 

(Kutralam-Muniasamy et al., 2023) with different levels among different 

tissues and individuals. For instance, as shown in Fig. 2, Kutralam-

Muniasamy et al., 2023, MP levels were found higher in the liver tissue 

samples of patients with cirrhosis compared to those without liver 

disease (Shi et al., 2022). NPs account for 58.46% of the total MPs 

detected in tumor tissues compared to 41.54% present in normal 

tissues (Chen et al., 2022; Yan et al., 2021). In addition, as reported by 

Yan et al. (2021), fecal MP concentration in inflammatory bowel 

disease patients was found to be significantly higher than that in 

healthy people. Further studies have also shown that MPs (i) can 

induce genotoxicity in human peripheral blood lymphocytes 

(Çobanoglu et al., 2021), (ii) significantly increased micronucleation, 

nucleoplasmic bridge formation, and nuclear bud formation frequencies 

(Hwang et al., 2019), and (iii) stimulate the immune system enhancing 

potential hypersensitivity in certain cell types (peripheral blood 

mononuclear cells PBMCs, raw 264.7 and human mast cell line−1 

HMC-1 cells) (Hwang et al., 2019). Therefore, all the available studies 

suggest that MPs pose a potential health risk that exposure should be 

minimized. Addressing the global plastic impact on the universe matrix 

and human health, one potential approach is to replace conventional 

plastics with alternative materials derived from non-oil polymers that 

undergo degradation in a much shorter timeframe, breaking down in 

months rather than years or centuries. It is crucial to acknowledge that 

the traditional plastic era is nearing its end, and the dawn of bioplastics 

is upon us (Porta et al., 2019). This transition signifies a shift towards 

a more sustainable and environmentally friendly future. 
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Fig. 2. An overview of microplastic (MPs) occurrence and abundance in a diverse 
range of human biological samples (adapted from Kutralam-Muniasamy et al., 2023). 
Detailed abbreviations: Bronchoalveolar lavage fluid (BALF); polyethylene 
terephthalate (PET); polyamide(PA); p polypropylene (PP), polyethylene (PE), 
polycarbonate (PC), polyvinyl chloride (PVC), polyoxymethylene (POM), 
polytetrafluoroethylene (PTFE), ethylene vinyl alcohol (EVA), polystyrene (PS), 
polymethyl methacrylate (PMMA), polybutylene terephthalate (PBT), acrylonitrile 
butadiene styrene (ABS), polyethersulfone (PES), thermoplastic polyurethane (TPU), 
chlorinated polyethylene (CPE), alkyd varnish (AV), polyester (PSE), polysulfone 
(PSU), polyvinyl alcohol (PVOH), chlorinated polyisoprene (CPIP), polyethyl 
methacrylate (PEMA), nitrocellulose (NC), polyethylene-co-vinyl acetate (PEVA), 
personal care products (PCP), thermoplastic elastomer (TPE), styrene-ethylene-
butylene copolymer (SEBS), polyacrylonitrile (PAN), and polyethylene oxide (PEO).  
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1.2. Bioplastics sunrise 
 

Bioplastics, innovative materials that challenge the dominance of 
conventional plastics, may derive from renewable resources and may 
offer a sustainable alternative to petroleum-based plastics with their 
potential to decompose naturally. They, hence, may have a 
determinant impact on the plastics reduction in the environment, so the 
European Sustainable Development Agenda set a goal of expanding 
the utilization of bioplastics by 2030 (commission.europa.eu/strategy-
and-policy_it). Many scientific articles have been published in the last 
20 years on the application of bioplastics in edible packaging and 
coatings. However, it is appropriate to make clarification on the different 
types of bioplastics between biodegradable polymers and bio-based 
polymers. In fact, they are two distinct categories with some 
overlapping characteristics and some differences. Biodegradable 
polymers, like polycaprolactone, undergo decomposition by 
microorganisms or other aerobic and anaerobic processes. Bio-based 
polymers, on the other hand, can have either biodegradable or non-
biodegradable properties, depending on their composition. 
Biopolymers, primarily derived from natural sources like corn and other 
feedstocks, have advancements in research and technology, being 
used as food thickeners and bioplastic manufacture, and more 
recently, in high-end regenerative medicine (Babu et al., 2013). 
However, food packaging and coating application currently remain the 
most prevalent sector for bioplastics, accounting for approximately 
50% of the market (transport and construction sectors contribute 14% 
and 13%, respectively, while other consumer goods account for 23%) 
(Porta et al., 2019). It is worthy to note that the biopolymers so far 
demonstrated to have the best plastic-like performance, such as 
polylactic acid, starch, and cellulose, as well as the conventional 
petroleum-derived plastics, are composed of polymers with specific 
repeating units. This observation strongly suggests that this feature 
might be essential for determining the plastic performance of the 
derived materials (Nakajima et al.,2017). Consequently, despite the 
extensive research efforts focused in the last years on protein-based 
bioplastics, it remains a lack of understanding regarding the ability of 
homo-polypeptides to give rise to materials with higher plastic-like 
properties. Among these, poly-γ-glutamic acid (γ-PGA) stands out due 
to its exceptional properties, including biodegradability, 
biocompatibility, and shape memory. 
 

https://commission.europa.eu/strategy-and-policy_it
https://commission.europa.eu/strategy-and-policy_it
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1.3. γ-PGA, a sleeping giant among biopolymers  
 

γ-PGA is a polyamino acid whose anionic polymeric structure is made 
of D-glutamic acid and/or L-glutamic acid monomers linked to each 
other via peptide bonds through their gamma carboxylic groups 
(Buescher and Margaritis, 2007) (Fig. 3).  
 

 
 

Fig. 3. Structure of γ-PGA 

 
γ-PGA is produced naturally by different microbes such as Natrialba 
aegyptiaca, Natronococcus occultus and Fusobacterium nucleatum 
(Sirisansaneeyakul et al., 2017). Although there are different γ-PGA 
producer strains known, gram-positive bacteria of the Bacillus genus 
(e.g. Bacillus subtilis, B. subtilis subsp. natto, Bacillus licheniformis) are 
still considered the most potent producers (Luo et al., 2016). 
Conversely, naturally occurring microbes are not known to synthesize 
α-PGA, unless genetically engineered (Buescher and Margaritis, 
2007). However, α-PGA could be chemically synthesized by 
nucleophilic polymerization of L-glutamic acid in the presence of aprotic 
solvents like toluene and a metal catalyst.  Bacillus species produce γ-
PGA in response to various environmental stresses, such as 
starvation, pollution, and drought. γ-PGA biosynthesis helps these 
organisms to adapt to these harsh environments (Luo et al., 2016). For 
example, in pathogens like B. anthracis and Staphylococcus 
epidermidis, the secretion of γ-PGA plays a role in virulence and 
creates a protective barrier around the pathogen, helping it resist 
phagocytosis by immune cells. This barrier also enhances the 
pathogen's ability to invade host tissues (Bajaj and Singhal, 2011). 
Depending on these factors, γ-PGA can either be cell-bound to elicit 
virulence or may be secreted to withstand an extreme environment.  
Nowadays, γ-PGA is considered a polypeptide of high commercial 
interest, since it is widely used in agriculture, environmental 
bioremediation, food industry, and drug and cosmetic manufacturing, 
thanks to its biodegradable, edible, non-toxic, non-immunogenic and 
superabsorbent properties (Bajaj and Singhal, 2011). However, the 
different industrial applications of γ-PGA depend on its molecular 
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weight (Mw) which ranges from 2 to 2000 kDa, conformation, purity, 
solubility, and pH value at which it is dissolved (Ashiuchi et al., 2003, 
Ho et al., 2006).  Despite its promising properties, γ-PGA is currently 
quite expensive, with a pure powder costing approximately € 234 per 
100 mg according to Sigma Aldrich 
(sigmaaldrich.com/IT/it/product/sigma/p4886). This high cost is due to 
the limited commercial production of γ-PGA as well as the purification 
process of the polymer.  γ-PGA production can be L-glutamic acid-
dependent or independent (Buescher and Margaritis, 2007; Sung et al., 
2005).  In the first case, supplementing the growth medium with L-
glutamic acid leads to higher biopolymer yields. However, the use of L-
glutamic acid as a precursor makes γ-PGA more expensive. On the 
other hand, L-glutamic acid independent production involves 
microorganisms that can synthesize their L-glutamic acid from other 
sources, such as glucose or other carbon sources. This method is less 
expensive, but it typically leads to lower γ-PGA yields than L-glutamic 
acid-dependent production (Buescher and Margaritis, 2007; Sung et 
al., 2005). In a study published by Ito et al., (1996) it was investigated 
a glutamate-independent strain of B. subtilis TAM-4 that exhibited de 
novo synthesis of γ-PGA in the growth medium. When eight different 
carbon and nitrogen sources were evaluated, glucose and ammonium 
chloride proved to be the most effective, achieving a maximum 
production of 13.4 g/L within four days.  Microbial γ-PGA production 
has primarily focused on two approaches: identifying superior producer 
strains and optimizing fermentation conditions. Researchers have 
identified and characterized γ-PGA-producing Bacillus strains, such as 
B. subtilis, and optimized their growth conditions to enhance γ-PGA 
production (Bajaj and Singhal, 2011). However, a less common 
strategy involves the genetic engineering of γ-PGA producer strains to 
introduce modifications that improve production efficiency, by 
inactivation of specific γ-PGA degrading enzymes so that prolonging 
the polymer's lifespan (Scoffone et al., 2013). While microbial 
production has made significant progress, further advancements in 
strain development, fermentation processes, and cost optimization are 
crucial for unlocking the full potential of γ-PGA in industrial applications. 
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1.3.1. Biosynthetic pathway of γ-PGA 
 

The current bottleneck hindering the widespread use of γ-PGA is the 
high production cost. Understanding the gene involved in γ-PGA 
synthesis leads to improved production methods. The mechanism of γ-
PGA synthesis varies among different strains, with diverse metabolic 
pathways and associated enzymes involved. (Fig. 4., Park et al., 2021) 
shows the metabolic pathway of γ-PGA biosynthesis and its gene 
cluster which is involved in three main stages: racemization, 
polymerization and transfer, and catabolism (Buescher and Margaritis, 
2007; Park et al. 2021).   
 

 
 

Fig. 4. γ-PGA biosynthetic pathway adapted from Park et al., 2021. 
 
L-Glutamic acid, the crucial component for γ-PGA production, can be 
either obtained from external sources or synthesized endogenously 
(Wang et al., 2017). When sourced externally, L-glutamic acid directly 
enters the γ-PGA biosynthesis pathway in which 2-oxoglutarate 
aminotransferase catalyzes the conversion of α-ketoglutaric acid and 
glutamine to L-glutamic acid.  However, in the endogenous pathway, 
carbon sources are converted to acetyl CoA via glycolysis then 
glutamate dehydrogenase is converted to α-ketoglutaric acid and 
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ammonium chloride through the Krebs cycle, which gives rise to L-
glutamic acid (Wang et al.,2017). The γ-PGA biosynthesis pathway 
involves a series of enzymes such as racemase, synthase, and 
peptidase, that are involved in γ-PGA biosynthesis (Ogunleye et al., 
2015; Wang et al., 2017; Ashiuchi et al., 2010). The first step in γ-PGA 
biosynthesis is racemization, which involves the conversion of L-
glutamate to D-glutamate by glutamate racemase (RacE) coding gene 
(Luo et al., 2016). This process can be carried out using either 
exogenous or endogenous L-glutamate. The resulting D-glutamate 
monomers then polymerize into the growing L-chain (Ashiuchi et al., 
2004). In B. subtilis, two genes, racE/glr and yrpC, encode proteins that 
are homologous to RacE (Ashiuchi et al.,1999; Ashiuchi et al., 2002). 
An indirect conversion pathway, involving pyruvate as a precursor and 
three enzymes (L-glutamic acid/pyruvic acid aminotransferase, D-
glutamic acid/pyruvic acid aminotransferase, and alanine racemase), 
is devoted to the transformation to D-glutamic acid (Shih et al., 2001; 
Wu et al., 2006). The second stage is polymerization and transfer 
(Buescher and Margaritis, 2007; Luo et al.,2016). L-Glutamate and D-
glutamate monomers are transported from the cytoplasm to the cell 
membrane by γ-PGA synthetase (Pgs), which is encoded by an active 
membrane enzyme complex (four gene subunits operons: pgsB, C, A, 
and E) and the γ-PGA-release gene (PgsS) (Ashiuchi, et al., 2002; 
Urushibata et al., 2002). The PgsBCA complex is responsible for 
assembling these monomers into γ-PGA and is essential for 
polymerizing and transporting γ-PGA to the cell membrane (Cao et al., 
2018; Ogunleye et al., 2015). PgsE is also involved in γ-PGA 
biosynthesis, particularly when zinc is present (Yamashiro et al., 2011). 
γ-PGA can be either attached to the cell wall through the homologs of 
PgsBCA called CapD catalysis or secreted into the surrounding 
environment through PgsS catalysis (Yamashiro et al., 2011). γ-PGA 
biosynthesis is regulated by intracellular signal transduction 
mechanisms: ComP-ComA regulator, DegS-DegU regulator, whereas 
SwrA is another regulator of PgsBCA. These mechanisms inhibit γ-
PGA production and downregulate the expression level of degradation 
enzymes. Both ComP-ComA and DegS-DegU systems regulate the 
front-end transcription, while SwrA assists in regulation at the post-
transcription stage (Osera et al., 2009; Do et al., 2011).  Lastly, since 
γ-PGA is considered a secondary metabolite for Bacillus species it can 
be degraded and utilized as substrate. The catabolism pathway of γ-
PGA is tightly regulated by intracellular regulatory mechanisms (Birrer, 
1994; Cao et al., 2018).  
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Three types of hydrolases can degrade γ-PGA: 
 

• Native γ-PGA hydrolase (PgdS), encoded by a gene located 
downstream of the PgsBCA operon, cleaves the γ-glutamyl 
bonds within the γ-PGA molecule and its expression is tightly 
regulated (Sha et al., 2019). 

• Cell wall lyases (D- or L-endopeptidase), such as CwlO, 
CwlS, LytE, and LytF, break the peptide bonds between 
glutamic acid residues in γ-PGA (Ashiuchi et al., 2003). 

• γ-Glutamyl transferase (GGT) hydrolyzes γ-PGA from the N-
terminal and releases shorter D- or L-glutamic acid residues, 
forming di- and tripeptides of γ-glutamic acid (Mitsui et al., 2011). 
 

Gene knockout of Bacillus strains can be one effective strategy to 
regulate and increase γ-PGA production (Scoffone et al., 2013).   
 
1.3.2. γ-PGA production by bacterial fermentation 

 

The biosynthesis of γ-PGA is critically influenced by fermentation 
conditions, which are crucial determinants of polymer yield. Various 
factors play pivotal roles in γ-PGA production, including carbon source, 
nitrogen source, metal ions, temperature, pH, dissolved oxygen, 
stirring methods, and other aspects of the fermentation system. These 
factors can all significantly impact the final yield of γ-PGA (Rehm et al., 
2022). The main downstream process for γ-PGA production by 
bacterial fermentation involves the following steps: substrate selection, 
bacterial inoculation, fermentation, extraction, and purification. The 
choice of media components and cultivation conditions significantly 
impacts the yield and properties of γ-PGA. A variety of substrates have 
been explored for γ-PGA production using either synthetic medium or 
waste, each with its own set of fermentation conditions for improving γ-
PGA yields. Wu et al. (2008) employed 13C isotope tracer methods to 
investigate the pathway of γ-PGA glutamate-dependent synthesis in a 
γ-PGA-producing strain of B. subtilis NX-2. Their findings revealed that 
glucose (via glycolysis, the pentose phosphate pathway, the 
tricarboxylic acid cycle, and other pathways) was metabolized to 
generate glutamic acid precursors. These precursors were then 
polymerized to form γ-PGA. Notably, when the glucose concentration 
in the medium was 40 g/L, only about 9% of the carbon skeleton of γ-
PGA derived from glucose. This suggests that glucose served primarily 
as a growth-limiting substrate for growth and energy metabolism, while 
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L-glutamic acid was the main source of the carbon skeleton for γ-PGA 
molecules (Wu et al., 2008). Chen et al. (2005) reported a γ-PGA yield 
of 45 g/L using soybean cake and swine manure as substrates with B. 
subtilis CCTCC202048, supplemented with glutamic acid and citric 
acid, following a 48-hour fermentation at 37°C. Zhang et al. (2012) 
employed cane molasses supplemented with glutamic acid and 
ammonium sulfate, using B. subtilis NX-2, to produce 51.1 g/L of γ-
PGA after 96 hours of fermentation at 32°C. Tang et al. (2015) further 
enhanced the yield by using rice straw hydrolysate, also with glutamic 
acid and ammonium sulfate, to achieve 73 g/L of γ-PGA using B. 
subtilis NX-2 after 90 hours of fermentation at 32°C. Finally, Kim et al. 
(2019) examined the potential of macroalgae, sucrose, and L-
glutamate, combined with B. subtilis. SJ-10, obtaining a γ-PGA yield of 
6 g/L after 48 hours of fermentation at 37°C.  The addition of metal ions 
in the medium (including K2+, Ca2+, Na2+, Fe2+, Mg2+, Zn2+, and Mn2+) 
can promote bacterial cell growth and increase the production of γ-
PGA. PgsA contains membrane-anchoring regions that are responsible 
for positioning the PgsBCA complex on the membrane (Ashiuchi et al., 
2002). Homologous sequences of this protein are found in a variety of 
biological genes, belonging to the family of cytosolute protein 
serine/threonine phosphatases with divalent cation binding sites, 
including Zn2+, Mn2+, Fe2+, and Ca2+. PgsA may be responsible for the 
extracellular transport of γ-PGA (Nordlund et al., 1995; Rusnak and 
Mertz, 2000). The fermentation process can be conducted using either 
batch, continuous, or shake flask and different bioreactors can be 
employed, including submerged fermentation, solid-state fermentation, 
and moving bed bioreactor. Shake flasks are commonly used for 
laboratory scale γ-production (Parati et al., 2022).  
Following fermentation, centrifugation is typically employed to remove 
bacterial cells, and the subsequent purification process can 
significantly impact the efficiency of γ-PGA extraction, which is 
challenging particularly due to the high viscosity of γ-PGA of high 
molecular weight (Parati et al., 2022). Upon completion of the 
purification procedure, γ-PGA can be suspended in water and then 
subjected to freeze-drying.  
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1.3.3. γ-PGA purification strategies 
 

The purification process and the hindered recovery due to the high 
viscosity of the fermentation broth are a major bottleneck for the γ-PGA 
production and contribute to its high costs (Zhang et al.,2021; Do et al., 
2001).  The process generally includes centrifugation or sedimentation 
of the bacterial cells and γ-PGA is recovered from the broth 
supernatant by alcohol precipitation (75–80% methanol or ethanol v/v), 
or by the addition of divalent copper salts. The ethanol precipitation 
does not assure the removal of proteins that precipitate along with γ-
PGA. Thus, further purification steps are required as concentration by 
ultra-filtration membranes, dialysis/diafiltration or chromatography to 
remove small molecules such as salts, exhaust nutrients, and even 
glutamate monomers. Then, the purified product is further dried by 
freeze-drying or spray-drying (Do et al., 2001; Kreyenschulte et al., 
2014; Kumar et al., 2015; Zhang et al., 2021). New strategies for the 
recovery and the purification of γ-PGA from the broth supernatant were 
reported. They include four-unit operations, like acidification, plate and 
frame filtration, cyclic ultrafiltration, and freeze-drying, to avoid any 
inefficient precipitation steps and to reduce the purification costs 
(Zhang et al., 2021). In another case, a hybrid reactor system, that 
integrated cross-flow microfiltration modules in a fermentation vessel, 
was employed to continuously produce γ-PGA and directly purify it by 
using two-stage membrane treatments (Kumar et al., 2015). This 
approach assured continuous, high-yield production and productivity of 
γ-PGA by recycling the bacterial cells and an efficient downstream 
process up to high product purity by removing any inhibiting 
fermentation products (Kumar et al., 2015). As the fermentative 
conditions influence the titer of the produced γ-PGA, as well as its Mw 
and polydispersity index, and because the downstream purification 
process is a complex and not efficient procedure in which the different 
chain length populations of γ-PGA are not separated, the commercial 
samples often contain not pure, highly dispersed γ-PGA multiple forms 
with different Mw. As the Mw is critical for the γ-PGA applications, new 
downstream purification approaches are needed, as the classical 
precipitation procedures are not efficient in obtaining specific, highly 
homogenous Mw fractions, but only a mixture of different size 
populations of the homopolypeptide. Previous research has employed 
ultra-filtration (UF) with plate and frame cassettes of 10 and 100 kDa, 
combined with nano-filtration, to purify small quantities of γ-PGA (25 g) 
on a laboratory scale (Sabbah et al., 2020). However, Restaino et al. 
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(2022) developed a tangentially driven UF process to enhance the 
recovery of certain fractions by slightly modifying the UF membrane 
size in the second step. They used this process to purify a larger 
amount of commercial γ-PGA (COM-PGA) (300 g), which contained a 
mixture of three different low molecular weight γ-PGA populations. This 
resulted in increased representation of the other two macromolecular 
species and high γ-PGA recovery percentages, without requiring 
extensive purification of the commercial sample or selecting a specific 
size population of the homopolypeptide. The membrane-based 
process, on the other hand, enabled the isolation of fractions with 
relatively homogeneous sizes (54.7 and 17.9 kDa) and a higher purity 
grade (Restaino et al., 2022). 
 
1.3.4. γ-PGA production challenges 
 
Despite the significant progress in γ-PGA production through microbial 
fermentation, the process remains encumbered by several challenges. 
One of the primary hurdles is the intricate quantification of γ-PGA. 
Factors such as its water-holding capacity, viscosity, structural 
complexity, and variations in solubility and stability depending on purity, 
all contribute to the challenges faced during sample preparation. The 
presence of byproducts further exacerbates this issue, as they 
compete for substrate and energy, thereby diminishing γ-PGA yield 
and interfering with its downstream separation and purification (Li et 
al., 2022). Moreover, while rigorous optimization of variables through 
methods like response surface methodology and central composite 
design have been employed, attaining optimal γ-PGA production 
remains an objective to pursuit (Mohanraj et al., 2019; Dexin et al., 
2020). Genetic and metabolic engineering strategies, while promising, 
pose their own set of challenges, in fact, even with these modifications, 
the yield often falls short of expectations (Zhang et al., 2021). 
Additionally, the selection of suitable microorganisms for γ-PGA 
production is difficult, particularly when employing high-throughput 
methods. The lack of precision and repeatability in existing γ-PGA 
quantification methods further complicates the application of numerical 
methods such as the design of experiments for optimizing production 
processes. These complexities underscore the need for more refined 
methodologies and innovative approaches to overcome these hurdles 
in γ-PGA production. Microbial fermentation is the most cost-effective 
method for γ-PGA production compared to alternatives like chemical 
synthesis and biotransformation, but it still falls short of the desired 
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economic viability. The need for genetic engineering, the synergistic 
effect between L-glutamic acid-dependent and independent strain, the 
growth medium optimization, the process control, and the downstream 
processing significantly drive-up costs. In summary, despite significant 
efforts and technological advancements, γ-PGA production through 
microbial fermentation remains a challenging endeavor marked by 
complex quantification processes and unsatisfactory yields.  
 
