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Abstract 

Plant bioactive compounds are good candidates in biomedicine and the investigation of their 

functional activities deserves particular attention for their clinical application. This study 

exploits innovative in silico, in vitro and in vivo approaches to investigate the functional 

properties of plant secondary metabolites of biomedicine interest. 

The in silico analyses were supported by bioinformatics tools that have been used to study the 

ability of biomaterials surface to modulate cellular pathways. Other tools have been used to 

find food-containing miRs involved in the modulation of the inflammatory process. 

In vitro analyses were used to study antimicrobial, antioxidant, anti-inflammaging, wound 

healing and hypoglycaemic abilities of bioactive compounds. Using P. Spinosa L. fruit 

extract, based on the secondary metabolites analysed (through quali- and quantitative analyses 

performed with HPLC-DAD and HPLC/MS), the investigation has been performed in 

microorganisms, cell free and cell based systems. 

In vivo analyses were performed in the model organism C. elegans to determine antioxidant 

and anti-aging activities of the P. Spinosa L. fruit extract. 

Finally, leucosomes loaded with P. Spinosa L. fruit extract were used as biomimetic 

nanosystems to analyse the anti-inflammatory and wound healing properties. 

Overall, our data suggest that the use of secondary plant metabolites may be an adjuvant 

therapeutic treatment to counteract the pro-inflammatory and pro-oxidative conditions 

induced by aging and the associated diseases. These properties can also be exploited in 

biomedicine, both for the functionalization of biomaterials and for drug delivery.
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1. INTRODUCTION 

 

There is a growing interest in associating “biological” and “material” systems to advance 

biomedical researchers in innovative opportunities related to biomaterials. A biomaterial is a 

material designed to take a form that can direct, through interactions with living systems, the 

course of any therapeutic or diagnostic procedure [1]. Biomaterials are required to act 

harmoniously with the host. Investigating cellular in vitro or in vivo phenotypic responses to 

the material surface helps to determine the associated biocompatibility [2]. The study of 

biomaterials has focused mainly on the nanofibers scaffold, a three-dimensional substrate that 

mimics the extracellular matrix (ECM) favouring cell adhesion, proliferation and 

differentiation. Among the methods for the production of nanofibers, electrospinning is the 

most efficient and versatile and allows the production of nano-structured fibers that can be 

used in the process of wound repair, encapsulation of active substances, controlled release 

systems and functional food [3, 4]. The nanofibrous scaffolds have a very high 

surface/volume ratio and adjustable porosity and in this way, it is possible to obtain a 3D 

culture with a high structural similarity to the ECM which influences the behaviour of the 

cells and which adopt morphologies similar to those assumed in vivo. The architecture of the 

scaffold governs the cellular response leading to changes in intracellular signalling pathways, 

which results in a modification of gene expression. There are many variables that can 

influence the interaction of cells with biomaterials such as surface topography [5] and 

material surface chemistry [6]. In recent years, biomaterials and natural molecules 

coordination has attracted considerable interest in engineering functional materials [7]. 

Surface functionalization is a useful and versatile procedure for making multifunctional 

materials, combining the properties of both substrates and grafted molecules. The coupling 

between biomaterials and polyphenols extracts allows combining their properties, with 
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possible benefits on human health. Scientific literature has shown that functionalization of 

biomaterials with polyphenols improves the performance of final medical devices [8]. For 

example, the polyphenols extracted from green tea coupled with bioactive glasses have been 

shown to preserve the viability and proliferation rate and of healthy osteoblastic progenitor 

cells [9]. 

Plant polyphenols are usually referred to as a diverse group of compounds containing multiple 

phenolic functionalities, which are produced as secondary metabolites by most of higher 

plants [10]. Phenolic compounds have been documented to possess potent antioxidant, 

antimicrobial, enzyme inhibitory, anti-inflammatory, antimutagenic, anticarcinogenic, anti-

aging effects and complexing properties towards proteins, stimulating antioxidant enzymes in 

the human body [11]. These properties depend on the potential of polyphenols to reduce the 

production of reactive oxygen species (ROS) through the inhibition of oxidase, decreasing the 

production of superoxide, improving the mitochondrial oxidative process and inhibiting the 

formation of oxidized low-density lipoproteins [12]. These abilities make polyphenols 

interesting for the treatment of various diseases like inflammation or cancer, but also for anti-

aging purposes and for nutraceutical applications. 

