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ABSTRACT  

To date, traditional surgical interventions and the employment of medical devices thought to restore 

the structure, morphology, and functionality of the ureter do not allow to obtain satisfactory results 

in the field of reconstructive urology, since they are limited by anatomical and biological issues. For 

this reason, the ureter regeneration continues to represent an important medical need to be satisfied, 

and alternative approaches have been explored in the last years. Among them the tissue engineering 

approach could, particularly, allow to overcome the challenges and limitations encountered in the 

urological surgical practice.  

Therefore, the present PhD thesis has the objective to develop and characterize antibacterial 

polymeric membranes obtained by Electrospinning (ELS), a widely used technique in the tissue 

engineering field which enables to synthetize nanofiber-based matrices in a simple and effective way. 

Among the various synthetic polymeric materials used for the production of electrospun membranes, 

Polycaprolactone (PCL) was selected on the basis of its biocompatibility, slow biodegradability, and 

versatility. Moreover, to confer antibacterial properties to the final product, the PCL was combined 

with rifampicin (RIF), a broad-spectrum antibiotic, highly effective against Gram-positive bacteria.  

In detail, the first part of the present work describes the production and the characterization of planar 

PCL-based membranes loaded with RIF. The qualitative characterization of the PCL and PCL/RIF 

membranes was carried out by means of scanning electron microscope (SEM) analysis, and allowed 

to evaluate the fibrous morphology, orientation, and the mean diameter. The results showed the 

absence of defects on the fibers, which were randomly oriented with a homogeneous mean diameter. 

On the other hand, uniaxial tensile tests carried out on both types of membranes showed optimal 

mechanical properties in terms of mechanical strength and elongation at break, making the 

membranes suitable candidates to be used in ureter tissue engineering. The drug release from RIF-

loaded membranes was then evaluated, displaying a burst release of the antibiotic agent in the first 
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24 hours and, subsequently, a slowdown of the release over time. This release guaranteed an antibiotic 

capacity in terms of inhibition of bacteria growth on tested bacterial strains such as Staphylococcus 

aureus, Escherichia coli, Acinetobacter baumannii, Pseudomonas aeruginaosa, and Klebsiella 

pneumoniae. Subsequently, the biocompatibility as well as the ability of the membranes to sustain 

cell adhesion and proliferation was tested using Human urothelial bladder carcinoma cells (UCs) as 

cellular model. The results revealed an optimal cell viability and spreading on the surface of the 

electrospun matrices, even in the presence of the antibiotic drug. 

Considering the possible occurrence of bacterial infections caused by different pathogens, the 

development of a structure able to adequately combine different antibacterial strategies could be 

particularly advantageous.  

For this reason, the second part of the present thesis concerned the production of coaxial core/shell 

PCL-based electrospun fibers. In detail, the RIF was loaded within the core of the final structure, with 

the aim to slow its release and guarantee a prolonged antibacterial efficacy, while the shell of the 

fibers was functionalized with silver nanoparticles (AgNPs) to maintain an immediate effect upon the 

implantation in the surgical site. Field-emission scanning electron microscopy (FE-SEM) and energy 

dispersive spectroscopy (EDS) analyses displayed the presence of the silver nanoparticles on the 

surface of the fibers as well as a homogeneous distribution. A burst release of RIF from the core was, 

afterwards, registered in the first 24 hours, after that a plateau was reached. In addition, the rifampicin 

and silver released guaranteed an inhibitory activity against Staphylococcus aureus and Escherichia 

coli, respectively, when studied independently. Interestingly, a synergic effect of the antibacterial 

agents was observed in the double functionalized electrospun mats, causing an inhibition of the 

bacterial growth on both tested bacterial strains. All the produced membranes then showed good 

biocompatibility towards UCs, confirming that the release of both antibacterial agents does not affect 

cell viability.  
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However, the produced membranes did not possess a ureter-like nanofibrous architecture and for this 

reason, the third part of the present thesis focused on the synthesis of the bi-layer PCL electrospun 

membranes and, finally, a tubular PCL electrospun scaffold. Both membranes showed an inner layer 

characterized by aligned-oriented nanofibers, and an outer layer characterized by randomly oriented 

nanofibers. The simultaneous presence of two layer with a different orientation of the nanofibers 

could allow the adhesion of Smooth Muscle Cells (SMCs), on the inner layer, and UCs, on the outer 

layer, enabling to mimic the tissue organization of ureter.  
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SOMMARIO 
 

Ad oggi, gli interventi chirurgici tradizionali e l'impiego di dispositivi medici volti a ripristinare la 

struttura, la morfologia e la funzionalità dell'uretere non consentono di ottenere risultati soddisfacenti 

nel campo dell'urologia ricostruttiva, poiché limitati da problematiche anatomiche e biologiche. Per 

questo motivo, la rigenerazione dell'uretere continua a rappresentare un'importante necessità medica 

da soddisfare e negli ultimi anni sono stati esplorati approcci alternativi. Tra questi l'approccio 

dell’ingegneria tissutale potrebbe, in particolare, consentire di superare le sfide e i limiti incontrati 

nella pratica chirurgica urologica.  

Pertanto, la presente tesi di dottorato ha l'obiettivo di sviluppare e caratterizzare membrane 

polimeriche antibatteriche ottenute mediante l’elettrofilatura (electrospinning, ELS, una tecnica 

ampiamente utilizzata nel campo dell'ingegneria tissutale che consente di sintetizzare matrici a base 

di nanofibre in modo semplice ed efficace. Tra i vari materiali polimerici sintetici utilizzati per la 

produzione di membrane elettrofilate, il policaprolattone (PCL) è stato selezionato sulla base della 

sua biocompatibilità, lenta biodegradabilità e versatilità. Inoltre, per conferire proprietà antibatteriche 

al prodotto finale, il PCL è stato combinato con rifampicina (RIF), un antibiotico ad ampio spettro 

altamente efficace contro i batteri Gram-positivi. 

Nel dettaglio, la prima parte del presente lavoro descrive la produzione e la caratterizzazione di 

membrane planari a base PCL caricate con RIF. La caratterizzazione qualitativa delle membrane PCL 

e PCL/RIF è stata effettuata mediante analisi al microscopio elettronico a scansione (SEM) e ha 

permesso di valutare la morfologia delle fibre, il loro orientamento e il loro diametro medio. I risultati 

hanno mostrato in particolare l'assenza di difetti sulle fibre, che sono orientate in modo casuale con 

un diametro medio omogeneo. D'altra parte, le prove di trazione uniassiale effettuate su entrambi i 

tipi di membrane hanno mostrato proprietà meccaniche ottimali in termini di resistenza meccanica e 

deformazione, rendendo le membrane candidate adatte ad essere utilizzate nell'ingegneria tissutale 
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dell’uretere. È stato quindi valutato il rilascio del farmaco dalle membrane caricate con RIF, che 

mostra un rilascio rapido dell'agente antibiotico nelle prime 24 ore e, successivamente, un 

rallentamento dello stesso nel tempo. Questo rilascio ha garantito una capacità antibiotica in termini 

di inibizione della crescita batterica sui ceppi batterici Staphylococcus aureus, Escherichia coli, 

Acinetobacter baumannii, Pseudomonas aeruginaosa e Klebsiella pneumoniae. Successivamente, la 

biocompatibilità e la capacità delle membrane di sostenere l'adesione e la proliferazione cellulare 

sono state testate utilizzando cellule di carcinoma uroteliale umano della vescica (UC) come modello 

cellulare. I risultati hanno rivelato una vitalità cellulare ottimale e la diffusione sulla superficie delle 

matrici elettrofilate, anche in presenza del farmaco antibiotico. 

Considerando la possibile insorgenza di infezioni batteriche causate da diversi patogeni, lo sviluppo 

di una struttura in grado di combinare adeguatamente diversi trattamenti antibatterici potrebbe essere 

particolarmente vantaggioso. 

Per questo motivo, la seconda parte della presente tesi ha riguardato la produzione di fibre elettrofilate 

coassiali “core/shell” a base di PCL. Nel dettaglio, la RIF è stata caricata all'interno del nucleo della 

struttura finale, con l'obiettivo di rallentarne il rilascio e garantire una prolungata efficacia 

antibatterica, mentre la superficie esterna delle fibre è stata funzionalizzata con nanoparticelle 

d'argento (AgNPs) per ottenere un effetto immediato al contatto con il sito impiantato. Le analisi di 

microscopia elettronica a scansione a emissione di campo (FE-SEM) e spettroscopia a dispersione di 

energia (EDS) hanno mostrato la presenza di nanoparticelle d'argento sulla superficie delle fibre e 

una distribuzione omogenea. Un rilascio rapido di RIF dal nucleo è stato registrato nelle prime 24 

ore, raggiungendo poi un plateau. Inoltre, la rifampicina e l'argento rilasciati hanno garantito 

un'attività inibitoria contro Staphylococcus aureus ed Escherichia coli, rispettivamente, se studiati in 

modo indipendente. È interessante notare che per le membrane con doppia funzionalizzazione è stato 

osservato un effetto sinergico degli agenti antibatterici, che ha causato un'inibizione della crescita 

batterica su entrambi i ceppi batterici testati. Tutte le membrane prodotte hanno poi mostrato una 
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buona biocompatibilità verso le UC, confermando che il rilascio di entrambi gli agenti antibatterici 

non influisce sulla vitalità cellulare. 

Tuttavia, le membrane prodotte non possedevano un'architettura nanofibrosa simile a quella 

dell’uretere e per questo motivo, la terza parte della presente tesi si è concentrata sulla sintesi di 

membrane elettrofilate a base di PCL a doppio strato e, infine, di uno scaffold tubolare elettrofilato 

di PCL. Entrambe le membrane hanno mostrato uno strato interno caratterizzato da nanofibre 

allineate e uno strato esterno caratterizzato da nanofibre orientate casualmente. La contemporanea 

presenza di due strati con un diverso orientamento delle nanofibre potrebbe consentire l'adesione di 

cellule muscolari lisce (SMC), sullo strato interno, e UC, sullo strato esterno, consentendo di mimare 

l'organizzazione tissutale dell'uretere.
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1. INTRODUCTION 

 

1.1 Anatomy of Ureter 

The ureters are tubular structures approximately 25-30 cm long, with an inner diameter of about 3 

mm, that connect the renal pelvis with urinary bladder making possible the unidirectional urine flow 

(Kulkarni, 2017). The ureter structure can be divided into proximal, middle, and distal section while 

its wall is composed by three types of tissue. Indeed, from inner layer to outer layer, the ureter is 

characterized by inner mucosa, middle muscle layer, and outer serosa (Figure 1). The mucosa layer 

is a thick transitional epithelium layer, called urothelium, which surrounds the inner tubular lumen 

and is composed of a layer of basal cells and a luminal layer of superficial cells. On the other hand, 

the middle muscle layer is made of smooth muscle cells and is composed by a longitudinally oriented 

inner layer and a circular outer layer. The muscular tunica, through its own contraction, is the 

responsible of the unidirectional peristaltic movements within the ureter allowing the urine movement 

towards the urinary bladder. Lastly, the outer serosa, called tunica adventitia, wraps the layers below 

and is composed by connective tissue rich of elastic fibers, blood vessels, and nerves.  

 

Figure 1. Histology of the human ureter (Kulkarni, 2017). Copyright 2017, with permission from John Wiley & Sons 

Ltd.    
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Nowadays, the ureter regeneration represents a relevant medical need since its structure and 

functionality can be seriously compromised by several conditions (Figure 2), in particular 

iatrogenic injuries, which include surgical procedures on the gastrointestinal tract or other 

abdominal surgery and represent the 70-90% of the ureteral injuries (Gild et al., 2018; Kominsky et 

al., 2021). Moreover, other conditions that could cause ureter damage are non-iatrogenic trauma, 

such as traumas, and biological diseases, including chronic inflammation, urolithiasis, infection, and 

ureteral carcinoma (Adamowicz et al., 2019; Burks & Santucci, 2014; Tyritzis & Wiklund, 2015). 

Therefore, with the aim to restore the ureter, several strategies are proposed and commonly used in 

the clinical practice, based on the extent of damage affecting the ureter.  

 

Figure 2. Diagram of main types of ureteral injuries and pathologies (Kapetanos et al., 2022). Copyright 2022, with 

permission from John Wiley & Sons Ltd.   
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1.2 Current Clinical Practice 

Generally, for the treatment of small lesions and lacerations at the level of ureter, but also tumors, 

kidney stones or ureter strictures, surgery practice may be unnecessary, making more appropriate the 

employment of the ureteric stents. These medical devices have the advantage of being 

endoscopically inserted inside the ureter and are commonly used since they are effective for 

supporting the ureteral healing, providing patient’s relief at the level of upper urinary tract, and 

sustaining the outflow of urine (Domingues et al., 2022; Ecevit et al., 2022; X. Liu et al., 2021; 

Mosayyebi et al., 2018). Moreover, among the strategies proposed in the medical literature to repair 

the ureter defects, the application of the ureter stents represent the most used approach: nowadays, 

over 1.5 million of ureteral stents are used every year to treat ureteral damages. However, despite the 

extensive use of the ureteral stents, it was estimated that more than 80% of patients experience a wide 

variety of stent-associated problems, involving significant risks to their quality of life. For example, 

stent application is often related with urinary tract infections (UTI), urosepsis, encrustation and, 

subsequently, biofilm formation, resulting in the surgical removal of the medical device (Sali & Joshi, 

2020; Scotland et al., 2019; Y. Wang, Ren, et al., 2023; Wierzbicka et al., 2023; Zheng et al., 2023). 

