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ABSTRACT 
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The oral cavity is a heterogeneous environment, composed of different habitats with 

different characteristics, suitable for the establishment of different microbial 

populations. Microbial communities living in the oral cavity play a key role in oral 

health because they maintain local homeostasis, counteract establishment of 

pathogens, and modulate immune system. The alteration of this balance allows 

opportunistic pathogens to predominate; once organized in biofilms, they determine 

the onset of oral pathologies often difficult to treat. In this context, the use of natural 

compounds (propolis, herbs, spices) and probiotics represents innovative strategies 

to maintain/promote oral cavity health, reduce the occurrence of pathologies with 

infectious etiology and limit the inappropriate use of antibiotics that, in recent 

decades, has led to a dramatic increase in drug-resistance.  

Recently, a toothpaste and chewing gum, containing microcrystals of biomimetic 

hydroxyapatites (MicroR) and probiotics, have entered the market as interesting tools 

to limit tooth sensitivity and keep oral microbiota balance. In addition, initial in vitro 

evidence exists on the efficacy of pomegranate extract (PomeGr), as a source of 

bioactive molecules endowed with multiple beneficial effects, including antimicrobial 

activity. 

Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) and 

Candida albicans (C. albicans) are responsible for various clinical manifestations also 

in the oral cavity. Because of their strong ability to adhere and persist on abiotic and 

biotic surfaces, they often cause biofilm-associated infections, clinically relevant and 

difficult to treat. 

The purpose of this thesis was to evaluate in vitro several compounds, as new tools 

to counteract the production of bacterial and fungal biofilms in the oral cavity.  

First, we evaluated in vitro the effects of the MicroR and probiotics on oral 

microorganisms, obtained form saliva of healthy donors. Our study demonstrates 

that, by these oral hygiene products, microbial ability to persist and produce a biofilm 

onto orthodontic devices is deeply affected.  

Secondly, we investigated the effects of microR and PomeGr on biofilm production 

by P. aeruginosa, S. aureus and C. albicans, our data show that PomeGr and 

MicroR, alone or in combination, cause a decrease in biofilm production in all the 

cases, though to a different extent.  

Thirdly, when evaluating in vitro the anti-Candida effects of PomeGr, we demonstrate 

that fungal growth, biofilm formation, and autoinducer release are indeed altered 
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upon PomeGr treatment. In addition, by mass spectrometry, we were able to 

demonstrate the consumption of various phenolic compounds [pedunculagin, 

punicalin, punicalagin, grenadine, di-(HHDP-galloil-esoside)-pentoside, ellagic-

exoside], thus suggesting their role as bioactive molecules against Candida. 

Finally, we assessed the role of PomeGr against P. aeruginosa demonstrating the 

reduction of bacterial growth and biofilm formation. Furthermore, the consumption of 

specific phenolic compounds (pedunculagin, punicalagin, grenadine, punicalin, di-

(HHDP-galloyl-hexoside)) and the impairment of bacterial auto-inducers release were 

detected. 

Overall, these in vitro data open to clinical studies aimed at defining new protocols to 

efficiently promote oral homeostasis and counteract infections associated with oral 

biofilm formation. 
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La cavità orale è un ambiente eterogeneo, composto da diversi habitat con 

caratteristiche diverse, idonee allo stabilirsi di popolazioni microbiche diverse. Le 

comunità microbiche residenti nella cavità orale svolgono un ruolo chiave nella salute 

della bocca perché mantengono l’omeostasi locale, oppongono resistenza agli agenti 

patogeni e modulano il sistema immunitario. L’alterazione di questo equilibrio 

consente ai patogeni opportunisti di prevalere e, una volta organizzatisi in biofilm, 

determinare l’insorgenza di patologie orali spesso difficili da trattare. In questo 

contesto, l’impiego di composti naturali (propoli, erbe aromatiche, spezie) e probiotici 

rappresenta una strategia innovativa per mantenere la salute della cavità orale, 

ridurre l’insorgenza di patologie ad eziologia infettiva e limitare l’uso inappropriato di 

antibiotici che, negli ultimi decenni, ha portato ad un drammatico aumento della 

farmaco-resistenza.  

Recentemente, sono entrati in commercio un dentifricio (Peribioma) e una gomma da 

masticare, contenenti microcristalli di idrossiapatite biomimetici (MicroR) e probiotici; 

tali prodotti vengono proposti per limitare la sensibilità dentinale e mantenere il 

microbiota orale in equilibrio. Inoltre, studi in vitro hanno fornito le prime evidenze 

sull’efficacia dell’estratto di melograno (PomeGr), come fonte di molecole bioattive 

con molteplici effetti benefici, inclusa l’attività antimicrobica.  

Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) e 

Candida albicans (C. albicans) sono microrganismi responsabili di importanti 

manifestazioni cliniche. A causa, infatti, della loro forte capacità di aderire e 

persistere su superfici abiotiche e biotiche, spesso causano infezioni associate a 

biofilm, clinicamente rilevanti e difficili da trattare anche nel cavo orale. 

Lo scopo della presente tesi è stato quello di valutare in vitro l’attività di vari 

composti, quali nuovi strumenti per contrastare la produzione di biofilm batterici e 

fungini nel cavo orale.  

In primo luogo, abbiamo valutato in vitro gli effetti del dentifricio Peribioma e della 

gomma masticabile su microrganismi del cavo orale e sulla loro capacità di produrre 

biofilm. Il nostro studio ha dimostrato la capacità di questi prodotti di influenzare il 

comportamento dei microrganismi orali, compromettendone la capacità di produrre 

placca sui dispositivi ortodontici. 

In secondo luogo, abbiamo studiato gli effetti di MicroR e PomeGr sulla produzione di 

biofilm da parte di P. aeruginosa, S. aureus e C. albicans, dimostrando che PomeGr 
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e MicroR, da soli o in combinazione, causano un decremento nella produzione di 

biofilm in tutti i casi, sebbene con efficacia diversa.  

In terzo luogo, abbiamo valutato gli effetti anti-candida di PomeGr dimostrando che la 

crescita fungina, la formazione di biofilm e il rilascio di autoinduttori sono 

differentemente modulati dal trattamento del fungo con PomeGr. Inoltre, mediante 

spettrometria di massa, abbiamo rilevato il consumo di vari composti fenolici 

[pedunculagina, punicalina, punicalagina, granatina, di-(HHDP-galloil-esoside) -

pentoside, ellagico-esoside], suggerendo il loro ruolo come molecole bioattive contro 

Candida.  

Infine, abbiamo valutato il ruolo del PomeGr contro P. aeruginosa dimostrando la 

riduzione della crescita batterica e della formazione del biofilm. Inoltre sono stati 

rilevati il consumo di composti fenolici specifici (pedunculagina, punicalagina, 

granatina, punicalina, di-(HHDP-galloil-esoside) e un calo nei livelli di autoinduttori 

rilasciati. 

Questi dati in vitro aprono le porte a studi clinici volti a definire nuovi protocolli per 

promuovere l’omeostasi della cavità orale e contrastare le infezioni associate al 

biofilm orale. 
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1. Overview of the oral cavity  

A comprehensive examination of the oral cavity is important for obtaining an 

accurate diagnosis in clinical practice. Important information can be obtained through 

a systematic evaluation of both hard and soft tissues of the mouth. Where the main 

goal is to distinguish between health and disease, a full oral examination, along with 

a complete medical and dental history, also provides valuable information about the 

patient's overall health and well-being. It should be kept in mind that small changes in 

oral structure and function can adversely affect the quality of life that individual [1]. 

 

1.1 Microbiota of the Oral Cavity  

The microbiota of the oral cavity is the second after the intestinal microbiota, in 

terms of  diversity and abundancy  of microbial population [2-4]. The oral cavity is 

unique, because of the concomitant presence of hard and soft tissues (e.g., teeth 

and oral mucosa, respectively) [5]. Moreover, the oral mucosa consists of the internal 

mucosa (floor of the mouth, buccal and labial region, and soft palate), masticatory 

mucosa (gingival region and hard palate) and specialized mucosa (back of the 

tongue) (Figure 1) [6]. Such heterogeneity may explain the variations in the microbial 

populations hosted by the different niches. 
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Figure 1. Illustrative diagram depicting the diverse microbiota populations throughout the 

different oral cavity regions [6] 

 

The lining mucosa is covered by a non-keratinized epithelium, while the 

masticatory mucosa is covered by a keratinized epithelium. The surface of the 

specialized mucosa presents a complex structure, containing different types of 

papillae [7]. In addition, it is worth mentioning that bacterial composition of the dental 

plaque differs between supragingival and subgingival regions (Figure 1). 

Another crucial element of the oral cavity is the saliva, whose microbial 

composition is similar to that of the tongue lining; certainly, it also includes bacteria 

drained from the different oral cavity niches [6], as detailed in Figure 1.  

Focusing on the oral microbiota, by embracing the complexity of the oral cavity, 

can improve our understanding of the possible connections that occur between oral 

microbiota and general health in human being [7]. 

Different microorganisms, such as bacteria, fungi and archaea, are part of the 

oral microbiota [8]. In homeostatic balance, these symbiotic communities likely 

contribute to the healthy oral environment, that, in turn, has a systemic impact on 
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general health, as reported in the literature [9,10]. Accordingly, any change in the 

homeostatic balance of the oral microbiota leads to dysbiosis, which is implicated in 

the occurrence and progression of several local diseases and has often an impact on 

systemic diseases [11]. This is further emphasized by the detection of oral cavity 

microorganisms in many distant organ sites, such as the small intestine, heart, lungs, 

placenta, brain and etc [9,10]. 

In a healthy oral cavity, free-floating planktonic and sessile cells are present as 

well. Under the latter circumstances, some of these resident species as well as other 

pathogenic species may become responsible of oral infections/diseases often 

refractory to conventional antimicrobials [12]. This is at least partially due to the fact 

that bacteria have evolved specific survival strategies, including biofilm formation, 

thus facing with success exogenous stresses and changes in shear forces, 

nutrient/energy supply, temperature, pH and oxygen content [13].  

 

1.1.1 Dental plaque 

The use of advanced microscopy techniques in combination with molecular 

biology approaches, have allowed us to characterize the structure of the dental 

plaque in detail, also including the identification and quantitative evaluation of non-

culturable bacterial species [14].  

There are colonization sites on which dental plaque preferentially forms: stagnant 

sites that offer protection from physiological movements that occur inside the oral 

cavity such as swallowing, tongue movements, oral hygiene manoeuvres, salivation 

and the production of gingival crevicular fluid (GCF). As any other biofilm, the 

formation and development of the dental plaque occurs in three main phases (Figure 

2): 

1) attack of the pioneer bacterial species on the acquired film;  

The adhesion of the first pioneers to the enamel surfaces is mediated by the acquired 

pellicle. This organic film is formed through the selective absorption of salivary 

biopolymers on the tooth surface and acts as a link between the dental hard tissue 

and the oral environments. In particular, streptococci constitute 60-90% of the 

bacteria that colonize teeth in the first 4 hours after professional oral hygiene. 
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Streptococci play a vital role in coaggregating with other bacteria and this can be 

accomplished through cell-cell interactions such as competition, mutualism and 

communication. 

2) progressive accumulation of microorganisms through colonization of the 

surface, coadhesion (aggregation between a planktonic bacterium and a 

bacterium that has already adhered to the surface), coaggregation 

(aggregation between two cells in suspension) and extensive production of 

EPS;  

Once adhered, the pioneers begin to multiply, giving rise to microcolonies and 

forming the plaque in the process of formation in a few hours. The latter is further 

enriched with the presence of mushrooms. Fungi-bacteria interaction is based on 

physical or chemical factors, competition for nutrients or adhesion sites, and biofilm 

formation. As the hours go by, the plaque becomes more and more complex, with the 

coaggregation and colonization of capnophilic, microaerophilic and anaerobic 

microorganisms. 

3) detachment of bacteria from the biofilm and diffusion in the oral cavity 

environment; 

The low oxygen tension microenvironments will allow the colonization of other 

anaerobic microbial species. This type of plaque, stabilized one, can be observed 

after several days of development and is more frequently found in sites that are more 

difficult to reach by oral hygiene maneuvers or salivary flow. 
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Figure 2. Stages of biofilm formation. A) Proteins in solution are absorbed on the tooth 

surface forming the acquired pellicle. B) Bacteria begin to bind to the proteins in the scanned 

film. C) Bacteria of different species interact with each other and with the surface of the tooth 

and begin to secrete EPS, which engulfs them, giving rise to the biofilm. D) Bacteria multiply 

in the polysaccharide matrix they produce and begin to form colonies. 

Microorganisms are unable to colonize tooth surfaces until the acquired pellicle 

has formed, which is crucial for their adhesion. The acquired pellicle occurs on tooth 

surfaces a few minutes after oral hygiene, consists of a variety of salivary 

glycoproteins (mucins), oligosaccharides, proline-rich proteins (PRP) and staterin 

that allow bacterial adhesion [15]. Initially, when the biofilm-forming bacteria are 

located at a considerable distance, electrostatic, hydrophobic and Van der Waals 

forces allow the reversible adhesion of microorganisms to the tooth surface [15]. 

Then, the adhesion becomes irreversible and, by the time, bacterial mass increases 

in volume due to the growth of the microorganisms already adhered to the surface, 

the adhesion of new bacteria and the synthesis of new EPS. 

Some substances of the EPS, such as glucan and fructan, represent important 

substrates for many microbial species: in fact, they play a fundamental role in 

protecting microorganisms from host's immune defense mechanisms and this 

function becomes particularly significant when considering the cariogenic 

microorganisms [16]. 
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Antagonistic interactions are also present within the biofilm, as during caries 

development [17]. In fact, an excessive consumption of sugars by the host involves 

the production of organic acids, such as lactic acid and acetic acid; these acids are 

produced by bacteria which preferentially use the glycolytic pathway to produce 

energy, with the consequent reduction of the pH, down to values below 4 in which the 

balance between mineralization and demineralization is broken in favor of the second 

(Figure 3) [18]. Plaque acidification by acid producing bacteria, such as S. mutans 

and Lactobacilli, inhibits the growth of acid-sensitive bacterial species, which are no 

longer able to compete and this causes an increase of cariogenic bacteria within the 

biofilm [18]. 

 

Figure 3. Revised model of Gtf-glucan-mediated bacterial adherence and cariogenic 

biofilm development [18]. 

A very important property of the biofilm, which is particularly studied today, is the 

ability of bacteria to communicate with each other and thus regulate the metabolic 

processes within the sessile microbial community [19]. This phenomenon, known as 

quorum sensing (QS), consists in the production of chemical signals, in the form of 

soluble molecules, by the bacteria, which, depending on the cell density reached, are 

able to control important processes involved in microbial  virulence, such as spore 

formation, microbial growth, production of specific enzymes/catabolites and the 

formation/composition of the biofilm itself. 
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1.2 Relevance of oral hygiene 

A complete elimination of the “oralome” (summary of the dynamic interactions 

between the microbial communities that live in the oral cavity and the host) is not a 

reasonable perspective, as a eubiotic oralome provides health benefits to the host 

[20]. In this respect, the identification of novel strategies through with  the dysbiotic 

oralome could by modulated to restore an eubiotic state would be highly 

reccomended. Among others, frequent oral hygiene is an important tool for 

controlling the microbial load in the teeth and oral cavity and for preventing 

periodontitis and bacteremia [20]. 

Various oral hygiene measures have been proposed for plaque removal [21]. 

Substantial evidence suggests that individual plaque control procedures, such as 

conventional brushing with a fluoride toothpaste and anti-plaque chemical 

mouthwashes usage, significantly reduce gengival inflammation and bacterial plaque, 

provided that cleaning is sufficiently thorough performed at appropriate time intervals 

[21,22].  

When practiced regularly, oral hygiene maintains dental plaque in an immature 

state and/or in relatively small amounts, significantly reducing the chances of local 

damage and also of a bacteremic event compared to conditions where dental plaque 

is not removed effectively, such as in patients with periodontal disease [23]. Indeed, 

a correct oral hygiene potentially reduces the risk of systemic diseases in periodontal 

disease patients. To date, the frequency and duration of brushing required to clear 

plaque and prevent periodontal disease are still not fully understood, as longitudinal 

randomized controlled trials are lacking and difficult to perform. 