1.3.5. γ-PGA quantification methods 
 
There are several methods for quantifying γ-PGA, each with its 
advantages and limitations. These methods range from simple and 
rapid UV-spectrophotometric and colorimetric techniques to more 
sophisticated but reliable ones, such as ultra-high-performance liquid 
chromatography and nuclear magnetic resonance analysis. The most 
used method, developed by Zeng et al. (2012), utilizes the UV 
absorption spectrum of γ-PGA in aqueous solution, with a maximum 
absorption wavelength occurring at 216 nm. However, this method 
requires the sample to be pure, as other polysaccharides may interfere 
with the measurement. Mohanraj et al. (2019) utilized the dry weight of 
purified and lyophilized γ-PGA to estimate γ-PGA yield. In 2015, 
Kongklom et al. employed the surfactant cetyltrimethylammonium 
bromide (CTAB) method to quantify γ-PGA. This method relies on the 
formation of a highly specific complex between CTAB and γ-PGA. 
CTAB binds to γ-PGA chains, forming water-insoluble, highly dispersed 
micelle-like structures. This complexation leads to an increase in the 
turbidity of the solution. The γ-PGA concentration is determined by 
measuring the turbidity of the mixture using a spectrophotometer at 400 
nm and comparing it to a standard curve prepared with a pure γ-PGA 
sample. However, CTAB may also interact with other polysaccharides 
present in the sample. Kubo et al., 2021 have also developed a High-
Performance Liquid Chromatography (HPLC) method specifically for 
quantifying γ-PGA content in natto, a fermented soybean product rich 
in γ-PGA.  The process involves lyophilizing and powdering natto, 
optimizing protein and peptide removal, ethanol precipitation, 
hydrochloric acid degradation, and quantifying glutamic acid using 
HPLC. Restaino et al. (2022) have developed a new method based on 
Ultra High-Performance Liquid Chromatography (UHPLC) to determine 
γ-PGA concentration on the base of the L-glutamic acid monomer 
determination after acidic hydrolysis of the homopolypeptide. 
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NMR and FTIR are additional methods that have been used for γ‐PGA 
quantification (Rafalskiy et al., 2022).   
 
1.3.6. γ-PGA applications 
 
γ-PGA has astonishing applications across diverse fields, including 
agriculture, food, cosmeceuticals, tissue engineering, regenerative 
medicine, drug delivery, environmental protection, and wastewater 
treatment.  In agriculture, γ-PGA has been employed as a fertilizer, as 
demonstrated by Wang et al. (2008). Additionally, Pang et al. (2018) 
reported that γ-PGA effectively alleviated the growth inhibition of 
cucumber seedlings induced by Pb and Cd stresses. As γ-PGA 
concentration increased, chlorophyll a and b levels in cucumber 
seedings also augmented, as the concentration of Pb and Cd in 
cucumber seedings declined by 74.13% and 38.65%, respectively.  In 
the food industry, γ-PGA holds remarkable applications as a flavoring 
agent, shelf-life extender, stability enhancer and oil reduction tool for 
fried foods (Lim et al., 2012; Guan et al., 2023). Moreover, γ-PGA 
functions as a dietary supplement by reducing the sensitivity of 
gastrointestinal enzymes, increasing calcium absorption and solubility, 
and contributing to the treatment of osteoporosis. Notably, γ-PGA 
inhibits the formation of calcium phosphate in our body by enhancing 
the passive transport in the small intestine (Tanimoto et al., 2001; 
Tanimoto et al., 2007).   Sakamoto and Kawase (2016) employed both 
water-insoluble γ-PGA and water-soluble sodium salt forms of γ-PGA 
(γ-PGA-Na) as a low-cost, safe, and environmentally friendly biological 
adsorbent to recover cesium from radioactive wastewater. The 
adsorption of cesium (Cs) by γ-PGA and γ-PGA-Na in radioactive 
wastewater occurs through electrostatic interaction between carboxylic 
acid anions (-COO-) and cesium cations (Cs+) via a chemical reaction.  
Furthermore, Sun et al. (2020) modified the double bond of γ-PGA and 
incorporated antibacterial polylysine through photopolymerization 
using visible light to create an antibacterial and biocompatible hydrogel 
that effectively repaired and regenerated skin infections. In addition, γ-
PGA with high molecular weight demonstrates exceptional moisture 
retention and water absorption, forming a protective barrier on the skin. 
It effectively inhibits skin moisture loss and can penetrate deep into the 
skin, effectively restoring the skin's natural moisture balance (Li et al., 
2022). More recently, Restaino et al., 2022 investigated the low Mw of 
ultrafiltrate γ-PGA fractions for their potential bioactivity. Purified γ-PGA 
fractions were found to counteract desiccation and oxidative stress in 
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keratinocyte monolayers, suggesting a potential therapeutic option for 
oxidative stress-related diseases and modulating antioxidant defense 
pathways. Considering environmental concerns, novel crosslinked 
materials derived from γ-PGA, showcasing thermoplastic and 
saloplastic properties with promising applications across various fields 
including bio-packaging, were developed (Hejazi et al., 2023).  
 

1.4. Chitosan 
 

CH is a biopolymer composed of β-1,4-linked glucosamine (Fig.5), 
partially acetylated (≤ 25%), obtained through alkaline deacetylation 
(Pakizeh et al., 2021) from chitin, the second most abundant 
polysaccharide in nature (an estimated 1 billion tons of chitin are 
produced each year in the biosphere). Commercially, chitin is extracted 
from the shells of crabs, shrimps, shellfish and lobsters, which are 
major by-products of the seafood industry.  CH dissolves in acidic 
aqueous solutions where its amino groups are protonated (Motiei et al., 
2021), enabling the formation of polyelectrolyte complexes with highly 
negatively charged polymers like γ-PGA (Paini et al., 2015). CH 
exhibits excellent biocompatibility, non-toxicity, non-immunogenicity, 
and biodegradability (Baharlouei et al., 2022). Moreover, its 
sustainable production from renewable resources makes it an 
appealing material for bio-ink, 3D printing, and scaffolding in various 
applications, including regenerative tissue engineering, drug delivery, 
and food packaging (Lazaridou et al., 2022; Moeini et al., 2018; Motiei 
et al., 2021).  

 
Fig.5. Chitosan (CH) structure 

 

 
1.5. Polyelectrolyte complexations and hydrogels formation  

 

Polyelectrolyte complexes (PECs) are formed when two or more 
oppositely charged polymers interact with each other. While this is 
typically the case, PECs can also form among polymers with similar 
charges (both positive or both negative) under certain conditions 
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(Kizilay et al., 2011). 3D PECs have been investigated since the early 
20th century when coacervation phenomena were first described 
(Bungenberg de Jong, & Kruyt, 1929; Overbeek & Voorn, 1957). 
However, their sensitivity to environmental factors like salt and humidity 
limited their use in large-scale applications (Visakh, 2014). In the 
1960s, Michaeles (1965) proposed casting PECs into films, and much 
later, the group led by Shclenoff (2012) introduced a novel extrusion 
method based on saloplastics. Saloplastics, or hydrated compact 
PECs, are highly promising materials from a polymer science 
perspective due to their interpenetrated networks (Porcel and 
Schlenoff, 2009). Mundo et al. (2020) successfully prepared insoluble 
PECs using anionic γ-PGA and cationic ε-poly-L-lysine (PLL) under 
acidic conditions where the electrostatic attraction is strong. However, 
soluble complexes formed when the electrostatic attraction was 
weaker. Hydrogels are materials that offer significant promising 
applications thanks to their 3D polymer network structure capable of 
retaining substantial amounts of water in a swollen state. The swelling 
behavior of hydrogels is finely tuned by a balance between hydration 
forces and counteracting forces exerted by crosslinked polymer chains 
that resist expansion (Chiesa et al., 2019). Polymer crosslinking can be 
achieved through chemical covalent bonds, non-covalent interactions 
between the chains, or by a combination of both. Synthetic polymers 
such as polyacrylamides, poly (ethylene glycol)-polyester block 
copolymers, and naturally occurring polymers (such as CH, alginate, 
hyaluronic acid, and gelatin) have been extensively explored as the 
basis for thermosetting hydrogels (Zhang et al., 2012; Ju et al., 2014; 
Piao et al., 2015; Ghobril et al., 2015, Zhuang et al., 2015).  Recently, 
Hejazi et al. (2023) developed a new class of crosslinked materials that 
exhibit both saloplastic and thermoplastic properties (data contained in 
the present PhD thesis). As at acidic pH value, CH and γ-PGA are 
positively and negatively charged, respectively, they could be 
employed for the preparation of new hydrogel materials based on non-
covalent, electrostatic interactions. They were prepared by physical 
blending of CH and γ-PGA using three different ratios of ultrafiltrate low 
molecular weight γ-PGA. These materials can exist as rubbery 
hydrogels or glass-like thermoplastics depending on their hydration 
levels. The obtained supramolecular complexes exhibited 
advantageous physical characteristics, thermal stability, and 
amorphous and crystalline structures, opening new possibilities for 
applications of the obtained biomaterials in diverse fields.  
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In the pursuit of sustainable development for the new materials, a 
promising possibility involves the potential use of biodegradable 
hydrogels in heritage restorations and renovations as well as bio-
adhesive materials. In its various forms and uses, adhesive products 
have become indispensable in modern life, playing a vital role in 
assembling, and repairing numerous items and structures (Ferdosian 
et al., 2017).  Finding a bio-based glue to replace petroleum-based 
glues is essential, as commercial glues such as formaldehyde, 
phenolic resin, and synthetic polyvinyl-based ones are a major concern 
due to their toxicity, carcinogenicity, and immigrant airborne pollutants 
(Gajra et al., 2012). Thus, in recent times, hydrophilic adhesives have 
garnered attention from both researchers and consumers owing to their 
compatibility, environmentally friendly nature, and user-friendly 
applications. Santoni et al. (2013) investigated various protein sources 
for their potential as wood adhesives suitable for indoor applications. 
These protein sources included zein, a component of maize (Zea mays 
L.), pea (Pisum sativum L.) protein, and two different soy (Glycine max 
L.) protein-based products, one treated with alkali and the other 
untreated (Santoni et al., 2013).  Recently, Hejazi et al. (unpublished 
data object of the present PhD thesis, a) explored the potential of using 
the 3D hydrogel developed as a bio-adhesive on various substrates, 
including aluminum and wood. This research focuses on investigating 
the structural, rheological, morphological, and thermal properties of the 
innovative CH/γ-PGA hydrogel and its potential applications on 
different surfaces. Six hydrogels were prepared by physically blending 
CH (285 kDa) with two different γ-PGA fractions with distinct molecular 
weights obtained via ultrafiltration of a microbial product, and the 
polypeptide was crosslinked with CH at three different ratios following 
the method described previously by Hejazi et al. (2023).  
 
This research represents a significant breakthrough in biotechnology, 
particularly in the utilization of γ-PGA for the development of 
bioplastics. For the first time, we successfully created these novel 
materials using commercially available γ-PGA, subjecting it to 
ultrafiltration purification and employing cost-effective methods such as 
traditional casting and thermal compression. The resulting bioplastics 
exhibit edible properties, making them suitable for different industrial 
applications. Additionally, novel materials were produced through the 
physical blending of polyelectrolytes, leading to the formation of 3D 
smart material. These materials demonstrate dual characteristics, 
opening up diverse possibilities for applications. In a pioneering move, 
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we applied these materials as a bio-glue on wood and aluminum, 
exploring their potential for cultural heritage and restoration purposes. 
Furthermore, our study delves into the production of γ-PGA using 
bacterial engineering strains. Through mutations and double knockout 
on Bacillus subtilus JH642, we achieved higher molecular weight γ-
PGA. This variant of γ-PGA was employed in the preparation of 
hydrogel materials, yielding intriguing results and expanding its 
potential for medical applications. In contrast to previous studies 
focusing on high molecular weight γ-PGA (>200 kDa), our approach 
considers the broader scope of applications. Notably, we diverge from 
the traditional methods, as exemplified by Yang et al. (2021) using 700 
kDa γ-PGA with thiol-methacrylate Michael chemistry-mediated post-
stabilization. Meanwhile, Bajestani et al. (2020) utilized 800 kDa γ-PGA 
for creating γ-PGA-keratin based hydrogel, targeting wound healing. 
Pisani et al. (2019) employed MW 800 kDa γ-PGA from Natto 
Bioscience, utilizing polyelectrolyte complex formation for 3D bioink 
applications. Importantly, our study uniquely explores the dual 
characteristics of the crosslinked material, providing innovative 
solutions for challenges in the plastic industry, medical field, 3D 
printing, cosmeceuticals, and cultural heritage, setting it apart from 
traditional approaches. 
 
1.5. Aim of PhD project 

 
Like an astronaut venturing into the depths of space, this project delved 
into the exploration of the microbial poly-γ-glutamic acid (γ-PGA), a 
polypeptide possessing immense potential for sustainable and eco-
friendly applications. Hence, the general objective of the present PhD 
project was the optimization and reinforcement of 
homopolypeptide-based bioplastics to obtain novel materials with 
improved technological properties. In fact, little is known about the 
ability of polypeptides constituted by the same amino acid to give rise, 
under selective experimental conditions, to materials with plastic-like 
properties. Hence this project aimed to address the critical challenges 
concerning γ-PGA, including its low yield, purity, and cost which hinder 
its widespread adoption. An eco-friendly and industrial scale-up 
purification process was adopted to purify the commercially available 
inexpensive γ-PGA, and its physicochemical characterization was 
explored. The possibility of using purified and low molecular weight 
homopolypeptide was also investigated and innovative materials were 
obtained by hot compression. Furthermore, an innovative material by 
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blending γ-PGA with the polysaccharide CH was prepared, aiming to 
enhance both polymers properties and expand their applicability 
synergistically. The materials were obtained using a pioneering 
approach based on physical blending. Their physicochemical 
characterization was performed, shedding light on their structure, 
properties, and potential applications. In addition, the feasibility of 
employing an engineered bacterial strain for synthesizing pure γ-PGA 
was also investigated. The resulting material was blended with CH, 
leading to the development of a promising biomaterial with potential 
biomedical applications (Hejazi et al., unpublished chapter 5). The final 
part of the thesis, completed during a study abroad in Wroclaw 
University, involved developing a novel spectrophotometric approach 
based on the ninhydrin reaction for γ-PGA quantification. Additionally, 
a screening of various bacterial strains isolated from different polish 
kinds of honey was conducted to assess their potential for producing 
γ-PGA.  This project was aimed at significantly understanding the 
properties, production and applications of γ-PGA, while also 
contributing to the development of sustainable and environmentally 
friendly materials with a wide range of potential applications. In the next 
paragraphs, the results obtained during the first 2 years of the PhD 
course are reported as published articles (Chapter 2 and Chapter 3). 
Chapter 2 (Restaino et al., 2022) is related to the purification methods 
of γ-PGA contained in the commercial source (COM-PGA) by means 
of organic solvent precipitation and ultrafiltration. Chapter 3 (Hejazi et 
al., 2023) instead focuses on the manufacture and the physicochemical 
characterization of novel glass-like crosslinked materials by employing 
a polyelectrolyte complexation approach between the purified anionic 
γ-PGA and the cationic polysaccharide CH. Since these crosslinked 
materials appeared in hydrated forms as manipulable and mouldable 
hydrogels, this aspect is the topic of Chapter 4, where the 
characterization and application as bio-glue of the obtained hydrogels 
are reported (Hejazi et al. unpublished). The data from Chapter 2 and 
Chapter 3 were obtained also thanks to the collaboration with Prof. 
Chiara Schiraldi (University of Campania Luigi Vanvitelli, Department 
of Experimental Medicine).  During the 3rd year of PhD, 10 days were 
spent at the University of Pavia (Department of Biology and 
Biotechnology) where, under the supervision of Dr. Cinzia Calvio, two 
different bacterial engineering Bacillus strains were used for high 
molecular weight γ-PGA production through a fermentation process in 
shake flasks. The produced γ-PGA was further characterized 
according to its molecular weight through gel chromatography 
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technique and quantified through NMR. All these data are presented in 
Chapter 5 where the formation of a crosslinked material between the 
produced γ-PGA and CH for potential application in biomedical sector 
is also detailed. Finally, thanks to the collaboration at the University of 
Wroclaw with Prof. Marcin Łukaszewicz, 3 months were spent (from 
June 2023 to September 2023) at the Department of Biotransformation, 
Biotechnology Faculty. A comprehensive study to screen different 
Bacillus strains for possible γ-PGA were carried out. The multiple 
techniques employed to evaluate the γ-PGA production, including 
mucoidal assessment and NMR analysis, and its quantification through 
a novel developed method based on ninhydrin assay, are extensively 
illustrated in Chapter 6.  
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Chapter II 

 

Exploiting Potential Biotechnological Applications of Poly-γ -

Glutamic Acid Low Molecular Weight Fractions Obtained by 

Membrane-Based Ultra-Filtration 

This chapter investigated the potential of low-molecular-weight poly-γ-

glutamic acid (γ-PGA) from microbial and unexpensive commercial 

sources for bioplastic applications and therapeutic uses. To address 

the high cost of γ-PGA purification, two methods were evaluated: 

solvent precipitation and membrane-based ultra- and nano-filtration. 

These techniques successfully yielded size-specific γ-PGA fractions in 

large quantities. Subsequent characterization using size exclusion 

chromatography and ultra-high-performance liquid chromatography 

confirmed the molecular weight and concentration profiles of the γ-PGA 

fractions. Further investigations revealed that the purified γ-PGA might 

serve as bioplastic precursor, forming hydrocolloid films with desirable 

properties such as hydrophilicity, thermal stability, and mechanical 

strength. Additionally, these purified γ-PGA fractions demonstrated 

potential therapeutic effects by counteracting desiccation and oxidative 

stress in keratinocyte monolayers, suggesting their potential for 

alleviating oxidative stress-related diseases. These findings highlight 

the versatility of the obtained γ-PGA preparation in developing 

advanced biomaterials for various biomedical applications and support 

the use of environmentally friendly purification techniques, such as 

ultra-filtration, for large-scale production. 
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Chapter III 

Physicochemical Characterization of Chitosan/Poly-γ-Glutamic 

Acid Glass-like Materials 

 

This chapter introduces a novel method for preparing non-covalently 

crosslinked bio-composites by blending poly-γ-glutamic acid (γ-PGA) 

of microbial origin and CH through polyelectrolyte complexation. The 

materials exhibited a remarkable dual nature, initially appearing as soft, 

moldable hydrogels and transforming into exceptionally hard, glass-like 

materials upon dehydration. Structural, physicochemical, and thermal 

analyses revealed strong physical interactions between the 

polysaccharide and the homopolypeptide chains, mediated by 

electrostatic attraction and hydrogen bonding. The bio-composites 

exhibited both crystalline and amorphous structures, demonstrating 

excellent thermal stability and biodegradability. Their unique blend of 

properties, including thermoplasticity and saloplasticity, opens vast 

possibilities in the field of polyelectrolyte complexes (PECs). This 

versatility renders them highly promising candidates for diverse 

applications in regenerative medicine, biomedical devices, food 

packaging, and 3D printing. 
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Chapter IV 

Chitosan/Poly-γ-Glutamic Acid Crosslinked Hydrogels: 

Characterization and their Application as Bio-Glues 

 

This chapter shed light into the potential of CH/γ-PGA hydrogels, 

distinguished by their unique three-dimensional structure and 

remarkable versatility. By combining CH obtained from crustacean 

shrimp shells (molecular weight of 285 kDa) with two fractions of 

microbial γ-PGA having low molecular weights (R1=59 kDa; R2=20 

kDa), six different hydrogels were developed using sustainable 

physical blending techniques. These hydrogels, categorized as CHR1 

and CHR2, were found to act as effective bio-glues for specific 

applications, including wood and aluminum, and their mechanical and 

morphological characteristics were compared to those of commercial 

glues, namely vinyl (V1) and acetovinyl (V2). Thanks to their adhesive 

properties, the prepared hydrogels might be suitable for diverse 

applications, including biomedical such as wound healing.
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A B S T R A C T 
Ecofriendly hydrogels made of chitosan (CH = 285 kDa) from shrimp chitin 
and two fractions of low molecular weights microbial poly-γ-glutamic acid (γ-
PGA) (R1 = 59 kDa; R2 = 20 kDa) were prepared by sustainable physical 
blending using three CH/γ-PGA mass ratios (1/9, 2/8 and 3/7). The six 
resulting CHR1 and CHR2 hydrogels were physico-chemically characterized 
and the most abundant of them (CH/R1 and CH/R2 ratio of 3/7) were 
analysed for rheological, morphological, and mechanical properties, as well 
as shown to act as effective bio-glues by using both wood and aluminum 
substrates compared to commercial vinyl- (V1) and acetovinyl (V2) glues. Lap 
shear analyses of CH/R1 and CH/R2 blends exhibited adhesive strength on 
wood, as well as adhesive/cohesive failure like that of V1 and V2. Conversely, 
CHR2 had higher adhesive strength and adhesive/cohesive failure on 
aluminum, while CHR1 showed an adhesion strength with adhesive failure on 
the metal similar to that of V1 and V2. Scanning electron microscopy revealed 
the formation of strong bonds between the produced hydrogels and both 
substrates. Beyond their use as bio-glues, the properties of these hydrogels 
make them suitable for further applications in paint, coating, and adhesive 
even in heritage preservation as well as in medical field for wound dressing. 
Keywords: poly-γ-glutamic acid/chitosan, biodegradable hydrogels, bio-glue 

1. Introduction 

Hydrogels are materials offering promising applications in various fields 
thanks to their three-dimensional polymer network structure capable of 
retaining substantial amounts of water in a swollen state. The swelling 
behavior of hydrogels is finely tuned by a balance between hydration 
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forces and counteracting forces exerted by the crosslinked polymer 
chains that resist expansion [1]. Polymer crosslinking can be achieved 
through chemical covalent bonds, non-covalent interactions between 
the chains, or by a combination of both. Synthetic polymers such as 
polyacrylamide, poly (ethylene glycol)-polyester block copolymers, and 
several biodegradable naturally occurring polymers, such as alginate, 
hyaluronic acid, gelatin, chitosan (CH), poly-γ-glutamic acid (γ-PGA), 
have been extensively explored to produce different hydrogels [2-6].  
γ-PGA is an extracellularly secreted polymer in which glutamic acid 
units are linked by peptide bonds. Synthesized by strains of Bacillus 
species, it is a biopolymer with attributes, like water-solubility, 
biodegradability, and non-toxicity, suitable for diverse applications [7-
9]. On the other hand, CH is a polysaccharide made of β-(1→4)-D-
glucosamine and N-acetyl-D-glucosamine units and derived from 
chitin, the most abundant polysaccharide occurring in nature after 
cellulose, through an alkaline treatment of diacylation [10]. CH exhibits 
biodegradability, biocompatibility, non-toxicity, as well as non-
immunogenicity [11]. Since both CH and γ-PGA derived from 
renewable resources, they represent attractive biomacromolecules for 
a myriad of applications, including bio-adhesives, wound healing 
factors, bio-inks, 3D printing, scaffolding, immunotherapeutic agents 
against cancer, drug delivery and food packaging components [6,12-
15].  Under acidic pH, CH and γ-PGA are positively and negatively 
charged, respectively. Hence, they could be eventually employed for 
the preparation of new hydrogel materials based on electrostatic 
interactions [16,17]. In the pursuit of sustainable development of bio-
based materials with novel applications, CH and γ-PGA-based 
hydrogels might also be potentially exploited as bio-adhesive materials 
in the heritage restoration and renovation fields. Over 1000 years, 
Egyptians, Greeks, and Romans employed a variety of natural 
adhesives, including semiliquid balsams, wet lime, tree resins, 
collagen, and animal-based glues derived from fish and other natural 
sources to join materials like ceramics, to make marquetry, and to link 
wooden plies [18]. Nowadays, adhesive products (i.e. glues) have 
become indispensable in modern life, playing a vital role in assembling 
and spanning various applications from construction and engineering 
to medicine and biotechnology [19]. Nevertheless, commercial glues 
such as formaldehyde, phenolic resin, and synthetic polyvinyl-based 
glues are a major concern due to their toxicity, carcinogenicity and 
airborne pollutants [20]. Therefore, biodegradable adhesives derived 
from natural sources such as plants, animals, or microorganisms, 
emerge as a promising solution, offering several advantages over 
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petroleum-based counterparts. In recent times hydrophilic adhesives 
have garnered attention from both researchers and consumers due to 
their compatibility, environmentally friendly nature and user-friendly 
applications. Santoni & Pizzo investigated various protein sources and 
two different soy (Glycine max L.) protein-based products, untreated or 
treated with alkali, were found suitable to produce wood adhesives for 
indoor applications [21]. In this paper, a novel bio-glue was prepared 
by a polyelectrolyte complexation between CH and γ-PGA. To this 
purpose, six hydrogels were first prepared by physical blending by 
using CH (285 kDa) and two γ-PGA fractions with low molecular weight 
(R1= 55 kDa, R2= 20 kDa) obtained by ultrafiltration of a commercial 
product of microbial origin [22]. R1 and R2 were crosslinked with CH at 
three different mass ratios (CH/γ-PGA = 1/9, 2/8 and 3/7) and at pH 3.5 
as previously described by Hejazi et al. [16]. The structural, rheological, 
morphological and thermal properties of the obtained biodegradable 
hydrogels were studied and their potential applications as bio-glues 
were investigated on the surfaces of two different materials, i.e. wood 
and aluminum.  
 

