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ABSTRACT 

The discovery of penicillin by Sir Alexander Fleming in 1928 

started the golden age of natural product antibiotic discovery that 

peaked in the mid-1950s. Since then, a gradual decline in antibiotic 

discovery as well as the development and evolution of drug resistance 

in many human pathogens has led to the current antimicrobial 

resistance crisis. Plants are one of the dominant creatures on earth and 

represent the primitive rich source of antimicrobial natural products. 

Indeed, plants adapt and encounter diverse environmental challenges 

since their existence. For this reason, they have evolved sophisticated 

and effective defense mechanisms against predators, abiotic stress, 

and diseases. Due to this adaptive process, plants can produce a 

massive chemical arsenal of secondary metabolites effective in 

combating even the most dangerous infections. Here, a bio-guided 

purification of Centaurea hyalolepis and Ephedra foeminea extracts 

were performed for the first time to identify bioactive compounds. The 

molecular structure of the identified compounds was determined by 

nuclear magnetic resonance (NMR) spectroscopy and mass 

spectrometry (MS) analyses. Six compounds were isolated and 

identified from E. foeminea extracts including both monoterpenoid 

phenols carvacrol and thymol, in addition to four acylated kaempferol 

glycosides. Regarding C. hyalolepis extracts, three sesquiterpene 

lactones were isolated and identified as cnicin, 11β,13-

dihydrosalonitenolide and salonitenolide. Among the identified 

compounds,kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-

rhamnopyranoside which was found to be endowed with pronounced 

antibacterial properties and significant anti-biofilm activity against S. 

aureus bacterial strains. Moreover, significant additive effects were 

observed when this compound was tested in combination with 

r(P)ApoBLPro peptide against the tested S. aureus MRSA WKZ-2 and 

A. baumannii ATCC 17878 bacterial strains. Preliminary experiments 

were also performed to load this compound on hydroxyethyl cellulose 

(HEC) films cross-linked with citric acid, thus developing an active food 

packaging system that might be able to prevent food spoilage. 

Altogether, the achieved results open interesting perspectives to the 

applicability of the identified plant-derived compounds in several fields, 

such as biomedical, pharmaceutical, cosmeceutical, as well as in food 

preservation and active packaging areas.  
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RIASSUNTO 

 

La scoperta della penicillina da parte di Alexander Fleming nel 

1928 ha dato inizio all'età d'oro della scoperta degli antibiotici da 

prodotti naturali che raggiunse il picco a metà degli anni '50. Da allora, 

un graduale declino nella scoperta di nuovi antibiotici in concomitanza 

con lo sviluppo e l'evoluzione della resistenza ai farmaci in molti agenti 

patogeni umani ha portato all'attuale crisi dovuta ad una massiva 

resistenza agli agenti antimicrobici. Le piante sono tra le creature 

dominanti sulla Terra e rappresentano una fonte primitiva e ricca di 

prodotti naturali antimicrobici. In effetti, le piante si sono adattate ad 

affrontare diverse sfide ambientali sin dalla loro esistenza. Per questo 

motivo, hanno sviluppato sofisticati ed efficaci meccanismi di difesa 

contro predatori, stress abiotici e malattie. Grazie a questo processo di 

adattamento, le piante possono produrre un enorme arsenale chimico 

di metaboliti secondari efficaci nel combattere anche le infezioni più 

pericolose. Nel presente lavoro di tesi, è stata eseguita per la prima 

volta una purificazione bio-guidata degli estratti di Centaurea hyalolepis 

ed Ephedra foeminea, al fine di identificare i principali composti bioattivi 

in essi contenuti. La struttura molecolare dei composti identificati è stata 

determinata mediante spettroscopia di risonanza magnetica nucleare 

(NMR) e analisi di spettrometria di massa (MS). Sei composti sono stati 

isolati e identificati da estratti di E. foeminea, inclusi i fenoli 

monoterpenici carvacrolo e timolo, oltre a quattro glicosidi acilati del 

kaempferolo. Nel caso degli estratti di C. hyalolepis, tre lattoni 

sesquiterpenici sono stati isolati e identificati come cnicina, 11β,13-

diidrosalonitenolide e salonitenolide. Tra i composti identificati, il 

kaempferolo-3-O-α-L-(2”,4”-di-E-p-cumaril)-ramnopiranoside è risultato 

dotato di spiccate proprietà antibatteriche e significativa attività anti-

biofilm nei confronti del batterio S. aureus. Inoltre, sono stati osservati 

significativi effetti additivi quando questo composto è stato testato in 

combinazione con il peptide antimicrobico r(P)ApoBL
Pro contro i ceppi 

batterici S. aureus MRSA WKZ-2 e A. baumannii ATCC 17878. Sono 

stati, inoltre, eseguiti esperimenti preliminari per caricare questo 

composto su film di idrossietilcellulosa (HEC) reticolati con acido citrico, 

con l’intento di sviluppare un sistema di confezionamento alimentare 

attivo che potrebbe essere in grado di prevenire il deterioramento di 

campioni alimentari. Nel complesso, i risultati raggiunti aprono 
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prospettive interessanti all'applicabilità dei composti di origine vegetale 

qui identificati in diversi campi, come quello biomedico, farmaceutico, 

cosmeceutico, così come nelle aree della conservazione degli alimenti 

e del packaging alimentare attivo. 
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General Introduction 

1.1 Plant-derived Compounds as Antimicrobial Agents 

Natural products embrace chemical compounds with several 
biological properties that allow their applicability in biomedicine, 
veterinary medicine, agriculture, and industry. Natural products 
comprise molecules derived from the secondary metabolism of 
animals, plants, bacteria, algae, and fungi [1,2]. Plants represent up to 
80% of the total biomass of ecosystems and they are a primitive source 
of antimicrobial natural products [3]. Through their evolution, plants 
have evolved sophisticated and effective defense mechanisms against 
predators, abiotic stress, and diseases. Due to this adaptive process, 
plants became able to produce a rich arsenal of secondary metabolites 
able to combat even the most dangerous infections [4]. Since ancient 
times, plant-derived compounds were used as flavorings, 
preservatives, and as antioxidant and antimicrobial agents in traditional 
medicine [5]. It was reported that Sumerians employed thyme for its 
beneficial impact on health [6]. Moreover, the ancient Egyptian 
population used Aloe vera, castor bean, garlic, hemp, anise, and 
mustard for their nutritive and healing properties [7]. Hence, plants 
represent a source of priceless therapeutic compounds that could be 
identified by using modern technologies that could allow to investigate 
the basis of this folkloric medicinal heritage and to discover therapeutic 
instruments suitable for nowadays challenges.   

Several secondary metabolites produced by plants, such as 
tannins, terpenoids, alkaloids, polyphenols, and flavonoids, were found 
to be endowed with antimicrobial properties in vitro against both Gram-
positive and Gram-negative bacteria. Some of these phytochemicals 
were also found to alter or to influence the resistance mechanisms in 
bacteria [8]. Plant-derived compounds might also help conventional 
antimicrobials to penetrate into bacterial cells more effectively. Massive 
studies were conducted to investigate the antimicrobial activity of 
several plant extracts, in order to identify alternatives to conventional 
antibiotics [5]. Among identified compounds, the essential oil allicin from 
garlic, which was found to exert (i) antibacterial properties against a 
variety of Gram-positive and Gram-negative bacteria, including 
multidrug-resistant Escherichia coli strains, (ii) antifungal activity 
against Candida albicans (iii) anti-parasitic properties against human 
intestinal protozoan parasites, and (iv) antiviral activity [9]. Garlic total 
extract was also found to impair Pseudomonas aeruginosa's capacity 
for quorum sensing, thus making bacterial cells more vulnerable to the 
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bactericidal effects of tobramycin antibiotic and to polymorphonuclear 
leukocytes [10,11]. Similarly, Nigella sativa extracts were found to 
successfully eradicate the pathogenic yeast Candida albicans. Garlic 
and black cumin were traditionally used to treat urinary tract infections, 
and it was demonstrated that they are more effective than cefalexin, 
cotrimoxazole, and nalidixic acid in the treatment of infections [5]. 
Peppermint (Mentha piperita) oil was found to be more powerful than 
chlorhexidine in preventing the formation of biofilm by Streptococcus 
mutants and Streptococcus pyogenes [12]. It is challenging to assign 
the observed antibacterial activity to a specific element of plant extracts 
due to the concomitant presence of carbohydrates, peptides, alkaloids, 
glycosides, flavonoids, terpenoids, tannins, reducing sugars, soluble 
phenols, and saponin glycosides [13]. Possible mechanisms of the 
antimicrobial activity of some plant-derived compounds are 
summarized in Figure 1 [14]. 

 

Figure 1. Targets of the antimicrobial activity of plant metabolites and their proposed 
mechanism of action from Bazaka et al., 2015. 
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About 200,000 plant secondary metabolites were identified so 
far, and, among them, 170,000 had distinct chemical structures [15]. 
Alkaloids, terpenoids, and polyphenols are among the plant secondary 
metabolites endowed with antimicrobial properties [16]. Although only 
few studies described the antibacterial potentiality of pure alkaloids, 
several reports described the antimicrobial activity of plant extracts that 
contain alkaloids as primary constituents [17,18]. Terpenoids do not 
generally exhibit considerable antibacterial action, according to several 
in vitro investigations [19]. However, due to their hydrophobic properties 
and low molecular weight, they might contribute to enhance the 
antibacterial activity of other bioactive compounds [20]. Plant-derived 
polyphenols are divided into several subfamilies: flavonoids, 
hydrolysable tannins, lignans, phenolic acids and stilbenes. Based on 
the structure of the flavonoid group, other subfamilies can be identified: 
anthocyanidins, flavanones, flavones, flavonols and isoflavones. 
Examples of flavonoids with antimicrobial activity are quercetin, 
kaempferol, morin, and myricetin [21]. 

According to Lai and Roy, 2004 [5], the hydroxyl (-OH) groups of 
phenolic compounds might interact with bacterial cell membranes 
determining membrane alterations and the consequent leakage of 
cellular components [22]. It was reported that the antibacterial 
properties are significantly influenced by the presence and the position 
of the (-OH) group in phenolic compounds [23]. An example is 
represented by the antimicrobial activity of essential oils thymol and 
carvacrol that are structurally similar but, when tested in vitro, they 
showed different antibacterial properties against Gram-positive and 
Gram-negative bacteria. These variations are correlated to the fact that 
the (-OH) group in thymol is located in the meta position, whereas it is 
located in the ortho position in carvacrol [23]. In addition, double bonds 
were found to be key structural determinants of antimicrobial activity. 
Indeed, citronellol was found to be less effective than geraniol and nerol 
because it has only one double bond, whereas geraniol and nerol had 
two double bonds and exhibited stronger antibacterial effects [24,25]. 
Berberine, an isoquinoline alkaloid that was found in the roots of 
Berberis species, was found to be able to accumulate into the cells and 
to intercalate into DNA, with a consequent inhibition of several enzymes 
involved in DNA replication and protein synthesis, such as gyrase, 
topoisomerase IV and RNA polymerase [26,27]. Generally, plants’ 
secondary metabolites were found to be characterized by diverse 
antimicrobial mechanism of actions, including the ability to form 
complexes with extracellular and insoluble proteins, and with 
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membrane proteins of targeted microbes. Membrane disruption and 
inhibition of bacterial enzymes were also described. Some secondary 
metabolites were found to function as proton exchangers that reduce 
the pH gradient across the cytoplasmic membrane, thus determining 
cell death. Some plant secondary metabolites have been also found to 
prevent biofilm formation or detach the already existing one [28-32]. 
 
1.2 Plants’ Natural Compounds to Overcome Antimicrobial 
Resistance (AMR)  

Antimicrobial Resistance (AMR) is the ability of microorganisms 
to adapt and thrive in the presence of compounds previously able to 
influence their survival [33]. This is a worrying phenomenon for human 
health and, if this issue is not resolved, conventional antibiotics used 
with great effectiveness in the past might be no longer able to provide 
humans with protection against bacterial infections [21]. Bacteria adapt 
to the presence of antibiotics by mutations, horizontal gene transfer or 
modifications of gene expression. Once antibiotic resistance is 
acquired, it could be transmitted to future bacterial generations either 
by cell division or by horizontal gene transfer [34]. Antibiotic abuse in 
health sector, agricultural practices, as well as, the modern and 
convenient transportation methods of people, animals, and goods have 
greatly contributed to the development of antimicrobial resistance in 
recent years [33].  

The lack in the discovery of new antibiotics made the situation 
worse, thus urge the need to develop effective alternatives to 
conventional antibiotics. To fight antibiotic resistance, several 
strategies have been explored. Among these, the synergistic 
interactions between natural substances and antibiotics had attracted 
considerable attention [34]. Indeed, antibiotics and phytochemicals 
acting in synergism might represent a promising therapeutic approach. 
Plant-derived compounds and their isolated phytochemicals were found 
to be active on almost all the targets of multidrug resistant microbes 
(MDR) [34]. While some plant-derived compounds have direct 
antimicrobial activity against antibiotic-resistant bacteria, some of them 
are able to increase the effectiveness of antibiotics in different ways, 
i.e., (i) by altering bacterial membrane and facilitating antibiotics entry, 
(ii) by blocking efflux pumps (EPs), or (iii) by disrupting biofilms [21]. 
Targets of natural products from different sources in MDR bacteria are 
summarized in Figure 2. 
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Figure 2. Molecular targets of antimicrobial natural compounds. Plant-derived 
compounds are represented in green. From Álvarez-Martínez et al., 2020. 

The chemical structures of common plant-derived compounds 
tested in combination with antibiotics are listed in Figure 3 [34]. The 
plant-derived compounds kaempferol and quercetin are two flavonols 
with pronounced antimicrobial activity, which were found to enhance 
the efficacy of rifampicin antibiotic against MDR bacterial strains. This 
activity was attributed to the flavonols’ ability to inhibit topoisomerases 
activity, with the consequent inhibition of DNA synthesis leading to cell 
death [35]. In addition, flavonol Epicatechin gallate (ECg) was found to 
enhance the sensitivity of MDR strains to penicillin or oxacillin. This is 
probably due to ECg ability to manipulate plasma membrane fluidity. 
ECg was also found to alter MDR strains sensitivity to β-lactam 
antibiotics through the alteration of PBP2a enzyme responsible for the 
resistance phenotype. Furthermore, ECg was found to be able to inhibit 
biofilm formation and to induce the decrease in the expression of 
proteins that are related to virulence factors [36]. Some phytochemicals 
were found to have a remarkable ability to block different efflux pumps 
of MDR Gram-positive or Gram-negative bacteria. For instance, 
capsaicin, indirubin, kaempferol rhamnoside, and olympicin-A were 
found to be able to disrupt NorA efflux pump of S. aureus SA-1199-B 
[37-41]. 4-hydroxytetralone, ursolic acid and its derivatives were found 
to be able to inhibit Yojl efflux pump in MDR E. coli [42]. Berberine and 
palmatine were found to inhibit MexAB-OprM in a clinically isolatesd 
MDR strain of P. aeruginosa [43].   

https://www.mdpi.com/2227-9059/8/10/405#B169-biomedicines-08-00405
https://www.mdpi.com/2227-9059/8/10/405#B171-biomedicines-08-00405
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Figure 3. Chemical structure of plant-derived compounds tested in combinations with 
antibiotics, from Ayaz et al., 2019. 

1.3 Antimicrobial Peptides (AMPs) 

Antimicrobial peptides (AMPs) were discovered to be as a part 
of the innate immune system in all organisms. Therefore, they are also 
known as Host Defense Peptides (HDPs) [44]. Indeed, AMPs are able 
to exert not only direct antimicrobial effects, but they were also found to 
be endowed with multiple biological properties, such as antibiofilm, 
immunomodulatory, anticancer, cell signaling, cell differentiation, 
chemotaxis and wound healing properties. [45]. AMPs are generally 
short peptides with a length of about 12-50 residues, and with a net 
positive charge [45]. They are also rich in hydrophilic and hydrophobic 
amino acids; a fundamental feature conferred their diverse biological 
properties. AMPs typically have an overall positive net charge ranging 
from +2 to +9 [45].  Based on their secondary structure, AMPs can be 
divided into three groups: (i) those with α-helical, (ii) β-sheet, or (iii) 
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extended/random-coil structure. The first two classes comprise the 
majority of AMPs [46]. AMPs direct microbicidal activity mainly targets 
bacterial membrane [47]. Interactions between AMPs and bacterial 
membrane are generally mediated by electrostatic forces between the 
positively charged AMPs and the negatively charged bacterial surface 
[48,49]. The membrane of both Gram-positive and Gram-negative 
bacteria is abundant in negatively charged phospholipids. Additionally, 
lipopolysaccharides (LPS) and teichoic acids provide additional 
negative charge to bacterial surface, thus strengthening the interaction 
with AMPs [46][49]. Three models were proposed to explain AMPs 
mechanism of action, namely the barrel-stave model, toroidal pore 
model, and carpet model [50,51], which are schematically represented 
in Figure 4.  

 

Figure 4. Schematic representation of AMPs mechanism of action from Kosikowska 
and Lesner, 2016. 

AMPs can also weaken or thicken the bacterial membrane 
(membrane thinning / thickening concept) or cluster the phospholipid 
head groups in the membrane (charged lipid-clustering model) [52]. 
They were also described as non-membranolytic peptides that target 
intracellular components and inhibit vital cell processes, such as protein 
folding, enzyme activity, DNA, RNA, and protein synthesis, and cell wall 
production [53-57].  
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In recent years, Pane et al. created a valuable bioinformatic tool 
to identify AMPs in the sequences of human precursor proteins and to 
quantitatively predict their antibacterial activity [58]. This method led to 
the discovery of hundreds of putative AMPs in human secretory 
proteins. Apolipoprotein B was also identified as a source of AMPs. Two 
versions of the identified peptide were recombinantly produced. They 
were named r(P)ApoBL

Pro and r(P)ApoBS
Pro peptides. They are 38 and 

26 residues long, respectively [66]. P refers to the presence of a Pro 
residue at the N-terminus of each peptide released upon acidic 
hydrolysis of an Asp-Pro bond, whereas L and S refer to a longer or a 
shorter version of the produced peptide. Produced peptides were found 
to be endowed with broad-spectrum antimicrobial activity, while being 
neither toxic nor hemolytic towards human and murine eukaryotic cells 
[59]. Additionally, both ApoB-derived peptides were found to be able to 
synergistically act in combination with EDTA or conventional antibiotics, 
thus providing intriguing possibilities to their applicability in 
pharmaceutical and cosmeceutical industries [59]. Additionally, 
peptides derived from ApoB exhibited strong anti-biofilm properties, 
being able to stop biofilm from forming, adhere to an existing one, and 
even detach preformed biofilm. Significant anti-biofilm effects were also 
found against bacterial strains such as methicillin-resistant 
Staphylococcus aureus, which were found to be resistant to peptides' 
direct antibacterial activity [59]. ApoB-derived peptides were also found 
to be endowed with anti-inflammatory properties being able to decrease 
the release of nitric oxide (NO) and interleukin-6 (IL-6) in mice 
macrophages upon stimulation with LPS [59]. Peptides were also found 
to exhibit antifungal properties and to be effective in a mouse model of 
skin infection [60]. These findings collectively open interesting 
perspectives to the applicability of ApoB-derived peptides in several 
fields, such as pharmaceutical, cosmeceutical, agricultural, and food 
preservation areas. 

1.4 Biofilm Formation and Its Impact on Food  

Food contaminations are caused by bacteria, viruses, parasites 
or chemical substances that can enter human body through 
consumption. Numerous diseases caused by contaminated food 
samples can provoke permanent disability and even death. It was 
estimated that about 600 million people worldwide get sick by eating 
contaminated food each year [61]. Food contaminations are verified at 
any stage during the farm-to-fork chain and are responsible for illness 
and intoxication [62]. During food processing and manufacturing, food 
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residues may accumulate on surfaces of devices that encounters food, 
with consequent bacterial adhesion due to poor sanitation of surfaces 
[63].  

Foodborne bacteria are also able to form biofilm. Biofilm 
development occurs on several surfaces, either biotic (i.e., meat, oral 
cavity, intestine, urogenital tract, skin, etc.) or abiotic (i.e., floors, walls, 
drains, equipment, or food-contacting surfaces) [64]. Among foodborne 
pathogens which are able to form biofilm, Listeria monocytogenes, 
Micrococcus spp., Staphylococcus spp., Clostridium spp., Bacillus spp., 
Lactobacillus spp., Brochothrix thermosphacta, Salmonella enterica, 
Escherichia coli, Serratia spp., Campylobacter spp., and Pseudomonas 
spp. [65,66]. Table 1 summarizes the most common foodborne 
pathogens and their effects food safety [66]. 

Table 1. Summary of common foodborne pathogens forming biofilm and their effects 
on food safety from Bai et al., 2021.  
 

 
Over 80% of chronic infectious disorders are associated to 

biofilm formation. Furthermore, traditional antibiotic treatments were 
found to be ineffective in curing these biofilm-associated infections [67, 
68]. Biofilm plays the role of a structural barrier protecting 
microorganisms from adverse environmental factors, such as severe 
temperature values, pH, high salinity, pressure changes, inadequate 
nutrition, antibiotics, etc. [69]. Biofilm mode of growth causes not only 
bacterial resistance to antibiotics but also to disinfection, with serious 
consequences on both health and economy [70]. In this scenario, it 
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appears fundamental to establish effective strategies to eradicate 
biofilm forming bacteria from food production and processing 
environments. However, this requires a deep understanding of 
physiological and pathophysiological bases of biofilm-forming bacteria 
[66]. In Figure 5, they are schematically reported the major stages of 
biofilm development [71]. The stages are: (i) the initial or reversible 
attachment to the surface indicative of the transition from planktonic life 
to the biofilm mode [71]. (ii) The irreversible attachment, which includes 
the development of the extracellular matrix. (iii) The microcolony 
formation, which implies the adherence of bacteria enhancing the 
release polymeric compounds that function as a "glue" to fix 
microorganisms on various surfaces. (iv)The biofilm maturation with the 
transformation into a three-dimensional spatially coordinated structure 
through a signaling system known as Quorum Sensing (QS), and (v) 
the dispersion of biofilm characterized by the detachment of bacterial 
cells that look for novel surfaces to adhere to, thus beginning a novel 
round of biofilm production [71]. 

 

Figure 5. Stages of biofilm formation from Abebe, 2020. 
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1.5 Aims of the Thesis 

The main aim of this PhD project is to purify and isolate novel 
plant-derived compounds endowed with multiple biological activities. 
Once identified, these compounds were characterized for their 
biological properties moreover; their ability to act in synergism with 
ApoB-derived HDPs was exploited [58]. A bio-guided purification 
procedure allowed the purification of phytochemical constituents of wild 
plants, which were then isolated, identified, and tested in combination 
with HDPs endowed with antimicrobial activities towards food-borne 
pathogens. Herewith, chapter 1 comprises a general introduction to the 
experimental part of this project. Consequently, chapters 2-5 report the 
isolation and identification of plant-derived compounds and the attempt 
to develop a suitable active food packaging system. Chapter 6 
comprises a general discussion on the main achieved results. The 
detailed content of the main chapters of the thesis are listed below: 

 Chapter 2: screening of several wild plant extracts to evaluate 

their antimicrobial and anti-biofilm activities against a panel of 

Gram-positive and Gram-negative bacterial strains. 

 Chapter 3: bio-guided purification procedure to isolate the active 

compounds of Centaurea hyalolepis extract, and their 

identification through NMR and MS analyses. 

 Chapter 4: bio-guided purification procedure to isolate the active 

compounds of Ephedra foeminea extract, and their 

identification through NMR and MS analyses. Among the 

identified compounds, (kaempferol-3-O-α-L-(2”,4”-di-E-p-

coumaroyl)-rhamnopyranoside) which showed strong activity 

against MDR (S. aureus MRSA WKZ-2) bacterial strain and was 

characterized for its antibacterial, anti-biofilm, and anticancer 

properties. Molecular docking analyses were performed as well 

to predict the possible targets of its mechanism of action. 

Analyses of synergistic effects between the identified compound 

and r(P)ApoBL peptide were also performed. 

 Chapter 5: development of an active food packaging system 

based on the employment of hydroxyethyl cellulose (HEC) films 

cross-linked with citric acid. The physiochemical properties of the 

prepared films was also described.  
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Identification of Wild Plant Extracts Endowed with 
Antimicrobial and Anti-biofilm Activities 

1. Introduction 

Through centuries, nature was fundamental for humankind life 
prosperity on earth. Since their existence, humans used plants as the 
natural resource for their food, animal feeds and medical treatments of 
various diseases [1]. Prevention and treatment of several diseases 
were achieved by using conventional medicinal plants that are known 
for their antimicrobial, antifungal, anti-inflammatory and antiviral as well 
as anticancer characteristics [2]. This wide range of activities is 
correlated to different plant-derived active chemical components, such 
as essential oils and secondary metabolites, including alkaloids, 
terpenoids, tannins and flavonoids [2,3]. According to the published 
literature in phytochemistry, several secondary metabolites are 
endowed with antimicrobial properties exerted through diverse 
antimicrobial mechanisms of actions, including the ability to form 
complexes with extracellular and soluble proteins as well as with 
membrane proteins of targeted microbes. Antimicrobial activity is also 
mediated by the ability to cause membrane disruption and bacterial 
enzymes inhibition [4-7]. 

Among targeted enzymes, gyrase, topoisomerase IV and RNA 
polymerase are commonly reported [8,9]. Active plant-derived 
compounds vary in quantity and activity depending on plant species and 
environmental conditions. Based on the interesting pharmacological 
features of plants, most people in developing countries are dependent 
on traditional herbal medicine, which is considered less harmful in terms 
of side effects with respect to traditional medicine. Humans used only a 
small percentage (1-10%) of plant species present on earth [10,11]. 
Researchers employed the basic knowledge acquired from traditional 
folk medicine to analyze the chemical composition of the used plants, 
in order to clarify molecular bases of their beneficial properties. 
However, the analysis of wild plants, which are not used in folk 
medicine, could reveal novel compounds rich in biological properties 
suitable for applicability in several fields [3]. 

Indeed, humans used plants for centuries to cure several 
diseases and health related troubles, and this practice was passed to 
generations without a deep scientific understanding of the mechanisms 
of action responsible of these beneficial effects. For this reason, 
researchers focused their attention on the analysis of extracts obtained 
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from several plants, since they could represent a precious source of 
active compounds with interesting pharmaceutical properties to be 
exploited as active molecules of formulations to be employed in several 
fields, such as biomedical, cosmeceutical and food industries. 

In this chapter, a preliminary survey of nine wild Palestinian 
plants with potential antimicrobial activity was performed. The Minimal 
Inhibitory Concentration (MIC) was determined by using the broth 
microdilution assays. In addition to the crystal violet assays, which were 
used to evaluate the antibiofilm activity of the screened plant, extracts. 
The achieved results were the basis of selecting the plants for further 
analyses. 
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2. Methods 

2.1 Materials. All the reagents were purchased from Sigma-Merck 
(Milan, Italy), unless specified otherwise. 

2.2 Plant Collection and Identification. Nine plants (Ephedra aphylla, 
Ephedra foeminea, Verbascum sinuatum, Centaurea hyalolepis, Ruta 
chalepensis, Parietaria judaica L., Heliotropium maris, Withainia 
somnifera L., Aizon hispanicum L.) were selected and collected from 
different locations in West Bank, Palestine (Figure 1). Dr. Ghadeer 
Omar, a plant taxonomist from the Department of Biology and 
Biotechnology of An-Najah National University, Palestine, carried out 
plants’ identification. Once collected, plants were pressed until drying. 
Further, chemically treated, mounted on herbarium sheets and 
provided with voucher numbers corresponding to those deposited at 
An-Najah National University herbarium.  

 
Figure 1.  Selected and screened plants collected from different Palestinian cites.  
 
2.3 Plant Extracts Preparation. Plants aerial parts were washed, air-
dried, ground into powder and stored at room temperature. Extraction 
was performed in water, ethanol or methanol solvents. Aqueous 
extraction was achieved by using 10 grams of each plant powder, which 
were soaked in 100 mL of boiled distilled water for one week by 
routinely shaking at 4 °C. Mixtures were then centrifuged for 15 min at 
5,000 rpm at 4°C to remove fine particles. Supernatants were 
lyophilized by using a freeze-dryer and stored at -80°C to be used later. 
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When needed, water extracts were dissolved in 75% dimethyl sulfoxide 
(DMSO) at a concentration of 250 mg/mL. Ethanol and methanol 
extracts were prepared by using 10 grams of each plant powder, which 
were soaked in 100 mL of 70% ethanol/methanol for one week by 
routinely shaking at 4°C. Mixtures were then centrifuged for 15 min at 
5,000 rpm at 4°C to remove fine particles. Supernatant extract was then 
dried and concentrated by using a rotary evaporator at 50 °C. 
Methanolic and ethanolic extracts were dissolved in 75% DMSO at a 
final concentration of 250 mg/mL.  

2.4 Bacterial strains and growth conditions. Three bacterial strains 
were used to evaluate the antibacterial and antibiofilm characteristics 
of the studied plant extracts, i.e., Staphylococcus aureus ATCC 29213, 
Escherichia coli ATCC 25922 and Salmonella typhimurium ATCC 
14028. American type culture collection (ATCC) numbers represent the 
standard strain numbers assigned to these microorganisms. Bacterial 
strains were grown in Muller Hinton Broth (MHB; Becton Dickinson 
Difco, Franklin Lakes, NJ, USA) and on Tryptic Soy Agar (TSA; Oxoid 
Ltd., Hampshire, UK). In all experiments, bacteria were inoculated and 
grown overnight in MHB at 37°C. The next day, bacteria were 
transferred to a fresh MHB tube and grown to mid-logarithmic phase. 

2.5 Antimicrobial Activity Assays. To test extracts antimicrobial 
activity, bacterial cells were diluted to 2x106 CFU/mL in Nutrient Broth 
(NB; Difco, Becton Dickinson, Franklin Lakes, NJ, USA) along with 
increasing concentrations of each tested compound or extract. In each 
case, starting from a stock solution, two-fold serial dilutions were 
prepared according to broth microdilution method [12]. MIC100 values 
were determined as the lowest extract concentration responsible for no 
visible bacterial growth after overnight incubation.  

2.6 Anti-Biofilm Activity by Crystal Violet Assay. To evaluate plant 
extracts effects on biofilm formation, bacteria were grown overnight in 
MHB, and then diluted to 1×108 CFU/mL in 0.5X MHB medium 
containing increasing extract concentrations (starting from sub-MIC100 
values). Incubations with the extracts were carried out for 24 h, to test 
their effects on biofilm formation. Bacterial biofilms were formed for 24h 
at 37˚C and, at the end of the incubation, crystal violet assays were 
performed. To this purpose, the planktonic culture was removed from 
the wells, and washed three times with sterile PBS prior to staining with 
0.04% crystal violet for 20 min. Three successive washes with sterile 
PBS were carried out to eliminate the excess of the dye. Finally, the 
crystal violet was solubilized with 33% acetic acid and samples optical 
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absorbance values were determined at 630 nm by using a microtiter 
plate reader (FLUOstar Omega, BMG LABTECH, Germany) [13]. 

2.7 Statistical analyses. Statistical analyses were performed by using 
a Student’s t-test. Significant differences were indicated as *P < 0.05, 
**P < 0.01 or ***P < 0.001. Graphs were performed with the GraphPad 
Prism 8 software. 
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3. Results 

3.1 Antimicrobial activity of selected extracts. 

 To identify extracts endowed with antimicrobial properties, 9 
aqueous extracts and 8 alcoholic extracts of wild plants were tested for 
their antibacterial and anti-biofilm capabilities against Gram-positive 
and Gram-negative food borne pathogens. Firstly, the antimicrobial 
activity of the aqueous plant extracts was tested against S. aureus 
ATCC 29213, E. coli ATCC 25922 and S. typhimurium ATCC 14028 
bacterial strains by using broth microdilution assays [12] to determine 
the minimal inhibitory concentration (MIC) values. The aqueous plant 
extracts were found to exhibit antibacterial activity (MIC100 values 
ranging from 8 to 33 mg/mL) against all the tested bacterial strains. Both 
Gram-positive and Gram-negative tested strains were found to be 
susceptible to C. hyalolepis aqueous extract with the best MIC100 value 
found to be 8 mg/mL (Table 1).  

Table 1. MIC100 and MIC90 (*) values (mg/mL) determined for aqueous plant extracts    
against Gram-positive and Gram-negative bacterial strains. 
                              Aqueous Plant Extracts  MIC100 (mg/mL) 

 S. aureus 
 ATCC 29213 

E. coli 
 ATCC 25922 

S. typhimurium  
ATCC 14028 

Aizon hispanicum  33* 33 33 

Withainia somnifera  16 16 16 

Heliotropium maris 16 16 16 

Parietaria judaica  33 16 16 

Ruta chalepensis 16 16 16 

Centaurea hyalolepis 8 8 8 

Verbascum sinuatum 16 16 16 

Ephedra aphylla 16 16 16 

Ephedra foeminea 33 16 16 

 
Minimal inhibitory concentration (MIC) values were also 

determined for ethanolic and methanolic plant extracts. The ethanolic 
plant extracts exhibited the best antibacterial activity against all the 
tested bacterial strains with S. aureus ATCC 29213 found to be the 
most susceptible to E. foeminea extract with MIC100 value found to be 
2 mg/mL (Table 2). The most active methanolic plant extracts were 
found to be those from E. aphylla and E. foeminea that exhibited 
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significant antimicrobial activity against S. aureus ATCC 29213 with 
MIC100 values of 4 mg/mL (Table 3).  

Table 2. MIC100 values (mg/mL) determined for ethanolic plant extracts against   
Gram-positive and Gram-negative bacterial strains. 

                               Ethanol Plant Extracts  MIC100 (mg/mL) 

 
S. aureus 

 ATCC 29213 
E. coli 

 ATCC 25922 
S. typhimurium  

ATCC 14028 

Verbascum sinuatum 16 16 16 

Withainia somnifera  8 8 8 

Ephedra aphylla 8 16 16 

Ephedra foeminea 2 16 16 

 
Table 3. MIC100 values (mg/mL) determined for methanolic plant extracts against       
Gram-positive and Gram-negative bacterial strains. 

Methanol Plant Extracts  MIC100 (mg/mL) 

 
S. aureus 

ATCC 29213 
E. coli 

ATCC 25922 
S. typhimurium 

ATCC 14028 

Verbascum sinuatum 16 16 16 

Withainia somnifera  16 16 16 

Ephedra aphylla 4 16 16 

Ephedra foeminea 4 16 16 

 
3.2 Anti-biofilm activity of selected extracts. 

 The most promising extracts were selected to verify their anti-
biofilm properties prior to the analyses of their chemical composition. 
To this purpose, plant extracts characterized by the lowest MIC100 
values were selected to investigate their anti-biofilm properties. In 
particular, H. maris, R. chalepensis, and C. hyalolepis aqueous 
extracts, V. sinuatum, W. somnifera, and E. aphylla methanolic 
extracts, as well as V. sinuatum ,in addition to E. foeminea ethanolic 
extracts were selected. Bacterial strains under test were incubated with 
increasing concentrations of selected extracts and, at the end of the 
incubation, crystal violet assays were performed to evaluate plant 
extracts’ effects on biofilm formation [13] (Figures 2, 3, and 4). A 
significant inhibition (about 50-60%) of biofilm formation was observed 
at sub-MIC100 concentrations in the case of aqueous plant extracts on 
both Gram-negative strains E. coli ATCC 25922 (blue lines) and S. 



 

34 
 

typhimurium ATCC 14028 (black lines in Figure 2). Similar effects on 
biofilm formation were also observed when E. coli ATCC 25922 and S. 
typhimurium ATCC 14028 strains were treated with ethanolic or 
methanolic extracts (Figures 3 and 4). No significant inhibition of 
biofilm formation, instead, was observed in the case of the Gram-
positive S. aureus ATCC 29213 bacterial strain (red lines) treated with 
all the different extract types (Figures 2, 3 and 4). The only exception 
was represented by W. somnifera methanolic extract that was found to 
determine about 80% inhibition of biofilm formation (Figure 3b).  
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Figure 2. Anti-biofilm activity of aqueous extracts obtained from H. maris (a), R. 
chalepensis (b), and C. hyalolepis (c) on S. aureus ATCC 29213 (red lines), E. coli 
ATCC 25922 (blue lines) and S. typhimurium ATCC 14028 (black lines) strains. The 
effects of increasing concentrations of extracts were evaluated on biofilm formation. 
Biofilm was stained with crystal violet and measurements were carried out at 630 nm. 
Data represents the mean (±standard deviation, SD) of at least three independent 
experiments, each one was carried out with triplicate determinations. 
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Figure 3. Anti-biofilm activity of methanolic extracts obtained from V. sinuatum (a), 
W. somnifera (b), E. aphylla (c) and E. foeminea (d) on S. aureus ATCC 29213 (red 
lines), E. coli ATCC 25922 (blue lines) and S. typhimurium ATCC 14028 (black lines) 
strains. The effects of increasing concentrations of extracts were evaluated on biofilm 
formation. Biofilm was stained with crystal violet and measurements were carried out 
at 630 nm. Data represents the mean (±standard deviation, SD) of at least three 
independent experiments, each one was carried out with triplicate determinations. 