In recent years, numerous studies have highlighted the role of inflammaging defined as a 

systemic, chronic, low-grade inflammatory state associated with aging [13]. This 

phenomenon is characterized by the increased production of pro-inflammatory factors by 

senescent cells in the tissue microenvironment. This secretory phenotype is defined SASP 

(Senescence-Associated Secretory Phenotype) and involves the secretion of different 

molecules, including interleukin (IL)-1α/β, IL-6, IL-8, transforming growth factor (TGF)-β 

and tumor necrosis factor (TNF)-α [14]. MicroRNAs have also been reported to play a role in 

SASP and its systemic spread [15]. These microRNAs have been recently defined as 

inflamma-miRs and they are involved in inflammation and oxidative stress. It has been 
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documented that the interaction between inflamma-miRs and the intestinal microbiome can 

participate to the balance between pro- and anti-inflammatory factors potentially contributing 

to the development of some diseases [16]. Notably, inflamma-miRs may integrate signals 

from food and gut microbiota by modulating common signalling pathways [17, 18]. 

Of great interest is the role played by miR-126 which regulates the expression of the VCAM-

1 (Vascular Cell Adhesion Molecule 1) and ICAM-1 (Intercellular Adhesion Molecule 1) 

proteins responsible for the endothelial adhesion process [19]. The partial interaction that is 

established between this miRNA and the 3 'UTR region inhibits the translation of the proteins. 

Another important miRNA is miR-146a which is involved in the inhibition of the expression 

of its targets IRAK-1 (Interleukin-1 receptor-associated kinases 1) and TRAF-6 (TNF 

Receptor Associated Factor-6), two proteins involved in the signal transduction of TLR4 

(Toll-Like Receptor 4). The TLR4 signaling pathway, through the IRAK-1 mediator, 

promotes the activation of the NF-κB transcriptional complex, which is responsible for the 

production of pro-inflammatory cytokines, including IL-6. The miR-146a also regulates 

TLR4 pathway activation through a negative feedback loop. Hence, during a pro-

inflammatory condition, miR-146a is down-regulated and allows the expression of IRAK-1 

and IL-6 [20]. 

The release of SASP factors, including proteins and nucleic acids, at the paracrine and 

systemic levels, fuels inflammation and induces the recruitment of immune cells to eliminate 

damaged cells from tissues [21]. Thus, senescence appears to have evolved as a protective 

mechanism against damage induced by a variety of stressors and play a physiological role in 

promoting wound healing, reducing the expansion of transformed cells, limiting fibrosis and 

aiding cell reprogramming in vivo [22–24]. However, a chronic SASP is associated with the 

spread of senescence and a higher pro-inflammatory state leading to increased tissue injury 

and poor healing [25]. This condition depends not only by the persisting inflammatory cells 
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and generation of pro-inflammatory cytokines, but also by increased ROS that can lead to 

direct damage of cells or extracellular matrix molecules [26]. SASP is also related to the 

development of Age-Related Diseases (ARDs) associated with a chronic inflammatory state 

including type 2 Diabetes Mellitus, cancer, cardiovascular and neurodegenerative diseases 

(Alzheimer's and Parkinson's). Type 2 Diabetes Mellitus is a chronic disease characterized by 

high levels of glucose in the blood due to insulin-resistance where the chronic hyperglycemia 

is a condition that fosters oxidative stress and pro-inflammatory signals, both involved in the 

promotion of cellular senescence. 