2. Materials and methods 
 

2.1. Materials 

A commercial γ-PGA bulk of microbial origin (COM-PGA, 50% purity) 
was purchased from Xi’an Fengzu Biological Technology Co., Ltd. 
(Xi’an City, Shaanxi Province, China). CH (75–85% deacetylated chitin, 
poly-D-glucosamine, Mw=285 kDa) was purchased by Sigma Aldrich, 
St. Louis, MO, USA. Two commercial vinyl-based glues were used as 
reference: Pattex® universal vinyl glue (V1) and Flashbond Acetovinyl 
glue (V2) were purchased from a local store in Naples. Wood panels 
were prepared from oak, whereas the aluminium samples were from 
6082-T6 alloy. All the reagents used for analyses and the material 
characterization were of analytical grade unless specified. 

 

2.2. Preparation of CH/γ-PGA hydrogels 

For preparing the hydrogels, COM-PGA was first purified by 
ultrafiltration in two distinct retentate fractions (R1 and R2) as described 
previously [22]. The molecular weight of CH (285 kDa), R1 (55 kDa) 
and R2 (20 kDa) were also formerly determined by size exclusion 
chromatography with a triple detector array [23]. The preparation of 

https://www.bing.com/ck/a?!&&p=5f75ccf5a45ea676JmltdHM9MTcwMTgyMDgwMCZpZ3VpZD0zZDk3MTViYi0zN2FmLTZmYTUtMDhkZC0wNmM1MzZiZDZlNjcmaW5zaWQ9NTQxOA&ptn=3&ver=2&hsh=3&fclid=3d9715bb-37af-6fa5-08dd-06c536bd6e67&psq=acetovinyl&u=a1aHR0cHM6Ly93d3cuc2hvcG1hbmNpbmkuY29tL2VuL2FkaGVzaXZlLWFuZC1nbHVlcy82MDE2LWFjZXRvdmlueWwtZ2x1ZS1pbi1hcXVlb3VzLWRpc3BlcnNpb24tZm9yLXdvb2QtdWh1LWJvc3Rpay12aW5hdmlsLXByby1sZWduby1leHRyYS04MDAyMjI0MDAwMDU5Lmh0bWw&ntb=1
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CH/γ-PGA hydrogels followed the protocol described in Hejazi et al. 
[16]. Aqueous solutions of CH and the γ-PGA fractions (R1 and R2) 
were prepared at a pH of 3.5 in 0.1 M HCl. The CH solution had a 
concentration of 20 mg/mL (w/v), while the R1 and R2 solutions were 
prepared at a concentration of 50 mg/mL. Subsequently, the R1 or R2 
solutions were added to the CH solution to obtain three diverse CH/γ-
PGA mass ratio (1/9, 2/8, or 3/7) blends. The resulting mixtures were 
adjusted to a pH of 3.5 again and stirred at 800 rpm at 25°C for 60 
minutes.  It is worth noting that, as previously reported [16], any further 
increase of CH/γ-PGA ratio made it impossible to obtain any 
precipitated material. In fact, when the amount of CH in the mixture 
increased to CH/R1 and CH/R2 ratios of 4/6 or 5/5, milky colloidal 
suspensions rather than sedimented hydrogels were formed (Fig.1). 
The latter phenomenon was likely due to the ability of higher amounts 
of free –NH3

+ groups of CH to completely neutralize the negative 
charges of free –COO- groups of γ-PGA by forming CH-γ-PGA 
complexes able to remain in suspension. Therefore, six different 
amounts of precipitated hydrogels were obtained at CH/R1 or CH/R2 
mass ratios of 1/9, 2/8, and 3/7, respectively. The six sediments were 
first collected by decantation and then centrifuged at 10,000 rpm for 10 
minutes at 4°C (Avanti J-20 XP centrifuge, Beckman Coulter, Brea, CA, 
USA). 
 

 
 
Fig. 1. Increasing amounts of sedimented hydrogels obtained by blending CH with either R1 
or R2 γ-PGA fractions at 1/9 (a), 2/8 (b) and 3/7 (c) CH/γ-PGA mass ratios, and colloidal 
suspensions obtained by blending the two biopolymers at 4/6 d) and 5/5 ratios (e). Further 
experimental details are reported in the text.  

 
The obtained sediments were finally washed three times with distilled 
water at pH 3.5 and then analyzed for their ash and metal content, as 
well as for swelling and thermal features. Two of the six samples, those 
obtained at CH/R1 and CH/R2 mass ratio of 3/7, resulting the most 
abundant sedimented hydrogels (Table 1), were also characterized for 
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their rheological and morphological properties, and tested as bio-
adhesives on both wood and aluminum surfaces.  
 
Table 1. Amounts of CH/R1 and CH/R2 sedimented hydrogels produced at different CH/γ-PGA 
mass ratios.  Experimental details are reported in the text. 

 
 

Video 1 shows the manipulability of one of the six hydrogels obtained 
(CH/R1, 3/7 w/w) which all take on, during the evaporation of the 
solvent, a non-sticky plastic gum consistency such as to become easily 
mouldable material. Conversely, when the solvent was completely 
removed, the stratified material took on a glassy consistency so rigid 
and hard that it could be compared to Bakelite (Fig. 2). 
 

VIDEO 1  

https://watch.wave.video/bDgzs3WWcH9xu0k3 

 

 

 

Fig. 2. Sheet of the biodegradable material obtained by drying the hydrogels produced with 
CH/R1 or CH/R2 at 3/7 mass ratio. 
 
 
 
 
 

CH/γ-PGA ratio 

Amount of each polymer (mg) Sedimented 

hydrogel 

produced (mg) CH 
R1 or R2 γ-PGA 

fraction 

CH/R1 (1/9) 200 1800 1700 

CH/R1 (2/8) 400 1600 3200 

CH/R1 (3/7) 600 1400 3300 

CH/R2 (1/9) 200 1800 1600 

CH/R2 (2/8) 400 1600 2700 

CH/R2 (3/7) 600 1400 3000 

https://watch.wave.video/bDgzs3WWcH9xu0k3
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2.3. Ash and metal content analysis 

Ash content was used as preliminary analysis to assess the purity and 
composition of the six obtained hydrogels. About 500 mg of dried 
samples were weighed into a pre-weighed heated porcelain crucible. 
The crucibles were then placed in a muffle furnace and heated to 600°C 
for 6 hours until all the carbonaceous material disappeared. After the 
furnace was cooled, the residue in the crucibles was weighed. The ash 
content was then calculated as follows: 

Ash content (%) = (weight of residue/weight of initial sample) × 100 
(2) 

Metal content analysis for the determination of the Ca2+ and Mg2+ ions 
was performed by subjecting 0.2 g of each sample to oxidative acid 
digestion with 2 mL of HNO3 (≥ 69%, v/v) (Sigma Aldrich, St. Louis, 
MO, USA) in a tube kept in the thermostatic bath at about 90°C for 3 
hours. The six mineralized samples were recovered with ultrapure 
water up to a volume of 10 mL to determine Ca2+ and Mg2+ ions and 
finally analysed by MP-AES (Microwave Plasma-Atomic Emission 
Spectrometry). A calibration curve was obtained for each analysed ion 
from a certified standard solution (Ultrascientific, Bologna, Italy). 

2.4. Differential scanning calorimeter (DSC) 

The thermal properties of all six samples were determined by using a 
Q2000 T zero differential scanning calorimeter (DSC), TA Instrument 
(New Castle, DE, USA), equipped with a liquid nitrogen accessory for 
fast cooling. The calorimeter was calibrated for temperature and 
energy using indium. Dry nitrogen was used as purge gas at a rate of 
30 mL/min. Samples (3-4 mg each) were placed in aluminum pans and 
an empty pan was used as a reference. DSC measurements were 
performed in a double heating run; the first one, occurring from 50 to 
200°C, at 10°C·min-1, reproduced the thermal history of the samples. 
After an isothermal step of one-minute, non-isothermal cooling runs 
were performed up to -50 °C, at a rate of 10°C·min-1. Finally, a second 
heating ramp from -50°C to 250°C at 10°C·min-1 was recorded. Before 
testing, the samples were conditioned for 24 h at 25°C and 50% RH. 

2.5. Rheological properties 

A stress-controlled rotational rheometer (ARG2, TA Instruments, New 
Castle, Delaware, USA), equipped with a cone-plate geometry 
(diameter 40 mm, angle 2°) and a Peltier base for the control of the 
temperature, was used to assess the viscoelastic properties of the 
CHR1 (3/7) and CHR2 (3/7) hydrogel samples. Frequency sweep tests 
were conducted at 25°C from 100 to 1 rad/s, applying 5% strain. 
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2.6. Swelling ratio 

Swelling studies were performed in triplicate by using CHR1 and CHR2 
samples prepared at 3/7 mass ratio. Each dried material (Wi = 140 mg), 
previously equilibrated at 25°C for 30 min in a chamber at a relative 
humidity of 6%, was immersed in distilled water at 25°C for different 
times (18, 24, 42, and 48 hours). At the end of the incubation, the 
hydrogels were removed and placed on filter paper to remove surface 
water and then, their wet weight was recorded as Wf. The swelling ratio 
was calculated using the following formula: 

% swelling ratio = (Wf- Wi) / Wi (1) 

2.7. Lap shear test of the adhesives 

The adhesive performance of CHR1 (3/7) and CHR2 (3/7) hydrogel 
samples (0.83 mg/cm2 for wood and 0.62 mg/cm² for aluminum) was 
analyzed with a lap shear test by using wood bars and aluminum films 
as two different substrates. For comparison, two commercial types of 
glue, a vinyl- and an acetovinyl-based one (0.16 mg/cm2 for wood and 
0.12 mg/cm2 for aluminum) were also applied on the same different 
substrates. Two pieces of wood with dimensions of 80 mm × 25 mm × 
1.5 mm were bonded together overlapping the substrate on a joint area 
of 12 mm × 25 mm.  Analogously, two aluminum strips of 80 mm x 20 
mm and thick 150 µm were bonded over a joint area of 20 mm x 20 
mm. For each substrate/adhesive combination, 5 lap joint samples 
were obtained and let dry at ambient conditions for 24 h under slight 
pressure (200 g).  The adhesive strength of bio-glues and commercial 
glues was evaluated by performing lap shear tests to failure with a 
universal testing machine Tensometer 2020 at a crosshead speed of 
1mm/min for the aluminum joint and 5 mm/min for the wood, so that the 
joint failure of all samples happens in 60 ± 20 sec, as suggested by the 
standard EN 1465. The adhesive strength was evaluated by dividing 
the maximum load by the adhesive overlap area and the adhesive 
strength values reported are means of five replications [24].  

2.8. Microscopic examination of adhesives 

Scanning electron microscopy (SEM) was performed to investigate the 
adhesive penetration of the CHR1 (3/7) and CHR2 (3/7) hydrogel 
samples on wood bars and aluminum films by using an SEM instrument 
(Nova NanoSem 450-FEI-Thermo Fisher, Scientific, Waltham, MA, 
USA). Cryo-fractured samples were coated with a thin layer of 
gold/palladium alloy using a sputter coater. SEM images were then 
taken at an accelerating voltage of 5 kV. 
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3. Results and discussion 

3.1. Ash and metal content  

The results reported in Table 2 show that the blended materials with a 
higher γ-PGA content gave rise to a significantly higher ash content 
(4%). 
 
Table 2. Ash and metal content of chitosan (CH), R1 and R2 poly-γ-glutamic acid fractions and 
in the derived hydrogels (CHR1 and CHR2) blended at three different CH/γ-PGA mass ratios. 
Significant differences (p <0.05) were found between the R1 and CHR1 materials and R2 and 
CHR2 materials as indicated by small subscript letters.  Further experimental details are 
reported in the text. 

 
 

 

 
 
 
 
 
 
 
 
 
Moreover, the amount of Ca2+ and Mg2+ ions in the blended materials 
was measured to understand if they play a role in the CH/γ-PGA 
crosslinking. In fact, the free α-carboxyl group of glutamic acid residues 
occurring in the γ-PGA chain confers to the homopolypeptide highly 
anionic features, allowing the possible electrostatic binding with 
cations.  It is worth mentioning that Ca2+ and Mg2+ are also generally 
supplemented to the growth medium to biotechnologically produce γ-
PGA by bacterial fermentation [26]. The results shown in Table 2 
indicate that the content of both Ca2+ and Mg2+ was significantly lower 
in CHR1 and CHR2 than in R1 and R2 γ-PGA fractions and that their 
amount was lower decreasing the amounts of γ-PGA in the blended 
materials. The lower content of Ca2+ and Mg2+ observed in the 
crosslinked materials was probably due to the small amount of cations 
co-precipitated with the blends, while most of them remained in the 
supernatants [27]. 
 
 

Sample Ash (%) Ca2+ (mg/g) Mg2+ (mg/g) 

CH 0.0 0.44±0.37 0.10±0.06 

R1 26±0.80 3.87±2.80 12.70±1.30 

R2 26±0.70 3.05±2.70 10.80±3.50 

CH/R1 (1/9) 4±0.14 1.78±0.01 3.96±0.38a 

CH/R1 (2/8) 2±0.07 1.80±0.30 3.80±0.50a 

CH/R1 (3/7) 0.8±0.07 0.64±0.12 1.40±0.12a 

CH/R2 (1/9) 4±0.30 1.55±0.30 3.11±0.09b 

CH/R2 (2/8) 1±0.06 0.92±0.28 2.25± 0.40b 

CH/R2 (3/7) 0.7±0.10 0.65±0.08 1.55± 0.01b 
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3.2. Differential scanning calorimetry (DSC) analyses 

DSC thermogram, related to the second heating ramp of samples, was 
reported in Fig. 3a and b. Generally, the first heating of polymer 
analysis erases their thermal history, while the second thermal run 
accounts for the real polymer properties at the molecular level, 
evidencing all the involved transition phenomena [28]. CH showed a 
glass transition temperature (Tg) at 210°C, which is a value close to 
that reported in literature, i.e. ~196°C [29] whereas it was not possible 
to observe the endothermic peak for CH at 292°C reported in the 
literature [30,31] corresponding to the thermal decomposition of the 
polymeric backbone. As reported in previous studies, R1 and R2 
samples could not take a suitable guess related to the starting 
endothermic peaks visible for all samples at around 250°C [22]. The Tg 
of R1 and R2 were latent at decomposition at 224.6°C and 219.6°C, 
respectively [32]. Concerning DSC results of the CHR1 and CHR2 
blends obtained at different ratios and pH 3.5, DSC thermograms 
suggested that both blends behaved like CH, evidencing the same 
degradative pattern particularly shifted at lower temperatures in R2-
based systems [33]. 
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Fig. 3. Differential scanning calorimetric (second heating ramp) thermograms of chitosan (CH), 
poly-γ-glutamic acid R1 and R2 fractions and their crosslinked blends prepared at different 
CH/R1 (a) and CH/R2 (b) mass ratios (1/9, 2/8, and 3/7). Further experimental details are 
reported in the text. 

 
In this case, it can be observed that the shifting of the Tg for CHR1 and 
CHR2 hydrogels towards a lower value (200-215°C) was due to the 
lower thermal stability of glutamic-acid moieties linked to the CH 
backbone [34].  This phenomenon was more marked in the R2-
containing hydrogels in which the lower molecular weight of γ-PGA 
chains probably move more freely compared to the R1-based 
hydrogels containing higher molecular weight γ-PGA chains [35,36] 
 

3.3. Rheological and swelling properties 

The rheological behavior of hydrogels was tested by measuring their 
storage modulus (G’) and loss modulus (G”) as a function of the angular 
frequency. The variations of G′ and G″ vs. ω of the hydrogels prepared 
with the two different γ-PGA fractions (R1 and R2) at 3/7 mass ratio are 
reported in Fig. 4. None of the samples exhibited the gel point in the 
range of analyzed frequencies. Specifically, the material prepared 
starting from CH and the γ-PGA fraction having higher molecular 
weight (CHR1) showed a G’ value higher than G” at angular 
frequencies lower than 100 rad/s, indicating that the gel point could be 
encountered at higher frequencies. When the elastic modulus prevails, 
it means that high stability of the formed complexes was reached, and 
the materials behave like solids with strong physical interactions 
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between the CH and γ-PGA chains [37]. On the other side, the 
presence of the lower molecular weight γ-PGA fraction (R2) led to the 
formation of less strong hydrogels with a significantly lower elastic 
modulus and a liquid-like behavior. In this case, it is likely that the gel 
point would have been encountered at frequencies lower than 1 rad/s. 

 
Fig. 4. Rheological properties of CHR1 (blue) and CHR2 (red) hydrogels. Experimental details 
are reported in the text.   

 
Fig. 5 revealed a significant disparity also in swelling ratio over time 
(18-48 hours) between CHR1 and CHR2 hydrogels prepared at 3/7 
mass ratio. Despite both containing highly hydrophilic CH and γ-PGA, 
CHR1 exhibited a markedly higher swelling ratio, nearly five times the 
value observed at 48 hours, compared to that of CHR2. These 
differences, in addition to those already detected in their rheological 
properties, undoubtedly depend on the different molecular weight of γ-
PGA fraction contained in the two blended hydrogels, that contributes 
to their hydrophilicity, pore size and final network structure [22,25]. 
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Fig. 5. Swelling ratio of crosslinked CH/R1 and CH/R2 blends prepared 3/7 mass ratio over 
four time points (18 h, 24 h, 42 h, and 48 h).  Further experimental details are reported in the 
text. 

 

3.4. Adhesion strength of hydrogels as bio-glues 

The potentiality as bio-glue of CHR1 and CHR2 hydrogel samples, 
prepared at 3/7 mass ratio, was tested by using two different substrates 
and measuring the adhesive strength with a lap-shear test. The 
putative bio-glue samples were stratified on two pieces of either wood 
or aluminum and let to dry under slight pressure (clamps or weights 
can be equally used). The resulting joints were capable of bearing 
stresses comparable to those of joints glued with vinyl- (V1) and 
acetovinyl-based (V2) commercial products (Table 3 and Fig. 6). In 
particular, when used on wood, all six CH/R1 and CH/R2 hydrogel 
samples prepared, regardless of the CH/γ-PGA ratio, showed similar 
adhesive strength values and showed mainly adhesive/cohesive 
failure, bearing the stress up to substrate failure (data not shown). 
Compared to V1 and V2 commercial glues, which failed always in a 
cohesive way (Fig. 6), CHR1 and CHR2 hydrogels exhibited an 
adhesive strength slightly lower than V1 but, interestingly, higher than 
V2 (Table 3).  
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Table 3. Adhesive strength values of CH/R1 and CH/R2 hydrogel samples (3/7, mass ratio), 
tested on wood or aluminum substrates, compared to the vinyl- or acetovinyl-based glues. 
Further experimental details are reported in the text. 

 
 
 
 
 
 
 
 
 
 
Conversely, when tested on aluminum substrates, both bio-glues 
showed an adhesive strength higher than that of V1 and V2, even 
though CHR1 underwent adhesive failure (Table 3 and Fig. 6). 
Moreover, when attached with the bio-glues, the aluminum substrates 
deformed before the glue failure, even though this deformation did not 
lead to a macroscopic substrate failure (Fig. 6). On the metallic 
substrate, thus, the CH/R1 and CH/R2 hydrogels might be valuable 
substitutes for the commercial glues showing significantly lower 
adhesion strength and cohesive failure. 

 

 

Fig. 6. Images of the wood and aluminum areas glued by CH/R1 or CH/R2 hydrogels after the 
lap-shear test. Further experimental details are given in the text. 

 

 

 

TYPE OF GLUE 
ADHESIVE STRENGTH [PA] 

Wood Aluminum 

CHR1 3.54 ± 0.37 0.71 ± 0.08 

CHR2 3.17 ± 0.67 0.75 ± 0.05 

V1 4.25 ±1.72 0.26 ± 0.11 

V2 1.92 ± 1.56 0.12 ± 0.05 

 



Chapter IV 
 

 

 

 

 
91 

3.5. Microscopic examination of adhesives 

Panel a and panel b of Fig. 7 clearly show the areas of the wood 
substrate glued by V1 and V2, respectively, even though in panel b it 
is possible to observe a more extensive coverage of the wood surface 
indicating a thicker adhesive layer. Moreover, the morphology of the 
wood substrates glued by CHR1 (Fig. 7, panel c) and CHR2 (Fig. 7, 
panel d) reveals a noticeable partially or fully interlacing between the 
glue and the wood fibers. More in particular, CHR1 (panel c) seems to 
exhibit more penetration into the wood surface compared to CHR2 
(panel d), by forming bridged fibril bundles within the interpenetrating 
channels of the 3D polymer network and leading to an uniform 
distribution in the matrix. These findings are in agreement with the 
rheological behavior of CHR1, substantiating that CHR1 possesses a 
higher viscosity (Fig. 4) that facilitates the formation of a crosslinked 
network creating stronger adhesiveness and the swelling ratio results 
(Fig. 5). Furthermore, in contrast to the findings previously reported by 
Yusoh et al. [38] regarding the impact of glue-line thickness on wood 
adhesion, the present SEM micrographs demonstrated significant 
variations in adhesive penetration. A thicker glue line suggested a 
reduced adhesive penetration into the wood cell. Conversely, the SEM 
images obtained with samples of aluminum substrate treated with all 
types of glue, either commercial (panels e-f) or bio-glues (panels g-h), 
showed strong adhesion with the material surface, as evidenced by 
clear joint formation. It is worthy to note that, although Zheng et al. [39].  
previously explored the effects of an acrylic-modified epoxy adhesive 
on aluminum substrates and through SEM revealed a strong bonding 
with minimal visible gaps or inconsistencies, this is the first time that a 
bio-based material prepared from renewable sources is proposed as 
glue for such a material.  
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Fig. 7. SEM images of wood (panels 4-d) and aluminum (panels e-h) substrates attached by 
either CHR1 and CHR2 hydrogel samples (3/7 mass ratio) or vinyl- and acetovinyl-based 
glues. Panels a and e, b and f, c and g, d and h refer to V1, V2, CHR1 and CHR2 on wood, 
respectively. The yellow arrows indicate the substrate whereas the orange arrows indicate the 
glue. Further experimental details are reported in the text.  