 
 

 
Figure 4. Anti-biofilm activity of ethanolic extracts obtained from V. sinuatum (a) and 
E. foeminea (b) on S. aureus ATCC 29213 (red lines), E. coli ATCC 25922 (blue lines) 
and S. typhimurium ATCC 14028 (black lines) strains. The effects of increasing 
concentrations of extract were evaluated on biofilm formation. Biofilm was stained with 
crystal violet and measurements were carried out at 630 nm. Data represents the 
mean (±standard deviation, SD) of at least three independent experiments; each one 
was carried out with triplicate determinations. 
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4. Discussion 

It is well established in the literature that plants are endowed with 
broad-spectrum antibacterial and anti-biofilm activities [17]. This is due 
to their content of metabolites falling into several chemical categories, 
i.e., tannins, phenols, alkaloids, flavonoids, peptides, essential oils, and 
terpenoids, etc. [2,3]. However, this content is influenced by the plant 
physiological state, geographical distribution as well as by the season 
of cultivation, it is affirmed that several factors play a critical role in 
determining the effectiveness of plant extracts in fighting microbes [11]. 
Here, it was demonstrated that several plant extracts are active against 
Gram-positive and Gram-negative bacteria, with MIC100 values ranging 
from 2 to 33 mg/mL depending on the type of extract. It was found and 
widely reported that solvents used to prepare extracts strongly influence 
the chemical nature of extracted components and, as a consequence, 
the degree of detected activity [18-20].  

For example, E. foeminea water extract was found to be less 
effective against S. aureus ATCC 29213 (MIC100 = 33 mg/mL) with 
respect to extracts obtained in methanol and ethanol for which had 
MIC100 values of 4 mg/mL and 2 mg/mL, respectively. Starting from 
these interesting and promising results, efforts have been devoted to 
the identification of the compounds responsible for the antimicrobial 
properties, in order to  verify their future applicability in biotechnological 
fields, such as pharmaceutical, cosmeceutical, agricultural, and food 
fields [3][20]. Since the ability of bacteria to form biofilm is considered 
as a powerful virulence factor enhancing their resistance to antibiotics 
as well as their ability to escape host immune defenses [21,22], the 
capability of plant extracts to exert anti-biofilm properties has been also 
evaluated.  

 Performing crystal violet assays, demonstrated that the crude 
water extracts of C. hyalolepis and W. somnifera exhibited anti-biofilm 
activity (about 60% formation inhibition) against E. coli ATCC 25922 
and S. typhimurium ATCC 14028  [24, 25]. Similarly, the ethanolic and 
methanolic crude extracts of V. sinuatum, W. somnifera, E. foeminea, 
and E. aphylla were found to be responsible for 50% inhibition of biofilm 
formation when tested against E. coli ATCC 25922 and S. typhimurium 
ATCC 14028 bacterial strains [24][26,27]. None of the extracts was 
found to exert anti-biofilm properties on S. aureus ATCC 29213 
independently from the extraction procedure used. This was probably 
associated to specific properties of the bacterial membrane and the cell 
wall found in analyzed strains, which were particularly resistant.  
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Regarding the possible mechanisms, underlying extracts anti-
biofilm properties, it should be highlighted that crude extracts are a 
mixture of various compounds varying in their content. The availability 
of iron or the acidity are crucial factors to turn on the quorum sensing 
(QS), a key step in the biofilm formation process [29]. Therefore, it was 
difficult, at this stage, to explain the crude extracts activity due to the 
different factors that could influence the achieved results. It was crucial 
to fractionate the main chemical constituents of the active extract 
composition by using chemical and biological analyses.  
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Bio-guided Purification and Identification of Centaurea 
hyalolepis Active Metabolites          

1. Introduction 

Centaurea hyalolepis is a plant that belongs to the well-known 
Asteraceae, also named Compositae family [1]. It is one of the biggest 
plant families comprising more than 1,620 genera and 23,600 species 
of herbs, shrubs and trees [1,2]. The genus Centaurea comprises about 
500 species that are predominately distributed around the 
Mediterranean area and in West Asia [3]. The phytochemical 
constituents of plants represent a precious reservoir of novel, diverse 
and potent drugs [4]. For this reason, researchers devoted their efforts 
to the investigation of wild plants endowed with beneficial medical 
properties.  In particular, Centaurea species were widely used as a 
remedy for several health related issues, such as diarrhea, urinary tract 
infections, diuretic problems, diabetes, inflammation, bacterial 
infections, dandruff, and others [4-7].  

Phytochemical analyses revealed that Centaurea plant species 
contain several metabolites, such as sesquiterpene lactones (STLs), 
essential oils, flavonoids, alkaloids, and lignans [8,9]. It is worth noting, 
that STLs and flavonoids are the predominant metabolites of Centaurea 
[10], and they are probably responsible for most of the reported 
biological activities of Centaurea crude extracts [9]. Recently, STLs 
were widely analyzed for their biological properties, and found to be 
endowed with antibacterial, antifungal, anti-inflammatory, anti-cancer 
and anti-oxidative properties [11]. This elicited a great interest that led 
to the purification and isolation of STLs from Asteraceae family 
members known to be very rich in STLs [12]. It was demonstrated the 
unique bioactivity of STLs is correlated to their molecular structure 
characterized by the presence of α,β-unsaturated carbonyl structures 
with α-methylene or γ-lactone rings aside by the basic 15-carbon 
backbone structure [13,14]. This molecular structure of STLs might 
allow covalent interactions with sulfhydryl groups of enzymes or other 
nucleophile biological molecules [13-15].  

 In this chapter, it was demonstrated that C. hyalolepis crude 
extract obtained in dichloromethane (CH2Cl2) was endowed with 
significant antimicrobial properties towards a panel of Gram-positive 
and Gram-negative bacterial strains by broth microdilution assays to 
evaluate Minimal Inhibitory Concentration (MIC) values. Considering 
this observation, a bio-guided fractionation of C. hyalolepis total extract 
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was performed by multiple steps of thin layer chromatography and 
column chromatography. The fractions with antimicrobial properties 
were further processed at each step. Nuclear magnetic resonance 
(NMR) spectroscopy and mass spectrometry (MS) analyses were 
performed to identify the chemical structure of the isolated metabolites 
as well. 
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2. Methods 

2.1 Materials. Optical rotations were measured on a Jasco P-1010 
digital polarimeter; 1H and 13C NMR spectra were recorded at 400 and 
100 MHz, respectively, in CDCl3 and CD3OD on a Bruker spectrometer. 
The same solvent was used as an internal standard. DEPT, COSY-45, 
HSQC, HMBC, and NOESY experiments [16] were performed using 
Bruker microprograms. Electrospray ionization mass spectra (ESIMS) 
were performed using the LC/MS TOF system AGILENT 6230B (Agilent 
Technologies, Milan, Italy), HPLC 1260 Infinity. Column 
chromatography (CC) was performed on silica gel (Merck, Kieselgel 60, 
0.063−0.200 mm). Analytical and preparative TLC were performed on 
silica gel plates (Kieselgel 60, F254, 0.25 and 0.5 mm respectively) or on 
reverse phase (KC18 F254, 0.20 mm) plates and the compounds were 
visualized by exposure to UV light and/or iodine vapors and/or by 
spraying with 10% H2SO4 in MeOH. Then with 5% phosphomolybdic 
acid in EtOH, followed by heating at 110 °C for 10 min. CC silica gel 

were from Merck, Kieselgel 60, 0.0630.200 mm [17]. All the reagents 
and the solvents were purchased from Sigma-Merck (Milan, Italy), 
unless specified otherwise. 

2.2 Plant Collection and Identification. The leaves of C. hyalolepis 

were collected from their natural habitat in West-Bank, Palestine, during 
March 2021. Identification of the plant was carried out by the plant 
taxonomist Dr. Ghadeer Omar from the Department of Biology and 
Biotechnology at An-Najah National University in Palestine. 
Representative plant specimens of the studied plant were collected, 
pressed until drying, chemically poisoned to prevent bacterial and 
fungal infections, then mounted on herbarium sheets and provided with 
voucher number (ANUH1625) to be deposited at An-Najah National 
University herbarium. The collected leaves of C. hyalolepis were then 
washed with water to remove soil and dust particles and dried. 
Exposure to light was avoided to prevent possible loss of effective 
metabolites. The dried leaves were then powdered using a blender prior 
to the extraction process. 

2.3 Extract Preparation and Purification. Plant material (728 g) was 
extracted (1×2,500 mL) by H2O/MeOH (1/1,v/v) under stirred conditions 
at room temperature for 48 h. The suspension was then centrifuged at 
7,000 rpm for 40 min) and the supernatant was extracted by hexane 
(3×1,000 mL) and successively with CH2Cl2 (3×1,000 mL). Methanol 
was then removed under reduced pressure by using EtOAc (3×600 
mL). Bio-guided purification was subsequently performed by testing 
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each sample towards six bacterial strains both at time 0 and after each 
purification step. The portion (3.5 g) of CH2Cl2 organic extract showing 
antibacterial activity was further purified by CC and eluted in CHCl3/i-
PrOH (9/1,v/v), thus obtaining 6 homogeneous fractions (Figure 1) 
whose antibacterial activity was tested against a Gram-positive E. 
faecalis ATCC 29212 and a Gram-negative S. typhimurium ATCC 
14028 bacterial strain. The residues of fractions (CH.4 and CH.5) were 
combined in one fraction named CH.6 as they shared the same profile 
on TLC and showed similar antibacterial activity. Fraction CH.6 was 
further purified by CC and TLC, as shown in Figure 1. CC was 
performed by analyzing 568 mg of CH.6 and elution was carried out in 
CHCl3/MeOH (9/1,v/v). The third fraction obtained (CH.6.3) was further 
purified by CC and eluted in CH2Cl2/i-PrOH (9/1,v/v). Eluted fraction 
was found to contain a sesquiterpene lactone identified as cnicin 
(compound 1, 53.75 mg). The second obtained fraction (CH.6.2) was 
purified by CC and eluted in CH2Cl2/i-PrOH (9/1,v/v) to obtain a pure 
sesquiterpene lactone identified as 11β,13-dihydrosalonitenolide 
(compound 2, 44.36 mg). Fraction CH.3 (341.69 mg) was found to be 
endowed with antibacterial activity, and was firstly purified by CC and 
elution in CH2Cl2/MeOH (95/5,v/v) followed by reverse-CC and elution 
in acetonitrile/H2O (4/6,v/v), thus obtaining a sesquiterpene lactone 
namely salonitenolide (compound 3, 81.08 mg).   

 

Figure 1. Schematic overview of the bio-guided fractionation of the extracts 
obtained in CH2Cl2 from C. hyalolepis leaves. 



 

49 
 

2.4 Adsorption Chromatography Technique. Chromatography is the 
separation of a mixture of components based on their differential 
interactions with two chemical or physical phases: a mobile phase and 
a stationary phase [18,19]. Chromatographic separations are usually 
performed for the determination of the composition of a sample. The 
isolation of an individual compound from a mixture could be achieved 
by the adsorption chromatography in which the adsorbent is either 
packed in an open tube (column chromatography) or shaped in the form 
of a sheet (thin-layer chromatography, TLC) [20]. As it is illustrated in 
(Figure 2) [21].  
 

 
Figure 2. (a) Schematic representation of the employed chromatographic system and 
separation of 2 analytes indicated as A and B. (b) Schematic representation of a 
chamber for conventional TLC. From Hage, 2018. 

 
A suitable solvent based on the mixture composition is selected 

to elute from the adsorbent. Plant extracts as well as purified fraction’s 
mixtures were separated to isolate and identify several compounds by 
using silica gel as a solid phase. Furthermore, solvent combinations 
based on the extract content were setup specifically for each extract. 
Relaying on the amount of extract achieved (mg) either column 
chromatography (CC) or preparative thin layer chromatography (TLC) 
were applied to achieve the purified compounds. It is specified in the 
provided purification schemes for all purified fractions at each step of 
the purification process which solvent combinations were used as well 
as the chromatographic method applied. 
 
2.5 Bacterial Strains and Growth Conditions. Six bacterial strains 
were used to evaluate the antibacterial and anti-biofilm properties of the 
plant extracts and of the plant-derived compounds. Staphylococcus 
aureus ATCC 29213, methicillin-resistant Staphylococcus aureus 
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(MRSA WKZ-2), Enterococcus faecalis ATCC 29212, Acinetobacter 
baumannii ATCC 17878, Escherichia coli ATCC 25922 and Salmonella 
typhimurium ATCC 14028. American type culture collection (ATCC) 
numbers represent the standard strain numbers assigned to these 
microorganisms. Bacterial strains were grown in Muller Hinton Broth 
(MHB; Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on Tryptic 
Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all experiments, 
bacteria were inoculated and grown overnight in MHB at 37 °C. The 
next day, bacteria were transferred to a fresh MHB tube and grown to 
mid-logarithmic phase. 

2.6 Antimicrobial Activity Assays. To test extracts antimicrobial 
activity, bacterial cells were diluted to 2x106 CFU/mL in Nutrient Broth 
(NB; Difco, Becton Dickinson, Franklin Lakes, NJ, USA) along with 
increasing amounts of each tested extract or compound. In each case, 
starting from a stock solution, two-fold serial dilutions were prepared 
according to broth microdilution method [22]. MIC100 values were 
determined as the lowest extract or compound concentration 
responsible for no visible bacterial growth after overnight incubation.  

2.7 Statistical analyses. Statistical analyses were performed by using 
a Student’s t-test. Significant differences were indicated as *P < 0.05, 
**P < 0.01 or ***P < 0.001. Graphs were performed with the GraphPad 
Prism 8 software. 
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3. Results 

3.1 Bio-guided fractionation of C. hyalolepis extracts followed by 
isolation and identification of bioactive metabolites.  

To isolate the compounds responsible for C. hyalolepis 
antibacterial and/or anti-biofilm properties, total extracts were subjected 
to purification steps as described in the Materials and Methods Section 
and schematically reported in Figure 1. The extract obtained in CH2Cl2 
was subjected to combined steps of CC and TLC. The experimental 
strategy allowed obtaining 3 pure metabolites belonging to the 
sesquiterpene lactone group of plant metabolites (Figure 3).  

 

Figure 3. Chemical structures of isolated compounds 1-3.  

The first compound corresponding to fraction CH.6.3-4 was 
identified as cnicin (compound 1), which was reported for the first time 
in 1960 by Miloś Suchý [23]. In fact, its 1H NMR spectrum (Figure 4) 
was comparable to that reported in the literature when cnicin was 
isolated from C. malacitana [24]. Furthermore, the specific optical 
rotation value [α]D = +152.4⁰(c 0.5, MeOH), was found to be very similar 
to that reported in literature [α]D = +169.6⁰(c 0.1, MeOH) [25].  
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Figure 4. 1H NMR spectrum of cnicin (compound 1) recorded in CDCl3 at 500 
MHz. 

On the other hand, compound corresponding to fraction CH.6.2-
2  was identified as 11β,13-dihydrosalonitenolide (compound 2), 
which was isolated for the first time from the extract obtained from the 
aerial parts of C. calcitrapa together with cnicin and other 
germacranolides [26]. Its 1H NMR spectrum (Figure 5) was found to be 
comparable to that reported by Marco and others in 1992 [26]. The 
absolute configuration was confirmed by measuring the specific optical 
rotation value[α]D = +81⁰(c 0.5, CHCl3), that was found to be 
comparable to that reported in the literature [α]D = +98⁰(c 5, CHCl3) [26].  
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Figure 5. 1H NMR spectrum of 11β,13-dihydrosalonitenolide recorded in CDCl3 at 
500 MHz. 

Finally, compound corresponding to fraction CH.3.2-3 was 
identified as salonitenolide (compound 3) which was isolated for the 
first time from C. salonitana in 1965 [27]. Its 1H NMR spectrum (Figure 
6) was found to be comparable to that reported in the literature when it 
was isolated from C. malacitana [28]. Moreover, the absolute 
configuration was confirmed by measuring the specific optical rotation 
value [α]D = +152.4⁰(c 0.35, MeOH), which was found to be comparable 
to that reported in the literature [α]D = +199.4⁰(c 0.04, MeOH)  [29]. 
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Figure 6. 1H NMR spectrum of Salonitenolide recorded in CD3OD at 500 MHz. 

3.2 Antimicrobial activity of total extracts from C. hyalolepis.  

Centaurea genera species were used in folk medicine for 
thousands of years by different nations to cure various illnesses 
including diabetes, diarrhea, eye infections, respiratory diseases, 
gallstones, rheumatic problems, inflammation states, and bacterial 
infections [4, 5]. The crude leaf extract from C. hyalolepis was obtained 
in different solvents, such as hexane, dichloromethane (CH2Cl2) , ethyl-
acetate (EtOAc) and water, and tested on a panel of  Gram-positive (S. 
aureus ATCC 29213, S. aureus MRSA WKZ-2, E. faecalis ATCC 
29212) and Gram-negative (A. baumannii ATCC 17878, E. coli ATCC 
25922 and S. typhimurium ATCC 14028) pathogens. The antimicrobial 
activity was evaluated by using the broth microdilution assay [30] to 
determine the minimal inhibitory concentration (MIC) values, which are 
reported in Table 1.  

The dichloromethane (CH2Cl2) extract exhibited the best 
antibacterial activity (MIC100 values ranging from 0.25 to 2 mg/mL) 
against all the tested bacterial strains. Indeed, both Gram-positive and 
Gram-negative tested strains were found to be susceptible to C. 
hyalolepis CH2Cl2 extract. For this reason, dichloromethane (CH2Cl2) 
extract was selected for further purification steps performed to identify 
the plant metabolites responsible for the observed antibacterial activity 
(Table 1).  
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Table 1. MIC100 values (mg/mL) determined for C. hyalolepis extracts obtained in 
water, hexane, dichloromethane (CH2Cl2), and ethyl acetate (EtOAc). Reported data 
refer to three biological replicates. 

 MIC100 (mg/mL)   

Bacterial strains 
Hexane 
Extract 

CH2Cl2 
Extract 

EtOAc 
Extract 

Residual 
water phase 

  S. aureus ATCC 29213         1         0.25            1            > 2 

  S. aureus MRSA WKZ-2         1           0.5            1            > 2 

  E. faecalis ATCC 29212         2             2            1            > 2 

  E. coli ATCC 25922         2             1            1            > 2 

S. typhimurium ATCC 14028         1             1            1            > 2 

  A. baumannii ATCC 17878         2          0.25           0.5            > 2 

 

  CH2Cl2 extract was subjected to several purification steps as 
reported in Figure 1. At each step, purified fractions were tested on the 
Gram-positive E. faecalis ATCC 29212 and on the Gram-negative A. 
baumannii ATCC 17878. Obtained results were reported in Table 2.  
 

Table 2. MIC100 values (mg/mL) determined for fractions obtained upon purification 
of CH2Cl2 C. hyalolepis total extract. Reported data refer to three biological 
replicates. 
 MIC100 (mg/mL)   

CH2Cl2 

Fractions 
E. faecalis ATCC 29212 S. typhimurium ATCC 14028 

CH.1 0.125 0.125 

CH.2 1 1 

CH.3 0.125 0.0312 

CH.4 0.125 0.0625 

CH.5 0.25 0.0312 

CH.7 1 1 

E. faecalis ATCC 29212 and S. typhimurium ATCC 14028 
bacterial strains were selected since they were found to be more 
resistant than other strains to CH2Cl2 extract antibacterial activity with 
MIC100 values ranging from 1-2 mg/mL (Table 1). It has to be 
highlighted that fractions obtained upon the chromatographic step were 
found to be more active than the total CH2Cl2 extract, being effective on 
both E. faecalis ATCC 29212 and S. typhimurium ATCC 14028 
bacterial strains with MIC100 values comprised between 0.0312 and 
1mg/mL (Table 2). Following the first chromatographic step, fractions 
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CH.4 and CH.5 were combined in one fraction named CH.6 since they 
were found to have similar antimicrobial activity and to share the same 
TLC profile. Based on the detected antimicrobial properties, fractions 
CH.3 and CH.6 were selected to be subjected to further purification 
steps.  

 

3.3 Antibacterial activity of isolated compounds cnicin, 11β,13-
dihydrosalonitenolide and salonitenolide. 

 To verify whether the isolated compounds were responsible for 
the antimicrobial properties detected in the case of the organic CH2Cl2 
extract, antibacterial activity assays were performed by determining the 
minimal inhibitory concentration (MIC), as well as, the minimal 
bactericidal concentration (MBC). This was achieved by testing 
increasing concentrations of each isolated compound on S. aureus 
ATCC 29213, S. aureus MRSA WKZ-2, E. faecalis ATCC 29212, A. 
baumannii ATCC 17878, E. coli ATCC 25922 and S. typhimurium 
ATCC 14028. As shown in Figures 7-9, cnicin (compound 1) was found 
to be the most active compound against all the tested bacterial strains. 
Indeed, it has to be highlighted that cnicin is a sesquiterpene lactone 
commonly present in Centaurea species and well-known for its 
antibacterial activity [4][31]. Indeed, this was supported here, cnicin was 
found to be particularly active against the Gram-negative bacterial 
strains; E. coli ATCC 25922 and S. typhimurium ATCC 14028 to which 
MIC100 values detected were 0.125 mg/mL (Figure 7).  

 

Figure 7. Minimal Inhibitory Concentration MIC100 (mg/mL) and Minimal Bactericidal 
Concentration MBC (mg/mL) values determined for the compound 1 cnicin against a 
panel of Gram-positive and Gram-negative bacterial strains. Data represents the 
mean (±standard deviation, SD) of at least three independent experiments.  
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Furthermore, compound 3 was found to be effective on all the 
tested strains even with higher MIC100 values detected with respect to 
those detected with cnicin (Figure 8). Compound 2, 11β,13-
dihydrosalonitenolide, showed the lowest antibacterial activity with 
MIC100 values ranging from 0.5 to 7.5 mg/mL. These values were found 
to be significantly higher than those detected for the crude CH2Cl2 
extract (MIC100 values ranging from 0.25 to 2 mg/mL as reported in 
Table 1). Comparing MIC and MBC values, cnicin was found to be the 
most active compound (Figures 7-9). It has also to be noted that E. 
faecalis ATCC 29212 bacterial strain was found to be the most resistant 
strain to the antimicrobial activity of tested compounds 1-3 (Figure 9).  

 

Figure 8. Minimal Inhibitory Concentration MIC100 (mg/mL) and Minimal Bactericidal 
Concentration MBC (mg/mL) values determined for compound 3 salonitenolide 
against a panel of Gram-positive and Gram-negative bacterial strains. Data 
represents the mean (±standard deviation, SD) of at least three independent 
experiments. 
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Figure 9. Minimal Inhibitory Concentration MIC100 (mg/mL) and Minimal Bactericidal 
Concentration MBC (mg/mL) values determined for compound 2 11β,13-
dihydrosalonitenolide against a panel of Gram-positive and Gram-negative bacterial 
strains. Data represents the mean (±standard deviation, SD) of at least three 
independent experiments. 
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4. Discussion 

A bio-guided purification of C. hyalolepis organic extract 
obtained in CH2Cl2 was performed to identify bioactive metabolites 
responsible for its antimicrobial properties. Through the purification 
process, fractions with antimicrobial activity were analyzed and 
revealed the presence of three sesquiterpene lactones (STLs) identified 
as cnicin, 11β,13-dihydrosalonitenolide, and salonitenolide (1-3) in 
Figure 3.  

C. hyalolepis belongs to the well-known Asteraceae, also named 
as Compositae family [1]. Centaurea plant species were reported to be 
very rich in STLs and flavonoids metabolites [10]. Cnicin (compound 1), 
one of the compounds identified, was isolated for the first time in 1960 
from Cnicus benedictus [23], a plant that grows in the Mediterranean 
regions and used for thousands of years to cure liver diseases, 
anorexia, indigestion problems, ulcers, and swollen fingers [31]. Cnicin 
was then isolated from several plants [1][23][26][29][31] and analyzed 
over years to evaluate its beneficial pharmaceutical properties 
[24][34,35][39-42]. 11β,13-dihydrosalonitenolide (Compound 2), was 
isolated for the first time from the aerial parts of C. calcitrapa together 
with cnicin [26]. Furthermore, it was isolated from the aerial parts of C. 
alba, C. spinosa and C. pullata [42-44]. Salonitenolide (compound 3) 
was isolated for the first time from C. salonitana in 1965 [27], and then 
from Ambrosia artemisiifolia [45], C. malacitana [28], and C. melitensis 
[46] together with other sesquiterpene lactones, such as cnicin. STLs 
represent important bioactive compounds of several medicinal plants 
that exert anti-inflammatory, anti-diabetic, anti-malarial, anti-
proliferative, anti-parasitic, and antibacterial properties [47].  

The isolated cnicin and salonitenolide were found to be endowed 
with antibacterial activity against the tested Gram-positive and Gram-
negative bacterial strains (MIC100 = 0.25 -1 mg/mL). 11β,13-
dihydrosalonitenolide (compound 2), was found to have a lower 
antibacterial activity (MIC100 = 0.5 -1.25 mg/mL) in comparison with the 
other two isolated compounds. Among the tested bacterial strains, E. 
faecalis ATCC 29212 was found to be the most resistant to the 
antimicrobial properties of these metabolites. Although, compounds 1-
3 belong to the class of sesquiterpene lactones, key differences in 
structural features might be responsible for the detected variations in 
their antibacterial efficacy (Figure 3). Moreover, several factors were 
reported to influence STLs antibacterial properties, such as the 
compound structure, concentration in solution, hydrophobicity, 
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geometric orientation, the specific bacterial strain tested, and the 
chemical environment [48]. Comparing the antimicrobial activity of the 
purified compounds with that of the crude extract from C. hyalolepis, it 
appears that the isolated pure compounds were endowed with stronger 
antibacterial properties. The difference in metabolites antimicrobial 
activity might be correlated to several factors, such as compounds 
solubility, pH, iron concentration or antagonistic effects exerted by 
several metabolites acting in a mixture [38].  

Taking into account that cnicin is the strongest antibacterial 
compound among the three isolated ones; it is plausible that it 
contributes almost to the antibacterial properties of the whole extract. 
Cnicin is a STL that belongs to the germacranolide group of terpenes 
[31], characterized by an exocyclic α-methylene group in addition to γ-
butyrolactone ring [31]. It was demonstrated that this α-methylene 
group is responsible for the antimicrobial activity of sesquiterpene 
lactones in general and of cnicin in particular [32,33]. It is worth noting 
that cnicin might react through Michael addition mechanism with 
nucleophilic groups present in the surrounding target molecules, a 
molecular event that might be the basis of cnicin’s antimicrobial activity 
[11]. Therefore, the absence of this structural feature in 11β,13-
dihydrosalonitenolide (2) might be responsible for the significant 
lowering of the antimicrobial activity of this compound with respect to 
that of cnicin under the tested experimental conditions. In the related 
literature, it was reported that cnicin interacts with proteins found in 
bacterial membranes, thus causing cell lysis and death [33]. Cnicin also 
acts by blocking bacterial cell wall synthesis through the irreversible 
inhibition of MurA, which is an enzyme responsible for the catalysis of 
the first step of the synthesis of peptidoglycans [36]. The effects of 
cnicin on biofilms is by interfering with quorum-sensing (QS), a key step 
leading to biofilms formation [37].  

Moreover, a challenging aspect in purifying plant natural 
compounds is the abundancy of the active metabolites, which are 
usually changing, according to the surrounding abiotic factors, 
geographical location and the physiological conditions of the collected 
plants. Furthermore, one more factor that must be taken into 
consideration is the solvent used during the extraction process. The 
approach applied here considered this factor by using different solvents 
ranging in their polarity from the most nonpolar one i.e. hexane to the 
most polar one i.e. water. In conclusion, this is the first report describing 
a detailed purification of C. hyalolepis crude extract to discover 
metabolites responsible for its antibacterial activity. However, it is 
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recommended to conduct more investigations in the future on C. 
hyalolepis metabolites for a better understanding of their potential 
pharmacological and biological properties such as, anti-biofilm, anti-
inflammatory, anticancer, and antioxidant activities.  
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Bio-guided Purification and Identification of Active 
Metabolites from Ephedra foeminea                     

1. Introduction 

Humans have always used plants as a natural source for food, 
animal feeds and as a medical option to treat several diseases [1]. 
Indeed, conventional medicinal plants were reported to contain 
compounds with antimicrobial, antifungal, anti-inflammatory, antiviral, 
and anticancer properties [2]. Among compounds responsible for these 
interesting and promising bioactivities, an important role is played by 
essential oils and other secondary metabolites, including alkaloids, 
terpenoids, tannins and flavonoids [2,3]. Several plants’ secondary 
metabolites were found to have antimicrobial properties exerted 
through different mechanisms of action, such as the ability to form 
complexes with extracellular and soluble proteins, thus sequestering 
them, or with membrane proteins of targeted microbes, thus 
determining a perturbation of membrane organization. Some secondary 
metabolites were also reported to cause membrane disruption and 
bacterial enzymes inhibition [4-7]. The abundance and bioactivities of 
these compounds may greatly vary depending on plant species and 
environmental conditions. Traditional herbal medicine is gaining great 
attention in developing countries due to the strong demand for natural 
compounds able to exert therapeutic effects in the absence of harmful 
side effects. However, it has to be highlighted that only a small 
percentage (1-10%) of available plant species is used by humans [8,9]. 
Furthermore, in many cases, chemical composition of used plants has 
not been deeply characterized [3].  

Plants belonging to Ephedra genera falling in the Ephedraceae 
family represent a group of perennial gymnosperms distributed in aired 
and semiarid regions all over the world [10-13]. Palestine is 
characterized by the presence of a wide variety of vegetation. Probably 
because of this, the practice of complementary and alternative medicine 
is very common [14] even if it is not clear whether these practices are 
supported by plants effective pharmacological properties or if they are 
merely based on folklore [15]. In this scenario, researchers focused 
their efforts to search for novel effective drugs and to identify them 
starting from still unexplored folk medicinal wild plants [16]. Ephedra 
plants are widely grown also in Palestine; the presence of five species 
was recorded, such as E. foeminea, E. alata, E. aphyla, E. ciliata and 
E. fragilis [17]. Alanda (Ephedra foeminea or Ephedra campylopoda) is 
the Arabic name for a low stalky Eurasian shrub from the Ephedraceae 
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family, present in northern Palestine and across the southeastern 
Mediterranean. In Oriental Arab medicine, it is used to treat agitation 
and skin rash. Moreover, the aerial parts of various Ephedra species 
were proved to contain active alkaloids, such as phenylpropylamino, 
alkaloids, ephedrine, and pseudoephedrine [18]. The phytochemical 
analysis of the aqueous, methanolic and ethanolic extracts of E. 
foeminea revealed the presence of different phytoconstituents. It was 
revealed that the methanolic extract contains (i) high levels of phenols, 
carbohydrates, sterols/steroids, flavones and lignin; (ii) moderate levels 
of tannins, quinones, amino acids, cardiac glycosides, and 
phlobatannins; (iii) low levels of resins, terpenoids, flavonoids, 
coumarins, reducing sugars, and anthocyanins; and (iv) the absence of 
alkaloids, saponins, anthraquinones, and fixed oils and lipids [19]. It is 
reported as well in other Ephedra species the high content of alkaloids 
namely ephedrine and pseudoephedrine, which are known process 
several pharmaceutical properties, which are able to increase the 
heartbeat rate, the blood pressure, to promote bronchodilatation and to 
affect the central nervous system [20].  

Because of their diverse content of compounds, plants from 
Ephedra genera were widely used throughout the history of humankind. 
They were employed as an ointment to improve wound healing or to 
treat bronchial asthma, chills, colds, coughs, edema, fever, allergies, 
syphilis, and gonorrhea [21]. Ephedra extracts were even used as food 
supplement to enhance performance and weight loss until 2004 when 
they were banned by Food and Drug Administration (FDA) because of 
several death events due to negative effects on cardiac and 
cardiovascular systems [22]. In a more recent study, the ethanolic ex-
tract of E. foeminea was found to exert anticancer properties [23]. 
However, while the alkaloid content of Ephedra species was widely 
descripted, only a few papers focused on the non-alkaloid content. 
Based on this, it appears promising to investigate the biological 
activities of these still unexplored secondary metabolites that might 
represent a source of novel compounds with interesting bioactivities. 

Recently, the fast spread of multidrug resistant (MDR) 
microorganisms requires the urgent development of effective 
alternatives to conventional antibiotics [3]. In this context, plant-derived 
compounds might represent an interesting starting point for the future 
design of compounds and therapeutic strategies effective against MDR 
bacterial infections. To develop a combinatorial therapeutic strategy 
effective against MDR bacterial infections, synergistic effects between 
plant-derived bioactive compounds and antibiotics were reported by 
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several studies [24-28]. Among the available alternatives to 
conventional antibiotics, antimicrobial peptides (AMPs) attracted 
considerable attention, since they are naturally occurring peptides 
found in all organisms, including bacteria, fungi, plants, mammals, and 
human beings. They are key components of the innate immune system 
and were found to exert broad-spectrum antimicrobial activity, by being 
effective against Gram-positive bacteria, Gram-negative bacteria, fungi, 
parasites and even against enveloped viruses [29-31]. In recent years, 
a precious bioinformatics tool was developed by Pane et al. [32] to 
identify putative antimicrobial peptides (AMPs) within the sequences of 
human precursor proteins and to quantitatively predict their 
antimicrobial activity [32]. By using this approach, hundreds of potential 
HDPs were identified in human secreted proteins.  

Promising effective AMPs were also identified in human 
apolipoprotein B. ApoB-derived peptides, 38 and 26 residues long, 
have been named r(P)ApoBL and r(P)ApoBS, respectively. P refers to 
the presence of a Pro residue at the N-terminus of each peptide 
released upon acidic hydrolysis of an Asp-Pro bond, whereas L and S 
refer to a longer or a shorter version of the produced peptide. Peptides 
have been recombinantly produced in E. coli by using a cost-effective 
production procedure [33]. Produced peptides were found to be 
endowed with broad-spectrum antimicrobial activity, while being neither 
toxic nor hemolytic towards human and murine eukaryotic cells [33]. 
Furthermore, both ApoB-derived peptides were found to synergistically 
act in combination with conventional antibiotics or EDTA, thus opening 
interesting perspectives to their applicability in pharmaceutical and 
cosmeceutical fields [33]. ApoB-derived peptides were also found to 
exert significant anti-biofilm activity, being able to prevent biofilm 
formation, attachment and even to disrupt pre-existing biofilms. 
Significant anti-biofilm effects were also detected against bacterial 
strains not sensitive to peptides direct antimicrobial activity, such as 
methicillin resistant S. aureus [33]. Peptides were found as well to be 
effective in a mouse model of skin infection and to exert antifungal 
properties [34]. 