In many cases, the employment of autologous urological tissue and the subsequent anastomosis 

end-to-end represents the most frequently adopted methods for the reconstruction of extended 

portions of ureter, usually between 5 and 10 cm of length. This strategy is divided into three main 

recurrent reconstructive methods, called direct ureteroureterostomy (UU), transureteroureterostomy 

(TUU), and ureteroneocystostomy (UNC). In the case of treatment of extended ureteral injuries, it is 

even possible to apply more sophisticated surgical approaches that includes the psoas hitch, the Boari 

flap, or a combination of the two (Burks & Santucci, 2014; G. Ding et al., 2021; B. Li et al., 2023; 

Xiong et al., 2020). On the other hand, these surgical techniques, which are difficult to carry out for 

the accessibility of the anatomical site, involve risk of ischemia, impaired renal function, synthesis of 

urinary stones, and the formation of scar tissues especially at the site of the anastomosis, causing the 
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ureteric reconstruction failure for about 40% (Adamowicz et al., 2019; Kollhoff et al., 2011; Kraima 

et al., 2016).  

Another strategy to allow the ureter repair is currently represented by the employment of autologous 

bowel tissue, that represents the most frequently adopted method for the reconstruction of 

considerable portions of damaged ureter (longer than 15 cm). However, the application of this 

practice involves the occurrence of ureteral strictures, mucus production, stenosis, urinary reflux, and 

recurrence of obstruction culminating in the loss of the renal function, and subsequently in 

nephrectomy. Moreover, the clinical practice of the autologous transplantation of massive portions 

of unrelated tissue source is limited by donor site availability and can cause a more accentuated 

morbidity at the donor site level as well as, for instance, pain, post-operative infection, and 

hemorrhagic events (Gild et al., 2018; Kloskowski et al., 2013; Martini et al., 2017). Therefore, trying 

to reduce the morbidity for the patient, minimally invasive techniques were introduced in the clinical 

practice. The main advancement in the urological field is given by the application of the Yang-Monti 

approach, that involves the manipulation of short segments of the ileum tract in order to generate a 

vascularized structure before anastomosing it to the damaged ureter. Thanks to this method it is 

possible to obtain an improvement of the patient’s post-operative condition. Indeed, it allows a 

reduced mucus production, the mimicking of the innate function of the native ureter, and the 

prevention of metabolic abnormalities and related infections. Meanwhile, it allows the reconstruction 

of the whole damaged ureter, from the ureteropelvic junction to the ureterovesical junction, 

preserving the renal functionality (Ali-El-Dein et al., 2021; C.-W. Lin et al., 2022; Ocampo & 

Cabrera, 2023). However, this method is not free from disadvantages. Indeed, in obese patients, the 

vascularized structure originated from this approach remains relatively short and may not reach the 

skin without tension; on the other hand, in children’s patients, with an extensive distance from the 

native bladder to the umbilicus, the distance exceeds the length of tubular structure (Nerli et al., 2013).  



5 

 

All the methods here presented have been designed with the aim to satisfy the required medical need, 

but none of these have been fully successful, since they are limited by anatomical and biological 

constraints. Therefore, the regeneration of part of the ureter or the whole urinary tract continues to 

represent one of the main issues in the urological practice and makes it necessary the exploration and 

introduction of tissue engineering solutions.  

  

1.2.1 Ureter Tissue Engineering 

 

In the last years, several strategies have been proposed in the field of human ureter tissue engineering 

and could represent an alternative approach to restore the affected site. The tissue engineering 

approach involves, in detail, the seeding of cells on a biodegradable three-dimensional matrix, called 

scaffold, and its subsequent implantation into the damaged anatomical site (W.-J. Li et al., 2002; 

Rahmanian et al., 2019; X. Zhang et al., 2022). Therefore, to allow a correct ureter tract regeneration 

through tissue engineering approaches, different factors must be considered, such as the anatomical 

and physiological characteristics of the involved organ, the type of scaffold to be used, the signaling 

pathway underlying tissue regeneration, and a detailed understanding of the cell types naturally 

present in the human ureter (Zamani et al., 2020).  

In the field of ureter tissue engineering there are particularly two major groups of cell sources: stem 

cells and differentiated primary cells. Among these latter, the most employed cell population to 

regenerate the urinary tract is represented by autologous urothelial cells (UCs), which can form a 

barrier to prevent the reabsorption of urine. This cell population can be commonly obtained by 

bladder biopsies or urethral mucosa, but its isolation is very invasive due to surgical procedures at 

the level of bladder and urethra. Another cell type that plays a key role in ureter tissue engineering is 

given by smooth muscle cells (SMCs), since they are the main actors of the generation of peristaltic 
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movements within the ureter (Kapetanos et al., 2022; Orabi et al., 2013; Sanchooli, 2023). 

Nevertheless, the employment of the autogenous cells also brings considerable disadvantages. Indeed, 

the biopsy does not allow to obtain a large number of cells from patients with ureter cancer or 

extensive damage at the level of involved tissue. This implies the need to use another type of cell 

population given by stem cells, among which embryonic stem cells (ESCs), induced pluripotent stem 

cells (iPSCs) and adult stem cells (ASCs) (Zou & Fu, 2018).  

Another key factor to consider in the restoration of ureteral defects, is represented by type of the 

scaffold. Indeed, the scaffolds are meant to repair, restore, and maintain the structure and the function 

of the involved tissue (Suamte et al., 2023). They consist of three-dimensional biomaterials able to 

mimic the ECM of the native tissue in terms of architecture and functional properties, depending on 

the type of tissue they must be implanted into. To suitably perform their function, the scaffolds must 

possess several essential properties, such as biocompatibility and non-toxicity. Moreover, they must 

sustain cell adhesion, proliferation, and migration and the synthesis of the new tissue. Another key 

characteristic is represented by an adequate biodegradability to allow simultaneous cell proliferation 

and scaffold degradation, which result in the proliferating cell replacing the scaffold without 

interfering with other tissues. The scaffold utilized in tissue engineering must also possess a level of 

porosity able to provide proper nutrient and oxygen supply and exchange of waste products (Sultana, 

2018). Furthermore, adequate mechanical properties are necessary in terms of elastic modulus and 

tensile or compressive strength. This aspect represents a pivotal point in the tissue engineering, since 

the scaffolds here employed should exhibit similar mechanical properties than that of the native tissue, 

following their implantation at the anatomical site. Nowadays, on the basis of the considered tissue 

and the biomaterial design, various type of scaffolds have been produced, including hydrogel, porous 

scaffolds, microsphere scaffolds, fibrous scaffolds, 3D printed or bioprinted scaffolds, or a 

combination of these (X. Ding et al., 2023; Fornetti et al., 2023; González et al., 2023; Hassouna et 
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al., 2023; Luo et al., 2022; Phatchayawat et al., 2022; Reisi-Vanani et al., 2023; Seyyed Nasrollah et 

al., 2023; Wasupalli & Verma, 2023; Zolfagharzadeh et al., 2023). 

In the particular case of the urinary tract reconstruction, three main categories of scaffolds can be 

distinguished, namely synthetic and natural materials, and acellular matrices. Among the acellular 

matrices, Small Intestinal Submucosa (SIS) is frequently used thanks to its three-dimensional 

structure which resembles natural extracellular matrix composition and induces damage repair and 

tissue regeneration. Indeed, this type of matrix is composed by polymers and factors naturally present 

in the native extracellular matrix (ECM), like collagen, elastin, laminin, and growth factors, therefore 

making it a suitable candidate in the urological practice. More in detail, the SIS allows an interaction 

between the host cell and the biological environment, favoring cell migration and adhesion while 

promoting angiogenesis and tissue repair. However, despite its relevance in the urological 

reconstruction, the SIS shows some disadvantages, among which a different surface structure than 

that of the ureter ECM, which can then result in an ineffective cell adhesion, and lower mechanical 

properties, limiting its employment in ureter tissue engineering (L. Huang et al., 2023; Xiong et al., 

2020; P. Zhao et al., 2020).  

For this reason, new techniques for the manufacturing of the scaffolds in ureter tissue engineering 

have been attempted and, among them, the Electrospinning represents a simple and effective method 

to fabricate biomimetic nanoscale fibrous scaffolds. 

 

1.3 Electrospinning 

 

The extracellular matrix (ECM) can be defined as a well-organized three-dimensional network, 

present in the space between cells and the tissue, with pivotal structural and functional characteristics, 

that are involved in tissue organization and remodeling and in the control of all cellular processes 

(Karamanos et al., 2021). The ECM is mainly composed by protein molecules, such as laminins, 
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glycoproteins, collagen, and proteoglycans, and all these actively intervene in crucial cell processes. 

For this reason, when considering biomaterials in the field of tissue engineering, it is important to 

consider their capacity to mimic the structure and function of the ECM (Keshvardoostchokami et al., 

2020; Moretto et al., 2022). In this context, the Electrospinning (ELS) (Figure 3) is a versatile 

technique, mainly used to synthetize stable and ultrafine one-dimensional nanofibers, two-

dimensional membranes, and three-dimensional scaffolds, obtaining remarkable interest in the 

scientific community.  

 

Figure 3. Schematic illustration of Electrospinning apparatus components and fundamental parameters (Shangguan et 

al., 2022). Copyright 2022, with permission from Elsevier.   

The basic benchtop experimental set-up of electrospinning is composed by few main elements, 

namely a high voltage generator, a metal collector (with variable morphology), glass or plastic 

syringe, metallic needle (typically connected to the syringe), and a syringe pump which allow the 

extrusion of polymeric solution from the syringe (Angel et al., 2020; Drosou et al., 2018; 

Someswararao et al., 2018; N. Wang et al., 2020). In a common electrospinning procedure, the chosen 

polymers are dissolved in the appropriate solvent or mixture of solvents. Subsequently, the polymeric 
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solution is loaded into the syringe equipped with the metallic needle, which is positioned on the 

syringe pump, thereby allowing polymer extrusion. When the electric field between the polymeric 

solution and the collector is not applied, liquid droplets at the metallic needle will be formed, as a 

results of surface tension forces. In addition to the surface tension forces, other types of forces are 

present and actively intervene in the electrospinning process, such as coulombic repulsive forces, 

viscoelastic forces, gravity forces, and air drag forces. Thereafter, when a high voltage (typically 10-

40 kV, up to 100 kV) is applied to the polymeric solution, its surface charge density will increase. 

Once the electrostatic repulsion forces of the electrically charged liquid drop begin to overcome the 

surface tension forces, the liquid drop will take the form of a cone, namely the Taylor’s cone, and the 

jet initiation starts from the tip of the needle (Joy et al., 2021; Y. Li et al., 2021; Locarno et al., 2019; 

C.-L. Zhang & Yu, 2016). The forces that induce the formation of the Taylor’s cone are indirectly 

governed by the applied voltage and solution flow rate. Therefore, it is necessary a discreet balance 

between the two parameters, with the aim to favor the elongation and the stability of a polymeric jet 

from Taylor’s cone. If this phenomenon is stable over time, it will involve the continuous stretching 

of the polymeric chains and the subsequent deposition of the nanofibers on the collector. This process 

is characterized by the evaporation of the solvents in the space between the needle and collector, 

allowing the thin nanofibers synthesis (Angel et al., 2020; Aoki et al., 2015; Erdem et al., n.d.; Y. Liu 

et al., 2018; Sonntag et al., 2020). The electrospinning apparatus can be used in a horizontal or vertical 

mode, based on the direction of the electric filed; in the horizontal set-up, the electric field vector is 

parallel to the floor unlike the vertical mode, where the electric field vector is perpendicular to the 

floor (Gospodinova et al., 2020; Rodoplu & Mutlu, 2012). The orientation of the apparatus affects 

the strength of the electric filed, therefore influencing fibers thickness and size distributions (C. Yang 

et al., 2009).  
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Figure 4. schematization of Taylor cone formation (Waqas et al., 2021). Copyright 2021, with permission from 

Elsevier.    

A conventional electrospinning process is influenced by several parameters, divided in solution, 

process, and environmental parameters. All these factors play a significant role in the fabrication of 

free-defects nanofibers and with desirable diameter and morphology. The solution parameters include 

the polymer concentration, polymer molecular weight, solvent properties (such as di-electric constant, 

and volatility), viscosity and surface tension of polymeric solutions. On the other hand, the process 

parameters consist of applied voltage, flow rate of the solution, needle-to-collector distance, needle 

inner diameter, and collector and spinneret morphology. Lastly, there are environmental parameters, 

as temperature, humidity and pressure, which are not readily governed (Angel et al., 2020; Kafiah et 

al., 2022; Mirmohammad Sadeghi et al., 2018; Qin et al., 2022; Y. P. Singh et al., 2020). Given its 

versatility, the electrospinning can be used to produce electrospun polymeric matrices with the aim 

to restore the ureter. This type of scaffold offers a variety of advantages, among which the ability to 

reproduce the morphology and the architecture of ECM together to the possibility to allow cell 

adhesion and proliferation. In addition, this type of membranes possesses a high surface-to-volume 

ratio and can be easily functionalized thanks to different chemical and physical methods. Moreover, 

to synthetize the electrospun membranes, it is possible to employ a variety of synthetic and natural 

polymers on the basis of the desired properties. Natural polymers mainly include chitosan, collagen, 
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hyaluronic acid, and silk fibroin and possess the great advantage of being biocompatible, bioactive, 

and biodegradable. Nevertheless, the natural polymers are characterized by low mechanical 

properties, a fast process of degradation in the biologic environment, and could trigger inflammatory 

phenomena at the level of the implant site, limiting their application in the surgical practice (Y. Chen 

et al., 2022). As an alternative to natural polymers, synthetic polymers are commonly exploited to 

produce electrospun membranes, since they can be tailored into several morphologies and structures 

on the basis of the involved tissue, conferring higher mechanical properties in terms of elastic 

modulus, elongation at breaks, and tensile strength. Moreover, the use of polymeric materials 

guarantees a low immunogenicity and cytotoxicity as well as easy of process and a good cost-

effectiveness. However, the employment of the synthetic materials involves a lower biomimicry, 

causing a loss of bioactive properties (Bullers et al., 2014). Despite this, the employment of synthetic 

polymers in the field of tissue engineering for biomedical applications represents the best choice for 

membrane production through electrospinning. Furthermore, thanks to the versatility of the 

electrospinning approach and its ease of utilization, it is possible to fabricate electrospun membranes 

with different morphologies and several nanofiber orientations and architectures. Indeed, for the 

regeneration of tubular structures, such as blood vessels, nerves and ureters, the production of tubular 

polymeric electrospun membranes or vascular grafts with aligned nanofibers plays a key role for the 

correct restoration of the structure and functionality of the organs involved. In order to achieve a 

correct regeneration of tissues with tubular morphology, some key characteristics must be necessarily 

satisfied among which suitable mechanical properties for the biomedical application, resistance to 

suturation, and non-thrombogenicity as well as a circumferentially or longitudinally aligned surface 

morphology of the inner layer. In this way, a suitable cell adhesion of smooth muscle cells and their 

guided proliferation along the oriented surface of the tubular electrospun matrix can be obtained (Jang 

et al., 2020; Rahmati Nejad et al., 2020; R. Singh et al., 2020; Y. Wang et al., 2014). For these reasons, 

the fabrication of tubular electrospun membranes with an aligned nanofibrous pattern in the inner 
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layer to allow the regeneration of tubular structure still remain a challenge. Among the most usually 

employed polymeric materials for the development of the electrospun membranes, such as poly(vinyl 

alcohol) (PVA), poly ethylene-oxide (PEO), poly (glycolic acid) (PGA), and poly(lactic-co-glycolic 

acid) (PLGA), the polycaprolactone (PCL) is taken into account in view of its biocompatibility, slow 

biodegradability, and solubility in volatile organic solvents.  