4. Conclusions 
 

This study marked a significant advancement in the field of 
biodegradable materials, demonstrating the successful preparation of 
bio-hydrogels, endowed with thermal stability and promising properties, 
through a sustainable physical blending of two different biopolymers. It 
has been demonstrated that the blending of chitosan, derived from 
chitin, the second most abundant polysaccharide occurring in nature, 
with a biosynthesized homopolypeptide derived from glutamic acid, 
give rise, under specific experimental conditions, to easily mouldable 
hydrogels. A comprehensive range of rheological, swelling, 
morphological, mechanical, and thermal analyses allowed the 
characterization of the produced new biomaterial. Among its features, 
the dried samples were shown to possess marked adhesive properties 
on both wood and aluminum, comparable to well-known synthetic 
glues, assuming a glassy consistency so rigid and hard that it could be 
compared to Bakelite. Therefore, this eco-friendly material is a potential 
candidate to produce alternatives to the conventional synthetic 
adhesives for various applications, such as painting, coatings, and 
cultural heritage preservation. In addition, its biodegradability and 
biocompatibility make it a promising tool in the medical and surgical 
field as wound healing agent.  
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Tables 

Table 1. Amounts of CH/R1 and CH/R2 sedimented hydrogels 

produced at different CH/γ-PGA mass ratios.  Experimental details are 

reported in the text. 

Table 2. Ash and metal content of chitosan (CH), R1 and R2 poly-γ-

glutamic acid fractions and in the derived hydrogels (CHR1 and CHR2) 

blended at three different CH/γ-PGA mass ratios. Significant 

differences (p <0.05) were found between the R1 and CHR1 materials 

and R2 and CHR2 materials as indicated by small subscript letters.  

Further experimental details are reported in the text. 

Table 3. Adhesive strength values of CH/R1 and CH/R2 hydrogel 

samples (3/7, mass ratio), tested on wood or aluminum substrates, 

compared to the vinyl- or acetovinyl-based glues. Further experimental 

details are reported in the text. 

 

Figures 

Fig. 1. Increasing amounts of sedimented hydrogels obtained by 

blending CH with either R1 or R2 γ-PGA fractions at 1/9 (a), 2/8 (b) and 

3/7 (c) CH/γ-PGA mass ratios, and colloidal suspensions obtained by 
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blending the two biopolymers at 4/6 d) and 5/5 ratios (e). Further 

experimental details are reported in the text. 

Fig. 2. Sheet of the biodegradable material obtained by drying the 

hydrogels produced with CH/R1 or CH/R2 at 3/7 mass ratio. 

Fig. 3. Differential scanning calorimetric (second heating ramp) 

thermograms of chitosan (CH), poly-γ-glutamic acid R1 and R2 

fractions and their crosslinked blends prepared at different CH/R1 (a) 

and CH/R2 (b) mass ratios (1/9, 2/8, and 3/7). Further experimental 

details are reported in the text. 

Fig. 4. Rheological properties of CHR1 (blue) and CHR2 (red) 

hydrogels. Experimental details are reported in the text. 

Fig. 5. Swelling ratio of crosslinked CH/R1 and CH/R2 blends prepared 

3/7 mass ratio over four time points (18 h, 24 h, 42 h, and 48 h).  Further 

experimental details are reported in the text. 

Fig. 6. Images of the wood and aluminum areas glued by CH/R1 or 

CH/R2 hydrogels after the lap-shear test. Further experimental details 

are given in the text. 

Fig. 7. SEM images of wood (panels 4-d) and aluminum (panels e-h) 

substrates attached by either CHR1 and CHR2 hydrogel samples (3/7 

mass ratio) or vinyl- and acetovinyl-based glues. Panels a and e, b and 

f, c and g, d and h refer to V1, V2, CHR1 and CHR2 on wood, 

respectively. The yellow arrows indicate the substrate whereas the 

orange arrows indicate the glue. Further experimental details are 

reported in the text. 
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Unpublished Data on Bio-glue Supporting the Findings of 
[Chitosan/poly-γ-glutamic acid crosslinked hydrogels: 
characterization and application as bio-glues] 

Hydrogel Cost Estimation: 

This section outlines the estimation of the production cost for the 
produced hydrogel bio-glue based on a techno-economic assessment 
(TEA). The TEA employs the Technology Readiness Level (TRL) 
metric, which ranges from 1 (basic principles observed) to 9 (actual 
system proven in operational use). We consider our product to be TRL 
4: Technology validation at laboratory level. The cost calculations were 
performed considering the current market price of γ-PGA from a 
reputable supplier, Xi'an Fengzu Biological Technology Co., Ltd. 
(China), where 500g of γ-PGA costs €10. Additionally, considering the 
readily available and inexpensive nature of CH derived from shrimp 
waste, we sourced a reference price of €0.001/gram from a Chinese 
company's website. Based on these costs and our manufacturing 
process, we calculated the production cost of 1 gram of our hydrogel 
bio-glue to be €0.08/gram, as detailed in the table below. 

Table 1S: Estimated cost price for the final bio-glue (3/7 w/w CH/ γ-PGA) using 

commercial γ-PGA from the Chinese company Xi'an Fengzu Biological Technology 

Co., Ltd considering that the actual yield after ultrafiltration: 25g. 

Cost Component Cost Calculation 

Material Costs: 

γ-PGA 0.17 euro/g 

Chitosan 0.0003 euro/g 

Total Material Cost 0.08 euro/g 

Rabit glue (as a commercial bio-glue 

reference) 
0.04 euro/g 
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Preliminary Findings: CHR1/CHR2 Bio-Glue Shows Promise for 
Ceramic 

The application of hydrogels as bio-glue transcends traditional 
materials like wood and aluminum, presenting opportunities for 
biomedical use, particularly in wound healing. Studies have 
investigated hydrogel wound dressings for wet dressings, with 
examples such as Zhang et al. (2018) developing hydrogels with 
antioxidants, CH (Mw = 600 kDa), heparin (Mw = 6-20 kDa), and γ-
PGA (Mw = 440 kDa) for wound healing in diabetic patients. Tang et 
al. (2023) introduced a novel bioactive wound dressing sponge made 
from carboxymethyl chitosan, γ-PGA, and platelet-rich plasma, 
promoting hemostasis and wound healing. The potential of hydrogels 
in wound care is promising, ushering in a new era of patient-friendly 
closure procedures as research in this field advances. Our experiments 
with the bio-glue (CHR1 or CHR2) on various surfaces have yielded 
encouraging results, indicating its potential as a versatile adhesive 
(Fig.1S). We extended our evaluation to ceramic and metal observing 
strong bonding capabilities when attaching ceramic and metal (Fig. 1S, 
A and B). Notably, limited research exists on adhesives for ceramic, 
stone, or marble repair. Alonso-Villar et al. (2019) explored the efficacy 
of Araldite AY 103-1 (epoxy resin) and Fluoline A (acrylic resin) with 
and without a Paraloid B-72 intervention layer on stone substrates, 
demonstrating their effectiveness. Similarly, Jorjani et al. (2008) 
investigated thermoplastic resins and polaroids for marble bonding, 
finding satisfactory bonding strength, especially on Carrara marble. 
However, trials on plastics, specifically poly-lactic acid (PLA) and poly-
methyl methacrylate (PMM), indicated poor adhesion, possibly due to 
the smooth plastic surfaces lacking sufficient mechanical interlocking 
for the glue to form a strong bond (Winther et al., 2013). While our 
preliminary findings are promising, further investigation is needed for a 
comprehensive understanding of the bio-glue's performance in 
ceramic, stone, and marble applications. These insights could 
potentially offer an alternative to traditional adhesives in marble 
sculpture repair, restoration, and archaeological conservation. 
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Fig.1S. Bio-glue composed of chitosan (CH) and poly-γ-glutamic acid (γ-PGA) 
(CHR1 or CHR2) applied to various sculptures (A and B), demonstrating its 
effectiveness in bonding stone to stone and stone to metal. The arrows highlight the 
bonded surfaces. 
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Chapter V 

Production and Characterization of Poly-γ-Glutamic Acid from 

Bacillus subtilis Engineering Strains: Towards Novel 

Biomaterials Applications 

This section delves into the core of the project, which involves exploring 

γ-PGA production by fermentation process using genetically 

engineered bacteria to increase the yield of the γ-PGA biosynthesis. In 

collaboration with Dr. Cinzia Calvio from the University of Pavia 

(Department of Biology and Biotechnology), it was investigated the 

production of γ-PGA using two engineered Bacillus strains (PB5523 

and PB5390). Strain PB5390 presented a mutation within the degS 

gene, denoted as the Hy mutation, and a wild-type copy of the swrA 

allele (swrA+ degS200 (Hy)). In addition to the above characteristics, 

PB5523 underwent the knockout of the pgdS and ggt genes, which are 

involved in γ-PGA degradation (swrA+ degS200(Hy) ΔpgdS Δggt). The 

γ-PGA produced by the two strains was characterized by NMR and its 

molecular weight was determined. Following the production of γ-PGA, 

it was explored the feasibility of physically blending the 

homopolypeptide with CH to create hydrogels and dried materials for 

their potential application in biomedical field (e.g. wound healing). 
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Production and Characterization of Poly-γ-Glutamic Acid from 

Bacillus Subtilis Engineering Strains: Towards Novel Biomaterials 

Applications 

[Manuscript in preparation]  
 

Introduction 

In the pursuit of improving γ-PGA production, generally the main routes 

involve identifying novel producer strains and optimizing fermentation 

conditions. However, a less explored approach involves controlling the 

degradation of γ-PGA by inhibiting specific enzymes. Among the 

bacterial species suitable for γ-PGA production, Bacillus subtilis stands 

out for its rapid growth and ease of genetic manipulation.  Studies by 

Ashiuchi et al. (2003) and Yao et al. (2009) identified PgdS, an 

endopeptidase belonging to the DL-endopeptidase II family, as the key 

enzyme responsible for degrading γ-PGA into smaller fragments 

(Ashiuchi et al., 2003; Yao et al., 2009). PgdS is encoded by the pgdS 

gene and is located downstream of the pgs operon, which comprises 

four genes (pgsB, pgsC, pgsAA, and pgsE) responsible for γ-PGA 

synthesis (Scoffoni et al., 2013), and is essential for the degradation of 

γ-PGA by the γ-glutamyl transferase GGT (an exopeptidase that 

cleaves off glutamic acid monomers from the end of the polymer) (Yao 

et al., 2009). In a study published in 2009, Osera et al. investigated the 

correlation between genetic traits, swrA and degU, which enable a 

variant of the domestic strain Bacillus subtiliis JH642 to exhibit a 

mucoid colony morphology on LB agar plates due to the production of 

γ-PGA. The complete activation of the pgs operon was shown to be 

dependent on the co-presence of SwrA and the phosphorylated form 

of DegU (DegU∼P), which can either be obtained through the 

degU32(Hy) or degS200 (Hy) mutations. In their study they showed 

that the corporation of these two proteins SwrA and DegU are 

necessary for γ-PGA production. Therefore, one of the strains they 

obtained was designated PB5390, which exhibited this mutation: 

[degS200(hy)swrAA+]. This strain PB5390 is the one we are studying 

in this chapter, and further characterizations have been made. Scoffoni 

et al. (2013) further investigated the effect of inactivating by double 

knockout the pgdS and ggt genes (ΔpgdS Δggt) in vivo, by evaluating 

γ-PGA production and recovery in deletion mutant strains carrying the 
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degU32(Hy) allele. In the ΔpgdS Δggt strain, the absence of the main 

degradative enzymes allows accumulation of substantial amounts of γ-

PGA, remarkably improving polymer yield up to more than 40 g/L. Here 

in, the same approach was used to obtain PB5523 (still unpublished 

strain, engineered by Dr. Cinzia Calvio) in which the degS200 (Hy) 

mutation substituted the degU32(Hy) in the swrA+, ΔpgdS Δggt genetic 

background. This chapter also presents the employment of two 

previously engineered Bacillus subtilis strains, PB5390 and PB5523, 

for enhancing γ-PGA production and properties characterization. 

Additionally, efforts were made to develop hydrogel biomaterials by 

blending chitosan (CH) and γ-PGA for potential various medical 

applications, such as wound healing.  Further trials were conducted to 

enhance the properties of the hydrogels by incorporating bacterial 

melanin particles (MNPs), which were prepared using ion gelation 

techniques. Melanin, a versatile biopolymer with antioxidant, 

antimicrobial, and conductive properties, holds promise as an effective 

component of wound healing biomaterials due to it is good 

biocompatibility and biostability, no cytotoxicity, and no antigenic 

response (Delevoye, 2014; Mostert 2021; Restaino et al., 2022). 

Restaino et al. (2024) obtained melanin from a bacterial source as 

Streptomycetes nashvillensis. Here we proposed a novel hydrogel-

based system composed of γ-PGA and CH carrying melanin for their 

potential wound closure and enhanced healing.  

 

Materials ad Methods  

Materials 

Chitosan (CH) (75–85% deacetylated chitin, poly-D-glucosamine,50–

190kDa), glycerol (GLY), sodium tripolyphosphate (STPP), Tween 80, 

and 2,2-diphenyl-1-picrylhydrazyl (DPPH) deuterium oxide (D2O) and 

sodium 3-nitrobenzenesulfonate (CAS Number: 127-68-4) were 

purchased by Sigma Aldrich, St. Louis, MO, USA.  

Microscopy 

Strains PB5390 and PB5523 were observed using an inverted 

microscope (Carl Zeiss Axiovert 25 Feasterville-Trevose, USA). Cells 

were first grown in LB broth and then collected by centrifugation. Pellets 

were washed twice in deionized water and dissolved in an appropriate 

volume of fresh LB. 100 µL was spotted on LB agar and incubated at 
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37°C for 24 hours. After incubation, the cells were spotted onto clean 

glass slides and mixed with 0.9 g/L NaCl. The slides were allowed to 

dry for 15 minutes, and then a coverslip was sealed onto the slide. The 

morphology of the cells was observed at 20X magnification using the 

inverted microscope, and images were captured using a phone 

camera. 

Poly-γ-glutamic acid production by two types of Bacillus subtilis 

mutant strains PB5390 and PB5523   

In a collaborative study with Dr Cinzia Calvio from Pavia University, we 

delved into the production of γ-PGA utilizing two B. subtilis strains, 

PB5390 and PB5523. Strain PB5390 possesses a mutation within the 

degS gene, known as the Hy mutation, and the wild-type copy of the 

swrA allele (swrA+ degS200 (Hy)), as reported by Osera et al. (2009) 

and Ermoli et al. (2021). The other strain, PB5523, is identical to the 

previous one, but in addition it underwent the knockout strain of the 

genes pgdS and ggt, which play a role in γ-PGA degradation (swrA+ 

degS200 (Hy) ΔpgdS Δggt). This strain has not yet been published, but 

a similar strain, PB5522, has been reported in Scoffone et al. (2013). 

The fermentation process was conducted using shake flasks. First, B. 

subtilis cultures were grown on LB agar plates at 37°C for 24 hours to 

revitalize the spores. A few distinct colonies were used to prepare 

precultures in 20 mL of E-medium in a 100 mL flask capacity (Table 1) 

and incubated for 8 hours at 37°C in an orbital shaker rotating at 180 

rpm. From each preculture, 1mL (OD= 2) was transferred into 200 mL 

of E-medium in a 2 L shake flask and incubated for 36 hours at 37°C. 

After fermentation, the cells were separated from the fermented broth 

by centrifugation for 20 minutes at 10,000xg (Avanti J-20 XP, Beckman 

Coulter, USA). The culture supernatant was precipitated using 3 

volumes of cold methanol and kept overnight at 4°C. The γ-PGA pellet 

was collected by centrifugation for 5 minutes and resuspended in 

distilled water. The suspension was then acidified to a pH of 2 to 

remove contaminants, including proteins and cell debris. After 

acidification, the suspension was again centrifuged, and the 

supernatant was dialyzed using a 3 kDa membrane tube for overnight 

dialysis at 4°C. Then the materials were freeze dried (Thermo Savant 

Modulyo Benchtop, USA). 
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Table 1: E-medium used for Poly-γ-glutamic acid production using a shake flask 

fermentation process. 

E-medium Concentration 

O22H 2CaCl 0.15 g/L 

O2H 4MnSO 0.104 g/L 

3FeCl 0.04 g/L 

Glucose 8% 

K-glutamate 4% 

Trp and Phe 50 ug/mL 

Citric acid 12 g/L 

O27H 4MgSO 0,5 g/L 

4HPO2K 0,5 g/L 

Cl4NH 7 g/L 

 
 
Molecular weight determination using Gel Permeation 
Chromatography (GPC) 
 
Evaluation of molecular weights of γ-PGA samples produced using two 
different Bacillus strains 5523 and 5390 was determined through GPC. 
The apparatus consisted of a Malvern/Viscotek GPC MAX (Malvern, 
UK), equipped with a Triple detector array (TDA 305). The latter was 
composed of the following detectors: Refractive Index (RI), Viscometer 
(IV), Right-Angle Light Scattering (RALS), and Low Angle Light 
Scattering (LALS). The column set was composed of a pre-column TSK 
(Tosoh Corporation), PolySep-GFC-P5000, and PolySep-GFC-P3000 
(Phenomenex) Samples were prepared and eluted in H2O (0.02% 
NaN3 and 0.1 M NaNO3). After complete dissolution, samples were 
filtered on nylon membranes of 0.22 μm porosity. The injection volume 
was 75 μl, and the flow rate was 0.8 ml/min. The chosen method of 
analysis was a triple point, calibrated with a pullulan standard, provided 
by Viscotek, having a narrow molecular weight distribution. The 
measurements carried out at 35°C according to the temperatures of 
columns and detectors, were run for 50 min in duplicate. 
 
Synthesis of chitosan/poly-γ-glutamic acid crosslinked materials 
using poly-γ-glutamic acid produced by Bacillus strain PB5390 
 
This experiment was performed as described by Hejazi et al. (2023) for 
synthesizing CH/γ-PGA crosslinked materials using physical blending, 
where we employed purer γ-PGA. γ-PGA produced by Bacillus strains 
PB5390 was used to prepare hydrogels and dehydrated materials. 
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Aqueous separate solutions of CH and γ-PGA were prepared at pH of 
3.5 using 0.1 M HCl. The γ-PGA solutions were then added to the CH 
solutions in a weight ratio of 3:7 (Hejazi et al., 2023). γ-PGA aqueous 
solution was added to CH solution, the mixtures were then adjusted to 
a pH of 3.5 and stirred at 800 rpm at 25°C for 60 minutes. The resulting 
precipitates were collected through decantation and centrifugation, 
followed by washing with distilled water at pH 3.5. The washed 
hydrogels were dried at room temperature to obtain dried material.  
A second hydrogel material was prepared using a similar blending 
procedure but incorporating chitosan nanoparticles carrying 
biotechnologically produced melanin (CHMNPs) with γ-PGA from 
PB5523 strain. Melanin was produced using a bacterial fermentation 
method as described Restaino et al. (2022 and 2024), whereas the 
MNPs were produced by means of ion gelation method as outlined by 
Malik (2018). Firstly, 10 mg of melanin were dissolved in phosphate 
buffer (pH 7) and subjected to sonication for 10 minutes to ensure 
thorough dispersion. Subsequently, an aqueous phase was prepared 
by dissolving CH (20mg/mL) in a 0.1M HCl solution and adjusting the 
pH to 3.5. Tween 80 was then added as a surfactant and the mixture 
was stirred for 30 minutes at 45°C to achieve homogeneity. Melanin 
solution was added dropwise into the CH aqueous solution. Next, a 
STPP solution (0.3% w/v) was prepared in distilled water and added to 
the emulsions to induce crosslinking, resulting in the formation of 
CHMNPs. The particles were then isolated by centrifugation (Avanti J-
20 XP, Beckman Coulter, Brea, CA, USA)) at 10,000×g for 35 minutes 
at 4°C, washed multiple times with a 1% (v/v) aqueous Tween 80 
solution. Ultrasonication (Bandelin SONOPULS ultrasonic 
homogenizers, Binder, Tuttlingen, Germany) was applied to 
homogenize the dispersion, ensuring a uniform distribution of 
CHMNPs. The collected pellet was subjected to freeze drying (Thermo 
Savant Modulyo Benchtop, USA). The resulting pellet was then 
suspended in 0.1M HCl, adjusted to pH 3.5, and γ-PGA solutions were 
added to form a hydrogel material loaded with CHMNPs/γ-PGA. 
 
Nuclear magnetic resonance (NMR) spectroscopy 
 
High-resolution NMR spectra were obtained using Bruker Avance 
Ultrashield 400 and Varian 500 Oxford NMR spectrometers operating 
at proton frequencies of 400 and 500 MHz, respectively. The 
experiments were conducted at a temperature of 298 K. Chemical 
shifts were reported in parts per million (ppm) relative to the solvent 
peak of D2O (1H NMR δ = 4.79 ppm). NMR multiplicities were denoted 
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as follows: t for triplet, b for broad, and m for multiple in cases where 
the splitting pattern was unclear. Coupling constants were expressed 
in Hertz (Hz). A relative quantification was performed involved 
dissolving an accurate amount of sample in 500 μL of deuterium oxide 
(D2O) and adding 100 μL of a 0.039 M solution of sodium 3-nitro 
benzene sulfonate (CAS Number: 127-68-4) in D2O. The internal 
standard sodium 3-nitrobenzenesulfonate was selected for 
quantification due to its distinct NMR spectral region compared to the 
samples. 
 
Size and zeta potential 
 
Size and zeta potential of samples were analyzed using the Zetasizer 
Nano-ZSP 202 (Malvern®, Worcestershire, UK). The Zetasizer Nano 
combines different techniques of light scattering (DLS) to obtain a 
complete characterization of a colloidal system. Three independent 
measurements were carried out on each sample, diluted to have a final 
concentration of 1 mg/mL. 
 

Results and discussions 

Culture observations 

Fig.1. shows microscopic images of rod-shaped cells observed for both 

Bacillus subtills strains (PB5390 and PB5523). 

 

Fig.1. Inverted microscopy images of Bacillus subtilis strains PB5390 and PB5523 at 

20x magnification. 
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Poly-γ-glutamic acid production by Bacillus stains and 

purification 

γ-PGA was produced by two strains of Bacillus, PB5523 and PB5390, 

differing for the yield of polymer production (higher for PB5523) using 

200 mL of E-medium (Table 1) at 37°C for 36 hours. The γ-PGA was 

purified by first precipitating it with cold methanol. The precipitated 

materials were then suspended in water, forming a highly viscous 

material. The γ-PGA produced exhibited a pinkish color due to the 

presence of manganese and iron in the fermentation medium. Next, the 

solution was acidified to a pH of 2 to reduce the viscosity of the γ-PGA 

and to eliminate any remaining protein contaminants from the bacterial 

cells. Finally, dialysis using a 3 kDa cutoff membrane was performed to 

further purify the γ-PGA. The resulting acidified and dialyzed solution 

was freeze-dried (Fig. 2), yielding 0.448 g and 0.404 g of γ-PGA for 

strains PB5390 and PB5523, respectively. 

 

Fig.2. Poly-γ-glutamic acid produced by PB5390 and PB5523 B. subtilis strains with 

E-medium after methanol precipitation (left panel) and after dialysis and freeze drying 

(right panel). 

 
Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy was employed to confirm the presence γ-PGA and 
for its relative quantification. The NMR spectra of 5390, 5523 exhibit 
characteristic peaks at δ [1H NMR (500 MHz, D2O)] of ~4.25 (b, 1H), 
~2.4 (b, 2H), ~2.2 (b, 1H), and ~2.0 (b, 1H), respectively.  These peaks 
are similar/identical to those observed in the NMR spectrum of 
cosmetic standard γ-PGA, confirming the presence of γ-PGA in the 
samples. However, slight shifts in the positions of these peaks may be 
attributed to the variations in pH conditions. The results revealed that 
the content of γ-PGA was 0.794 g/g for the sample obtained using 
PB5390 strain, and 0.644 g/g for the sample derived from PB5523 
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strain. The quantification procedure involved dissolving an accurate 
amount of sample in 500 μL of deuterium oxide (D2O) and adding 100 
μL of a 0.039 M solution of sodium 3-nitrobenzenesulfonate (CAS 
Number: 127-68-4) in D2O. The internal standard sodium 3- 
nitrobenzenesulfonate was selected for quantification due to its distinct 
NMR spectral region compared to the samples.  
 