 

1.2.1 Antimicrobial agents effective against dental diseases                                 

In dentistry, the most common pathologies are of bacterial and fungal origin. As 

already mentioned, the EPS matrix not only provides scaffolding functions highly 

relevant for biofilm growth and persistence, but also it promotes crucial properties of 

biofilms, including spatial and chemical heterogeneities, synergistic/competitive 

interactions, and increased tolerance to antimicrobial agents [24,25]. For these 

reasons, numerous efforts have been dedicated at envisaging alternative 
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antimicrobial strategies, capable to directly affect biofilm-organized communities [26]. 

Specifically, ideal antibiofilm approaches include  prompt elimination of the pathogen, 

inhibition of an early biofilm, efficient disgregation/dispersion of the sessile 

community; also, treatments that avoid/limit  oral dysbiosis may represent a 

potentially successful approach against biofilm-associated oral infections [27,28]. 

Furthermore, the development of innovative strategies in dentistry that, excluding 

conventional antibiotics may specifically target unique characteristics of the biofilm, 

will minimize a further expansion of the drug resistance [29]. 

Nanomaterials have been used since their discovery in the 1980s, in many fields 

including medicine, where they have revolutionized the concept of what a material is 

and how can be used [30]. Many nanomaterials, such as those including silver, 

copper oxide, zinc oxide nanoparticles, titanium oxide, and graphene may exhibit 

antimicrobial properties [31,32]; similarly, quaternary polyethyleneimized ammonium, 

chitosan, and silica nanoparticles happen to effectively control/contain biofilm 

formation [33]. In recent years, attention has been drawn to the application of 

nanomaterials for drug delivery, either as a carrier with specific affinity to tooth 

surfaces or as a drug for its inherent antimicrobial properties [34,35]. Importantly, 

some "smart" drug delivery systems are even able to deliver the drug in a targeted 

way, releasing the active molecule from the nanoparticles in response to certain 

environmental stimuli, such as pH, glucose or bacterial products [36]. 

Dental caries, periodontal disease and endodontic lesions are indeed caused by 

bacterial and fungal pathogens: Streptococcus mutans, Streptococcus salivarius, 

Streptococcus sanguinis, Porphyromonas gingivalis, Prevotella intermedia, 

Aggregatibacter actinomycetemcomitans, Enterococcus faecalis, Candida albicans, 

etc [37]. In this scenario, prevention, mainly based on the reduction of bacterial 

biofilm through an oral everyday hygiene, is crucial. The active ingredients most used 

in mouthwashes and toothpastes are chlorhexidine, hyaluronic acid and fluorides. 

Although effective, they may have some clinical disadvantages: tooth discoloration, 

taste changes, dry mouth, supragingival tartar accumulation and oral mucosal lesions 

[38,39]. 

In preventing and counteracting carious process, it is important to mention the 

cyclical event of  demineralization and remineralization, where the remineralization 
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process is a natural tooth repair mechanism to restore the presence of minerals in 

the hydroxyapatite (HAP) crystal lattice in ionic forms [40]. There are many types of 

remineralizing agents and many of them are being used clinically to treat dental 

caries, with positive results. In addition to fluorides, remineralizing agents are broadly 

classified into the following categories: calcium phosphate materials (such as alpha 

tricalcium phosphate and sodium calcium phosphosilicate), nanoparticles, 

polydopamine, oligopeptides, theobromine and arginine [41].  Also, nanoparticles of 

silver (NAg) and amorphous calcium phosphate (NACP) can reduce acid production 

in dental plaque and facilitate remineralization [42]. Also, it has been demonstrated 

that NAg may exert antimicrobial effects, through disruption of bacterial membranes 

and inhibition of some cellular enzymes, while NACP enables the release of 

calcium/phosphate ions to promote remineralization [43]. 

 

2.   Innovative compounds for use as antimicrobial tools in oral health 

When lifestyle changes, members of the resident microbiome may be altered and 

their beneficial activity may be lost, sometimes by displacement of certain microbial 

species [44]. In particular, increasing evidence documents that antibiotic treatment 

often causes mucosal dysfunctions due to disturbance/alteration of the indigenous 

mucosal microbiota. Such condition, ending in niches emptied of beneficial bacteria, 

provides a precious opportunity for pathogens to colonize, persist and proliferate. 

Thus, “colonization resistance” is named the protective effect of resident microbial 

communities against pathogens [45].  

The use of dietary carbohydrates can lead to extensive demineralization of tooth 

enamel by the metabolic activity of acidogenic bacteria, while, when occurring, 

alkalization promotes remineralization and, in turn, restoration of enamel integrity 

[46]. The two main substrates for alkali generation in the oral biofilm have been 

shown to be urea and arginine [47]; in particular, through the metabolic pathways of 

the latter, oral commensals produce alkali [48]. A predominant pathway of arginine 

metabolism in bacteria is the arginine deiminase system (ADS), producing ornithine, 

ammonia, CO2 and ATP [48]. It is known that different microorganisms, such as oral 

streptococci, including S. sanguinis, S. gordonii, S. parasanguinis, S. intermedius, S. 

cristatus, and S. australis, but also certain Lactobacillus species and some 
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spirochetes can express ADS [46]. Numerous studies have claimed that the use of 

toothpaste containing arginine can significantly increase the activity of ADS in the 

plaque of caries-active individuals, bringing an environment similar to that of caries-

free individuals [49,50]. These data underline the possibility that increasing the 

availability of exogenous arginine in the oral environment may be a new approach for 

biofilm control. Furthermore, several natural products have been proposed as 

alternative or adjunctive therapies against oral biofilm. Their numerous biological 

activities make them promising and interesting; yet, their biochemical composition 

remains uncertain and deserves special attention [51]. Notoriously, in many natural 

products, such as green tea, propolis, blueberries, grapes, coffee, cocoa, 

pomegranate, etc., the most active ingredients are polyphenols, namely substances 

that contain at least one aromatic ring with one or more hydroxyl groups, and other 

substituents [52].  

 

2.1 Biomimetic compound – Microepair 

Teeth, like bone tissue of vertebrates, are formed by a natural composite 

material, whose main component is hydroxyapatite carbonate (65-70% of the dentin 

and over 90% of the enamel) [53]. 

Tooth enamel is mainly made up of large prismatic crystals of hydroxyapatite with a 

high degree of crystallinity and a very low percentage of protein component (Figure 

4). The enamel of an adult individual does not contain cells and is therefore unable to 

regenerate [53]. Any deterioration is irreversible because there are no biological 

processes capable of repairing the damaged enamel.  
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Figure 4. Schematic of potential mechanism of enamel formation. Blue: enamel that is more 

recently deposited, younger, with higher protein content. Yellow: enamel that is further 

developed and more mature, older enamel, more mineralized with lower protein content [53]. 

 

Even the dentin, exposed to the oral environment, does not undergo regeneration 

since the deposit front of the reparative dentin occurs on the internal surfaces of the 

crown, i.e., near the dental pulp [54]. It follows that any reparative intervention is 

entrusted to the use of materials or substances unrelated to the metabolism of the 

dental tissue, substances that can be precipitated from saliva or synthetic materials. 

The microRs are crystals of carbonate hydroxyapatite-Zinc substituted. They are 

created in the laboratory, through an innovative synthesis, by controlling the 

micrometric aggregation of nanometric crystals. The composition of these 

microparticles is very similar to that of dental enamel. This similarity gives the 

microRs the biomimetic property, so that the microparticles can integrate within the 

enamel and dentin in a persistent way, in any condition, repairing the tissue in a 

uniform and natural way [55]. Thanks to the presence of positive and negative free 

charges in the phosphate and calcium ions, the hydroxyapatite of the microRs 

interacts with the hydroxyapatite of the tooth by linking to it in a persistent manner. 

The microRs form a homogeneous coating on the tooth surface, penetrating the 

enamel lesions; it chemically binds to, repairs and remineralizes the dental tissue. 
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2.2 Biological compounds: Probiotics & Pomegranate 

2.2.1. Probiotics 

Probiotics are microorganisms which, if administered in adequate quantities, 

confer benefits on the health of the host, through mechanisms of stabilization of the 

microbial flora and modulation of the immune system [56]. The use of probiotics has 

traditionally been employed for intestinal eubiosis reconstitution; recently, a growing 

number of potential applications in dentistry has been proposed. 

Several foods naturally contain vital non-pathogenic microorganisms, that when 

ingested in adequate quantities, may exert beneficial effects on the human organism. 

According to Chen et al., [57] these microorganisms are live bacteria, must not be 

pathogenic or toxic, deal with the rebalancing of the intestinal bacterial flora and are 

"lactic ferments", because are capable of producing lactic acid. These "good" 

bacteria, which mostly belong to the genera Lactobacillus and Bifidobacterium, carry 

out a protective activity of the epithelium through the reduction of the intraluminal pH. 

Also, they compete with potential pathogens. Furthermore, they affect mucosal 

permeability and in turn also intestinal motility. They can stimulate the secretion of 

mucus and exert an antimicrobial action, as they are responsible for the production of 

H2O2 and bacteriocins. They also modulate host immune system at mucosal level, as 

they promote the production of anti-inflammatory cytokines and the decrease of the 

pro-inflammatory ones. Finally, they stimulate IgA production, cell-mediated immunity 

and NK cell activity [57].  

The oral cavity is considered a favorable habitat for studying the relevance of 

probiotics [58]. The administered probiotics can adhere to the surfaces of mucosal 

cells, colonize them and possibly play a protective role by competing with oral 

pathogens.  

Given the microbial etiology of caries and taking into account the main treatment 

strategies of periodontal disease are: a) the elimination of specific pathogens and b) 

the suppression of an excessive inflammatory response by the host. The probiotics 

may represent an innovative approach, possibly used in support of traditional 

strategies in the treatment of oral diseases [59]. 
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2.2.2. The pomegranate: the plant and the fruit 

The pomegranate (Punica granatum, L.) is a plant belonging to the Punicaceae 

family (or Lythraceae, according to the Angiosperm Phylogeny Group classification). 

It is a dicotyledonous angiosperm plant, superior that reproduce itself through 

flowers. It is a small tree which, thanks to its ability to adapt to adverse conditions, is 

widespread in arid and semi-arid regions of Iran, Himalaya mountains, northern India, 

China, United States and many Mediterranean regions [60]. In Italy, the most 

common cultivation is the horse tooth, most suitable for this area, because it is 

resistant to the rigid and low temperature of winter. 

The pomegranate can be divided into different anatomical compartments, each 

having interesting pharmacological and nutraceutical activities: red and 

hermaphroditic flowers, fruits with hard and leathery yellow-red skin, opposite and 

glossy leaves, bark and roots [60]. 

The fruit of the pomegranate, pomegranate or grenade, is a round berry with a 

hard and leathery yellow-red exocarp (skin), a light yellow spongy mesocarp (albedo) 

and a thin and membranous endocarp which protects the seeds surrounded by the 

sarcotesta (aryl), external and fleshy envelope of the ruby red seed (Figure 5). 

 

Figure 5.  Composition of the pomegranate fruit (a = external section, b = internal 

section, c = exocarp or peel, d = mesocarp, e = endocarp, sarcotesta or aril). 

 

The sarcotesta, the edible part of the fruit, represents 52% of the whole fruit by 

weight and includes 78% juice and 22% seeds. The fresh juice is a source of 
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polysaccharides, organic acids, pectins, polyphenols, vitamins and minerals, while 

the seeds are rich in lipids, proteins and polyphenols [61]. 

The peel and the mesocarp, inedible fractions, represent the remaining 48% of 

the whole fruit and are the main source of bioactive substances, such as 

polyphenols, flavonoids, phenolic acids and polysaccharides [62]. Approximately 48 

phenolic compounds have been identified, with antioxidant, antimicrobial, 

antibacterial, anti-inflammatory, and anticancer properties. The most interesting 

compounds include (Figure 6): 

• anthocyanidins (delphinidin, cyanidin, pelargonidin), water-soluble pigments 

and flavonoids responsible for the color and bitter taste, 

• gallotannins (gallic acid esters) and ellagitannins (ellagic acid, ellagic acid 

esters, punicalagin, pedunculagin), tannins hydrolyzable in sugars and free phenolic 

acids, 

• hydroxycinnamic acids (coumaric acid, caffeic acid) and hydroxybenzoic acids 

(gallic acid): phenolic acids. 

 

Ellagic acid Gallic acid

Punicalagin

Figure 6. Main phenolic compounds of pomegranate (ellagic acid, gallic acid and 

punicalagin). 
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The antioxidant capacity of hydrolysable tannins and anthocyanidins is linked to 

their structure: they are hydroxyphenols, polyphenols with hydroxyl groups, capable 

of donating hydrogen atoms to free radicals and inhibiting the oxidation reaction [63]. 
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Microbial communities in the oral cavity play a key role, because they maintain 

local homeostasis, provide a barrier against pathogens, and modulate host immune 

system. The alteration of this balance allows opportunistic pathogens to predominate 

and organize themselves in biofilms, determining the onset of oral pathologies often 

difficult to treat. In this context, the use of natural compounds (propolis, herbs, 

spices) and probiotics represents an innovative strategy to maintain the health of the 

oral cavity and reduce the occurrence of infectious diseases, limiting the 

inappropriate use of antibiotics that, in recent decades, has led to a dramatic 

increase in drug-resistance.  

The purpose of this thesis was to evaluate in vitro new tools to counteract the 

production of bacterial and fungal biofilms in the oral cavity. The results obtained 

during the 3-years PhD, which were published in peer-reviews journals, are 

herebelow organized in 4 main chapters, as follows: 

▪ Chapter 1 – Antibacterial effects of MicroRepair®BIOMA-based toothpaste and 

chewing gum on orthodontic elastics contaminated in vitro with saliva from healthy 

donors: a pilot study.  

▪ Chapter 2 – Novel options to counteract oral biofilm formation: in vitro evidence  

▪ Chapter 3 – Pomegranate extract affects fungal biofilm production: consumption of 

phenolic compounds and alteration of fungal autoinducers release. 

▪ Chapter 4 – Attenuation of Pseudomonas aeruginosa virulence by pomegranate peel 

extract  
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Abstract 

Several new products with innovative formulations are being proposed to facilitate 

oral care. Here, we evaluated the effects of a commercially available product, a 

toothpaste and chewing gum named Biorepair Peribioma, on oral microorganisms of 

healthy subjects. Saliva from six volunteers was collected during 20 min of 

mastication of a traditional gum (gum A) and the Biorepair Peribioma gum (gum P). 

Orthodontic elastics (OE) were in vitro contaminated with salivary samples, both A 

and P, and subsequently exposed or not to a Biorepair Peribioma toothpaste-

conditioned supernatant (Tp-SUP). The salivary samples were tested for initial 

microbial load; hence, the contaminated OE were assessed for microbial growth, 

adhesion, biofilm formation and persistence; moreover, species identification was 

assessed. We found that the salivary samples A and P had similar microbial load; 

upon contamination, microbial adhesion onto the OE was detected to a lower extent 

when using Saliva P with respect to Saliva A. Microbial growth and biofilm formation, 

assessed at 24 h, remained at lower levels in OE exposed to Saliva P, compared to 

Saliva A. This difference between salivary samples A and P was confirmed when 

measuring biofilm persistence (48 h), while it was lost in terms of microbial re-growth 

(48 h). The Tp-SUP treatment drastically affected microbial load at 24 h and strongly 

impaired biofilm formation/persistence, in OE exposed to both salivary samples A 

and P. Finally, such treatment resulted in consistent overgrowth of Lactobacilli, 

bacterial species originally present both in the Biorepair Peribioma toothpaste and 

gum. In conclusion, by an in vitro pilot study, we show that the Biorepair Peribioma 

toothpaste and gum deeply affect oral microorganisms’ behavior, drastically impairing 

their ability to contaminate and produce plaque onto orthodontic devices. 
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1. Introduction 

The oral cavity is a highly complex ecological niche, comprising resident microbial 

communities that crucially participate at the maintenance of local homeostasis. The 

latter can be affected by several factors, such as poor oral hygiene, poor diet, and 

use of drugs, as well as occurrence of dental appliances. In addition, 

immunodeficiency or a variety of systemic diseases greatly impact on oral health 

[1,2]. When the homeostasis of the oral microbiota is perturbed by external factors, 

high numbers of opportunistic pathogens can prevail locally and organize themselves 

in microbial biofilms. The latter predispose to the onset of oral diseases, by 

promoting a persistent and deleterious inflammatory process [3]. 

Saliva is a fundamental element in oral health. It is responsible for continuous 

clearing of substances and acids neutralization as well; in addition, because of its 

high content in inorganic ions, it also helps the remineralization process, constantly 

occurring on teeth surfaces [4]. The protection of oral tissues provided by saliva 

occurs also by moisturizing and buffering them with high calcium and phosphate 

concentrations [5]. Saliva contains antimicrobial compounds, such as lysozyme, 

lactoferrin and lactoperoxidase, which control both resident microbiota and potential 

oral pathogens, by interfering with their multiplication rate or by a direct killing activity. 