Since SASP exerts pro-oxidant and pro-inflammatory activities, it is likely that bioactive 

compounds found in food with antioxidant or anti-inflammatory properties could serve as 

anti-SASP agents and promote health beneficial effects [27]. In recent years there has been a 

growing interest in the isolation of bioactive compounds from natural sources, in particular 

from fruits, vegetables, cereals and seeds [28]. As illustrated by Li et al. [29] wild fruits, 

including P. spinosa L. fruits, are a source of important bioactive compounds, such as 

anthocyanins and flavonoids. Many studies have shown that wild fruits have various health 

benefits such as anti-inflammatory, antimicrobial, antitumor and antioxidant activities, which 

include free radical scavenging. For this reason they can potentially be used as functional 

foods and a source of new therapeutic preparations to prevent and treat various chronic 

diseases [30, 31]. Natural products such as plants and their extracts have been used for 

thousands of years for their beneficial effects, and today an increasing attention is paid to the 

search for natural extracts that are potentially active in inflammatory states and microbial 

infections. The Prunus spinosa L. commonly called "blackthorn", belonging to the Rosaceae 

family and to the Prunus genus, grows spontaneously in uncultivated land as a thorny shrub 

and all the components of the tree are widely used in phytotherapy. The blackthorn is a 

deciduous fruit common in all the mountainous wooded places of Italy and other provinces of 
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Europe, western Asia, north-western Africa and is also naturalized in New Zealand and North 

America [32]. Each part of the plant, namely the flowers, fruits, leaves and young branches of 

the blackthorn, have peculiar beneficial properties [33]. In particular, the flowers are used as 

infusions for their purgative, diuretic and detoxifying properties. The fruits, on the contrary, 

are used as astringents, and in mild inflammatory states of the oral and pharyngeal mucosa 

[34]. The beneficial effects of P. Spinosa L. are probably attributed to the polyphenols present 

in the plant which include flavonoids, anthocyanins, phenolic acids, flavonols, tannins and 

ascorbic acid [35]. These compounds individually or combined are responsible for various 

health benefits closely related to the phenolic content. The most abundant compounds present 

in the fruit of P. Spinosa L. are anthocyanins, the pigments responsible for the blue-violet 

colour of the blackthorn, in particular cyanidin-3-O-rutinoside, cyanidin 3-glucoside and 

peonidin-3-O-rutinoside [36]. Anthocyanins have long been known for some biological 

properties: they reduce capillary permeability, prevent collagen degradation, reduce oedema 

and act as free radical scavenger. The other phenolic compounds present are hydroxycinnamic 

acids, hydroxybenzoic acids, and especially flavonols, such as some derivatives of quercetin 

(quercetin-3-O-rutinoside, quercetin-3-O-hexoside-O-pentoside, quercetin-3-O-glucoside, 

quercetin-3-O-pentoside and quercetin-3-O-rhamnoside) [37]. Specifically, flavonols can play 

a role as antioxidants, positively regulating blood and lymphatic microcirculation, 

strengthening the immune system and preventing diseases associated with chronic 

inflammation. Other active components of the plant include phenolic acids such as 

chlorogenic acid, gallic acid, trans-caftaric acid, trans-coutaric acid, caffeic acid, sirginic acid, 

p-coumaric acid and flavanols such as procyanidin B2, (+)-catechin, (-)-epicatechin and 

hyperoside [32, 38]. 

The main disadvantage of using natural extracts is their low bioavailability [39]. Effective 

concentration of these substances are unlikely to be found in the bloodstream and therefore 
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hardly exert biological properties in the site of action they have to reach. In the context of 

biomaterials, these are used in nanomedicine for the drug delivery system (DDS). The DDS 

are developed in order to improve the pharmacokinetics and pharmacodynamics of substances 

for therapeutic use and to allow their desired dose delivery in the targeted site. To meet the 

most advanced therapeutic needs, innovative DDSs such as nanoparticles have been 

developed. The nanodelivery systems can carry the drug adsorbed or conjugated to the surface 

of the particles, encapsulated inside or can even be released in the matrix. When the 

nanoparticles are loaded with a drug, they can also be directed towards a specific pathological 

site. Different types of nanocarriers are used in drug delivery formulations such as liposomes, 

polymer micelles, dendrimers, polymer-drug conjugates, inorganic nanoparticles and 

carbonaceous nanomaterials. Liposomes are the most common and studied nanocarriers, 

while polymeric nanoparticles represent one of the most innovative approaches for drug 

delivery. An innovative biomimetic nanosystem, which combines nutraceutical active 

ingredients, purified membrane proteins, and fully biocompatible synthetic lipids, represents a 

possible effective adjuvant therapy for the treatment of wound healing. Furthermore, 

biomimetic nanovesicles can be useful for the encapsulation/incorporation of other 

nutraceutical products, of which pharmacological properties in vivo are hindered by their poor 

chemical stability and low bioavailability. 
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2. AIM OF THE STUDY 

Bioactive compounds of food origin are good candidates in biomedicine and the investigation 

of their functional activities deserves particular attention for their clinical application. This 

study exploits innovative in silico, in vitro and in vivo approaches to investigate the functional 

properties of plant secondary metabolites of interest for biomedicine. 