 

Fig.3. NMR analysis of poly-γ-glutamic acid (γ-PGA) produced using two different B. 

subtilis strains, PB5390 (second panel) and PB5523 (third panel), compared to sigma 

Aldrich γ-PGA (first panel). 

Molecular weight determination using gel permeation 
chromatography/ size exclusion chromatography (GPC/SEC) 
 
Fig. 4. presents superimposed chromatograms at the RI detector for γ-
PGA produced by 5390 and 5523, along with distributions of molecular 
weights and viscosities (Fig. 4C.). For γ-PGA produced by 5523, 
resulted in shifted maximum peaks towards the left side (Fig. 4A) 
(smaller retention volumes). Multimodal distribution is observed for 
both samples. In sample 5390, it is possible to notice around 13 ml of 
a higher fraction at a lower retention volume (higher molecular weights) 
compared to another one at 19 ml (lower molecular weight) meanwhile 
in sample 5523 those fractions are almost similar. Moreover, as 
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possible to notice in Fig. 4., fractions at 19 ml do not respond to the IV 
detector suggesting oligomeric species at this retention volume. These 
behaviors suggest a higher polymerization degree in samples 5390 
and 5523. 
 

 
Fig. 4. Superimposed chromatograms at RI (A) and IV (B) detector of injected 
samples. (C) Molecular weight, polydispersity index, and intrinsic viscosity as 
instrument output of RI detector of injected samples. 

 
Crosslinked materials of chitosan and poly-γ-glutamic acid 
(PB5390, PB5523)  
 
In this study, we confirmed our former method for producing 
hydrogel/dehydrated materials using a physical blending technique 
under special conditions. However, we employed a purer form of γ-
PGA, produced using E-medium and a knockout Bacillus strain 

 

 Sample Mw (Da) Mn (Da) IV (dL/g) 

γ-PGA (5390) 105469 87503 30.58 

γ-PGA (5523) 132966 105345 41.41 

A 

B 

C 
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PB5390. The CH and γ-PGA were blended at a ratio of 3:7 (w/w) at pH 
3.5. Unlike the previous study by Hejazi et al. (2023), which employed 
a 70% pure γ-PGA to prepare blends with a 3:7 CH/ γ-PGA ratio and a 
final amount of 1 g, herein it was utilized a 100% pure γ-PGA, as 
assumed by the extensive purification methods involving i) methanol 
precipitation; ii) acidification; iii) dialysis over 48 hours. The resulting 
material exhibited hydrogel properties in a hydrated state, 
characterized by strong and intriguing compact and bonded behavior 
(Fig. 5). Upon drying, the material transitioned to a glass-like form with 
an exceptionally light pink hue like human skin (Fig. 5). The resulting 
hydrogel was also loaded with CHMNPs (10 mg) prepared using an ion 
gelation method (Malik et al., 2018).  
 

 
 
Fig. 5. Depicts of crosslinked materials synthesized using CH/γ-PGA (3:7 w/w) and 
loaded or not with melanin. The panels showcase the materials process from 
precipitation to drying. The pictures show: precipitated material obtained by blending 
CH and γ-PGA before (Panel A) and after centrifugation (Panel B); the above 
materials after drying (Panel C); hydrogels obtained through blending of 
chitosan/melanin nanoparticles (CHMNPs) with γ-PGA (Panel D). 

 
Size and zeta potential  

The size and zeta potential of γ-PGA produced by the two B. subtilis 
strains were investigated under different pH conditions (3.5 and 7.0) 
(Table 2).  
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Table 2: Size and zeta potential of purified poly-γ-glutamic from PB5390 and PB5523 

strains in acid aqueous solution at pH 3.5 and 7 and their crosslinked materials. 

 

Sample pH Zeta potential (mV) Size (d.nm) PDI 

γ-PGA PB5390 7.0 -34.1±0.8 4130±488 0.20±0.01 

γ-PGA PB5390 3.5 -28.0±0.8 3105±320 0.31±0.05 

γ-PGA PB5523 7.0 -29.1±1.1 3403±346 0.31±0.01 

γ-PGA PB5523 3.5 -22.2±1.5 3376±392 0.72±0.01 

CH 3.5 +67.1±1.5 1271±170 0.51±0.01 

Melanin 7.0 -53.1±3.0 532±18 0.40±0.01 

CHMNPs /STPP 3.5 -9.0±0.3 5444±509 0.71±0.02 

CHMNPs/ γ-

PGA(PB5523) hydrogel 
3.5 2.5±0.4 2870±343 0.50±0.04 

 
At pH 7 the negative surface charge was higher than at acidic pH (3.5). 
This is due to the complete ionization of the carboxyl groups on the 
side chain (Sabbah et al., 2020). The zeta potential at pH 3.5 was more 
stable for γ-PGA obtained by the PB5390 fermentation, with a value of 
-22 mV, while for γ-PGA produced by PB5523, it was -28 mV. However, 
the size of the particles was smaller for γ-PGA produced by PB5390, 
with an average size of 3105 ± 320 nm, compared to 3376 ± 392 nm 
for γ-PGA produced by PB5523. DLS results revealed the formation of 
a complex, as evidenced by a significant change in surface charge. The 
final resultant hydrogel (CHMNPs/γ-PGA) exhibited a positive net 
charge of +2.5 ± 0.4, compared to -53 ± 3 for melanin prepared in 
phosphate buffer and -9 ± 0.3 mV for the matrix of CH, melanin, and 
STPP. The formation of a complex between melanin and γ-PGA was 
also evidenced by the particle size distribution of the hydrogels. The 
size of the resultant hydrogel was found to be 2870 ± 343 nm, 
significantly smaller than the size of the CH/STPP/melanin matrix 
(5444 ± 509 nm) at pH 3.5. This reduction in particle size is likely due 
to the formation of a network of entangled γ-PGA chains around the 
melanin particles.  It is crucial to emphasize that after crosslinking CH 
with melanin using STPP, the resulting pellet is dissolved in 0.1M HCl. 
This acidic environment dissociates the STPP molecules, enabling 
them to serve as bridges between the CH and γ-PGA molecules. 
Although the resulting pellet is dissolved in 0.1M HCl to facilitate 
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physical blending with γ-PGA, melanin is likely to remain loaded within 
the CH matrix due to its strong negative charge (zeta potential of -53 in 
phosphate buffer) and electrostatic interactions with CH and STPP. 
While this was a preliminary trial, more comprehensive analysis is 
warranted (in future) to precisely ascertain the encapsulation efficiency 
and melanin loading capacity. 
 

Conclusions 

To investigate the enhancement production of γ-PGA using two 

genetically modified Bacillus subtilis strains, E-medium (a medium 

dependent on L-glutamic acid) was employed, followed by purification 

using methanol precipitation and dialysis. The γ-PGA produced by 

PB5523 exhibited a higher molecular weight (MW) of 135 kDa 

compared to that produced by PB5390 (MW of 105 kDa), while 

maintaining similar yields based on both freeze-dried weight (0.404 g 

and 0.448 g, respectively) and NMR analysis (0.644 g and 0.794 g, 

respectively). This suggests that the double knockout of pgdS and ggt 

genes, along with the Hy mutant of the swrA allele, which are involved 

in γ-PGA degradation, contributed to the enhanced MW of the γ-PGA 

produced by PB5523. In a preliminary experiment, γ-PGA was blended 

with CH to form hydrogels. The successful preparation of hydrogels 

(CH/γ-PGA) using both γ-PGA variants (PB5390 and PB5523) 

demonstrates the versatility of this polymer in hydrogel production, 

even when using a lower amount of material. The reduced amount (500 

mg) was possible due to the higher molecular weight (105 kDa and 135 

kDa for PB5390 and PB5523, respectively) and purity of the γ-PGA, 

compared to the lower molecular weight (R1=59 kDa, R2=20 kDa) and 

lower purity (70%) γ-PGA fractions used in the previous study by Hejazi 

et al. (2023). Furthermore, melanin-loaded hydrogels were synthesized 

by encapsulating melanin within a chitosan matrix and subsequently 

blending the composite with γ-PGA sourced from PB5523. While initial 

findings indicate the potential of melanin-loaded hydrogels for 

biomedical applications, rigorous in vitro and in vivo evaluations are 

warranted to unequivocally determine their encapsulation efficacy, 

melanin loading capacity, and associated biological effects. 
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Chapter VI 

Comprehensive Approach to Poly-γ-Glutamic Acid Production: 

Screening Honey-Isolated Bacterial Strains, Characterization, 

Their Production Capabilities Evaluation and Developing a Novel 

Ninhydrin-Based Quantification Method 

 

Herein, screening different bacterial strains isolated from Polish honey 

for their ability to produce γ-PGA using various assessment methods 

was investigated. Out of eight strains tested, only two were found to be 

able to produce γ-PGA: MMS4 and MMS6. These strains produced γ-

PGA when grown in LB medium supplemented with copper or zinc. A 

preliminary optimization study was conducted using these strains to 

determine the optimal time for maximum γ-PGA production. A natural 

source medium based on beetroot molasses was used supplemented 

with L-glutamic acid, salts, and ammonium, but it resulted in γ-PGA 

hydrolysis. These initial results indicated that the medium first required 

optimization to enhance γ-PGA production. To further enhance the 

quantification of γ-PGA production, we developed a novel ninhydrin-

based spectrophotometric method, demonstrating its reliability and 

accuracy in measuring γ-PGA levels. However, to fully establish the 

robustness and validity of this method, further validation using more 

sophisticated techniques, such as high-performance liquid 

chromatography (HPLC), must be warranted. This novel method offers 

a promising alternative to existing γ-PGA quantification methods, 

providing a rapid, sensitive, and cost-effective approach for evaluating 

γ-PGA production. With further validation and optimization, this method 

could play a significant role in advancing γ-PGA research and its 

practical applications.  
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Comprehensive Approach to Poly-γ-Glutamic Acid Production: 

Screening Honey-Isolated Bacterial Strains, Characterization, 

Production Capabilities Evaluation and Developing a Novel 

Ninhydrin-Based Quantification Method 

[Manuscript in preparation]  
 
Introduction 
 
Identifying bacteria that can produce poly-γ-glutamic acid (γ-PGA), 
especially those that do not require L-glutamic acid as a substrate, is 
challenging. Due to the unique properties of honey that make it difficult 
for bacteria to grow, including its antimicrobial activity, acidic pH (3-6), 
and high sugar content. As a result, most of the microorganisms found 
in honey are yeasts and spore-forming bacteria (Snowdon 1996). 
Bacillus spp. are Gram-positive, spore-forming bacteria that are 
ubiquitous in soil and plants. However, their spore-forming 
characteristics, which allow them to withstand acidic pH conditions, 
also enable them to colonize a variety of environments, including honey 
(Sanders et al., 2003). A study by Amin et al. (2020) et al. successfully 
isolated two Bacillus strains, B. amyloliquefaciens HTI-19 and B. 
subtilis HTI-23, from stingless bee honey serving as potential 
candidates for use as probiotics and fermentation starter cultures 
(Zulkhairi Amin et al., 2020). Hamdy et al (2020) were able to isolate 
two Bacillus subtilis strains, HMNig-2 and MENO2 from honey and 
honeybee gut microbiomes. These strains have high homology and 
exhibit promising probiotic characteristics, including levansucrase 
production, biofilm formation, adhesion, free radical scavenging 
activity, antimicrobial activity, and prebiotic effect (Hamdy et al., 2020). 
A study by Lukasiewicz et al. (2015) examined the antimicrobial and 
antioxidant properties of various types of honey. They analyzed five 
types of herb honeys: nettle, chokeberry, pine, hawthorn, and aloe, as 
well as three types of natural honeys: buckwheat, acacia, and 
honeydew. They found that nettle herb honey exhibited the strongest 
antimicrobial activity, particularly against Escherichia coli and Proteus 
myxofaciens. However, no detectable antimicrobial activity was 
observed against Bacillus subtilis for any of the samples tested 
(Lukasiewicz et al., 2015).  In this study, the isolated strains were 
obtained from the same types of honeys that were previously analyzed. 
While there is no existing study demonstrating the potential of using 
honey-isolated strains for γ-PGA production, here we have initiated a 
study to screen different strains isolated from Polish honeys for their γ-
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PGA production.  Mucoid assessment is a simple method for evaluating 
γ-PGA production in isolated strains, which we adopted in this chapter. 
Bacillus subtilis is a model organism for studying biofilm formation and 
extracellular polymeric substance (EPS) production. There is growing 
evidence that zinc and copper homeostasis are linked to the 
effectiveness of EPS production (Vlamakis et al., 2013). EPS is 
composed of polysaccharides, proteins, nucleic acids, and γ-PGA 
(Vlamakis et al., 2013). γ-PGA is known for its role in virulence, survival 
in harsh environments, and the sequestration of toxic metal ions 
(Ogunleye et al., 2015). In B. subtilis, the γ-PGA biosynthesis 
machinery is encoded by the pgsBCAE operon (Yamashiro et al., 
2011). In some bacteria, such as B. subtilis, γ-PGA is secreted and 
released from the cell surface. In others, such as B. anthracis and S. 
pneumoniae, it is attached to the cell surface as a capsule (Ezzell et 
al., 1999). As a result, when γ-PGA is produced and secreted by B. 
subtilis, the colonies produce a mucoid slime layer. Since zinc 
supplementation is known to increase γ-PGA production, mucoid 
colony phenotype could be attributed to γ-PGA. Deol et al. (2022) 
conducted a study to investigate the effects of zinc and copper on γ-
PGA production in B. subtilis. They found that zinc and copper 
decreased biofilm hydrophobicity, which increased antibiotic 
susceptibility and demonstrated that the mucoid phenotype was due to 
the production of the secreted polymer, γ-PGA which acts as protects 
for B. subtilis from zinc and copper intoxication. Additionally, they 
provided evidence that the small protein PgsE mediates zinc and 
copper-dependent γ-PGA production at the posttranscriptional level 
(Deol et al.,2022). Furthermore, optimizing the fermentation medium is 
a crucial strategy for maximizing γ-PGA production. Additionally, 
sourcing L-glutamic acid precursors, carbon sources, and ammonium 
sources from natural sources presents a significant challenge in γ-PGA 
production. Nair and Dahrn (2023) explored the production of γ-PGA 
from molasses, a sustainable and cost-effective method. They focused 
on the ability of Bacillus paralicheniformis NCIM 5769 to produce γ-
PGA from molasses with minimal nutrients. Their findings revealed that 
a 30% molasses concentration combined with 2% ammonium nitrate 
established the optimal medium for γ-PGA synthesis. This synthesized 
γ-PGA exhibited anti-drought properties, significantly enhancing shoot 
length, biomass content, and germination rate in wheat plants 
compared to the control group (Nair & Dharne, 2023). This chapter 
further investigates the utilization of beetroot molasses combined with 
minimal nutrients for γ-PGA production using strains isolated from 
honey. Moreover, finding simple method for γ-PGA quantification is 
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crucial. In fact, traditional methods that involved measuring γ-PGA in 
aqueous solution, with a maximum absorption wavelength occurring at 
216 nm require pure samples and may be influenced by other 
polysaccharides (Zeng et al., 2012). In addition, this chapter introduces 
a reliable UV-spectrophotometric technique based on the ninhydrin 
reaction for quantifying γ-PGA. A developed method based on a UV-
spectrophotometric approach was adopted and optimized for γ-PGA 
quantification. The ninhydrin method was introduced in the late 1940s 
and remains indispensable in various scientific disciplines. Its enduring 
popularity is attributed to its simplicity, cost-effectiveness, and 
suitability for analyzing large sample sets without the need for 
expensive equipment. Ninhydrin’s principle lies in its reaction with 
primary amines, specifically amino acids, ammonia, and proteins. 
When Ninhydrin (C9H6O4) interacts with a free amino group it triggers 
a chemical reaction that oxidizes the compound. This leads to the 
formation of colored ninhydrin chromophore-colored compounds 
(Friedman et al., 2004), commonly referred to as "Rahman’s color." The 
intensity of the coloration is directly proportional to the amount of 
primary amines present in the sample.  Over the years, efforts to 
enhance the method have included crucial modifications. Notable 
improvements include the substitution of flammable cellulose acetate 
with dimethyl sulfoxide (DMSO), making the method safer and more 
convenient. However, varying experimental conditions, such as heating 
times, temperatures, buffer systems, pH values, and solvent choices 
for ninhydrin, have resulted in complexity and discrepancies across 
studies (Lamothe & McCormick in 1972; Sun et al.,2006; Wellington 
1952). Overall, this chapter presents a comprehensive overview of 
screening methods for identifying γ-PGA-producing bacteria from 
honey, as well as efforts to improve γ-PGA production using beetroot 
molasses and optimize ninhydrin methods for γ-PGA quantification. 

 

Materials and methods 

 
Materials 
L-glutamic acid (molecular weight = 147.13 Da) was from Bioshop, 
Canada Inc. (Canada), n-propanol, HCl (36.46 g/mol), citric acid 
monohydrate (210 g/mol), and sodium phosphate dibasic dihydrate 
(177.99 g/mol) were purchased from Firma Chempur (Poland). Ethanol 
96% was from Honeywell (Poland), ninhydrin (Mw 178.16 g/mol) was 
from POCH SA Gliwice (Poland), dimethyl sulfoxide (99.9%) was from 
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Bioshop (Canada) while Tin Chloride Dihydrate was purchased from 
Merck (Warszawa, Poland). Honey samples from local beekeeping 
cooperatives (Bartnik Sadecki, Poland) were collected, including herb 
honey (nettle-Urtica dioica, chokeberry, pine, hawthorn, and aloe) and 
natural kinds of honey (buckwheat, acacia, and honeydew). The 
botanical origin of each honey was confirmed by the producers. 
 
Screening bacterial strains for poly-γ-glutamic acid production 
Samples of various Polish honey varieties were analyzed. Initially, 5 ml 
of each honey sample was suspended in sterile 0.9% NaCl solution 
until a uniform liquid consistency was achieved. The suspensions were 
then subjected to agitation for 2 hours at room temperature. From each 
suspension, 100 µL was taken and spread onto solid LB medium 
plates. These plates were incubated at 37°C and 50°C for 24 hours, 
allowing bacterial colonies to grow. After this incubation period, 
selected colonies exhibiting vigorous growth at both temperatures were 
further evaluated by plating onto fresh LB agar plates. These plates 
were also incubated at 37°C and 50°C for 18-24 hours, colonies 
demonstrating robust growth at both temperatures were selected for 
further analysis. Subsequently, six promising bacterial isolates were 
selected for further evaluation to assess their mucoidal production, a 
characteristic indicative of γ-PGA production potential.  
 
Colony mucoid assessment 
To evaluate the colony mucoid phenotype, strains from the well plate 
containing the bacterial cultures in the presence or absence of zinc or 
copper were spotted onto freshly poured LB agar. The mucoid 
appearance of the colonies was assessed and recorded. 
 
The influence of zinc sulfate and copper sulfate salts on the 
optical density (OD) and growth of bacterial strains 
To investigate the effects of salt supplementation, the bacterial strains 
were grown in 10 mL of LB broth and incubated for 24 hours at 37°C. 
A 96-well plate was prepared to measure the OD of the strains in the 
presence or absence of salts using a Tecan Sunrise microplate reader 
(Tecan Trading AG, Switzerland). The strains were added to a 1:100 
dilution of LB medium, with or without the addition of ZnSO4 (250 µM) 
or CuSO4 (100 µM). The plate was then incubated in the Tecan Sunrise 
microplate reader with continuous shaking (shaking frequency 180 
rpm, 37°C), and the OD at 620 nm was measured every 30 minutes for 
24 hours. Each experiment was conducted with 5 replicates . 
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Screening of bacterial strains for their ability to produce poly-γ-
glutamic acid 
Six strains (MMS1, MMS2, MMS4, MMS6, MMS9, MMS13, MMS20 
and MMS21) were selected for further analysis of potential γ-PGA 
production. The production assessment was conducted using three 
different media: LB alone, LB with 100 µM CuSO4 and LB with 250 µM 
ZnSO4. To initiate the production process, cells of the selected strains 
were cultured in 15 mL LB broth or minimum media containing ZnSO4 
or CuSO4. The cultures were incubated in 100 mL flasks at 37°C for 
16–18 hours. After incubation, cells were collected from 15 mL of 
culture through centrifugation at 10000 × g for 30 minutes at 4°C. The 
resulting supernatant was retained for further processing. To isolate the 
γ-PGA, 30 mL of 96% ethanol was added to the supernatant and 
allowed to incubate at 4°C overnight with shaking at 200rpm. The 
precipitated γ-PGA was then collected by centrifugation at 10000 × g 
for 10 minutes at 4°C. The obtained pellet was resuspended in 2 mL of 
distilled water. Then was freeze-dried for NMR analysis and 
subsequent analysis. 
 
Culture observations 
Strains MMS4 and MMS6 were observed under a cover glass using an 
inverted microscope (Carl Zeiss Axiovert 25 Feasterville-Trevose, 
USA). For visualization, bacterial colonies grown on LB agar plates 
were transferred onto separate microscope slides. Each slide was 
mounted with a drop of immersion NaCl and sealed with a coverslip. 
Morphological changes were observed at 20X magnification and 
images were captured using a phone camera.  
 
 
 
Time optimizing for poly-γ-glutamic acid production using beet 
molasses medium 
Two strains, namely MMS4 and MMS6, were investigated using a 
medium composed mainly of beet molasses over 24, 48 and 72 hours. 
The medium was composed primarily of beet molasses, a natural 
source of carbon and nitrogen sources as amino acids, including 
glutamic acid. A preliminary attempt with 6.2% molasses was used, 
incorporating 80% dry matter and 50% sucrose, as specified by the 
supplier (Nordzucker Polska; Czarnkow). The medium was further 
supplemented with a 1% of K-glutamic acid as a precursor and source 
of nitrogen, ammonium chloride, and salts essential for γ-PGA 
synthesis (Table 1).  



Chapter VI 
 

 

 

 

 
127 

 
Table 1: Beetroot molasses-based medium used for time optimizing for poly-γ-
glutamic acid production 

Component Concentrations 

Beetroot Molasses 6.2% 

K-glutamic acid 1% 

Copper sulfate 100µM 

Zinc sulfate 250 µM 

Manganese sulfate 0.104 g/L 

Magnesium sulfate 0.05% 

Ammonium chloride 1.5% 

Citric acid 1% 

 
 
The fermentation process was conducted using shake flasks. First, 
MMS4, MMS6 cultures were grown on LB agar plates at 37°C for 24 
hours to revitalize the spores. A few distinct colonies were used to 
prepare precultures in 10 mL on LB broth in a 100 mL flask capacity 
and incubated for 16 hours at 37°C in an orbital shaker rotating at 180 
rpm. From each preculture, 2-3 mL (OD600 = 6±1) was transferred into 
300 mL beetroot molasses based medium in a 300mL shake flask and 
incubated for different time interval at 37°C. an overlapping 
experimental design was implemented, wherein each strain was 
inoculated into 50 mL of medium at pH 7 (Table 2), and duplicates were 
generated for each condition. At each specific time interval, four 
samples were harvested. After fermentation, following the designated 
time points, each sample underwent purification treatment process. 
Initially, the samples were subjected to centrifugation to separate the 
cells10,000 xg (Avanti J-20 XP, Beckman Coulter, USA). 
Subsequently, ethanol was introduced into the supernatant, and the 
samples were left to shake overnight at 4°C. Afterward, another round 
of centrifugation was performed, and the precipitated material was re-
suspended in 10 mL of distilled water. To further purify the suspension, 
acidification was carried out until a pH of 2 was achieved. Following 
acidification, another centrifugation ensued, followed by dialysis of the 
supernatant against 5 liters of distilled water. The dialysis was 
conducted using a 3kDa membrane tube and left to occur overnight at 
4°C. Then the materials were freeze-dried (Thermo Savant Modulyo 
Benchtop, USA). The obtained samples were then evaluated by NMR 
to detect the presence of γ-PGA. 
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Table 2: Glutamic acid monomer amount that was detected by NMR and relatively 
quantify from the samples that obtained after fermentation process using beetroot 
molasses-based medium. 