Lysozyme acts on peptidoglycan, the fundamental component of bacterial cell wall. 

Lactoferrin acts as an iron-sequestering agent, therefore depriving bacteria of an 

important element for their metabolic processes. Peroxidase intervenes in the redox 

balance of the oral environment, by neutralizing the hydrogen peroxide produced by 

oral bacteria [6]. Saliva also contains essential biological components, such as 

salivary mucins and glycoproteins, which promote epithelial cell health as well as 

early dental plaque development [7]. Mucins are very resistant to a variety of 

proteolytic enzymes occurring in the bacterial plaque around the teeth and in the 

crevicular area, especially in patients with periodontitis. In addition, mucin is 

protective and prevents ulceration in soft tissues membranes. In inflammatory 

diseases, proteases are also generated by polymorphonuclear (PMN) leukocytes. 
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Bacterial and PMN proteases (such as elastase, collagenase and cathepsin) affect 

the integrity of the mucous membranes [8]. Upon secretion, saliva is sterile, but soon 

it becomes an important vehicle for microorganisms in the oral cavity. 

Depending on their ability to closely adhere to biotic and abiotic surfaces and to 

aggregate with each other, some oral microorganisms can easily produce biofilm 

both on teeth and on orthodontic appliances and dental prostheses [9]. As a result, 

they can exert their pathogenic potential locally, negatively affecting oral homeostasis 

and/or directly damaging oral tissues, including mucous membrane, enamel and 

cement [10–13]. 

The most frequent oral diseases are caries and periodontitis, both associated with 

the presence of disease-promoting bacterial biofilms on tooth surfaces. Dental caries 

prevalence is steadily increasing [14] as well as periodontitis, which is commonly 

observed as a chronic disease, generally developing from gingivitis [15,16]. The 

microbial species most commonly implicated in caries lesions are  

Streptococcus mutans (S. mutans) and Streptococcus sobrinus (S. sobrinus) [17]. 

Differently, Streptococcus salivarius (S. salivarius) is considered for its role in 

prevention of dental caries [18], periodontal disease [19], and halitosis [20]. In this 

scenario, the possible synergistic or antagonistic relationships among different 

microbial species and their impact on tooth structure and/or on periodontium 

inflammation are being investigated. Interestingly, probiotic bacteria have been 

proposed as a means to counteract the onset of periodontal disease, thanks to their 

capacity to inhibit the proliferation of pathogenic germs within the periodontium. In 

particular, initial studies describe the use of probiotics, such as Lactobacillus and 

Bifidobacterium spp, to contain the level of S. mutans, thus exerting a beneficial role 

for the oral environment homeostasis [21,22]. 

Therefore, the “bacteriotherapy” represents a novel approach with enormous 

potential in the management of oral health and in the containment of local 

dysmicrobism. In addition, recent studies highlight the effectiveness of various 

natural substances on supporting oral homeostasis; besides exerting direct 

antimicrobial activity, such substances have the ability to counteract dental plaque, 

caries formation, tooth staining, gingival inflammation; also, promotion of enamel 

recalcification has been documented [23,24]. 
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Several dental malocclusions need to be treated through removable orthodontic 

clear aligners (Frankel, Bionator, etc.), or fixed orthodontic appliances, such as 

brackets, tubes or bands, several types of archwires, ligating materials and others. 

These orthodontic materials, that per se offer a reliable support for microbial 

adhesion, significantly reduce the efficacy of patient’s oral hygiene, making way for 

debris retention areas; the latter will ultimately facilitate microbial persistence and 

growth with subsequent development of dental caries, periodontal diseases or other 

oral infections [25]. 

Clinical experience reveals that, because of the complexity of brackets design 

and/or ligation methods, is uncommon to encounter patients with cleaned fixed 

appliances and microbial plaque carefully removed [26,27]. According to the 

literature, among different types of orthodontic materials, elastomeric chains or single 

elastics are highly involved in favoring microbial adhesion/colonization and in turn 

cross-infections [28,29]. When using these polyurethane devices, it should also be 

considered that they may undergo alterations to different degree upon contact with 

physical/chemical agents [30]. 

The importance of plaque control in maintaining oral health leads to the 

continuous search for innovative products. In this context, it has recently produced a 

new fluorine-free toothpaste and a chewing gum, both named Biorepair® 

PERIBIOMATM (Coswell S.p.A., Bologna, Italy), have been recently put on the 

market. These two innovative products contain microRepair®BIOMA (Coswell S.p.A., 

Bologna, Italy), consisting of biomimetic hydroxyapatite microcrystals combined with 

selected probiotics aimed at promoting balance of oral microbiota. Such products are 

expected to repair tooth enamel, protect from microbial plaque formation and help to 

contain/prevent inflammation and gingival bleeding; in particular, hydroxyapatite 

crystals are able to bind enamel and dentine, reducing sensitivity and favoring tooth 

enamel remineralization. The hydroxyapatite crystals also mediate antimicrobial 

functions by releasing locally calcium, phosphate and zinc ions, especially when the 

tooth is affected by dental plaque or under acid pH conditions [31,32]. In accordance 

with the manufacturer’s guidelines, they can be used for clinical application at all 

ages, even in kids, with no risks related to ingestion. Actually, children are possibly 
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tempted to the idea of chewing a gum and therefore are easily encouraged towards 

oral hygiene. 

Nowadays, there is a lack of microbiological research in this field, which makes 

the present work a novelty in the field of oral hygiene maintenance, providing an 

original input for the introduction/implementation of novel easy-to-use tools in clinical 

practice. 

The aim of the present study was to evaluate in vitro the effects of the Biorepair 

Peribioma toothpaste and gum on oral cavity microorganisms. Accordingly, salivary 

samples, collected from healthy volunteers during gum mastication, were used to 

contaminate in vitro orthodontic elastics (OE); then, microbial growth, biofilm 

formation and persistence were analyzed at different times in the presence or 

absence of the toothpaste. Consistent antimicrobial effects were observed.  

The clinical implications of these findings are discussed. 

 

2. Materials and Methods 

2.1. Chewing Gums and Toothpaste-Conditioned Supernatant Preparation 

Two different types of chewing gums, a traditional gum (Vigorsol) and the 

Biorepair®PERIBIOMATM gum (Coswell S.p.A., Bologna, Italy), both sugar-free, 

hereafter indicated as gum A and gum P, were provided to the volunteers for saliva 

collection, as detailed below (see Section 2.2). 

The Biorepair®PERIBIOMATM toothpaste was used to prepare a toothpaste-

conditioned supernatant. In particular, 50 gr of toothpaste were suspended in 100 mL 

of saline solution and incubated for 18 h at 37 °C, under gentle shaking.  

After incubation, the opalescent solution was centrifuged at 1200 rpm for 10 min and 

the supernatant collected, aliquoted and frozen at -20 °C (hereafter indicated as  

Tp-SUP).  

2.2. Volunteer Selection and Saliva Collection 

Six healthy volunteers were selected according to several inclusions and 

exclusions criteria, in line with other studies on the efficacy of toothpastes [33,34]. In 

particular, the inclusion criteria were: both genders, age between 18–64 years,  

self-declaration of no basic pathologies and no pregnancy; the exclusion criteria 
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were: non-compliance of the subjects regarding to oral hygiene instructions, use of 

mouthwashes and antibiotics during the last month. For all the volunteers enrolled, 

mouthwashes use was prohibited for the entire duration of the study; food and drink 

were allowed up to 1 h before saliva collection. The enrolled subjects were asked to 

provide their saliva at least in 3 sessions (every 2 weeks). Here below, are presented 

the peculiarities of the volunteers: sex: 3 males and 3 females, age range: 25–51; 

body mass index range: 23, 9–28, 7; no diseases; no pregnancy. 

Saliva collection was performed as detailed in the flow chart (Supplementary 

Material, Figure S1). Firstly, three volunteers (1, 2 and 3) chewed the gum A and the 

other three volunteers (4, 5 and 6) chewed the gum P, for 20 min, during which saliva 

samples were collected and named A1, A2, A3 and P4 P5, P6. Secondly, the 

volunteers were asked to rinse their mouths with fresh water and then the volunteers 

1, 2 and 3 chewed the gum P while the volunteers 4, 5 and 6 chewed the gum A, for 

further 20 min. During that time, a second series of saliva samples (Saliva A4, A5 

and A6, and saliva P1, P2 and P3) were collected. Subsequently, all the saliva 

samples were delivered to the microbiology laboratory, where saliva A1–A6 were 

pooled as well as the saliva P1–6 (equal volumes from each volunteer were mixed) 

and immediately used as detailed below. 

The present study had been approved by the local Ethics Committee  

(Prot. AOU: 14075/20; Prot. EC: 0014230/20, dated 21 May 2020). 

2.3. Assessment of Microbial Load and Identification of the Main Culturable Species 

Initially, the Saliva A and P pools were analyzed to establish the microbial load, by 

Colony Forming Units (CFU) assay on selective growth media (Tryptic Soy Agar, 

Sabouraud Dextrose Agar, Mitis Salivarius Agar and De Mann-Rogosa-Sharpe Agar; 

OXOID; Milan, Italy) under aerobic conditions. The colonies grown after 24 h were 

phenotypically clustered by color, morphology, size and counted. Subsequently, 

representative colonies of each type were sub-cultured in Columbia agar plates 

(OXOID; Milan, Italy) and then identified by MALDI-TOF MS (Bruker Daltonics, 

Bremen, Germany) and by API® IDENTIFICATION KIT (Biomerieux, Marcy l’Etoile, 

France). 
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2.4. Contamination of the Orthodontic Elastics by Saliva 

For the present study, the orthodontic elastics (OE) were provided by Leone S.p.A. 

Florence, Italy. The OE were sterilized by autoclave at 121 °C, for a cycle of 15 min, 

as indicated elsewhere [35,36]. Then, the OE were exposed to the Saliva A and P 

pools for in vitro contamination, in line with previously described protocols [37]. 

Briefly, the OE were placed in a 1.5 mL tube containing saliva A or P (100 μL/elastic) 

and incubated for 1 h at 37 °C with 5% CO2, under gentle shaking. 

2.5. Evaluation of Microbial Adhesion onto OE, Growth and Biofilm Formation 

During the 1 h contamination, the samples were concomitantly exposed to the 

Carboxy-fluorescein Diacetate, Acetoxymethyl Ester (CFDA), that measures both 

enzymatic activity and cell-membrane integrity (Thermo Fisher Scientific, Waltham, 

MA, USA), according to manufacturer’s instructions. After the 1 h incubation, the 

elastics were washed with warm saline and transferred to 96 well black microtiter 

plate, where each well was filled with 100 μL of fresh Tryptic Soy Broth (TSB), 

supplemented with 2% sucrose (OXOID; Milan, Italy); then, the plate was read at the 

Fuoroskan microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The 

fluorescence signal (excitation/emission: 485/538 nm) was expressed as relative 

fluorescence units (RFU) and considered as a measure of microbial adhesion to the 

OE (RFU/OE). 

The plate was further incubated for 23 h at 37 °C with 5% CO2. Then, samples 

were exposed to saline or Tp-SUP (100 μL/well) and the CFDA reagent was added 

again for additional 1 h. At the end of such incubation time (24 h), total microbial 

load/well was assessed by CFU assay and species identification was performed by 

MALDI-TOF MS and API system, as detailed above. In parallel samples, the OE 

were washed twice with warm saline, transferred to new wells with fresh TSB plus 

2% sucrose and the RFU was measured by Fluoroskan microplate reader.  

The fluorescence signal (excitation/emission: 485/538 nm) was expressed as RFU 

and taken as a measure of biofilm formation onto the OE (RFU/OE). 
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2.6. Evaluation of Microbial Re-Growth and Biofilm Persistence 

The OE were further incubated up to 48 h from contamination. Then, microbial  

re-growth was assessed by CFU analysis and the isolates were identified as detailed 

above. In parallel groups, the CFDA reagent was added; 1 h later, the OE were 

washed with warm saline and then residual biofilm was measured by fluorescence 

analysis, as previously described. The fluorescence emission by live cells 

(excitation/emission: 485/538 nm) was expressed as RFU and taken as a measure of 

residual biofilm onto the OE (RFU/OE). 

 

2.7. Statistical Analysis 

Data depicted in the graphs are the mean ± SEM from replicate samples of at 

least 3 independent experiments. Quantitative variables were tested for normal 

distribution by Shapiro–Wilk test. Statistical differences between groups were 

analyzed according to Mann–Whitney U test (Figure 1) or Kruskal–Wallis followed by 

Dunn’s multiple comparisons tests (Figures 2 and 3) by using GraphPad Prism 8. 

Data depicted in the tables are the CFU mean values of 3 independent experiments.  

Values of **** p <0.0001, *** p <0.001 and * p <0.05 were considered significant. 

 

 

3. Results 

3.1. Initial Microbial Load and Identification of the Main Culturable Species in Saliva 

A and P 

Initially, we evaluated the microbial load and characterized the bacterial species 

growing in Saliva A and P, under aerobic conditions. As shown in Table 1, the 

microbial load detected at time 0 in Saliva A was slightly lower as compared to that 

obtained from saliva P (379.1 vs 501 CFU/100 µL×104, respectively); such difference 

did not reach statistical significance. Microbial identification revealed that the most 

representative species were Streptococcus mitis/oralis (S. mitis/oralis), reaching 

67.01 and 81%, in saliva A and P, respectively. S. salivarius was the second most 

abundant species recovered in saliva A (16.8%) but not in saliva P (2.9%); differently, 

the latter counted 10.9% of Neisseria flava/subflava (N. flava/subflava). The third and 

fourth most abundant species in Saliva A were S. thermophilus (8.9%) and  
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N. flava/subflava (7.1%), while in Saliva P, the third and fourth most abundant 

species were S. thermophilus (4%) followed by S. salivarius (2.9%). Rothia aeria  

(R. aeria) was identified only occasionally in both Saliva A and P, while neither 

Candida nor Lactobacillus spp. were ever detected in either salivary sample. 

Table 1. Initial microbial load and evaluation of the main microbial species in 

Saliva A and P. 

Species Identified at Time 0 h  Saliva A Saliva P 

 CFU (%) CFU (%) 

Neisseria flava/subflava 27 7.1 55 10.9 

Streptococcus thermophilus 34 8.7 24 4 

Streptococcus mitis/oralis 254 67.0 406 81 

Streptococcus salivarius 64 16.8 15 2.9 

Rothia aeria <0.1 0.02 1 0.1 

Candida Spp. <0.1 - <0.1 - 

Lactobacillus Spp. <0.1 - <0.1 - 

Total CFU/100 µL × 104 379.1 100 501 100 

The two pools of saliva A and P, collected from six healthy volunteers, during mastication of 

gum A and P, were analyzed to assess the total microbial load, at time 0 h, by CFU assay. 

The colonies isolated after incubation in selective media were counted and identified by 

MALDI-TOF MS or API gallery system. The microbial load, expressed as mean of  

CFU/100 µL×104 saliva, and the percentage of bacterial species detected are shown. 

3.2. Microbial Adhesion onto OE, Growth and Biofilm Formation 

The ability of microorganisms occurring in the saliva A and P to mediate adhesion 

onto OE was evaluated. Accordingly, two sets of pre-sterilized OE were exposed to 

each pool of saliva in the presence of CFDA to allow fluorescence staining of cells. 

After 1 h at 37 °C, a condition commonly used to allow microbial adhesion onto 

abiotic surfaces [37], the OE were washed with warm saline, transferred to new wells 

containing fresh medium and analyzed for fluorescence emission. As shown in 

Figure 1, the fluorescence signal, indicating the amounts of viable and metabolically 

active cells, was significantly lower in Saliva P, as compared to Saliva A 

contaminated OE (about 50% difference). 
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Figure 1. Microbial adhesion onto saliva-contaminated orthodontic elastics (OE). Two sets of OE 

were exposed to saliva A and P for 1 h at 37 °C. During that time, fluorescence staining of viable 

cells was allowed by Carboxy-fluorescein Diacetate, Acetoxymethyl Ester (CFDA) addition. Then, 

the OE were washed with warm saline and transferred to new wells. The plate was read by the 

Fluoroskan reader and the fluorescence signal was recorded. The depicted values represent the 

mean (RFU/OE) ± SEM of 48 replicates obtained by 3 independent experiments. *** p <0.001 

Subsequently, the contaminated OE were incubated for further 23 h, under 

standard culture conditions, to allow microbial growth. Then, each set of OE (Saliva A 

and Saliva P contaminated groups) was split in two sub-groups and exposed to 

saline or Tp-SUP (in both cases, 100 µL/well were added) for additional 1 h at 37 °C. 