The in silico analyses were supported by bioinformatics tools that have been used to study the 

ability of biomaterials surface to modulate cellular pathways. Other tools have been used to 

find food-containing miRs involved in the modulation of the inflammatory process. 

With the aim to identify natural bioactive compounds useful for biomaterials 

functionalization, we focused the attention on P. Spinosa L. fruit extract, curcumin, polydatin 

and quercetin functional activities (i.e.: antimicrobial, antioxidant, anti-inflammaging, wound 

healing and hypoglycaemic abilities). 

In vitro analyses were used to study antimicrobial, antioxidant, anti-inflammaging, wound 

healing and hypoglycaemic abilities of bioactive compounds. Using P. Spinosa L. fruit 

extract, based on the secondary metabolites analysed (through quali- and quantitative analyses 

performed with HPLC-DAD and HPLC/MS), the investigation has been performed in 

microorganisms, cell free and cell based systems. 

In vivo analyses were performed in the model organism C. elegans to determine antioxidant 

and anti-aging activities of the P. Spinosa L. fruit extract. 

Finally, leucosomes loaded with P. Spinosa L. fruit extract were used as biomimetic 

nanosystems to analyse the anti-inflammatory and wound healing properties. 
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3. SYMBIOTIC RELATIONSHIP BETWEEN CELL SIGNALLING 

AND BIOMATERIALS  

 

Through the Reactome bioinformatics analysis, the pathways that are modulated by 

topographies on different biomaterials have been evaluated. Novel molecular mechanisms 

modulated during cell and matrix interactions have been identified. Independently from the 

biomaterial considered, the pathways modulated by topography were the ‘Developmental 

biology (Axon guidance)’ and the ‘Metabolism of protein’ pathways. With these analyses it 

has been evidenced that nanofibers may have the suitable topography that more closely 

mimics extracellular matrix components. 

 

Original article published in: 

Current Opinion in Biomedical Engineering. Volume 17, March 2021, 100246 

(doi.org/10.1016/j.cobme.2020.09.002). 
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4. INFLAMM-AGING microRNAs MAY INTEGRATE SIGNALS 

FROM FOOD AND GUT MICROBIOTA 

 

Through bioinformatics tools (DIANA, PATRIC, DMD database and SID.01), we have 

demonstrated a relationship between the gut microbiota, human inflammatory microRNAs 

(miR-155, miR-146a and miR-21) and food. These inflamma-miRs can modulate some 

pathways (degradation of lysine and elongation of fatty acids) involved in the modulation of 

the composition of the intestinal microbiota. Furthermore, the same inflamma-miRs are 

present in several foods, which, if consumed through the diet, could target and modulate the 

identified pathways associated with inflammation. 

 

Original article published in: 

Mechanisms of Ageing and Development. Volume 182, September 2019, 111127 

(doi.org/10.1016/j.mad.2019.111127). 

 

 

 

 

 

 

 

 

 



18 
 

 



19 
 

 



20 
 

 



21 
 

 
 



22 
 

 
 



23 
 

 



24 
 

  



25 
 

5. FUNCTIONAL ACTIVITIES OF PRUNUS SPINOSA 

EXTRACT 

 

The chemical composition of P. Spinosa L. extract was analysed to investigate its biological 

properties. Considering the phenolic profile, we evaluated different functional activities. The 

antimicrobial properties against bacteria and fungi were determined. The antioxidant capacity 

by in vitro assays were evidenced and confirmed in vivo using the C. elegans model. The anti-

inflammatory and anti-aging properties were determined by analysing the expression of 

microRNAs associated with the inflammation process (TLR4 signalling: IRAK-1, IL-6 and 

miR-146a and cell adhesion: ICAM-1, VCAM-1 and miR-126) in U937, young and senescent 