Sample Fermentation time (h) Monomer (g/g) 

MMS4 

24 0.0404  
48 0.0767 
72 0.0420 
96 0.0631 

MMS6  

24 0.0358 
48 0.0344 
72 0.0153 
96 0.0730 

 
 
Developing a spectrophotometric method based on ninhydrin for 
poly-γ-glutamic acid quantification 
To quantify γ-PGA, a ninhydrin method was developed. A buffer 
solution was prepared using sodium phosphate dibasic dihydrate and 
citric acid monohydrate, and the pH was adjusted to 5.5 using 1 M 
potassium hydroxide. To prevent oxidation, tin chloride (SnCl₂) was 
added to the ninhydrin solution. Ninhydrin solution was freshly 
prepared at a concentration of 1.5% w/v in DMSO. Cosmetic-grade γ-
PGA is subjected to hydrolysis using 6M hydrochloric acid and then 
heated in a water bath for six hours. The resulting samples were freeze-
dried and used to prepare a standard curve. Hydrolyzed γ-PGA 
samples within a range of 5-9 μg/mL were combined with 1 mL of buffer 
and 1 mL of freshly prepared ninhydrin solution. The mixtures were 
vortexed for 30 seconds and then incubated in a water bath at 100°C 
for 20 minutes. After cooling to room temperature, 3 mL of 60% ethanol 
was added to each sample, and the vertexing was repeated for 30 
seconds. All samples were analyzed spectrophotometrically at a 
wavelength of 570 nm using a visible spectrophotometer (OMC 
ENVAG, HACH). Duplicate measurements were performed, and a 
blank sample containing only buffer was used for reference. The 
resulting standard curve was plotted, and an equation was generated. 
To validate the analytical methods, a second standard curve was 
constructed using glutamic acid monomer (Sigma Aldrich, USA) and 
compared with the hydrolyzed γ-PGA standard curve. Samples of γ-
PGA produced using simple LB medium in the presence of salts were 
also analyzed. These samples underwent hydrolysis and were treated 
in the same manner as the standard samples. 
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Nuclear magnetic resonance (NMR) 
High-resolution NMR spectra were obtained using Bruker Avance 
Ultrashield 400 and Varian 500 Oxford NMR spectrometers operating 
at proton frequencies of 400 and 500 MHz, respectively. The 
experiments were conducted at a temperature of 298 K. Chemical 
shifts were reported in parts per million (ppm) relative to the solvent 
peak of D2O (1H NMR δ = 4.79 ppm). NMR multiplicities were denoted 
as follows: t for triplet, b for broad, and m for multiple in cases where 
the splitting pattern was unclear. Coupling constants were expressed 
in Hertz (Hz). A relative quantification was performed involved 
dissolving an accurate amount of sample in 500 μL of deuterium oxide 
(D2O) and adding 100 μL of a 0.039 M solution of sodium 3-nitro 
benzene sulfonate (CAS Number: 127-68-4) in D2O. The internal 
standard sodium 3- 3-nitro benzene sulfonate was selected for 
quantification due to its distinct NMR spectral region compared to the 
samples. 
 

Results and discussion 

Screening different types of stains for their poly-γ-glutamic acid 
production 
Preliminary experiments were conducted to evaluate the mucoidal 
production potential of the isolated strains and select potential γ-PGA 
producers without engaging in DNA or mRNA sequencing or strain 
identification techniques. A variety of Bacillus strains isolated from 
different types of Polish local honey, coded as MMS1, MMS2, MMS4, 
MMS6, MMS9, MMS13, MMS20 and MMS21 was cultured on LB agar 
and incubated at 37°C for 24 hours (Fig. 1).  
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Fig. 1. Morphological observation of various strains isolated from different Polish 

honey samples on LB Agar in presence and absence of copper and zinc after 24 

hours of incubation. 

This was done to determine their ability to produce mucoid colonies, 
which could be an indication of γ-PGA production, as the production of 
γ-PGA by some Bacillus strains contributes to the mucoid or slimy 
texture of the colonies and is known to contribute to biofilm formation 
and protection against environmental stresses. Therefore, when these 
strains display a mucoid phenotype, it likely means that they are 
actively synthesizing γ-PGA (Qiu et al. 2019).  
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The strains exhibited different colony morphologies. Some strains 
appeared irregular, rough, and opaque, while others were round, small, 
and opaque. Notably, most strains appeared dry and did not produce 
mucoid characteristics. Conversely, strains MMS4, MMS6, MMS21 
and MMS9 were identified with a mucoid phenotype, suggesting that 
they were actively synthesizing γ-PGA.  
 
Strain growth patterns through optical density measurements 
over 24 hours 
The relationship between various strain types incubated at 37°C and 
their corresponding optical density (OD) values within 24 hours is 
presented in Fig. 2. The experiment was conducted to evaluate the 
impact of different conditions on strain growth, including the presence 
or absence of ZnSO4 and CuSO4 in LB medium. According to the OD 
pattern, the addition of ZnSO4 appears to negatively affect the growth 
of certain strains, such as MMS2, MMS6, and MS13. In contrast, the 
highest growth is observed in the LB medium alone, as expected. For 
example, MMS2 exhibited the highest growth without any salts, with an 
OD value of 1.7 after 900 minutes. The addition of copper reduced the 
OD value to approximately 1.4 after 900 minutes, and the presence of 
zinc resulted in an OD value of 1.5 after 700 minutes. Generally, the 
log phase of the growth was around 600 minutes, and the stationary 
phase seems to initiate around 800 minutes for most of the strains . It 
is worth noting that for strain MMS4, the addition of ZnSO4 resulted in 
delayed growth, starting after 200 minutes. MMS4 exhibited slow 
growth in the addition of zinc and a peak OD of around 1 after 500 
minutes. Interestingly, this toxicity can induce stress in Bacillus, 
thereby stimulating γ-PGA synthesis. Zinc and copper are essential 
micronutrients, and their toxicity at elevated concentrations aligns with 
the mucoidal observations in Fig. 1. Deol et al. (2022) proposed that 
Bacillus subtilis produces the extracellular polymeric substance γ-PGA 
as a protective response to excess zinc and copper. This corresponds 
with the findings in Fig. 2, where the addition of ZnSO4 affects the 
growth of certain strains and potentially triggers the production of γ-
PGA. Moreover, they highlight that zinc and copper-dependent γ-PGA 
production in Bacillus subtilis is regulated at a posttranscriptional level 
through the involvement of a small protein called PgsE. This sheds light 
on the regulatory mechanisms governing bacterial γ-PGA biosynthesis.  
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Fig.2. Optical density measurements of various strains isolated from Polish honey 

samples and cultivated in LB medium alone (gray line), with the addition of copper 

(orange line) or zinc (blue line) after 24 hours incubation at 37°C. 

The presence of precipitates, possibly formed by biofilms of spores 
from certain strains (MMS20, MMS21), might explain the fluctuating 
OD pattern, which could help the bacteria adapt to challenging 
environments. Overall, the results demonstrate that the addition of zinc 
has a diverse impact on strain growth. While some strains exhibit 
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resistance and continue to grow steadily, others experience inhibited 
growth or even toxicity. 
 
NMR analysis 
NMR spectroscopy was employed to confirm the presence of γ-PGA 
and to quantify its relative abundance.  γ-PGA was ducted by MMS4 
and MMS6 strains grown in LB medium supplemented with various 
salts which were isolated from Gąski honey (nettle -Urtica dioica). Fig. 
3, NMR spectra of MMS6 cultures grown in LB medium supplemented 
with copper (A) and zinc (B) exhibited characteristic peaks indicative 
of γ-PGA production. The presence of γ-PGA was also confirmed in 
MMS4 cultures grown in LB medium supplemented with zinc (C). The 
characteristic peaks for γ-PGA were observed at 4.15 ppm (broad), 2.4 
ppm (broad), 2.1 ppm (broad), and 1.95 ppm (broad), which are in line 
with the published literature for γ-PGA (1H NMR, 500 MHz, D2O: ~4.15 
(b, 1H), ~2.4 (b, 2H), ~2.1 (b, 1H), ~1.95 (b, 1H)). These peaks are in 
close agreement with those observed in the NMR spectrum of a Sigma 
Aldrich γ-PGA standard, confirming the presence of γ-PGA in the 
samples.  In contrast, NMR spectra of samples prepared using beetroot 
molasses medium revealed only the presence of monomer peaks, 
indicating hydrolysis of γ-PGA (Fig. 4). The presence of glutamic acid 
monomer peaks at δ [1H NMR (500 MHz, D2O)] of ~2.53 (multiplet, 2H) 
and ~2.13 (multiplet, 2H) further confirms the degradation of γ-PGA to 
glutamic acid. Other peaks observed in the NMR spectra were partially 
obscured by other signals. Based on the NMR analysis and the amount 
of internal standard added to each sample, the monomer 
concentrations in MMS4 (24 h) and MMS6 (24 h) were determined to 
be 0.0404 g/g and 0.0358 g/g, respectively, with an estimated error of 
approximately 2%. Samples of MMS4 (48h, 72h), and MMS6 (48h, 
72h), do not indicate γ-PGA. While a broad peak was observed in 
MMS4 (72h), its chemical shift deviates from the expected value for γ-
PGA, suggesting an external impurity. The major peaks at δ [1H NMR 
(500 MHz, D2O)] ~2.54 (m, 2H) and ~2.13 (m, 2H) confirm the presence 
of glutamic acid in all samples.  
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Fig.3. 1H-NMR spectra of γ-PGA production (A), 1H-NMR spectra of γ-PGA produced 
from MMS6 with copper (B), MMS6 with zinc and (C) MMS4 with zinc after 24 hours 
of fermentation in LB medium supplemented with salts. (D) The spectrum of γ-PGA 
standard is also shown for comparison. 
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Fig.4. Overlay of 1H-NMR spectra of glutamic acid monomers detected from MMS4 
and MMS6 strains using beetroot molasses based medium overtime (24-96h). The γ-
PGA standard and L-glutamic acid standard are also shown for comparison (Panels 
D and E, respectively). MMS6 overtime (48-96h) is shown in Panels A-C, while MMS4 
overtime (24-96h) is shown in Panels F-I. The γ-PGA peak is absent in all the MMS4 
and MMS6 samples. 

 
These findings indicate a trace hydrolysis of γ-PGA in these samples. 
By incorporating an internal standard and employing the same 
analytical protocol as before, the monomer content was quantified in 
these samples. The data show that the number of monomers in all 
samples decreases from 48 to 72 hours and then increases again. This 
suggests that there may be two processes occurring: one that breaks 
down γ-PGA into monomers and another that polymerizes monomers 
into γ-PGA. The relative rates of these two processes may change over 
time, leading to the observed zig-zag trend.  
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Overall, this hydrolysis could be attributed to several factors, including 
the relatively low nitrogen content of the molasses-based medium, 
which may have prompted the strains to utilize γ-PGA as a nitrogen 
source.  
 
Culture observations 
Based on microscopic examination, the isolates revealed rod-shaped 
(Fig.5) shows microscopic images of shape cells as well as coccoid 
shaped cells were observed for MMS4 and MMS6 suggesting they 
belong to the Bacillus genus. These isolates exhibited distinct colony 
morphologies, with Isolate displaying slimy, transparent white colonies. 
This study highlights the potential of honey as a rich source of spore-
forming bacteria and provides insights into the diversity of these 
bacteria in different honey types. 
 

 

Fig.5. Inverted microscopy images of MMS4 and MMS6 strains under cover glass 

culture, isolated from honey, at 20x magnification.  

 
Optimization of ninhydrin method for γ-PGA quantification 
A UV-spectrophotometric approach was adopted and developed for γ-
PGA quantification based on ninhydrin reaction. Herein, we present a 
reliable and efficient UV-spectrophotometric method for γ-PGA 
quantification based on the ninhydrin reaction. The ninhydrin method 
is a classic and widely used technique for amino acid analysis due to 
its simplicity, cost-effectiveness, and suitability for large-scale sample 
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analysis. Our optimization efforts focused on: buffer system as we 
utilized citrate phosphate buffer (pH 5.5) to maintain a stable pH 
environment, which is critical for efficient ninhydrin reaction and 
accurate quantification. A concentration of 1.5% w/v ninhydrin in 
dimethyl sulfoxide (DMSO) was found to be optimal, providing a 
balance between reaction efficiency and reagent stability. The addition 
of Tin Chloride (SnCl2) was incorporated into the ninhydrin reagent to 
act as a reducing agent, preventing the reagent's oxidation and 
preserving its reactive properties. Samples were purified using 
ultrafiltration to remove impurities and ensure the presence of only 
glutamic acid. In this method, Ninhydrin, typically used for amino acid 
quantification, was adapted for γ-PGA analysis by hydrolyzing the 
purified γ-PGA to yield its monomer, L-glutamic acid. Following 
hydrolysis, the samples were freeze-dried and re-suspended in 1 mL 
citrate phosphate buffer (pH 5.5). Subsequently, a 50 μL sample was 
mixed with 1 mL of Ninhydrin reagent (1.5% w/v in DMSO), ensuring 
the reaction reached the optimal pH of 5.2, as described by Paul J. 
Lamothe and Patrick G. McCormick in 1972. The samples were 
vortexed and subjected to a boiling water bath, resulting in the 
formation of a characteristic purple color indicating the completion of 
the reaction.  
 

 

Fig.6. Calibration curve for the quantification of γ-PGA using the optimized ninhydrin 
assay. The curve was generated using two sets of measurements, one with 
concentrations ranging from 12.5 to 100 μg/mL (orange line) and the other with 
concentrations ranging from 5 to 90 μg/mL (blue line). For comparison, a calibration 
curve for glutamic acid was also generated using concentrations ranging from 10 to 
80 μg/mL (green line). 
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Three standard curves were constructed to quantify the concentrations 
of hydrolyzed γ-PGA and glutamic acid in the fermentation samples. 
The hydrolyzed γ-PGA standard curve, prepared within concentrations 
ranging from 5 to 90 µg/mL, yielded a linear equation of y = 0.0119 + 
0.0731 (R2 = 1), indicating excellent correlation. A second standard 
curve, built using hydrolyzed γ-PGA within concentrations ranging from 
5 to 30 µg/mL, produced a linear equation of y=0.0142+0.0302 
(R2=0.999), showcasing high reliability. AA third standard curve, 
constructed using glutamic acid prepared within concentrations ranging 
from 20 to 70 µg/mL, produced a linear equation of y = 0.0194 + 0.265 
(R2 = 0.997), demonstrating high reliability. These results validate the 
use of both standard curves for accurately quantifying the 
concentrations of hydrolyzed γ-PGA and glutamic acid in the 
fermentation samples (Fig.6.).  
A preliminary analysis was conducted to determine the γ-PGA 
concentrations produced by MMS4 and MMS6 in the presence of 
copper and zinc sulfate (Table 3). MMS4 grown in LB medium 
supplemented with copper exhibited a γ-PGA concentration of 
2.8±0.001 mg/L, while MMS6 in LB supplemented with copper yielded 
3.8±0.15 mg/L. Notably, MMS6 cultivated in LB medium containing zinc 
sulfate (LB+ZnSO4) produced significantly higher amounts of γ-PGA, 
reaching 9.3±0.39 mg/L, far surpassing the γ-PGA production of the 
other strains. 
 
Table 3: Concentrations of γ-PGA (μg/mL) for different strains cultivated from a 
shake-flask of 15 mL of LB containing CuSO4 and ZnSO4.The quantification of γ-PGA 
concentrations was carried out using the Ninhydrin assay spectrophotometric assay 
at 570 nm. 

 

 

 

 

 

 

 

 

 

Samples 
PGA concentrations 

(μg/mL) 

LB+CuSO4 (MMS4) 2.8±0.001 

LB+CuSO4 (MMS6) 3.8±0.15 

LB+ZnSO4 (MMS6) 9.3±0.39 
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Conclusion 
In this study, we investigated the γ-PGA production capabilities of eight 

strains isolated from Polish honey. We employed a simple mucoid 

assessment method to screen the strains for their γ-PGA production 

potential. The results indicated that certain strains, particularly MMS4 

and MMS6, exhibited γ-PGA production in LB medium. NMR 

spectroscopy confirmed the presence of γ-PGA in these media. 

However, when a beetroot molasses medium supplemented with 

minimal glutamic acid, ammonium source, and salts was employed for 

time optimization experiments, NMR analysis revealed that only the 

monomer of γ-PGA was detected over a period of 96 hours. These 

findings suggest either an insufficient nitrogen source leading to γ-PGA 

hydrolysis or the presence of hydrolysis enzymes within the strains. 

Furthermore, we developed a novel spectrophotometric method based 

on the ninhydrin reaction for γ-PGA quantification. This method proved 

to be reliable and accurate for measuring γ-PGA production. However, 

further validation using more sophisticated methods such as HPLC is 

warranted to establish its robustness. Overall, this study highlights the 

potential of honey-derived bacterial strains for γ-PGA production. 

Further optimization of media composition, salt conditions, and the 

development of improved cultivation strategies are essential to harness 

the full potential of these microorganisms for γ-PGA production and its 

applications in various fields. 
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General conclusions 

This project has demonstrated promising advancements in the 

purification of pure and unexpensive γ-PGA of microbial origin, readily 

available in the market. Using eco-friendly ultrafiltration methods and 

an industrial-scale amount of 300 g, we successfully fractionated this 

polymer into distinct molecular weight (Mw) ranges: R1 (55-59 kDa) 

and R2 (20 kDa). The proposed purification methods hold immense 

promise for industrial-scale production and commercialization, 

requiring only a straightforward process involving centrifugation, 

microfiltration, and ultrafiltration. Additionally, they offer significant cost-

effectiveness, providing a truly promising solution to a challenging 

problem. Building upon our successful fractionation of γ-PGA, we 

further explored the potential of these retentate fractions for bioplastics 

production. We employed both traditional casting methods and a 

thermal pressing approach, which involved simply mixing a specific 

amount of the fractions (R1 or R2) with glycerol and then subjecting the 

mixture to thermal pressing at 150°C for 2 min. The resulting films were 

characterized comprehensively, revealing promising properties such as 

good thermal stability and favorable mechanical properties, particularly 

in terms of extensibility.  

These findings pave the way for potential applications of these γ-PGA-

based films in food packaging, particularly given the biodegradability 

and edibility of γ-PGA. Additionally, the γ-PGA films, particularly those 

derived from the low-molecular-weight fractions, exhibited promising 

properties in mitigating oxidative stress, which suggest their potential 

application in wound healing and other biomedical applications. 

Purified γ-PGA fractions have also demonstrated the ability to 

counteract desiccation and oxidative stress in keratinocyte 

monolayers, suggesting a potential therapeutic option for oxidative 

stress-related diseases and modulating antioxidant defense pathways. 

These findings further highlight the potential of γ-PGA fractions for 

developing advanced biomaterials for various biomedical applications, 

including wound healing, tissue engineering, and regenerative 

medicine. Intriguingly, we further investigated the potential of the 

previously mentioned purified γ-PGA low mol. wt fractions (R1 and R2) 

to produce additional blended bioplastics. In fact, by blending CH with 

R1 or R2, under specific experimental conditions and employed only 

eco-friendly approaches, we produced a promising bio-composite 
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crosslinked material. Comprehensive characterization was performed 

for these inspiring materials, which the sedimented supramolecular 

complexes formed rubbery hydrogels that, upon dehydration, gave rise 

to glass-like materials endowed with advantageous physical 

characteristics and thermal stability, as well as an amorphous and 

crystalline structure. These findings open up new possibilities for the 

potential use of these new bio-composites in diverse fields. Their 

applications could span regenerative medicine, biomedical devices, 

food packaging, and even 3D printing. 

Furthermore, the hydrogel state was also characterized, and the 

rheological analysis revealed that CHR1 exhibited gelation properties. 

The resulting hydrogel was initially tested as a bio-glue for various 

purposes, targeting its use as a material for restoration and cultural 

heritage preservation. Successful results were obtained when this 

potential adhesive biomaterial was applied to wood and aluminum, 

exhibiting properties comparable with those of commercially vinyl-

based available glue. More in particular, the bio-glue performed 

comparably to commercial glue on wood, while exhibited superior 

adhesive strength when tested on aluminum substrates. This indicates 

the cohesive/adhesive failure mode, confirming its effectiveness, 

durability, and strength. However, these findings could be further 

explored for applications in paints and coatings, as well as in depth for 

biomedical applications such as wound dressing. 