 

1.3.1 Polycaprolactone (PCL) 

To fabricate electrospun membranes, the selection of the polymeric material plays a key role to mimic 

the extracellular matrix (ECM) structure, function, and composition. Indeed, on the basis of the 

chosen polymeric material and their chemical and physical properties, it is possible to modulate 

several characteristics of the electrospun membranes, such as biodegradability, mechanical 

properties, and all those characteristics that will allow that define the ability of the electrospun 

membranes to recreate an appropriate environment for tissue regeneration (Balakrishnan & 

Thambusamy, 2020; Jia et al., 2020; Naseri-Nosar & Ziora, 2018; Rangel et al., 2022; Sun et al., 

2020; F. Zhang & King, 2020).  

Among the many synthetic polymers proposed in tissue engineering, Poly (ε-caprolactone) (PCL) 

(Figure 5) is mainly used for hard and soft tissue engineering applications, such as bone, cartilage, 

tendon, skeletal muscle, nerve, vascular vessels, and kidney regeneration thanks to its 

biocompatibility, non-toxicity, and slow degradability (Ayran et al., 2023; Baskapan & Callanan, 

2022; Jia et al., 2020; Porrelli, Mardirossian, Musciacchio, et al., 2021; Saudi et al., 2022; Shirehjini 

et al., 2022; M. Yang et al., 2022; Yao et al., 2022; Yuan et al., 2022). 
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Figure 5. Chemical structure of poly (ε-caprolactone) (PCL).  

The PCL is a thermoplastic semi-crystallin aliphatic polyester polymer approved by the FDA, with a 

melting temperature between 59 °C and 64 °C and a glass temperature transition of – 60 °C. This 

latter characteristic, allow to achieve a rubber state, resulting in remarkable mechanical properties, 

such as high toughness, elastic modulus, and elongation at break, as well as the easiness to be 

processed into a wide range of shape and sizes. Chemically, the PCL is characterized by a repetition 

of five hydrophobic -CH2 groups within its chemical structure. For this reason, this polymer appears 

to be hydrophobic and possesses a longer degradation time when implanted in an organism, about 2-

3 years. Moreover, PCL can be degraded by microorganisms and, in physiological conditions, can be 

hydrolyzed at the level of its aliphatic ester linkage (Dwivedi et al., 2020). However, by virtue of its 

hydrophobicity, the PCL can exhibit several limitations, among which a decrease of cell adhesion, 

growth, and proliferation on its surface (Unal et al., 2020). Despite this, the PCL can be treated with 

several methods in order to enhance its hydrophilicity, such as air-plasma treatment, the processing 

with sodium hydroxide, or the combination with natural polymers, as, for instance, gelatin (Ahmadi 

et al., 2022; Can-Herrera et al., 2016; Fathi et al., 2020; Gruppuso et al., 2022).  

The PCL, as well as many other synthetic materials, does not possess any bioactive characteristics 

and, therefore, cannot promote a suitable cell adhesion and proliferation. Nonetheless, it can be 

functionalized with bioactive molecules, such as growth factors or protein molecules, with the aim to 

encourage cell attachment and their growth on the material surface, but also their differentiation in 

other cell populations and the remodeling of the tissue (Raj Preeth et al., 2021; Safari et al., 2022; 
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Silva et al., 2020). In addition, with the aim to discourage bacterial growth and colonization at the 

level of the implantation site, the PCL can be functionalized with antibiotics, inorganic metallic 

nanoparticles, bioactive glass nanoparticles, bacteriophages, other molecules with antibacterial 

properties, or a combination of them (Ahmed et al., 2020; Choi et al., 2021; Hajilou et al., 2020; 

Khunová et al., 2022; Musciacchio et al., 2022; Obisesan et al., 2023; Prado-Prone et al., 2023; 

Radisavljevic et al., 2023; Tabia et al., 2021). Given all the possibilities that PCL offers, together 

with its cost-effectiveness and versatility, it could represent an ideal candidate to develop electrospun 

PCL-based membranes for ureter regeneration. 

 

1.4 Functionalization of electrospun membranes 

Different biomedical implant devices with various morphology, shape, and characteristics are widely 

used in tissue engineering to restore the damaged tissue. However, the employment of biomaterials 

could cause the occurrence of bacterial infections following surgical procedures. In this context, 

Implant-Associated Infections (IAI) and Urinary Tract Infections (UTI) represent an important 

complication characterized by an inflammatory reaction, bacteria proliferation, and colonization at 

the level of the implant, and biofilm formation on the implant surface. All these events can 

irremediably lead to implant failure, causing the necessity to remove and replace the contaminated 

scaffold, and culminating in a high impact on the patient’s quality of life. The main pathogenic agents 

that provoke the IAI and UTI are, respectively, staphylococci, among which Staphylococcus aureus, 

and Escherichia coli, which determines approximately the 80% of infections that interest the urinary 

tract. The most common strategy to treat and prevent implant-associated infections and infections of 

a chronic nature is represented by an antibiotic therapy, which includes a local or systemic antibiotic 

administration or a combination of them. When systemically administered, the antibiotic circulation 

is limited by the reduced blood supply at the interested site and their accumulation in organs other 
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than the implant site. As a result of this, the existence of a sub-inhibitory concentration could provoke 

the origin of resistant bacterial strains. Therefore, the employment of systemic administration of 

antibiotics involves the presence of side effects and the possible development of resistant bacterial 

strains (Kreis et al., 2022; Pawar et al., 2019; Zeng et al., 2019). Hence, in order to prevent these 

types of infections it is preferable to apply local administration strategies, as vehicles for antimicrobial 

agents. These latter display some advantages if compared with the systemic delivery of antimicrobial 

compounds, among which the administration of the antimicrobial drug near to the infection site, 

improved efficacy and bioavailability of the antimicrobial compounds, as well as reduced systemic 

harmful effects (J. A. R. Barros et al., 2020; Klein & Hultgren, 2020; Scotland et al., 2019; Zhuang 

et al., 2021). Therefore, in the field of tissue engineering, the employment of biomaterials with 

antibacterial properties represents an aspect of primary importance to discourage, prevent, or treat 

infections. 

In this context, electrospun polymeric membranes constitute an ideal choice to carry out a sustained 

release of antibacterial compounds at the level of the implant site, given their drug-delivery function. 

Indeed, electrospun membranes can be enriched with different antimicrobial compounds, including: 

antibiotics, such as metronidazole, ciprofloxacin, astaxanthin, and tetracycline (Federico et al., 2021; 

Ferreira et al., 2021; Reise et al., 2023; W. Zhang et al., 2023), metallic ions, like copper, zinc and 

silver (Shalan et al., 2021; Zhuang et al., 2021), inorganic nanoparticles, such as silver, copper and 

iron nanoparticles (H. Chen et al., 2021; Porrelli, Mardirossian, Musciacchio, et al., 2021), quaternary 

phosphonium salt and quaternary ammonium salt (Chang et al., 2016; Gliścińska et al., 2013; Tian et 

al., 2021), metal oxide compounds, like zinc oxide (Ghiyasi et al., 2021), other antibacterial 

molecules, such as N-halamine (Garcia Cervantes et al., 2021), essential oils or plant extracts 

(Radisavljevic et al., 2023; Reisi-Vanani et al., 2023), antimicrobial peptides (Boda et al., 2020; 

Khosravimelal et al., 2021), and zeolitic imidazolate framework 8 (ZIF-8) (Doustdar & Ghorbani, 

2022).  



16 

 

1.4.1 Rifampicin  

Among the studied antibiotics to develop antibacterial compound-loaded scaffolds, the Rifampicin 

(RIF) (Figure 7), represents one of the most effective broad-spectrum bactericidal and biocompatible 

antibiotics. The RIF, synthetized by the fermentation of Nocordia meditarranei, is a zwitterionic 

antibiotic particularly effective against Gram-positive bacteria, in particular way against 

Staphylococcus aureus, a Gram-positive human commensal bacterium that normally populates the 

nasal epithelium.  

 

Figure 7. Chemical structure of Rifampicin (RIF).  

This is given by its mechanism of action, since it acts on gene transcription blocking the β-subunit of 

the DNA-dependent RNA-polymerase, thus inhibiting protein synthesis. On the other hand, the RIF 

is weakly effective against Gram-negative bacteria, because of their double-wall membrane, which 

makes it difficult for the antibiotic to cross their membrane, causing a minor antibacterial capacity 

(Snejdrova et al., 2022; Valliammai et al., 2020; Wu et al., 2021; Yurtsever et al., 2022). Historically 

known for its large use against tuberculosis and mycobacterial infections, the RIF is employed for the 

treatment of bone disorder caused by tuberculosis, such as bone demolition or osteomyelitis (Aragón 

et al., 2019; Lilic et al., 2020). Moreover, different experimental studies carried out on rifampicin 

activity, displayed neuroprotective effects in several central nervous diseases, for example 
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Parkinson’s disease and Alzheimer’s disease, since it causes a reduction of proinflammatory mediator 

release as well as a decrease of neuronal apoptosis, reduction of alpha-synuclein toxicity, and Aβ 

oligomers aggregation. However, despite its neuroprotective action and antibacterial efficacy, the 

employment of the RIF could be limited by different side effects such as, hepatotoxicity and low 

bioavailability (Snejdrova et al., 2022; Yurtsever et al., 2022; R. Zhou et al., 2022).  

 

1.4.2 Silver nanoparticles 

Another efficient broad-spectrum antibacterial agent is represented by Silver Nanoparticles 

(AgNPs), which are widely employed in the treatment of infection diseases, since they are effective 

against Gram-positive, Gram-negative, and antibiotic-resistant bacteria. In particular, silver 

nanoparticles are more effective against Gram-negative bacteria. Indeed, despite the double-wall 

structure, the overall Gram-negative membrane is thinner than the single-wall membrane of Gram-

positive bacteria. This facilitates the penetration of the nanoparticles within the bacterial cell. The 

mechanisms of action (Figure 8) underlying AgNPs effectiveness has not been totally clarified. 

According to one hypothesis, the silver nanoparticles allow a persistent release of silver ions into the 

extra-cellular environment, which can be considered the real actors of the antimicrobial activity of 

this type of nanoparticles. Thanks to the electrostatic attraction and consequent binding between the 

sulfur proteins and silver ions, these last ones can adhere to cell wall and cytoplasmatic membrane, 

increasing the permeability of the cytoplasmatic membrane and, therefore, resulting in bacterial cell 

wall disruption. Once the silver ions are inside the bacterium, the adenosine triphosphate (ATP) 

production will be interrupted, causing the synthesis of reactive oxygen species (ROS) which 

provokes the disruption of bacterial membrane and modifications at the level of deoxyribonucleic 

acid (DNA). Moreover, the presence of silver ions influences the DNA replication, impairing cell 

reproduction and, consequently, causing the death of the bacterium as well as the inhibition of protein 
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synthesis through their interaction with the ribosomes. Another possible mechanism of action through 

which AgNPs can induce bacteria mortality is based on the accumulation of the silver nanoparticles 

on the bacterial wall. Indeed, the AgNPs can adhere to the pits of the bacterial wall, causing their 

denaturation and penetrating within the microorganism, thus leading to bacteria lysis (Mikhailova, 

2020; Prabhu & Poulose, 2012; Yin et al., 2020).  

 

Figure 8. Detailed representation of mechanism of action of silver nanoparticles (AgNPs) (Miranda et al., 2022). 

Copyright 2022, with permission from Elsevier.    

Due to their remarkable physicochemical and antimicrobial properties, silver nanoparticles are 

employed in many other biomedical applications ranging from drug delivery, diagnostics, 

pharmacology until to therapeutics approaches, such as the treatment of the wounds, bone fractures 

or surgical mesh, and anticancer treatment (El-Aassar et al., 2020; Gomathi et al., 2020; Han et al., 

2021; Jabar & AL- Shammaree, 2022; Miranda et al., 2022; Pucelik et al., 2022; Steckiewicz et al., 

2022; X. Yang et al., 2023). 
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2. AIM OF THE STUDY  

 

Despite the existence of different surgical strategies thought to allow a total or partial restoration of 

the structure and functionality of the ureter, the ureter regeneration needs new approaches able to 

promote the healing process towards a physiological condition, thus limiting potentially severe 

complications for the patient. 

In this scenario, the present thesis aims to develop a medical device for ureter regeneration purposes 

employing the electrospinning technique, which is a widely used technique in tissue engineering 

thanks to its easiness and effectiveness in fabricating nanofibrous-based scaffolds able to mimic the 

characteristics of the native extracellular matrix. Indeed, electrospun membranes possess a highly 

interconnected porous structure and a high surface area to volume ratio. Moreover, electrospun 

membranes can be treated with various methods and functionalized to allow cell adhesion and 

proliferation and provide additional functions, such as antibacterial properties, thus promoting tissue 

regeneration and inhibition of bacterial colonization. The employment of synthetic polymer materials 

represents an additional advantage in the synthesis of electrospun matrices, thanks to their slow 

biodegradability and the possibility to modulate mechanical properties based on the considered tissue.  