HUVECs. The extract has also been used during HUVEC replicative senescence to 

demonstrate its ability to improve biological aging. Furthermore, the C. elegans model has 

also been exploited to determine in vivo anti-aging property (lifespan and healthspan). Wound 

healing properties have also been identified supported by inflammation markers analyses 

(TLR4 signalling: IRAK-1, IL-6 and miR-146a). The extract was encapsulated within 

biomimetic nanoparticles (leucosomes) with two different formulations (different 

phospholipid constituents). Thanks to this approach, we identified specific secondary 

metabolites responsible for the wound healing repair. 

 

Original articles published in: 

 Journal of Functional Foods. Volume 67, April 2020, 103885 

(doi.org/10.1016/j.jff.2020.103885). 

 Nanomaterials. Volume 11, December 2020 (doi.org/10.3390/nano11010036). 

 Antioxidants, Volume 10,  March 2021 (doi.org/10.3390/antiox10030374). 
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6. CURCUMIN, POLYDATIN AND QUERCETIN SYNERGISTIC 

ACTIVITY PROTECTS FROM HIGH-GLUCOSE-INDUCED 

INFLAMMATION AND OXIDATIVE STRESS 

 

Age-Associated Diseases, characterized by a SASP pro-inflammatory phenotype, also 

concerns type 2 Diabetes Mellitus since it is associated with a chronic hyperglycemic state 

that promotes cellular senescence. The production of inflammatory markers (MCP-1, IL-1β 

and IL-8) and reactive oxygen species were evaluated in young and senescent HUVECs 

subjected to a high glucose environment to mimic the hyperglycemic state. Natural bioactive 

compounds, such as polydatin, curcumin and quercetin, demonstrated a protection on 

hyperglycemia inflammation and oxidative stress. 

 

Original article published in: 

Antioxidants. Volume 11(6), May2022, 1037 (doi.org/10.3390/antiox11061037).  
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7. CONCLUSIONS 

 

Plant-derived secondary metabolites are active molecules with a diversity of biological 

properties beneficial to human health. For this reason, they have been long used for their 

clinical therapeutic application. It is actually known, that bioactive molecules influence the 

expression of genes and proteins, activating or inhibiting various metabolic pathways 

involved in different biological processes. For this reason, the aim of this research was the 

study of the functional properties of plant secondary metabolites, with particular attention to 

phenols of P. Spinosa L. extract, curcumin, polydatin and quercetin. Considering the 

increasing interest of natural extracts for the functionalization of biomaterials, in silico 

bioinformatics analyses can certainly be a first useful approach to identify the modulated 

pathways following the interaction between cell and substrate. Furthermore, the inclusion of 

natural molecules into electrospun scaffolds can support and improve material 

biocompatibility. This approach has important applications in disease treatment for different 

purposes including drug delivery (i.e. drugs, nucleic acids and hormones) and targeted and 

personalized medicine. The P. Spinosa extract can be a good candidate to the 

functionalization of biomaterials since in vitro and in vivo approaches identified appropriate 

functional characteristics that have been successfully applied in leucosome biomimetic 

nanosystems encapsulation for wound healing treatment. Biomimetic nanoparticles have also 

recently emerged as innovative drug delivery systems for highly effective and safe next-

generation therapies. 

Growing evidences strongly suggest that diet rich in polyphenols can reduce the inflammatory 

condition associated with the development of different diseases. In this study, inflamma-miRs 

contained in food were identified for their ability to modulate inflammatory processes. 



85 
 

Specifically, curcumin, polydatin and quercetin demonstrated antioxidant, anti-inflammatory 

and hypoglycemic abilities. 

Overall, our data suggest that the use of secondary plant metabolites may be an adjuvant 

therapeutic treatment to counteract the pro-inflammatory and pro-oxidative conditions 

induced by aging and the associated diseases. These properties can also be exploited in 

biomedicine, both for the functionalization of biomaterials and for drug delivery. 
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