Subsequently, each sample was assessed for microbial growth by CFU assay, 

followed by MALDI-TOF MS/API colonies identification. As depicted in Table 2, when 

comparing the total CFU from Saliva A- and Saliva P-contaminated OE maintained in 

saline, about 1 log lower values were found in the latter group. Moreover, the 

treatment with Tp-SUP strongly reduced the CFU, in both Saliva A- and Saliva P-

contaminated OE; particularly, the reduction was approximately of 2 logs when 

comparing Saliva A/saline vs Saliva A/Tp-SUP and of about 1 log considering Saliva 

P/Saline vs Saliva P/Tp-SUP. 
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Table 2. Microbial load onto saliva-contaminated OE subsequently exposed or 

not to Tp-SUP. 

Species Identified at Time 

24 h 

Saliva 

A/Saline 

Saliva 

P/Saline 

Saliva  

A/Tp-SUP 

Saliva  

P/Tp-SUP 

 CFU (%) CFU (%) CFU (%) CFU (%) 

Neisseria flava/subflava <0.1 0.028 <0.1 0.2 <0.1 2.27 <0.1 2.94 

Streptococcus thermophilus 7 1.98 <0.1 0.2 <0.1 2.27 <0.1 2.94 

Streptococcus mitis/oralis 342 97.1 48 99.1 4 90.9 3 88.2 

Streptococcus salivarius 3 0.85 <0.1 0.2 <0.1 2.27 <0.1 2.94 

Rothia aeria <0.1 0.028 <0.1 0.2 <0.1 2.27 <0.1 2.94 

Candida Spp. <0.1 - <0.1 - <0.1 - <0.1 - 

Lactobacillus Spp. <0.1 - <0.1 - <0.1 - <0.1 - 

Total CFU/100 µL × 104 352.4 100 48.6  100 4.6  100 3.6  100 

The two sets of OE, contaminated with Saliva A and P and incubated for 23 h, were split in two sub-

groups and exposed to saline or Tp-SUP for additional 1 h. Each sub-group was then analyzed to 

assess the total microbial load at time 24 h, by CFU assay. The colonies isolated after incubation in 

selective media were counted, clustered and identified by MALDI-TOF MS or API gallery system. The 

results are given as microbial load (mean of CFU/100 µL×104) and as percent of bacterial species.  

 

In parallel, species identification revealed that the most representative one, both in 

Saliva A and P/saline groups, was S. mitis/oralis (97.1% and 99.1%, respectively). 

Tp-SUP treatment did not substantially change this percentage. Furthermore, when 

considering the crude numbers, the S. mitis/oralis CFU counted in Saliva A/Tp-SUP-

treated samples were 2 logs lower than those in Saliva A/saline-treated samples; 

such decrease was of about 1 log when comparing Saliva P/Tp-SUP vs Saliva 

P/saline.  

The second most representative species in Saliva A/saline was S. thermophilus, 

followed by S. salivarius and traces of N. flava/subflava and R. aeria, while, in all the 

other groups, these species were consistently below the detection limit of the assay. 

Subsequently, in parallel groups, the saliva-contaminated OE were incubated for 23 

h at 37 °C + 5% CO2 and then exposed to saline or Tp-SUP for additional 1 h, in the 

presence of CFDA. Then, the OE were washed with warm saline, transferred to new 

wells, and the fluorescence emission was measured.  
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As shown in Figure 2, a consistent difference was detected when comparing the RFU 

onto Saliva A/saline vs Saliva P/saline OE although without reaching significance  

(p =0.0621). Moreover, Tp-SUP treatment drastically reduced the amounts of biofilm, 

independently of the groups considered. In particular, when comparing Saliva 

A/saline vs Saliva A/Tp-SUP or Saliva P/saline vs Saliva P/Tp-SUP, significant 

decreases were consistently observed upon Tp-SUP treatment in both cases. 

 

Figure 2. Early biofilm formation onto saliva-contaminated OE exposed or not to Tp-SUP. The saliva-

contaminated OE were incubated for 23 h at 37 °C + 5% CO2 and then exposed to saline or Tp-SUP 

for additional 1 h, in the presence of CFDA, to allow fluorescence staining. Then, the OE were washed 

with warm saline and transferred in new wells. The plate was read by the Fluoroskan microplate 

reader and the fluorescence signal was recorded. The depicted values represent the mean ± SEM 

(RFU/OE) of 13–16 replicates obtained by 3 independent experiments. **** p <0.0001; *** p <0.001 

 

3.3. Microbial Re-Growth and Biofilm Persistence 

To assess the microbial regrowth under the different conditions, the 4 groups of 

OE, were incubated for further 24 h (up to time 48 h) in fresh medium and tested by 

CFU assay and MALDI-TOF MS/API analysis. Table 3 shows that the total CFU 

detected in all the groups were similar, ranging between 552 to 953×104/100 µL.  

Interestingly, S. mitis/oralis was the most representative species both in Saliva 

A/saline and Saliva P/saline groups (91.01% and 85.3%, respectively), while, these 

same species were not detected in Tp-SUP treated groups, no matter whether A or P 
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Saliva groups were considered. In contrast, in the Tp-SUP-treated groups, most of 

the microbial population was identified as Lactobacillus spp. (>90%); such bacteria 

were undetectable (<0.1 CFU×104/100 µL) in the two groups that had not received 

the Tp-SUP treatment.  
 

Table 3. Microbial re-growth onto saliva-contaminated and Tp-SUP treated OE. 

Species Identified at  

Time 48 h 
Saliva A/Saline Saliva P/saline Saliva A/Tp-SUP Saliva P/Tp-SUP 

 CFU (%) CFU (%) CFU (%) CFU (%) 

Neisseria flava/subflava <0.1 0.018 <0.1 0.01 <0.1 0.01 <0.1 0.01 

Streptococcus thermophilus 13 2.3 63 7.01 57 5.98 57 8.23 

Streptococcus mitis/oralis 503 91.0 763 85.3 <0.1 0.01 <0.1 0.01 

Streptococcus salivarius 36 6.5 68 7.61 6 0.63 5 0.72 

Rothia aeria <0.1 0.018 <0.1 0.01 <0.1 0.01 <0.1 0.01 

Lactobacillus Spp. <0.1 0.018 <0.1 0.01 890 93.3 630 91.0 

Total CFU/100 µL × 104 552.3 100 894.3 100 953.3 100 692.3 100 

The OE, that had been contaminated with Saliva A and P (time 0 h), incubated for 23 h and exposed 

or not to the Tp-SUP (for 1 h), were further incubated at 37 °C + 5% CO2 (up to 48 h) and then 

analyzed by CFU assay. The colonies isolated after incubation in selective media were counted, 

clustered and identify by MALDI-TOF MS or API gallery systems. The results are given as microbial 

load (mean of CFU×104/100 µL) and as percentage of bacterial species. 

 

To evaluate biofilm persistence, at time 48 h, the OE were washed again, 

transferred to new wells and labelled with CFDA fluorescent reagent for 1 h. 

As shown in Figure 3, the RFU/OE were consistently lower in Saliva P/saline than 

in Saliva A/saline groups, although without reaching significance. The exposure to 

Tp-SUP significantly reduced the RFU/OE in both groups. When comparing  

Saliva A/saline with Saliva A/Tp-SUP or Saliva P/saline with Saliva P/Tp-SUP, 

statistically significant differences were observed. 
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Figure 3. Biofilm persistence following Tp-SUP treatment. The saliva-contaminated OE, that had been 

exposed to Tp-Sup or saline (at time 23 h, for 1 h) were further incubated at 37 °C + 5% CO2 up to  

48 h in fresh medium. Then, the OE were label with CFDA for 1 h to allow fluorescence staining, 

washed with warm saline and transferred to new wells containing fresh medium. The plate was read 

by the Fluoroskan microplate reader and the fluorescence signal was recorded. The depicted values 

represent the mean RFU/OE ± SEM of 15 replicates obtained by 3 independent experiments.  

*** p <0.001; * p ≤0.05 

4. Discussion  

Here, we provide the first in vitro data concerning the effects of the Biorepair-

PERIBIOMA toothpaste and chewing gum on the ability of oral microbiota to adhere, 

grow and produce biofilm onto orthodontic devices. 

Orthodontic therapy with fixed appliances is commonly used to treat malocclusions 

and teeth irregularities; in these cases, orthodontic materials such as brackets, tubes 

and elastics are widely employed. These materials prevent an accurate oral hygiene 

and promote an increase in microbial load, deposition of debris and formation of 

plaque. With the aim of promoting a better oral hygiene, a new toothpaste,  

fluorine-free, and a chewing gum, Biorepair®PERIBIOMATM, added with probiotics, 

have recently been developed; little information exists on their mechanisms of action. 

Among the most important components in the oral environment, saliva is an 

integral part of oral health; particularly, it plays a role in caries control and bacterial 

plaque containment [8]. Although being sterile when secreted [38], saliva immediately 
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becomes a major vehicle of microorganisms, either resident microbiota in healthy 

subjects as well as pathogens in patients with oral cavity diseases. From here, our 

choice of using saliva from healthy donors as source of oral microbial population to 

be employed in an in vitro model that, by mimicking orthodontic materials 

contamination, would allow to evaluate the efficacy of novel tools for oral hygiene. 

The Biorepair®PERIBIOMATM gum and a traditional gum, both sugar-free, have been 

used to facilitate saliva collection. 

In line with the literature [39], we show that the microbial species, isolated by a 

culture-based approach from Saliva A and P are mainly S. mitis/oralis and  

S. salivarius, followed by N. flava/subflava and S. thermophilus. Interestingly, the 

number of CFU observed in Saliva P is slightly higher (397 vs 501 CFU/100 µL×104 

A vs P samples) as compared to that of Saliva A; unexpectedly, the relative 

abundance of S. salivarius appears to be enhanced in the latter group (16.88% vs 

2.99%, A vs P samples). These results suggest that the gum P is slightly more 

effective in mechanically removing local microorganisms than a traditional gum. The 

partial fluctuation in relative abundance of some species may be due to their different 

susceptibly to mechanical gum-mediated detachment and/or to the different 

ingredients contained in each gum. 

Being adhesion a crucial step in microbial biofilm formation, both on oral tissues 

and abiotic surfaces, here we investigated the ability of microbial communities 

occurring in Saliva A and Saliva P to adhere onto OE. As indicated by the 

fluorescence data, adhesion occurs, irrespectively of the saliva employed; yet, the 

phenomenon is less pronounced when using Saliva P, implying that, although slightly 

more numerous, this microbial population exhibits a reduced efficacy on binding to an 

abiotic surface, such as OE. Whether the slightly higher numbers of S. mitis/oralis 

detected in Saliva P may account for the overall less efficient adhesion, remains to 

be established. Furthermore, we cannot exclude that, in our in vitro model, 

hydroxyapatite crystals and probiotics, present in both Peribioma products, remain 

and persist in Saliva P samples and, thus, may interfere with microbial adhesion to 

OE. In line with these data, we show that, after 24 h incubation, the Saliva P/saline 

group had 1 log lower microbial CFU than the counterpart samples (Saliva A/saline); 

once again, we may hypothesize that the hydroxyapatite, contained in gum P and 



CHAPTER 1 

Antibacterial Effects of MicroRepair®BIOMA-Based Toothpaste and Chewing Gum on Orthodontic Elastics Contaminated  

In Vitro with Saliva from Healthy Donors: A Pilot Study 

Appl. Sci. 2020, 10, 6721; doi:10.3390/app10196721 

CHAPTER 1 

killer peptide KP impairs Candida albicans biofilm in vitro 

PLoS One. 2017 Jul 13;12(7):e0181278. 

 

 

 
49 

 

likely persisting in Saliva P samples, may have limited microbial growth. To a similar 

extent, the Saliva P significantly reduces biofilm formation onto the OE (time 24 h). 

This phenomenon is also evident at a later time, indicating that saliva collected after 

chewing the gum P consistently affects biofilm persistence more than Saliva A (17.42 

vs 33.84 RFU, respectively; at time 48 h). 

Here, we have used the Tp-SUP as a simplified and easy-to-use tool, for 

assessing toothpaste effects against oral microorganisms in vitro. In particular, we 

show that the Tp-SUP exerts relevant antimicrobial activity, regardless of the saliva 

used to contaminate the orthodontic devices; specifically, both parameters, namely 

microbial growth and biofilm formation, are significantly impaired. The Tp-SUP-

mediated microbial abatement ranges between 1 and 2 logs, which are already 

evident at time 24 h, when using the CFU assay. In contrast, at later times (48 h), 

microbial re-growth occurs comparably in all the groups, irrespective of the gum 

initially used for saliva collection and independently upon the in vitro Tp-SUP 

treatment. Furthermore, it should be noted that, at that time, the microbial 

composition greatly varies upon Tp-SUP exposure; in particular, the streptococci 

mostly detected in Saliva A and Saliva P/saline groups (>90%) are drastically 

displaced by Lactobacilli in Saliva A and Saliva P/Tp-SUP groups (>90%). This 

finding may be explained considering that the Biorepair®PERIBIOMATM products also 

contain probiotics, such as L. reuteri, L. salivarius, L. plantarum and Bifidobacterium. 

The reason for adding probiotics to such oral care products is that such microbial 

species may adhere to dental tissues and become part of the oral plaque; in turn, 

they may compete with cariogenic and periodontal pathogens for nutrients and 

space, thus preventing caries formation and gingivitis [40,41].  

In our hands, the late detection of Lactobacilli is in line with previous results  

(data not shown) showing that, indeed, Tp-SUP culture allowed growth of colonies 

subsequently identified as Lactobacilli. 

The efficacy of Tp-SUP is further emphasized by the fact that also biofilm 

persistence is significantly affected after such treatment: the extent of the inhibition is 

similar both in Saliva A and Saliva P contaminated OE. 

Overall, by an in vitro model, we provide the first evidence on the efficacy of the 

Biorepair®PERIBIOMATM toothpaste and gum in impairing adhesion, growth and 
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biofilm formation/persistence by oral microorganisms onto orthodontic devices. We 

favor the idea that, by different pathways, the hydroxyapatite crystals and the 

probiotics, abundantly present in such oral care products, may act in concert 

controlling local microbial communities. Moreover, based on the present in vitro data, 

we may envisage that the combined use of toothpaste and gum can ameliorate oral 

daily care, thus clinically reducing the risk of developing oral diseases, especially 

those related to microbial agents. 

5. Conclusions  

Efficacious strategies helping to maintain a good oral hygiene are necessary to 

prevent or treat oral diseases, especially when they are associated with microbial 

biofilms, commonly produced onto oral tissues and dental devices. This in vitro pilot 

study raises the possibility that the daily use of the Biorepair®PERIBIOMATM gum and 

toothpaste may, on the one hand, profoundly impact on microbial adhesion, growth 

and biofilm formation onto abiotic surfaces and, on the other hand, may promote 

replacement of potential oral pathogens with microorganisms beneficial to oral 

health. By this in vitro prototype, wide-spectrum studies may be pursued opening to 

other orthodontic/dentistry materials as well as towards other novel health-care 

products. 

 

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-

3417/10/19/6721/s1.  

Figure 1. Flow-chart of the saliva collection.  

 

http://www.mdpi.com/2076-3417/10/19/6721/s1
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Abstract 

Biofilm production, onto biotic and abiotic surfaces, is crucial in the pathogenesis of 

most infections, particularly those occurring in the oral cavity. Its prevention and/or 

control may greatly facilitate management of patients with oral diseases. Here, the 

antibiofilm activity of a biomimetic hydroxyapatite and a natural compound, 

MicroRepair (MicroR) and pomegranate (PomeGr) re-spectively, was assessed. By 

luminescence/fluorescence-based assays, Pseudomonas aeruginosa (P. 

aeruginosa), Staphylococcus aureus (S. aureus) and Candida albicans (C. albicans) 

were tested for biofilm production in the presence of MicroR and/or PomeGr. We 

found that both MicroR and PomeGr could affected biofilm production; yet, the 

efficacy of the two, given alone or in combination, varied according to the microbial 

agent considered. These data open to clinical studies aimed at defining the most 

efficacious protocols to counteract oral biofilm-associated infections. 
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1. Introduction 

The oral cavity is described as a highly complex habitat, involving resident 

microbial communities, that play a key role in local homeostasis. Various parameters, 

such as poor oral hygiene, dental appliances, diet, drugs, systemic diseases, etc., 

are also known to influence the maintenance of a health condition [1]. Alteration of 

oral homeostasis may allow opportunistic pathogens to locally predominate and then 

organize themselves into microbial biofilms. This homeostatic imbalance leads to 

frequent oral diseases, such as caries, periodontitis, mucositis, etc. [1].  