The first aim of this study was, therefore, the development and morphological, physical, and 

biological characterization of Polycaprolactone-based (PCL) electrospun membranes loaded with 

rifampicin (RIF). PCL was selected by virtue of its versatility and physical/chemical properties. On 

the other hand, the RIF was chosen on the basis of its broad-spectrum antibacterial efficacy.  

Considering the high risk of infection after implantation, a combined antibacterial treatment was 

afterwards attempted by exploiting coaxial core/shell PCL fibers. In detail, the RIF was loaded within 

the core of the final structure, with the aim to slow its release and guarantee a prolonged antibacterial 
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efficacy, whilst the shell of the fibers was functionalized with silver nanoparticles (AgNPs) to 

maintain an immediate effect upon contact with the implanted site.  
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3. MATERIALS AND METHODS 

3.1. Materials  

Polycaprolactone (PCL, Mw = 80000) was acquired from Sigma Aldrich (St. Louis). Fortuna Optimal 

glass syringes (with an inner diameter of 9.1 mm or 14.6 mm), three-layers coaxial needle, and coaxial 

kit were acquired from Linari NanoTech (Pisa, Italy). The KDS-100-CE syringe pump was purchased 

from KD Scientific (Holliston, MA). The D-ES30PN-20W potential generator was obtained from 

Gamma High Voltage Research Inc. (Ormond Beach, FL). Dichloromethane (DCM), N,N-

dimethylformamide (DMF), methanol, chloroform, silver nitrate, dopamine hydrochloride powder, 

Tris-base, Triton-X 100 and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich 

(St. Louis). Rifampicin was acquired from EMD Millipore Corp. Recombinant Trypsin−EDTA 1X, 

penicillin/streptomycin 100X, L-glutamine 100X, fetal bovine serum (FBS), and Dulbecco’s 

modified Eagle’s medium low glucose (DMEM) were acquired from Euroclone (Milan, Italy). 

Human urothelial bladder carcinoma cells (UCs - line 647-V) were acquired from DSMZ 

(Braunschweig, Germany). 

 

3.2. Electrospun membranes development  

 

3.2.1. Production of PCL-based electrospun nanofibers 

 

3.2.1.1. PCL and PCL-RIF loaded electrospun nanofibers. 

Electrospun PCL and RIF-loaded membranes were obtained adapting experimental protocols 

previously published by Porrelli et al. and Ruckh et al. (Porrelli, Mardirossian, Musciacchio, et al., 

2021; Ruckh et al., 2012). PCL 12 % w/v was dissolved in a mixture of DCM/DMF (ratio 7:3), firstly 

solubilizing the PCL in DCM and, subsequently, including the DMF to the polymeric solution. 
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electrospun membranes were obtained thanks to the reported experimental set-up: flow rate of the 

polymeric solution, 2 mL/h; applied voltage, 17 kV; time of electrospinning process, 1h; distance 

needle to collector, 15 cm; needle gauge, 21 G; negative pole to the target. For the development of 

RIF-loaded membranes, the rifampicin 0.1 % w/v was added in DMF and included in the PCL 

solution in DCM. The RIF-loaded membranes were produced through the electrospinning 

experimental set-up indicated previously.  

 

3.2.1.2.  PCL and PCL-RIF loaded co-axial fibers. 

Co-axial membranes were obtained by alternating the encapsulation of the rifampicin in the core or 

shell layer, namely respectively RIF core and RIF shell. The rifampicin containing solution was 

obtained by the same method previously described in the section 3.2.1.1. for the production of the co-

axial membranes, PCL 15 % w/v was dissolved in chloroform/methanol with 5:1 ratio, first making 

the solution of PCL in chloroform and, following, adding methanol to the solution. The respective 

control co-axial fibers were produced without the inclusion of the rifampicin, where the PCL 12 % 

w/v solution was located in the core or shell layer, obtaining respectively CTRL core and CTRL 

shell. Electrospun RIF core fiber were obtained thanks to the following the experimental set-up: time 

of the electrospinning process, 10 minutes; voltage, 30kV; core solution flow rate, 1 mL/h; shell 

solution flow rate, 3 mL/h; needle-to-collector distance, 21 cm; inner spinneret diameter, 21G; outer 

spinneret diameter, 15 G; negative pole to the target. Electrospun RIF shell fiber were produced by 

means of a different experimental set-up: time of the electrospinning process, 10 minutes; voltage, 

30kV; core solution flow rate, 3.5 mL/h; shell solution flow rate, 2 mL/h; needle-to-collector distance, 

24 cm; inner spinneret diameter, 21G; outer spinneret diameter, 15 G; negative pole to the target. 

Co-axial membranes were obtained modifying protocols previously published by Gruppuso et al. 

(Gruppuso et al., 2022). To produce the core of the PCL co-axial membranes, PCL 12% w/v was 
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dissolved in DCM/DMF (ratio 7:3), first preparing the solution of PCL in DCM and, subsequently, 

adding DMF to the solution. In the case of Rifampicin-loaded membranes (PCL/RIF), the rifampicin 

0.1% w/v was solubilized in DMF and, afterwards, added to PCL solution in DCM. Due to rifampicin 

photo sensitiveness, the rifampicin-core solution was carried out in the dark condition. For the 

development of the shell solution, PCL 15% w/v was dissolved in chloroform/methanol (ratio 5:1), 

first making the solution of PCL in chloroform and, following, adding methanol to the solution. 

Electrospun co-axial membranes were obtained through the following experimental set-up: time of 

the process, 30 minutes; voltage, 30kV; core solution flow rate, 1 mL/h; shell solution flow rate, 3 

mL/h; needle-to-collector distance, 30 cm; inner spinneret diameter, 21G; outer spinneret diameter, 

15 G; negative pole to the target.  

 

3.2.1.3. In-situ synthesis of Silver Nanoparticles (AgNPs)  

To ensure the in-situ reduction of silver nanoparticles on the co-axial nanofibers surface, solutions of 

dopamine hydrochloride and silver nitrate (AgNO3) were separately prepared, adapting protocols 

published by Son et al. (Son et al., 2013). Dopamine hydrochloride 0.2% w/v was solubilized in 

deionized water with Tris-base 10mM and stirred overnight to reduce amount of aggregation of 

polydopamine. The solution pH was adjusted up to 8.5 with the aim to allow the self-polymerization 

of dopamine (Z. Yang et al., 2016). Simultaneously, AgNO3 2 mM was dissolved in deionized water. 

Once obtained both solutions, they were mixed (ratio 1:1), in order to obtain a final concentration of 

dopamine hydrochloride of 0.1% and silver nitrate of 1mM. In the next step, the co-axial matrices 

were immersed into coating solution at room temperature for 6 h. Lastly, to remove the excess amount 

of coating solution, the co-axial membranes were rinsed with deionized water 5 times and 

subsequently air dried.  
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3.2.1.4. Bi-layer randomly and aligned PCL electrospun membranes 

With the objective to obtain a bi-layer membranes without the employment of harmful organic 

solvents, bi-layer randomly and aligned PCL electrospun membranes were fabricated. PCL 18 % w/v 

was dissolved in acetic acid over-night under magnetic stirring. Subsequently, the PCL solution was 

placed in an ultrasonic bath for 1 hour. The bi-layer membranes were developed thank to use of the 

commercially available electrospinning (IME’s medical electrospinning machines, EC-16 CLI, IME 

Technologies, Netherlands). For the realization of aligned fiber layer of the PCL membrane, the 

process and environmental parameters were the following: temperature, 25 °C; relative humidity, 

50%, time of the process, 1:30 h; flow rate, 1.0 mL/h; spinneret gauge, 21 G; voltage, +16.5 kV, -1.5 

kV; distance needle to collector, 12 cm; rotation speed of the target for the production of aligned 

fiber, 1500 r.p.m. To produce the randomly oriented fiber layer of the PCL membrane, the process 

and environmental parameters were the following: temperature, 25 °C; relative humidity, 50%, time 

of the process, 1:30 h; flow rate, 0.4 mL/h; spinneret gauge, 21 G; voltage, +14 kV, -1 kV; distance 

needle to collector, 12 cm; rotation speed of the target for the production of randomly fiber, 500 r.p.m. 

 

3.2.1.5. Tubular PCL electrospun membranes 

With the purpose to obtain a tubular electrospun scaffold, PCL 12% w/v was solubilized in 

DCM/DMF (ratio 7:3), first preparing the solution of PCL in DCM and, afterwards, adding DMF to 

the solution. The electrospun tubular scaffold was developed utilizing a custom-made device 

composed by a syringe pump, a horizontal oscillating needle and a rotating metallic cylinder (6 mm 

of diameter) used as target. The process parameters were the following: electrospinning process time, 

30 minutes; flow rate, 0.6 mL/h; voltage, 17 kV; needle diameter, 27G; distance needle to collector, 

30 cm; rotation speed of the target, 3000 r.p.m.  
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3.3. Morphological analysis of electrospun membranes  

 

3.3.1. Scanning electron microscope (SEM)  

To investigate the morphology and the structure of the nanofibers, membranes samples were placed 

on aluminum stubs covered with carbon double-side adhesive tape and, subsequently, sputter-coated 

with gold using a Sputter Coater K550X (Emitech, Quorum Technologies Ltd, UK). The membranes 

were analyzed by a Scanning Electron Microscope (SEM – Quanta 250, FEI, Oregon, USA), working 

in secondary electron mode. The acceleration voltage was set between 20-30 kV while the working 

distance was set at 10 mm to obtain the optimal magnification. Fibers diameters were obtained using 

Fiji software, randomly choosing 50 fibers from each membrane (Schindelin et al., 2012). 

 

3.3.2. Field-Emission Scanning Electron Microscope (FE-SEM) and Energy 

Dispersive Spectroscopy (EDS)  

Co-axial membranes samples were mounted on aluminum stubs coated with double side adhesive 

carbon tape. Samples were carbon coated using pulsed carbon rod evaporation with a Quorum Q150T 

ES plus sputter coater. Samples were analyzed with a Gemini300 SEM (Zeiss) working with the In-

Lens detectors for secondary electrons and backscattered electrons, at 5 mm of working distance and 

using an acceleration voltage of 5 kV. Fibers diameters were obtained using Fiji software, randomly 

choosing 50 fibers from each membrane (Schindelin et al., 2012). In order to confirm the presence of 

the silver nanoparticles, microanalysis was carried out with an XFlash Detector 610M EDS probe 

(Bruker), employing a magnification of 500X, a working distance of 8.5 mm, an acceleration voltage 

of 10 kV and an acquisition time of 200 seconds; three spectra were collected for each sample. 
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3.4. Electrospun membranes Air-plasma treatment  

With the aim to reduce the hydrophobicity, all types of produced membranes were subjected to air-

plasma cleaning process. For the PCL-based membranes, the air-plasma treatment was performed 

using a PDC-32G plasma cleaner (Harrick Plasma, Ithaca NY, USA) set a low power (6.8W) at 

pressure of 0.1 mTorr for 5 minutes, while for the co-axial matrices, the time of the cleaning process 

was decreased down to 30 seconds. 

 

3.5. Chemical characterization  

3.5.1. 1H nuclear magnetic resonance spectroscopy (1H-NMR) analysis 

To analyze the presence of residual organic solvent, such as DCM and DMF, membranes samples 

were dissolved in CDCl3 and analyzed at 25 °C thanks to the 1H NMR spectroscopy. The analyses 

were carried out on a 400 VNMRS Varian NMR spectrometer operating at 400 MHz for proton. The 

chemical shifts are indicated in ppm downfield from the signal of tetramethylsilane. 

 

3.6. Contact angle and surface free energy analysis 

The wettability of all types of electrospun matrices was evaluated thanks to the contact angle analysis, 

through the sessile drop approach. For each type of electrospun membranes, 6 samples (8 mm of 

diameter) were considered. Contact angle was measured on images collected with a stereomicroscope 

(Leica MZ16) equipped with a 45° titled mirror and a digital camera (Leica DFC 320), thanks to 

which was possible to display the profile of the liquid drop on the membrane sample. To evaluate the 

membranes behavior in the presence of fluids, 4 µL drops of deionized water (DW), DW + FBS 10 

%, PBS, PBS + FBS 10 %, SBF, SBF + FBS 10 %, NaCl 0.9 %, NaCl 0.9 % + FBS 10 % and DMEM 

were placed on the membranes surface and the images were obtained after 30 seconds to allow drop 
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stabilization. In the case of the co-axial membranes, the tested fluids were the deionized water (DW), 

and DMEM. Image Pro-Plus Suite software (Meyer Instruments Inc., Houston, TX, USA) was 

employed to elaborate the images and to evaluate the contact angle values. Surface energies were 

evaluated using the Owens-Wendt method (Owens & Wendt, 1969) adapted by Ren et al. (Ren et al., 

2013) and Can-Herrera et al. (Can-Herrera et al., 2016). Furthermore, to evaluate both the (γs) 

polar/hydrophilic (γs
p) and dispersive/hydrophobic (γs

d) components, the ethylene glycol (EG) contact 

angle was measured by positioning 4 μL of liquid on the surface samples. The total free surface 

energy (γs) was determined using the following formula: γs = γs
p + γs

d   

 

3.7. Preparation of Simulated Body Fluid (SBF) and evaluation of 

electrospun membranes aging  

In order to analyze the matrices degradation in a physiological-like environment, membranes were 

soaked in Simulated Body Fluid (SBF) at 37°C. The SBF was prepared solubilizing NaCl, NaHCO3, 

KCl, K2HPO4, MgCl2
. 6H2O, CaCl2, and Na2SO4 in deionized water and buffering the solution at pH 

7.4 with tris(hydroxymethyl)aminomethane (CH2OH)3CNH2 and 1 M HCl at 36.5 °C in order to 

obtain a final concentration of ions equal to those of human blood plasma (Na+ 142.0 mM, K+ 5.0 

mM, Mg2+ 1.5 mM, Ca2+ 2.5 mM, Cl− 147.8 mM, HCO3
− 4.2 mM, HPO4

2− 1.0 mM, and SO4
2− 0.5 

mM)(Kokubo et al., 1990). Six samples of all types of electrospun membranes were incubated for 1, 

2, 3, 4, 8, 12, 16, and 20 weeks, while the co-axial membranes were immersed in SBF for 8 weeks. 