Delving into the heart of the project, we further explored the γ-PGA 
production, employing a molecular engineering approach by using 
Bacillus subtilis strains (PB5523 and PB 5390). To utilize the power of 
these modified bacteria, we cultivated them in an E-medium (???) 
enriched with L-glutamic acid. Following meticulous purification using 
methanol precipitation and dialysis, PB5523 yielded γ-PGA of high 
molecular weight (135 kDa) and PB5390 (105 kDa) while maintaining 
comparable yields. This breakthrough can be attributed to the double 
knockout of pgdS and ggt genes, along with the Hy mutant of the swrA 
allele, which act as γ-PGA degradation inhibitors. In a thrilling 
experiment, we delved into the intriguing realm of γ-PGA-based 
hydrogels, blending it with CH to form a synergistic composite. This 
versatile combination, using either PB5390 or PB5523-derived γ-PGA, 
proved remarkably efficient, even when employing a reduced quantity 
of material. The ability to achieve hydrogel formation with as little as 
500 mg is a testament to the interesting properties of PB5523- and 
PB5390-derived γ-PGA, surpassing the lower molecular weight 
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(R1=59 kDa, R2=20 kDa) and relative purity (70%) γ-PGA fractions 
employed in previous studies.  
Our quest for biomedical applications led us to create melanin-loaded 
hydrogels, a new objective of the bio-engineering. Thus, by 
encapsulating melanin within a CH matrix, it was synthesized a 
biocomposite that, when further blended with γ-PGA from PB5523, 
revealed to be promising for biomedical applications. While these initial 
findings paint a hopeful picture, in vitro and in vivo evaluations are now 
essential to unequivocally determine the encapsulation efficacy, 
melanin loading capacity, and associated biological effects of these 
melanin-loaded hydrogels. This groundbreaking research unveils the 
remarkable potential of γ-PGA and its derivatives, paving the way for a 
future brimming with innovative biotechnological applications. 
Our further exploration for γ-PGA production continued during the 
research stay at Wroclaw university, where experiments of γ-PGA 
biosynthesis by using Bacillus strains isolated from Polish honey were 
carried out. In this respect, a novel reliable and accurate ninhydrin-
based spectrophotometric method was developed to quantify the 
amount of γ-PGA produced. In addition, this research utilized eight 
different Bacillus strains and explored the influence of media 
composition, metal additives, and salt conditions on their growth 
patterns and γ-PGA production capabilities. The results revealed that 
the distint strains exhibited variable responses to these factors, 
demonstrating different growth characteristics and γ-PGA production 
profiles, the strains MMS4 and MMS6 isolated from Gąski honey (nettle 
- Urtica dioica) being of particular interest. In particular, NMR 
spectroscopy indicated the presence of γ-PGA in LB medium and the 
enhancement of homopolypeptide production was observed upon 
addition of copper. Therefore, these results highlighted the potential of 
these specific strains for γ-PGA production and suggested further 
investigations for the optimization of their γ-PGA biosynthetic capability. 
A preliminary study in this direction was carried out to determine the 
optimal time to obtain the maximum amount of γ-PGA. A natural source 
medium based on beetroot molasses, supplemented with L-glutamic 
acid, salts, and ammonium, was used but, unfortunately, this 
experiment resulted in γ-PGA hydrolysis. Thus, these initial results 
suggested the requirement of a preliminary optimization of the medium 
to enhance γ-PGA production.  
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Two experiences in foreign laboratories were made during the three 

years PhD course. The first at Wroclaw university in Poland, at the 

Department of Biotransformation of the University of Wroclaw, the 

second in North Italy at the Department of Biology and Biotechnology 
of the University of Pavia. 
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Additional papers 

 

During the three years of PhD course, some scientific collaborations 

with researchers working at the Department of Chemical Sciences on 

scientific issues related to that of the present thesis have been possible 

and successfully carried out. These studies have been object of one 

Review and one Article, the first published and the second under 

submission on qualified international Journals. 
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Abstract  16 

Emerging from the depths of nature, we present a novel bio-based material 17 
using citrus pectin enriched with chitosan nanoparticles. An emulsion ionic 18 
gelation technique was employed to encapsulate clove essential oil (CEO) 19 
within chitosan nanoparticles (CHNPs). The CEO, extracted using traditional 20 
distillation, exhibited remarkable antioxidant activity with an IC50 of 2.7 ± 21 
0.13 μg/mL, attributed to its high phenolic content, primarily eugenol. 22 
Following encapsulation, different CEO concentrations (0.04-0.32 mg) were 23 
evaluated, revealing a maximum encapsulation efficiency of 16% for 0.04 mg 24 
and a maximum loading capacity of 8% for 0.16 mg. The ionic crosslinking 25 
was confirmed using Fourier Transform Infrared Spectroscopy analysis. The 26 
CHNPs exhibited a mean particle size of approximately 200 nm with zeta 27 
potential values ranging up to +27 mV.  CHNPs were then blended with pectin 28 
using polyelectrolyte complexation. The obtained films (CEO-CHNPs/PEC) 29 
were characterized for their mechanical properties, morphology, and water 30 
vapor permeability, demonstrating their potential application in packaging 31 

https://sciprofiles.com/profile/225504
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ready-to-cook products for potentially enhancing antimicrobial protection and 32 
extending food shelf-life.  33 

Keywords: clove essential oil, ion gelation, chitosan nanoparticles, pectin, 34 
polyelectrolytes complexation, active packaging.  35 

1. Introduction 36 

The presence of microplastics (MPs) in the environment, with dimensions 37 
ranging from 0.1 to 5 mm, has emerged as a pressing global concern, raising 38 
significant environmental, ecological, and human health impacts 39 
(Bouwmeester et al., 2015). These tiny plastic fragments originate from 40 
various sources, including the breakdown of larger plastic debris and direct 41 
release from personal care products and textile microfibers (Bouwmeester et 42 
al., 2015). Recently MPs were detected in various biological samples, 43 
including human tissues, highlighting the potential for these particles to enter 44 
the human body and exert adverse health effects (Yang et al., 2023). Three 45 
major pathways of human exposure to MPs include ingestion through 46 
contaminated food, inhalation, and dermal contact (Cox et al., 2019). A study 47 
by Çobanoglu et al. (2021) investigated the genotoxic and cytotoxic potential 48 
of polyethylene microplastics (PEMPs) in human blood lymphocytes, 49 
suggesting a link between MPs and potential health risks. To address this 50 
pressing issue, innovative packaging solutions, such as edible and bioactive 51 
packaging incorporating bioactive compounds, like essential oils, hold 52 
immense potential to reduce human exposure to MPs and promote sustainable 53 
packaging practices. The development of active packaging technologies has 54 
emerged as a prominent area of research in food preservation and materials 55 
science (Sabbah et al., 2023; Al-Asmar et al., 2020). These innovative 56 
packaging systems incorporate active components that interact with food 57 
spoilage agents, thereby enhancing food quality, safety, and shelf life 58 
compared to traditional packaging materials (Mirpoor et al., 2023; Corrado et 59 
al., 2021). Pectin and chitosan naturally derived biopolymers alongside clove 60 
essential oil serve as potential candidates for bio-active packaging. Pectin 61 
(PEC), a naturally occurring anionic polysaccharide primarily extracted from 62 
citrus fruits, is composed of α-(1,4)-linked D-galactopyranosyluronic acid 63 
units interspersed with occasional (1,2)-linked L-rhamnopyranosyl units 64 
(Iijima et al., 2000). It can be further classified into high methoxyl PEC (HMP) 65 
and low methoxyl PEC (LMP) based on the degree of methyl esterification, 66 
with more than half of the carboxyl groups esterified in HMP and less than 67 
half in LMP (Giosafatto et al., 2014). HMP-based films have demonstrated 68 
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favorable mechanical properties, barrier properties, and thermal stability 69 
comparable to commercial plastics (Giosafatto et al., 2014).  70 
Chitosan (CH), a linear cationic polysaccharide composed of B-(1–4)-linked 71 
D-glucosamine and N-acetyl-D-glucosamine units, has found widespread 72 
applications across a broad spectrum of industries, including medicine, 73 
pharmaceuticals, food, and animal feed (Hosseinne et al., 2016). Its 74 
exceptional properties make it an excellent candidate for nanoparticle 75 
synthesis, including abundant natural sources, controllable and simple 76 
extraction, biocompatibility, biodegradability, and non-toxicity (Hu & Luo, 77 
2016; Younes & Rinaudo, 2015).  78 
Clove essential oil (CEO) boasts a rich blend of active constituents, including 79 
eugenol (4-allyl-2-methoxy phenol), a phenylpropanoid, eugenyl acetate, a 80 
monoterpene ester, and β-caryophyllene, a sesquiterpene. These compounds 81 
endow CEO with potent antimicrobial and antioxidant properties, making it a 82 
valuable tool for extending food shelf life and inhibiting spoilage 83 
(Hasheminejad et al., 2019; Chaieb et al., 2007; Sebaaly et al., 2015). 84 
However, the antimicrobial efficacy of CEO is somewhat constrained by the 85 
volatile and slightly water-soluble nature of its major components, particularly 86 
eugenol (Woranuch & Yoksan, 2013; Sebaaly et al., 2015).  87 
Encapsulation of CEO presents an effective strategy to shield its active 88 
compounds and facilitate the incorporation of this encapsulated oil into edible 89 
films (Hosseini et al., 2013). The ion gelation process is one of the 90 
straightforward techniques in which the crosslinker of tripolyphosphate (TPP) 91 
plays the main role in interacting with CH to form nanoparticles (NPs), 92 
particularly via the emulsion-ionic gelation technique, which has shown 93 
promising results in enhancing CEO's stability, preserving its antimicrobial 94 
and antioxidant properties, and controlling its release profile. Although TPP- 95 
CHNPs generally have larger particle sizes (200-1000 nm), they can 96 
accommodate a high loading capacity (up to 80%) (Katouzian & Jafari, 2016). 97 
Multiple studies have achieved encapsulation efficiencies ranging from 14% 98 
to 47% using this technique, with Jamil et al. (2016) reporting the highest 99 
efficiency of 44%. These findings demonstrate the potential of 100 
nanoencapsulation to improve CEO's performance in food packaging 101 
applications. 102 
To further enhance the efficacy of CEO, two synergistic approaches were 103 
employed: ion gelation for nanoparticle synthesis and polyelectrolyte 104 
complexation (Hejazi et al., 2023) for grafting these nanoparticles into a PEC 105 
film. CHNPs were loaded with CEO extracted from clove buds (Eugenia 106 
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caryophyllid, L.) using ion gelation techniques (Kamel et al., 2007), and then 107 
physically blended with a PEC solution to produce the edible active packaging 108 
material (Hejazi et al., 2023). Physicochemical characterizations were 109 
conducted to evaluate the antioxidant activity, mechanical, morphological, and 110 
water vapor permeability properties of both the encapsulated oil and the 111 
prepared films. This novel packaging strategy effectively combines the 112 
beneficial properties of the biopolymers PEC and CH, with the synergistic 113 
effects of antimicrobial and antioxidant active compounds, offering promising 114 
solutions for extending food shelf- life and reducing the MP negative impact 115 
on our health thereby reducing food waste. 116 

2. Materials and methods 117 
 118 

2.1.Materials 119 

Pectin (PEC) (from citrus fruits (galacturonic acid content 93.5%; methoxyl 120 
content 9.4%; dry matter 55.3%; pKa=3.0–4.5), chitosan (CH) (75–85% 121 
deacetylated chitin, poly-D-glucosamine,50–190kDa), glycerol (GLY), 122 
sodium tripolyphosphate (STPP), Tween 80, and 2,2-diphenyl-1- 123 
picrylhydrazyl (DPPH) were purchased by Sigma Aldrich, St. Louis, MO, 124 
USA); clove pods were from a local market in Naples, Italy), n-hexane was 125 
purchased from Carlo Erba Reagents (Val de Reuil, France). All other 126 
chemicals and reagents used were of analytical grade unless specified. 127 

2.2.Clove Essential Oil (CEO) Extraction and antioxidant activity 128 
evaluation 129 

Clove flower buds were crushed using a Knife Mill (Retsch GmbH, Haan, 130 
Retsch-Allee, Germany) to extract clove oil using the Soxhlet apparatus for 131 
oil extraction through distillation as described by Mirpoor et al. (2022) with 132 
some modifications. Approximately 25 g of clove buds were ground for oil 133 
extraction using n-hexane distillation. The resulting powder was placed into a 134 
filter paper extraction thimble, which was then inserted into the lower part of 135 
the Soxhlet extractor. A flask containing 200 ml of n-hexane was positioned 136 
below, and the system was heated to a temperature of 100ºC. The Soxhlet 137 
column was connected to a reflux condenser, and the entire setup was heated 138 
on a mantle until n-hexane began to boil. During the process, the boiling vapor 139 
ascended through the condenser, condensed, and fell back onto the porous 140 
thimble containing the powdered seed sample. n-hexane, acting as a solvent, 141 
dissolved the oil content of the seed sample, resulting in the formation of a 142 
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homogeneous mixture of n-hexane and oil. This mixture was collected in the 143 
receiver of the Soxhlet extractor setup over 6 hours. Subsequently, the 144 
extracted oil was concentrated using a STRIKE 300 rotary evaporator 145 
(Steroglass S.r.l - Perugia (Italy). 146 

%𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 = [
𝐸𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100]     (1) 147 

The antioxidant activity of CEO was evaluated using the technique of radical 148 
scavenging capacity with 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical 149 
according to the method of Lesjak et al. (2018). Ten microliters of each 150 
sample, with initial concentrations of CEO from 0.01 to 10 mg/mL were 151 
combined with 100 μL of 67.5 μmol/L DPPH solution in methanol. The 152 
resulting mixture was then diluted with an additional 190 μL of methanol. In 153 
the control group, 10 μL of the sample was replaced with distilled water. For 154 
blank probes, 290 μL of methanol was mixed with each sample (10 μL), while 155 
the blank probe for the control involved the addition of only 300 μL of 156 
methanol. Absorbance measurements were taken at 515 nm after 1 hour using 157 
a microplate reader (Benchmark Plus, BIO-RAD Laboratories, Inc, Italy), and 158 
all samples and controls were prepared in triplicate. The percentage of 159 
inhibition achieved by various sample concentrations in the antioxidant assays 160 
was calculated using the formula:   161 

% 𝐼 = ⌊
𝐴0−𝐴

𝐴0
× 100⌋     (2) 162 

Where A0 represents the absorbance of the control reaction, and A is the 163 
absorbance of the examined samples, both corrected for the corresponding 164 
blank probe values. Inhibition-concentration curves were constructed using 165 
OriginLab software, version 8.0 for Windows (Northampton, USA), and IC50 166 
values (the concentration of the extract inhibiting DPPH radical formation by 167 
50%) were determined. The results for each assay were expressed as the mean 168 
± standard deviation (SD) based on three measurements (Lesjak et al., 2018). 169 

2.3.Clove essential oil (CEO) encapsulation 170 

The preparation of oil-loaded and unloaded particles followed a two-step 171 
process involving droplet formation and solidification, adapting the 172 
methodologies of Hasheminejad (2019). Initially, droplet formation was 173 
achieved through the oil-in-water emulsion technique in a CH solution. 174 
Subsequently, droplet solidification occurred using STPP solution through the 175 
ionic gelation approach, resulting in the formation of spontaneous 176 
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nanoparticles (CHNPs). To achieve this, concentrations of CH (0.3% (w/v)) in 177 
aqueous acetic acid solution (1% (v/v)) were prepared by overnight stirring at 178 
25°C to form aqueous phases. After adjusting the pH to 4.6 with 0.5N NaOH, 179 
the solutions were filtered, and Tween 80 (HLB 15.9, 1% (w/v)) was added as 180 
a surfactant, followed by stirring at 25°C for 30 minutes to ensure 181 
homogeneous mixtures. Various oil concentrations were gradually introduced 182 
into aqueous solutions prepared with two concentrations of CH to generate 183 
three mass ratios of CH to CEO (1:0.04; 1:0.16; 1:0.32). Simultaneously, 184 
agitation was performed at 700 rpm for 10 minutes at 25°C to create oil-in- 185 
water emulsions. STPP solution (0.3% (w/v)) was then prepared in distilled 186 
water and mixed with the emulsions to achieve a mass ratio of CH to TPP 187 
(1:1). The mixtures underwent agitation for 30 minutes to facilitate 188 
crosslinking, and the final pH was adjusted to 4.6. The same procedure, 189 
excluding the addition of oil, was applied to produce unloaded particles. The 190 
spontaneously formed particles were collected by centrifugation (Avanti J-20 191 
XP, Beckman Coulter, Brea, CA, USA)) at 10,000×g for 35 minutes at 4°C, 192 
washed multiple times with a 1% (v/v) aqueous Tween 80 solution, and then 193 
dispersed in distilled water. Ultrasonication (Bandelin SONOPULS ultrasonic 194 
homogenizers, Binder, Tuttlingen, Germany) for 6 minutes with a sequence of 195 
3 seconds sonication and 7 seconds rest was applied. The homogenized 196 
dispersions were stored at 4°C until further analysis. A portion of the prepared 197 
dispersions was freeze-dried at −40°C for 24 hours using a freeze dryer 198 
(Thermo Savant Modulyo Benchtop, USA). 199 

2.4.Encapsulation efficiency (EE), loading capacity (LC) and yield 200 
determination 201 

Encapsulation efficiency (EE) and loading capacity (LC) for CEO-loaded 202 
CHNPs (CEO-CHNPs) powder were conducted using ultraviolet-visible 203 
(UV–vis) spectrophotometry (SmartSpec™ 3000, Bio-Rad Laboratories, Inc 204 
- Italy). The CHNPs were prepared with an initial mass ratio of CH to TPP of 205 
1:1. The methodology followed the procedures outlined by Rahaiee et al. 206 
(2015) and Feyzioglu and Tornuk (2016) with some modifications. For the 207 
determination of CEO encapsulation, 10 mg/ml CEO-CHNPs were mixed 208 
with an aqueous hydrochloric acid solution (2M, 5 mL) and boiled at 95°C for 209 
30 min. After cooling, 1 mL of ethanol was added, and the mixture was 210 
centrifuged. Blank CHNPs were also prepared using the same method. The 211 
amount of loaded CEO was calculated by reading the absorbance of the 212 
supernatant, measured at 282 nm, through a standard curve prepared with 213 
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different concentrations of CEO in absolute ethanol. The measurements were 214 
conducted in triplicate. Encapsulation efficiency (EE), loading capacity (LC) 215 
and yields (Rahaiee et al., 2015) were calculated using the following formulas: 216 

% 𝐸𝐸 = ⌊
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶𝐸𝑂

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝐸𝑂
× 100⌋           (3) 217 

% 𝐿𝐶 = ⌊
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶𝐸𝑂

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒 𝑑𝑟𝑖𝑒𝑑 𝑁𝑃𝑠
× 100⌋           (4) 218 

% 𝐶𝐻𝑃𝑠 𝑌𝑖𝑒𝑙𝑑 = ⌊
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒 𝑑𝑟𝑖𝑒𝑑 𝑁𝑃𝑠

𝑆𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
× 100⌋    (5) 219 

 220 

2.5.Fourier Transform Infrared Spectroscopy Analysis (FTIR) 221 

Spectra were recorded by an FTIR instrument (JASCO FT/IR-4700, JASCO 222 
EUROPE S.R.L., Italy), and 64 scans interferogram was collected with a 223 
variable path length cell and KBr windows. Samples were combined with dry 224 
KBr. The grounded mixture was then pressed into a transparent desk. The 225 
spectra were recorded at a straight baseline of 400–4000 cm-1. 226 

2.6.Pectin-based films prepared with clove essential oil-chitosan 227 
encapsulated nanoparticles (CEO-CHNPs/PEC) 228 

For preparing the film-forming solution (FFS), pectin was dissolved in water 229 
(2% w/v) until it was completely solubilized, and the pH was adjusted to 7.2. 230 
Next, 5 mg of freeze-dried CEO-CHNPs were dissolved in acetic acid and 231 
physically blended with the pectin solution for 2 hours, following the 232 
polyelectrolyte complexation approach described by Hejazi et al. (2023). 233 
Finally, 50 mL of the FFS were cast onto a surface under controlled conditions 234 
(50% relative humidity and 25°C) and allowed to dry for 48 hours. This 235 
resulted in the formation of a homogeneous and handelable pectin film 236 
containing CEO-CHNPs. 237 

2.7.Film Characterization 238 

2.7.1 Size and Zeta Potential of Film Forming Solution (FFS) 239 

Size and Zeta Potential of CHNPs and FFSs were analyzed using the Zetasizer 240 
Nano-ZSP (Malvern®, Worcestershire, UK). The Zetasizer Nano combines 241 
different techniques of light scattering to obtain a complete characterization of 242 
a colloidal system. Three independent measurements were carried out on each 243 
sample, diluted to have a final concentration of 1 mg/mL. 244 
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2.7.2. Mechanical properties  245 

The mechanical properties of the films, namely tensile strength (TS), 246 
elongation at break (EB), and Young's modulus (YM), were examined using 247 
an Instron universal testing instrument, model no. 5543A (Instron Engineering 248 
Corp., Norwood, MA, USA), following the ASTM method D882-18 (1997). 249 
Five strips (8 cm × 1 cm) from each conditioned film were cut and positioned 250 
between two grips with an initial distance of 4 cm, and the testing was 251 
conducted at a crosshead speed of 5 mm/min. 252 

2.7.3. Water vapor permeability (WVP) 253 

WVP of the film was assessed using a MultiPerm apparatus (ExtraSolution 254 
s.r.l, Pisa, Italy) by Standard Methods (ASTM F1249-13, 2013). Each sample 255 
was introduced into the instrument, creating a distinct septum between two 256 
semi-chambers. The WVP permeability was measured at 50% RH, 25 C, and 257 
1.6 kPa. Before testing, the films underwent a 24-hour conditioning period at 258 
50% relative humidity (RH) and were enclosed in aluminum masks to 259 
decrease the film test area to 2 cm2.  260 

2.7.4. Thermal analysis 261 

Thermal characteristics of freeze-dried CHNPs and pectin-based films were 262 
determined by thermogravimetric analysis (TGA) and differential scanning 263 
calorimetry (DSC). TGA were conducted with a TA Q50 (TA Instrument, New 264 
Castle, DE, USA) in oxidative atmosphere (air, 600ml/min), heating the 265 
samples at 10°C/min up to 600°C. DSC were performed with a TA Q2000 (TA 266 
Instrument, New Castle, DE, USA) equipped with a refrigerator cooling 267 
system (RCS), heating the samples from -50 to 150 °C at a 10°C/min heating 268 
rate. 269 

2.8. Statistical Analysis 270 

The results are expressed as mean ± standard deviations from three replicates. 271 
Statistical analyses were conducted using Microsoft Excel software (Microsoft 272 
Office 2017). The data underwent t-test analysis, and significance was 273 
attributed to values with p < 0.05. 274 

3. Results and discussion 275 

3.1. Clove essential oil (CEO) yield  276 
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CEO, prized for its aromatic properties and wide range of applications, is 277 
typically extracted using Soxhlet extraction, a technique that involves 278 
immersing the clove material in a solvent and repeatedly cycling it through a 279 
heated chamber. In this study, we employed Soxhlet extraction with n-hexane 280 
for six hours, followed by rotary evaporation to remove the solvent. The final 281 
yield of CEO was determined to be 18% ± 1. Research by Guan (2007) 282 
utilizing supercritical fluid extraction yielded slightly higher results, with a 283 
19.5% yield. However, the choice of extraction method significantly impacts 284 
the composition of the extracted oil. Supercritical fluid extraction offers 285 
slightly higher yields but may have a greater impact on the oil's composition. 286 
Soxhlet extraction, with its milder conditions, promotes the extraction of 287 
volatile compounds, including eugenol, the primary component of CEO. It has 288 
been reported that the optimization process for oil extraction could be greatly 289 
influenced by the particle size of the clove material (Khajeh et al., 2004). As 290 
the particle size decreases, the surface area increases, leading to enhanced oil 291 
release from the broken-down cell walls. This, in turn, increases the extraction 292 
yield. However, excessively fine particles can co-extract compounds with 293 
higher molecular weights, potentially compromising the oil's purity and 294 
quality. Therefore, a balance must be sought between maximizing extraction 295 
yield and preserving the desired composition of the CEO (Reverchon et 296 
al.,1997).  297 

3.2. Antioxidant activity of clove essential oil (CEO) 298 

The concentration required to neutralize 50% of free radicals is termed IC50, 299 
with a lower value indicating stronger antioxidant potential. The IC50 values 300 
were computed through a graph plotting scavenging capability against 301 
concentration (Figure 1) (Lesjak et al., 2018). It assesses the inhibition 302 
percentages of CEO at concentrations from 0.002 mg/mL up to 2.5 mg/mL 303 
revealing, in Figure 1, a potent scavenging ability against DPPH radicals, with 304 
an IC50 value of 2.7 ± 0.13 μg/mL. The robust antioxidant efficacy of CEO 305 
may be attributed to its high phenolic content, notably eugenol, which serves 306 
as a protective agent against damage induced by reactive oxygen species (Kiki 307 
et al., 2023). This aligns with findings from Selles et al. (2020), who reported 308 
an IC50 value of 4.82 ± 0.06 × 10−2 μg/mL for the antioxidant activity of the 309 
same EO by means of the DPPH assay. 310 



Appendix III: Additional papers 
 

 

 

 

178 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

Figure 1. Dependence of inhibition (I mean %) on working concentration (C, μg/mL) of the clove 320 
essential oil (CEO) as investigated by DPPH Free-radical-scavenging activity of CEO.   321 

3.3. Encapsulation efficiency (EE), loading capacity (LC), and yield 322 

Table 1 presents the yield percentage of the encapsulated particles. As the 323 
concentration of CEO increased, the loading of CEO into the CHNPs 324 
decreased. This trend is consistent with findings from a previous study by 325 
Hasheminejad et al. (2019), who also encapsulated CEO using CHNPs. EE 326 
and LC of different formulations of CEO with CH are shown also in Table 1. 327 
The quantity of loaded CEO was assessed through UV–vis spectrophotometry, 328 
measuring absorbance at 282 nm. According to the obtained results, the EE% 329 
of CEO ranged from 3% to 16% (Table 1). Notably, employing 0.04 mg of 330 
CEO yielded the highest EE at 16%, with a slight decrease as CEO 331 
concentration increased, reaching 13% for 0.16 CEO and dropping to the 332 
lowest at 3% for 0.32 CEO; meanwhile, the lowest CEO amount resulted in 333 
an 8% EE. Generally, an increase in initial CEO content correlated with a 334 
decrease in EE. However, the maximum EE (16%) was achieved with a CH to 335 
OEO weight ratio of 1:0.04. The LC% of CEO, determined through UV–vis 336 
spectrophotometry experiments, ranged from 8% to 3% with varying initial 337 
CEO content (0.04 to 0.32 g/g CH) (Table 1). This decrease in encapsulation 338 
efficiency at higher CEO concentrations may be attributed to the saturation of 339 
CEO loaded into CHNPs, as suggested by previous research (Yoksan et al., 340 
2010). The observed decline in EE for samples prepared with higher initial 341 
weight ratios of CH to CEO might be attributed to the saturation of CEO 342 
loading within the CHNPs. This observation aligns with findings from 343 
previous studies (Ajun et al., 2009; Yoksan et al., 2010). 344 
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3.4. Particle size and surface charge measurements of encapsulated particles 345 