MicroRepair (MicroR) is a recently described biomimetic compound, made of 

carbonate-hydroxyapatite-zinc crystals; thanks to its biomimetic property, it is able to 

interact with tooth hydroxyapatite, favoring enamel remineralization [2]. Moreover, 

because of the presence in Zn++ ions, MicroR is expected to mediate direct 

antimicrobial effects. Accordingly, an in vitro study has recently demonstrated the 

efficacy of MicroR to counteract adhesion and persistence of oral bacteria onto 

orthodontic elastics [3]. 

The dramatic increase in drug-resistance, mostly due to improper use of antibiotics 

[4], opens to the search of alternative drugs, such as natural compounds, also in 

dentistry. In this respect, antimicrobial agents such as herbs, spices, and probiotics 

demonstrate effective properties against dental diseases [5]. In particular, 

pomegranate (PomeGr), the fruit of Punica granatum, is receiving great attention 

because of its high content in phenolic compounds, likely mediating antimicrobial 

effects also against oral pathogens [6,7].  

Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) 

and Candida albicans (C. albicans) are opportunistic pathogens, responsible of 

clinical pictures, involving also the oral cavity [8]. Because of their strong ability to 

adhere and persist onto abiotic and biotic surfaces, they often cause biofilm-

associated infections, clinically relevant and difficult-to-treat [9]. 

Here, we investigated the effects of MicroR and PomeGr, either alone or in 

combination, on biofilm production by P. aeruginosa, S. aureus and C. albicans, as 

widely used prototypes of Gram-negative, Gram-positive and fungal pathogens. By in 
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vitro models employing ductile and sensitive luminescence and fluorescence-based 

assays [10], the antibiofilm activity of MicroR and PomeGr has been established. 

 

 

2. Materials and Methods 

2.1. Compounds 

The biomimetic hydroxyapatite (HA) MicroR and the Punica granatum peel 

extract (PomeGr) were supplied by Coswell S.p.A. (Bologna, Italy). The former was 

sterilized by filtration and the later was treated by autoclave prior to be used in the 

assays.  

 

2.2. Microbial strains and growth condition 

The bioluminescent bacterial strains, P. aeruginosa (strain P1242) and S. aureus 

(Xen29), and the fluorescent fungal strain (GFP-tagged strain derived from C. 

albicans SC5314) were used. According to previously detailed protocols [10], the 

viable bacterial or fungal cells constitutively emitted bioluminescent or fluorescent 

signals, that could be recorded and quantified by a Fluoroskan reader (Thermo 

Fischer Scientific, Waltham, MA, USA). Such values, expressed as Relative 

Luminescence Units (RLU for bacterial cells) or Relative Fluorescence Units (RFU for 

fungal cells), allowed to directly measure the amounts of viable microorganisms 

present in control and experimental groups. 

Operationally, in line with other studies [11], bacterial and fungal cells from −80 

°C glycerol stocks were initially seeded onto Tryptic Soy Agar (TSA) or Sabouraud 

Dextrose Agar (SAB) (OXOID, Milan, Italy) plates, respectively, and incubated 

overnight at 37 °C. Then, isolated colonies were collected, added to 10 mL of Tryptic 

Soy Broth (TSB) or Sabouraud broth (OXOID, Milan, Italy) and allowed to grow 

overnight at 37 °C under gentle shaking, prior to be used for biofilm production. 

 

2.3. Assessment of microR and PomeGr effects on microbial biofilm formation 

According to previously described protocols [10,11], overnight bacterial or fungal 

cultures were diluted by the appropriate medium and seeded in 96 black well-plates 

(106/mL; 100 µL/well); each well was added with 100 μL of medium (untreated), 

MicroR or PomeGr (the compounds were tested either alone or in combination, at 
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different doses). Then, the plates were incubated at 37 °C for 24 h. Thereafter, the 

samples were washed twice with phosphate buffered saline (PBS) to remove the 

planktonic cells and the bioluminescence or fluorescent signal/well was measured 

and expressed as RLU (bacterial biofilm) or RFU (fungal biofilm); these values 

represented the amounts of biofilm produced, under the different experimental 

conditions.  

 

2.4. Statistical analysis 

Shapiro-Wilk test was used to analyse the distribution of data within each 

experimental group. Differences between groups were analysed by Kruskal-Wallis’s 

test followed by uncorrected Dunn’s multiple comparisons test. Statistical analysis 

was performed by using GraphPad Prism 8 software.  

Values of *p=0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered 

statistically significant.   

 

3. Results 

3.1. Antibiofilm efficacy of MicroR and/or PomeGr 

In the present study, MicroR and PomeGr, either alone or in combination, have 

been investigated for their effects against biofilm production by three major 

prototypes of pathogens, namely Gram-negative and Gram-positive bacterial cells 

and fungal cells. In particular, P. aeruginosa, S. aureus and C. albicans were 

exposed to MicroR and/or PomeGr for 24 h at 37 °C; then, biofilm production was 

quantified by luminescence and fluoresce-based assays, as detailed elsewhere [10]. 

Fig. 1 shows that microbial exposure to PomeGr (5.6% working condition) resulted in 

a drastic decrease of P. aeruginosa biofilm, as assessed by RLU measurement; a 

partial but non-significant reduction was observed in S. aureus RLU, while a 

significant impairment occurred in C. albicans exposed to PomeGr. MicroR treatment 

(4.7 mg/mL) reduced biofilm formation in all the strains, especially in C. albicans, 

where this reduction was highly significant (p<0.0001).  
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Figure 1. Antibiofilm efficacy of MicroR and/or PomeGr against P. aeruginosa, S. aureus and 

C. albicans. The microorganisms (106/mL) were exposed to MicroR (4.7 mg/mL) or PomeGr 

(2xMIC) or both and incubated at 37 °C for 24 h; then, biofilm was quantified by 

luminescence or fluorescence analysis, as detailed elsewhere. The data are the mean ± 

standard deviation of 6 to 9 determinations from 3 to 4 experiments. Statistical analysis was 

performed by using GraphPad Prism 8 software. The asterisks indicate statistically significant 

differences of medium vs treated samples (*p=0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 

 

The combination of MicroR and PomeGr significantly reduced biofilm both in S. 

aureus and C. albicans, while in P. aeruginosa, the RLUs were unexpectedly higher 

than those obtained with PomeGr alone (Fig. 1).  

When these data were expressed as percent of biofilm decrease (Table 1), we found 

that, upon exposure to PomeGr, P. aeruginosa was inhibited down to 98%, while S. 

aureus and C. albicans biofilm were reduced to 37.5% and 41%, respectively. When 

exposed to MicroR alone, P. aeruginosa, S. aureus, and C. albicans showed a 

biofilm reduction ranging from 43 to 91%; yet, only in C. albicans the decrease was 

found to be significant. Finally, when the strains were exposed to PomeGr plus 

MicroR, the biofilm was reduced between 68% to 93%, with partial additive effect 

being observed only in C. albicans. 
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Table 1. Percent of microbial biofilm decrease upon exposure to PomeGr and/or 

MicroR. 

 

 
Biofilm decrease (%) 

Treatment 
P. 

aeruginosa 

S. 

aureus 

C. 

albicans 

PomeGr 98 37,5 41 

MicroR 43 91 72 

MicroR + PomeGr 68 93 89 

The percent of biofilm decrease (treated and untreated samples) was calculated using the 

values depicted in Figure 1. 

 

4. Discussion 

Notoriously, the biomimetic HA has composition and structure similar to biological 

systems, such as human hard tissues, and is therefore able to integrate into host 

structures without altering or dissolving its own or neighboring elements. Several 

researches have shown the possibility of replacing some ions within the HA to 

strengthen its properties; for example, the replacement of Ca++ with Zn++ 

significantly increases the antimicrobial properties of such biomimetic material [2]. 

Nowadays, HA is being used in dental practice, as it has been added to the new 

formulations of oral hygiene products (mouthwashes, toothpastes, etc.) [2,3]. Here 

we provide the first evidence that MicroR, a biomimetic HA, acts as anti-biofilm 

agent. In particular, when used at 4.7 mg/mL, MicroR was capable to reduce P. 

aeruginosa and S. aureus biofilm, as measured by the luminescence assay; yet, 

such decrease did not reach statistical significance; differently, the reduction 

observed in MicroR-treated C. albicans returned a p<0.001; when these variations 

were expressed as percent of biofilm decrease, we obtained 43% for P. aeruginosa, 

91% for S. aureus and 72% for C. albicans. Using other doses of MicroR or PomeGr, 

we failed to detect better results (data not shown).  

Furthermore, the combination of the two, MicroR and PomeGr, provided 

heterogeneous and somehow unexpected results. Indeed, intermediate levels of 



CHAPTER 2 

Novel Options to Counteract Oral Biofilm Formation: In Vitro Evidence:   

Int. J. Environ. Res. Public Health. 2022, 19, 8056; doi: 10.3390/ijerph19138056  

 

 

 
63 

 

biofilm inhibition were observed with P. aeruginosa, suggesting that MicroR might 

partially mask the elevated anti-P. aeruginosa biofilm efficacy observed with PomeGr 

alone. Differently, the combination MicroR and PomeGr exerted anti-S. aureus 

effects, that reached statistically significant values. Finally, when used together 

against  

C. albicans, MicroR and PomeGr clearly showed additive effects as inhibitors of 

fungal biofilm formation. The heterogeneous trends observed with the three microbial 

agents remain unexplained. Undoubtedly, major differences in the composition and 

structure of the three microbial agents assessed partially explain the results obtained.  

Also, we may envisage that MicroR and PomeGr might differently affected the 

secretory profile of P. aeruginosa, S. aureus and C. albicans, which are known to 

release profoundly different sets of crucial molecules, including auto-inducers [10], to 

produce and establish their biofilm. In any case, by novel in vitro assays, we provide 

the first evidence that microR and PomeGr exert antibiofilm activity and that their 

action may be additive. Thus, although with the limitations of any in vitro model, this 

work opens to further studies on the antibiofilm activity of MicroR and PomeGr 

against clinical isolates and, even more, multispecies microbial biofilms that 

commonly afflict the oral cavity.   

 

5. Conclusions 

By means of an in vitro model, the antibiofilm activity of a biomimetic 

hydroxyapatite, MicroRepair, and a natural compound, pomegranate, has been 

established. Given the crucial role of biofilm formation in the pathogenesis of many 

oral diseases, these data offer the basic rational to design trials aimed at maintaining 

health conditions or recovering homeostatic imbalance in the oral cavity. 
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Abstract 

Candida albicans expresses numerous virulence factors that contribute to 

pathogenesis, including its dimorphic transition and even biofilm formation, through 

the release of specific quorum sensing molecules, such as the autoinducers (AI) 

tyrosol and farnesol. In particular, once organized as biofilm, Candida cells can elude 

conventional antifungal therapies and the host's immune defenses as well. 

Accordingly, biofilm-associated infections become a major clinical challenge 

underlining the need of innovative antimicrobial approaches. The aim of this in vitro 

study was to assess the effects of pomegranate peel extract (PomeGr) on C. 

albicans growth and biofilm formation; in addition, the release of tyrosol and farnesol 

was investigated. The phenolic profile of PomeGr was assessed by high-

performance liquid chromatography coupled to electrospray ionization mass 

spectrometry (HPLC-ESI-MS) analysis before and after exposure to C. albicans. 

Here, we showed that fungal growth, biofilm formation and AI release were altered by 

PomeGr treatment. Moreover, the phenolic content of PomeGr was substantially 

hampered upon exposure to fungal cells; particularly pedunculagin, punicalin, 

punicalagin, granatin, di-(HHDP-galloyl-hexoside)-pentoside and their isomers as 

well as ellagic acid–hexoside appeared highly consumed, suggesting their role as 

bioactive molecules against Candida. Overall, these new insights on the anti-Candida 

properties of PomeGr and its potential mechanisms of action may represent a 

relevant step in the design of novel therapeutic approaches against fungal infections. 
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1. Introduction 

The formation of biofilm by numerous microbial species represents an important 

mechanism of survival and persistence; upon biofilm production, pathogenicity and 

virulence are also profoundly affected [1,2]. Biofilm formation has been widely 

recognized as a key step in clinical settings, where biofilm-associated infections 

occur and commonly affect different anatomical sites, including heart valves, oral 

cavity or continuity solutions, and medical devices, such as orthopedic prostheses, 

venous and urological catheters [1]. 

Biofilm is defined as a complex aggregation of microorganisms embedded in a 

protective extracellular polymeric substance (EPS), rich also in proteins, lipids and 

extracellular DNA (eDNA), produced by the microorganism itself. By this extracellular 

matrix, microbial adhesion to surfaces and consolidation of the biofilm three-

dimensional structure are facilitated [2,3]. Increasing studies show that biofilm 

production increases microbial resistance to environmental stressors, such as 

temperature, pH and pressure changes, lack of nutrients and antimicrobial agents’ 

susceptibility as well [4–7]. Biofilm formation is finely governed and regulated by the 

quorum sensing (QS), a sophisticated cell-to-cell communication system regulating 

gene expression and microbial cell behavior in response to fluctuations in cell-

population density. QS relies on the release of low molecular weight chemical 

signaling molecules, called autoinducers (Al) [8], which differ among different 

microorganisms. 

Candida albicans (C. albicans) is an opportunistic pathogen, often responsible for 

biofilm-associated infections, given its ability to tightly and persistently adhere to 

biotic/abiotic surfaces. Once produced, Candida biofilm establishes clinically relevant 

and difficult-to-treat infections, because of the enhanced resistance of the biofilm-

embedded cells to antimicrobial drugs [9]. Four major C. albicans AI have been 

described during biofilm development, namely farnesol, tyrosol, phenylethanol and 

tryptophol [10–13]; such molecules are major players not only in fungal 

morphogenesis (yeast-to-hyphal cell transition) but also in the infectious process, 

promoting dissemination and establishment of foci in distal anatomical sites [12]. 

Clinically, this scenario is further complicated by the continuous detection of fungal 

isolates with newly acquired resistance against conventional drugs, because of 
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mutations and/or genetic recombination [14,15]. Hence, there is a need for identifying 

novel tools that would exert direct killing and/or anti-biofilm activity, possibly avoiding 

drug-mediated pressure and consequently developing further antimicrobial resistance 

[16]. 

Among natural compounds [17,18], the Punica granatum L. peel extract 

(PomeGr) is an excellent source of a variety of bioactive molecules exerting 

beneficial health effects, due to their antimicrobial, anti-inflammatory, anticancer and 

antioxidant properties [19–22]. In addition, increasing literature ascribes significant 

antifungal effects to specific compounds, such as phenolic acid, hydrolysed tannins, 

flavonoids, etc. [23,24]. Recently, we provided initial evidence on the efficacy of 

PomeGr against biofilm production by C. albicans and Pseudomonas aeruginosa as 

well [25]. 

The aim of the present study was to investigate the anti-Candida properties of 

PomeGr. In particular, we assessed the PomeGr effects on fungal growth, biofilm 

formation and release of specific auto-inducers, known to be relevant in Candida 

virulence. Furthermore, the consumption of specific phenolic compounds by Candida 

was investigated and their potential role discussed. 

 

2. Materials and Methods 

2.1. Fungal Cells and Growth Condition  

The C. albicans engineered strain, endowed with a reporter gene coding for a 

yeast green fluorescent protein (y-EGFP), was used [26]. In particular, the y-GFP 

Candida cells constitutively emitted a fluorescent signal, measurable by the 

Fluoroskan reader (Thermo Fisher Scientific, Waltham, MA, USA) at the λ of 490/521 

nm; the intensity of the emitted signal, related to the number of viable cells, was 

quantified and expressed as relative fluorescent units (RFU). 

Operationally, fungal cells, maintained at −80 °C in glycerol stocks, were seeded 

onto Sabouraud Dextrose Agar (SAB) plates (OXOID, Milan, Italy) and incubated 

overnight at 37 °C. Then, isolated colonies were collected, added to 10 mL of 

Sabouraud (SAB) broth (OXOID, Milan, Italy) and allowed to grow overnight at 37 °C 

under gentle shaking. In order to evaluate the fungal concentration, the optical 
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density (OD) was measured at 595 nm (OD595) using the Tecan Sunrise (Tecan 

Group Ltd., Männedorf, Switzerland) spectrophotometer.  