The membranes sample were immersed in 5 mL of SBF, which was changed at every time point. As 

regard the co-axial membranes, the effects of the SBF aging on the membranes structural stability 

were evaluated after 8 weeks. Six samples of PCL/plasma-nAg and PCL/RIF/plasma- nAg were 

soaked in 500 µL of SBF, which was changed every week. The consequences of the aging on the 

membranes were assessed at every time point and visualized thanks to the SEM (Quanta 250 SEM, 
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FEI, Oregon, USA) analysis using the secondary electron detection mode. The samples were air-dried 

and sputter-coated with gold (Sputter Coater K550X, Emitech, Quorum Technologies Ltd, UK). The 

morphological analysis was carried out adjusting the work distance with the aim to reach the suitable 

magnification and the applied voltage was set to 30 kV.  

 

3.8. Mechanical Properties Evaluation  

With the aim to assess the mechanical behavior of the electrospun membranes, mechanical properties 

were analyzed by uniaxial tensile tests using the Dynamic Mechanical Analysis (DMA) Electroforce 

3300 (TA Instruments, New Castle, DE, USA) equipped with a 22N load cell. Dog bone samples 

were shaped by membranes adapting the ASTM D638-10 guidelines (Pensa et al., 2019). Mechanical 

properties were assessed on dry membranes and samples incubated for 1, 2, 3, 4, 8, 12, 16, and 20 

weeks in SBF at 37 °C. The samples thus obtained, were tested employing a constant deformation of 

1 mm/min until sample failure or up to the maximum displacement allowed by the instrument (20 

mm). Six samples were considered for every time point. Thanks to the mechanical testes, for each 

sample it was possible to measure the maximum deformation, the maximum stress sustained by the 

membranes, and the Young’s modulus. The latter was obtained with a liner fitting of the stress-strain 

curve between the 10 % and 20 % of the deformation.  

 

3.9. In vitro Rifampicin Release  

The rifampicin release from untreated and treated RIF-loaded membranes, and co-axial untreated and 

treated RIF-loaded membranes, was investigated thanks to UV spectrophotometry at wavelength of 

237 nm (Ultraspec 2100 pro, Amersham Bioscience). With the aim to measure the rifampicin 

released, the membrane samples (diameter of 13 mm) were incubated in 1 mL of PBS at 37 °C in 24-

well plates. For the RIF-loaded membranes, the considered time points were 1, 4, 24 and 48 hours of 
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incubation, while co-axial matrices were soaked for 1, 4, 24, 48 hours and 1 week. After each time 

point, 800 µL of solution was collected from each well for absorbance measurement, then replenished 

in the native well.  The plate was incubated at 37 °C in dark conditions in the timeframe between two 

measurements. 

 

3.10. Silver nanoparticles adsorption and release evaluation with 

Inductively Coupled Plasma−Mass Spectrometry (ICP-MS) 

To assess the adsorption and the release of the silver from co-axial matrices, ten PCL not treated 

and PCL air-plasma membrane samples (diameter, 6 mm) were coated with 200 µL of the solution 

containing silver nitrate and polydopamine hydrochloride, previously described in the section 

3.1.2.3., for 6 hours at room temperature in dark conditions. The release of the silver from co-

axial matrices was performed by immersion of the membrane samples in 500 µL of PBS at 37 °C 

in 48-well plate, and evaluated at 1, 4, 24, 48 hours and 1 week in dark condition. At each time 

point, the supernatant was collected from each well and stored for the release evaluation. 

Membrane samples were dissolved in 500 µL of concentrated nitric acid (67–69% v/v, 

Normatom, VWR, Milan) and sonicated 15 min at 50°C to promote complete dissolution. For 

ICP analysis, 1 mL of internal standard solution (Y at 500 μg L−1) was added, and the final volume 

was set to 10 mL. For the quantification of silver released from membranes, the obtained samples 

(500 µL) were diluted to a final volume of 5 mL, after adding 100 µL of HNO3 and 500 µL of 

internal standard. The Ag concentration was determined by Inductively Coupled Plasma – Mass 

Spectrometry (ICP – MS) using a NexION 350X Spectrometer (PerkinElmer, USA) equipped 

with an ESI SC Autosampler. To minimise cell-formed polyatomic ion interferences, the analysis 

was carried out in KED mode (Kinetic Energy Discrimination) with a very high purity helium 

flow of 4.8 mL min−1. The instrument was calibrated by analysing standard solutions ranging 
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between 0.5 and 100 μg L−1 prepared by dilution of a multistandard solution of 10 mg L−1 for ICP 

analysis (Periodic Table MIX 1, TraceCERT Sigma-Aldrich). The ICP-MS calibration curve was 

linear (R2 = 0.999; selected ion mass: 107 in the concentration range. To minimise potential matrix 

effects, the internal standard method was used. For this purpose, a solution of Y (89 spike of 50 

μg L−1) was prepared from a standard solution at 1000 mg L−1 (Yttrium Standard for ICP, 

TraceCERT Sigma-Aldrich). Accuracy was assessed by analysing two quality control solutions 

at 1 μg L−1 and 10 μg L−1, prepared from a multistandard solution different from the one used for 

instrument calibration (Multielement quality control standard for ICP, VWR Chemicals). The 

limit of detection (LOD) was 0.05 μg L−1, and the measurement precision as repeatability (RSD%) 

for the analysis was < 3%. 

 

3.11. Bacterial strains culture  
 

Escherichia coli (E. coli – ATCC 25923), Staphylococcus aureus (S. aureus – ATCC 25922), 

Klebsiella pneumoniae (K. pneumoniae – ATCC 700603), Acinetobacter baumannii (A. baumannii 

– ATCC 19606) and Pseudomonas aeruginosa (P. aeruginosa – ATCC 27853) were thawed from a 

glycerol stock at -80 °C, crawled on agar plates with Mueller-Hinton (MH) and subsequently were 

grown overnight at 37 °C on Petri plates with Mueller-Hinton (MH) agar medium (MHA; Oxoid 

S.p.A., Milan, Italy). From each Petri plate, some bacterial colonies were taken and dispersed in 4 

mL of MH medium. Bacteria inoculum was incubated over-night at 37 °C and 120 rpm. The day 

after, 300 µL of each bacteria strain were added to 10 mL of fresh MH medium and then incubated 

at 37 °C and 120 rpm for about 90 minutes in a way that the bacteria strains reach an optical density 

of 0.3, measured at wavelength of 600 nm by spectrophotometry (Ultraspec 2100 pro, Amersham 

Bioscience). The reference values for bacterial concentration (CFU/mL) are respectively 
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0.31:4.6×107 for E. coli, 0.1:5×108 for S. aureus, 0.4:4×107 K. pneumoniae, 0.1:1×107 for A. 

baumannii and 0.3:1.5×107 for P. aeruginosa. 

 

3.11.1. Assessment of antibacterial activity 

To assess the activity in terms of bacteria growth inhibition and bactericidal effect of the rifampicin 

from both type of RIF-loaded membranes, membranes samples (diameter, 8 mm) were sterilized 

thanks to UV rays using a G30T8 UV-C germicidal lamp (wavelength: 253.7 nm; power: 13.4 W, 

Sankyo Denki, Hiratsuka, Japan) for 30 min, then placed on a 24-wells plate. Therefore, with this 

aim, bacterial were diluted MH medium to obtain a final concentration of 2.5×105 CFU/ mL. 

Regarding the nanofibers, six membrane samples of the following conditions were considered:  

PCL/plasma, PCL/RIF, and PCL/RIF/plasma. On the other hand, concerning the co-axial matrices, 

were considered six membrane samples of the following treatments: PCL/plasma, PCL/nAg/plasma, 

PCL/RIF/plasma, and PCL/RIF/nAg/plasma. For each tested condition 380 µL of bacterial 

suspension were added to the wells. In addition, as positive growth control, 380 µL of bacterial 

suspension were added to the wells without the membrane samples, while the negative growth control 

was represented by 380 µL of MH medium added to the wells. The plates were incubated at 37 °C 

over-night and tested after 18 hours. In order to test the bactericidal effect of the electrospun 

membranes, 25 µL of the supernatant were collected from each well and plated on MH-agar (Sigma-

Aldrich) medium in Petri dishes. The plates were incubated at 37°C for 18 hours and the day after, 

the grown colonies were counted.  

 

3.12. Cell culture 

Human urothelial bladder carcinoma cells (UCs - line 647-V, DSMZ, Braunschweig, Germany) were 

cultured in DMEM Low Glucose supplemented with FBS 10 %, L-glutamine 2 mM penicillin 100 
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U/mL and streptomycin 0.1 mg/mL at 5 % pCO2 and at 37°C. UCs were passed three times a week 

or when the confluence level was estimated at about 70–80 % of the available culture space. 

 

3.12.1. In vitro acute rifampicin cytotoxicity  

With the aim to assess the biocompatible concentration of rifampicin, a resazurin-based viability 

assay was carried out on UCs in the presence of rifampicin. For this reason, the rifampicin was 

solubilized in 100 % dimethylsulphoxide (DMSO) at a final concentration of 0.6 % w/v and then 

diluted in culture medium at different concentrations (2.5, 5, 10, 20, 40, 80 µg /mL). UCs were seeded 

in 96-well plate with a cellular density of 8×103 cells for each well and, after the addition of 200 µL 

of DMEM low-glucose for each well, incubated at 37°C with 5 % pCO2. After 24 h of incubation, 

the culture medium was substituted with the rifampicin diluted in culture medium. For this assay, 

DMSO diluted in medium was considered as control. The plate was incubated again for 24 h at 37 °C 

with 5 % pCO2. The RIF cytotoxicity assessment was performed after 1 day as described above. 

 

3.12.2. Biocompatibility assay 

To assess the biocompatibility of the matrices, 5 samples for each type of membranes (PCL, 

PCL/nAg, PCL/RIF, and PCL/RIF/nAg) were considered. All types of membranes were cut in disks 

(diameters, 6 mm) and sterilized with UV irradiation for 30 minutes. UCs were suspended in 1 mL 

of complete DMEM low-glucose with a concentration of 5 ×103 cells/well. Afterwards, the cells were 

seeded onto 24-well cell culture plates and then incubated at 37 °C with 5% pCO2. After 4h of 

incubation, the considered membranes were added to the cells, with the aim to determine the cell 

behavior in the presence of the membranes. Cells seeded in the absence of material were tested as 

proliferation control, while empty wells with the culture medium only were used as blank. The cell 

proliferation was evaluated after 1, 3, 6 and 8 days through Resazurin Cell Viability Assay Kit 
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(Sigma-Aldrich, St. Louis). At each time point, the medium was collected and 500 µL of Resazurin 

(diluted 1/30) was added to each well. Following 4 h of incubation, 200 µL of Resazurin solution was 

collected from each well and relocated to a black plate for the fluorescence analysis. Subsequently, 

each well was washed with PBS and, lastly, 1 mL of DMEM was added. The fluorescence was 

evaluated thanks to spectrofluorometer GloMax Multi+ Detection System (Promega, Madison, WI) 

with an excitation wavelength of 525 nm and an emission wavelength in the range 580− 640 nm. 

 

3.12.3. Cell adhesion and proliferation assay  

PCL/plasma and RIF-loaded circular samples (diameter, 8 mm) were obtained by electrospun 

membranes, sterilized under UV rays for 30 minutes and positioned into 48-well plates not treated 

for cell culture. To evaluate the cell behavior on the membrane surface, 5 membrane samples were 

considered. On the surface of each sample, UCs, with a cellular density of 20×103, were suspended 

in 50 µL of complete DMEM low-glucose and then seeded directly on the samples. After 4 hours of 

incubation, 150 µL of complete DMEM low-glucose were added to the each well. The positive control 

of cell adhesion and growth is represented by cells seeded directly on the well, while the blank is 

given by empty wells with the culture medium. Membranes samples were incubated at 37 °C and 

with 5 % pCO2. Cell adhesion was assessed after 1 day of incubation while the cell proliferation was 

measured after 4 and 7 days of incubation through Resazurin Cell Viability Assay Kit (Sigma-

Aldrich, St. Louis). At each time point the culture medium was taken and 200 µL of Resazurin 

solution, at the concentration of 10 % v/v in culture medium, were included in the wells. For 4 hour 

later, 150 µL of Resazurin solution were collected from all wells for the fluorescence analysis. 

Subsequently, each well was cleaned with PBS and 200 µL of fresh culture medium were added to 

the wells. The fluorescence measures were obtained by the same method described in the previous 

paragraph.  
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3.12.4. SEM analysis of the cell morphology 

With the aim to evaluate the cell morphology on the surface of electrospun membranes, cells were 

seeded and cultured on each type of nanofibrous-based membranes for 7 days and subsequently 

analyzed thanks to the SEM. Membrane samples were washed with PBS and, later, fixed with 

paraformaldehyde (4 % v/v in PBS). Following, the samples were dehydrated by a stepwise treatment 

of 30 minutes with a solution of ethanol in water (30, 50, 70, 90, and 100 % v/v) and then with 

hexamethyldisilazane (HMDS) in ethanol (30, 50, 70, 90, and 100 % v/v) at room temperature. After 

1 hour in 100 % HMDS, samples were air-dried over-night, sputter-coated with gold (Sputter Coater 

K550X, Emitech, Quorum Technologies Ltd, UK) and then analyzed trough the SEM (Quanta 250 

SEM, FEI, Oregon, USA) operated in the secondary electron detection mode. With the aim to obtain 

the appropriate magnification and image quality, the working distance and the accelerating voltage 

were adjusted at 30 kV.  