In this chapter, a bio-guided purification of E. foeminea extracts 
was performed to isolate bioactive compounds that were identified by 
nuclear magnetic resonance (NMR) spectroscopy and mass 
spectrometry (MS) analyses. Following this experimental strategy; a 
novel potent glycosylated falvonoide namely kaempferol-3-O-α-L-
(2″,4″-di-E-p-coumaroyl)-rhamnopyranoside, particularly showed 
excpetional antibacterial and antibiofilm activities  against S. 
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aureus bacterial strains. These intersting findings were followed by 
predicting the potential bacterial receptors to which the isolated 
compound might be interacted using molecular docing analyses. 
Futhermore, the the cytotoxic acitivity, as well as, the potential 
synergestitic effects were evaluted along with ApoB-derived 
antimicrobial peptides using check board assays to determine the 
fractional inhibitory concentrantion (FIC) index. 
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2. Methods 
 
2.1 Materials. All the reagents were purchased from Sigma-Merck 
(Milan, Italy), unless specified otherwise. Optical rotations were 
measured on a Jasco P-1010 digital polarimeter (Tokyo, Japan); 1H and 
13C nuclear magnetic resonance (NMR) spectra were recorded at 400 
and 100 MHz, respectively, in CDCl3, acetone-d6 and CD3OD on a 
Bruker spectrometer (Billerica, MA, USA). The same solvents were 
used as internal standards. DEPT, COSY-45, HSQC, HMBC, and 
NOESY experiments [35] were performed using Bruker 
microproGrams. Electrospray ionization mass spectra (ESIMS) were 
performed using the LC/MS TOF system AGILENT 6230B (Agilent 
Technologies, Milan, Italy). Analytical and preparative thin layer 
chromatography (TLC) were performed on silica gel plates (Kieselgel 
60, F254, 0.25 and 0.5 mm respectively) or on reverse phase (Kieselgel 
60 RP-18 F254, 0.20 mm). Plates and the compounds were visualized 
by exposure to UV light and/or iodine vapors and/or by spraying firstly 
with 10% H2SO4 in MeOH, and then with 5% phosphomolybdic acid in 
EtOH, followed by heating at 110°C for 10 min. Column 
chromatography (CC) was performed using silica gels (Merck, Kieselgel 
60, 0.063-0.200 mm). 
 
2.2 Ephedra foeminea Plant Collection and Identification.  

The aerial parts of E. foeminea were collected from their natural 

habitat in West- Bank, Palestine during September 2020. Identification 

of the plant was carried out at the Department of Biology and 

Biotechnology, An-Najah National University in Palestine. 

Representative plant specimens were collected, pressed until drying, 

then chemically poisoned to prevent bacterial and fungal infections, and 

finally mounted on herbarium sheets, and provided with voucher 

number (ANUH1895). Subsequently they were deposited at An-Najah 

National University herbarium. E. foeminea collected aerial parts were 

washed with water, to remove soil and dust particles, and then dried. 

Exposure to light was avoided to prevent possible loss of effective 

metabolites. The dried aerial parts were finely powdered using a 

blender, in order to make them ready for subsequent extraction 

processes. 
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2.3 Plant Extract Preparation and Purification.  

Plant material (700g) was extracted (1×2,000 mL) by 

ethanol/H2O (7/3, v/v) under stirring conditions at room temperature for 

48 h.  Afterwards, the sample was centrifuged at 7,000 rpm for 40 min. 

10 mL of the supernatant were concentrated under reduced pressure, 

in order to evaporate the ethanol, and lyophilized to obtain 120 mg of 

ethanol extract. The rest of the supernatant was firstly extracted by 

hexane (3×800 mL), then with CH2Cl2 (3×800 mL), and, after removing 

ethanol under reduced pressure, with EtOAc (3×700 mL). Each kind of 

extract and the residual water phase were then tested for antimicrobial 

properties on 6 bacterial strains. Since hexane organic extract (280 g) 

displayed interesting antibacterial activity, it was purified by column 

chromatography (CC) and eluted with CHCl3/i-PrOH (95/5, v/v), thus 

obtaining 8 homogeneous fractions (H1-H8). Among them, fraction H2 

was found to retain antibiotic activity and was further purified by using 

different steps of CC and TLC (Figure 1). Briefly, H2 fraction (113.8 

mg) was purified by CC and eluted with ethyl acetate/ hexane (40/60, 

v/v). The first obtained fraction (H2.1 in Figure 1) was further purified 

by two steps of TLC and eluted with CHCl3/i-PrOH (98/2, v/v), to obtain 

4 homogeneous fractions. Among these, fraction H2.1.C (10.42 mg) 

was further purified to obtain a pure oil identified as carvacrol 

(compound 1, 4.7 mg) and a pure amorphous solid identified as thymol 

(compound 2, 1.7 mg). 

 

Figure 1. Schematic representation of the bio-guided fractionation of extracts 
obtained from E. foeminea aerial parts.  
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Organic extract obtained in CH2Cl2 (713.5 mg) was found to 

retain interesting antimicrobial properties and was purified by CC and 

eluted with CH2Cl2/i-PrOH (9/1,v/v), thus obtaining 8 homogeneous 

fractions (D1-D8) (Figure 1). Among them, fraction D3 (35.01 mg) was 

found to retain antibiotic activity and was further purified by using two 

steps of TLC (Figure 1). Briefly, fraction D3 was purified by TLC and 

eluted in CHCl3/i-PrOH (9/1,v/v), thus obtaining 6 homogeneous 

fractions (Figure 1). Fraction D3.5 (10.06 mg) in Figure 1 was found to 

be a pure yellow powder identified as kaempferol-3-O-α-L-(2”,4”-di-E-

p-coumaroyl)-rhamnopyranoside (compound 3, 10.06 mg). Fraction 

D3.4 (8.84 mg) in Figure 1 was further purified by TLC to obtain 3 pure 

amorphous solids, fractions D3.4.X, D3.4.Y and D3.4.Z in Figure 1. 

Fractions were analyzed by NMR and mass spectrometry and identified 

as kaempferol-3-O-α-L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)- 

rhamnopyranoside (compound 4, 1.65 mg), kaempferol-3-O-α-L-(2”-Z-

p-coumaroyl,4”-E-p-coumaroyl)- rhamnopyranoside (compound 5, 

1.56 mg), and kaempferol-3-O-α-L-(2”,4”-di-Z-p-coumaroyl)- 

rhamnopyranoside (compound 6, 0.88 mg), respectively. 

2.4 Bacterial Strains and Growth Conditions.  

Six bacterial strains were used in the present study, i.e., S. 

aureus ATCC 29213, methicillin-resistant S. aureus MRSA WKZ-2, E. 

faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922 

and S. typhimurium ATCC 14028. All bacterial strains were grown in 

Muller Hinton Broth (MHB; Becton Dickinson Difco, Franklin Lakes, NJ/ 

USA) and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all 

the experiments, bacteria were inoculated and grown overnight in MHB 

at 37 °C. The next day, bacteria were transferred to a fresh MHB tube 

and grown to mid-logarithmic phase. 

2.5 Antimicrobial Activity.  

The antimicrobial activity of E. foeminea extracts and its derived 

compounds were tested towards 6 bacterial strains, i.e., S. aureus 

ATCC 29213, methicillin-resistant S. aureus (MRSA WKZ-2), E. 

faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922 

and S. typhimurium ATCC 14028 by using broth microdilution method 

[33][36]. Bacteria were grown to mid-logarithmic phase in MHB at 37°C 

and then diluted to 2x106 CFU/mL in Nutrient Broth (NB, Difco, Becton 

Dickinson, Franklin 12 Lakes, NJ). To perform the assay, bacterial 
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samples were mixed (1:1,v/v) with two-fold serial dilutions of the 

compound under test and incubated for 20 h at 37°C. Following the 

incubation, each sample was diluted and plated on TSA, in order to 

count the number of colonies. All the experiments were carried out in 

three independent replicates. MIC100 values were determined as the 

lowest compound concentration responsible for no visible bacterial 

growth after over-night incubation. 

2.6 r(p)ApoBL
Pro Peptide Production.   

Expression and isolation of the recombinant peptide r(p)ApoBL
Pro 

was carried out as previously described [33] with the only exception of 

the final gel-filtration step, that was added to remove salts used along 

the purification process and that tend to attach to the peptides [37]. 

2.7 Checkerboard Assay and determination of Fractional 
Inhibitory Concentration (FIC) Index. 

 Combinations of recombinant r(p)ApoBL
Pro peptide and the 

isolated compound kaempferol-3-O-α-L-(2″,4″-di-E-p-coumaroyl)-
rhamnopyranoside (compound 3) were tested on S. aureus ATCC 
29213, S. aureus MRSA WKZ-2, E. coli ATCC 25922, and A. baumannii 
ATCC 17878 to evaluate if they act in synergism. Fractional Inhibitory 
Concentration (FIC) indexes were calculated by using the conventional 
“checkboard” assay. To achieve this purpose, two-fold serial dilutions 
of r(p)ApoBL

Pro peptide were tested in combination with two-fold serial 
dilutions of compound 3. The FIC indexes were calculated based on 
equation (1).  

FIC = FIC (A) + FIC (B)                                                (1) 

FIC (A) =
𝑀𝐼𝐶₁₀₀ 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

𝑀𝐼𝐶₁₀₀ 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑎𝑙𝑜𝑛𝑒 
                            (2) 

FIC (B) =
𝑀𝐼𝐶₁₀₀ 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

𝑀𝐼𝐶₁₀₀ 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑎𝑙𝑜𝑛𝑒 
                            (3) 

FIC indexes ≤ 0.5 were classified as synergism, FIC indexes between 
0.5 and 1 were associated with additive effects, whereas FIC indexes 
between 1 and 4 were classified as indifferent effects [33]. 

 

 

(
3) 
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2.8 Anti-biofilm Activity Assays.  

To evaluate anti-biofilm effects, bacteria inocula were grown 

over-night at 37°C, then diluted to 1×108 CFU/mL in 0.5X MHB 

containing increasing concentrations of the compound under test. The 

samples were then incubated at 37°C for 24h, in order to test the effects 

on biofilm formation. In the case of crystal violet assay, bacterial biofilm 

was washed 3 times with phosphate buffer (PBS 1X) and then 

incubated with the dye (0.04%) for 20 min at room temperature. 

Following the incubation, samples were washed with PBS and then the 

dye bound to cells was dissolved in 33% acetic acid. 

Spectrophotometric measurements were then carried out at a 

wavelength of 630 nm by using a microtiter plate reader (FLUOstar 

Omega, BMG LABTECH, and Germany) [33][38]. Confocal laser 

scanning microscopy (CLSM) analyses in static conditions were carried 

out by using Thermo Scientific™ Nunc™ Lab-Tek™ Chambered Cover 

glass systems (Thermo Fisher Scientific, Waltham, MA, USA). The 

viability of the cells within the biofilm structure was evaluated by sample 

staining with LIVE/DEAD® Bacterial Viability kit (Molecular Probes 

Thermo Fisher Scientific, Waltham, MA, USA). Staining was performed 

accordingly to manufacturer instructions. Biofilm images were collected 

by using a confocal laser scanning microscope (Zeiss LSM 710, Zeiss, 

Germany) and a 63X objective oil-immersion system. Biofilm 

architecture was analyzed by using the Zen Lite 2.3 software package. 

Each experiment was performed in triplicate and all the images were 

taken under identical conditions [39]. 

2.9 Eukaryotic Cell Cultures and Biocompatibility Evaluation. 

 Immortalized human keratinocytes (HaCaT) and human dermal 

fibroblasts (HDF) were cultured in high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 1% antibiotics (Pen/strep) and 1% L-glutamine and grown at 37 

°C in a humidified atmosphere containing 5% CO2. To evaluate the 

biocompatibility of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)- 

rhamnopyranoside, cells were seeded into 96-well plates at a density 

of 3×103 cells/well in 100 µL of complete DMEM 24h prior to the 

treatment. They were then incubated in the presence of increasing 

compound concentrations (0.5-5 µg.mL-1) for 72h. Following the 

treatment, cell culture supernatants were replaced with 0.5 mg/mL MTT 
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(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent 

dissolved in DMEM medium without red phenol (100 µL/well). After 4h 

of incubation at 37°C, the resulting insoluble formazan salts were 

solubilized in 0.01 N HCl in anhydrous isopropanol and quantified by 

measuring the absorbance at λ = 570 nm using an automatic plate 

reader spectrophotometer (Synergy™ H4 Hybrid Microplate Reader, 

BioTek Instruments, Inc., Winooski, Vermont, USA), as previously 

described. Cell survival was expressed as the mean of the percentage 

values compared to control untreated cells. 

2.10 Molecular Docking Analyses.  

The chemical structure of kaempferol-3-O-α-L-(2″,4″-di-E-p-

coumaroyl)-rhamnopyranoside was prepared and used as a ligand in 

molecular docking analyses with the main aim to predict the ligand’s 

binding affinity and possible chemical interactions with 2 putative 

interactors present in S. aureus cells, i.e., sortase A (PDB ID-1T2P) and 

tyrosyl tRNA synthetase (TyRS) (PDB ID- 1JIL). To do this, the 

crystallographic 3D structures of the target enzymes were retrieved 

from protein data bank. The Autodock tool 1.5.6 was used to optimize 

the structures of the putative receptor and of the ligand. This was 

performed upon removal of water molecules and heteroatoms, and 

addition of polar hydrogens and Kollman charges. Molecular docking 

was performed by using CB Dock web server that represents an 

implementation of the popular docking proGram Autodock Vina [40]. 

The docked complexes were visualized to identify putative receptor-

ligand interactions by using Discovery Studio (DS) Visualizer 2020 

(Biovia, San Diego, USA). The binding affinity of the compound under 

test towards the targets was estimated based on intermolecular 

interactions and bonds’ lengths (Table 8). 

2.11 Statistical Analyses. Statistical analyses were performed by 

using Student’s t-Test. Significant differences were indicated as *(P < 

0.05), **(P < 0.01), ***(P < 0.001) or **** (P < 0.0001). Graphs were 

obtained by using GraphPad Prism 8 software. 
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3. Results 

3.1 Antimicrobial and anti-biofilm activity of E. foeminea extracts.  

E. foeminea ethanolic extract was firstly investigated for its 
antibacterial activity towards three Gram-positive (S. aureus ATCC 
29213, S. aureus MRSA WKZ-2, E. faecalis ATCC 29212) and three 
Gram-negative (A. baumannii ATCC 17878, E. coli ATCC 25922 and 
S. typhimurium ATCC 14028) bacterial strains. The ethanolic extract 
was found to exert strong antimicrobial properties towards 3 out of 6 
bacterial strains tested, with MIC100 values ranging between 1.25 to 2.5 
mg/mL (Table 1).  

Table 1. MIC100 values (mg/mL) determined for E. foeminea ethanolic, hexane, 
dichloromethane and ethyl acetate extracts tested on a panel of Gram-positive 
and Gram-negative bacterial strains. (-) indicates not tested samples. Reported 
data refer to three biological replicates. 

                                                  MIC100 (mg/mL) 

Gram-positive strains Ethanol Hexane CH2Cl2  EtOAc  

S. aureus ATCC 29213 2.5 0.625 1.25 2.5 

S. aureus MRSA WKZ-2 10 - - - 

E. faecalis ATCC 29212 10 - - - 

Gram-negative strains     

E. coli ATCC 25922 1.25 2.5 2.5 2.5 

S. typhimurium ATCC 14028 2.5 1.25 2.5 2.5 

A. baumannii ATCC 17878 5 - - - 

 
Considering its effectiveness on both Gram-negative and Gram-

positive bacterial strains, ethanolic extract was found to have a broad-
spectrum antimicrobial activity (Table 1). Interestingly, significant 
antimicrobial effects were also detected on S. aureus MRSA WKZ-2, E. 
faecalis ATCC 29212, and A. baumannii ATCC 17878 bacterial strains, 
even if higher doses of the extract (MIC100 values comprised between 
5 and 10 mg/mL) were required to obtain the same effects recorded on 
the other tested strains (Table 1). To identify compounds responsible 
for detected effects, further extraction procedures were sequentially 
performed as detailed in Materials and Methods Section. In particular, 
three solvents characterized by a different polarity, namely (i) hexane, 
(ii) dichloromethane, and (iii) ethyl acetate were used. The antibacterial 
activity of each obtained fraction was investigated on the same bacterial 
strains described above and it was found that hexane, 
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dichloromethane, and ethyl acetate extracts were able to exert 
antimicrobial activity on 3 out of 6 bacterial strains tested with MIC100 
values comprised between 0.625 and 2.5 mg/mL (Table 1). 

The results mentioned above suggested that the extracts 
retained a significant broad-spectrum antimicrobial activity by being 
effective on both Gram-negative and Gram-positive bacterial strains 
(Table 1). In the case of water phase, no significant antimicrobial 
activity was detected on any of the tested strains. Based on this, it can 
be hypothesized that most of the compounds responsible for the 
antibacterial activity were extracted using the organic solvents. The 
anti-biofilm properties of the extracts were also evaluated by performing 
crystal violet assays. Interestingly, ethanolic, hexane, dichloromethane, 
and ethyl acetate extracts were found to exert anti-biofilm properties, 
by affecting the biofilm formation in the case of S. typhimurium ATCC 
14028 (Figure 2a). No significant anti-biofilm properties were detected 
for the water phase (Figure 2a). Ethanolic extract was also tested on 
S. aureus MRSA WKZ-2, E. faecalis ATCC 29212 and A. baumannii 
ATCC 17878 and was found to be effective on these strains with a 
significant inhibition of biofilm formation (about 50-70% inhibition) in the 
case of A. baumannii ATCC 17878 and S. aureus MRSA WKZ-2 
(Figure 2b). 
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Figure 2. Anti-biofilm activity of E. foeminea plant extracts on S. aureus ATCC 29213, 
S. aureus MRSA WKZ-2, E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli 
ATCC 25922, and S. typhimurium ATCC 14028. (a) Extracts obtained in ethanol, 
hexane, dichloromethane, ethyl acetate, or water phase were tested against S. aureus 
ATCC 29213, E. coli ATCC 25922, and S. typhimurium ATCC 14028. (b) Ethanolic 
extract was tested against A. baumannii ATCC 17878, E. faecalis ATCC 29212, and 
S. aureus MRSA WKZ-2. The effects of increasing concentrations of each extract 
were evaluated on biofilm formation. At the end of the incubations, biofilm samples 
were stained with crystal violet and measured at 630 nm. Data represent the mean 
(±standard deviation, SD) of at least three independent experiments, each one carried 
out with triplicate determinations. 
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3.2 Bio-guided fractionation of plant extracts followed by isolation 
and identification of active compounds 

To isolate the bioactive compounds exerted antibacterial and/or 
anti-biofilm activities, the most promising extracts (hexane and 
dichloromethane extracts) obtained from E. foeminea were subjected 
to sequential purification steps by TLC or CC as reported in the 
Materials and Methods Section and in (Figure 1). Fractions obtained 
upon extraction in hexane and two sequential steps of CC were found 
to be endowed with antimicrobial activity (Table 2).  

Table 2. MIC100 values (mg/mL) determined for fractions obtained upon extraction in 
hexane and two sequential steps of column chromatography. 

                                                MIC100 (mg/mL) of fractions extracted in hexane 

Bacterial strains 1 2 3 4 5 6 7 

S. aureus ATCC 29213 2.5 2.5 2.5 0.313 0.313 2.5 1.25 

E. coli ATCC 25922 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

S. typhimurium ATCC 14028 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

Two main compounds were isolated from hexane extract and 
identified as carvacrol (compound 1, 4.72 mg), and as thymol 
(compound 2, 1.72 mg) (Figure 3) comparing their spectroscopic data 
(1H NMR and ESI MS) with those reported in the literature (Appendix 
A2.  Figures S1 and S2). It is noteworthy, that no data in the literature 
exist about the presence of these two compounds in E. foeminea [21]. 

 

Figure 3. Chemical structures of isolated compounds 1-6. 
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The active compounds from CH2Cl2 extract were fractionated by 
combined CC and TLC on direct and reverse phase to obtain four pure 
metabolites as reported in detail in the Materials and Methods Section. 
The first investigation of their 1H NMR spectra showed the signals of 
flavonol glycosides. In particular, 1H NMR spectrum of compound 3 was 
recorded in acetone-d6 [41] and in CD3OD [42] (Appendix A2. Figures 
S3-S13). In acetone-d6, two broad signals at δ 6.28 (H-6) and 6.48 (H-
8) were detected and the two doublets A2X2 aromatic system protons 
at δ 7.13 (H-3’,5’) and 7.91 (H-2’,6’), J = 8.7 Hz, typical of a kaempferol 
residue. The presence of the anomeric proton at δ 5.83 (H-1’’, brs), the 

methane protons at  5.62 (H-2, brs), 4.20 (H-3, dd, J = 9.7 and 3.0 Hz), 
4.98 (H-4, t, J = 9.7 Hz), 3.39 (dd, J = 9.7 and 6.1 Hz), and the 

secondary methyl group at  0.86 (H-6, d, J = 6.1 Hz) suggested the 
presence of an α-rhamnopyranoside moiety substituted in position H-
2’’ and H-4’’ by two p-coumaroyl residues as observed from their typical 
signals. In particular, the signals of the double bonds H-2’’’ and H-3’’’ at 
δ 6.44 and 7.68 (J = 16.0 Hz) and H-2’’’’ and H-3’’’’ at δ 6.31 and 7.56 
(J = 16.1 Hz) revealed the presence of two E-configured double bounds. 
COSY spectrum (Appendix A2. Figures S7-S8) confirmed the 
connections around the rhamnopyranoside and the positions of the p-
coumaroyl residues at H-2’’ and H-4’’of the sugar residue for the 
downfield shifts showed by these protons. By extensive study of 2D 13C 
NMR spectra (HSQC and HMBC), the chemical shifts were assigned to 
all the carbons and protons (Appendix A2.  Figures S10-S13). By this 
way, compound 3 has been identified as kaempferol-3-O-α-L-(2”,4”-di-
E-p-coumaroyl)-rhamnopyranoside as previously reported [41-44]. The 
identification was also supported by the data collected by ESI MS 
spectrum which showed the protonated [M + H]+ ion at m/z 725.  

Compounds 4-6 showed similar 1D and 2D 1H and 13C NMR 
spectra indicating that they differ from compound 3 for the configuration 
of the double bonds on the two p-coumaroyl residues (Appendix A2.  
Figures S14-S24). In particular, the 1H NMR spectrum of compound 4 
differed from that of compound 3 for the signals of the double bonds H-
2’’’ and H-3’’’ at δ 6.45 and 7.70 (J = 15.9 Hz) and H-2’’’’ and H-3’’’’ at 
δ 5.78 and 6.92 (J = 10.0 Hz), thus suggesting the presence of trans- 
and cis-p-coumaroyl moieties. Compound 4 was identified as 
kaempferol-3-O-α-L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-
rhamnopyranoside as previously reported [45]. The 1H NMR spectrum 
of compound 5 differed from that of compound 3 for the signals of the 
double bonds H-2’’’ and H-3’’’ at δ 5.88 and 6.93 (J = 11.8 Hz) and H-
2’’’’ and H-3’’’’ at δ 6.33 and 7.59 (J = 16.0 Hz), thus suggesting the 
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presence of trans- and cis-p-coumaroyl moieties. Therefore, compound 
5 was identified as kaempferol-3-O-α-L-(2”-Z-p-coumaroyl,4”-E-p-
coumaroyl)-rhamnopyranoside as previously reported [43]. Compound 
6 was, instead, identified as kaempferol-3-O-α-L-(2”,4”-di-Z-p-
coumaroyl)-rhamnopyranoside. In fact, its 1H NMR spectrum differed 
from that of compound 3 for the signals of the double bonds H-2’’’ and 
H-3’’’ at δ 5.77 and 6.87 (J = 12.0 Hz) and H-2’’’’ and H-3’’’’ at δ 5.89 
and 6.92 (J = 12.0 Hz). By extensive use of 1D and 2D 1H and 13C NMR 
spectra, the chemical shifts were assigned to all the carbons and 
protons of compounds 4-6 (Appendix A2.  Figures S14-S24). 

3.3 Evaluation of the antimicrobial activity of isolated compounds 
(1-6).  

Assays were performed by testing increasing concentrations of 
each isolated compound on S. aureus ATCC 29213, S. aureus MRSA 
WKZ-2, E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli 
ATCC 25922, and S. typhimurium ATCC 14028. As shown in Table 3.  

 
Table 3. MIC100 values (µg/mL) determined for carvacrol and thymol 
purified from E. foeminea hexane extract. 

                                                                MIC100 (µg/mL) 

Gram-positive strains Carvacrol Thymol 

S. aureus ATCC 29213 100 600 

S. aureus MRSA WKZ-2 50 2,400 

E. faecalis ATCC 29212 100 1,200 

Gram-negative Strains   

E. coli ATCC 25922 200 600 

S. typhimurium ATCC 14028 100 300 

A. baumannii ATCC 17878 100 1,200 

Carvacrol was found to be active on all the strains tested. The 
strongest effects were observed on S. aureus ATCC 29213 and S. 
aureus MRSA WKZ-2, with MIC100 values of 100 and 50 µg/mL, 
respectively (Table 3). E. coli bacterial strain was found to be the least 
sensitive to carvacrol antimicrobial activity, with MIC100 value of 200 
µg/mL (Table 3). In the case of thymol, higher MIC100 values were 
detected with respect to carvacrol on the same tested bacterial strains, 
meanwhile S. typhimurium ATCC 14028 was found to be the most 
susceptible bacterial strain (MIC100 = 300 µg/mL) and S. aureus MRSA 
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WKZ-2 was found to be the least sensitive to thymol antimicrobial 
effects (MIC100 = 2,400 µg/mL) (Table 3).  

The antimicrobial activity was also tested for the other isolated 
compound 3 on S. aureus ATCC 29213, S. aureus MRSA WKZ-2, E. 
faecalis ATCC 29212, E. coli ATCC 25922, S. typhimurium ATCC 
14028, and A. baumannii ATCC 17878. A very strong antimicrobial 
activity towards Gram-positive S. aureus ATCC 29213 and S. aureus 
MRSA WKZ-2 was found. MIC100 values were found to be as low as 
0.49 µg/mL in the case of both bacterial strains (Table 4). 
 

Table 4. MIC100 values (µg/mL) determined for compound 3 purified from 
E. foeminea dichloromethane extract. 

                                                                              MIC100 (µg/mL) 
 

Gram-positive strains Compound 3 Gentamycin 

S. aureus ATCC 29213 0.49 ≤ 1 

S. aureus MRSA WKZ-2 0.49 ≤ 1 

E. faecalis ATCC 29212 500 ≤ 8 

Gram-negative strains   

E. coli ATCC 25922 250 ≤ 4 

S. typhimurium ATCC 14028 1,000 ≤ 15 

A. baumannii ATCC 17878 1,000 ≤ 2 

 

Higher MIC100 values were detected in the case of the other 
bacterial strains tested with values comprised between 250 and 1,000 
µg/mL (Table 4 and Table 5). It is worth noting that compound 3 was 
the only isomer to be endowed with this strong antimicrobial activity on 
S. aureus strains. Indeed, the other tested isomers (compounds 4-6) 
were found to exert antimicrobial properties with MIC100 values higher 
than 1,000 µg/mL when tested on S. aureus MRSA WKZ-2 (Table 5).  
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Table 5. MIC100 values (µg/mL) determined for the compounds 3-6 purified 
from E. foeminea dichloromethane extract. 

                                                                                MIC100 (µg/mL) 

 
S. aureus 

 MRSA WKZ-2 

A. baumannii 

ATCC 17878 

kaempferol-3-O-α-L-(2”,4”-di-E-

p-coumaroyl)-rhamnopyranoside 

0.49 1,000 

kaempferol-3-O-α-L-(2"-Z-p-

coumaryl,4"-di-E-p-coumaryl 

rhamnopyranoside  

>1,000 

MIC95 = 1,000 

1,000 

kaempferol-3-O-α-L-(2"-E- p-

coumaryl,4"-di-Z-p-coumaryl)-

rhamnopyranoside 

>1,000 

MIC98 = 1,000 

1,000 

kaempferol-3-O-α-L-(2",4"-di-Z-

p-coumaryl)-rhamnopyranoside 

>1,000 

MIC98 = 1,000 

1,000 

3.4 Evaluation of the anti-biofilm activity of compound 3. 

The anti-biofilm properties of the purified compound 3 were also 
evaluated by performing crystal violet assays on S. aureus ATCC 
29213, S. aureus MRSA WKZ-2, E. faecalis ATCC 29212, A. baumannii 
ATCC 17878, E. coli ATCC 25922, and S. typhimurium ATCC 14028 
bacterial strains incubated with increasing concentrations of the 
isolated compound. In all the cases, a significant inhibition (about 30-
80%) of biofilm formation was observed, with the strongest effects 
obtained in the case of A. baumannii ATCC 17878 and S. aureus MRSA 
WKZ-2 bacterial strains (Figure 4). It is noteworthy, that significant 
effects on biofilm formation were obtained at concentrations 
significantly lower than MIC100 values detected on the same bacterial 
strains. To deepen on compound 3 anti-biofilm activity, Confocal Laser 
Scanning Microscopy (CLSM) analyses were also performed. Firstly, E. 
foeminea crude ethanolic extract was analyzed for its effects on the 
formation of S. aureus MRSA WKZ-2, and A. baumannii ATCC 17878 
biofilms. As it was observed in Figure 5, significant effects on biofilm 
architecture and thickness were evaluated upon treatment of both 
bacterial strains with the ethanolic extract for 24h. When pure 
compound 3 was analyzed on the same bacterial strains, significant 
effects on biofilm architecture and thickness were also evaluated 
(Figure 6). Furthermore, when the pure compound 3 was tested on A. 
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baumannii ATCC 17878 biofilm, changes in the biofilm morphology 
were found to be associated with a strong aggregation of bacterial cells 
that appeared to form groove-like structures (Figure 6a). Furthermore, 
filamentous structures (Figure 6b) were observed; they indicated an 
interference with cell division, which is probably due to a septation 
block, as previously reported for different anti-biofilm compounds [46].  

A significant decrease of cell density also appeared clear upon 
treatment with the pure compound (Figure 6), which was an indication 
of a high percentage of cell death. When the anti-biofilm activity of the 
isomers, i.e., compounds 4-6, was analyzed, different results were 
obtained. Moreover, CLSM analyses were performed to test isomers 
effects on S. aureus MRSA WKZ-2, and A. baumannii ATCC 17878 
biofilm formation. In the case of compound 5, a slight effect on biofilm 
thickness was evaluated on A. baumannii ATCC 17878 upon 24h of 
incubation (Figure 7), whereas no significant effects were detected on 
S. aureus MRSA WKZ-2 (Figure 8). A similar result was obtained also 
in the case of the isomer compound 4 (Figure 7), whereas no significant 
effects on both bacterial strains were detected in the case of isomer 
compound 6 (Figure 9). 
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Figure 4. Anti-biofilm activity of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)- 
rhamnopyranoside (compound 3) was evaluated by crystal violet assays on S. aureus 
ATCC 29213, S. aureus MRSA WKZ-2, E. faecalis ATCC 29212, A. baumannii ATCC 
17878, S. typhimurium ATCC 14028, and E. coli ATCC 25922. The effects of 
increasing concentrations of the compound were evaluated on biofilm formation. 
Biofilms were stained with crystal violet and samples were analyzed by using a plate 
reader to measure absorbance at 630 nm. Data represents the mean (±standard 
deviation, SD) of at least three independent experiments, each one carried out with 
triplicate determinations.  
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Figure 5. Anti-biofilm activity of E. foeminea ethanolic extract. Effects of E. foeminea 
ethanolic extract were evaluated on biofilm formation in the case of S. aureus MRSA 
WKZ-2, and A. baumannii ATCC 17878 by CLSM. Biofilm cells were stained with 
LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Eugene, OR) containing 
a 1:1 mol/mol ratio of SYTO-9 (green fluorescence, all cells) and propidium iodide (PI; 
red fluorescence, dead cells). The biofilm images were obtained by confocal z-stack 
using Zen Lite 2.3 software. All the images were taken under identical conditions. 
Significant differences were indicated as (*P< 0.05), (**P< 0.001) or (***P< 0.0001) 
for treated samples versus control ones. Each experiment was carried out in triplicate.  

 

S. aureus MRSA WKZ-2 A. baumannii ATCC 17878

S. aureus MRSA WKZ-2 A. baumannii ATCC 17878
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Figure 6. Anti-biofilm activity of purified kaempferol-3-O-α-L-(2",4"-di-E-p-coumaroyl)-
rhamnopyranoside (compound 3). Effects of compound 3 were evaluated on biofilm 
formation in the case of S. aureus MRSA WKZ-2 (a), and A. baumannii ATCC 17878 
(b) by CLSM. Biofilm cells were stained with LIVE/DEAD BacLight bacterial viability 
kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio of SYTO-9 (green 
fluorescence, all cells) and propidium iodide (PI; red fluorescence, dead cells). Biofilm 
images were obtained by confocal z-stack using Zen Lite 2.3 software. All the images 
were taken under identical conditions. Significant differences were indicated as (*P< 
0.05) or (***P< 0.0001) for treated samples versus control ones. Each experiment was 
carried out in triplicate. 
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Figure 7.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”-E-p-coumaroyl,4”-Z-
p-coumaroyl)- rhamnopyranoside (compound 4). Effects of compound 4 were 
evaluated on biofilm formation in the case of S. aureus MRSA WKZ-2 (a), and A. 
baumannii ATCC 17878 (b) by CLSM. Biofilm cells were stained with LIVE/DEAD 
BacLight bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 
mol/mol ratio of SYTO-9 (green fluorescence, all cells) and propidium iodide (PI; red 
fluorescence, dead cells). The biofilm images were obtained by confocal z-stack using 
Zen Lite 2.3 software. All the images were taken under identical conditions. Significant 
differences were indicated as (*P< 0.05), (**P< 0.001) or (***P< 0.0001) for treated 
versus control ones. Each experiment was carried out in triplicate. 
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Figure 8.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”-Z-p-coumaroyl,4”-E-
p-coumaroyl)-rhamnopyranoside (compound 5). Effects of compound 5 were 
evaluated on biofilm formation in the case of S. aureus MRSA WKZ-2 (a), and A. 
baumannii ATCC 17878 (b). Biofilm cells were stained with LIVE/DEAD BacLight 
bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio 
of SYTO-9 (green fluorescence, all cells) and propidium iodide (PI; red fluorescence, 
dead cells). The biofilm images were obtained by confocal z-stack using Zen Lite 2.3 
software. All the images were taken under identical conditions. Significant differences 
were indicated as (*P< 0.05) or (**P< 0.001) for treated samples versus control ones. 
Each experiment was carried out in triplicate. 
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Figure 9.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”,4”-di-Z-p-
coumaroyl)-rhamnopyranoside (compound 6). Effects of compound 6 were evaluated 
on biofilm formation in the case of S. aureus MRSA WKZ-2 (a), and A. baumannii 
ATCC 17878 (b) by CLSM. Biofilm cells were stained with LIVE/DEAD BacLight 
bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio 
of SYTO-9 (green fluorescence, all cells) and propidium iodide (PI; red fluorescence, 
dead cells). The biofilm images were obtained by confocal z-stack using Zen Lite 2.3 
software. All the images were taken under identical conditions. Significant differences 
were indicated as (*P< 0.05) for treated samples versus control ones. Each 
experiment was carried out in triplicate. 
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3.5 Evaluation of synergistic effects between kaempferol-3-O-α-L-
(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside and ApoB-derived 
peptides. 

Starting from the interesting antimicrobial and anti-biofilm 
activities of both kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)- 
rhamnopyranoside (compound 3) (Table 5)  and ApoB-derived 
peptides [33], the exploitation of synergistic effects between these two 
elements was performed. To proceed with this, conventional 
checkboard assays were set-up [47]. Hence, two-dimensional arrays of 
serial concentrations of the tested compounds were used as the basis 
to calculate fractional inhibitory concentration (FIC) indexes [47], in 
order to verify whether paired combinations of compounds could exert 
inhibitory effects that are more than the sum of their effects alone [66].  
It has been reported that FIC indexes ≤ 0.5 are an indication of 
synergism, whereas FIC indexes between 0.5 and 1.0 are associated 
with additive effects. Indifferent effects are, instead, associated to FIC 
indexes between 1.0 and 4.0, whereas FIC indexes >4.0 are indicative 
of antagonistic effects [48]. To perform these experiments, the 
antimicrobial properties of compound 3 and of r(P)ApoBL

Pro peptide 
were firstly evaluated separately against a panel of Gram-positive and 
Gram-negative bacteria (Table 6).  

Table 6. MIC100 values (μM) determined for r(p)ApoBL
Pro and kaempferol-3-O-α-L-

(2”,4”-di-E-p-coumaroyl)- rhamnopyranoside tested on a panel of Gram-positive and 
Gram-negative bacterial strains. Reported data refer to three biological replicates. 