 

 

2.2. Pomegranate Peel Extract  

The Punica granatum L. peel extract (PomeGr), supplied by INCOS 

COSMECEUTICA INDUSTRIALE (Bologna, Italy) and produced by PHENBIOX SRL 

(Bologna, Italy), contained the peel extract (22.5% w/w), Saccharomyces ferment 

lysate filtrate, citric acid, sodium benzoate and potassium sorbate. Further details are 

given as supplementary material (Table S1). The same solution containing all the 

ingredients, but not PomeGr, was employed as negative control (neg-C). The 

PomeGr and the neg-C were filtered through a 0.22 µm membrane and maintained at 

4 °C, prior for testing in the assays described below. 

 

2.3. Fungal Growth and Biofilm Formation Assays 

The PomeGr and the neg-C were serially diluted (from 1:2 to 1:128) and plated 

(100 μL/well) in black 96 well-microtiter plates with transparent bottom; then, the 

fungal cell suspension (106 cells/mL in SAB obtained from overnight cultures) was 

added (100 μL/well) and the plates were incubated at 37 °C for 24 h. After incubation, 

fungal growth (direct reading at 24 h) and biofilm formation (reading after 2× washing 

of the wells with buffered saline to remove the planktonic cells) were assessed. By 

the Fluoroskan (Thermo Fisher), the fluorescence signal was measured and the 

results were expressed as relative fluorescence units (RFU), using previously 

described protocols with minor modifications [27]. By the Tecan Sunrise, the reading 

at two different ODs, namely OD595 (for microbial growth analysis) and OD540 (after 

crystal violet staining for Biofilm determination), were performed, according to 

standard procedures. 

Moreover, calibration curves were generated employing the colony forming units 

(CFU) assay. Briefly, serial dilutions of fungal cells were prepared in SAB broth, 

seeded in black 96 well-microtiter plates with transparent bottoms (100 μL/well) and 

incubated for 24–48 h at 37 °C. Then, the microtiter plates were read at the 

Fluoroskan to evaluate the RFU and at the Tecan Sunrise to measure the OD. In 

parallel, from each well, the CFU assay was performed to quantify the viable cells. 
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Finally, standard curves were generated which allowed the expression of the OD or 

RFU values in terms of CFU/mL.  

 

2.4. Mass Spectrometry Analysis of PomeGr Extract 

High-performance liquid chromatography-electro spray high resolution-mass 

spectrometry (HPLC-ESI/HR-MS) analysis was performed using an Ultimate 3000 

UHPLC coupled to a QExactive Mass Spectrometer via a HESI-II electrospray ion 

source (Thermo Scientific). Target compounds from pomegranate extracts were 

detected in 10 μL sample volume injected onto a Hypersil Gold C18 100 × 2.1 mm ID 

1.9 μm ps column (Thermo Scientific) kept at 30 °C. Chromatographic separation 

was performed at 0.5 mL/min flow with a gradient elution scheme using 0.1% formic 

acid in acetonitrile (B) and 0.1% formic acid in water (A).  

The mobile phase composition was kept at 2% B for 0.5 min after injection, then 

linearly raised to 18% B in 27 min and further on to 98% B in 4.5 min. Solvent B was 

kept at 98% up to minute 34.9 then lowered to 2% at minute 35. The total runtime 

was 45 min. The HESI-II source was operated in alternating positive and negative 

ionization mode.  

Full MS (70,000 FWHM resolution power, 160–800 Th range) with data-

dependent MS2 (17,500 FWHM, Top 4 precursor ions) spectra acquisition was 

performed in both polarities. Analysis was carried out on cell free supernatants from 

microbial cultures (106/mL) eventually exposed to diluted (1:16) pomegranate 

extracts for 24 h at 37 °C. The supernatants were transferred to Amicon-Ultra 0.5 

tubes, centrifuged at 14,000 rpm for 15 min, diluted 1:1 (vol/vol) with 5% methanol in 

water and transferred to the autosampler. Using the Thermo Fisher FreeStyle 

program the relative amount of each compound was calculated by integrating the 

area under the peak (AUP). AUP was measured from the extracted ion 

chromatograms (EIC) obtained for each compound with a tolerance ± 5 ppm. 

 

2.5. Mass Spectrometry Analysis of Fungal Autoinducers  

Cell-free supernatants from Candida, treated or not with PomeGr, were analyzed 

by HPLC-ESI-MS, as detailed elsewhere [17,27,28]. In particular, 24 h–old 

supernatants from Candida cells (106/mL) that had or had not been exposed to 

PomeGr (1:16 dilution) were harvested, filtered and assessed by MS. The relative 
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amount of the identified autoinducers (AI) was determined as reported in the previous 

paragraph. 

 

2.6. Statistical Analysis 

The statistical analyses were performed by using GraphPad Prism 8 software. 

Firstly, the Shapiro–Wilk test was used to analyze the distribution of the data within 

each experimental group. Differences between groups were analyzed by the 

Kruskal–Wallis’s test, followed by Dunn’s multiple comparisons test for Table 1 data; 

while, for Figure 1 data, statistical differences between groups were analyzed 

according to one-way ANOVA followed by Sidak’s multiple comparisons tests. Values 

of p ≤ 0.05 were considered statistically significant.  

 

Table 1. Anti-Candida activity of PomeGr. 

 

C. albicans (106/mL) was exposed to PomeGr at the indicated dilutions and incubated at 37 °C for 

24 h; then, the fluorescent signal (RFU) or the OD595 were measured by Fluoroskan or Tecan 

reader, respectively. Upper panel: The RFU values of cells exposed to the various PomeGr 
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dilutions and the percent decrease (with respect to cells incubated in medium only) are shown. 

Lower panel: the OD595 levels of PomeGr-treated and neg-C groups are shown. By the RFU and 

OD calibration curves, the predicted CFU/mL were calculated and shown in the right part of each 

panel. The data are the mean ± SEM of eleven replicates from two independent experiments. The 

asterisks indicate statistically significant differences (medium vs treated samples): * p < 0.05. 

 

 

Figure 1. Antibiofilm activity of PomeGr. C. albicans (106/mL) was exposed to PomeGr or 

neg-C at the indicated dilutions, and incubated at 37 °C for 24 h; then, after removing 

planktonic cells, biofilm was quantified. Upper panel: 24 h-biofilm formation by Candida 

exposed to Pomegr (grey bars) or negative control (white bars), assessed by CV assay. The 

black bar represents the biofilm production by C. albicans in medium only. Central panel: 

percentage of biofilm formation by C. albicans exposed to PomeGr, evaluated by 
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fluorescence assay. Lower panel: percentage of biofilm formation by C. albicans exposed to 

PomeGr, as evaluated by CV assay. The data are the means ± SEM of nine replicates of 

three independent experiments. The asterisks indicate statistically significant differences: * p 

< 0.05 (PomeGr-treated vs. neg-C samples). 

 

3. Results 

3.1. Anti-Candida Activity of PomeGr  

Initially, the effect of PomeGr was evaluated on total fungal load, following 24 h 

Candida exposure to different dilutions and subsequent evaluation of the RFU. As 

shown in Table 1 (upper panel), PomeGr affected Candida in a dilution-dependent 

manner; in particular, a significant decrease (p < 0.05) in the RFU occurred at 

dilutions between 1:2 and 1:16, indicating a reduction above 70%.  

To strengthen these data, further experiments were performed by a different 

assay, namely assessing the fungal load at 24 h, in terms of OD595 in treated and 

untreated cells. In line with the fluorescence results, as shown in Table 1 (lower 

panel), the levels of OD595 varied according to the PomeGr dilution used, with the 

1:32 condition still causing significant inhibitory effects. When parallel groups were 

exposed to the neg-C, no differences in OD595 were observed with respect to 

Candida incubated with medium only. Thus, by a different assay, we confirmed the 

anti-Candida activity of the PomeGr and ruled out any potential interference by 

additive or preservatives included in the formulation.  

Then, we investigated the ability of PomeGr to affect Candida biofilm production. 

In particular, C. albicans was incubated under conditions that allowed biofilm 

production in the presence of PomeGr or neg-C. After 24 h, the wells were washed to 

the remove planktonic cells; then, the amounts of biofilm produced was measured by 

fluorescence reading and OD540 reading after crystal violet staining. The RFU results, 

depicted in Figure 1 (upper panel), showed that PomeGr affected biofilm production 

in a dilution-dependent manner, while the neg-C had no effects. When these same 

data were expressed as percent biofilm formation, established by either considering 

the OD540 (central panel) or the RFU (lower panel), a relevant impairment was 

consistently observed till 1:16 (as assessed by fluorescence assay) and 1:32 

dilutions (as established by OD measurement after crystal violet staining). 
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Differently, at dilutions ≥ 1:32, PomeGr had no effects on Candida biofilm 

formation, being the raw OD and RFU values comparable to those observed with the 

untreated control cells (Medium). As 1:16 was the lowest PomeGr dilution that 

significantly impaired both Candida growth and biofilm production, we focused on this 

condition for further analyses. According to the literature, this condition also allowed 

to use the preservatives (potassium sorbate, sodium benzoate and citric acid) at 

working conditions below the minimal inhibitory concentrations (MIC) previously 

reported for candida [29–31].  

 

3.2. Biochemical Profile of Pomegr Exposed or Not to Candida 

PomeGr extract is known to be a complex mixture of components, such as 

polyphenols with a broad spectrum of activities, including antimicrobial, antioxidant 

and anti-inflammatory effects [31–35]. Initially, to establish the biochemical profile of 

the PomeGr extract used in this study, HPLC-ESI-MS analysis was performed and a 

representative chromatogram is shown in Figure 2.  

 

 

Figure 2. Polyphenols profile of PomeGr. The PomeGr was analyzed by HPLC-ESI-MS. A 

negative ion mode total ion chromatogram (TIC) is shown, as representative of three 

independent experiments. The code number of each peak and the corresponding molecules 

are further detailed in the supplementary material (Table S3). 

 

Details on the mass spectral data of the compounds detected in our extract are 

given in Table S2. By comparing the MS and MS2 profile with literature, several 

compounds were identified, as detailed in Table S3. Taken together, our data 
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underline the variety of the PomeGr in terms of polyphenols content, similarly to what 

has been described in the literature [21]. 

Next, we assessed the possible changes in PomeGr polyphenol content upon 

exposure to Candida. Thus, PomeGr was incubated for 24 h with and without 

Candida (106/mL); then, cell-free supernatants were subjected to HPLC-ESI-MS 

analysis. By chromatogram analysis, the different elution peaks and their areas were 

used for semi-quantitative evaluation of the specific products, detectable in treated 

and untreated cells. 

Figure 3 shows the peak areas (AUP) of selected phenolic compounds, that had 

been detected in the PomeGr (grey columns) and were affected upon exposure to C. 

albicans (white columns). In addition, the percent variations of each compound were 

calculated, as ratio between the AUP in presence and absence of the fungal cells. As 

detailed by the columns, a reduction in the peak areas of pedunculagin, punicalin, 

punicalagin, granatin, Di-(HHDP-galloyl-hexoside)-pentoside and their isomers was 

observed upon PomeGr exposure to C. albicans, the decrease ranging between 33.3 

and 43.5%, while a drop to undetectable levels was observed for ellagic acid–

hexoside; all the other compounds showed low-to-partial reductions (from 3.8 to 

21.0% decrease). 
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Figure 3. Changes in ellagitannins concentration in PomeGr exposed or not to C. albicans. 

Phenolic compounds were identified by HPLC-ESI-MS in PomeGr alone and after exposure 

to C. albicans (24 h). The relative amounts of each polyphenol were measured by the ion 

chromatogram, according to the peak area of each compound, and were expressed as area 

under the peak (AUP) arbitrary units (tolerance ± 5 ppm). Dark grey bars: PomeGr alone; 

white bars: PomeGr exposed to C. albicans. The % decrease (numbers above the columns) 

was calculated comparing the AUP of treated vs untreated groups. n.d.: compound not 

detected. The various compounds are shown in panel A and B. *** p<0.005. Abbreviations: 

PUN, punicalin; PUNG 1, punicalagin isomer 1; PUNG 2, punicalagin isomer 2; PUNG 3, 

punicalagin isomer 3; EA-H, ellagic acid-hexoside; PED 1, pedunculagin 1; PED 2, 

pedunculagin 2; GRA 1, granatin 1; GRA 2, granatin 2; Di-HHDP-G-H-P, Di-(HHDP-galloyl-

hexoside)-pentoside.  

 

 



CHAPTER 3 

Pomegranate Extract Affects Fungal Biofilm Production: Consumption of Phenolic Compounds and Alteration of Fungal 

Autoinducers Release  

Int. J. Environ. Res. Public Health 2022, 19, 14146. doi: 10.3390/ijerph192114146 

CHAPTER 1 

killer peptide KP impairs Candida albicans biofilm in vitro 

PLoS One. 2017 Jul 13;12(7):e0181278. 

 

 

 

79 

 

 

 

3.3. Alteration in the Release of AI by Candida upon Treatment with PomeGr  

Finally, we assessed the effects of PomeGr on the ability of C. albicans to 

produce specific AI, particularly tyrosol and farnesol, known to be involved in fungal 

biofilm formation and virulence [32]. Thus, HPLC-ESI-MS analysis was performed in 

cell-free supernatants from C. albicans, treated or not with PomeGr for 24 h at 37 °C. 

By chromatogram analysis, the different elution peaks and their areas were used for 

semi-quantitative evaluation of the specific products detected in treated and 

untreated cells. Table 2 shows that untreated Candida cells secreted consistent 

amounts of tyrosol, in line with our recently published data [32,33].  

 

Table 2. AI release by C. albicans exposed or not to PomeGr. 

Levels of AI 

Treatment Tyrosol % Decrease Farnesol % Decrease 

 (AUP)   (AUP)  

Medium 8.08 × 107 - n.d. - 

PomeGr  3.16 × 107 60.89 2.15 × 107 n.m. 

Cell-free supernatants from C. albicans, treated or not with PomeGr, were tested by HPLC-ESI-

MS analysis. The indicated AI were investigated. By chromatogram analysis, the different elution 

peaks were identified, and the relative peak areas (AUP) were used for semi-quantitative 

evaluation of each specific product. The % decrease was calculated comparing the AUP of 

treated and untreated groups. The results shown are from a pool of four replicates of a 

representative experiment out of two performed. n.d.: not detectable; n.m.: not measurable. 

 

The treatment with PomeGr affected such secretion, producing a decrease of 

60.9%. Furthermore, in contrast to what observed testing tyrosol, farnesol resulted 

undetectable in control Candida cells but was consistently induced upon treatment, 

implying an opposed regulation of these two AI by PomeGr. 
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4. Discussion 

Here, we show that PomeGr extract impairs Candida. Fungal growth and biofilm 

formation are inhibited and also the release of specific auto-inducers happens to be 

affected. 

C. albicans is an opportunistic pathogen, responsible for mild to severe and even 

life-threatening diseases. Notoriously, it can shift its role from commensal to 

pathogen, undergoing yeast-to-hyphal form transition and producing biofilm; by doing 

this, Candida can easily evade a host's immune defenses and even resist to 

exogenous insults, such as disinfectants and antifungal agents [4–7]. 

Kupnik et al. described the antimicrobial activity of plant extracts, including 

Punica granatum L. [34]. Recently, we have provided initial evidence on the ability of 

PomeGr to affect biofilm formation by both fungal and bacterial cells [25]. To better 

understand the phenomenon, here, we demonstrate that PomeGr exerts anti-

Candida activity in a dose-dependent manner. In particular, the 1:16 dilution 

significantly impairs both fungal load and biofilm formation, by 71.4% and 51.3%, 

respectively. Such PomeGr-mediated inhibition never reaches 80%, in line with other 

data [35], documenting the consistent but always partial efficacy of this natural 

product. Nevertheless, its success may be strikingly enhanced by a combination with 

conventional drugs; accordingly, it has been demonstrated that punicalagin, a 

component of PomeGr extract, synergistically interacts with fluconazole against C. 

albicans and C. parapsilosis [36]. Similarly, by an in vitro study aimed at identifying 

novel options to counteract oral infections [35], we have shown that PomeGr, used in 

combination with a new biomimetic compound that favors enamel remineralization, 

exerts additive effects against Candida biofilm production. Thus, because of their 

intrinsic properties, PomeGr as well as other natural compounds endowed with 

antimicrobial activities deserve special interest, not only for the expected 

additive/synergistic effects but also because they are expected not to induce 

resistance, as opposed to conventional drugs.  