 

3.12.5. Lactate dehydrogenase cytotoxicity assay 

In order to evaluate the cytotoxicity of the membranes, the lactate dehydrogenase (LDH) released 

from UCs cultured in the presence of PCL/ plasma and PCL/RIF membranes was measured through 

to the Lactate Dehydrogenase Activity Colorimetric Assay Kit (Sigma-Aldrich, St.Louis, USA). UCs 

were seeded in 24-well plates, with a cellular density of 10×103 for each well and incubated at 37 °C 

and with 5 % pCO2. Following 1 day of incubation, treatments were included to the wells:  PCL/- 

plasma membranes, PCL/RIF membranes, polystyrene (PS) samples as a negative toxicity control 

and Triton-X 100 (0.01 % v/v) in PBS as a positive toxicity control. In addition, for each treatment 

the results were adjusted with their relative blanks, represented by culture medium. After 24 hours of 

incubation, the medium was taken from all wells and was analyzed following the supplier 

instructions. The test was performed in absorbance at 450 nm of wavelength with the 
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spectrofluorometer GloMax Multi + Detection System (Promega, Madison, WI, USA). The values 

were reported as percentage of cytotoxicity and were obtained by diving the absorbance of the control 

or the treated cells with the absorbance of the cell lysate at 24 h. 

 

3.13. Statistical analysis  

Statistical assessments were carried out employing Origin software (OriginLab Corporation). Data 

normality was performed thanks to Kolmogorov–Smirnov test, variance homoscedasticity was 

assessed by Levene’s test. Data that satisfied both normality and variance homoscedasticity were 

analyzed with the one-way ANOVA test, applying Bonferroni’s correction, else Kruskal–Wallis and 

Mann– Whitney U non-parametric tests were utilized. The statistical significance was pre-set at α= 

0.05.  
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4. RESULTS 

4.1. Electrospun Membranes Based on single-needle Nanofibers 

Electrospun polymeric membranes with antibacterial properties were developed and characterized in 

order to produce a synthetic matrix to allow the regeneration of the structure and the morphology of 

the ureter and to recover its functionality. For this reason, polycaprolactone (PCL) was employed to 

synthesize electrospun matrices by virtue of its ease of utilize, good mechanical properties and 

physical-chemical characteristics. On the other hand, rifampicin (RIF) was used with the aim to 

discourage the onset of any bacterial infections that could occur in the surgery practice.  

 

4.1.1. PCL and PCL/RIF electrospun membranes development 

PCL and RIF-loaded electrospun membranes were characterized by the absence of defects on the 

nanofiber surface, as well as by the presence of the fibers randomly oriented and a homogeneous 

fibrous matrix (Figure 9A and 9B).  

 

Figure 9. Nanofibers morphology. SEM micrographs of the morphological aspect of PCL (A), PCL/RIF (B) and 

PCL/RIF/plasma (C) membranes. Scale bar is 20 µm. 

Nevertheless, PCL and RIF-loaded membranes showed a statistically significant difference (p < 

0.05), between the average nanofiber diameter of both of nanofibers. In particular, the average 
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diameter of PCL nanofibers was 1.03 ± 0.33 µm (Figure 10), unlike RIF-loaded nanofibers, whose 

diameter was 0.57 ± 0.22 µm. On the other hand, the average nanofibers diameter of air-plasma 

treated PCL/RIF membranes was 0.52 ± 0.22 µm, showing that the air-plasma treatment does not 

affect nanofibers morphology or dimension (Figure 9C).  

 

Figure 10. Dimensional analysis of PCL, PCL/RIF, and PCL/RIF-plasma nanofibers. Statistically significant 

differences (ANOVA test and Bonferroni’s correction) are reported with an asterisk (*), p < 0.05. Sample size (n) = 50.  

4.1.2. Chemical characterization by NMR spectroscopy 

In order to evaluate the presence of residual organic solvent of the PCL-based membranes, 

membranes samples were dissolved in CDCl3 and analyzed by means of the 1H NMR spectroscopy. 

NMR spectra, reported in Figure 11, showed the absence of traces of organic solvents, such as DCM 

and DMF, employed to solubilize the polymer. Indeed, 1H NMR analysis performed on PCL (Figure 

11A, PCL-plasma (Figure 11B), PCL/RIF (Figure 11C), and PCL/RIF-plasma (Figure 11D) 

samples, confirmed the absence of peaks of organic solvent at the level of all types of membranes. 

Respectively, the reference peak of the DCM and DMF are 5.297 ppm and 8.019 ppm or 2.970 and 

2.883 ppm, theoretical values that was not observed in all NMR spectra (Fulmer et al., 2010; Peez et 

al., 2022).  
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Figure 11. 1H NMR spectra of PCL (A), PCL-plasma (B), PCL/RIF (C), and PCL/RIF-plasma (D) membranes. The 

NMR analysis reported the absence of DCM and DMF residues.  
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4.1.3. Evaluation of wettability, contact angle and free energy surface 

With the objective to investigate the wettability of electrospun PCL-based matrices, samples 

membranes were tested using contact angle measurements. To overcome the hydrophobicity behavior 

of the PCL, a protocol for the air-plasma treatment was selected and adapted after literature analysis 

(Can-Herrera et al., 2016; Ren et al., 2013). The PCL-based membranes were analyzed in the presence 

of deionized water (DW), deionized water with the addition of FBS 10 %, PBS, PBS + FBS 10 %, 

SBF, SBF + FBS 10 %, NaCl 0.9 %, NaCl 0.9 % + FBS 10 % and DMEM. Representative images of 

the liquid drops of the PCL not treated, PCL air-plasma treated, PCL/RIF not treated, and PCL/RIF-

air-plasma treated were reported respectively in the Figure 12, 13, 14 and 15. The hydrophobicity of 

PCL not treated membranes in the presence of all tested fluids can be observed in the Figure 12, 

confirming the absence of interaction between membranes and the aqueous environment.  

 

Figure 12. Membranes wettability. contact angle analysis of PCL not treated membranes in the presence of deionized 

water (DW) (A), deionized water + FBS 10 % (B), PBS (C), PBS + FBS 10 % (D), NaCl 0.9 % (E), NaCl 0.9 % + FBS 

10 %(F), SBF (G), SBF + FBS 10 % (H), and DMEM (I). Scale bar is 1 mm. Sample size (n) = 6. 
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On the other hand, the effects of air-plasma treatment on the PCL membranes are reported in the 

Figure 13, and showed a total wettability, confirming the effectiveness of the cleaning process. 

 

Figure 13. Membranes wettability. Contact angle analysis of PCL air-plasma membranes in the presence of deionized 

water (DW) (A), deionized water + FBS 10 % (B), PBS (C), PBS + FBS 10 % (D), NaCl 0.9 % I, NaCl 0.9 % + FBS 10 

%(F), SBF (G), SBF + FBS 10 % (H), and DMEM (I). Scale bar is 1 mm. Sample size (n) = 6. 

 

The PCL/RIF not treated membranes showed a different behavior than that solely PCL membranes. 

In detail, the RIF-loaded membranes (Figure 14) showed a hydrophobic behavior in the presence of 

deionized water, while when is used the cell culture medium, the PCL/RIF membranes showed a 

higher wettability. Therefore, with the objective to clarify this different behavior, contact angle was 

also measured on the membranes utilizing saline solution, SBF and FBS alone and combined, 

reporting a more pronounced wettability.   
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Figure 14. Membranes wettability. Contact angle analysis of PCL/RIF not treated membranes in the presence of 

deionized water (DW) (A), deionized water + FBS 10 % (B), PBS (C), PBS + FBS 10 % (D), NaCl 0.9 % (E), NaCl 0.9 

% + FBS 10 %(F), SBF (G), SBF + FBS 10 % (H), and DMEM (I). Scale bar is 1 mm. Sample size (n) = 6. 

 

In the last analysis, the wettability of PCL/RIF air-plasma treated membranes (Figure 15) was 

explored. As in the case of solely PCL-air plasma treated membranes, the PCL/RIF-plasma 

membranes showed a maximum wettability in the presence of all tested fluids. This is confirmed by 

contact angle measurements since the obtained values were always 0° for both types of PCL-based 

air-plasma treated membranes.  
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Figure 15. Membranes wettability. Contact angle analysis of PCL/RIF air-plasma treated membranes in the presence of 

deionized water (DW) (A), deionized water + FBS 10 % (B), PBS (C), PBS + FBS 10 % (D), NaCl 0.9 % I, NaCl 0.9 % 

+ FBS 10 %(F), SBF (G), SBF + FBS 10 % (H), and DMEM (I). Scale bar is 1 mm. Sample size (n) = 6. 

The following table (Table1) summarize the contact angle measurements of all tested electrospun 

membranes in the presence of all tested fluids. 

 

Table 1. Contact angle values of other tested fluids of PCL-based membranes. DW: deionized water; FBS: fetal bovine 

serum; PCL: polycaprolactone; PCL/plasma: PCL membranes treated with air-plasma; PCL/RIF: PCL membranes 
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containing rifampicin; PCL/RIF/plasma: PCL membranes containing rifampicin and treated with air-plasma; SBF: 

simulated body fluid. 

 

In order to evaluate the surface free energy of the electrospun membranes, the Owens-Wendt methods 

(Owens & Wendt, 1969) was adopted after measuring also the contact angle values of the ethylene 

glycol (EG) with the aim to estimate the dispersive/hydrophobic component (γs
d), and the 

polar/hydrophilic component (γs
p). The surface free energy values are reported in Table 2. The high 

contact angle values of PCL not treated membranes (> 90°) together with the low values of the polar 

component (γs
p) confirmed their intrinsic hydrophobic behavior. Furthermore, with the addition of 

the rifampicin, the membranes showed a contact angle values lower than 90°, except when water was 

used, confirming their wettability in the presence of the other tested fluids. All types of PCL air-

plasma treated membranes showed a contact angle values equal to 0°, with the polar component 

higher than that of not-treated membranes, confirming their maximum wettability and the 

effectiveness of the air-plasma process.  

 

Table 2. Contact angles measurements and surface free energy values of PCL-based membranes. 
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4.1.4. Mechanical characterization and aging evaluation of PCL-based 

membranes  

With the objective to assess the mechanical properties in terms of Young’s modulus, maximum stress 

and deformation at break of the electrospun membranes, uniaxial tensile tests were carried out on 

PCL-plasma, PCL/RIF, and PCL/RIF-plasma membrane samples. Due to limitations of the 

instruments, it was not possible to deform the membranes up to their rupture, and, therefore, their 

maximum deformation. For this reason, the membranes were tested up to instrumental displacement 

limit, which is equal to 20 mm (350 % of deformation). At this instrument limit, all dry sample 

membranes were able to sustain a maximum stress between 2 and 3 MPa (Table 3), as well as were 

able to reach the maximum deformation applicable.  

 Young’s modulus 

(kPa) 

Maximum stress 

(MPa) 

Maximum  

strain (%) 

PCL-plasma 33.2 ± 15.5  2.2 ± 1.0 310 ± 56.7 
PCL/RIF 18.4 ± 2.6 2.3 ± 0.2 350 ± 0.1 

PCL/RIF-plasma 22.6 ± 6.8 3.0 ± 0.5 350 ± 0.1 

Table 3. Mechanical properties of dry membranes carried out by means of uniaxial tensile tests. 

Regarding the mechanical tests of the aged membranes, dogbone shaped samples were incubated at 

37°C in SBF and evaluated at different time points, previously indicated in the materials and methods 

paragraph. The mechanical properties of all aged membranes were reported in Figure 16.  
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Figure 16. Mechanical properties of aged membranes obtained thanks to uniaxial tensile tests: Young’s modulus (A), 

maximum strain (B) and maximum stress (C) of PCL/plasma membranes (●), PCL/RIF membranes (♦) and 

PCL/RIF/plasma membranes (■). Sample size (n) = 6. 

The PCL-based membranes showed a Young’s modulus (Figure 16A) almost constant over time 

unlike than PCL/RIF and PCL/RIF-plasma membranes, which displayed a significantly lower 

Young’s modulus. The reason of this different behavior could be given by the lower fibers’ diameter 

of RIF-loaded membranes, which could affect their mechanical properties. Regarding the maximum 

strain (Figure 16B), PCL/plasma membranes showed to sustain the maximum deformation up to 12 

weeks, beyond which it was possible observe a decay of the deformation itself. On the other hand, 

the RIF-loaded membranes after 3 weeks of aging, showed a significant drop in the maximum strain. 

In terms of maximum stress (Figure 16C) sustained over time, PCL-plasma samples showed that the 
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developed membranes could be considerable as stable over time, while the RIF-loaded membranes 

displayed similar behavior among themselves, reporting a constant and statistically significant 

decrease of the maximum stress starting from 1 week of aging. The effects of the aging in SBF on the 

morphology and the architecture of nanofibers were explored too, demonstrating that all three types 

of the membranes displayed relevant morphological changes after 20 weeks of aging. The Figure 17 

report the aging impact on the structure of the membranes after 1 day of aging (PCL/plasma, 17A; 

PLC/RIF, 17C; PCL/RIF/plasma, 17E) and following to 20 weeks of incubation (PCL/plasma, 17B; 

PLC/RIF, 17D; PCL/RIF/plasma, 17F). These alterations lead to a thickening of the nanofibers as 

well as the presence of multiple fractures, causing the rupture of the membrane.  
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Figure 17. Membrane aging. SEM micrographs display the morphological aspect of PCL-based membranes aged in 

SBF. PCL/plasma membranes: A, day 1; B, week 20. PCL/RIF membranes: C, day 1; D, week 20. PCL/RIF/plasma 

membranes: E, day 1; F, week 20. The scale bar is 30 µm. 
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4.1.5. Rifampicin cumulative release from RIF-loaded membranes 

With the aim to evaluate the rifampicin release in conditions that mimic the physiological 

environment, the PCL/RIF and PCL/RIF-plasma were incubated at 37°C in SBF at 1, 4, 24 and 48 h. 