                                                           MIC100 (μM) 

 r(p)ApoBL
Pro 

kaempferol-3-O-α-L-(2”,4”-di-E-p-
coumaroyl)- rhamnopyranoside 

S. aureus ATCC 29213 40 0.68 

S. aureus (MRSA WKZ-2) 40 0.68 

E. coli ATCC 25922 5 1350 

A. baumannii ATCC 17878 2.5 1350 

Then combinations of the 2 compounds were tested on the 
selected bacterial strains. Determined FIC indexes were all indicative 
of additive effects (Table 7). Notably, no FIC indexes higher than 1.0 
were measured. The best results were obtained in the case of S. aureus 
MRSA WKZ-2 and A. baumannii ATCC 17878 bacterial strains with FIC 
indexes of 0.63 and 0.77, respectively. Detected additive effects require 
further investigation in the future and pose the bases for the future 
development of combinatorial therapeutic approaches able to 
counteract multidrug resistant infections [33].  
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Table 7. Combination therapy analyses. Fractional inhibitory concentration (FIC) 
indexes determined for r(p)ApoBL

Pro peptide tested in combination with kaempferol-
3-O-α-L-(2”,4”-di-E-p-coumaroyl)- rhamnopyranoside on Gram-positive and Gram-
negative bacterial strains. Indexes were obtained from a minimum of three 
independent experiments, each one carried out with triplicate determinations.  

                                                                   ∑FIC Index 

S. aureus ATCC 29213 1 

S. aureus (MRSA WKZ-2) 0.63 

E. coli ATCC 25922 1 

A. baumannii ATCC 17878 0.77 

3.6 Prediction of the target of kaempferol-3-O-α-L-(2”,4”-di-E-p-
coumaroyl)-rhamnopyranoside antimicrobial and anti-biofilm 
activity by molecular docking 

Among the well-known proteins responsible for bacterial biofilm 
adhesion, formation, and aggregation, Sortase A (Srt A) [49] attracted 
our attention. This enzyme catalyzes the covalent linkage of the cell 
wall proteins (CWA) to the peptidoglycan [49]. Indeed, the inactivation 
of its enzymatic activity was reported to interfere with the ability of 
bacterial cells to cause infections because of the failure of fibronectin 
proteins attachment to the cell wall [50]. For this reason, Srt A protein 
attracted the attention of researchers as an interesting target for the 
development of antimicrobial and anti-biofilm drugs [51]. Another 
interesting target is represented by aminoacyl–tRNA synthases 
(aaRSs) [52] playing a key role in the translation of nucleic acid 
sequences into a polypeptide sequence [53]. Indeed, the inhibition of 
these enzymes is associated to a blockage of bacterial cells growth due 
to the interference with protein synthesis [52]. Furthermore, it has to be 
highlighted that significant differences in the topology of ATP binding 
domain have been reported between human and bacterial aaRS, 
probably due to the different functions that these enzymes play in 
human cells [54], thus enhancing the possibility to selectively target 
bacterial aaRSs enzymes [52]. 

Based on this, a preliminary evaluation of the putative molecular 
bases of compound 3 antimicrobial and anti-biofilm properties was 
performed by selecting Sortase A (Srt A) protein and aminoacyl–tRNA 
synthases (aaRSs) as targets in molecular docking analyses. The 
tested compound 3 demonstrated substantial binding to both selected 
targets. The binding free energy, in the case of the complex with tyrosyl 
tRNA synthetase, was computed to be higher (-9.5 kcal/mol) than that 
determined in the case of sortase A (-8.3 kcal/mol). In the case of all 
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the analyzed complexes, the binding of the ligand to the active site of 
the proteins was found to be mediated by hydrogen bonding, 
hydrophobic and various van der Waal’s force interactions (Table 8, 
Figure 10 a-d). Furthermore, for the complex with tyrosyl tRNA 
synthetase, the binding was found to be supported by a carbon-
hydrogen bond and several hydrophobic interactions. Indeed, the 
tested ligand was found to be bonded to several amino acid residues, 
such as Gly 38, Ala 43, His 47, His 50 and Leu 223 (Table 8). The 
maximum number of interactions was observed in the case of His 47 
residue. It is noteworthy that residues His 47 and His 50 have been 
reported as suitable targets of specific inhibitors of the enzyme tyrosyl 
tRNA synthetase [54]. In the case of the complex with Sortase-A, 
various non-covalent forces were described including conventional 
hydrogen bonding, carbon-hydrogen bonding and hydrophobic 
interactions. Amino acids Ala 92, Ala 104, Val 168, Thr 180, Val 193, 
Arg 197 and Ile 199 were predicted to mediate the interaction between 
the test ligand and the Sortase-A enzyme (Table 8).  
 

 

Table 8. Details of the intermolecular interactions between the tested ligand and S. 
aureus target enzymes tyrosyl tRNA synthetase and sortase A. 

Interaction between antimicrobial 
compound and tyrosyl tRNA 
synthetase 

Interaction between antimicrobial  
compound and sortase A 

Interacting 
amino acid 

Type of 
interaction 

Bond 
length 

(Å) 

Interacting 
amino 
acid 

Type of 
interaction 

Bond 
length 

(Å) 

His 50 Carbon-
hydrogen bond 

3.57 Val 168 Hydrogen 
bond 

2.21 

His 47 Pi-Sigma 3.92 Arg 197 Hydrogen 
bond 

2.35 

His 47 Pi-Pi T shaped 5.02 Ala 92 Hydrogen 
bond 

2.66 

His 47 Pi-Pi T shaped 4.96 Val 168 Hydrogen 
bond 

2.70 

Gly 38 Amide Pi 
Stacked 

3.52 Thr 180 Hydrogen 
bond 

2.49 

Ala 43 Pi -Alkyl 5.00 Val 193 Pi-Sigma 3.79 

Leu 223 Pi -Alkyl 5.37 Ala 92 Pi-alkyl 5.11 

   Ala 104 Pi-Alkyl 5.07 

   Val 168 Pi-Alkyl 4.65 

   Ile 199 Pi-Alkyl 4.54 
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Figure 10. 3D orientation of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside (compound 3) (shown in stick) at the active pocket of tyrosyl tRNA 
synthetase (a) and sortase A (b); 2D representation of intermolecular interactions 
between the antimicrobial compound and enzyme targets tyrosyl tRNA synthetase (c) 
and sortase A (d). 

It is noteworthy, that residue Arg 197 represents a suitable target 
of an inactivating drug, since it was reported to play a crucial role in the 
active site of Sortase-A enzyme [51]. It has to be highlighted that non-
covalent forces generally mediate the biological activity of effective 
drugs are of great importance in the design and development of novel 
drugs. Hydrogen bonds generally deliver structural strength and 
stability to protein-ligand complexes, whereas hydrophobic forces play 
a crucial role in amplifying ligands’ binding affinity towards the surface 
of the target in a physiological environment [55,56]. Van der Waal’s 
interactions, being weak electrostatic forces, play an important role in 
stabilizing the three-dimensional structure of protein-ligand complexes 
[57]. Based on reported findings, it can be hypothesized that the strong 

     

          

(a) (b) 

(c) (d) 



 

98 
 

antibacterial activity of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)- 
rhamnopyranoside against S. aureus bacterial cells might be mediated 
by its binding to these two selected enzymes (tyrosyl tRNA synthetase 
and Sortase-A) and to the consequent blockage of key residues present 
in the active site determining the inhibition of their enzymatic activity.  

3.7 Analysis of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside biocompatibility  

To verify whether compound 3 satisfies the requirements to be 
employed in the future as a bioactive molecule in biomedical field, 
biocompatibility analyses on eukaryotic cells were performed. To this 
purpose, immortalized human keratinocytes (HaCaT) and human 
dermal fibroblasts (HDF) were incubated with increasing concentrations 
(from 0.5 μg/mL to 5 μg/mL) of the compound under test for 72h. As 
shown in Figure 11a and b, no significant toxic effects were detected 
under the experimental conditions tested, thus indicating that the 
identified compound is selectively toxic towards prokaryotic cells. A 
slight toxicity was detected only in the case of HDF cells at the highest 
concentrations tested (Figure 11b). 
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Figure11. Effects of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside (compound 3) on the viability of HaCat (a) and HDF cells 
(b). Cell viability was expressed as the percentage of MTT reduction with 
respect to control cells tested under the same conditions but in the absence 
of the compound under test. The experimental data represent the average of 
three independent experiments, each one was carried out with triplicate 
determinations. Significant differences were indicated as (*P< 0.05) or (**P< 
0.001) for treated samples versus control ones. Each experiment was carried 
out in triplicate. 
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4. Discussion 

A bio-guided purification of E. foeminea extracts was carried out 

to isolate compounds with antimicrobial and anti-biofilm properties. Six 

compounds were isolated and identified as carvacrol, thymol and four 

glycosylated kaempferol, i.e., kaempferol-3-O-α-L-(2”,4”-di-E-p-

coumaroyl)-rhamnopyranoside,kaempferol-3-O-α-L-(2”-E-p-

coumaroyl,4”-Z-p-coumaroyl)-rhamnopyranoside, kaempferol-3-O-α-L-

(2”-Z-p-coumaroyl,4”-E-p-coumaroyl)-rhamnopyranoside,and 

kaempferol-3-O-α-L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside 

(compounds 1-6 in Figure 3). These metabolites were identified for the 

first time in E. foeminea organic extracts and compounds 1-3 were 

found to be endowed with strong antimicrobial properties and promising 

anti-biofilm activity. 

Carvacrol and thymol were largely investigated and are known 

for their medical properties. They were also employed as food 

preservatives and food additives because of their well-known 

antimicrobial activity [58] probably due to their physiochemical 

properties, such as hydrophobicity, partition coefficient and ability to 

form H-bonds with interacting target molecules [59]. Carvacrol is an 

aromatic monoterpene generally present in aromatic plants as thyme 

and oregano, and thymol is an isomer of carvacrol. Carvacrol has been 

reported to exert significant antimicrobial properties when tested on a 

wide range of bacterial strains, such as E. coli, S. aureus, L. 

monocytogenes, and S. typhimurium [60-63]. Molecular mechanisms 

underlying carvacrol antimicrobial activity imply bacterial membrane 

disruption due to an alteration of its fluidity, integrity, and functionality 

[58,59]. Carvacrol was also reported to cause depletion of intracellular 

ATP due to an alteration of intracellular pH value consequent to an 

interference with protons influx [58,59]. In the literature, further 

mechanisms were also described to explain carvacrol effects on the 

viability of bacterial cells, such as the induction of reactive oxygen 

species (ROS) and the inhibition of efflux pumps [58,59]. Due to its 

hydrophobicity, carvacrol was also reported to penetrate the 

hydrophobic environment of bacterial biofilm matrix, to interact with 

bacterial membranes and to interfere with their ability to form biofilms 

by altering bacterial cells motility and by reducing cells’ ability to adhere 

to substrates [58,59]. Carvacrol anti-biofilm activity was also described 

to be mediated by its ability to interfere with signaling pathways of 
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quorum sensing (QS) by blocking the genes expression that are 

specificly involved [58,59]. Based on these observations, it is plausible 

that carvacrol might be, at least in part, responsible for the antimicrobial 

and anti-biofilm activity observed by testing E. foeminea hexane extract 

(Table 1 and Figure 5). 

It is worthy to note that, in E. foeminea dichloromethane extract, 

four glycosylated isomers of kaempferol (compounds 3-6 in Figure 3) 

were identified for the first time. Compound 3 was isolated for the first 

time from Pentachondra pumila collected in New Zealand [41] and from 

unripe fruits of Ocotea vellosiana [64]. Subsequently, it was isolated 

from several sources, such as the leaves of Laurus nobilis [42], the 

buds of Mammea longifolia [43], the leaves of Eriobotrya japonica [65], 

the leaves of Cinnamomun kotoense [45], the aerial parts of Epimedium 

sagittatum, and the leaves of Machilus philippinens [66]. Compound 4 

was isolated for the first time from the aerial parts of Epimedium 

sagittatum together with compounds 3 and 5 and other related 

compounds [44]. Regarding compound 5, it was isolated for the first 

time together with compound 3 from the leaves of Cinnamomun 

kotoense, and a mixture of both compounds was found to be able to 

suppress peripheral blood mononuclear cell (PBMC) production 

induced by phytohemagglutinin (PHA) [45]. Finally, compound 6 was 

isolated for the first time from several sources together with other 

isomers, such as from the leaves of Laurus nobilis [42] together with 

compound 3, the leaves of Machilus philippinens together with 

compound 4 [66] and the leaves of Eriobotrya japonica together with 

compound 3 [65].  

Interestingly, despite the presence of other isomers, compound 

3 was found to be the only isomer to be endowed with robust 

antimicrobial activity towards S. aureus strains sensitive or resistant to 

conventional antibiotics (Table 4). In the past, strong antimicrobial 

properties were reported for compounds 3 and 4 isolated from Laurus 

nobilis against methicillin-resistant S. aureus strains and against 

vancomycin-resistant Enterococci [67]. Considering the strong 

antibacterial activity of compound 3 (Table 4) with respect to that 

showed by its isomers (compounds 4-6 in Table 5), it is plausible that 

stereochemistry of the double bonds of the p-coumaroyl residues is a 

key structural feature associated with the antibiotic activity. In particular, 
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the E,E stereochemistry of the double bonds of the p-coumaroyl 

residues seems to be fundamental (Table 4).  

Considering the promising antimicrobial activity of compound 3 

among the identified compounds, molecular docking studies were also 

performed, aiming to predict the suitable molecular targets of 

compound 3 to explain its antimicrobial activity. Obtained results 

suggested that the antibacterial activity of the tested compound 3 

against S. aureus strains might be correlated to the inhibition of sortase 

A and/or tyrosyl tRNA synthetase. Sortase A (Srt A) is one of the well-

known proteins responsible for biofilm adhesion, formation, and 

aggregation [49]. This enzyme catalyses the formation of covalent 

bonds between cell wall proteins (CWA) and peptidoglycan molecules 

of bacterial cell wall [49]. It was reported that, in the presence of 

inactivating mutations of Srt A, bacterial cells are no longer able to 

cause infections because of the failure of the attachment of fibronectin 

proteins to the cell wall [50]. This makes Srt A a suitable target for the 

development of novel and effective antimicrobial and anti-biofilm drugs 

[51].  

Aminoacyl–tRNA synthases (aaRSs) also represent good 

candidates as targets of antimicrobial strategies [52]. Indeed, their 

inhibition is associated to a blockage of cell growth due to an 

interference with protein synthesis processes [52]. Furthermore, 

differences in the topology of the ATP binding domain between human 

and bacterial enzymes are at the basis of the possibility to selectively 

target bacterial enzymes [54]. As a matter of fact, this is in agreement 

with the data obtained by treating human eukaryotic cells with 

compound 3, while it exerted toxic effects on S. aureus bacterial cells, 

it was found to be harmless towards immortalized human keratinocytes 

(HaCaT) and human dermal fibroblasts (HDF) at concentrations 

effective on bacterial cells (Figure 11). Interestingly, it was also 

demonstrated that compound 3 is able to exert additive effects when 

tested in combination with a human ApoB-derived antimicrobial 

peptide. However, one of the main challenges during this work was the 

low isolated amount of the purified compound 3, which was at a certain 

point an obstacle in the performance of further experiments. It is highly 

recommended to chemically synthesize compound 3 which will be a 

challenging task due to the stereochemistry of the double bonds which 

are responsible for compound 3 potent activity to investigate its 
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applicability. Altogether, obtained data open interesting perspectives to 

the future applicability of identified compound 3 in several fields to 

counteract bacterial infections. 
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Development of Cellulose Films Functionalized with 
Bioactive Plant-Derived Compounds 

1. Introduction 

Active packaging refers to a packaging system that is used to 
extend the shelf-life, freshness and safety of packaged food [1]. Active 
packaging systems could be divided into two major categories: (i) those 
absorbing undesired moisture, carbon dioxide, oxygen, ethylene, or 
unpleasant odors, and (ii) those releasing active compounds, such as 
antimicrobials or antioxidants [2]. In traditional manufacturing systems, 
active compounds are added to the bulk of the processed or fresh food. 
It is worthy to note, that most of food spoilage or contaminations involve 
the surface and not the bulk of the food. Hence, it appears more efficient 
to add antimicrobial compounds on the surface of the packaged food 
also considering that the direct addition of active compounds to the bulk 
of the food might cause a loss or a decrease of their activity due to direct 
interactions with food components [2]. It was estimated that about 1.3 
billion tons of food resources are wasted every year all over around the 
world [3]. In this scenario, a fundamental aspect is represented by food 
spoilage that might be prevented by effective packaging systems 
representing a barrier protecting food samples from physical, 
environmental or biological damages that might occur during 
transportation or storage [2][4,5]. Several biodegradable polymers were 
exploited in packaging industry [6-8] (Figure 1).  

 

Figure 1. Biodegradable plastic polymers employed in food packaging industry 
(Adapted from Romão et al., 2022 and Rehman et al., 2020). 

https://en.wikipedia.org/wiki/Packaging_and_labeling
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Among available alternatives, cellulose is a promising polymer 
employed in food packaging industry. It is obtained from plant cell walls, 
and it is highly available, inexpensive, renewable, biodegradable, 
environmentally sustainable and above of all biocompatible and safe to 
be used in food biotechnological applications [9,10]. Moreover, unique 
mechanical properties and high thermal resistance had characterized 
cellulose and its derivatives. They are also provide an impermeable 
physical isolation from ultraviolet rays and other environmental factors 
[10,11].  

In recent years, cellulose and its derivatives were loaded with 
several antimicrobials and antioxidants, in order to enhance the quality 
and to prolong the shelf-life of packaged food samples [12]. 
Hydroxyethyl cellulose (HEC) is a non-ionic hydrophilic cellulose 
obtained upon the substitution of hydroxyl groups with hydroxyethyl 
groups [13]. It is widely used in cosmetics, cleaning solutions, and other 
household products as a thickening agent [6]. Furthermore, it was 
reported that carboxymethyl cellulose (CMC) was cross-linked with 
HEC by using citric acid to produce CMC-HEC films able to remove 
heavy metals from wastewater [14]. In biomedical field, HEC hydrogels 
were found to be suitable as wound dressing material [15]. In food field, 
several studies proved the applicability of HEC films to develop active 
packaging systems [16-18]. 

 Cyclodextrins (CDs) are cyclic, non-reducing oligosaccharides 
produced by enzymatically modified starch [19]. They can be identified 
to 3 main classes of CDs derivatives: α-CD, β-CD, and γ-CD 
characterized by 6, 7 or 8 glucose units, respectively (Figure 2) [19-
21]. CDs were described as a suitable system to deliver drugs in several 
biomedical, cosmeceutical, and food technology applications [19,20]. 
Regarding their applicability in food field, CDs attracted researchers’ 
attention by beening recognized as safe (GRAS) [22]. Furthermore, 
they were found not to alter the packaged food quality, taste, and color 
[19].  
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Figure 2. Cyclodextrins (CDs) general structures (a) the monomer unit with units, (b) 
Digital structure of CDs (c) the structures of α-, β-, and γ-CDs. (d) Digital 
representation of inclusion complex formation. Reused from Liu Y. et al., 2022. 

This chapter was dedicated to develop a model of food 
packaging system. Films were obtained by cross-linking hydroxyethyl 
cellulose (HEC) with citric acid in addition to HPβCD to encapsulate 
hydrophobic compounds. Once prepared, films were functionalized with 
the model compound, quercetin, which is known for its antioxidant and 
antimicrobial properties [23-25], as well as, the novel identified 
compound from E. foeminea plant namely kaempferol-3-O-α-L-(2”,4”-
di-E-p-coumaroyl)-rhamnopyranoside that was functionalized to the 
prepared films. Moreover, the films physical and biological properties 
were evaluated and reported in the following sections.  

 

 

 

 

 

 



 

116 
 

2. Methods 

2.1 Materials. All the reagents were purchased from Sigma-Merck 
(Milan, Italy), unless specified otherwise. Hydroxyethyl cellulose (HEC; 
NatrosolTM 250 HX) was purchased from Ashland Industries Europe 
GmbH, Switzerland. Citric acid 1-hydrate (C6H8O7.H2O; MW = 210.14 
g/mol) and glycerol QP (C3H8O3; MW = 92.10 g/mol) were purchased 
from PRS Panreac, Barcelona, Spain. Quercetin (Q4951-10G; 
C15H10O7; MW = 302.24 g/mol) was obtained from Sigma-Merck. 2-
Hydroxypropyl Beta Cyclodextrin (HPβCD; Kleptose® HP oral grade; 
high average molar substitution = 0.85; MW 1480.7 g/mol) was 
purchased from Roquette® (France). Absolute ethanol was obtained 
from VWR Chemicals, France. 

2.2 Preparation of films of Hydroxyethyl Cellulose (HEC) 
containing 2-Hydroxypropyl Beta Cyclodextrin (HEC-HPβCD). 
HEC-HPβCD films were prepared by dissolving HEC powder in boiling 
distillated water (2%,w/v) under vigorous stirring obtained by using a 
VWR/VOS 60 homogenizer. After about 2h, completely dissolved HEC 
powder was mixed with HPβCD (0.5 %, w/v), and the plasticizing agent 
glycerol was incorporated into the mixture (0.1 %,v/v). The cross-linking 
agent citric acid was finally added (10 %,w/w) at room temperature 
under continuous stirring of (150 rpm). After 6h, the homogenous 
solution was poured into a ceramic mold (12 cm diameter) and 
incubated at 37°C for 16h to allow water evaporation upon temperature 
increase up to 80°C to dry the films 8h. Cross-linking was achieved by 
incubating the film at 110°C for 1h. The film was then stored at room 
temperature until usage. HEC films without HPβCD were prepared by 
using the same procedure with the only exception of HPβCD powder 
addition. 

2.3 Calibration curves prepared to evaluate loading and release 
from films. Calibration curves were prepared based on absorbance 
measurements (λmax) by using UV- visible spectrophotometer with 1.0 
cm matching quartz cell. To do this, 125 µg/mL of quercetin were 
scanned from 190 nm to 800 nm against a mixture of ethanol and water 
(50:50,v/v) as a blank. Wavelength range was selected around 
wavelength maximum (λmax = 374 nm). The calibration curve was 
constructed by plotting absorbance versus concentration values (40-
1.25 µg/mL; Figure 3). Calibration curves were constructed by 
performing a linear regression analysis. 
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Figure 3. Calibration curve obtained for pure quercetin. Data represents the mean 
(±standard deviation, SD) of at least three independent experiments. 

 
The same procedure was employed for kaempferol-3-O-α-L-(2”,4”-di-E-
p-coumaroyl)-rhamnopyranoside. The absorbance of this compound 
(100 µg/mL) was scanned from 190 nm to 800 nm against a mixture of 
ethanol and water (50:50,v/v) as a blank. Wavelength range was 
selected around wavelength maximum (λmax = 316 nm). The calibration 
curve was constructed by plotting absorbance values at λmax versus 
concentration values (24 – 0.38 µg/mL; Figure 4). Calibration curves 
were constructed by performing a linear regression analysis.  

 
Figure 4. Calibration curve of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside. Data represents the mean (±standard deviation, SD) of at least 
three independent experiments. 
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2.4 Quercetin Loading and Release Experiments. HEC and HEC-
HPβCD films (1cm2 area) were placed in separate vials in the presence 
of 5 mL of quercetin (5,000 µg/mL) in an ethanol: water (50:50,v/v) 
solution. Films were then placed at 37°C under stirring (180 rpm) in the 
dark. The absorbance of quercetin solution employed for film loading 
was monitored at 374 nm (UV–Vis spectrophotometer Agilent 8534, 
Waldbronn, Germany). In this way, the amount of loaded quercetin was 
evaluated by subtracting the amount of quercetin remaining in the 
solution (determined by using previously prepared calibration curves) 
from the total initial amount [26]. Release experiments were carried out 
by placing quercetin-loaded films (previously rinsed with Ethanol 50 %) 
in Falcon® tubes containing 10mL of ethanol 50% [27]. The tubes were 
incubated at 37°C under stirring (180 rpm) in the dark. Samples were 
taken every hour in the first 8h of incubation, and their absorbance 
values were measured at 374 nm (Agilent 8534, Waldbronn, Germany). 
Loading analyses were performed for 96h. Quercetin amount was 
determined based on calibration curves prepared as described above 
(Figure 3).  

2.5 Isolated kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside Loading and Release Experiments. HEC and 
HEC-HPβCD films (1cm2 area) were placed in separate wells of a 24-
multiwell plate in the presence of 0.5 mL of kaempferol-3-O-α-L-(2”,4”-
di-E-p-coumaroyl)-rhamnopyranoside (500 µg/mL) in a solution of 
ethanol: water (50:50,v/v) solution. Films were then placed at 37°C 
under stirring (180 rpm). The absorbance of kaempferol-3-O-α-L-(2”,4”-
di-E-p-coumaroyl)-rhamnopyranoside solution employed for film 
loading was monitored at λmax 316 nm (UV–Vis spectrophotometer 
Agilent 8534, Waldbronn, Germany) for 96h.  The amount of loaded 
kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside was 
calculated by subtracting the amount of the compound remaining in the 
solution after 96h  from the total initial amount. Amount of kaempferol-
3-O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside was determined 
on the basis of absorbance values by using calibration curves prepared 
as described above (Figure 4) [28]. Release experiments were carried 
out by placing kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside-loaded films (previously rinsed with Ethanol 50 %) 
in Falcon® tubes containing 10 mL of ethanol 50% as a food stimulant 
[27]. The tubes were then incubated at 37°C under stirring (180 rpm). 
Aliquots were taken from the solution every hour in the first 8h of the 
experiment, and their absorbance values were determined at 316 nm. 
Analyses were carried out for 192h. Also in this case, kaempferol-3-O-
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α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside amount was 
determined on the basis of calibration curves prepared as described 
above (Figure 4). 

2.6 Water uptake. HEC and HEC-HPβCD films (1 cm2) were dried for 
1 day at 37°C, weighed, and placed into Falcon® tubes in the presence 
of 5 mL of quercetin (5,000μg/mL), as well as in water and in a solution 
containing 50% ethanol at room temperature. Three replicates were 
tested each hour during the first 8h and then every 24h for 4 days. Every 
time, films’ surfaces were carefully wiped with an absorbent paper, to 
remove the excess water, and then weighed. The increase in weight, 
corresponding to the water uptake, was determined by using the 
equation below (1) where W0 and Wt represent the weight of dried film 
and of swollen film at time t, respectively. 

                    Water uptake (%) =
Wt−W0  

W0
 × 100                (1) 

2.7 Fourier-Transform Infrared (FT-IR) spectroscopy analyses. IR 
spectra were recorded at room temperature by using an infrared spectrometer 
(FTIR Shimadzu-IR Prestige 21, Shimadzu Corporation, Kanda-Nishikicho, 
Tokyo, Japan) with a total attenuated internal reflection (ATR). All the spectra 
were obtained with resolution of 4 cm-1 (32 scans) in the range of 4000-400 
cm-1. 
 

2.8 Mechanical Properties. Tensile properties of the films and Young’s 
modulus were investigated by using a TA.XT Plus Texture Analyzer, 
Stable Micro Systems, Ltd., Surrey, UK and a load cell of 30 kg. Each 
film sample was prepared with the dimensions of 10 mm X 35 mm and 
placed between grip heads of the testing machine at room temperature. 
Stress–strain plots were recorded at a crosshead speed of 0.1 mm/s 
with triplicated determinations. Young’s modulus was calculated from 
the slope of the linear portion of the stress versus strain curves while 
the percentage of elongation at break (% E) was determined by using 
the equation below (2). 

Elongation break (%) =
L(at break)  

L0
 × 100                (2) 

2.9 Bacterial strains and growth conditions. Six bacterial strains 
were used to evaluate the antibacterial properties of quercetin, i.e., S. 
aureus ATCC 29213, methicillin-resistant S. aureus MRSA WKZ-2, E. 
faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922 
and S. typhimurium ATCC 14028. American type culture collection 
(ATCC) numbers represent the standard strain numbers assigned to 
these microorganisms. Bacterial strains were grown in Muller Hinton 
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Broth (MHB; Becton Dickinson Difco, Franklin Lakes, NJ/USA) and on 
Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the 
experiments, bacteria were inoculated and grown overnight in MHB at 
37°C. 

2.10 Quercetin antimicrobial activity. The antimicrobial activity of 
quercetin was tested against six bacterial strains. Bacterial cells were 
diluted to 2x106 CFU/mL in Nutrient Broth (NB; Difco, Becton Dickinson, 
Franklin Lakes, NJ) along with increasing amounts of quercetin. Broth 
microdilution method was employed [29]. MIC100 values were 
determined as the lowest concentration of quercetin responsible for no 
visible bacterial growth after overnight incubation.  

2.11 Antimicrobial activity of loaded films. The antimicrobial activity 
of HEC and HEC-HPβCD films loaded with quercetin or kaempferol-3-
O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside was evaluated by 
using as control unloaded films that were extensively washed by using 
sterile milli-Q water to remove the excess of acetic acid used as a cross-
linker during films preparation. Both loaded and unloaded films were 
sterilized by UV treatment for 20 min. afterwards, bacterial solutions 
were prepared starting from a single colony that was transferred into 5 
mL of MHB and grown at 37°C to mid-log phase. Then, bacterial 
suspensions were diluted using 0.5X NB to reach a density of 1,000 
CFU/cm2. The bacterial suspension (0.5 mL) was then placed upon 
each film and incubated at 37°C for 3-4h. Following incubation, bacterial 
supernatants were transferred from each well to a sterile Eppendorf 
tube, diluted and plated to evaluate the planktonic cells growth. The 
remaining films were rinsed with 1 mL of sterile 0.9% NaCl, in order to 
remove the non-adherent bacteria. Films were then washed and 
transferred into a sterile Eppendorf tube containing 1 mL of 0.5X NB. 
Adherent bacterial cells were detached by vortexing for 1-5 min. Upon 
dilution, 100 μL of each sample were transferred on TSA plates as 
duplicates. Plates were incubated at 37°C for 16h and colonies were 
counted to evaluate the antibacterial activity of the loaded films. 

2.12 Statistical analyses. Statistical analyses were performed by 
using Student’s t-test. Significant differences were indicated as * P < 
0.05, ** P < 0.01 or *** P < 0.001. Graphs were performed by using 
GraphPad Prism 8 software. 
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3. Results 

3.1 Structural characterization of HEC and HEC-HPβCD films 
loaded with quercetin.  

Average thickness of HEC and HEC-HPβCD films was found to 
be approximately 0.0785 ± 0.0045 mm (Table 1).  

Table 1: Mechanical properties of HEC and HEC-HPβCD films containing or not 
quercetin. Data represent the mean (±standard deviation, SD) of at least three 
independent experiments. 

Film  
Film 

Thickness 
(mm) 

Young's 
Modulus  

(MPa) 

Elongation 
Break 
 (%) 

HEC 0.087 ± 0.012 13.37 ± 0.75 140.15 ± 8.04 

HEC-HPβCD 0.077 ± 0.006 10.42 ± 0.72 158.48 ± 5.34 

Quercetin-HEC 0.06 ± 0.000 2.19 ± 0.61 192.52 ± 26.07 

Quercetin-HEC-HPβCD 0.09 ± 0.000 0.27 ± 0.06 213.59  ± 6.48  

 
Both HEC and HEC-HPβCD films were prepared by 

esterification cross-linking mechanism [30]. Citric acid (10% w/w) was 
used as a non-toxic cross-linking agent. The optimal temperature value 
to obtain stable transparent films as shown in Figure 5 was set at 
110°C. 

 

Figure 5. Appearance of casted HEC films (a) and of HEC-HPβCD films (b). 

To evaluate the films water uptake potentials, changes in film 
weight over time upon immersion in water or ethanol (50%) at room 
temperature. In all the cases, both kinds of films were found to reach 
complete swelling (saturation state) within 30 min immersion (Figure 6 
and b). The swelling rate was found to be slightly higher in the case of 
HEC-HPβCD films (60%) (Figure 6b) with respect to HEC films (40%) 
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(Figure 6a). This might be due to the hydrophilic nature of HPβCD 
whose presence might confer higher hydration capacity [31]. 

 

Figure 6. Water uptake ability of HEC (a) and HEC-HPβCD films (b) in absolute water 
or in water containing 50% ethanol. Data represents the mean (±standard deviation, 
SD) of at least three independent determinations. 

Since one of the most important features of films employed in 
food packaging applications is their strength, Young's modulus and 
elongation break were recorded at room temperature (Table 1) as 
described in the Materials and Methods Section. No significant 
differences were detected between HEC and HEC-HPβCD films. In the 
presence of quercetin, instead, a higher strength and stretch ability 
before break was detected probably due to the interaction between 
loaded drug and HEC polymer [32]. ATR–FTIR analyses of produced 
films were also performed (Figure 7 and 8). When HEC and HEC-
HPβCD films loaded with quercetin were analyzed, it was observed the 
presence of novel peaks   between 1456.24 - 1398.39 cm-1 not present 
when the spectra of quercetin alone or of the films alone were analyzed 
(Figure 7 and 8), a clear indication of the effective incorporation of 
quercetin compound in the prepared films. Furthermore, it should be 
highlighted that, when films spectra were analyzed, a peak at 1687.71 
cm-1 was observed (Figure 7 and 8), indicative of C=O ester bonds due 
to the cross-linking mediated by citric acid.   
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Figure 7. ATR–FTIR spectra of quercetin, HEC powder, HEC film and HEC films 
loaded with quercetin. 

 

 
Figure 8. ATR–FTIR spectra of quercetin, HEC powder, HPβCD powder, HEC-
HPβCD films and HEC-HPβCD films loaded with quercetin. 

3.2 Analysis of quercetin loading and release from HEC and HEC-
HPβCD films. 

 The effective loading of quercetin in prepared films was 
evaluated as described in details in the Materials and Methods Section. 
As shown in Figure 9, a fast loading of quercetin was observed in the 
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case of both films in the first 24 h of incubation (Figure 9). It was also 
found that about 60% of initial quercetin was loaded in the case of HEC-
HPβCD films, whereas only 40% of initial quercetin was loaded in the 
case of HEC films (Figure 9). This different behavior might be due to 
the presence of hydrophilic HPβCD, which was able to entrap a higher 
amount of quercetin compound. However, it has to be highlighted that, 
once loaded, quercetin was not significantly released from films (Figure 
10) probably because of the formation of electrostatic interactions 
between the carboxyl groups of the films and the loaded quercetin 
[27][30]. 

 

 

Figure 9. Cumulative loading of quercetin into both HEC and HEC-HPβCD films 
reported as mg of quercetin per g of the film (a) or as percentage values (b). Loading 
was recorded for seven days. The test was carried out in quadruplicate.  

 

Figure 10. Cumulative release of quercetin from both HEC and HEC-HPβCD films 
reported as mg of quercetin per g of the film (a) or as percentage values (b). Release 
was recorded for three days. The test was carried out in quadruplicate. 
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3.3 Analysis of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside loading and release from HEC and HEC-
HPβCD films.  

Once the model films were set-up using quercetin, the same 
kinds of films were prepared by loading kaempferol-3-O-α-L-(2”,4”-di-E-
p-coumaroyl)-rhamnopyranoside as described in the Materials and 
Methods Section. As shown in Figure 11, about 40% of kaempferol-3-
O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside was loaded in the 
case of both HEC and HEC-HPβCD films after 96h incubation. Release 
experiments were also performed as described in the Materials and 
Methods Section. As shown in Figure 12, about 40% release was 
detected in the case of HEC films and about 60% release was detected 
in the case of HEC-HPβCD films. Detected differences in the release 
rate might be due to the presence of hydrophilic HPβCD, which was 
probably responsible for the higher swell-ability of HEC-HPβCD films, 
with a consequent higher diffusion rate [30]. 

 

Figure 11. Cumulative loading of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside into both HEC and HEC-HPβCD films reported as mg of 
compound per g of film (a) or as percentage values (b). Loading was recorded for 96 
h. The test was carried out in duplicate. 
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Figure 12. Cumulative release of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside from both HEC and HEC-HPβCD films reported as mg of 
compound per g of films (a) or as percentage values (b). Release was recorded for 
192 h. The test was carried out in duplicate. 

 

3.4 Evaluation of the antimicrobial activity of quercetin loaded 
films.  

Prior to the evaluation of the antimicrobial properties the 
quercetin-loaded films, the antibacterial activity of quercetin alone was 
evaluated on a panel of Gram-positive and Gram-negative bacterial 
strains: S. aureus ATCC 29213, S. aureus MRSA WKZ-2, E. faecalis 
ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922, and S. 
typhimurium ATCC 14028. As shown in Figure 13, a strong activity 
against A. baumannii ATCC 17878 bacterial strain was observed 
(MIC100 = 1.08 mg/mL). Although the antimicrobial activity of quercetin 
was extensively described, it was also reported that its main 
disadvantage is its hydrophobicity that is limiting its applicability in in 
vitro and in vivo assays [33]. 
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Figure 13. Minimal Inhibitory Concentration MIC100 (mg/mL) values determined for 
quercetin tested against S. aureus MRSA WKZ-2, E. faecalis ATCC 29212, A. 
baumannii ATCC 17878, E. coli ATCC 25922, and S. typhimurium ATCC 14028 
bacterial strains. Data represents the mean (±standard deviation, SD) of three 
independent experiments. 