As known [37,38], pomegranate is an excellent source of bio-compounds with 

beneficial effects on human health. The relative quantities and compositions of such 

bioactive molecules may depend on the type of cultivar, the part of the fruit used and 

the ripening stage [39]. As determined by HPLC-ESI-MS analysis, the PomeGr used 
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in the present study is mainly composed of pedunculagins and their isomers, ellagic 

acid hexoside, punicalagins and their isomers, punicalin, granatin and Di-(HHDP-

galloyl-hexoside)-pentoside; in addition, other polyphenols are also present in low 

quantities (Figure 2). The obtained profile closely recalls what has been reported for 

other PomeGr extracts [21], thus underlying that the polyphenolic components 

actually remain the most abundant components. Some of them have been 

characterized for antibacterial and antifungal properties [24]; yet, their mechanism(s) 

of action remains still poorly understood. Here, we demonstrate the consumption of 

some PomeGr bioactive molecules upon exposure to Candida, envisaging their 

possible role as antibiofilm compounds. In particular, the comparison between the 

peak areas (AUP) obtained from Candida exposed or not to PomeGr (24 h of 

incubation, to allow biofilm formation/impairment) allows us to establish a decrease in 

pedunculagin, granatin, Di-(HHDP-galloyl-hexoside)-pentoside and punicalagin 

content, ranging from 35.7% to 41.3%. Interestingly, the ellagic acid-exoside 

undergoes complete consumption (it drops to undetectable levels). Paralleling with 

the biofilm reduction, the decreases observed by HPLC-ESI-MS analysis suggest 

that pedunculagin, granatin, Di-(HHDP-galloyl-hexoside)-pentoside, punicalagin and 

ellagic acid-hexoside are indeed molecules actively involved in the accomplishment 

of the antibiofilm activity. Similarly, the total consumption of ellagic acid, observed in 

our model, implies its direct role against Candida. In agreement with our data, 

Nejatbakhsh et al. [40] have shown that ellagic acid impairs both growth and biofilm 

formation by C. albicans; in addition, the expression of two genes, hypha-specific 

wall protein 1 (HWP1) and agglutinin-like sequence 3 (ALS3), known to be involved 

in adhesion and dimorphyic transition, happens to be deeply suppressed. Taken 

together, those of [40] and present findings strengthen the relevance of fungal 

adhesion and filamentation in the establishment of a sessile community and 

underline the impact of PomeGr and its compounds as potentially useful antibiofilm 

agent. 

Biofilm development is closely regulated by QS, a cell-to-cell communication 

system that in turn modifies gene expression through the release of specific 

molecular signals, the AI. Accordingly, C. albicans produces several AI, including 

farnesol and tyrosol. The former is involved in the inhibition of filamentation and 
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subsequent impairment in biofilm formation [41–45]; conversely tyrosol, shortens the 

fungal lag phase during growth and accelerates germ tube formation, thus promoting 

the yeast-to-hyphal cell transition [39]. Here, we show that Candida treatment with 

PomeGr impairs tyrosol production by about 60%. In contrast, farnesol, undetectable 

in untreated samples, is abundantly produced upon PomeGr treatment. Thus, by up-

regulating farnesol (a filamentation inhibitor) and down-regulating tyrosol (a 

filamentation promoter), PomeGr interferes with Candida biofilm formation, at least 

under the conditions employed in our model. Certainly, the opposed effects observed 

on farnesol and tyrosol warrant further investigations; in any case, we may conclude 

that the regulation of these two AI is a key step in the accomplishment of antibiofilm 

effects by PomeGr. It should be noted that the present data are in line with recent 

papers demonstrating the complex modulation of Candida tyrosol/farnesol by other 

bioactive compounds [32,33].  

Although having the limitations intrinsic of an in vitro model, our data adds new 

insights on the events occurring during Candida biofilm formation and its impairment 

upon treatment with the natural compound PomeGr. Any potential role of the 

preservatives may be excluded, being such compounds used at doses below their 

anti-Candida MIC. A better understanding of the events involved in such a 

phenomenon may help to counteract Candida pathogenicity, hopefully targeting 

selected/novel traits of its virulence. Preliminary experiments rule out a direct toxic 

effect of PomeGr against human epithelial cells; indeed, when used at 1:16 dilution, it 

did not affect LDH release, further encouraging studies aimed at characterizing novel 

antimicrobial formulations, possibly retaining a wide-spectrum activity.  

 

5. Conclusions 

Our results reinforce the importance of PomeGr as a natural product against the 

opportunistic pathogen C. albicans. Fungal load and biofilm formation are indeed 

affected in parallel with the consumption of certain phenolic compounds. 

Furthermore, we provide the first evidence that Candida exposure to PomeGr results 

in opposed regulation of the two major AI, farnesol and tyrosol. Since the finely AI-

regulated biofilm formation is linked to C. albicans pathogenicity, PomeGr should be 
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considered as a precious source of natural bioactive compounds for the development 

of new therapeutic strategies against Candida infections.  
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Abstract 

Pseudomonas aeruginosa is an opportunistic pathogen often responsible for biofilm-

associated infections. The high adhesion of bacterial cells onto biotic/abiotic surfaces 

is followed by production of an extracellular polysaccharidic matrix and formation of a 

sessile community (the biofilm) by the release of specific quorum-sensing molecules, 

named autoinducers (AI). When the concentrations of AI reach a threshold level, they 

induce the expression of many virulence genes, including those involved in biofilm 

formation, motility, pyoverdine and pyocyanin release. P. aeruginosa embedded into 

biofilm becomes resistant to both conventional drugs and the host’s immune 

response. Accordingly, biofilm-associated infections are a major clinical problem 

underlining the need for new antimicrobial therapies. In this study, we evaluated the 

effects of pomegranate peel extract (PomeGr) in vitro on P. aeruginosa growth and 

biofilm formation; moreover, the release of four AI was assessed. The phenolic 

profile of PomeGr, exposed or not to bacteria, was determined by high-performance 

liquid chromatography coupled to electrospray ionization mass spectrometry (HPLC-

ESI-MS) analysis. We found that bacterial growth, biofilm production and AI release 

were impaired upon PomeGr treatment. In addition, the PomeGr phenolic content 

was also markedly hampered following incubation with bacterial cells. In particular, 

punicalagin, punicalin, pedunculagin, granatin, di-(HHDP-galloyl-hexoside) pentoside 

and their isomers were highly consumed. Overall, these results provide novel insights 

on the ability of PomeGr to attenuate P. aeruginosa virulence; moreover, the AI 

impairment and the observed consumption of specific phenolic compounds may offer 

new tools in designing innovative therapeutic approaches against bacterial infections. 
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1. Introduction 

As an opportunistic pathogen, Pseudomonas aeruginosa (P. aeruginosa) causes 

severe infections in susceptible individuals, such as patients with acquired 

immunodeficiency syndrome (AIDS), cancer, severe burns or indwelling devices [1]. 

P. aeruginosa expresses numerous virulence factors that, through sophisticated 

regulatory mechanisms, allow it to adapt easily to many hostile environments [2]. 

Because of such adaptability and given the increasing drug-resistance, conventional 

antibacterial agents show limited efficacy against Pseudomonas [3]. As with many 

other microorganisms, besides those living in a planktonic form, P. aeruginosa is 

capable, as a survival strategy, of forming biofilm on medical devices and mucosal 

surfaces [4]. Accordingly, most hospital-acquired infections are associated with 

biofilm formation onto catheters, ventilator tubes, implants and medical prosthetic 

devices [5]. Therefore, early diagnosis of P. aeruginosa infection is crucial to 

promptly counteract the pathogen and, in turn, decrease mortality. 

Microbial biofilm is a complex community of microorganisms’ adherent to living 

on abiotic surfaces and tightly embedded in a self-produced matrix (extracellular 

polymeric substances or EPS), primarily composed of polysaccharides, extracellular 

DNA (eDNA), proteins and lipids [6]. Importantly, the matrix, responsible for over 

90% of the biofilm biomass, acts as a scaffold for adhesion to surfaces and, more 

importantly, protects sessile bacteria during stressful environmental conditions [7]. 

Indeed, when enclosed within the EPS, P. aeruginosa is protected from host immune 

responses and becomes less susceptible to antibiotics, compared to the planktonic 

counterpart [8]. Moreover, unlike planktonic cells, bacterial communities structured as 

biofilms exhibit an altered phenotype in terms of growth rate, expression of virulence 

factors and cell-to-cell communication systems [9]. 

For many microorganisms, the ability to form biofilm and finely modulate 

virulence factors expression is controlled by intercellular communication 

mechanisms, named quorum sensing system (QS), that function in a hierarchical 

manner, by means of signaling molecules and receptors, and are closely related to 

cell density [9]. In P. aeruginosa, four main QS systems have been identified, namely 

LasI/LasR, RhlI/RhlR [10], PqsABCDE/PqsR [11] and AmbBCDE/IqsR [12]. For each 

of these QS systems, P. aeruginosa synthesizes specific signal molecules, called  
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autoinducers (AI): 3-oxododecanoyl-L-homoserine lactone (3-oxo-C12-HSL); the N-

butanoyl homoserine lactone (C4-HSL); the 2- heptyl-3-hydroxy-4-quinolone 

(Pseudomonas quinolone signal–PQS) and the 2-(2-hydroxyphenyl)thiazole-4-

carbaldehyde (integrated quorum detection signal–IQS) [13]. These AI are involved 

in the regulation of many genes related to motility, biofilm formation, host immune 

evasion, iron scavenging and antibiotic resistance [14]. For example, the LasI/LasR 

system reduces the polysaccharide matrix, thus inducing biofilm dispersion; it is also 

involved in the resistance to detergents [15]. The RhlI/RhlR system regulates the 

expression of rhamnolipids, which are important for the formation of a mature biofilm, 

its subsequent dispersion and resistance to host immune responses as well [16]. The 

PqsABCDE/PqsR system is mainly involved in biofilm formation and eDNA release, 

an important step for the stability of biofilm structure [17]. Finally, the fourth QS 

system, the IQS, influences the early stages of biofilm formation by affecting the 

swarming motility of P. aeruginosa [18]; in addition, IQS regulates the synthesis of 

siderophores, pyoverdine and pyochelin [19] and is responsible for the antibiotic 

resistance observed in the sessile bacteria within the biofilm [20]. Since antibiotic 

treatment has often limited efficacy against biofilm [21], a recent study has been 

focused on the regulatory mechanisms involved in QS with the aim of developing 

alternative therapies against Pseudomonas infections [22,23]. New molecules 

capable of interfering with QS signaling mechanisms may represent a successful 

antimicrobial new strategy. In this context, plant extracts and their derivatives, rich in 

polyphenols such as Punica granatum L., could represent a new class of 

antimicrobial agents, capable of counteracting Pseudomonas’ virulence. 

Pomegranate peel extract (PomeGr) is an excellent source of biocompounds with 

biological activities and therapeutic properties, such as anti-inflammatory, 

antioxidant, antitumor and antimicrobial activities [24–26]. Recently, several studies 

have evaluated the antimicrobial activity of Punica granatum extract alone or in 

association with antibiotics. Interestingly, Abu El-Wafa WM et al. [27] have 

demonstrated that the combinations of pomegranate and rosemary extracts with 

antibiotics (namely piperacillin, ceftazidime, imipenem, gentamycin and levofloxacin) 

have a synergistic anti-Pseudomonas activity. 
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Here, we evaluate the effects of PomeGr on P. aeruginosa growth, biofilm 

formation and release of the AI, as well-known parameters linked to its pathogenicity. 

Moreover, the P. aeruginosa consumption of specific phenolic compounds present in 

PomeGr was also investigated. 

 

2. Materials and Methods 

2.1. Microbial Cells and Growth Conditions 

The bioluminescent P. aeruginosa (BLI-Pseudomonas) strain P1242, expressing 

the luciferase gene and luciferin substrate under the control of a constitutive P1 

integron promoter, was engineered by Choi and Schweizer [28]. This strain was 

maintained as previously described [29]. The bioluminescent signal was measured 

by a Fluoroskan reader (Thermo Fischer Scientific, Waltham, MA, USA) and 

expressed as relative luminescence units (RLU) as a parameter correlating with the 

number of viable cells [29]. Bacteria from −80 °C glycerol stocks were seeded onto 

tryptic soy agar (TSA) (OXOID, Milan, Italy) plates and incubated overnight at 37 °C. 

The resulting colonies were then collected, added to 10 mL of tryptic soy broth (TSB) 

(OXOID, Milan, Italy) and further incubated overnight at 37 °C by gentle shaking. The 

day after, the OD595 of the bacterial suspension was spectrophotometrically 

measured (by TECAN Sunrise, Männedorf, Switzerland) and the obtained value was 

converted into colony-forming units (CFU)/mL, according to an internal standard 

curve. Then, the bacterial suspension was appropriately diluted to obtain the final 

working condition of 106 bacteria/mL. 
 

2.2. Pomegranate Peel Extract 

The Punica granatum L. peel extract (PomeGr), supplied by INCOS 

COSMECEUTICA INDUSTRIALE (Bologna, Italy) and produced by PHENBIOX SRL 

(Bologna, Italy), contained the peel extract (22.5% w/w), saccharomyces ferment 

lysate filtrate, citric acid, sodium benzoate and potassium sorbate, as detailed 

elsewhere [26]. The same solution without PomeGr was used as a negative control 

(neg-C). The PomeGr and the neg-C were filtered through a 0.22 µm membrane and 

stored at 4 °C until tested in the assays. 
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2.3. Total Microbial Growth, Biofilm Formation and Regrowth Assays 

The PomeGr was serially diluted and plated (100 μL/well) in black 96-well 

microtiter plates with transparent bottoms (PerkinElmer, Milano, Italy). The bacterial 

suspension (106 cells/mL in TSB, prepared as detailed above) was added to the 

plates (100 μL/well) and incubated at 37 °C for 24 h. The fluorescent signal was 

hourly measured; the RLU values represented the amounts of live cells in the treated 

and untreated groups. After treatment, the samples were washed two times and the 

bioluminescent (BLI) signal was measured to quantify the 24 h-old biofilm, as 

previously detailed [30,31]. Next, to evaluate the PomeGr inhibitory effects on 

Pseudomonas regrowth, fresh medium was added to each well and the plate was 

further incubated at 37 °C; microbial growth was kinetically checked (24 to 48 h) by 

measuring the RLU every hour. 

 

2.4. Mass Spectrometry Analysis of PomeGr Extract 

The phenolic profile of PomeGr extract (diluted 1:16), exposed or not to P. 

aeruginosa (106 cells/mL) for 24 h at 37 °C, was assessed by high-resolution mass 

spectrometry (HR-MS). The cell-free supernatants were ultrafiltered with Amicon-

Ultra 0.5 tubes (14,000 rpm; 15 min), diluted 1:1 in a methanol/water solution (5:95 

v/v) and injected in an Ultimate 3000 UHPLC system coupled to a Q Exactive Mass 

Spectrometer (Thermo Scientific, San Jose, CA, USA). Chromatographic separation 

was performed by a C18 column (Hypersil Gold C18, 100 × 2.1 mm, 1.9 μm particle 

size; Thermo Scientific, San Jose, CA, USA). The mobile phases consisted of (A) 

water acidified with formic acid (0.1%) and (B) acetonitrile acidified with formic acid 

(0.1%). The flow rate was set at 0.5 mL/min. The elution gradient began at 2% B and 

after 0.5 min started to linearly increase to 18% B in 27 min and afterwards to 98% B 

in 4.5 min. In order to wash the column, solvent B was maintained at 98% for 3 min 

before returning to the initial conditions. The MS and MS/MS parameters are fully 

reported in Colombari et al. [26]. The relative amount of the identified phenolic 

compounds was determined by integrating the area under the peak (AUP) from the 

extracted ion chromatograms (tolerance ± 5 ppm). 
 

2.5. Mass Spectrometry Analysis of P. aeruginosa AI 

Cell-free supernatants from 24 h-old P. aeruginosa cultures (106/mL), treated or 

not with PomeGr (1:16 dilution), were harvested, filtered and analyzed by HPLC-ESI- 
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MS, as previously detailed [31]. The relative amount of the four AI was determined by 

integrating the area under the peak (AUP) from treated and untreated cultures 

(tolerance ± 5 ppm). 
 