The concentration of the released rifampicin was assessed by UV–vis spectrophotometry and 

normalized on the weight of each sample. On the other hand, the initial concentration of the antibiotic 

included in nanofibers, was determined starting from the concentrations of the solutions employed in 

the electrospinning process: for each mg of electrospun membranes were calculated 8.3 µg of 

rifampicin. The rifampicin cumulative release was expressed as percentage. Regarding the PCL/RIF 

membranes, a massive release of about 56 % of the antibiotics was registered within the first hour of 

incubation, unlike the PCL/RIF-plasma that allowed a release of about 26 % (Figure 18).  

 

Figure 18. Rifampicin cumulative release from PCL/RIF (■) and PCL/RIF-plasma (●) membranes. For each time point 

a statistically significant difference was observed between the two groups (Mann– Whitney U Test, p < 0.05). Sample 

size (n) = 10. 

 

After 24 hours of release, PCL/RIF membranes displayed a release increased up to 72 %, while the 

PCL/RIF-plasma allowed a release increased up to 32 %. At 48 hours of incubation, from both types 

of membranes, was observed an amount of released rifampicin slightly higher than that released at 
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24 hours. In terms of concentration, the PCL/RIF membranes released an amount of rifampicin 

corresponding to 6.8 µg for mg of membrane, unlike the PCL/RIF-plasma which released only 3 µg 

for mg of membrane. Therefore, at 48 hours of incubation, it was not possible to observe any 

statistically significant difference for both type of tested membranes.  

 

4.1.6. Antibacterial activity of PCL-based membranes 

With the objective to explore the antibacterial capacity of PCL-based membranes, in vitro 

antibacterial assay was carried out thanks to the employing of reference bacterial strains belonging to 

the ESKAPE group. In details, the bacterial strains utilized, for this purpose, were S. aureus, which 

is a relevant pathogen for Implant-Associated Infections (IAI), K. pneumoniae, A. baumannii, P. 

aeruginosa and, E. coli, which is the most important pathogen for urinary tract infections (UTIs). The 

bacterial proliferation in the presence of RIF-loaded membranes is indicated in Figure 19.  

 

Figure 19. Inhibition of bacterial proliferation. Bacterial growth of Escherichia coli (ATCC 25922), Staphylococcus 

aureus (ATCC 25923), Klebsiella pneumoniae (ATCC 700603), Acinetobacter baumannii (ATCC 19606) and 
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Pseudomonas aeruginosa (ATCC 27853) in the presence of PCL/plasma membranes (green), PCL/RIF membranes 

(orange) and PCL/RIF/plasma membranes (blue). The Ctrl+ (red) indicates proliferation bacterial strains on the absence 

of the membranes. Statistically significant differences among the treatments for each bacterial strain (Kruskal–Wallis 

and Mann–Whitney U) are marked with an asterisk (*), p < 0.05. Sample size (n) = 6. 

 

The test was performed comparing a control group of bacterial proliferation in the absence of the 

membranes with the bacterial growth in the presence of PCL/plasma membranes. The PCL/RIF 

membranes caused a strongly inhibits of bacterial proliferation of each type of bacterial strains. In 

particular, in the case of A. baumannii, the inhibition of the bacterial growth was stronger than the 

other bacterial strains tested. Indeed, for this bacterial strain, it was possible to observe a relevant 

variance of the data for the both control groups and RIF-loaded membranes. On the other hand, the 

PCL/RIF and PCL/RIF-plasma membranes showed a similar behavior among themselves, in terms 

of bacteriostatic effect, with the exception of K. pneumoniae and P. aeruginosa. Indeed, these 

pathogens in the presence of RIF-loaded membranes displayed a bacterial proliferation similar than 

that observed for the control group, while PCL-plasma membranes do not show any bacteriostatic 

effect against pathogens tested. With the purpose to investigate the bactericidal effects of tested PCL-

based membranes, 25 µL of the bacterial suspension grown in the presence of the samples were taken 

and plated on agar plates. After 18 h of incubation, the PCL/RIF/plasma membranes exhibited a 

bactericidal effect against S. aureus and A. baumannii, unlike to PCL/RIF membranes, which 

bactericidal effect is observed also on E. coli (Figure 20).  
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Figure 20. Bactericidal assay performed on Escherichia coli (ATCC 25923), Staphylococcus aureus (ATCC 25922), 

Klebsiella pneumoniae (ATCC 700603), Acinetobacter baumannii (ATCC 19606) and Pseudomonas aeruginosa 

(ATCC 27853) in the presence of PCL/plasma and PCL/RIF membranes on agar plates. Figure 17A: positive control of 

bacterial growth (left) and bacteria growth in the presence of PCL/plasma membranes (right). Figure 17B: bacteria 

growth in the presence of PCL/RIF/plasma membranes (left) and bacteria growth in the presence of PCL/RIF 

membranes (right). 

 

4.1.7. In vitro cytotoxicity evaluation of Rifampicin  

With the aim to explore the biocompatibility of developed electrospun membranes, the cytotoxicity 

of the rifampicin was investigated through the employment of the urotheliocyte cell line (UCs) 

derived from human bladder cancer. For this reason, several antibiotic concentrations were tested 

(ranging from 2.5 µg/mL to 80 µg/mL). All the analyzed concentration were biocompatible, with the 

exception of the highest rifampicin concentration, as display the Figure 21. In terms of cell 

proliferation expressed as fluorescence intensity of the Resazurin-based assay, the UCs showed a 

trend significantly lower than the proliferation of the UCs in the presence of rifampicin lower 

concentrations, showing a statistically significant difference.  
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Figure 21. Rifampicin cytotoxicity. Proliferation of UCs in the presence of different concentration of rifampicin. 

Statistically significant differences (ANOVA test and Bonferroni’s correction) are indicated with an asterisk (*), p < 

0.05. Sample size (n) = 5. 

 

4.1.8. Evaluation of cell adhesion and proliferation on PCL-based 

membranes 

Cell adhesion and proliferation of membranes were evaluated by seeding of UCs on the PCL-based 

membranes surface. For this test, the PCL/RIF-plasma were not considered as they showed negative 

results in terms of rifampicin release and antibacterial activity. The cell adhesion is expressed as 

fluorescence intensity using the resazurin-based assay, and it was assessed after 1 day of cell culture, 

while the cell proliferation was investigated after 4 and 7 days of cell culture. the cell proliferation 

data were normalized on the signal obtained at day 1. The Figure 22 display the cell adhesion (Figure 

22A) and proliferation (Figure 22B) of UCs on the PCL-based membranes. The cell adhesion on 

PCL-plasma membranes was slightly higher than that of PCL/RIF, but the difference is not 

statistically significant. Indeed, the electrospun membranes allowed a proliferation rate of the UCs, 
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seeded on the surface membranes, very similar to the control group, demonstrating that the developed 

membranes were able to sustain the cell adhesion and the proliferation.  

 

Figure 22. Urotheliocytes adhesion and proliferation. The signal of the cell adhesion is expressed as fluorescence 

intensity (A). Proliferation rate of UCs (B) seeded on PCL/plasma membranes (■) and PCL/RIF membranes (♦). The 

Ctrl (●) indicates the UCs seeded directly on the well in the absence of the biomaterial and represents a positive control 

proliferation. Statistically significant differences (Kruskal–Wallis and Mann–Whitney U) are indicated with an asterisk 

(*), p < 0.05. Sample size (n) = 5. 

In detail, the PCL/RIF membranes caused a slower proliferation rate in the first 4 days of the 

experiment for UCs seeded. However, after this time point, it was possible to appreciate an increase 

on the UCs proliferation rate, demonstrating that the Rifampicin included into the membranes does 

not causes any cytotoxic effect towards to seeded UCs.  

As regards of the evaluation of the cell morphology on the membranes surface, SEM analysis were 

performed after 7 days of proliferation. The morphology of the UCs (Figure 23) on the PCL-plasma 

(Figure 23A and B) and on the PCL/RIF membranes (Figure 23C and D) were reported and 

confirmed their ability to sustain the cell adhesion and proliferation and, therefore, their 

biocompatibility. Thanks to their high hydrophilicity, PCL-plasma membranes allowed a higher cell 

spreading in contrast to PCL/RIF membranes.  
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Figure 23. Urotheliocytes proliferation on membranes. SEM micrographs of UCs seeded on PCL/plasma membranes at 

day 7 (A and B), and on PCL/RIF membranes at day 7 (C and D). Scale bar 50 µm. 

 

4.1.9. Evaluation of PCL/RIF cytotoxicity  

With the purpose to assess the cytotoxic effects of develop PCL/RIF membranes, the lactate 

dehydrogenase (LDH) release from UCs, cultured in the presence of the membrane samples, was 

explored. The amount of released LDH from UCs (Figure 24) was examined at 24 hours of incubation 

and was compared to UCs cultured in the presence of negative (polystyrene disks) and positive (Triton 

X100 in culture medium) controls of toxicity. The values of released LDH were expressed as 

percentage. The UCs, seeded in the presence of PCL-plasma membranes, showed a LDH release 

comparable to the UCs cultured in the culture medium and to the negative control for toxicity, while 

the cells treated with PCL/RIF membranes displayed an amount of released LDH slightly higher than 

the cells treated with PCL/plasma membranes. Nevertheless, it is possible to appreciate that the 
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released LDH obtained from UCs in the presence of the RIF-loaded membranes is very low if 

compared to positive control of toxicity.  

Figure 24. Cytotoxic effect of the membranes. Percentage of released LDH by cells seeded directly in the wells (Ctrl), 

or in the presence of PCL/plasma membranes, PCL/ RIF membranes, PS (negative control of toxicity) and Triton-X 100 

in PBS (0.01 % v/v, as a positive control of toxicity). Statistically significant differences (Kruskal–Wallis and Mann–

Whitney U) are indicated with an asterisk (*), p < 0.05. Sample size (n) = 5. 

 

4.2. Electrospun membranes based on Co-Axial fibers 

With the aim to produce a fibrous-based matrix with the ability to include and slow-down the release 

of antibiotic compound, co-axial fiber-based electrospun membranes were developed and 

characterized. The Figure 25 show a schematic representation of all type of obtained co-axial fiber-

based electrospun membranes.  
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Figure 25. Graphic representation of the produced co-axial electrospun fibers. 

 

In detail, electrospun membranes were produced by alternating the presence of the rifampicin in the 

core or shell layer of the co-axial fiber. The co-axial electrospun fibers thus obtained, were compared 

to single-needle nanofibers, previously showed, in order to evaluate the differences in terms of mean 

fiber diameter, fiber architecture and morphology, rifampicin encapsulation and rifampicin released 

over time. The membranes containing the rifampicin within the core layer have been then further 

functionalized by synthetizing silver nanoparticles (AgNPs) on the shell layer and subsequently 

characterized. 

 

4.2.1. PCL and PCL/RIF co-axial fibers production 

With the objective to fabricate co-axial fibers with rifampicin loaded in the core or the shell layer, 

PCL-based co-axial fibers were produced by varying the co-axial configuration. Co-axial fibers thus 

developed will be named RIF-core (Figure 26 D) and RIF-shell (Figure 26 C). On the other hand, 

the PCL co-axial fibers fabricated without the antibiotic were considered as control group and will be 

called CTRL-core (Figure 26 B), CTRL-shell (Figure 26 A). The Figure 26 show the morphology 
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and the architecture of all developed electrospun membranes and revealed the absence of defects on 

the fiber surface, the presence of the fibers randomly oriented and a homogeneous fibrous matrix.  

 

Figure 26. SEM micrographs of coaxial PCL-based membranes with and without rifampicin: CTRL shell (A), CTRL 

core (B), RIF shell (C), and RIF core (D). Scale bar: 50 μm. 

 

In order to evaluate the differences in terms of mean fiber diameter between PCL and RIF-loaded co-

axial fibers, the dimensional analysis was carried out through the randomly selection of 50 fibers of 

all types of samples. The investigation (Figure 27) displayed that the diameter of CTRL shell and 

RIF shell is significantly larger than the diameter of CTRL core and RIF core fibers (p < 0.05). In 

detail, the inclusion of the rifampicin in the shell layer (RIF-shell) caused an alteration of the fiber 

morphology involving an increase of the mean fiber diameter (2.25 ± 0.41 μm) with respect to the 

RIF-core (1.89 ± 0.43 μm). This behavior was showed also in the case of the co-axial fibers without 

the rifampicin, since the calculated mean fiber diameter of CTRL-shell was 2.3 ± 0.4 μm, unlike 
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CTRL core, whose diameter was 1.8 ± 0.4 μm. This was probably given by the higher flow rates 

employed to prepare CTRL shell and RIF shell co-axial fibers with respect to CTRL core and RIF 

core fibers. Moreover, the dimensional analysis displayed that the presence of the rifampicin does not 

significantly affect fiber morphology and architecture if compared only with the PCL controls.  

 

Figure 27. Dimensional analysis. Comparison of fiber diameters between all types of membranes. Statistical analysis 

was performed with Kruskal−Wallis and Mann−Whitney test for a comparison of two-groups, applying Bonferroni’s 

correction. Statistically significant differences are indicated as asterisks (*). **** = p < 0.0001. Sample size (n) = 50. 

 

4.2.2. Rifampicin release kinetics 

With the purpose to investigate the influence of the different rifampicin encapsulation method, the 

release kinetic of the antibiotic was followed by comparing the co-axial and single-needle fibers. 

Moreover, to investigate the effects of the air-plasma treated on the rifampicin included into co-axial 

fibers, air-plasma treated and not treated electrospun membranes were compared. All types of 
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membranes samples were incubated at 37°C in PBS at 1, 4, 24, 48 and 72 h. The Figure 28 displays 

the release kinetics of the antibiotic from all types of membranes.  

 

Figure 28. Rifampicin release kinetics from not treated RIF no coax (●), RIFcore (🔺), RIF shell (♦), plasma-treated 

RIF no coax (■), RIF core (▼), and RIF shell (⬣). Statistical analysis was performed through ANOVA test, applying 

Bonferroni’s correction and statistically significant differences are reported as asterisks (*). 