The antimicrobial activity of HEC and HEC-HPβCD films loaded 
with quercetin was also analyzed against A. baumannii ATCC 17878 
bacterial strain. Accordingly, due to the low quercetin release rate 
detected in previous experiments, no significant antimicrobial 
properties were detected (Figure 14).  

 

Figure 14. Antimicrobial activity of quercetin loaded HEC (a) or HEC-HPβCD films (b) 
against A. baumannii ATCC 17878 bacterial strain. Data represents the mean 
(±standard deviation, SD) of three independent experiments. 
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3.5 Evaluation of the antimicrobial activity of kaempferol-3-O-α-L-
(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside loaded films.  

The antimicrobial activity of HEC and HEC-HPβCD films loaded 
with kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside 
was analyzed against S. aureus ATCC 29213 bacterial strain, selected 
on the basis of its high susceptibility to kaempferol-3-O-α-L-(2”,4”-di-E-
p-coumaroyl)-rhamnopyranoside (MIC100 = 0.5 μg/mL).  A slight 
significant antimicrobial effect was detected only in the case of 
functionalized HEC-HPβCD films (Figure 15b).  

 

 

Figure 15. Antimicrobial activity of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside loaded HEC (a) or HEC-HPβCD films (b) against S. aureus ATCC 
29213 bacterial strain. Data represents the mean (±standard deviation, SD) of three 
independent experiments. 
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4. Discussion 

In the last years, extensive research was devoted to the 
development of active food packaging systems that are biodegradable, 
safe and effective in improving the shelf-life or the freshness of 
packaged food products. Among available alternatives to produce 
edible films, cellulose was selected as it is a natural, abundant, and 
biocompatible polymer found to be suitable for food packaging 
applications [10]. Indeed, cellulose derived hydrogels (HEC) are 
considered as good delivery systems for hydrophilic compounds due to 
their polar properties [31]. The inclusion of cyclodextrins (CDs) into 
cellulose films was reported as an effective strategy to deliver 
hydrophobic and water insoluble compounds as well [31].  

In the present Thesis, plant-derived kaempferol-3-O-α-L-(2”,4”-
di-E-p-coumaroyl)-rhamnopyranoside was loaded into HEC films in the 
absence or in the presence of  βCDs (HPβCD) by using citric acid as 
the cross-linking agent at relatively high temperatures 110ºC (Figure 
5). The effective formation of cross-links was verified by FT-IR analyses 
(Figure 7 and 8). It is important to notice that, in addition to cross-
linking, the presence of citric acid has been reported to provide 
additional binding sites for the delivered compounds through the 
formation of ionic or hydrogen bonds. Involvement of the available free 
carboxyl and hydroxyl groups on the cross-linking agent enhanced the 
delivery of the functionalized compounds [31]. 

 Both HEC and HEC-HPβCD films exhibited high swelling rates, 
probably due to the hydrophilic nature of HEC and to its high content in 
hydroxyl groups (Figure 6) [31]. A significant release of kaempferol-3-
O-α-L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside from both HEC and 
HEC-HPβCD films was observed upon loading (Figure 12b) and a 
slight antimicrobial activity was detected in the case of functionalized 
HEC-HPβCD films.   

Taking in to account these preliminary promising results; further 
investigations should be performed in the future by loading a higher 
amount of kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside into the selected films. Moreover, deep evaluation 
of the functionalized films’ structural and mechanical properties, as well 
as, their antimicrobial and anti-biofilm activities is highly recommended, 
in order to verify films applicability in the food field as an effective active 
packaging system.  
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General Discussion and Concluding Remarks 

The discovery of penicillin by Sir Alexander Fleming in 1928 
changed the course of medicine, leading to the introduction of 
antibiotics that greatly reduced the number of deaths from infections. 
However, the brilliance of antibiotics has turned out to be their 
weakness. As more antibiotics were being used to treat infections, the 
bacteria started to adapt to survive in the presence of these drugs, thus 
making them less effective. Without mitigation, antibiotic resistance will 
become a global threat within the next few decades. Certainly, if 
antibiotics are used at the current rate and bacterial resistance 
continues to develop making people more susceptible to life threatening 
diseases, people’s life expectancy will be significantly reduced. ”Super 
bugs” multidrug resistant (MDR) microbes were extensively described, 
thus revealing the current antimicrobial resistance (AMR) crisis [1]. The 
universal threat to human health imposed by AMR and the uncontrolled 
spread of MDR microbes is serious. If this issue is not resolved, the 
antibiotics used with great effectiveness in the past may no longer 
provide the required protection against bacterial infections [2]. It was 
reported that, in the absence of effective strategies, the increase in drug 
resistance could be responsible for the death of 10 million people per 
year by year 2050 [3]. Furthermore, AMR were found to influence not 
only human health but also other vital sectors, such as agriculture, 
veterinary, economy, and food industry. According to the alerts of World 
Health Organization (WHO), food contaminations are a serious public 
health threat with about 600 million people worldwide getting sick from 
eating contaminated food each year [4]. It was also reported that most 
food-borne bacteria are able to form biofilms, causing a consequent 
increase of their potency and resistance to antibiotics [5]. In this 
scenario, the development of effective alternatives to antibiotics, which 
are able to overcome AMR phenomenon, appears to be urgent. 

 Secondary metabolites of animals, plants, bacteria, algae, and 
fungi were extensively investigated for their antimicrobial properties [2]. 
Particularly, about 200,000 secondary plant metabolites were identified. 
Among these, 170,000 were found to possess distinctive chemical 
structures [6]. Alkaloids, terpenoids, and polyphenols are the plant 
secondary metabolites that are more frequently found to exert special 
antimicrobial properties [7]. The majority of antimicrobial agents can be 
divided into four major groups: (i) those interfering with the formation of 
cell walls, (ii) those inhibiting the synthesis of proteins, (iii) those 
interfering with the synthesis of nucleic acids, and (iv) those inhibiting a 
specific metabolic pathway [8]. Beyond plant-derived natural 
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compounds, antimicrobial peptides (AMPs) as well, attracted 
considerable attention as effective alternatives to antibiotics, by being 
endowed with a broad range of biological properties [9,10]. AMPs 
represent several advantages over conventional antibiotics, such as (i) 
the lower probability to induce resistance development, (ii) a broad-
spectrum antimicrobial and anti-biofilm activity, and (iii) the ability to 
modulate host immune response [11]. Based on this, one of the main 
aims of the present thesis was to identify novel and effective 
antimicrobial plant-derived compounds and to evaluate their ability to 
act in synergism with selected AMPs, in order to set-up novel 
combinatorial therapeutic approaches which are able to counteract 
AMR. 

In chapter 2, several plant extracts were screened for their 
antimicrobial and anti-biofilm properties. This screening represents a 
preliminary step to identify plants containing metabolites effective as 
antimicrobials. Several plant extracts were found to be active against 
Gram-positive and Gram-negative bacteria, with MIC100 values ranging 
from 2 to 33 mg/mL. Among the screened plants, E. foeminea and C. 
hyalolepis extracts were found to exert the strongest antimicrobial 
properties. In the literature, the antimicrobial activity of the crude plant 
extracts was generally attributed to the presence of tannins, phenols, 
alkaloids, flavonoids, peptides, essential oils, and terpenoids [12,13]. It 
worthy to note that several factors play a crucial role in determining the 
antimicrobial efficacy of plant extracts, such as plant physiological state, 
geographical dispersion, and the season of cultivation [14]. 
Furthermore, it was widely reported that solvents used to prepare 
extracts have a strong influence on the chemical nature of obtained 
extracts and consequently, on their biological properties [15-19]. It is 
worthy to note, that generally a plant-derived compound is considered 
as antimicrobial with a MIC value in the range of 100-1,000 μg/mL 
unlike compounds isolated from fungi or bacteria that should possess a 
MIC value comprised between 0.01 and 10 μg/mL [20].  

The ability of plant extracts to exert anti-biofilm properties was 
also investigated, considering that bacterial biofilms are powerful 
virulence factors conferring to bacterial ability to escape antibiotics and 
the human immune defense [18,19]. The crude extracts of C. hyalolepis 
and E. foeminea were found to exhibit anti-biofilm activity (50-60% 
inhibition of biofilm formation) against E. coli ATCC 25922 and S. 
typhimurium ATCC 14028 bacterial strains, whereas S. aureus ATCC 
29213 strain was found to be resistant to their anti-biofilm properties. 
Detected anti-biofilm activity might be due to the concomitant presence 
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of several compounds in plant extracts and to the presence of iron as 
well as to the extracts acidity, all factors that might influence the quorum 
sensing (QS); a key step in the biofilm formation process [21]. Starting 
from the obtained promising results, efforts were devoted to the 
identification of the compounds responsible for the detected 
antimicrobial properties.  

In chapter 3, a bio-guided purification of CH2CL2 extract of C. 
hyalolepis was performed. The isolated compounds were identified and 
found to be as three sesquiterpene lactones (STLs) namely cnicin, 
11β,13-dihydrosalonitenolide, and salonitenolide. To the best of our 
knowledge, this is the first report describing a detailed purification of C. 
hyalolepis crude extract to discover active metabolites responsible for 
the bioactivities of the crude extract. C. hyalolepis which belongs to the 
well-known Asteraceae, also named as Compositae family [22]. 
Centaurea plant species contain several metabolites with STLs and 
flavonoids which are the predominant metabolites [23]. The isolated 
cnicin and salonitenolide were found to be endowed with antimicrobial 
activity (MIC100 = 0.25 -1mg/mL) against the tested Gram-positive and 
Gram-negative strains (S. aureus ATCC 29213, S. aureus MRSA WKZ-
2, E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 
25922, and S. typhimurium ATCC 14028). In the case of 11β,13-
dihydrosalonitenolide, instead, a lower activity  (MIC100 = 0.5 -1.25 
mg/mL) was detected against the same tested bacterial strains with E. 
faecalis ATCC 29212 bacterial strain that was found to be resistant to 
these compounds. 

 Based on the literature, differences among compounds 
antimicrobial activity might be explained based on differences in 
structural elements [24]. Indeed, several factors might influence STLs 
antimicrobial properties, such as compound structure, its concentration, 
hydrophobicity, geometric orientation, the tested bacterial strain, and 
the chemical environment [24,25]. Cnicin is a STL characterized by an 
exocyclic α-methylene group in addition to γ-butyrolacton ring [26]. It 
was demonstrated this α-methylene group is responsible for the 
antimicrobial activity of sesquiterpene lactones in general and of cnicin 
in particular [27]. It is worth noting that cnicin might react through a 
Michael addition mechanism with nucleophilic groups present in 
surrounding target molecules, a molecular event that might be at the 
basis of cnicin antimicrobial activity [24]. Based on this, the absence of 
this structural feature in 11β,13-dihydrosalonitenolide (2) might be 
responsible for the significantly lower antimicrobial activity of this 
compound with respect to that of cnicin under the experimental 
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conditions tested. Cnicin antimicrobial mechanism of action is well 
reported in the literature. It is known to interact with bacterial membrane 
proteins and consequently cause cell lysis and death [28]. It is also able 
to block bacterial cell wall synthesis by irreversibly inhibiting MurA, an 
enzyme responsible for the catalysis of the first step of peptidoglycan 
synthesis [29]. It was also reported that cnicin is able to stop biofilm 
formation by inhibiting quorum-sensing (QS) [30]. The identified 
compounds might possess multiple biological properties, such as anti-
biofilm, anti-inflammatory, anticancer, and antioxidant activity, that 
should be investigated furtherly in the future. 

In chapter 4, a bio-guided purification of E. foeminea crude 
extracts was carried out to isolate compounds with antimicrobial and 
anti-biofilm properties. Six compounds were isolated and identified as 
carvacrol (compound 1), thymol (compound 2) and four glycosylated 
kaempefrol, i.e., kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside,kaempferol-3-O-α-L-(2”-E-p-coumaroyl,4”-Z-p-
coumaroyl)-rhamnopyranoside, kaempferol-3-O-α-L-(2”-Z-p-
coumaroyl,4”-E-p-coumaroyl)-rhamnopyranoside, and kaempferol-3-
O-α-L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside (compounds 3-6). 
These metabolites were identified for the first time from E. foeminea 
organic extracts. Additionally, compounds 1-3 were found to exert 
strong antimicrobial properties and promising anti-biofilm activity.  

According to Lai and Roy (2004), the hydroxyl (-OH) group of 
phenolic compounds plays a key role in determining compounds 
antimicrobial activity since it could interact with bacteria’s cell 
membranes and induce the leakage of cell components [31].  
Furthermore, the position of the (-OH) group was reported to have a 
strong impact on compounds antimicrobial effectiveness [32]. Carvacrol 
and thymol are well-known antimicrobial essential oils largely employed 
as food preservatives and food additives [33]. Molecular mechanisms 
underlying carvacrol antimicrobial activity imply bacterial membrane 
disruption due to an alteration of its fluidity, integrity, and functionality 
[33,34]. Moreover, it could cause a depletion of intracellular ATP, an 
induction of reactive oxygen species (ROS), and the inhibition of efflux 
pumps [33,34]. Carvacrol is able to inhibit biofilm formation by 
interference with signaling pathways of quorum sensing (QS) by 
blocking the expression of specific involved genes. Carvacrol might also 
induce biofilm matrix disruption by interfering with bacterial cells motility 
and its ability to adhere to substrates [33,34]. Based on this, carvacrol 
might be, at least in part, responsible for E. foeminea hexane extract 
antimicrobial and anti-biofilm properties. 



 

139 
 

 Interestingly, for the first time it was identified in E. foeminea 
dichloromethane extract four glycosylated isomers of kaempefrol 
(compounds 3-6 in). Compound 3 was already isolated from other 
plants, such as Pentachondra pumila [35], Ocotea vellosiana [36], 
Laurus nobilis [37], Mammea longifolia [38], Eriobotrya japonica [39], 
Cinnamomun kotoense [40], Epimedium sagittatum, and Machilus 
philippinens [41]. Based on evidence reported in the literature, 
geometric orientation of compounds 3-6 might have a remarkable effect 
on their antibacterial and anti-biofilm properties. Compound 3 was the 
only isomer that was found to be endowed with robust antimicrobial 
properties against S. aureus strains sensitive or resistant to 
conventional antibiotics. In the literature, strong antimicrobial properties 
were reported for compounds 3 and 4 that were isolated from Laurus 
nobilis against methicillin-resistant S. aureus strains and against 
vancomycin-resistant Enterococci [42]. Considering the strong 
antibacterial activity of compound 3 with respect to that detected for 
compounds 4-6, it is plausible that the stereochemistry of the double 
bonds of the p-coumaroyl residues is a key structural feature associated 
to the antibiotic activity. In particular, the E,E stereochemistry of the 
double bonds of the p-coumaroyl residues appears to play a key role in 
conferring antimicrobial properties. Indeed, the influence of the number 
and position of the double bonds on the antimicrobial potency of plant-
derived compounds was reported by Gochev et al., 2010 [43].  

The possible molecular targets of compound 3 antimicrobial 
activity were speculated based on the molecular docking experiments. 
Based on the obtained results, it can be assumed that compound 3 
antibacterial activity might be correlated to the inhibition of sortase A 
and/or tyrosyl tRNA synthetase. Sortase A (Srt A) is a well-known 
protein responsible for biofilm adhesion, formation, and aggregation 
[44]. Furtherly, to support this activity, in the presence of inactivating 
mutations of Srt A, bacterial cells were no longer able to cause 
infections, because of the failure of the attachment of fibronectin 
proteins to the cell wall [45]. Hence, Srt A represents a suitable target 
for the development of novel and effective antimicrobial and anti-biofilm 
drugs [18]. Aminoacyl–tRNA synthases (aaRSs) inhibition is associated 
to a blockage of cell growth due to an interference with protein synthesis 
processes [46]. Hence, also this class of enzymes represents a suitable 
target for antimicrobial strategies. It is noteworthy, that compound 3, 
while exerting toxic effects on S. aureus bacterial cells, was found to be 
harmless towards immortalized human keratinocytes (HaCaT) and 
human dermal fibroblasts (HDF) at concentrations effective on bacterial 
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cells under the tested experimental conditions. Compound 3 
cytocompitabilty adds an important tassel to its future applicability in 
biomedical or food industry fields to counteract bacterial infections.  

In the last few years, several studies exploited combinatorial 
therapeutic approaches, based on the concomitant employment of 
AMPs and conventional antibiotics, as suitable tools to counteract 
antimicrobial resistance [11]. recently, our research group 
demonstrated that ApoB-derived peptides synergistically act in 
combination with conventional antibiotics or EDTA, and are able to 
enhance the effectiveness of traditional antibiotics against common 
skin pathogens [9,10][47]. Interestingly, in the present Thesis, it was 
demonstrated that ApoB-derived peptides are able to potentiate the 
activity of compound 3 towards Gram-positive and Gram-negative 
tested bacteria. In particular, r(P)ApoBL

Pro peptide showed additive 
effects when tested in combination with compound 3 against S. aureus 
MRSA WKZ-2 and A. baumannii ATCC 17878 bacterial strains. The 
achieved result is a promising one; it might allow the future 
development of combinatorial therapeutic approaches characterized by 
lowering the concentration of the single antimicrobial agents, thus 
minimizing the undesired selection of resistance phenotypes [47]. 
Altogether, obtained results indicated that compound 3 is a powerful 
antimicrobial agent, in particular against S. aureus MRSA WKZ-2, 
which could be employed in future therapeutic strategies to counteract 
the AMR worrying phenomenon.  

 In chapter 5, attempts to deliver Kaempferol-3-O-α-L-(2”,4”-di-
E-p-coumaroyl)-rhamnopyranoside through biodegradable films were 
conducted. In particular, an active food packaging system was 
developed by using cellulose, a natural, abundant and biocompatible 
polymer [48]. Cellulose derived hydrogels (i.e., HEC) are considered as 
a good delivery system for hydrophilic compounds in active packaging 
due to their polar properties. To make this system able to deliver also 
hydrophobic and water insoluble compounds, cyclodextrins were 
incorporated due to their ability to enclose this kind of compounds in 
their cavities [49]. Kaempferol-3-O-α-L-(2”,4”-di-E-p-coumaroyl)-
rhamnopyranoside was loaded into HEC films in the absence or in the 
presence of cyclodextrins by using citric acid as a cross-linker at 
relatively high temperatures 110ºC. Obtained films were characterized 
by Fourier transform infrared spectroscopy (FT-IR) that confirmed the 
formation of cross-links in the produced films. Both kinds of films were 
found to be characterized by high swelling rates, probably due to the 
hydrophilic nature of HEC characterized by a high content in hydroxyl 
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groups [49]. Obtained films were then successfully loaded with 
Kaempferol-3-O-α-L-(2”,4”-di-E- pcoumaroyl)-rhamnopyranoside 
(500 μg/mL) that was found to be effectively released (60% release) 
under the experimental conditions tested. According to this, 
functionalized films were also found to be endowed with significant 
antimicrobial properties, thus opening interesting perspectives to future 
studies aimed at evaluating their applicability in food packaging.  

In conclusion, plants represent a rich and variable source of 
compounds endowed with a broad spectrum of biological activates. 
Plant-derived compounds’ structural diversity is tremendous, and a 
slight structural modification in the orientation or number or position of 
functional groups might have a strong impact on the strength of the 
conferred antimicrobial properties. In the future, biological activities of 
the isolated compounds will be further investigated, to deeply evaluate 
their applicability in several biotechnological and pharmaceutical fields. 
Moreover, considerable efforts will be devoted to the evaluation of 
synergistic effects between plant-derived compounds and AMPs and/or 
conventional antibiotics, in order to set-up suitable combinatorial 
therapeutic approaches able to counteract MDR phenotype.  
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APPENDICES 

A1. Abbreviations:  

AMR: Antimicrobial Resistance; MDR: Multi-Drug-Resistant; AMPs: 

Antimicrobial Peptides; HDPs: Host Defence Peptides; ApoB: 

Apolipoprotein B; ATCC American Type Culture Collection; MRSA: 

Methicillin-Resistant Staphylococcus aureus; MIC: Minimal Inhibitory 

Concentration; MBC: Minimal Bacterocidal Concentration TSA: Tryptic 

Soy Agar; MHB: Muller Hinton Broth; NB: Nutrient Broth; SD: Standard 

Deviation; Ecg:Epicatechin Gallate; FIC: Fractional Inhibitory 

Concentration; PBS: Phosphate-Buffered Saline; CFU: Colony Forming 

Unit; CLSM: Confocal Laser Scanning Microscopy; MTT: 3-(4,5-

Dimethylthiazol-2-yl)- 2,5- Diphenyltetrazolium Bromide; HaCaT: 

Immortalized Human Keratinocytes; DMEM: Dulbecco’s Modified 

Eagle’s Medium; FBS: Fetal Bovine Serum; HDF: Human Dermal 

Fibroblasts; CC: Coulmn Chromatography; TLC:Thin Layer 

Chromatography; NMR:Nuculear Magnatic Resonance; MS: Mass 

Spectroscopy;PLA: Polylacatic Acid; HEC:Hydroxyethyl 

Cellulose;CMC: Carboxymethyl Cellulose ; CD: Cyclodextrins; 

HPβCD: 2-Hydroxypropyl-β-cyclodextrin; STLs :Sesquiterpene 

Lactones; GSH: Glutathione;  FDA: Food and Drug Administration;  

WHO: World Health Organization; GRAS: Generally Recognized As 

Safe; FT-IR: Fourier-transform Infrared Spectroscopy; EPs: Efflux 

Pumps; DMSO: Dimethyl Sulfoxide; TyRs :Tyrozol tRNA Synthathase; 

Srt A: Sortase A; CDCl3: Deuterated Chloroform; LPS: 

Lipopolysaccharides; CD3OD: Deuterated Methanol; COSY-45: ¹H-¹H 

Correlation Spectroscopy; NOESY: Nuclear Overhauser Effect 

Spectroscopy; MPa: Mega Pascal; HPLC: High Performance Liquid 

Chromatography; EtOAc: Ethyl Acetate; iPrOH: Isopropyl Alcohol; 

EDTA: Ethylene Diaminetetra Acetic Acid; PBMC: Peripheral Blood 

Mononuclear Cells; PHA: Phytohemagglutinin; CWA: Cell Wall 

Proteins;  ROS:  Reactive Oxygen Species. 
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Abstract 

This study was conducted to evaluate the antimicrobial activity and the genotoxic effects of ethanolic and aqueous extracts 
of  aerial parts of Ephedra foeminea (E. foeminea) plant on Escherichia coli (E. coli ATCC 25922). Antimicrobial activity 
was investigated using microbroth dilution method, while the genotoxic effect was determined using enterobacterial 
repetitive intergenic consensus (ERIC)-PCR. MIC value of both ethanolic and aqueous extracts of E. foeminea plant was 
found to be 50 mg/ml. Genotoxic effects of both extracts, showed an alteration in (ERIC)-PCR profiles of E. coli strain 
treated with extracts compared to untreated control. These alterations included a decreased intensity or absence of some 
amplified fragments. Such findings strongly indicate the genotoxic effects of both ethanolic and aqueous extracts from E. 
foeminea plant on E. coli. The findings draw attention to the unsafe, use of E. foeminea plant in folkloric medicine and point 
out the capability of using E. foeminea to treat bacterial infections. Future studies are required to know the exact molecules 
as well as the mechanisms responsible for the genotoxicity of this plant. In vivo genotoxicity studies are recommend for 
assessment of the safety of using E. foeminea plant for therapeutic purposes.  

Keywords: Ephedra foeminea, Genotoxicity potential, Plant extracts, Antimicrobial activity. 
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1. Introduction 

The family Ephedraceae consists of only one genus 
called Ephedra L. It has a group of approximately fifty 
species of perennials, evergreen, and dioecious sub-shrubs 
species growing up to four feet tall, with slender and 
joined stems. In general, species of this genus adapted to 
grow wild in arid and semiarid conditions and 
disseminated mainly in the moderate zones of Asia, 
Europe and North America (O'Dowd et al., 1998; 
Pirbalouti et al., 2013). Approximately 25 species of 
Ephedra are found in the drier regions of the Old World 
covering the area westwards from Central Asia across 
southwest Asia and into North Africa and Mediterranean 
Europe (Caveney et al., 2001). In the New World, about 
24 species of Ephedra are found ranging from the 
southwestern United States to the central plateau of 
Mexico, and in South America occur in an area from 
Ecuador to Patagonia (Caveney et al., 2001). Ephedra 
grows widely in Palestine. In the flora Palestina, 5 species 
of Ephedra has been reported, included E. foeminea, E. 
alata, E. aphyla, E. ciliata and E. fragilis (Danin, 2018). 

Approximately, all commercial applications of Ephedra 
extracts derived from the ephedrine alkaloids found in the 
stems in many Eurasian Ephedra species. These extracts 
are used in traditional medicine to treat several diseases 
such as bronchial asthma, coughs, chills, allergies, colds, 
edema, headaches, fever, flu and gastric disorders. In 
addition, Ephedra shows anticancer and antimicrobial 
activities (Parsaeimehr et al., 2010; Pirbalouti et al., 2013; 
Dehkordi at al., 2015; Dosari et al., 2016; Al-Rimawi et 

al., 2017; Mendelovich et al., 2017). Besides, it was 
shown that hydro-alcoholic extract of E. pachyclada was 
effective in experimentally healing rat ulcers (Pirbalouti et 
al., 2013). 

Ephedra possesses a high antioxidant potential since it 
has been considered as a source of different phenolic 
compounds, as well as, a natural source of alkaloids such 
as ephedrine, pseudoephedrine, and other related 
compounds. (Eberhardt et al., 2000; Parsaeimehr et al. 
2010; Amakura et al., 2013; Dehkordi et al., Ibragic and 
Sofić 2015; Al-Rimawi et al., 2017). The studies 
conducted on the cytotoxicity of Ephedra showed that 
ephedrine derivatives and ground ma-huang extracts were 
more cytotoxic than those of the whole herb extracts. A 
study on Neuro-2a cell line showed the cell line was more 
sensitive to the cytotoxicity (Lee et al., 2000). Ethanolic 
leaf extract and fruit juice of E. foeminea reduced viability 
of cancer cells in vitro, whereas the aqueous extract 
reduced the cytotoxicity in all cell lines (Mendelovich et 
al., 2017). Since there is no scientific report to date about 
the genetoxicity of E. foeminea on prokaryotes, the current 
study was performed to determine the antimicrobial effect 
of ethanolic and aqueous extracts from E. foeminea plant 
growing wild in Palestine as well as evaluate the genotoxic 
effect of these extracts on E. coli strain using 
enterobacterial repetitive intergenic consensus (ERIC)-
PCR.  
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2. Materials and Methods 

2.1. Plant collection and identification 

The aerial parts of E. foeminea were collected from a 
natural habitat in Tulkarm province, West Bank-Palestine, 
during September, 2018. Identification of the plant was 
carried out by the plant taxonomist Dr. Ghadeer Omar, 
Department of Biology and Biotechnology, An-Najah 
National University, Palestine.  

The collected aerial parts of E. foeminea were washed 
with water to remove soil and dust particles then dried. 
Exposure to light was avoided to prevent possible loss of 
effective ingredients. The dried aerial parts were powdered 
finely using a blender to make them ready for ethanolic 
and aqueous extract preparation. 

2.2. Plant extract preparation 

2.2.1. Ethanolic extract 

Approximately 50 g of dried aerial parts powder were 
mixed thoroughly using magnetic stirrer in 200 mL of 80% 
ethanol. The ethanol-aerial parts mixture was incubated on 
a shaker at room temperature for 48h. The mixture was 
filtered using muslin cloth to remove large insoluble 
particles. After that, the mixture was centrifuged at 5,000 
rpm for 15 min at 4°C to remove fine particles. Then, the 
supernatant extract was dried and concentrated by using 
rotary evaporator at 50°C. The obtained dried plant extract 
powder was stored in refrigerator at 4°C. Before starting 
the experiments, this material was dissolved in 10% 
Dimethyl Sulfoxide (DMSO) to obtain a concentration of 
200 mg/mLand stored at 4ºC for further assays. 
2.2.2. Aqueous extract 

Aqueous aerial parts extract was prepared by mixing 
approximately 50 g of dried aerial parts powder thoroughly 
using magnetic stirrer in 200 ml of cold (room 
temperature) sterile distilled water. The water-aerial parts 
mixture was incubated on a shaker at room temperature for 
48h. The mixture was filtered using muslin cloth to 
remove large insoluble particles. After that, the mixture 
was centrifuged at 5,000 rpm for 15 min at 4°C to remove 
fine particles. Then the supernatant extract was dried and 
concentrated by freeze dryer (lyophilizer). The obtained 
dried plant extract powder was stored in refrigerator at 
4°C. Before starting the experiments, this dried plant 
extract powder was dissolved in a sterile distilled water to 
obtain a concentration of 200 mg/mL and stored at 4ºC for 
further assays. 

2.3. Determination of MIC for plant extracts by broth 
microdilution method 

MIC of plant extracts was determined by the broth 
microdilution method in sterile 96- wells microtiter plates 
according to the CLSI instructions (CLSI, 2017). The plant 
extract (200 mg/mL of 10% DMSO) and 10% DMSO 
(negative control) were two fold-serially diluted in nutrient 
broth directly in the wells of the plates in a final volume of 
100μL. After that, a bacterial inoculum size of 104 

CFU/mL was added to each well. Negative control wells 
containing either 100μL nutrient broth only, or 100μL 
DMSO with bacterial inoculum, or plant extracts and 
nutrient broth without bacteria were included in this 
experiment. Each plant extract was run in duplicate. The 
microtiter plate was then covered and incubated at 37°C 

for 24h. The MIC was taken as the minimum concentration 
of the dilutions that inhibited the growth of the test 
microorganism. MIC was determined by visual inspection. 
 

2.4. Evaluation of the genotoxic potential of Ephedra 
foeminea aerial extracts on E. coli  

Few colonies from a 24 hour old E. coli strain growth 
culture plated on EMB agar medium were sub-cultured 
under sterile conditions into a bottle containing 20-mL of 
nutrient broth, then incubated at 37°C for 1 hour with 
continuous shaking. After that, aseptically, 1 mL of one 
hour old E. coli culture was added to each of eight sterile 
bottles each containing 25 mL broth medium. These 
bottles were incubated at 37°C for 1 hour with continuous 
shaking. Then three different concentrations of ethanolic 
extract (3.5 mg/mL, 1.75 mg/mL and 0.875 mg/mL of 
10% DMSO), and other three different concentrations of 
aqueous extract (3.5 mg/mL, 1.75 mg/mL and 0.875 
mg/mL of distilled water) were added into six bottles of 
the E. coli broth culture. The other two bottles were 
considered as a negative or untreated control by adding a 
specific volume of 10% DMSO and distilled water into 
each bottle.  

Genome of E. coli was prepared for enterobacterial 
repetitive intergenic consensus (ERIC) PCR according to 
the method described previously (Adwan et al., 2013). 
Three mL samples were taken from the E. coli growth 
culture after 2 hours, 6 hours, and 24 hours, centrifuged for 
five minutes at 14,000 rpm where the supernatant of each 
sample was discarded. Then, each bacterial sample pellet 
was re-suspended in 0.8 mL of Tris-EDTA (10 mM Tris-
HCl, 1 mM EDTA [pH 8]), centrifuged for five minutes at 
14,000 rpm; after that, the supernatant was discarded. The 
pellet of each bacterial sample was re-suspended in a 300 
µL of sterile distilled water and boiled for 15 minutes. 
Then the mixture was incubated in ice for 10 minutes. The 
samples were pelleted by centrifugation at 14,000 rpm for 
five minutes, and each sample supernatant was transferred 
into a new Eppendorf tube. The DNA concentration for 
each sample was determined by using nanodrop 
spectrophotometer (GenovaNano, Jenway) and the DNA 
samples were stored at -20ºC for ERIC-PCR analysis. The 
ERIC-PCR was performed using Primer ERIC1: 5`-ATG 
TAA GCT CCT GGG GAT TCA C-3` and Primer ERIC2: 
5-AAG TAA GTG ACT GGG GTG AGC G-3`. Each PCR 
reaction mix (25 µL) was composed of 10 mM PCR buffer 
pH 8.3; 3 mM MgCl2; 0.4 mM of each dNTP; 0.8 µM 
primer; 1.5U of Taq DNA polymerase and fixed amount of 
DNA template (60 ng). Then, DNA amplification was 
carried out using the thermal cycler (Mastercycler 
personal, Eppendorf, Germany) according to the following 
thermal conditions: initial denaturation for 3 min at 94 ºC; 
followed by 40 cycles of denaturation at 94 ºC for 50 s, 
annealing at 50 ºC for 1 min and extension at 72 ºC for 1 
min, followed by a final extension step at 72ºC for 5 min. 
The PCR products were analyzed by electrophoresis 
through 1.8% agarose gel. The ERIC-PCR profile was 
visualized using UV trans-illuminator and photographed. 
Changes  in ERIC-PCR banding pattern profiles following 
plant extracts treatments, including variations in band 
intensity as well as gain or loss of bands, were taken into 
consideration (Lalrotluanga et al., 2011; Atienzar et al., 
2002). 
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3. Results 

Results of this study showed that both aqueous and 
ethanolic aerial parts extracts of E. foeminea had an 
antibacterial activity. The MIC value of both aqueous and 
ethanolic aerial parts extracts of E. foeminea on E. coli 
strain were found to be 50 mg/ml. 

DNA genome which was extracted from each E. coli 
strain which was treated with different concentrations of 
both aqueous and ethanolic aerial parts extracts of E. 
foeminea at various time intervals. Changes in extracted 
DNA genome from E. coli strain were evaluated and 
compared with untreated controls at the same time 
intervals.  

The effect of aqueous aerial parts extract on genome of 
E. coli strain was evaluated by using ERIC-PCR. ERIC-
PCR profile showed that a band with an amplicon length 
of about 800-bp was less intense in E. coli strain treated 
with 3.5 mg/mL and 1.75 mg/mL (Figure 1A, lanes 1 and 
2) of aqueous aerial parts extract for 2h.  Besides, this 
band disappeared in E. coli strain treated with 0.875 mg/ml 
of the same extract (Figure 1A, lane 3), in comparison with 
the same band appeared in un-treated control. Moreover, 
all bands disappeared after 6h in the E. coli strain treated 
with 3.5 mg/mL aqueous aerial parts extract (Figure 1A, 
lane 4). The band with an amplicon length of about 800-bp 
was less intense in E. coli strain treated with 1.75 mg/mL 
(Figure 1A, lane 5) disappeared in E. coli strain treated 
with 0.875 mg/mL of the same extract for 6h (Figure 1A, 
lane 6), in comparison with the same band appeared in the 
un-treated control. The band with an amplicon length of 
about 800-bp disappeared in E. coli strain treated with 3.5 
mg/ml, 1.75 mg/mL and 0.875 mg/mL aqueous aerial parts 
extract for 24h (Figure 1A, lanes 7,8 and 9). Moreover, the 
band with an amplicon length of about 300-bp was less 
intense (Figure 1A, lanes 7, 8 and 9) in comparison with 
the same band appeared in un-treated control. It was 
observed that in lane number four most bands disappeared 
when treated with aqueous aerial parts extract of E. 
foeminea of 3.5 mg/mL concentration. ERIC-PCR profiles 
for E. coli strain untreated and treated with different 
concentrations of aqueous aerial parts extract of E. 
foeminea at the different time intervals are shown in 
Figure 1A. 

Comparing the ERIC-PCR profile of untreated control 
samples with the profile of the E. coli treated with 
ethanolic aerial parts extract showed decreasing of 
intensity or loss of some bands from the profile. ERIC-
PCR profile showed that a band with an amplicon length 
of about 800-bp was less intense in E. coli strain treated 
with 3.5 mg/mL (Figure 1B, lane 2 and 5) and disappeared 
in E. coli strain treated with 1.75 mg/mL (Figure 1B, lane 
3 and 6) of ethanolic aerial parts extract for 2h and 6h. The 
band with an amplicon length of about 800-bp was less 
intense in E. coli strain treated with 3.5 mg/mL (Figure 
1B, lane 7), and disappeared in E. coli strain treated with 
1.75 mg/mL and 0.875 mg/mL (Figure 1B, lane 8 and 9) 
aqueous aerial parts extract for 24h. In addition, the band 
with an amplicon length of about 300-bp was less intense 
(Figure 1B, lanes 8 and 9) in comparison with the same 
band appeared in untreated control. ERIC-PCR profiles for 
E. coli strain untreated and treated with different 
concentrations of ethanolic aerial parts extract of E. 

foeminea at the different time intervals are shown in 
Figure 1A. 
 