The impact of CEO addition on both size and surface charge, utilizing the ion 346 
gelation technique, was examined through DLS, and is detailed in Table 1. 347 
Employing this method and introducing STTP led to a significant reduction in 348 
the average particle size, although it did not reach the typical nanoparticle 349 
range of 1-100 nm (Rodríguez et al., 2016). Table 1 illustrates that untreated 350 
CH had an initial size of 1271, while the addition of STPP reduced it to 353. 351 
This size reduction may be attributed to enhanced polymer chain packing, 352 
facilitated by the abundant amino groups in CH that interact with the STPP 353 
(Russo et al., 2014). Furthermore, the influence of increasing CEO 354 
concentration on the average size and surface charge of CEO-loaded particles 355 
was investigated. In our study, the addition of varying amounts of oil resulted 356 
in decreasing average size, measuring 261, 287, and 212 nm for 0.04 CEO, 357 
0.16 CEO, and 0.32 CEO, respectively. Regarding surface charge, it was +67 358 
for CH, decreasing significantly to +24 for the 1:0.0 CH: CEO ratio, and 359 
experiencing a slight increase with the highest CEO amounts, reaching +27 360 
for the 1:0.32 CH: CEO ratio. Higher stability with a higher surface charge 361 
might be attributed to the completion of ion crosslinking due to increased 362 
protonation of amino groups (Table 1) (Woranuch & Yoksan, 2013, 363 
Hasheminejad et al., 2019).  364 

Table 1 365 

Encapsulation efficiency (EE%) and loading capacity (LC%) of CEO in chitosan (CH) nanoparticles 366 
(CHNPs) determined by UV–vis spectrophotometry, and Z-average diameter and Zeta potential of 0.5 367 
mg/mL CHNPs loaded with CEO using DLS. 368 

CH: STPP: CEO mass 

ratio (w/w) 
%EE %LC Yield (%) 

Z-average 

diameter (nm) 
Zeta potential (mV) 

1:0.0:0.0 0 0 - 1271±170 67±1.5 

1:0.4:0.0 0 0 11.6±2 353±15 a 24±3 a 

1:0.4:0.04 16±0.83  3±0.3 17.6±1 b 261±31 a,b 23±2 a 

1:0.4:0.16 13±2.0  8±0.5 18.5±3 b 287±34 a,b 26±3 a 

1:0.4:0.32 3.0±0.4 c 4±0.1 c 14.2±1 b 212±40 a,b 27±4 a 

 369 

The values that are significantly different compared to chitosan indicated by “a” (p < 0.05); the values 370 
indicated by “b” are significantly different (p < 0.05) from chitosan unloaded with CEO; the values 371 
indicated by “c” are significantly different (p < 0.05) from chitosan loaded with 0.04 CEO.  372 

3.5. Fourier transform infrared (FTIR) characterization. 373 
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The FTIR analysis was employed to characterize the chemical structures of 374 
CH powder, pure CEO, CHNPs, and CEO-loaded CHNPs, as illustrated in 375 
Figure 2. The spectrum of CH exhibited distinctive peaks, including those at 376 
3439 cm⁻¹ (O–H stretching), 2883 cm⁻¹ (C–H stretching), 1659-1553 cm⁻¹ 377 
(amide I stretching vibration), 1259 cm⁻¹ (C-N stretching and bending 378 
vibrations), 1378 cm⁻¹ (C–N stretching), 1157 cm⁻¹ (β−(1–4) glycosidic 379 
linkage), and 1074 cm⁻¹ (C–O–C stretching of glucose ring) (Figure 2A) 380 
(Yoksan et al., 2010; Woranuch & Yoksan, 2013). The characteristics peak at 381 
3439, 1659, 1550, 1324, 1594, 1422, and 1378 cm-1 corresponding to the 382 
stretching vibration of N-H and O-H groups engaged in intramolecular and 383 
intermolecular hydrogen bonds, C=O stretching of amide I, N-H bending of 384 
amide II, C-N stretching of amide III, N-H bending of the primary amine, CH2 385 
bending, and CH3 symmetrical deformations, respectively (Hejazi et al., 386 
2023). In the context of CHNPs, a comparative analysis of the CH spectrum 387 
(Figure 2B) reveals notable changes. Most peaks in the CHNPs spectrum are 388 
sharper, and a shift to the right is observed, indicative of interactions between 389 
the functional groups of CH and STPP. The emergence of a new peak at 2926 390 
cm-1 in the FTIR spectrum of CH with STPP, in contrast to neat CH, suggests 391 
the presence of aliphatic C-H stretching vibrations. This new peak is likely 392 
indicative of alterations in the aliphatic C-H bonding resulting from the 393 
interaction between CH and STPP.  Another new peak at 1740 cm-1 suggests 394 
that STPP may induce crosslinking reactions between CH molecules, 395 
potentially leading to the formation of new chemical bonds and the appearance 396 
of a carbonyl stretching peak. The interaction with STPP might also influence 397 
the degree of acetylation in CH, potentially resulting in the appearance of 398 
carbonyl groups. Moreover, specific changes in the FTIR spectrum include the 399 
shifting of the N–H₂ bending peak of amide II from 1553 to 1540 cm⁻¹. 400 
Additionally, new peaks at 1096 and 1250 cm⁻¹ are observed, attributed to the 401 
stretching vibrations of PO₃ groups and P=O, respectively. These findings 402 
suggest complex formation through electrostatic interaction between the 403 
ammonium groups of CH and the phosphoric groups of STPP (Figure 2B) 404 
(Yoksan et al., 2010). The spectrum of pure CEO revealed numerous peaks 405 
corresponding to various volatile compounds, with notable peaks at 3525 cm⁻¹ 406 
(O–H stretching), 2927–2850 cm⁻¹ (C–H stretching), and 1603 and 1431 cm⁻¹ 407 
(C=C stretching of the aromatic ring) (Figure 2F) (Woranuch & Yoksan, 2013; 408 
Feyzioglu & Tornuk, 2016; Sotelo-Boyás et al., 2017). Eugenol, a major 409 
component of CEO, exhibited characteristic peaks at 1511 cm⁻¹ and 1614 410 
cm⁻¹, corresponding to the C=C stretching of the aromatic moiety. Additional 411 
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peaks observed at 1265, 1236, 915, 818, and 795 cm⁻¹ were attributed to 412 
specific vibrational modes of eugenol and eugenol acetate (Figure 2F). In the 413 
spectrum of CHNPs-CEO, where different amounts of CEO (0.04, 0.16, and 414 
0.32 g) were encapsulated, peaks at 1731 cm⁻¹ (related to CH spectrum) and 415 
several peaks at 1539, 1265, 953, and 850 cm⁻¹ (related to CEO spectrum) 416 
were monitored (Figure 2C-E). The increased intensity of peaks at 2926–2849 417 
cm⁻¹ (C–H stretching) and 1454 cm⁻¹ (C=C stretching vibration of the 418 
aromatic ring) suggested potential interaction between CEO and CH matrix 419 
(Figure 2C-E) (Keawchaoon & Yoksan, 2011; Hosseini et al., 2013; 420 
Feyzioglu & Tornuk, 2016; Sotelo-Boyás et al., 2017). Notably, the spectra of 421 
CEO-loaded CHNPs (Figure 2C-E) exhibited a new and intense peak at 1652 422 
cm⁻¹, indicating the successful encapsulation of CEO within CHNPs. The 423 
shifting of this peak to the right with increasing CEO amount further supported 424 
the successful encapsulation and suggested changes in the chemical 425 
environment (Figure 2C-E). 426 

3.6. CEO-loaded CHNPs thermal properties 427 

The thermograms from the DSC investigations are shown in Figure Xa, where 428 
a large exothermic peak can be recognized for every sample. This is related to 429 
the loss of water during the dehydration of chitosan (Alkhader et al. 2017, de 430 
Moura et al. 2008). When pristine chitosan is crosslinked to generate CHNPs, 431 
its dehydration temperature (TD) rises from 77 °C to 91 °C. Furthermore, the 432 
total heat released during the dehydration process increases significantly, 433 
indicating a greater interaction between water and chitosan in the form of 434 
nanoparticles. The addition of CEO to the chitosan nanoparticles leads to a 435 
decrease in the TD (about 83-85 °C), in agreement with the CEO LC: higher is 436 
the CEO loading, lower is TD and the related reaction enthalpy. These results 437 
are in good agreement with the TGA analysis (Figure Xb), where it can be 438 
noticed that the CH sample experienced a lower weight loss up to 100° C (i.e., 439 
loss of hydration water), compared to the CHNPs at the various loadings. The 440 
thermal stability of CHNPs is decreased if compared to that of CH, as reflected 441 
by the decrease in degradation temperature from 300°C for CH to 242°C for 442 
the CHNPs. However, the nanoparticles show a higher thermal resistance at 443 
high temperatures (above 400°C), as also reflected by the presence of a residue 444 
at 600°C. 445 
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 446 

Figure X. (a) DSC and (b) TGA thermograms of chitosan (CH) powder, chitosan nanoparticles (CHNPs) 447 
and CEO-loaded CHNPs at different CHNPs/CEO ratios: 1:0.04, 1:0.16, 1:0.32. 448 

 449 

 450 

Figure 2. FTIR spectra of (A) chitosan (CH) powder; (B) chitosan nanoparticles (CHNPs), (F) Clove 451 
Essential Oil (CEO), and CEO-loaded CHNPs (C-E). The CHNPs/CEO ratios examined include (C) 452 
1:0.04; (D)1:0.16; (E) 1:0.32. 453 

3.7. Characterization of film forming solutions (FFSs) and of the derived 454 
films  455 

3.7.1.  Particle size and surface charge measurements 456 

Table 2 presents the average particle size and Zeta potential of the 457 
functionalized films (FFSs) prepared with varying CEO concentrations. The 458 
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average particle size of the FFSs increased with increasing CEO 459 
concentration, reaching 1431 ± 38 nm for the 0.32 CEO-CHNPs/PEC film. 460 
This expansion in particle size is attributed to the hydrophobic nature of CEO, 461 
which promotes aggregation of the CHNPs. The Zeta potential, a measure of 462 
electrostatic stability, decreased with increasing CEO concentration, 463 
indicating a reduction in electrostatic repulsion among the CHNPs. The 464 
negative zeta potential of -58 ± 1 for the PEC film is primarily due to the 465 
carboxyl groups of PEC (Esposito et al., 2016). The pH of the solution was 466 
maintained at approximately 7, ensuring the stability of the polysaccharide 467 
matrix. These findings suggest that the incorporation of CEO into CHNPs 468 
leads to increased aggregation and reduced electrostatic repulsion due to its 469 
hydrophobic nature.  470 

Table 2 471 

Z-average diameter (nm) and zeta potential (mv) of pectin films containing 30% glycerol (GLY), loaded 472 
with 5 mg of different ratios of chitosan nanoparticles (CHNPs) with/without CEO. The CHNPs/CEO 473 
ratios examined include 1:0.0, 1:0.04, 1:0.16, and 1:0.32. 474 

FFS Z-average diameter (nm) PdI Zeta potential (mV) 

PEC 867±4 0.3 -58±1 

0.0 CEO-CHNPs/PEC 766 ±21a 0.3 -57±2 

0.04 CEO-CHNPs/PEC 929±17 a,b 0.4 -53±3 

0.16 CEO-CHNPs/PEC 879 ±26 b 0.5 -55±1 a 

0.32 CEO-CHNPs/PEC 1431±38 a,b 0.4 -50±3 a,b 

 475 
The values that are significantly different compared to pectin FFS indicated by “a” (p < 0.05); the values 476 
indicated by “b” are significantly different (p < 0.05) from pectin unloaded with CEO. 477 

3.7.2. Film Mechanical characterization 478 

The mechanical properties of PEC films were assessed with and without the 479 
incorporation of CHNPs (5 mg) and CEO. The addition of CHNPs into PEC 480 
films significantly enhanced their TS and YM, with TS values increasing from 481 
2.00 ± 0.05 MPa to 6.00 ± 0.002 MPa and YM values increasing from 219.00 482 
± 60 MPa to 699.00 ± 50 MPa, respectively (p<0.05). These substantial 483 
increases in film strength and stiffness might be attributed to the interactions 484 
between CHNPs and PEC chains, which effectively crosslink and strengthen 485 
the polymer network which is likely attributable to the strengthened 486 
intermolecular interactions between biopolymer chains induced by 487 
nanoparticles. Comparable results were reported by Younis et al. (2019), who 488 
demonstrated that the addition of CH to PEC films resulted in a significantly 489 
enhanced TS of 6.49 MPa. Lorevice et al. (2016) demonstrated a similar trend, 490 
employing higher concentrations of PEC and CH while observing similar 491 
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enhancements in film stiffness upon incorporating CHNPs. The authors 492 
attributed this improved stiffness to the complementary interactions between 493 
CH's amine groups and PEC carboxylic groups. When films are subjected to 494 
stress, they absorb energy through various mechanisms. Part of this energy is 495 
absorbed by stretching the bonds between polymer chains, enabling alignment 496 
without breakage. The addition of CHNPs to PEC matrices necessitates the 497 
alignment of more polymer chains, requiring more energy (Lorevice et al., 498 
2016). Additionally, CHNPs are likely to disperse between adjacent chains, 499 
strengthening intermolecular interactions, reducing chain mobility, and 500 
consequently producing more resistant films. This mechanism could 501 
potentially explain the observed stiffness enhancement in this study (Figure 502 
3). The presence of CEO appeared to enhance the stiffness of the films, which 503 
is evident from the observation that the TS of the CEO-loaded films increased 504 
from 6.3 MPa for the unloaded film to 7.5 MPa for the film containing 0.32 505 
mg CEO/5 mg CHNPs (Figure 3). Conversely, the elongation at break (EB) 506 
decreased with increasing CEO content, indicating a reduction in film 507 
flexibility. The EB values ranged from 11% for the unloaded film to 4% for 508 
the film containing 0.32 mg CEO/5 mg CHNPs, suggesting that CEO-loaded 509 
films offer improved resistance. These findings align with previous studies, 510 
such as those of Santos et al. (2023), who investigated the effect of garlic oil- 511 
based CH nanocomposites on PEC films. The enhancement in mechanical 512 
properties can be attributed to the synergistic interactions between CEO, PEC, 513 
and CHNPs. CEO's aromatic compounds are known to interact with the 514 
hydroxyl groups on PEC molecules, forming hydrogen bonds that strengthen 515 
the polymer network. Additionally, the CEO's hydrophobic nature can induce 516 
interactions with the CHNPs, further crosslinking the film matrix and 517 
enhancing its mechanical integrity. The incorporation of CEO into 518 
CHNPs/PEC films not only improves their mechanical properties but also 519 
imparts antimicrobial and antioxidant properties which make CEO- 520 
CHNPs/PEC films a promising alternative to conventional synthetic 521 
packaging materials. 522 

 523 
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 524 

 525 

Figure 3. Mechanical characterization of pectin films containing 30% glycerol (GLY), loaded with 5 526 
mg of different ratios of chitosan nanoparticles (CHNPS) with/without CEO. The CH/CEO ratios 527 
examined include 1:0.0, 1:0.04, 1:0.16, and 1:0.32. The values that are significantly different compared 528 
to pectin unloaded with chitosan nanoparticles indicated by “a” (p < 0.05); the values indicated by “b” 529 
are significantly different (p < 0.05) from the films with chitosan nanoparticles- unloaded with CEO.  530 

3.7.3. Morphological analysis 531 

SEM images revealed distinct differences among unreinforced PEC films, 532 
PEC films loaded with CHNPs, and PEC films loaded with CHNPs containing 533 
the highest amount of CEO (0.32 CEO). The effect was particularly evident 534 
upon the incorporation of CHNPs and CEO, as evidenced by the formation of 535 
compact, homogeneous, and smooth microstructures (Figure 4). These 536 
observed structural changes are attributed to the synergistic interactions 537 
between PEC, CHNPs, and CEO, leading to improved film formation 538 
properties. The SEM morphology analysis demonstrated a clear distinction 539 
between PEC alone, CHNPs/PEC, and CEO-CHNPs/PEC films (Figure 4). In 540 
all cases, homogeneous and smooth microstructures were observed, indicating 541 
the compatibility of these materials for film formation. However, the addition 542 
of CHNPs resulted in a more compact and homogeneous structure, and the 543 
incorporation of CEO further enhanced this effect, eliminating any visible 544 
pores or cracks. These findings align with the study by Lei et al. (2019), who 545 
explored the incorporation of tea polyphenol into PEC films, observing similar 546 
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structural changes. The observed aggregation of CEO-CHNPs, stacked in 547 
compact layers, suggests that CEO was effectively distributed throughout the 548 
film matrix, forming strong interactions with the other components. This 549 
aggregation can be attributed to the hydrophobic nature of CEO, which can 550 
induce interactions with the CHNPs, further crosslinking the film structure and 551 
enhancing its mechanical integrity. The synergistic interactions between PEC, 552 
CHNPs, and CEO not only improve film formation properties but also impart 553 
enhanced mechanical strength and water vapor barrier properties as reported 554 
below.  555 

 556 

Figure 4. Scanning electron microscopy analysis (SEM) of (A) pectin films prepared with 30% glycerol 557 
(GLY);(B) pectin films containing 5 mg of chitosan nanoparticles (CHNPs); (C) pectin films with 5 mg 558 
of CEO-CHNPS at a ratio of CH: CEO equal to 1:0.32 at magnification 10000 x. 559 

3.7.4. Water vapor permeability (WVP) 560 

Table 3 summarizes the effects of incorporating CEO at varying 561 
concentrations on the WVP of PEC-based films. The WVP of films containing 562 
CEO was initially higher compared to the control film (PEC alone, 3.9 ± 0.2 563 
g·mm·m2·24h-1· kPa-1). However, the WVP gradually decreased as the CEO 564 
concentration increased indicating that CEO and CHNP-modified films 565 
significantly improved barrier properties compared to films without CEO. The 566 
CHNPs/PEC film exhibited a WVP value of 5.7 ± 0.2 g·mm·m²·24h-1· kPa-1, 567 
and the lowest permeability was already reached with particles having mass 568 
ratio of CH to CEO of 0.16. These values suggest the effectiveness of CEO, a 569 
mixture of hydrophobic compounds, such as allicin, in reducing WVP and 570 
permeance through the film.  This outcome may be attributed to the synergistic 571 
effects of the film matrix and CEO hydrophobicity. The homogeneous 572 
dispersion of CEO within the polymer chains creates hydrophobic sites that 573 
can effectively repel water molecules and reduce the interactions between 574 
hydrophilic groups, thereby enhancing the film barrier property (Bravin et al., 575 

CBA

CBA
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2004; Espitia, et al., 2014; Cazón, et al., 2017; Aitboulahsen, et al., 2020). 576 
Additionally, high-methoxylated PEC contains fewer carboxyl groups, further 577 
decreasing the hydrophilic sites available for water to interact with and 578 
promote permeation (Espitia, et al., 2014). In conclusion, the incorporation of 579 
CEO-CHNPs into PEC- films significantly improved their barrier feature 580 
toward water. The synergistic interactions between CEO-CHNPs and PEC 581 
resulted in a more hydrophobic film matrix, effectively reducing water 582 
absorption, and enhancing the film's ability to protect packaged food from 583 
moisture loss. These findings demonstrate the potential of PEC-based films 584 
(CEO-CHNPs/PEC) as a sustainable and effective alternative to conventional 585 
synthetic packaging materials. In fact, due to the well-known antimicrobial 586 
activity of CEO (mainly antifungal) (Hasheminejad et al., 2019) together with 587 
the efficient water barrier properties of the resulted materials, these films may 588 
have the potential to extend the shelf-life of different foods, such as ready-to- 589 
cook spices able to reduce the risk of mycotoxin contamination. 590 

Table 3 591 

Water vapor permeability (WVP) of pectin films containing 30% glycerol (GLY), loaded with 5 mg of 592 
different ratios of chitosan particles with/without CEO. The CHNPs/CEO ratios examined include 1:0.0, 593 
1:0.04, 1:0.16, and 1:0.32. 594 

Film type 
Water vapor permeation 

[g·mm·m2·24h-1· kPa-1] 

PEC 3.9±0.2 

0.0 CEO-CHNPs/PEC 5.7±0.2 a 

0.04 CEO-CHNPs/PEC 5.1±0.1 a 

0.16 CEO-CHNPs/PEC 4.4±0.2 a,b 

0.32 CEO-CHNPs/PEC 4.4±0.4 a,b 

The values that are significantly different compared to pectin unloaded with chitosan particles indicated 595 
by “a” (p < 0.05); the values indicated by “b” are significantly different (p < 0.05) from the films with 596 
chitosan particles- unloaded with CEO.  597 

3.7.5. Thermal properties 598 

The results of DSC and TGA analysis on pectin-based films are reported in 599 
Figure Y. As with CHNPs, pectin exhibits an exothermic peak associated with 600 
dehydration at 73 °C. The addition of CHNPs at various CEO loadings to the 601 
pectin film does not affects the amount of water absorbed, as shown by the 602 
TGA thermogram, but decrease the entity of water-polymer interactions 603 
(Martelli et al., 2013), as deducible by the decrease of TD to ~65 °C. 604 
Furthermore, the degradation temperature (~200 °C) is only slightly affected 605 
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by the addition of CEO-CHNPs, as well as the residue at 600 °C, which is 606 
increased from 20% for PEC to 25% for the CEO-CHNPs/PEC. 607 

 608 

Figure Y. (a) DSC and (b) TGA thermograms of pectin films (PEC), and pectin films loaded with 609 
different CEO-loaded CHNPs. 610 

 611 

4. Conclusions  612 

In this study, CEO was successfully encapsulated within CH for nanoparticle 613 
preparation (CHNPs) using an ion gelation technique for creating a bio-based 614 
formulation with enhanced stability. CEO was first extracted from clove pods 615 
yielding a substantial 18% oil extract and demonstrated a remarkable ability 616 
to scavenge free radicals, with an impressive 50% inhibition concentration of 617 
2.7 ± 0.13 μg/mL. By encapsulating the CEO within CH, we created a 618 
protective shield for the CEO from degradation and ensured sustained release, 619 
especially for one of the main active volatile compound eugenol. The 620 
encapsulation efficiency reached a maximum of 16% for 0.04 mg of CEO, 621 
while the loading capacity achieved 8% for 0.16 mg of CEO. The mean 622 
average size of the encapsulated nanoparticles exceeded 100 nm, attributed to 623 
enhanced complexation due to increased amino group protonation. Further 624 
FTIR analysis confirmed the successful complexation and encapsulation of 625 
CEO by CH. We expand our attempt to prepare edible films by physically 626 
blending the encapsulated CHNPs within citrus PEC. The blended films 627 
exhibited enhanced mechanical properties and improved water vapor barrier 628 
properties. These synergistic interactions between CEO-CHNPs and PEC 629 
resulted in a more hydrophobic film matrix, effectively reducing water 630 
absorption, and suggesting enhancing the film's ability to protect packaged 631 
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food from moisture loss  .  Overall, this study demonstrates the feasibility of 632 
developing bio-based active edible films with CEO-CHNPs blended with PEC 633 
for potentially enhancing the antimicrobial protection of packaged food.  634 
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