2.6. Statistical Analysis 

Statistical analysis was performed by using GraphPad Prism 8 software. 

Statistical differences between groups were evaluated with the one-way ANOVA 

followed by Sidak’s multiple comparisons tests, as previously detailed [26]. Values of 

p ≤ 0.001 were considered statistically highly significant. 

 

3. Results 

3.1. PomeGr Effects on Pseudomonas Growth and Biofilm Formation 

Initially, we assessed in real time the effects of PomeGr on P. aeruginosa 

planktonic cell growth by using a previously established BLI-based assay [30]. As 

depicted in Figure 1A–C, the curves of the untreated samples (medium) showed the 

expected time-dependent increase in RLU that reached their maximal values after 8 

h. 
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Figure 1. The PomeGr effects on P. aeruginosa growth and biofilm formation. P. aeruginosa 

(106/mL, 100 µL/well) was exposed for 24 h to PomeGr or neg-C (100 µL/well) at dilutions of 

1:8, 1:16 and 1:32. By BLI assay, the total microbial load was kinetically measured every 

hour (Panel (A): 1:8 dilution; Panel (B): 1:16 dilution; Panel (C): 1:32 dilution). The samples 

were then washed and the biofilm formation was quantified by an additional bioluminescence 

reading (Panel D). The results shown were the mean (±SEM) of the RLU from 9–12 

replicates of three independent experiments. The asterisk indicates p ≤ 0.001 (PomeGr vs. 

neg-C). 

 

Similarly, when exposed to the neg-C, P. aeruginosa showed curves comparable 

to those of the medium, independent of the dilution tested. In contrast, at the 1:8 

dilution, PomeGr significantly affected the RLU already at time 0 (drop of 2 Logs); 

interestingly, the curve consistently remained below the controls at all the timepoints 

tested, with a 3-Log difference detected at 24 h. At the 1:16 PomeGr dilution, the 

inhibition observed was partial and gradually disappeared in that the RLU reached 

the values of the controls (medium and neg-C) between 17 and 24 h. Furthermore, 

no effects were found using the 1:32 dilution. Next, to investigate whether PomeGr 

would affect P. aeruginosa biofilm formation, after 24 h of treatment, the wells were 

washed to remove non-adherent bacteria and the residual bioluminescent signal was 

measured. As shown in Figure 1D, PomeGr significantly affected biofilm production 

in a dose-dependent manner. In particular, >99% inhibition was observed when 

employing the 1:8 dilution, while about 55% and 33% impairment were detected at 

1:16 and 1:32 dilutions, respectively. When assessed against neg-C, the PomeGr 

significantly affected biofilm production at all the dilutions tested (p < 0.001); 

furthermore, at 1:64 and 1:128, the impairments were still significant (p < 0.01; data 

not shown). 

In order to evaluate whether the PomeGr inhibitory effects on Pseudomonas 

biofilm persisted over time, we next focused on the 24–48 h timeframe. Accordingly, 

after 24 h incubation, PomeGr was removed from the cells and fresh medium was 

added to each well. The plate was again incubated at 37 °C and microbial load was 

further kinetically assessed (from 24 to 48 h) by measuring the RLU. As shown in 

Figure S1 (Supplementary Materials), cells exposed to the 1:8 dilution slowly regrew,  
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reaching the control/neg-C treated cells at about time 38 h, while the 1:16 and 1:32 

dilutions were ineffective. 

Since the 1:16 PomeGr dilution significantly impaired Pseudomonas biofilm 

production without affecting total growth, this condition was chosen for further 

analyses. 

 

 

3.2. Phenolic Compounds Profile of PomeGr Exposed or Not to P. aeruginosa 

Pomegranate peel extract is known to be a rich source of phenolic compounds, 

including flavonoids (anthocyanins, catechins and other complex flavonoids) and 

hydrolysable tannins (punicalin, pedunculagin, punicalagin, gallic acid and ellagic 

acid esters of glucose), previously reported as exerting numerous biological activities 

such as antioxidant, antimicrobial, anti-proliferative and anti-inflammatory activities 

[32–35]. 

By comparing the PomeGr MS and MS/MS profiles with those shown by the 

literature, several compounds were identified and the MS details on the phenolic 

compounds profile of PomeGr were given in our recently published manuscript [26]. 

Table S1 shows the data about the relative quantification of each phenolic compound 

(expressed as AUP) detected in the PomeGr, that had been exposed or not to P. 

aeruginosa. Furthermore, the relative percentage decrease was calculated. Figure 2 

details the overlapping chromatographic peaks of five compounds that displayed the 

highest decrease after PomeGr incubation with P. aeruginosa cells. In particular, 

following PomeGr exposure to P. aeruginosa (grey lines) and, in comparison, with 

the control (PomeGr alone; black lines), a significant decrease in pedunculagin 

(decrease ranging from 58.7 to 88%), punicalagin (decrease ranging from 32 to 

72%), granatin (decrease ranging from 94.8 to 99.6%), punicalin (21.1% decrease) 

and di-(HHDP-galloyl-hexoside)-pentoside (82.4% decrease) was observed. 
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Figure 2. Phenolic compounds decrease upon PomeGr exposure to P. aeruginosa. 

Overlapped peaks of 5 phenolic compounds in PomeGr extract, assessed alone (black line) 

or upon exposure to P. aeruginosa (grey line). The data were obtained by a pool of 4 

replicates from a representative experiment. Each panel also shows the chemical structure of 

each compound. 

 

 

3.3. PomeGr Effects on AI Release by P. aeruginosa 

P. aeruginosa produces several AI signal molecules involved in Pseudomonas 

biofilm formation and bacterial virulence as well. By HPLC-ESI-MS analysis, we 

measured the AI production by P. aeruginosa exposed or not to 1:8 and 1:16 

dilutions of PomeGr. Using cell-free supernatants, we obtained several 

chromatograms, through which the AUP of the various elution peaks were measured 

and the semi-quantitative assessments of the specific products were performed. 
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Table 1 shows the peak areas of four AI, namely 3-oxo-C12-HSL, C4-HSL, PQS and 

IQS, detected in the supernatants of cells exposed or not to PomeGr. A marked  

 

reduction in the Al content was observed following PomeGr treatment; the observed 

effect was dose-dependent and ranged between 0.5 and 4 Log; moreover, the 

amount of IQS also dropped to undetectable levels. 
 

Table 1. AI release by P. aeruginosa exposed or not to PomeGr. 

Treatment 3-oxo-C12-HSL C4-HSL PQS IQS 

Medium 1.65 × 108 3.15 × 108 2.51 × 1010 2.09 × 106 

PomeGr 1:8 1.89 × 106 3.99 × 107 4.42 × 106 n.d. 

PomeGr 1:16 6.58 × 107 3.92 × 107 1.93 × 108 n.d. 

The AI were measured on cell-free supernatants from P. aeruginosa, treated or not with PomeGr, 

by HPLC-MS. By chromatogram analysis, the different elution peaks were identified and their 

areas used for semiquantitative evaluation of each molecule. The results shown are from a pool 

of 4 replicates of a representative experiment. n.d. not detectable. 

 

4. Discussion 

Here, we show that PomeGr affects P. aeruginosa growth, biofilm formation and 

AI release, implying a marked impairment of its virulence. In addition, the 

consumption of specific phenolic compounds by P. aeruginosa suggests their direct 

involvement in the antibacterial activity. 

P. aeruginosa is an opportunistic pathogen frequently involved in biofilm-related 

infections that are difficult to treat with conventional drugs. Several studies have been 

performed on the antimicrobial activity of Punica granatum L., with the aim of 

successfully countering infections by using alternative approaches [25,27,32,34,35]. 

Here, we demonstrate the ability of PomeGr to significantly impair P. aeruginosa 

growth and biofilm formation in a dose-dependent manner. Indeed, as shown in 

Figure 1, the kinetically evaluated microbial growth remains lower than that observed 

in medium or neg-C treated cells, at PomeGr dilutions 1:8 or below (data not shown). 

At 1:16 PomeGr dilution, the RLUs progressively increase, reaching the control levels 

between 16–18 h, while at 1:32 dilution no effects have been detected. Furthermore, 

as depicted in Figure 1D, PomeGr significantly affects biofilm formation in a dose-

dependent manner. In particular, more than 99% inhibition occurs at 1:8 (Figure 1D) 
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or less (data not shown) while, at 1:16 and 1:32 dilutions, the decrease ranges from 

54% to 24%, respectively. In our experiments, the neg-C has no effects on  

Pseudomonas, implying that the additives/preservatives contained in the extraction 

solution have no role or toxic effects by themselves. In any case, we have used 

concentrations of potassium sorbate, sodium benzoate and citric acid below the MIC 

previously established by several studies against P. aeruginosa [36,37]. 

In our model, the anti-Pseudomonas effect is reversible, since the removal of 

PomeGr allows bacterial regrowth (see the Supplementary Materials). Whether the 

PomeGr-treated population may exhibit different phenotypes, i.e., susceptible, 

resistant and/or tolerant cells, as proposed by other studies obtained exposing 

Pseudomonas to antibiotics [38,39], remains to be investigated. Interestingly, initial 

evidence exists on the synergism between pomegranate extract and conventional 

antibiotics against Pseudomonas [27], further emphasizing the potential relevance of 

such a natural product in the design of novel antimicrobial protocols. Here, we show 

that the best anti-Pseudomonas effects occur at 1:8 and 1:16 dilutions, the same 

conditions that had also been found to exert the highest effects against Candida 

albicans [26]. Taken together, our previous [26] and present data suggest that the 

same molecules act against bacterial and fungal target cells as well. 

Punica granatum L. has been described as an excellent source of 

biocompounds, including phenolic acids, flavonoids and hydrolyzable tannins, mainly 

ellagitannins and gallotannins, each of them with beneficial properties on human 

health [35,40,41]. In line with the literature [41], we recently found that the PomeGr, 

used also in the present study, is mainly composed by ellagitannins such as 

pedunculagin and its isomers, ellagic acid-hexoside, punicalagin and its isomers, 

punicalin, granatin and di-(HHDP-galloyl-hexoside)-pentoside and its isomers [26]. 

Here, we demonstrated a remarkable consumption of polyphenols by PomeGr 

exposure to P. aeruginosa. As shown in Table S1 and in Figure 2, a strong reduction 

in the levels of pedunculagin (decrease ranging from 58.7 to 88%), punicalagin 

(decrease ranging from 32 to 72%), granatin (decrease ranging from 94.8 to 99.6%), 

punicalin (decrease of 21.1%) and di-(HHDP-galloyl-hexoside)-pentoside (decrease 

of 82.4%) occurs, highlighting the involvement of these molecules in the anti-

Pseudomonas activity. It should be noted that a similar trend of consumption had 

been observed exposing PomeGr to fungal cells [26]. This further emphasizes the 
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likelihood that the same effector molecules act against bacterial and fungal cells as  

well. It is worth pointing out that the compounds showing the highest reduction 

(pedunculagin, punicalagin, granatin and di-(HHDP-galloyl-hexoside)-pentoside) 

contain in their structures at least one hexahydroxydiphenoyl moiety, suggesting its 

pivotal role in the antimicrobial and antifungal activities exerted by PomeGr. 

P. aeruginosa biofilm formation is finely regulated by cell-to-cell communication 

systems that function in a hierarchical manner, by means of signaling molecules and 

receptors [10]. In particular, four main QS systems have been identified: LasI/LasR, 

RhlI/RhlR [11]; PqsABCDE/PqsR [12] and AmbBCDE/IqsR [13]; each of them 

synthesizes its own specific signal molecules, namely 3-oxo-C12-HSL, C4-HSL, PQS 

and IQS, respectively. Here, we show that all of the four AI are constitutively 

produced Pseudomonas, being detected in 24 h-old supernatants (Table 1). 

Interestingly, a marked reduction in the Al content is observed upon PomeGr 

treatment; particularly, a drop, ranging from 0.5 to 4 Log, occurs for 3-oxo-C12-HSL, 

C4-HSL and PQS, while the amounts of IQS drop to undetectable levels. These data 

provide the first evidence that PomeGr impairs P. aeruginosa AI production, although 

to a different extent, depending on the molecule considered. Initial literature [41] 

describes a close relationship between the flavonoid structure of certain compounds 

and some biological effects, such as impairment of pyocyanin and elastase 

production by Pseudomonas. In particular, Paczkowski et al. [41] have demonstrated 

that flavonoids are direct inhibitors of the QS receptor, LasR; yet, they do not function 

via a competitive mechanism involving displacement of their natural ligand, the AI 3-

oxo-C12-HSL; rather, they prevent binding to the respective promoter region, thereby 

inhibiting the expression of downstream genes. Furthermore, it has been shown [42] 

that a methanolic extract of Terminalia chebula, containing ellagic acid-derivatives 

and flavogallonic acid-derivatives (structurally related to the hexahydroxydiphenoyl 

moieties), is able to inhibit P. aeruginosa biofilm formation, via downregulation of the 

lasIR and rhlIR gene expression, in turn resulting in a decreased production of AI 

[42]. The molecular mechanisms involved in the above-described inhibition remain to 

be investigated; however, the hierarchical organization of the various QS systems, 

controlled by the LasI/LasR, may explain the impairment of the four AI, observed in 

our model. Given the crucial role of such signal molecules that, through their 

specificity and concentration, finely regulate not only biofilm formation but also the  
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expression of genes involved in other processes, such as stress-tolerance and host–

microbe interaction [39], we may conclude that bacterial virulence is indeed 

profoundly attenuated upon PomeGr treatment. 

Despite the limitations intrinsic to any in vitro model, these results add new 

insights on the molecular mechanisms occurring during Pseudomonas biofilm 

development and its impairment by PomeGr. It remains to be established whether 

other microorganisms and/or multispecies biofilm may be successfully treated with 

PomeGr, hopefully by targeting other QS systems. 

 

5. Conclusions 

The results of this study emphasize the role of PomeGr as a natural antimicrobial 

compound against P. aeruginosa. Indeed, upon exposure to PomeGr, (i) bacterial 

growth and (ii) biofilm formation are affected; simultaneously, (iii) the consumption of 

specific phenolic compounds and (iv) the impairment of AI production by P. 

aeruginosa are detected. Because the AI-regulated biofilm production is strictly 

related to bacterial virulence, we may consider PomeGr as an interesting alternative 

to conventional drugs for the design of novel therapeutic protocols focusing on 

virulence attenuation of P. aeruginosa. 

 

Supplementary Materials: The following supporting information can be downloaded 

at: https://www.mdpi.com/article/10.3390/microorganisms10122500/s1. Figure S1: 

Kinetic of microbial regrowth; Table S1: Peak areas of phenolic compounds in 

PomeGr exposed or not to P. aeruginosa.  
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Maintenance of a good oral hygiene is crucial to prevent or treat oral diseases. 

The availability of  strategies that successfully counteract microbial biofilms, 

commonly produced on oral tissues and dental devices, are greatly desirable. The 

present studies provide new information by detailing the antimicrobial and antibiofilm 

efficacy of novel compounds, recently entered the market or hopefully usable soon in 

clinical dentistry. 

The ex vivo data on the effects of  Biorepair® PERIBIOMATM gum and toothpaste 

on orthodontic elastics contamination imply that the daily use of such products can 

have a profound impact on oral health. Indeed, microbial adhesion, growth and 

biofilm formation on abiotic surfaces are affected and, even more, it is promoted the 

replacement of potential pathogens with microorganisms beneficial for the oral cavity. 

By several in vitro models, employing Gram-negative and Gram-positive bacteria 

and fungal cells as well, the antibiofilm activity of a biomimetic hydroxyapatite 

(MicroRepair) and a natural compound (pomegranate) have been established. Giving 

the crucial role of biofilm formation in microbial virulence, these data add novel 

insights on how  biofilm-associated infections may be counteracted. 

Furthermore, the studies describing the anti-Candida and anti-P. aeruginosa 

activity of pomegranate extract and the bioactive molecules possibly mediating such 

inhibitory effects underline the relevance of a natural compounds, such as 

pomegranate, against C. albicans, a fungal pathogen and against P. aeruginosa, a 

gram-negative bacteria, commonly affecting the oral cavity. A better comprehension 

of the properties of such novel bioactive compounds is highly desirable, since they 

might be used as alternative or in combination with conventional antimicrobial drugs, 

thus likely avoiding further expansion of the antimicrobial resistance phenomenon.  

Overall, these basic research studies on several dental materials and oral health 

products open to clinical trials, directly focused on the most promising compounds, 

as novel tools to maintain or restor oral health in selected cohorts of individuals. 
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