 

 
Figure 1. ERIC-PCR profile of E. coli strain untreated and treated 
with different aerial parts extract concentrations. A: aqueous aerial 
parts extract, B: ethanolic aerial parts extract of E. foeminea at 
different time intervals. Lanes C1, C2 and C3 are untreated 
(negative controls); lanes 1, 4 and 7 treated with 3.5 mg/ml; Lanes 
2, 5 and 8 treated with 1.75 mg/ml; Lanes 3, 6 and 9 treated with 
0.875 mg/ml of plant extract. 

4. Discussion 

In the present study broth microdilution method was 
used to examine the potential antimicrobial activity of both 
aqueous and ethanolic aerial parts extracts of E. foeminea 
against E. coli. The results confirmed that both aqueous 
and ethanolic aerial parts extracts of E. foeminea exhibited 
antibacterial activity against E. coli strain. Antimicrobial 
activity of some Ephedra species has been reported using 
different types of extracts (Al-Khalil et al., 1998; Feresin 
et al., 2001; Cottiglia et al., 2005; Parsaeimehr et al., 
2010; Rustaiyan et al., 2011; Dehkordi et al., 2015; Dosari 
et al., 2016). According to previously conducted studies, 
phenolic compounds are the active ingredients of Ephedra 
plant (Dehkordi et al., 2015; Dosari et al., 2016). 

In this study, the potential genotoxic effect of the 
aqueous and ethanolic aerial parts extracts of E. foeminea 
against E. coli was examined using ERIC-PCR technique. 
Reviewing the scientific literature showed that this study is 
the first of its kind that studied the genetoxicity of E. 
foeminea extracts on prokaryotes using ERICPCR 
technique. Besides, many plants were previously tested to 
detect their genotoxicity potential by different techniques 
(Basaran et al., 1996; Lalrotluanga et al., 2011; El-Tarras 
et al., 2013; Hajar and Gumgumjee, 2014; Ciğerci et al., 
2016; Abu-Hijleh et al., 2018). ERIC-PCR profiles 
showed significant differences between the treated and 
untreated E. coli strain used in this study. The changes in 
the treated E. coli strain with both aqueous and ethanolic 
aerial parts extracts included the disappearance of certain 
bands as well as the change in the band intensity in 
comparison with untreated control. The changes in the 
profile of the treated E. coli strain in comparison with the 
untreated control samples could be explained due to the 
effect of the genotoxic molecules that were present in the 
plant extracts. These molecules can induce different 
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changes such as breakdown in DNA strands, point 
mutations and/or rearrangements in chromosomes. These 
changes in the DNA might have a potential effect on the 
primer binding sites and/or inter-priming distances (Abu-
Hijleh et al., 2018). DNA sequencing or probing and other 
techniques can help in understanding the proposed 
mechanisms that lead to such differences in ERIC-PCR 
profiles (Lalrotluanga et al., 2011). Ma-huang is a 
traditional Chinese medicinal preparation derived from 
Ephedra sinica Stapf and other Ephedra species that are 
used to treat different diseases. Studies on cytotoxity of the 
ma-huang extracts showed that, cytotoxicity of all ma-
huang extracts could not be totally accounted for by their 
ephedrine contents, suggesting the presence of other toxins 
in the extracts which may modify its pharmacological and 
toxicological activities (Lee et al., 2000). 

5. Conclusion 

The results of this study showed that aqueous and 
ethanolic aerial parts extracts of E. foeminea possess 
genotoxic and mutagenic potential against E. coli. In 
addition, the results also point out the capability of using 
E. foeminea to treat infections caused by E. coli. More 
studies are recommended to reveal the exact molecules 
that are responsible for E. foeminea genotoxicity as well as 
the mechanisms responsible for that genotoxicity. 
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Abstract: Plants are considered a wealthy resource of novel natural drugs effective in the treatment
of multidrug-resistant infections. Here, a bioguided purification of Ephedra foeminea extracts was
performed to identify bioactive compounds. The determination of antimicrobial properties was
achieved by broth microdilution assays to evaluate minimal inhibitory concentration (MIC) values
and by crystal violet staining and confocal laser scanning microscopy analyses (CLSM) to investigate
the antibiofilm capacity of the isolated compounds. Assays were performed on a panel of three gram-
positive and three gram-negative bacterial strains. Six compounds were isolated from E. foeminea
extracts for the first time. They were identified by nuclear magnetic resonance (NMR) spectroscopy
and mass spectrometry (MS) analyses as the well-known monoterpenoid phenols carvacrol and
thymol and as four acylated kaempferol glycosides. Among them, the compound kaempferol-3-O-α-
L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside was found to be endowed with strong antibacterial
properties and significant antibiofilm activity against S. aureus bacterial strains. Moreover, molecular
docking studies on this compound suggested that the antibacterial activity of the tested ligand against
S. aureus strains might be correlated to the inhibition of Sortase A and/or of tyrosyl tRNA synthase.
Collectively, the results achieved open interesting perspectives to kaempferol-3-O-α-L-(2′′,4′′-di-E-p-
coumaroyl)-rhamnopyranoside applicability in different fields, such as biomedical applications and
biotechnological purposes such as food preservation and active packaging.

Keywords: multidrug resistant infections; plant-derived drugs; bioguided purification; antimicrobial
monoterpenoid phenols; antimicrobial glycosylated flavonoids

1. Introduction

Humans have always used plants as a natural source of food, animal feed and medical
options to treat several diseases [1]. Indeed, conventional medicinal plants have been
reported to contain compounds endowed with antimicrobial, antifungal, anti-inflammatory,
antiviral and anticancer properties [2]. Among compounds responsible for these interest-
ing and promising bioactivities, an important role is played by essential oils and other
secondary metabolites, including alkaloids, terpenoids, tannins and flavonoids [2,3]. The
secondary metabolites of several plants have been found to be endowed with antimicrobial
properties exerted through different mechanisms of action, such as the ability to form com-
plexes with extracellular and soluble proteins, thus sequestering them, or with membrane
proteins of targeted microbes, thus determining a perturbation of membrane organization.
Some secondary metabolites have also been reported to cause membrane disruption and
bacterial enzyme inhibition [4–7]. The abundance and bioactivities of these compounds may
greatly vary depending on plant species and environmental conditions. Traditional herbal
medicine is gaining great attention in developing countries due to the strong demand for
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natural compounds able to exert therapeutic effects in the absence of harmful side effects.
However, it has to be highlighted that only a small percentage (1–10%) of available plant
species is used by humans [8,9]. Furthermore, in many cases, the chemical composition of
used plants has not been deeply characterized [3]. In recent years, the antimicrobial activity
of several wild plants attracted the attention of scientists and researchers because of the fast
spread of multidrug resistat (MDR) microorganisms, a worrying phenomenon requiring
the urgent development of effective strategies alternative to conventional antibiotics [3].

Plants belonging to Ephedra genera falling in the Ephedraceae family represent a
group of perennial gymnosperms distributed in arid and semiarid regions all over the
world [10–13]. They have been largely employed in the practice of complementary and
alternative medicine [14], even if it is not clear whether these practices are supported by
the plants’ effective pharmacological properties or if they are merely based on folklore [15].
In this scenario, researchers focused their efforts to search for and to identify novel effec-
tive drugs starting from still-unexplored folk medicinal wild plants [16]. In the case of
Ephedra genera, the presence of five species, such as E. foeminea, E. alata, E. aphyla, E. ciliata
and E. fragilis [17], has been observed. Alanda (Ephedra foeminea or Ephedra campylopoda)
is the Arabic name for a low stalky Eurasian shrub from the Ephedraceae family, om-
nipresent in northern Palestine and across the southeastern Mediterranean. In Oriental
Arab medicine, it is used to treat agitation and skin rash. Moreover, the aerial parts of vari-
ous Ephedra species were proven to contain active alkaloids, such as phenylpropylamino,
alkaloids, ephedrine and pseudoephedrine [18]. The phytochemical analysis of the aqueous,
methanolic and ethanolic extracts of E. foeminea revealed the presence of different phytocon-
stituents, with the methanolic extract containing (i) high levels of phenols, carbohydrates,
sterols/steroids, flavones and lignin; (ii) moderate levels of tannins, quinones, amino acids,
cardiac glycosides and phlobatannins; (iii) low levels of resins, terpenoids, flavonoids,
coumarins, reducing sugars and anthocyanins; and (iv) the absence of alkaloids, saponins,
anthraquinones and fixed oils and lipids [19]. It has been also reported in other Ephedra
species a high content of the alkaloids ephedrine and pseudoephedrine, which are known
to be endowed with several pharmaceutical properties, being able to increase heartrate and
blood pressure, to promote bronchodilatation and to affect the central nervous system [20].
Because of this, plants from Ephedra genera have been widely used throughout the history
of humankind, having been employed as an ointment to improve wound healing or to treat
bronchial asthma, chills, colds, coughs, edema, fever, allergies, syphilis and gonorrhea [21].
Ephedra extracts have even been used as a food supplement to enhance performance and
weight loss until 2004 when they were banned by the Food and Drug Administration (FDA)
because of several death events due to negative effects on the cardiac and cardiovascular
systems [22]. In more recent studies, the ethanolic extracts of E. foeminea were found to
be endowed with anticancer and antimicrobial properties [23,24]. However, while the
alkaloid content of Ephedra species has been widely described, only a few papers focus
on non-alkaloid content. Based on this, it appears promising to investigate the biological
activities of these still-unexplored secondary metabolites that might represent a source of
novel compounds with interesting bioactivities.

In this study, we performed a bioguided purification of E. foeminea extracts to iso-
late bioactive compounds that were identified by nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS) analyses. Following this experimental strat-
egy, in addition to the well-known monoterpenoid phenols carvacrol and thymol, four
acylated kaempferol glycosides namely kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-
rhamnopyranoside, kaempferol-3-O-α-L(2′′-E-p-coumaroyl,4′′-Z-p-coumaroyl)- rhamnopy-
ranoside, kaempferol-3-O-α-L(2′′-Z-p-coumaroyl,4′′-E-p-coumaroyl)- rhamnopyranoside
and kaempferol-3-O-α-L(2′′,4′′-di-Z-p-coumaroyl)-rhamnopyranoside were also identi-
fied for the first time in E. foeminea. Furthermore, they were found to be endowed with
strong antimicrobial properties and promising antibiofilm activity.
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2. Results
2.1. Antimicrobial and Antibiofilm Activity of E. foeminea Extracts

E. foeminea ethanolic extract was firstly investigated for its antibacterial activity to-
wards three gram-positive (S. aureus ATCC 29213, methicillin-resistant S. aureus MRSA
WKZ-2, E. faecalis ATCC 29212) and three gram-negative (A. baumannii ATCC 17878, E. coli
ATCC 25922 and S. typhimurium ATCC 14028) bacterial strains. The ethanolic extract was
found to exert strong antimicrobial properties towards three out of six bacterial strains
tested, with MIC100 values ranging from 1.25 to 2.5 mg/mL (Table 1). Being effective on
both gram-negative and gram-positive bacterial strains, the ethanolic extract was found to
be endowed with a broad-spectrum antimicrobial activity (Table 1). Interestingly, signifi-
cant antimicrobial effects were also detected on S. aureus MRSA WKZ-2, E. faecalis ATCC
29212 and A. baumannii ATCC 17878 bacterial strains, even if higher doses of the extract
(MIC100 values comprised between 5 and 10 mg/mL) were required to obtain the same
effects recorded on the other tested strains (Table 1). To identify compounds responsible for
the detected effects, further extraction procedures were sequentially performed as detailed
in the Materials and Methods section. In particular, three solvents characterized by a
different polarity, namely (i) hexane, (ii) dichloromethane and (iii) ethyl acetate were used.
The antibacterial activity of each obtained fraction was investigated on the same bacterial
strains described above and it was found that hexane, dichloromethane and ethyl acetate
extracts were able to exert antimicrobial activity on three out of six bacterial strains tested
with MIC100 values comprised between 0.625 and 2.5 mg/mL (Table 1). This suggests that
the extracts retain a significant broad-spectrum antimicrobial activity being effective on
both gram-negative and gram-positive bacterial strains (Table 1). In the case of the water
phase, no significant antimicrobial activity was detected on any of the tested strains. Based
on this, it can be hypothesized that most of the compounds responsible for the antibacterial
activity were extracted using organic solvents. The antibiofilm properties of the extracts
were also evaluated by performing crystal violet assays. Interestingly, ethanolic, hexane,
dichloromethane and ethyl acetate extracts were found to be endowed with antibiofilm
properties, being able to affect the biofilm formation in the case of S. typhimurium ATCC
14028 (Figure 1a). No significant antibiofilm properties were, instead, detected for the
water phase (Figure 1a). Ethanolic extract was also tested on S. aureus MRSA WKZ-2,
E. faecalis ATCC 29212 and A. baumannii ATCC 17878 and found to be effective on these
strains with significant inhibition of biofilm formation (about 50–70% inhibition) in the case
of A. baumannii ATCC 17878 and S. aureus MRSA WKZ-2 (Figure 1b).

Table 1. MIC100 values (mg/mL) determined for E. foeminea ethanolic, hexane, dichloromethane
and ethyl-acetate extracts tested on a panel of gram-positive and gram-negative bacterial strains.
(-) indicates not tested samples. Reported data refer to three biological replicates.

MIC100 (mg/mL)

Gram-Positive Strains Ethanol Hexane Dichloromethane Ethyl Acetate

S. aureus ATCC 29213 2.5 0.625 1.25 2.5

S. aureus MRSA WKZ-2 10 - - -

E. faecalis ATCC 29212 10 - - -

Gram-Negative Strains

E. coli ATCC 25922 1.25 2.5 2.5 2.5

S. typhimurium ATCC 14028 2.5 1.25 2.5 2.5

A. baumannii ATCC 17878 5 - - -
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Figure 1. Antibiofilm activity of E. foeminea plant extracts on S. aureus ATCC 29213, S. aureus MRSA
WKZ-2, E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922 and S. typhimurium
ATCC 14028. (a) Extracts obtained in ethanol, hexane, dichloromethane, ethyl acetate or water
phase were tested against S. aureus ATCC 29213, E. coli ATCC 25922 and S. typhimurium ATCC
14028. (b) Ethanolic extract was tested against A. baumannii ATCC 17878, E. faecalis ATCC 29212 and
S. aureus MRSA WKZ-2. The effects of increasing concentrations of each extract were evaluated on
biofilm formation. At the end of the incubations, biofilm samples were stained with crystal violet and
measured at 630 nm. Data represent the mean (±standard deviation, SD) of at least three independent
experiments, each one carried out with triplicate determinations.

2.2. Bioguided Fractionation of Plant Extracts Followed by Isolation and Identification of
Active Compounds

To isolate the compounds endowed with antibacterial and/or antibiofilm activities, the
most promising extracts (hexane and dichloromethane extracts) obtained from E. foeminea
were subjected to sequential purification steps by thin-layer chromatography (TLC) or
column chromatography (CC) as reported in the Materials and Methods section and in
Figure 2.

Fractions obtained upon extraction in hexane and two sequential steps of CC were found
to be endowed with antimicrobial activity (Supplementary Table S1). Two main compounds
were isolated from the hexane extract and identified as carvacrol (compound 1, 4.72 mg) and
as thymol (compound 2, 1.72 mg) (Figure 3), comparing their spectroscopic data (1H NMR
and ESI MS) with those reported in the literature (Supplementary Figures S1 and S2). It is
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noteworthy that no data in the literature exist about the presence of these two compounds in
E. foeminea [21].
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Figure 3. Chemical structures of isolated compounds 1–6.

The active compounds from the CH2Cl2 extract were fractionated by combined CC and
TLC on the direct and reverse phase to obtain four pure metabolites, as reported in detail in
the Materials and Methods section. The first investigation of their 1H NMR spectra showed
the signals of flavonol glycosides. In particular, the 1H NMR spectrum of compound 3
was recorded in acetone-d6 [25] and in CD3OD [26] (Supplementary Figures S3–S13). In
acetone-d6, two broad signals at δ 6.28 (H-6) and 6.48 (H-8) were detected and the two dou-
blet A2X2 aromatic system protons at δ 7.13 (H-3′,5′) and 7.91 (H-2′,6′), J = 8.7 Hz, typical of
a kaempferol residue. The presence of the anomeric proton at δ 5.83 (H-1′′, brs), the methine
protons at δ 5.62 (H-2, brs), 4.20 (H-3, dd, J = 9.7 and 3.0 Hz), 4.98 (H-4, t, J = 9.7 Hz), 3.39 (dd,
J = 9.7 and 6.1 Hz) and the secondary methyl group at δ 0.86 (H-6, d, J = 6.1 Hz) suggested
the presence of an α-rhamnopyranoside moiety substituted in position H-2′′ and H-4′′ by
two p-coumaroyl residues, as observed from their typical signals. In particular, the signals
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of the double bonds H-2′′′ and H-3′′′ at δ 6.44 and 7.68 (J = 16.0 Hz) and H-2′′′′ and H-3′′′′

at δ 6.31 and 7.56 (J = 16.1 Hz) revealed the presence of two E-configured double bounds.
COSY spectrum (Supplementary Figures S7 and S8) confirmed the connections around the
rhamnopyranoside and the positions of the p-coumaroyl residues at H-2′′ and H-4′′ of the
sugar residue for the downfield shifts showed by these protons. Through an extensive
study of 2D 13C NMR spectra (HSQC and HMBC), the chemical shifts were assigned to all
the carbons and protons (Supplementary Figures S10–S13). In this way, compound 3 was
identified as kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside as previ-
ously reported [25–28]. The identification was also supported by the data collected by the
electrospray ionization (ESI) MS spectrum, which showed the protonated [M + H]+ ion at
m/z 725.

Compounds 4–6 showed similar 1D and 2D 1H and 13C NMR spectra indicating
that they differ from compound 3 for the configuration of the double bonds on the two
p-coumaroyl residues (Supplementary Figures S14–S24). In particular, the 1H NMR spec-
trum of compound 4 differed from that of compound 3 for the signals of the double
bonds H-2′′′ and H-3′′′ at δ 6.45 and 7.70 (J = 15.9 Hz) and H-2′′′′ and H-3′′′′ at δ 5.78 and
6.92 (J = 10.0 Hz), thus suggesting the presence of trans- and cis-p-coumaroyl moieties.
Compound 4 was identified kaempferol-3-O-α-L-(2′′-E-p-coumaroyl,4′′-Z-p-coumaroyl)-
rhamnopyranoside, as previously reported [28]. The 1H NMR spectrum of compound 5
differed from that of compound 3 for the signals of the double bonds H-2′′′ and H-3′′′ at
δ 5.88 and 6.93 (J = 11.8 Hz) and H-2′′′′ and H-3′′′′ at δ 6.33 and 7.59 (J = 16.0 Hz), thus
suggesting the presence of trans- and cis-p-coumaroyl moieties. Thus, compound 5 was iden-
tified as kaempferol-3-O-α-L-(2′′-Z-p-coumaroyl,4′′-E-p-coumaroyl)-rhamnopyranoside,
as previously reported [29]. Compound 6 was, instead, identified as kaempferol-3-O-α-
L-(2′′,4′′-di-Z-p-coumaroyl)-rhamnoside. In fact, its 1H NMR spectrum differed from that
of compound 3 for the signals of the double bonds H-2′′′ and H-3′′′ at δ 5.77 and 6.87
(J = 12.0 Hz) and H-2′′′′ and H-3′′′′ at δ 5.89 and 6.92 (J = 12.0 Hz) [26]. Through extensive
use of 1D and 2D 1H and 13C NMR spectra, the chemical shifts were assigned to all the
carbons and protons of compounds 4–6 (Supplementary Figures S14–S24).

2.3. Evaluation of the Antimicrobial Activity of Isolated Compounds 1–6

To verify whether the isolated compounds might account for the antimicrobial ac-
tivity of the whole extract, antimicrobial activity assays were performed by testing in-
creasing concentrations of each isolated compound on S. aureus ATCC 29213, S. aureus
MRSA WKZ-2, E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922
and S. typhimurium ATCC 14028. As shown in Supplementary Table S2, carvacrol was
found to be active on all the strains tested, with the strongest effects observed on S. aureus
ATCC 29213 and S. aureus MRSA WKZ-2, with MIC100 values of 100 and 50 µg/mL,
respectively (Supplementary Table S2). The E. coli bacterial strain was found to be the
least sensitive to carvacrol antimicrobial activity, with an MIC100 value of 200 µg/mL
(Supplementary Table S2). In the case of thymol, higher MIC100 values were detected
with respect to carvacrol on the same bacterial strains, with S. typhimurium found to be
the most susceptible bacterial strain (MIC100 = 300 µg/mL) and S. aureus MRSA WKZ-2
found to be the least sensitive to thymol antimicrobial effects (MIC100 = 2400 µg/mL)
(Supplementary Table S2). The antimicrobial activity was also tested for the isolated isomer
kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside compound 3 on S. aureus
ATCC 29213, S. aureus MRSA WKZ-2, E. coli ATCC 25922, E. faecalis ATCC 29212, E. coli
ATCC 25922, S. typhimurium ATCC 14028 and A. baumannii ATCC 17878. A very strong
antimicrobial activity towards gram-positive S. aureus ATCC 20213 and S. aureus MRSA
WKZ-2 was found, with MIC100 values as low as 0.49 µg/mL in the case of both bacterial
strains (Table 2). Significantly higher MIC100 values were detected in the case of the other
bacterial strains tested, with values comprised between 250 and 1000 µg/mL (Table 2 and
Supplementary Table S3). Kinetic killing curves were also obtained by treating S. aureus
ATCC 29213 and S. aureus MRSA WKZ-2 with 0.49 µg/mL compound 3 for different times
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(0–19 h). We observed that, in the case of both bacterial strains, about 90% cell death was
observed upon 19 h incubation (Figure 4), thus indicating the ability of kaempferol-3-O-α-
L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside compound 3 to exert bactericidal effects.
Very interesting is also the evidence that the analyzed compound 3 was the only one to
be endowed with this strong antimicrobial activity on S. aureus strains. Indeed, the other
tested isomers (compound 4–6) were found to be endowed with MIC100 values higher
than 1000 µg/mL when tested on S. aureus MRSA WKZ-2 (Supplementary Table S3). This
might open interesting perspectives to the applicability of the isolated compound 3 in the
biomedical field.

Table 2. MIC100 values (µg/mL) determined for the compound kaempferol-3-O-α-L-(2′′,4′′-di-E-p-
coumaroyl)-rhamnopyranoside (compound 3) purified from E. foeminea dichloromethane extract.

MIC100 (µg/mL)

Gram-Positive Strains Compound 3 Gentamycin

S. aureus ATCC 29213 0.49 ≤1

S. aureus MRSA WKZ-2 0.49 ≤1

E. faecalis ATCC 29212 500 ≤8

Gram-Negative Strains

E. coli ATCC 25922 250 ≤4

S. typhimurium ATCC 14028 1000 ≤15

A. baumannii ATCC 17878 1000 ≤2
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Figure 4. Time-killing curves obtained by incubating S. aureus ATCC 29213 (red lines) and
S. aureus MRSA WKZ-2 (black lines) with kaempferol-3-O-α-L-(2′′-E-p-coumaroyl,4′′-E-p-coumaroyl)-
rhamnoside (compound 3) for different time intervals. Data represent the mean (±standard deviation,
SD) of at least three independent experiments, each one carried out with triplicate determinations.

2.4. Evaluation of the Antibiofilm Activity of
Kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside (Compound 3)

The antibiofilm properties of the purified compound 3 were also evaluated by perform-
ing crystal violet assays on the S. aureus ATCC 29213, S. aureus MRSA WKZ-2, E. faecalis
ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922 and S. typhimurium ATCC 14028
bacterial strains incubated with increasing concentrations of the isolated compound. In
all the cases, a significant inhibition (about 30–80%) of biofilm formation was observed,
with the strongest effects obtained in the case of the A. baumannii ATCC 17878 and S. aureus
MRSA WKZ-2 bacterial strains (Figure 5). It is noteworthy that significant effects on biofilm
formation were obtained at concentrations significantly lower than the MIC100 values
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detected on the same bacterial strains. To deepen on compound 3 antibiofilm activity,
confocal laser scanning microscopy (CLSM) analyses were also performed. As first, the
E. foeminea crude ethanolic extract was analyzed for its effects on the formation of S. aureus
MRSA WKZ-2 and A. baumannii ATCC 17878 biofilm. As observed in Figure 6, significant
effects on biofilm architecture and thickness were evaluated upon treatment of both bac-
terial strains with the extract for 24 h. When the pure compound 3 was analyzed on the
same bacterial strains, significant effects on biofilm architecture and thickness were also
evaluated (Figure 7). Furthermore, when the pure compound 3 was tested on A. baumannii
ATCC 17878 biofilm, changes in the biofilm morphology were found to be associated with
a strong aggregation of bacterial cells that appear to form groove-like structures (Figure 7a)
and filamentous structures (Figure 7b), which is indicative of an interference with cell
division, probably due to a septation block, as previously reported for different antibiofilm
compounds [30]. A significant decrease in cell density also appears clear upon treatment
with the pure compound (Figure 7), indicative of a high percentage of cell death. When the
total protein content was analyzed, a significant effect of compound 3 was detected only in
the case of the S. aureus MRSA WKZ-2 bacterial strain (Figure 7a). Indeed, in this case, the
total protein content was found to be lower in the presence of compound 3 with respect
to control untreated cells, both in the case of attached biofilm (sediment) and in the case
of floating cells (supernatant). A different result was, instead, obtained in the case of the
A. baumannii ATCC 17878 bacterial strain. In this case, a slight effect on the total protein
content was detected only in the case of the supernatant (Figure 7b), probably because
compound 3 exerts antibiofilm properties with different mechanisms depending on the
specific features of the target bacterial cells. It is noteworthy that, when the antibiofilm
activity of the isomers, i.e., compounds 4–6, has been analyzed, different results were
obtained. Also in this case, CLSM analyses were performed to test effects of isomers on
S. aureus MRSA WKZ-2 and A. baumannii ATCC 17878 biofilm formation. In the case of
compound 5, a small effect on biofilm thickness was evaluated on A. baumannii ATCC
17878 upon 24 h incubation (Supplementary Figure S25), whereas no significant effects
were detected on S. aureus MRSA WKZ-2 (Supplementary Figure S26). A similar result was
obtained also in the case of the isomer compound 4 (Supplementary Figure S25), whereas
no significant effects on either bacterial strain were detected in the case of compound 6
(Supplementary Figure S27).
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Figure 5. Antibiofilm activity of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnoside
(compound 3) evaluated by crystal violet assays on S. aureus ATCC 29213, S. aureus MRSA WKZ-2,
E. faecalis ATCC 29212, A. baumannii ATCC 17878, S. typhimurium ATCC 14028 and E. coli ATCC
25922. The effects of increasing concentrations of the compound were evaluated on biofilm forma-
tion. Biofilm was stained with crystal violet and samples were analyzed by using a plate reader to
measure absorbance at 630 nm. Data represent the mean (±standard deviation, SD) of at least three
independent experiments, each one carried out with triplicate determinations.
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Figure 6. Antibiofilm activity of E. foeminea ethanolic extract. Effects of E. foeminea ethanolic extract
were evaluated on biofilm formation in the case of S. aureus MRSA WKZ-2 and A. baumannii ATCC
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17878 by CLSM. Gentamicin antibiotic was tested as a positive control. Not-treated sample contains
the same amount of solvent present in the sample incubated with the highest concentration of ethano-
lic extract. Biofilm cells were stained with LIVE/DEAD BacLight bacterial viability kit (molecular
probes, Eugene, OR) containing a 1:1 mol/mol ratio of SYTO-9 (green fluorescence, all cells) and
propidium iodide (PI; red fluorescence, dead cells). The biofilm images were obtained by confocal
z-stack using Zen Lite 2.3 software. All the images were taken under identical conditions. Significant
differences were indicated as (* p < 0.05), (** p < 0.001) or (*** p < 0.0001) for treated versus control
samples. Each experiment was carried out in triplicate.
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Figure 7. Antibiofilm activity of purified kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-
rhamnopyranoside (compound 3). Effects of compound 3 were evaluated on biofilm formation
in the case of S. aureus MRSA WKZ-2 (a) and A. baumannii ATCC 17878 (b) by CLSM. Gentamicin
antibiotic was tested as a positive control. Not-treated sample contains the same amount of
solvent present in the sample incubated with the highest concentration of tested compound 3.
Biofilm cells were stained with LIVE/DEAD BacLight bacterial viability kit (molecular probes,



Int. J. Mol. Sci. 2023, 24, 3284 11 of 20

Eugene, OR) containing a 1:1 mol/mol ratio of SYTO-9 (green fluorescence, all cells) and propidium
iodide (PI; red fluorescence, dead cells). Biofilm images were obtained by confocal z-stack using Zen
Lite 2.3 software. All the images were taken under identical conditions. Significant differences were
indicated as (* p < 0.05) or (** p < 0.001) for treated versus control samples. Each experiment was
carried out in triplicate.

2.5. Prediction of the Target of Kaempferol-3-O-α-L-(2′′, 4′′-di-E-p-coumaroyl)-rhamnopyranoside
Antimicrobial and Antibiofilm Activity by Molecular Docking

Among the well-known proteins responsible for bacterial biofilm adhesion, formation
and aggregation, Sortase A (Srt A) [31] attracted our attention. This enzyme catalyzes the
covalent linkage of the cell wall proteins (CWA) to the peptidoglycan [31]. Indeed, the inac-
tivation of their enzymatic activity has been reported to interfere with the ability of bacterial
cells to cause infections because of the failure of fibronectin protein attachment to the cell
wall [32]. For this reason, the Srt A protein attracted the attention of the researchers as an
interesting target for the development of antimicrobial and antibiofilm drugs [33]. Another
interesting target is represented by aminoacyl–tRNA synthases (aaRSs) [34] playing a key
role in the translation of nucleic acid sequences into a polypeptide sequence [35]. Indeed,
their inhibition is associated with a blockage of bacterial cell growth due to the interference
with protein synthesis [34]. Furthermore, it has to be highlighted that significant differences
in the topology of ATP binding domain have been reported between human and bacterial
aaRS, probably due to the different functions that these enzymes play in human cells [36],
thus opening the way to the possibility of selectively targeting bacterial aaRSs enzymes [34].
Based on this, a preliminary evaluation of the putative molecular bases of compound 3
antimicrobial and antibiofilm properties was performed by selecting Sortase A (Srt A) pro-
tein and aminoacyl–tRNA synthases (aaRSs) as targets in molecular docking analyses. The
tested compound 3 demonstrated substantial binding to both selected targets. The binding
free energy, in the case of the complex with tyrosyl tRNA synthetase, was computed to be
higher (−9.5 kcal/mol) than that determined in the case of Sortase A (−8.3 kcal/mol). In
the case of all the analyzed complexes, the binding of the ligand to the active site of the
proteins was found to be mediated by representative hydrogen bonding, hydrophobic and
various van der Waal’s force interactions (Supplementary Table S4, Figure 8a–d). Further-
more, in the case of the complex with tyrosyl tRNA synthetase, the binding was found to be
supported by a carbon-hydrogen bond and several hydrophobic interactions. Indeed, the
tested ligand was found to be bonded to several amino acid residues, such as Gly 38, Ala 43,
His 47, His 50 and Leu 223 (Supplementary Table S4). The maximum number of interactions
was observed in the case of His 47 residue. It is noteworthy that the residues His 47 and
His 50 were reported as suitable targets of specific inhibitors of the enzyme tyrosyl tRNA
synthetase [35]. In the case of the complex with Sortase A, various non-covalent forces
were described including conventional hydrogen bonding, carbon–hydrogen bonding and
hydrophobic interactions. Amino acids Ala 92, Ala 104, Val 168, Thr 180, Val 193, Arg 197
and Ile 199 were predicted to mediate the interaction between the test ligand and the Sortase
A enzyme (Supplementary Table S4). It is noteworthy that residue Arg 197 represents a
suitable target f an inactivating drug, since it has been reported to play a crucial role in
the active site of the Sortase A enzyme [33]. It has to be highlighted that non-covalent
forces generally mediate the biological activity of effective drugs and are of great impor-
tance in the design and development of novel drugs. Hydrogen bonds generally deliver
structural strength and stability to protein–ligand complexes, whereas hydrophobic forces
play a crucial role in amplifying the ligand’s binding affinity toward the surface of the
target in a physiological environment [37,38]. Van der Waal’s interactions, being weak
electrostatic forces, play an important role in stabilizing the three-dimensional structure
of protein–ligand complexes [39]. Based on our findings, it can be hypothesized that the
strong antibacterial activity of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnoside
against S. aureus bacterial cells might be mediated by its binding to these two selected
enzymes (tyrosyl tRNA synthetase and Sortase-A) and to the consequent blockage of key
residues present in the active site determining the inhibition of the enzymatic activity.
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Figure 8. 3D orientation of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside (com-
pound 3) (shown in stick) at the active pocket of tyrosyl tRNA synthetase (a) and Sortase A (b);
2D representation of intermolecular interactions between the antimicrobial compound and enzyme
targets tyrosyl tRNA synthetase (c) and Sortase A (d).

2.6. Analysis of Kaempferol-3-O- α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside Biocompatibility

To verify whether compound 3 satisfies the requirements to be employed in the future
as a bioactive molecule in the biomedical field, biocompatibility analyses on eukaryotic
cells were performed. For this purpose, immortalized human keratinocytes (HaCaT) and
human dermal fibroblasts (HDF) were incubated with increasing concentrations (from
0.5 µg/mL to 5 µg/mL) of the compound under test for 72 h. As shown in Figure 9a,b,
no significant toxic effects were detected under the experimental conditions tested, thus
indicating that the identified compound is selectively toxic toward prokaryotic cells. Slight
toxicity was detected only in the case of HDF cells at the highest concentrations tested
(Figure 9b).
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Figure 9. Effect of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside (compound 3)
on the viability of HaCat (a) and HDF cells (b). Cell viability was expressed as the percentage of
MTT reduction with respect to control cells tested under the same conditions but in the absence of the
compound under test. The experimental data represent the average of three independent experiments,
each one carried out with triplicate determinations. Significant differences were indicated as (* p < 0.05)
or (** p < 0.001) for treated versus control samples. Each experiment was carried out in triplicate.

3. Discussion

In the present manuscript, a bioguided purification of E. foeminea extracts was carried
out to isolate compounds with antimicrobial and antibiofilm properties. A total of six com-
pounds were isolated and identified as carvacrol, thymol and four acylated kaempferol gly-
cosides, i.e., kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside, kaempferol-
3-O-α-L-(2′′-E-p-coumaroyl,4′′-Z-p-coumaroyl)-rhamnopyranoside, kaempferol-3-O-α-L-(2′′-
Z-p-coumaroyl,4′′-E-p-coumaroyl)-rhamnopyranoside and kaempferol-3-O-α-L-(2′′,4′′-di-Z-
p-coumaroyl)-rhamnopyranoside (compounds 1–6 in Figure 3). These metabolites were
identified for the first time in E. foeminea organic extracts and compounds 1–3 were found to
be endowed with strong antimicrobial properties and promising antibiofilm activity.

Carvacrol and thymol have been largely investigated and are known for their medical
properties. They have also been employed as food preservatives and food additives because
of their well-known antimicrobial activity [40], probably due to their physicochemical
properties, such as hydrophobicity, partition coefficient and ability to form H-bonds with
interacting target molecules [41]. Carvacrol is an aromatic monoterpene generally present
in aromatic plants such as thyme and oregano, and thymol is an isomer of carvacrol.
Carvacrol has been reported to be endowed with significant antimicrobial properties when
tested on a wide range of bacterial strains such as E. coli, S. aureus, L. monocytogenes and
S. typhimurium [42–45]. Molecular mechanisms underlying carvacrol antimicrobial activity
imply bacterial membrane disruption due to an alteration of its fluidity, integrity and
functionality [40,41]. Carvacrol has been also reported to cause a depletion of intracellular
ATP due to an alteration of intracellular pH value consequent to an interference with
protons influx [40,41]. In the literature, further mechanisms have been also described to
explain carvacrol effects on the viability of bacterial cells, such as the induction of reactive
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oxygen species (ROS) and the inhibition of efflux pumps [40,41]. Due to its hydrophobicity,
carvacrol has also been reported to penetrate the hydrophobic environment of bacterial
biofilm matrix, to interact with bacterial membranes and to interfere with their ability to
form biofilms by altering the motility of bacterial cells and by reducing the cells’ ability
to adhere to substrates [40,41]. Carvacrol antibiofilm activity has been also reported to be
mediated by its ability to interfere with signaling pathways of quorum sensing (QS) by
blocking the expression of specific involved genes [40,41]. Based on these observations, it
is plausible that carvacrol might be, at least in part, responsible for the antimicrobial and
antibiofilm activity observed by testing E. foeminea hexane extract (Table 1 and Figure 5).

We also identified for the first time in the E. foeminea dichloromethane extract four
glycosilated isomers of kaempferol (compounds 3–6 in Figure 3). It has to be highlighted
that compound 3 was isolated for the first time from Pentachondra pumila collected in New
Zealand [25] and from unripe fruits of Ocotea vellosiana [46]. Subsequently, it was isolated from
several sources, such as the leaves of Laurus nobilis [26], the buds of Mammea longifolia [27],
the leaves of Eriobotrya japonica [47], the leaves of Cinnamomun kotoense [29], the aerial parts of
Epimedium sagittatum and the leaves of Machilus philippinens [48]. Compound 4 was isolated for
the first time from the aerial parts of Epimedium sagittatum together with compounds 3 and 5
and other related compounds [28]. Regarding compound 5, it was isolated for the first time
together with compound 3 from the leaves of Cinnamomun kotoense, and a mixture of both
compounds was found to be able to suppress peripheral blood mononuclear cell (PBMC)
production induced by phytohemagglutinin (PHA) [29]. Finally, compound 6 was isolated
for the first time from several sources together with other isomers, such as from the leaves of
Laurus nobilis [26] together with compound 3, from the leaves of Machilus philippinens together
with compound 4 [48] and from the leaves of Eriobotrya japonica together with compound 3 [47].
Very interestingly, here, we found that, despite other isomers, compound 3 is the only one to
be endowed with a very strong antimicrobial activity towards S. aureus strains sensitive or
resistant to conventional antibiotics (Table 2). In the past, strong antimicrobial properties
have been reported for compounds 3 and 4 isolated from Laurus nobilis against methicillin-
resistant S. aureus strains and against vancomycin-resistant Enterococci [49]. Considering
the strong antibacterial activity of compound 3 (Table 2) with respect to that shown by its
isomers (compounds 4–6 in Table S3), it is plausible that stereochemistry of the double
bonds of the p-coumaroyl residues is a key structural feature associated to the antibiotic
activity. In particular, the E,E stereochemistry of the double bonds of the p-coumaroyl
residues seems to be fundamental (Table 2).

As compound 3 was the most promising antimicrobial agent among the identified
compounds, we also performed docking studies, with the main aim being to predict suitable
molecular targets of compound 3 antibiofilm activity. Obtained results suggest that the
antibiofilm activity of the test ligand against S. aureus strains might be correlated to the
inhibition of Sortase A and/or tyrosyl tRNA synthetase. Sortase A (Srt A) is one of the
well-known proteins responsible for biofilm adhesion, formation and aggregation [31].
This enzyme catalyzes the formation of covalent bonds between cell wall proteins (CWA)
and peptidoglycan molecules of the bacterial cell wall [31]. It has been reported that, in
the presence of inactivating mutations of Srt A, bacterial cells are no longer able to cause
infections because of the failure of the attachment of fibronectin proteins to the cell wall [32].
This makes Srt A a suitable target for the development of novel and effective antibiofilm
drugs [33]. Aminoacyl–tRNA synthases (aaRSs) also represent good candidates as targets
of antimicrobial strategies [34]. Indeed, their inhibition is associated with a blockage of cell
growth due to interference with protein synthesis processes [34]. Furthermore, differences
in the topology of the ATP binding domain between human and bacterial enzymes are the
basis of the possibility to selectively target bacterial enzymes [36]. Indeed, this is in line
with the data obtained here by treating human eukaryotic cells with kaempferol-3-O-α-L-
(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside. Indeed, compound 3, while exerting toxic
effects on S. aureus bacterial cells, was found to be harmless towards immortalized human
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keratinocytes (HaCaT) and human dermal fibroblasts (HDF) at concentrations effective on
bacterial cells under the experimental conditions tested (Figure 8).

Altogether, obtained data open interesting perspectives to the future applicability of
the identified compound 3 in several fields to counteract bacterial infections. In the future,
it the possibility of using this compound in combination with conventional antibiotics will
be also explored, in order to develop effective combinatorial therapeutic approaches with
the main aim of counteracting the worrying phenomenon of multidrug resistance.

4. Materials and Methods
4.1. Materials

All the reagents were purchased from Sigma-Merck (Milan, Italy), unless specified
otherwise. Optical rotations were measured on a Jasco P-1010 digital polarimeter (Tokyo,
Japan); 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded at 400
and 100 MHz, respectively, in CDCl3, acetone-d6 and CD3OD on a Bruker spectrometer
(Billerica, MA, USA). The same solvents were used as internal standards. DEPT, COSY-45,
HSQC, HMBC and NOESY experiments [50] were performed using Bruker microprograms.
Electrospray ionization mass spectra (ESIMS) were performed using the LC/MS TOF
system AGILENT 6230B (Agilent Technologies, Milan, Italy). Analytical and preparative
thin layer chromatography (TLC) were performed on silica gel plates (Kieselgel 60, F254,
0.25 and 0.5 mm respectively) or on reverse phase (Kieselgel 60 RP-18 F254, 0.20 mm) plates
and the compounds were visualized by exposure to UV light and/or iodine vapors and/or
by spraying firstly with 10% H2SO4 in MeOH and then with 5% phosphomolybdic acid
in EtOH, followed by heating at 110 ◦C for 10 min. Column chromatography (CC) was
performed using silica gel (Merck, Kieselgel 60, 0.063–0.200 mm).

4.2. Ephedra Foeminea Plant Collection and Identification

The aerial parts of E. foeminea were collected from their natural habitat in West Bank-
Palestine during September 2020. Identification of the plant was carried out at the Department
of Biology and Biotechnology, An-Najah National University, Palestine. Representative plant
specimens were collected, pressed until dried, then chemically poisoned to prevent bacterial
and fungal infections and finally mounted on herbarium sheets and provided with a voucher
number (ANUH1895). Subsequently, they were deposited at An-Najah National University
herbarium. The aerial parts of E. foeminea collected were washed with water to remove soil
and dust particles and then dried. Exposure to light was avoided to prevent possible loss of
effective ingredients. The dried aerial parts were made into a fine powder using a blender in
order to make them ready for subsequent extraction processes.

4.3. Plant Extract Preparation and Purification

Starting with the plants collected from their natural habitat in West Bank-Palestine
during September 2020 (voucher number ANUH1895), plant material (700 g) was extracted
(1× 2000 mL) using ethanol/H2O (7/3, v/v) under stirring conditions at room temperature
for 48 h. Afterward, the sample was centrifuged at 7000 rpm for 40 min. An amount of
10 mL of the supernatant was concentrated under reduced pressure in order to evaporate
the ethanol and lyophilized to obtain 120 mg of ethanol extract. The rest of the supernatant
was firstly extracted by hexane (3 × 800 mL), then with CH2Cl2 (3 × 800 mL) and, after
removing the ethanol under reduced pressure, with EtOAc (3 × 700 mL). Each kind of
extract and the residual water phase were then tested for antimicrobial properties on six
bacterial strains. Since hexane organic extract (280 g) displayed interesting antibacterial
activity, it was purified using column chromatography (CC) and eluted with CHCl3/i-PrOH
(95/5, v/v), thus obtaining eight homogeneous fractions (H1–H8). Among them, fraction
H2 was found to retain antibiotic activity and was further purified by using different steps
of CC and TLC (Figure 2). Briefly, fraction H2 (113.8 mg) was purified by CC and eluted
with ethyl acetate/hexane (40/60, v/v). The first obtained fraction (H2.1 in Figure 2) was
further purified using two steps of TLC and eluted with CHCl3/i-PrOH (98/2, v/v), to
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obtain four homogeneous fractions. Among these, fraction H2.1.C (10.42 mg) was further
purified to obtain a pure oil identified as carvacrol (compound 1, 4.7 mg) and a pure
amorphous solid identified as thymol (compound 2, 1.7 mg).

The organic extract obtained in CH2Cl2 (713.5 mg) was found to retain interesting
antimicrobial properties and was purified using CC and eluted with CH2Cl2/i-PrOH
(9/1, v/v), thus obtaining eight homogeneous fractions (D1–D8) (Figure 2). Among them,
fraction D3 (35.01 mg) was found to retain antibiotic activity and was further purified using
two steps of TLC (Figure 2). Briefly, fraction D3 was purified using TLC and eluted in
CHCl3/i-PrOH (9/1, v/v), thus obtaining six homogeneous fractions (Figure 2). Fraction
D3.5 (10.06 mg) in Figure 2 was found to be a pure yellow powder identified as kaempferol-
3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside (compound 3, 10.06 mg). Fraction
D3.4 (8.84 mg) in Figure 2 was further purified using TLC to obtain three pure amorphous
solids, fractions D3.4.X, D3.4.Y and D3.4.Z in Figure 2. The fractions were analyzed using
NMR and mass spectrometry and identified as kaempferol-3-O-α-L-(2′′-E-p-coumaroyl,4′′-
Z-p-coumaroyl)-rhamnopyranoside (compound 4, 1.65 mg), kaempferol-3-O-α-L-(2′′-Z-p-
coumaroyl,4′′-E-p-coumaroyl)-rhamnopyranoside (compound 5, 1.56 mg) and kaempferol-
3-O-α-L-(2′′,4′′-di-Z-p-coumaroyl)-rhamnopyranoside (compound 6, 0.88 mg), respectively.

4.4. Bacterial Strains and Growth Conditions

A total of six bacterial strains were used in the present study, i.e., S. aureus ATCC 29213,
methicillin-resistant S. aureus (MRSA WKZ-2), E. faecalis ATCC 29212, A. baumannii ATCC
17878, E. coli ATCC 25922 and S. typhimurium ATCC 14028. All the bacterial strains were
grown in Muller Hinton Broth (MHB; Becton Dickinson Difco, Franklin Lakes, NJ, USA)
and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the experiments, the
bacteria were inoculated and grown overnight in MHB at 37 ◦C. The next day, the bacteria
were transferred to a fresh MHB tube and grown to the mid-logarithmic phase.

4.5. Antimicrobial Activity

The antimicrobial activity of E. foeminea extracts and its derived compounds were
tested against six bacterial strains, i.e., S. aureus ATCC 29213, methicillin-resistant S. aureus
(MRSA WKZ-2), E. faecalis ATCC 29212, A. baumannii ATCC 17878, E. coli ATCC 25922
and S. typhimurium ATCC 14028 by using the broth microdilution method [51,52]. All
the bacterial strains were obtained from ATCC (American Type Culture Collection), with
the only exception of S. aureus (MRSA WKZ-2), which was kindly provided by Dr. E.J.A.
Veldhuizen from Utrecht University, Netherlands. The bacteria were grown to the mid-
logarithmic phase in MHB at 37 ◦C and then diluted to 2 × 106 CFU/mL in nutrient
broth (NB, Difco, Becton Dickinson, Franklin 12 Lakes, NJ). To perform the assay, the
bacterial samples were mixed 1:1 v/v with two-fold serial dilutions of the compound under
test and incubated for 20 h at 37 ◦C. Following the incubation, each sample was diluted
and plated on TSA in order to count the number of colonies. All the experiments were
carried out in three independent replicates. The MIC100 values were determined as the
lowest compound concentration responsible for no visible bacterial growth after overnight
incubation. To kinetically analyze the antimicrobial activity of kaempferol-3-O-α-L-(2′′,4′′-
di-E-p-coumaroyl)-rhamnoside (compound 3), S. aureus ATCC 29213 and S. aureus MRSA
WKZ-2, bacterial cells were grown overnight in the MHB medium at 37 ◦C. The bacteria
were then diluted to 4 × 106 CFU/mL in NB 0.5× and mixed with 0.5 µg/mL compound 3
(1:1 v/v) for defined time intervals. The samples (20 µL) were serially diluted (from 10- to
100,000-fold) and 100 µL of each dilution was plated on TSA. Following an incubation of
16 h at 37 ◦C, the bacterial colonies were counted [51].

4.6. Antibiofilm Activity Assays

To evaluate antibiofilm effects, bacteria inocula were grown overnight at 37 ◦C, then
diluted to 1 × 108 CFU/mL in 0.5× MHB containing increasing concentrations of the
compound under test. The gentamicin antibiotic was tested as a positive control at a con-
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centration of 0.5 or 1 µg/mL on the S. aureus (MRSA WKZ-2) and A. baumannii ATCC 17878
bacterial strains, respectively. Not-treated samples contained the same amount of solvent
present in the sample incubated with the highest concentration of the tested compound.
The samples were then incubated at 37 ◦C for 24 h in order to test the effects on biofilm
formation. In the case of crystal violet assay, the bacterial biofilm was washed three times
with phosphate buffer (PBS 1X) and then incubated with the dye (0.04%) for 20 min at room
temperature. Following the incubation, the samples were washed with PBS and then the
dye bound to cells was dissolved in 33% acetic acid. Spectrophotometric measurements
were then carried out at a wavelength of 630 nm by using a microtiter plate reader (FLU-
Ostar Omega, BMG LABTECH and Germany) [51–53]. Confocal laser scanning microscopy
(CLSM) analyses in static conditions were carried out by using Thermo Scientific™ Nunc™
Lab-Tek™ Chambered Coverglass systems (Thermo Fisher Scientific, Waltham, MA, USA).
The viability of the cells within the biofilm structure was evaluated using sample staining
with a LIVE/DEAD® Bacterial Viability kit (Molecular Probes Thermo Fisher Scientific,
Waltham, MA, USA). The staining was performed according to the manufacturer’s in-
structions. Biofilm images were collected by using a confocal laser scanning microscope
(Zeiss LSM 710, Zeiss, Germany) and a 63× objective oil-immersion system. The biofilm
architecture was analyzed by using the Zen Lite 2.3 software package. Each experiment
was performed in triplicate and all images were taken under identical conditions [54]. The
total protein content was determined by Bradford assay. Briefly, bacterial cells were grown
overnight in MHB at 37 ◦C. The bacteria were then diluted to 4 × 108 CFU/mL in 100 µL of
0.5×MHB 0.5× along with increasing concentrations of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-
coumaroyl)-rhamnoside compound 3 (1:1 v/v). The samples were then incubated at 37 ◦C
for 24 h. Afterward, the biofilm supernatant was separated from the pellet by centrifugation
and the protein content of obtained samples was determined by Bradford assay [55].

4.7. Eukaryotic Cell Cultures and Biocompatibility Evaluation

The immortalized human keratinocytes (HaCaT) and human dermal fibroblasts (HDF)
were from Thermo Fisher Scientific, Waltham, MA, USA. Both cell lines were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% antibiotics (Pen/strep) and 1% L-glutamine and grown at 37 ◦C in a
humidified atmosphere containing 5% CO2. To evaluate the biocompatibility of kaempferol-
3-O-(2′′,4′′-di-E-p-coumaroyl)-α-L-rhamno-pyiranoside, the cells were seeded into 96-well
plates at a density of 3 × 103 cells/well in 100 µL of complete DMEM 24 h before the
treatment. They were then incubated in the presence of increasing compound concentra-
tions (0.5–5 µg mL−1) for 72 h. Following the treatment, the cell culture supernatants were
replaced with 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) reagent dissolved in a DMEM medium without red phenol (100 µL/well). After 4 h
of incubation at 37 ◦C, the resulting insoluble formazan salts were solubilized in 0.01 N HCl
in anhydrous isopropanol and quantified by measuring the absorbance at λ = 570 nm using
an automatic plate reader spectrophotometer (Synergy™ H4 Hybrid Microplate Reader,
BioTek Instruments, Inc., Winooski, VT, USA), as previously described. Cell survival was
expressed as the mean of the percentage values compared to the control untreated cells.

4.8. Molecular Docking Analyses

The chemical structure of kaempferol-3-O-α-L-(2′′,4′′-di-E-p-coumaroyl)-rhamnopyranoside
was prepared and used as a ligand in molecular docking analyses with the main aim to predict
the ligand’s binding affinity and possible chemical interactions with two putative interactors
present in S. aureus cells, i.e., Sortase A (PDB ID-1T2P) and tyrosyl tRNA synthetase (TyRS) (PDB
ID- 1JIL). To do this, the crystallographic 3D structures of the target enzymes were retrieved
from the protein data bank. The Autodock tool 1.5.6 was used to optimize the structures of the
putative receptor and of the ligand. This was performed upon removal of the water molecules
and heteroatoms and addition of polar hydrogens and Kollman charges. Molecular docking was
performed by using the CB Dock web server, which represents an implementation of the popular
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docking program Autodock Vina [56]. The docked complexes were visualized to identify putative
receptor– ligand interactions by using Discovery Studio (DS) Visualizer 2020 (Biovia, San Diego,
USA). The binding affinity of the compound under test towards the targets was estimated on the
basis of intermolecular interactions and the bonds’ lengths (Supplementary Table S4).

4.9. Statistical Analyses

Statistical analyses were performed by using Student’s t-test. Significant differences
were indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or **** (p < 0.0001). Graphs were
obtained by using GraphPad Prism 8 software.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24043284/s1.
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Supplementary Table S1. MIC100 values (mg/mL) determined for fractions obtained 
upon extraction in hexane and two sequential steps of column chromatography. 

                                                MIC100 (mg/mL) of fractions extracted in hexane 

Bacterial strains 1 2 3 4 5 6 7 

S. aureus ATCC 29213 2.5 2.5 2.5 0.313 0.313 2.5 1.25 

E. coli ATCC 25922 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

S. typhimurium ATCC 14028 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
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Supplementary Figure S1. 1H NMR spectrum of carvacrol compound 1 (CDCl3, 400 MHz). 

 

 

 

Supplementary Figure S2. 1H NMR spectrum of thymol compound 2 (CDCl3, 400 MHz). 
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Figure S3. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (MeOD, 400 MHz). 

 

 

Figure S4. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (MeOD, 400 MHz) in the range 8.1 to 5.4 ppm. 
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Figure S5. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (acetone-d6, 400 MHz). 

 

 
 

Figure S6. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (acetone-d6, 400 MHz) in the range 8.0 to 5.5 ppm. 
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Figure S7. COSY spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 3 

(acetone-d6, 400 MHz). 

 

 

Figure S8. COSY spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 3 

(acetone-d6, 400 MHz) in the range 8.0 to 5.6 ppm. 
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Figure S9. NOESY spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (acetone-d6, 400 MHz). 

 

 

Figure S10. 13C NMR spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside 

compound 3 (acetone-d6, 400 MHz). 
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Figure S11. HSQC spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (acetone-d6, 400 MHz). 

 

 

Figure S12. HMBC spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 (acetone-d6, 400 MHz). 
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Figure S13. ESI MS spectrum of kaempferol-3-O--L-(2”,4”-di-E-p-coumaroyl)-rhamnopyranoside compound 

3 recorded in positive modality. 

 

 

 

Figure S14. 1H NMR spectrum of kaempferol-3-O--L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-

rhamnopyranoside compound 4 (MeOD, 400 MHz). 
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Figure S15. 1H NMR spectrum of kaempferol-3-O--L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-

rhamnopyranoside compound 4 (MeOD, 400 MHz) in the range 8.0 to 5.3 ppm. 

 

 

Figure S16. COSY spectrum of kaempferol-3-O--L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-rhamnopyranoside 

compound 4 (acetone-d6, 400 MHz). 
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Figure S17. 1H NMR spectrum of kaempferol-3-O--L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-

rhamnopyranoside compound 4 (acetone-d6, 400 MHz). 

 

 

Figure S18. 1H NMR spectrum of kaempferol-3-O--L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)-

rhamnopyranoside compound 4 (acetone-d6, 400 MHz) in the range 8.0 to 5.4 ppm. 
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Figure S19. 1H NMR spectrum of kaempferol-3-O--L-(2”-Z-p-coumaroyl,4”-E-p-coumaroyl)-

rhamnopyranoside compound 5 (MeOD, 400 MHz). 

 

 

 

Figure S20. 1H NMR spectrum of kaempferol-3-O--L-(2”-Z-p-coumaroyl,4”-E-p-coumaroyl)-

rhamnopyranoside compound 5 (MeOD, 400 MHz) in the range 8.0 to 5.4 ppm. 
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Figure S21. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside, 

compound 6 (MeOD, 400 MHz). 

 

 

Figure S22. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside 

compound 6 (MeOD, 400 MHz) in the range 7.9 to 5.5 ppm. 
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Figure S23. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside 

compound 6 (acetone-d6, 400 MHz). 

 

 

Figure S24. 1H NMR spectrum of kaempferol-3-O--L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside 

compound 6 (acetone-d6, 400 MHz) in the range 8.0 to 5.4 ppm. 
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Supplementary Table S2. MIC100 values (µg/mL) 
determined for the essential oils carvacrol and thymol 
purified from E. foeminea hexane extract. 

                                                                MIC100 (µg/mL) 

Gram-positive strains Carvacrol Thymol 

S. aureus ATCC 29213 100 600 

S. aureus MRSA WKZ-2 50 2,400 

E. faecalis ATCC 29212 100 1,200 

Gram-negative Strains   

E. coli ATCC 25922 200 600 

S. typhimurium ATCC 14028 100 300 

A. baumannii ATCC 17878 100 1,200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

Supplementary Table S3. MIC100 values (µg/mL) determined for the 
compounds (3-6) purified from E. foeminea dichloromethane extract. 

                                                                                     MIC100 (µg/mL) 

 

S. aureus 

 MRSA 

WKZ-2 

A. baumannii ATCC 

17878 

kaempferol-3-O-α-L-(2”,4”-di-

E-p-coumaroyl)-

rhamnopyranoside 

0.49 1,000 

kaempferol-3-O-α-L-(2"-Z-p-

coumaryl,4"-di-E-p-coumaryl 

rhamnopyranoside  

>1,000 

MIC95 = 

1,000 

1,000 

kaempferol-3-O-α-L-(2"-E- p-

coumaryl,4"-di-Z-p-coumaryl)-

rhamnopyranoside 

>1,000 

MIC98 = 

1,000 

1,000 

kaempferol-3-O-α-L-(2",4"-di-

Z-p-coumaryl)-

rhamnopyranoside 

>1,000 

MIC98 = 

1,000 

1,000 
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Figure S25.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”-E-p-coumaroyl,4”-Z-p-coumaroyl)- 

rhamnopyranoside (compound 4). Effects of compound 4 have been evaluated on biofilm formation in the case 

of S. aureus MRSA WKZ-2 (a), and A. baumannii ATCC 17878 (b) by CLSM. Biofilm cells were stained with 

LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio of 

SYTO-9 (green fluorescence, all cells) and propidium iodide (PI; red fluorescence, dead cells). The biofilm 

images were obtained by confocal z-stack using Zen Lite 2.3 software. All the images were taken under 

identical conditions. Significant differences were indicated as (*P< 0.05), (**P< 0.001) or (***P< 0.0001) for 

treated versus control samples. Each experiment was carried out in triplicate. 
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Figure S26.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”-Z-p-coumaroyl,4”-E-p-coumaroyl)- 

rhamnopyranoside (compound 5). Effects of compound 5 have been evaluated on biofilm formation in the case 

of S. aureus MRSA WKZ-2 (a), and A. baumannii ATCC 17878 (b). Biofilm cells were stained with LIVE/DEAD 

BacLight bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio of SYTO-9 (green 

fluorescence, all cells) and propidium iodide (PI; red fluorescence, dead cells). The biofilm images were 

obtained by confocal z-stack using Zen Lite 2.3 software. All the images were taken under identical conditions. 

Significant differences were indicated as (*P< 0.05) or (**P< 0.001) for treated versus control samples. Each 

experiment was carried out in triplicate. 
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Figure S27.  Anti-biofilm activity of purified kaempferol-3-O-α-L-(2”,4”-di-Z-p-coumaroyl)-rhamnopyranoside 

(compound 6). Effects of compound 6 have been evaluated on biofilm formation in the case of S. aureus MRSA 

WKZ-2 (a), and A. baumannii ATCC 17878 (b) by CLSM. Biofilm cells were stained with LIVE/DEAD BacLight 

bacterial viability kit (Molecular Probes, Eugene, OR) containing a 1:1 mol/mol ratio of SYTO-9 (green 

fluorescence, all cells) and propidium iodide (PI; red fluorescence, dead cells). The biofilm images were 

obtained by confocal z-stack using Zen Lite 2.3 software. All the images were taken under identical conditions. 

Significant differences were indicated as (*P< 0.05) for treated versus control samples. Each experiment was 

carried out in triplicate. 
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Supplementary Table S4. Details of the intermolecular interactions between the tested 

ligand and S. aureus target enzymes tyrosyl tRNA synthetase and sortase A. 

Interaction between antimicrobial  

compound and tyrosyl tRNA synthetase 

Interaction between antimicrobial  

compound and sortase A 

Interacting 

amino acid 

Type of  

interaction 

Bond 

length (Å) 

Interacting 

amino acid 

Type of  

interaction 

Bond 

length 

(Å) 

His 50 Carbon-hydrogen 

bond 

3.57 Val 168 Hydrogen bond 2.21 

His 47 Pi-Sigma 3.92 Arg 197 Hydrogen bond 2.35 

His 47 Pi-Pi T shaped 5.02 Ala 92 Hydrogen bond 2.66 

His 47 Pi-Pi T shaped 4.96 Val 168 Hydrogen bond 2.70 

Gly 38 Amide Pi 

Stacked 

3.52 Thr 180 Hydrogen bond 2.49 

Ala 43 Pi -Alkyl 5.00 Val 193 Pi-Sigma 3.79 

Leu 223 Pi -Alkyl 5.37 Ala 92 Pi-alkyl 5.11 

   Ala 104 Pi-Alkyl 5.07 

   Val 168 Pi-Alkyl 4.65 

   Ile 199 Pi-Alkyl 4.54 
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3 Answers to reviewer 1 
4 
5 QUESTION 1. A general comment is that the MS lacks adequate focus on the actual anti- 
6 microbial activity of the tested peptides and ranges of MIC. 

ANSWER 1. Based on reviewer’s comment, we added information on peptides’ MIC values in the 
Introduction Section of the revised version of the manuscript and cited proper references 

8 reporting data previously obtained by our research group. 

9 QUESTION 2. The data on development of resistance should be presented in Table format 
10 showing the initial anti-microbial activity, and changes that indicate development of 
11 resistance or not. 

ANSWER 2. Following reviewer’s suggestion, data on MIC values obtained at time 0 and after 
prolonged exposure of bacterial cells to ciprofloxacin or to r(P)ApoB Pro peptide have been 

13 presented in table format in panel C of the revised version of Figure 2. 
14 
15 QUESTION 3. Likewise in the Discussion, more attention should be given to the anti- 

microbial activity and comparison with other AMPs, that justifies the rest of the research. 
ANSWER 3. Following reviewer’s suggestion, these aspects have been included in the 

17 Discussion Section of the revised version of the manuscript. 

18 QUESTION 4. The focus of the Discussion mostly on digestive and proteolytic break-down of 
19 peptides is disproportionate to the other data presented. 
20 ANSWER 4. Following reviewer’s suggestion, we modified the Discussion in the revised 
21 version of the manuscript. 

22 QUESTION 5. Considering the high expectation of break down of the peptides, what is the 
23 relevance of the cytotoxicity data for intact peptides? 
24 ANSWER 5. We thank the reviewer for his/her observation that allowed us to explain the 

meaning of our cytocompatibility experiments. Even if the peptide is expected to be degraded 
with high probability, we propose to use the full-length peptide as novel food bio- 

26 preservative. For this reason, we believe that it is important to determine, as first, the 
27 cytocompatibility of the intact peptide. On the other hand, we cannot exclude that proteases 

secreted from the cells during the 72 hrs incubation time might degrade the peptide. The 
important point is that no toxic effects of the peptide towards eukaryotic cells are 

29 detected under the experimental conditions tested. 

30 QUESTION 6. Abstract L50: specify which cell types; P9-L14: complicated 
31 P9-L58: what about possible flavor effects as peptides can be bitter 
32 ANSWER 6. We modified the manuscript accordingly. About the last point, we only affirm 
33 that the use of the peptides might non affect food quality, a concept that is generally 

accepted. About the bitter flavor of the peptides, it is a hypothesis since this feature 
will surely depend on peptide concentration. 

35 
QUESTION 7. Methods Section 2.1 define peptides and their sequences that were studied in 
the MS L14-16: move to relevant section 

37 ANSWER 7. We modified the manuscript accordingly. 
38 

39 Answers to Editor 

40 

41 QUESTION 1. The table containing the MIC data (currently figure 2 C) needs to be an 

42 individual table, complete with proper caption explaining the data. The table should 
contain the initial values as well as those after treatment. The text should describe and 
discuss the data; the change in anti-microbial activity needs to be better explained. 

44 ANSWER 1. Following Editor’s suggestion, we separated the Table 1 from Figure 2 in the 
45 revised version of the manuscript, provided a proper caption for the Table the initial MIC 

values and those after treatment. We also revised Results Section in the revised version 
of the manuscript to better explain and discuss the observed changes in the antimicrobial 

47 activity. 
48 

QUESTION 2. More comparisons to earlier work - both to yours and to that of others - needs 
to be added. At present the advantages of these specific peptides over alternatives 

50 documented in the current literature is not well evidenced. 

51 ANSWER 2. Following Editor’s suggestion, we improved Discussion Section in the revised 
version of the manuscript to highlight the specific features of these specific peptides 
and their potentialities as novel food biopreservatives. 

53 
54 

55 

56 

57 

58 

59 

60 
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21 

22 
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24 
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26 
27 

28 Abstract 
29 

30 

31 The employment of chemical agents in food industry is raising several concerns by consumers and is 

32 leading to an increasing interest in natural food preservatives. Among alternatives, Host Defence 

34 Peptides (HDPs) attracted great interest for their ability to preserve food samples from contaminations 
35 
36 without altering their quality, taste and organoleptic properties. Recently, we evaluated the 
37 

38 applicability of ApoB-derived peptides as novel food bio-preservatives and demonstrated their ability 

39 to prevent chicken meat sample contamination when immobilized on chitosan films. To perform a 

41 further step towards the applicability of these peptides in food field, here we evaluated peptides 
42 

43 biosafety and digestibility. To do this, we used a multidisciplinary approach including the evaluation 
44 

45 of peptides toxicity and antimicrobial activity, the analysis of resistance phenotype development, an 

46 in silico prediction of peptides susceptibility to proteases and the evaluation of peptides stability in 
47 
48 simulated gastric and intestinal fluids. ApoB-derived peptides were found to be not toxic when tested 
49 

50 on human gastric carcinoma cells SNU-1 and on human colon-rectal adenocarcinoma cells HT-29 

51 and not to induce resistance phenotype in Salmonella strains. Bioinformatic analyses showed that 

53 peptides are susceptible to several proteases, as also confirmed by experiments in simulated gastric 
54 
55 and intestinal fluids. Altogether, these findings open interesting perspectives to the future 
56 

57 applicability of ApoB-derived peptides as novel food bio-preservatives. 
58 
59 Keywords: host   defence   peptides;   antimicrobial   peptides;   food   bio-preservatives;   peptide 
60 

biocompatibility; peptide digestibility; antimicrobial resistance. 
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1 

2 
3 Abbreviations. HDPs, Host Defence Peptides; AMPs, Antimicrobial Peptides; ApoB, apolipoprotein 
4 

5 B; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MIC, minimum inhibitory 

6 concentration; SGF, Simulated Gastric Fluid; SIF, Simulated Intestine Fluid. 
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1 

2 
3 1. Introduction 
4 
5 
6 Cryptic bioactive peptides 
7 
8 

In the last decades, it was evidenced that the limited number of genes is not enough to explain the 

10 complexity of the organism and it was highlighted the key role played by the proteins [1] present in 
11 
12 a cell, tissue or organ in a given time and under specific conditions [2]. The situation is even more 
13 

14 complicated if we consider that most of the proteins are processed to produce a pool of bioactive 

15 encrypted peptides endowed with functions often not directly related to those of the precursor 

17 proteins. Indeed, the term “cryptome” has been used to define a subset of the proteome comprising 
18 

19 cryptic peptides with distinct bioactivities, that have been named cryptides [3,4]. They have been 
20 found to be endowed with a wide range of bioactivities, such as host defence, antithrombotic, protease 
22 inhibition, blood pressure regulation, opioid, analgesic, signalling, angiogenesis, and wound healing 
23 
24 [5–10]. 
25 

26 
Host defence peptides 

28 

29 Among cryptides, a special class is represented by Antimicrobial Peptides (AMPs), then named Host 

30 Defence Peptides (HDPs) because of their involvement in the innate immune system of living 

32 organisms. HDPs generally share crucial features, such as the length ranging between 12 and 50 
33 
34 amino acids, the high content of hydrophobic aminoacidic residues (+50%) and the positive net 
35 

36 charge at physiological pH values [11]. These features are the basis of HDPs ability to selectively 

37 interact with and target negatively charged bacterial membranes [10]. In the case of vertebrates, HDPs 

39 are not only able to directly affect and kill bacteria but they also play a role in augmenting the adaptive 
40 

41 response [6–8,10]. 
42 
43 Applicability of HDPs in food industry 
44 
45 

46 Because of their wide range of activities and their peculiar mechanism of action, HDPs have attracted 

47 great interest as good candidates to be employed in biomedical, cosmeceutical and food fields. In the 

49 case of food industry, traditional procedures, such as the addition of chemical additives or food 
50 

51 thermal processing, have been found to negatively affect food quality and nutritional properties [12], 

52 with a consequent increase of the interest of consumers towards untreated foods and natural 
54 biopreservatives. In this scenario, HDPs have attracted the interest of researchers as novel 
55 
56 biopreservatives able to protect food samples from microbial contaminations while not affecting food 
57 

58 quality. The introduction in the market of a novel food ingredient requires detailed analyses on its 

59 biocompatibility, allergenicity and safety for human health [13]. 
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1 

2 
3 ApoB-derived HDPs 
4 
5 

In the present work, we analysed HDPs previously identified in human apolipoprotein B (ApoB) and 

7 found to be endowed with antimicrobial, anti-biofilm, antifungal, wound healing, and 
8 
9 immunomodulatory properties [14–17]. MIC values determined for ApoB-derived peptides were 
10 

11 found to be comprised between 1.25 and 20 µM depending on the bacterial strains tested [15]. 

12 Moreover, peptides were also found to be able to synergistically act in combination with conventional 

14 antibiotics [18–22] and to exert antimicrobial and antibiofilm properties when tested on Salmonella 
15 

16 cells [23]. Indeed, ApoB-derived peptides were found to be effective on both Salmonella enteriditis 
17 

18 706 RIVM and Salmonella typhimurium ATCC® 14028 bacterial strains with MIC values ranging 

19 from 2.5 to 5 μM [23]. Furthermore, a cost-effective production procedure of peptides in bacterial 
20 
21 cells has been set up and it has been estimated that, when peptides production scale is 1,000 mg/batch, 
22 

23 the production cost is about 42 €/mg, a competitive value for a new compound that has to be 

24 introduced in the market [16]. The production procedure has been also scaled-up and found to be 

26 suitable to produce the amounts of peptides required for their applicability [16]. Even more 
27 
28 importantly, ApoB-derived peptides were found to be able to preserve chicken meat samples from 
29 

30 microbial contamination when employed to functionalize chitosan edible films [24-26]. Starting from 

31 these very promising results, here we investigated ApoB-derived peptides biosafety as novel food 

33 biopreservatives. We demonstrated that peptides are biocompatible, do not induce the development 
34 

35 of resistance phenotype upon a prolonged incubation with Salmonella cells, and are characterized by 
36 a high propensity to be fragmented during simulated digestion. Altogether, obtained results open 
38 

interesting perspectives to the applicability of ApoB-derived peptides as novel biopreservatives to be 
39 
40 employed in food industry. 
41 
42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
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1 

2 

3 

4 

5 
2. Materials and methods 

7 

8 According to material data sheets, all the necessary precautions for potential safety or environmental 
9 

10 hazards were followed. 
11 
12 2.1 Chemical reagents 
13 
14 

All the reagents were purchase from Sigma-Merck (Milan, Italy), unless differently specified. ApoB- 
16 derived peptides r(P)ApoB Pro PHVALKPGKLKFIIPSPKRPVKLLSG, r(P)ApoB Pro 

17 S L 

18 PHVALKPGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT, and r(P)ApoBL
Ala 

19 

20 PHVALKAGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT were recombinantly produced in 

21 bacterial cells as previously described [17]. 
22 
23 

24 2.2 Cell cultures and their authentication 
25 
26 Human gastric   carcinoma   cells   SNU-1   (ATCC®   CRL-5971™)   and   human   colon-rectal 
27 

28 adenocarcinoma cells HT-29 (ATCC® HTB-38™) were purchased from American Type Culture 

29 Collection (ATCC) that validated them via short tandem repeat (STR) profiling. Cells were cultured 
31 in the laboratory for less than 6 months and were routinely tested for mycoplasma by MycoSEQ™ 
32 
33 Mycoplasma Detection Kit (Applied Biosystems™, Thermo Fisher Scientific, Milan, Italy). Adherent 
34 

35 human HT-29 cells were cultured in Dulbecco’s modified Eagle’s medium, whereas human SN-1 

36 cells were grown in suspension in RPMI-1640 medium. In both cases, media were supplemented with 

38 10% fetal bovine serum (HyClone, GE Healthcare Lifescience, Chicago, IL) and antibiotics, and cells 
39 

40 were grown in a 5% CO2 humidified atmosphere at 37 °C. 
41 
42 

2.2 Cytocompatibility assays 
43 
44 Cytocompatibility of r(P)ApoBL

Pro, r(P)ApoB Pro and r(P)ApoB Ala has been evaluated by performing 
45 S L 

46 experiments on human HT-29 and SNU-1 cells by 3-(4,5-dimethylthiazol-2-yl)-2,5- 

48 diphenyltetrazolium bromide (MTT) assay as previously described [27]. To this purpose, HT-29 and 
49 

50 SNU-1 cells were plated into 96-well plates at a density of 5x103 cells/well in 100 μL of medium, and 

51 incubated overnight at 37 °C. Afterwards, cells were treated with increasing concentrations (0 – 20 

53 
μM) of ApoB-derived peptides for 24 h and 48 h at 37 °C. 

54 
55 

56 Following incubation, in the case of HT-29 cells, peptide-containing medium was removed, and 100 

57 μL of MTT reagent, dissolved in DMEM without phenol red, were added to the cells (100 μL/well) 

59 at a final concentration of 0.5 mg/mL. After 4 h at 37 °C, culture medium was removed, and the 
60 

resulting formazan salts were dissolved by the addition of isopropanol containing 0.1 N HCl (100 
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1 

2 
3 μL/well). Absorbance values of blue formazan were determined at 570 nm by using an automatic 
4 

5 plate reader (Microbeta Wallac 1420, Perkin Elmer). In the case of SNU-1 cell line, instead, upon 

6 treatment with peptides, plates were centrifuged at 1,000 rpm for 10 min. Following incubation, 50 
8 

μL of MTT solubilized in DMEM without phenol red were added to the cells. Upon 4 h at 37 °C, 
9 
10 DMSO was added to each sample in a ratio of 1:5 (vol/vol) and samples were incubated for 24 h at 
11 

12 room temperature. Absorbance values of blue formazan were determined at 570 nm by using an 

13 automatic plate reader (Microbeta Wallac 1420, Perkin Elmer). In all the cases, cell survival was 

15 expressed as the percentage of viable cells in the presence of the peptides with respect to control cells 
16 
17 grown in the absence of peptides. The experiments have been carried out in triplicate with triplicate 
18 

19 determinations. 
20 
21 2.3 Bacterial strains and growth conditions 
22 
23 

Bacterial strains Salmonella typhimurium ATCC® 14028 and Salmonella enteritidis RIVM 706 were 

25 grown in Muller Hinton Broth (MHB, Becton Dickinson Difco, Franklin Lakes, NJ) and on Tryptic 
26 

27 Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the experiments, bacteria were inoculated and 
28 

29 grown overnight in MHB at 37 °C. After about 24 h, bacteria were transferred into a fresh MHB tube 

30 and grown to mid-logarithmic phase. 
31 
32 

33 2.4 Evaluation of resistance development in Salmonella strains 
34 
35 To verify whether Salmonella typhimurium (ATCC® 14028) and Salmonella enteritidis RIVM 706 
36 

37 bacterial cells develop resistance to r(P)ApoBL
Pro or to conventional antibiotic ciprofloxacin, first of 

38 

39 all MIC100 values of the antimicrobial agents were determined. To this purpose, bacterial cells were 

40 grown to mid-logarithmic phase in Nutrient Broth (NB, Difco, Becton Dickinson, Franklin Lakes, 
41 
42 NJ) at 37 °C. Cells were then diluted to a final concentration of 2x106 CFU/mL in 0.5X NB and were 
43 

44 plated into 96-well plates in the presence of increasing amounts of the antimicrobials. For each agent 

45 under test, starting from a stock solution, two-fold serial dilutions were carried out, accordingly to 

47 broth microdilution method [28]. Following an over-night incubation, MIC100 values were determined 
48 
49 as the lowest drug concentration responsible for no visible bacterial growth. Moreover, for each 
50 

51 treatment, the MIC100 value was verified by plating the cells on LB agar. Once detected the MIC100 

52 values for each antimicrobial compound against the bacterial strains tested, bacterial cells that 

54 survived to exposure at a subinhibitory (MIC/2) concentration were regrown and re-exposed to the 
55 

56 peptide or the antibiotic. Strains that developed resistance to the compound under test were 
57 

58 characterized by higher MIC100 

59 

values at subsequent passages. 

60 2.5 In silico analyses to verify ApoB-derived peptides susceptibility to proteases 
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1 

2 
3 Prediction of cutting sites for pepsin and trypsin enzymes has been performed by using “Peptide cutter 
4 

5 tool” available on ExPASy server as previously described [29]. In addition, PROSPER software was 

6 used to perform an in silico prediction of ApoB-derived peptides susceptibility to 24 proteases [30]. 
8 

Peptide cutter tool was used to generate the scoring function based on the occurrence of aminoacidic 
9 
10 consensus sequences. PROSPER, instead, integrates substrate specificity profiles derived from the 
11 

12 MEROPS, CutDB and PMAP database to construct trained models for 24 proteases that have at least 

13 40 experimentally verified substrates and include the four major catalytic types (aspartic, cysteine, 

15 metallo and serine proteases) [30]. The 24 proteases contained in PROSPER dataset are cathepsin K, 
16 
17 calpain-1, caspases (-1, -3, -7, -6, -8), matrix metallopeptidase (-2, -9, -3, -7), chymotrypsin A, 
18 

19 granzyme B (human), elastase-2, cathepsin-G, granzyme B (mouse), thrombin, plasmin, glutamyl 

20 peptidase I, furin, signal peptidase I, thylakoidalpeptidase I, signalase and the HIV-1 retropepsin. 

22 

23 2.6 Evaluation of ApoB-derived peptides stability in in vitro Simulated Gastric Fluid (SGF) and 

24 Simulated Intestine Fluid (SIF) 

26 

27 Evaluation of in vitro stability of ApoB-derived peptides has been performed as previously described 
28 [31] with some modifications. Briefly, total amount of 20 µg of r(P)ApoB Pro, r(P)ApoB Pro or 
29 L S 

30 r(P)ApoB Ala have been analysed in 100 μL of simulated gastric fluid (SGF) containing 0.32% (w/v) 
31 
32 pepsin and 34 mM NaCl at pH 1.2 [32], and in simulated intestinal fluid (SIF) containing 10 mg/mL 
33 

34 trypsin in 50 mM KH2PO4 at pH 7.5 [31]. Preliminarily to the assay, both SGF and SIF mixtures have 

35 been pre-incubated at 37 °C for 3 min in the absence of ApoB-derived peptides. Then, 20 µg of each 

37 peptide have been added to SGF or SIF at 1:1 and 1:20 ratio (v/v), respectively. The reaction mixtures 
38 
39 have been subsequently incubated at 37 °C for 0, 10, 30-, 60, 120, and 180 min. Assays have been 
40 

41 performed in duplicate for each experimental condition. Reactions have been stopped by adding 200 

42 mM Na2CO3 (1:1 v/v ratio) and by heating at 100 °C for 3 min. Degradation of full-length peptides 
44 r(P)ApoBL

Pro, r(P)ApoB Pro and r(P)ApoB Ala upon incubation in SGF and SIF have been monitored 
45 S L 

46 by SDS-PAGE 18% [33] followed by densitometric analyses. Experiments have been carried out in 

47 duplicate. 

49 

50 2.7 Statistical analyses 
51 

52 
Statistical analyses were performed by using a Student’s t-Test. Significant differences were indicated 

54 as *(P < 0.05), **(P < 0.01) or ***(P < 0.001). 
55 
56 

57 

58 

59 

60 
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1 

2 
3 3. Results 
4 
5 

3.1 Analysis of ApoB-derived peptides cytocompatibility 

7 

8 The employment of ApoB-derived peptides as novel food additives and bio-preservatives is strictly 
9 

10 dependent from their cytocompatibility. For this reason, we performed experiments to evaluate 

11 peptides’ effects on the viability of human colon-rectal adenocarcinoma cells HT-29 and human 

13 gastric carcinoma cells SNU-1, selected as prototypes of stomach and intestine targets of peptide 
14 

15 deposition during digestion. To this purpose, cells were plated and incubated with increasing 
16 concentrations of r(P)ApoB Pro, r(P)ApoB Ala or r(P)ApoB Pro for 24 and 48 h. Interestingly, all the 
17 L L S 

18 three peptides were found not to affect cell viability. Slight toxic effects were detected only upon 
19 
20 incubation of SNU-1 cells with r(P)ApoBL

Ala peptide at concentrations starting from 20 µM. 
21 

22 Altogether, obtained results suggest that peptides are cytocompatible when tested at concentrations 

23 known to affect the viability of bacterial Salmonella cells (2.5 – 5 µM) [16]. 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 
Figure 1. Effects of r(P)ApoBL

Pro (A, D), r(P)ApoBL
Ala (B, E) or r(P)ApoB Pro (C, F) on the viability 

60 of HT-29 (A, B, C) and SNU-1 (D, E, F) cell lines. MTT reduction assays were performed by treating 
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1 

2 
3 cells with increasing concentrations (0-100 µM) of each peptide for 24 and 48 h. Experiments were 
4 

5 performed in triplicate with triplicate determinations. Significant differences were indicated as *(P < 

6 0.05) for treated versus untreated samples. 

8 
9 3.2 Analysis of resistance evolution upon treatment of bacterial cells with ApoB-derived 
10 

11 peptides 
12 
13 Since most of conventional antibiotics employed in food field are responsible for the development of 
14 

15 resistance phenotype in foodborne pathogens, we decided to evaluate whether a prolonged exposure 

16 of Salmonella cells to ApoB-derived peptides is responsible for the insurance of resistance. To this 
18 purpose, we treated S. typhimurium ATCC® 14028 and the clinically isolated S. enteritidis RIVM 
19 
20 706 strains with either r(P)ApoBL

Pro peptide or with conventional antibiotic ciprofloxacin for a 
21 

22 prolonged time. As shown in Figures 2A and B, upon reiterated treatments with concentration 

23 gradients of the above-mentioned antimicrobials, both Salmonella strains were found to remain 

25 sensitive to r(P)ApoBL
Pro peptide antimicrobial activity. Indeed, peptide MIC values were found to 

26 

27 remain stable upon treatment of S. enteritidis RIVM 706 cells for a prolonged time interval (Figure 
28 

29 2B and Table 1). As shown in Table 1, MIC value detected for r(P)ApoBL
Pro peptide in the case of 

30 S. enteritidis RIVM 706 strain was found to be 5 µM both at time 0 and after 7 rounds of treatment. 
31 
32 In the case of S. typhimurium ATCC® 14028 strain, only a slight increase of peptide MIC value, 
33 

34 which was found to be about 4-fold higher with respect to treatment 1, was observed from treatment 

35 3 to treatment 7 (Figure 2A and Table 1). Indeed, as shown in Table 1, MIC values were found to 

37 be 2.5 µM and 10 µM at time 0 and after 3 rounds of treatment, respectively. However, it has to be 
38 
39 highlighted that no further increase of MIC values was detected from treatment 3 to treatment 7 
40 

41 (Figure 2A and Table 1), thus indicating that bacterial cells remain sensitive to peptide toxic effects 

42 even if a slightly higher dose of peptide is required to completely inhibit bacterial growth. Resistance 

44 development was, instead, detected upon treatment of both Salmonella strains with the conventional 
45 

46 antibiotic ciprofloxacin. Indeed, as shown in Figure 2, at treatment 3, which corresponds to the third 

47 day of treatment with ciprofloxacin, a MIC value 67-fold higher with respect to treatment 1 was 
49 

detected for both Salmonella strains, what is indicative of resistance acquisition. Indeed, as shown in 
50 
51 Table 1, in the case of both Salmonella strains, ciprofloxacin MIC value was found to increase from 
52 

53 0.3 µg/mL at time 0 to 20 µg/mL after 3 rounds of treatment. In the case of both strains, at treatment 

54 4, it is observed a reversion of resistance development with a MIC value found to be only 4-fold 

56 higher with respect to treatment 1. Indeed, at treatment 4, ciprofloxacin MIC value was found to 
57 
58 decrease from 20 to 1.25 µg/mL in the case of both Salmonella strains. However, it has to be 
59 

60 highlighted that, in the case of S. typhimurium ATCC® 14028, MIC value was found to further 

increase at treatment 7 becoming again 20 µg/mL, i.e., 67-fold higher with respect to treatment 1 
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1 

2 
3 (Figure 2A and Table 1), a trend that is indicative of a two-step selection of resistant cells and that 
4 

5 indicates the occurrence of different mechanisms of resistance [34,35]. This generally happens when 

6 the fitness costs of antibiotic resistance development are not fully tolerated by bacterial cells that try 
8 

to find alternative ways to overcome antibiotic effects. In the case of S. enteriditis RIVM 706, instead, 
9 
10 upon reversion of resistance, MIC value was found to remain substantially stable at 1.25 µg/mL from 
11 

12 treatment 4 to treatment 7, i.e., 4-fold higher with respect time 0, thus indicating a more robust 

13 reversion of resistance. However, it has to be highlighted that the development of resistance, even if 

15 temporary, provides an obstacle to the successful eradication of bacterial infections also considering 
16 
17 that a greatly higher dose of effective antibiotic drug is consequently required. 
18 
19 
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40 

41 

42 

43 
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47 
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51 
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55 

56 Figure 2. Analysis of MIC fold increase upon treatment of S. typhimurium ATCC® 14028 (A) or S. 

57 enteriditis RIVM 706 (B) with r(P)ApoBL
Pro (black) or ciprofloxacin (gray) for a prolonged time 

59 interval. 
60 
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1 

2 
3 Table 1. MIC values obtained at time 0 and after several rounds of treatment of bacterial cells 
4 with ciprofloxacin or r(P)ApoB Pro peptide 
5 

6 CIPROFLOXACIN r(P)ApoBL
Pro 

 

7 S. typhimurium 
8 ATCC 14028 
9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

S. enteriditis 
706 RIVM 

S. typhimurium 
ATCC 14028 

S. enteriditis 
706 RIVM 

22 
3.3 In silico analyses to identify cleavage sites in ApoB-derived peptides sequence 

24 

25 In order to evaluate ApoB-derived peptides digestibility in the gastro-intestinal tract, an in silico 

26 prediction of peptides proteolysis has been performed as first by using Peptide Cutter software [29]. 

28 As shown in Figures 3A and B, pepsin and trypsin cleavage sites have been identified in all the 
29 
30 peptides even if a different number of cutting sites has been detected for the three peptides. In 
31 

32 particular, r(P)ApoBL
Pro peptide was found to contain 9 proteolytic cleavage sites recognized by 

33 pepsin enzyme (Figure 3A), whereas an additional site was found to be present in r(P)ApoBL
Ala 

35 peptide in correspondence of leucine residue preceding the substituted alanine (Figure 3A). Peptide 
36 

37 r(P)ApoB Pro, lacking the last 12 amino acids, was found to contain only 5 cleavage sites recognized 

38 by pepsin enzyme. Similar findings have been obtained when trypsin cleavage sites have been 
40 analysed. Indeed, r(P)ApoB Ala has been found to contain the highest number (6) of trypsin cutting 
41 
42 sites, with an additional cleavage site with respect to r(P)ApoBL

Pro in correspondence of a lysine 
43 

44 residue adjacent to the substituted alanine (Figure 3B). Due to its shorter sequence, also in this case, 

45 r(P)ApoB Pro was found to contain the lowest number (4) of trypsin cleavage sites (Figure 3B). The 

47 differences in proteolytic susceptibility between r(P)ApoBL
Ala and r(P)ApoBL

Pro peptides appear 
48 

49 related to the high influence exerted by amino acid residues flanking the cleavage site recognized by 
50 

51 pepsin and trypsin enzymes [36,37]. 
52 
53 Starting from these findings, we decided to perform an in silico analysis of ApoB-derived peptides 
54 

55 susceptibility to 24 proteases by using PROSPER integrated feature-based server [30]. As shown in 

56 Table 1, we found that all the three peptides are susceptible to some of the analysed proteases 

58 comprising cysteine, metallo- and serine proteases. Peptides r(P)ApoBL
Pro and r(P)ApoBL

Ala have 
59 
60 been found to contain overall 7 proteolytic sites recognized by the analysed proteases. It is interesting 

Number of 

  treatments  

1 

2 

MIC 

(µg/mL)  

0.3 

0.3 

Fold 

increase  

1 

1 

MIC 

(µg/mL)  

0.3 

0.3 

Fold 

increase  

1 

1 

MIC 

(µM)  

2.5 
5 

Fold 

increase  

1 

2 

MIC 

(µM)  

5 

5 

Fold 

increase  

1 

1 

3 20 67 20 67 10 4 5 1 

4 1.25 4 1.25 4 10 4 5 1 

5 5 17 0.6 2 10 4 5 1 

6 10 33 0.6 2 10 4 5 1 

7 20 67 1.25 4 10 4 5 1 

 



John Wiley & Sons, Inc.  

S 

7 

L 

Peptide Science Page 14 of 33 
 

 
1 

2 
3 to notice  that the  presence in  position 7  of  Pro or  Ala  residue is responsible  for a  different 
4 

5 susceptibility of the peptide molecules to analysed proteases. Indeed, r(P)ApoBL
Ala was found to be 

6 susceptible to chymotrypsin A (cattle-type) cleavage (AGKL | KFII) in position 10, whereas 
8 

r(P)ApoB Pro was found to be susceptible to matrix metallopeptidase-9 cleavage in position 9 (Table 
9 
10 1). In agreement with its shorter length, r(P)ApoB Pro peptide was found to contain only 5 sites 
11 

12 recognized by the analysed proteases (Table 1). 
13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 
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40 

41 
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1 

2 

3 

4 

5 
6 Figure 3. In silico identification of pepsin cleavage sites (A) and trypsin cleavage sites (B) in ApoB- 
7 

8 derived peptides sequences. Analyses have been performed by using Peptide Cutter tool on ExSPAsy 

9 database. The total number and the position of pepsin and trypsin cleavage sites are shown in 
11 r(P)ApoB Pro, r(P)ApoB Ala, and r(P)ApoB Pro. 
12 
13 

14 

15 
Table 2. PROSPER prediction of protease cleavage sites in ApoB-derived peptides. 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 
55 a Cleavage score generated by machine learning methods dependent by multiple features including 
56 

local amino acid sequence profile, predicted secondary structure, solvent accessibility and predicted 

58 native disorder. 

59 3.4 Analysis of ApoB-derived peptides in vitro digestion in simulated gastric and intestinal fluids 

Protease 

Family 
Protease Name Position P4-P4' site 

N-fragment 

(kDa) 

C-fragment 

(kDa) 

Cleavage 

scorea 

 

r(P)ApoB Pro PHVALKPGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT 
L 

CYSTEINE cathepsin K 24 VKLL|SGGN 2.77 1.62 1.24 

 

 
METALLO 

matrix metallopeptidase- 

9 
9 KPGK|LKFI 1.04 3.35 1.1 

matrix metallopeptidase- 

9 
31 NTLH|LVST 3.67 0.73 1.06 

matrix metallopeptidase- 

3 
17 IPSP|KRPV 1.93 2.46 1.02 

SERINE 

PROTEASE 

elastase-2 33 LHLV|STTK 3.88 0.51 1.04 

elastase-2 21 KRPV|KLLS 2.41 1.98 1.01 

cathepsin G 24 VKLL|SGGN 2.77 1.62 1.25 
r(P)ApoB Ala PHVALKAGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT 

L 

CYSTEINE cathepsin K 24 VKLL|SGGN 2.74 1.62 1.24 

 
METALLO 

matrix metallopeptidase- 

9 
31 NTLH|LVST 3.64 0.73 1.06 

matrix metallopeptidase- 

3 
17 IPSP|KRPV 1.91 2.46 1.02 

 
SERINE 

PROTEASE 

chymotrypsin A (cattle- 

type) 
10 AGKL|KFII 1.13 3.24 1.08 

elastase-2 33 LHLV|STTK 3.85 0.51 1.04 

elastase-2 21 KRPV|KLLS 2.39 1.98 1.01 

cathepsin G 24 VKLL|SGGN 2.74 1.62 1.25 

 r(P)ApoB Pro PHVALKPGKLKFIIPSPKRPVKLLSG 
S 

CYSTEINE cathepsin K 24 VKLL|SG 2.77 0.26 1.24 

METALLO matrix metallopeptidase- 

9 

9 KPGK|LKFI 1.04 1.99 1.1 

matrix metallopeptidase- 

3 

17 IPSP|KRPV 1.93 1.09 1.02 

SERINE 

PROTEASE 

elastase-2 21 KRPV|KLLS 2.41 0.61 1.01 

cathepsin G 24 VKLL|SG 2.77 0.26 1.25 
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1 

2 
3 Allergenic proteins or peptides are generally more resistant to digestion with proteases with respect 
4 

5 to non-allergenic ones [38]. Based on this, evaluation of protein stability in the gastro-intestinal tract 

6 is considered not only an indication of protein digestibility but also a putative indication of the 
8 

absence of potential allergenic features [39]. For this reason, experiments were here performed to 
9 
10 evaluate the stability of ApoB-derived peptides in Simulated Gastric Fluid (SGF) and Simulated 
11 

12 Intestine Fluid (SIF) [40] by incubating peptides with pepsin (SGF) or trypsin (SIF) enzyme in 1:1 or 

13 1:20 molar ratio, respectively. Once prepared, mixtures have been incubated for 0, 10, 30, 60, 120 

15 and 180 min at 37 °C and then analysed by SDS-page (18%) followed by densitometric analysis of 
16 
17 full-length peptides bands. As shown in Figures 4A and B, r(P)ApoBL

Pro was found to be significantly 
18 

19 degraded by pepsin within 10 min of incubation (about 40% protein degradation) (Figure 4A), and 

20 degradation was found to be even more pronounced (about 80% protein degradation) upon treatment 

22 with trypsin (Figure 4B). Due to its shorter length, peptide r(P)ApoB Pro has been found to be more 
23 

24 resistant to both pepsin and trypsin enzymes (Figure 4A and B). Indeed, only 40-50% peptide 

25 degradation was detected upon incubation with pepsin or trypsin even after 180 min of incubation 
27 (Figure 4A and B). In the case of r(P)ApoB Ala peptide, about 50% degradation has been detected 
28 
29 upon incubation with pepsin (Figure 4A), whereas the peptide was found to be much more sensitive 
30 

31 to trypsin, with about 80% degradation detected already upon 10 min of incubation (Figure 4B). This 

32 appears in disagreement with previously reported data indicating the presence in r(P)ApoBL
Ala 

34 peptide of 6 cleavage sites recognized by trypsin and 10 cleavage sites recognized by pepsin (Figures 
35 

36 3A and B). However, it has to be considered that in SGF and SIF media peptide r(P)ApoBL
Ala might 

37 

38 assume local conformations that might interfere with protease cleavage by masking specific sites. 
39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 
51 

52 Figure 4. Analysis of ApoB-derived peptides hydrolysis in simulated gastric fluid (A, white bars) or 

53 in simulated intestine fluid (B, black bars). Graphs have been obtained upon SDS-PAGE and 

55 densitometric analyses of the intensity of the bands corresponding to full-length peptides in the 
56 
57 absence or in the presence of pepsin (A) or trypsin (B). Experiments were performed in triplicate. 
58 

59 Significant differences were indicated as *(P < 0.05), **(P < 0.01) or ***(P < 0.001) for treated 

60 versus untreated samples. 
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1 

2 
3 4. Discussion 
4 
5 

4.1 Host Defence Peptides as novel food bio-preservatives 

7 

8 Host Defence Peptides (HDPs), released upon proteolytic cleavage of precursor proteins, have gained 
9 

10 great attention because of their broad-spectrum antimicrobial activity and anti-biofilm properties [23]. 

11 Furthermore, despite conventional antibiotics, HDPs general mechanism of action minimizes the rise 

13 of resistance phenotype development. This was found to be the case of antimicrobial ApoB-derived 
14 

15 peptides that were found to be effective on food-borne pathogens while not inducing the development 

16 of resistance in bacterial strains generally causing skin infections [21,23]. Indeed, ApoB-derived 
18 peptides were found to be effective on both Salmonella enteriditis 706 RIVM and Salmonella 
19 
20 typhimurium ATCC® 14028 bacterial strains with MIC values ranging from 2.5 to 5 μM [23], a value 
21 

22 similar to those reported in the literature for different AMPs found to be effective on Salmonella 

23 strains and proposed as effective tools to counteract infections caused by multidrug resistant strains 

25 [41]. Here, we also demonstrated that a prolonged exposure of Salmonella strains to r(P)ApoBL
Pro 

26 

27 peptide is not responsible for the development of resistance phenotype in contrast with what observed 
28 

29 upon treatment with conventional antibiotic ciprofloxacin. ApoB-derived peptides were also found 

30 to be cytocompatible, since they were found not to affect the viability of human gastric carcinoma 
31 
32 cells SNU-1 and of human colon-rectal adenocarcinoma cells HT-29, thus suggesting that they might 
33 

34 not induce toxic effects upon consumption by humans. An example of antimicrobial peptide largely 

35 employed as a food preservative is represented by nisin, a peptide endowed with broad activity against 

37 Gram-positive bacteria and that was approved for human consumption by both US Food and Drug 
38 
39 Administration (FDA) and by the European Food Safety Authority (EFSA) with its assigned E 
40 

41 number being E 234 [42]. Nisin has been reported to act by inhibiting bacterial growth, by generating 

42 pores in cell membrane and by interrupting cell-wall biosynthesis through specific lipid II interaction 

44 [43], a mechanism similar to that reported for ApoB-derived peptides whose main target is 
45 

46 represented by bacterial membranes. Indeed, we demonstrated that ApoB-derived peptides 

47 antimicrobial activity is dependent from their interaction with specific components of bacterial 

49 
surfaces, such as LPS or LTA, which induce peptides to form β-sheet-rich amyloid-like structures 

50 
51 [20,44]. Starting from these elements, in the future it will be possible to design variants of the 
52 

53 antimicrobial peptides under study even more effective in counteracting bacterial infections and in 

54 preventing food contamination and spoilage. It has also to be highlighted that ApoB-derived peptides 

56 under study present some advantages over peptides conventionally employed in food preservation as 
57 
58 nisin. Indeed, it has been widely reported that nisin is less effective in dairy foods with a neutral pH 
59 

60 [45,46], probably due to a lack of peptide stability at neutral pH together with the possible 

development of resistance phenotype. Nisin stability and activity have been reported to be greatly 
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1 

2 
3 affected by pH with a maximum of solubility and stability detected at pH 3 [47,48], an aspect that 
4 

5 strongly influences nisin applicability. ApoB-derived peptides, instead, were found to exert maximal 

6 antimicrobial activity at neutral pH, to remain active at pH 9 an to be affected by acidic pH [23]. This 
8 

might suggest their applicability and effectiveness to prevent bacterial contaminations in conditions 
9 
10 where nisin is less effective. It has been also described the development of resistance to nisin in vitro 
11 

12 in L. monocytogenes, Listeria  innocua, Clostridium botulinum,  Streptococcus thermophilus, S. 

13 aureus, and S. bovis strains [49,50]. In the case of ApoB-derived peptides, instead, no resistance 

15 development was detected both upon prolonged exposure of Salmonella strains to r(P)ApoBL
Pro 

16 
17 peptide, as here reported, and upon prolonged exposure of A. baumannii ATCC 17878 and S. 
18 

19 epidermidis ATCC 35984 bacterial cells to r(P)ApoBL
Pro, r(P)ApoBL

Ala, and r(P)ApoB Pro peptides, 

20 as previously described [21]. This is a further important aspect evidencing a hypothetical advantage 

22 of ApoB-derived peptides over peptides conventionally used for food preservation and that opens 
23 

24 interesting perspectives to their future applicability. 
25 
26 4.2 Evaluation of ApoB-derived peptides digestibility 
27 
28 

29 To perform a further step towards ApoB-derived peptides applicability as food bio-preservatives, we 

30 also performed experiments to evaluate peptides digestibility. To this purpose, we performed as first 
31 
32 an in silico analysis by using Expasy [51] and Prosper [52] tools, a score-based and a feature-based 
33 

34 tool, respectively. By using these tools, multiple cleavage sites were predicted in ApoB-derived 

35 peptides. In particular, Prosper bioinformatic tool allowed us to analyse peptides susceptibility to 24 

37 proteases comprising Aspartic (A), Cysteine (C), Metallo (M) and Serine (S) proteases from 
38 
39 MEROPS database [53]. In order to increase the performance, analyses were performed on the basis 
40 

41 of local amino acid sequences predicted secondary structure, solvent accessibility and predicted 

42 native disorder [54]. By this way, in each peptide, cleavage sites for five proteases were identified, 

44 i.e., cathepsin K (cysteine proteases), metallopeptidase-3 and -9 (metalloproteases), elastase-2 and 
45 

46 cathepsin G (serine proteases). These proteases are involved in key physiological processes, such as 

47 tissues remodelling (matrix metalloproteases) [55], regulation of bone resorption (cathepsin K largely 
49 

expressed by osteoclasts) [56], epidermis skin barrier and digestion of extracellular matrix 
50 
51 components and ingested bacteria (elastase-2 mainly produced by polymorphonuclear leukocytes and 
52 

53 cathepsin G found in azurophil granules of neutrophils) [57,58,59]. In the case of r(P)ApoBL
Ala 

54 peptide, it was also identified a cleavage site for chymotrypsin A, a serine protease contributing to 

56 the digestion of food proteins in mammalian intestine [60]. Cleavage scores were also generated to 
57 
58 evaluate the accuracy of PROSPER prediction and determined values were found to be high for 
59 

60 chymotrypsin A (88.5 %), elastase-2 (82.9 %), matrix metallopeptidase-9 (81.2 %), cathepsin G (81.0 

%), matrix metallopeptidase-3 (79.9 %) and cathepsin K (79.6 %). To integrate bioinformatic data 
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1 

2 
3 with experimental evidence, analyses were also performed to simulate the exposure of ApoB-derived 
4 

5 peptides to gastrointestinal tract by using Simulated Gastric Fluid (SGF) and Simulated Intestine 
6 

7 Fluid (SIF) models. By this way, we demonstrated that r(P)ApoBL
Pro peptide was hydrolysed within 

8 10 min of incubation in both SGF (50% hydrolysis) and SIF (80% hydrolysis), whereas r(P)ApoB Pro 

9 
10 was degraded after 180 min incubation in SGF (50% hydrolysis) and SIF (50% hydrolysis). 
11 

12 r(P)ApoBL
Ala peptide was also found to be highly susceptible to degradation even if with some 

13 differences between SIF (50% degradation upon 10 min incubation) and SGC (80% degradation upon 

15 10 min incubation). Similar analyses are reported in the literature for nisin, a polycyclic antibacterial 
16 
17 peptide produced by the bacterium Lactococcus lactis and highly used as a food preservative [61,62]. 
18 

19 It has been reported that nisin peptide is completely digested only when incubated in the small 

20 intestine simulated fluid, whereas, in oral and gastric digestion fluid, only 16% of the peptide is 

22 hydrolyzed [61,62]. When computer-aided designed peptides PepGAT and PepKAA have been 
23 

24 analysed in SGF and SIF, PepGAT peptide was found to be readily degraded by pepsin and trypsin, 

25 whereas PepKAA was found to be completely degraded by trypsin only after 2 hours [63]. Hence, 
27 based on literature data, we can affirm that ApoB-derived peptides, once consumed by humans, 
28 
29 should be rapidly digested, thus probably avoiding side effects. Even if some allergenic proteins have 
30 

31 been found to be quickly degraded in the gastro-intestinal tract, probably because of specific 

32 environmental conditions that might alter proteases activity [29], it has to be highlighted that ApoB- 

34 derived peptides are of human origin and have been found to be neither toxic nor haemolytic when 
35 

36 tested on eukaryotic mammalian cells. 
37 
38 

4.3 Future perspectives 
39 
40 

41 Based on the preliminary promising findings reported in the present manuscript, further experiments 

42 will be performed in the future to deepen on peptides’ digestibility and allergenicity. Reported data 

44 appear to indicate peptides cytocompatibility, since no toxic effects were detected when peptides were 
45 

46 analysed on stomach and intestinal cell lines under the experimental conditions tested. Furthermore, 

47 despite conventional antibiotics, ApoB-derived peptides were found not to induce resistance 
49 

phenotype even after prolonged incubation with Salmonella cells. Preliminary data on peptides 
50 
51 digestibility were also collected by performing bioinformatic analyses that revealed the high 
52 

53 susceptibility of peptides to several proteases, as also confirmed by experiments in simulated gastric 

54 and intestinal fluids, thus suggesting peptide fast degradation upon ingestion. Hence, ApoB-derived 

56 peptides appear  promising candidates  to  be employed  as novel  food  bio-preservatives able  to 
57 
58 counteract bacterial infections without inducing resistance development. Based on this, future 
59 

60 experiments will be also performed by incorporating peptides in edible films used to wrap food 

samples [24,64] and to prevent their contamination. 
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1 

2 
3 5. CONCLUSION 
4 
5 

Finding natural antibacterial molecules rather than antibiotics or chemical additives to preserve food 

7 samples from contaminations is desired to meet consumers’ needs. Currently, nisin, produced by 
8 
9 microbial fermentation of Lactococcus lactis, is the only antimicrobial peptide widely utilized for the 
10 

11 preservation of food [65]. However, several antimicrobial peptides have been found to possess 

12 features that make them suitable as natural food bio-preservatives [65]. Here, we demonstrated that 

14 ApoB-derived recombinant peptides are not toxic when tested on stomach and intestinal cell lines 
15 

16 and don’t induce resistance phenotype upon prolonged incubation with Salmonella cells. By 
17 

18 bioinformatic analyses, peptides were also found to be susceptible to several proteases, as confirmed 

19 by experiments in simulated gastric and intestinal fluids, indicating that peptides, once consumed by 
20 
21 humans, should be rapidly digested, thus probably avoiding side effects. Altogether, these findings 
22 

23 open interesting perspectives to the future applicability of ApoB-derived peptides in food industry 

24 and to their employment in combination with other antimicrobial compounds, essential oils and 

26 polymeric nanoparticles to enhance the shelf-life of food samples. 
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HT- 

26 29 (A, B, C) and SNU-1 (D, E, F) cell lines. MTT reduction assays were performed by treating cells 

with 
27  increasing concentrations (0-100 µM) of each peptide for 24 and 48 h. Experiments were 

performed in triplicate with triplicate determinations. Significant differences were indicated as *(P < 
0.05) for treated 
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versus untreated samples. 
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3 Table 1. MIC values obtained at time 0 and after several rounds of treatment of bacterial cells with 
4 ciprofloxacin or r(P)ApoB Pro peptide 
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6 CIPROFLOXACIN r(P)ApoBL
Pro 

 

7 S. typhimurium 
8 ATCC 14028 

S. enteriditis 
706 RIVM 

S. typhimurium 
ATCC 14028 
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706 RIVM 
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MIC 

(µM) 
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increase 
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5 5 17 0.6 2 10 4 5 1 
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46 peptides sequences. Analyses have been performed by using Peptide Cutter tool on ExSPAsy database. The 
47 total number and the position of pepsin and trypsin cleavage sites are shown in r(P)ApoBLPro, r(P)ApoBLAla, 
48 and r(P)ApoBSPro. 
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47 analyses of the intensity of the bands corresponding to full-length peptides in the absence or in the 

presence of pepsin (A) or trypsin (B). Experiments were performed in triplicate. Significant differences 
were indicated 
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as *(P < 0.05), **(P < 0.01) or ***(P < 0.001) for treated versus untreated samples. 
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