**** = p < 0.0001. Sample size (n) = 10. 

 

The RIF no coax nanofibers released a high amount of rifampicin (49%) after 72 hours of incubation. 

On the other hand, at the same time point, the air-plasma treated RIF no coax matrices showed a 

lower amount of rifampicin released, equal to 20 %. However, the data of release registered were 

significantly higher with respect than those obtained for all co-axial fibers. As previously described 

(section 4.1.5.), the air-plasma treatment could cause a partial degradation of the rifampicin leading 

to a significantly lower release over time. On the other hand, the presence of the co-axial morphology 

could be proven by the differential rifampicin release from the core or shell layers. In detail, the not 

treated RIF core fibers showed a release of 6.6% after 72 hours, unlike no treated RIF shell fibers, 
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which released 9.6% at the same time point. Moreover, the rifampicin, encapsulated into the core of 

the fiber, was protected by the air-plasma cleaning process acting on the shell layer, causing a release 

of 0.3 %, within 72 hours of incubation.  

 

4.3. Double functionalized PCL and PCL/RIF co-axial membranes 

development 

The production of the co-axial membranes previously described aimed at the investigation the effects 

of the air-plasma treatment on the RIF-loaded co-axial fibers and subsequently to evaluate the 

rifampicin release. The obtained results showed that the produced fibers possess a co-axial 

morphology but at the same time displayed that the rifampin was degraded by the action of the air-

plasma cleaning process. Moreover, the obtained membranes possessed a high thickness and a rigidity 

such that it was difficult to obtain membrane samples. For this reason, PCL-based coaxial fibers were 

produced with another experimental set-up with the aim of producing thinner membranes with a 

nanofibrous structure such that rifampicin is protected from the action of air-plasma treatment and, 

at the same time, a gradual release of rifampicin over time is allowed. Moreover, in order to enhance 

the antibacterial properties of the co-axial fibers, the membranes were functionalized with silver 

nanoparticles on the shell layer.  

 

4.3.1. PCL and PCL/RIF co-axial fibers production 

Electrospun co-axial PCL and RIF-loaded fibers (Figure 29) were developed by adapting the 

protocols previously described and published by Gruppuso et al.(Gruppuso et al., 2022). Both types 

of co-axial fiber (PCL, Figure 29A; PCL/RIF, Figure 29B) are characterized by a randomly oriented 
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and packed fibers and a homogeneous and dense fibrous matrix. Moreover, the fibers do not show 

any superficial defects, such as beads or fusion of fibers.  

 

Figure 29. SEM micrographs of coaxial PCL-based membranes with and without rifampicin: PCL (A), PCL/RIF (B), 

Scale bar: 50 μm. 

In order to evaluate how the encapsulation of the rifampicin may have affected the nanofibrous 

structure, the dimensional analysis was carried out through the randomly selection of 50 fibers. In 

details, the average diameter (Figure 30) of the PCL co-axial nanofibers is 2.14 ± 0.64 µm, while 

that of the RIF-loaded co-axial nanofibers is 1.94 ± 0.82 µm. No statistically significant differences 

were observed since the introduction of the rifampicin in the core does not affects the fiber diameter 

and its morphology. 
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Figure 30. Dimensional analysis of PCL and PCL/RIF co-axial fibers. No significant statistical differences were 

showed. Sample size (n) = 50. 

 

4.3.2. In-situ synthesis of silver nanoparticles on co-axial membranes 

In order to functionalize the shell layer of the co-axial nanofibers, the co-axial membranes were 

immersed in a solution of dopamine hydrochloride and silver nitrate with the aim to allow the in-situ 

synthesis of silver nanoparticles on the surface of the fibers. The Figure 31 show a schematic 

representation of the preparation protocol of the coating solution (Figure 31A) and co-axial mesh 

coated with silver nanoparticles (Figure 31B). 
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Figure 31. Schematic representation of the preparation method to produce co-axial mesh with the silver nanoparticles 

deposited on the shell layer of the fiber.  

 

The protocol of the in-situ reduction of silver nanoparticles on electrospun matrices was adapted from 

the protocol described by Son et al. (Son et al., 2013). The Figure 32 show the distribution of the 

silver nanoparticles on the surface of the co-axial fibers. When PCL (Figure 32A) and PCL/plasma 

(Figure 32C) membranes are immersed in the hydrochloride dopamine coating solution, a process of 

self-polymerization occurs, forming polydopamine (PDA). The PDA layer undergoes a process of 

oxidation, which allow the reduction of the silver ions (Ag1+) into metallic silver (Ag0) allowing the 

synthesis, through the reduction in-situ, of the silver nanoparticles on the co-axial fibers surface. The 

presence and the distribution of the silver nanoparticles were analyzed by FE-SEM imaging and EDS 

analysis. In detail, the deposition of silver nanoparticles is homogeneous in both PCL and 

PCL/plasma membranes. The EDS spectra of the silver for the PCL and PCL/plasma membranes are 

reported in Figure 32B and Figure 32D and confirm the presence of the silver on the membranes.  
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Figure 32. Evaluation of the presence of the silver nanoparticles. FE-SEM images of the deposition of silver 

nanoparticles on PCL co-axial membrane (Figure 32 A) and PCL/plasma co-axial membrane (Figure 32 C). Scale bar is 

200 nm and 300 nm.  EDS spectra of PCL co-axial membrane (Figure 32 B) and PCL/plasma co-axial membrane 

(Figure 32 D). 

 

4.3.3. Evaluation of Wettability, Contact Angle, and Surface Energy of 

Co-axial Membranes 

The wettability of PCL-based membranes is showed in the Figure 33 and was analyzed through 

contact angle measurements using deionized water (DW). Both plasma-treated and not-treated 

membranes were tested with the aim to evaluate the effectiveness of the air-plasma treatment on PCL-

based matrices hydrophilicity. In the case of all not treated PCL electrospun membranes with and 

without rifampicin and silver nanoparticles (Figure 33 A, C, E, G), contact angle measurements have 

confirmed the hydrophobic behavior of the polymer. On the other hand, the membranes that were 
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subjected to the air-plasma treatment (Figure 33 B, D, F, H) show a high wettability indicating the 

effectiveness of this type of treatment in modifying the surface properties of PCL-based membranes.  

 

Figure 33.  Membranes wettability. Contact angle analysis of untreated PCL treated PCL (A, B), untreated 

PCL/Rif and treated PCL/RIF membranes (C, D), untreated PCL/n-Ag and treated PCL/n-Ag (E-F) membranes, 

untreated PCL/RIF/n-Ag and treated PCL/RIF/n-Ag (G-H). Scale bar is 1 mm. Sample size (n) = 6. 
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Thereafter, the surface free energy of treated and not-treated membranes was calculated according to 

the Owens-Wendt method measuring also the contact angle values of the ethylene glycol (EG). 

Contact angle values and surface energy values are reported in Table 4. The hydrophobicity of not-

treated PCL-based membranes was confirmed by observing the high contact angle values (>90°) and 

the low values of polar component of the surface energy. Meanwhile, the treated membranes showed 

an increment of surface energy polar component values confirming the effectiveness of the air-plasma 

treatment towards the membranes. 

 

Table 4. Contact angle values and surface energy values of co-axial PCL-based membranes. 

 

4.3.4. Rifampicin cumulative release kinetics  

With the aim to estimate the release of rifampicin from the core of the co-axial fibers, untreated and 

treated RIF-loaded membranes were incubated at 37 °C in PBS, at 1, 4, 24, 48 h and 1 week. The 

amount of release rifampicin was assessed by UV-visible spectrophotometry and subsequently was 

quantified. The Figure 34 display the rifampicin release profiles from co-axial matrices. In the first 

4 h, untreated RIF-loaded and treated RIF-loaded membranes showed a comparable release profile. 

In detail, after 4 h of incubation in PBS, both type of membranes revealed a release of about the 30 

% indicating that the air-plasma treatment does not alter the rifampicin amount within the core. After 
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24 h of incubation in PBS, the amount of rifampicin released is slightly higher than the amount 

measured for both types of membranes at 4 h. In detail, at 24 h of incubation, the untreated RIF-

loaded membranes released up to 37.2 % of rifampicin included within the core, meanwhile the RIF-

loaded air-plasma treated membranes released the 35.7%. Lastly, from 24 h up to 1 week, for both 

PCL/RIF membranes a slightly increase of rifampicin released from the fibers was observed, as well 

as constant release over time. Specifically, at 1 week of incubation in PBS, a rifampicin release about 

41,8% was observed for the untreated PCL/RIF fibers while the air-plasma treated PCL/RIF fibers 

showed a rifampicin released amount of 39%, without any statistically significant difference between 

the membranes.  
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Figure 34. Rifampicin release kinetics. Rifampicin release kinetic, reported as the percentage of cumulative release 

over the total rifampicin contained within the membranes, from PCL/RIF membranes (●) and PCL/RIF-plasma 

membranes (■). For each time point a statistically significant difference was observed between the two groups. Sample 

size (n) = 10. 
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4.3.5. Silver cumulative release kinetic 

With the objective to assess the silver release from the shell layer of the co-axial fiber, not treated 

PCL-nAg and PCL/plasma-nAg samples were incubated at 37° in PBS, at 1, 4, 24, 48 h and 1 week. 

The amount of the silver release was evaluated by means Inductively coupled plasma- mass 

spectrometry (ICP-MS) and, subsequently, was quantified. The Figure 35 show the silver release 

profiles from co-axial matrices. In the first 4 h, PCL/plasma-nAg showed a silver burst release. In 

detail, after 4 h of incubation in PBS, the amount of released silver was about 32%, indicating an 

immediate availability of the silver toward bacteria pathogens. After that the release slows down, 

indeed after 24 h of incubation in PBS, the PCL/plasma-nAg released the 47% of the total silver 

content, and after 1 week the 57%, guaranteeing the presence of an amount equal to 43% of residual 

silver on the membranes.  

 

Figure 35. Silver release kinetics. Silver release kinetic, reported as the percentage of cumulative release over the 

total silver deposited on the membranes, PCL/plasma-nAg membranes (●), PCL-nAg membranes (■). Sample size 

(n) = 10. 
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Regarding PCL-nAg membranes, a massive release of about 22.5 % of the silver was registered within 

the first 4 hour of incubation, indicating, even in this case, an instant availability to the bacterial 

pathogens. After this time point, the silver release slowed down. Indeed, after 24 h of incubation, 

PCL-nAg showed a release of 27 % of the total silver content, while after 1 week of incubation, the 

matrices allowed a silver release of 36 %, guaranteeing the presence of an amount equal to 64 % of 

residual silver on the membranes. 

 

4.3.6. Stability characterization of PCL-based co-axial membranes 
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Figure 36. Co-axial membranes aging. Images at different magnification of the morphology of the active PCL fibers (A, B, C), PCL-

RIF (D, E, F), PCL-nAg (G, H, I) and PCL-RIF-nAg (J, K, L). The bar scale corresponds to 100 μm in the left column, 10 μm in the 

middle column and 1 μm in the right column. 

 

To investigate the effects of the aging in physiological-like conditions, the membranes were 

immersed in SBF for 8 weeks at 37 °C. The effects of the membranes aging on the fiber morphology 

and structure are appreciable in Figure 36 (PCL/plasma, Figure 36 A, B, C; PCL/RIF/plasma, Figure 

36 D, E, F; PCL-nAg, Figure 36 G, H, I; PCL/RIF/plasma-nAg, Figure 36 J, K, L). In all cases, the 

membranes did not display any morphological alteration affecting the nanofibers.  

 

Figure 37. Aging effects on silver nanoparticles. High magnification comparison between images acquired with Secondary Electrons 

detector and Back Scattered Electrons for PCL-nAg (A, B) and PCL-RIF-nAg (C, D). The bar scale corresponds to 300 nm for A and 

B, and 400 nm for C and D. 
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With the aim to investigate the effects of the aging on the presence and distribution of the silver 

nanoparticles, SEM analyses were performed on co-axial matrices functionalized with silver 

nanoparticles. The Figure 37 reports the comparison between images acquired in secondary electrons 

and backscattered electrons mode for PCL/plasma-nAg (Figure 37 A, B) and PCL/RIF/plasma-nAg 

(Figure 37 C, D). The images show that in both cases, the silver nanoparticles are homogeneously 

distributed on the fiber surface also after 8 weeks of immersion in SBF. 

 

4.3.7. Co-axial electrospun membranes biocompatibility 

To investigate the possible cytotoxic effects of the rifampicin and the silver nanoparticles or their 

synergic effect, both untreated and plasma-treated PCL and PCL/RIF membranes with and without 

silver nanoparticles were tested by verifying the UCs proliferation (Figure 38) in the presence of the 

biomaterials after 1, 3, 6, 8 days of exposition. As growth control for all types of membranes, cells 

not treated were used and the proliferation was normalized on day 1 with the aim to assess the 

proliferation rate over time. In the presence of all the PCL (Figure 38A) and PCL/RIF membranes 

(Figure 38B), UCs showed a proliferation rate comparable with the control cells, confirming that the 

rifampicin contained in the co-axial fiber together silver nanoparticles on the shell do not affect in 

any way the cell viability. Therefore, all the matrices tested displayed good biocompatibility, with no 

toxic effects deriving from the released rifampicin and silver nanoparticles. 
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Figure 38. Proliferation rate of UCs in the presence of PCL membranes (A) and PCL/RIF membranes (B). In both cases 

the same types of samples were evaluated: CTRL UCs: (🔺) untreated PCL and PCL/RIF membranes (●), untreated 

PCL-nAg and PCL/RIF-nAg (■), treated PCL and PCL/RIF (⬣), treated PCL-nAg and PCL/RIF-nAg (♦). Sample size 

(n) = 5. 

 

4.3.8. Antibacterial activity of PCL-based co-axial membranes  

The ability of PCL-based membranes to prevent the occurrence of bacterial infections, was assessed 

toward reference strains of clinically relevant pathogens, namely, E. coli and S. aureus. The bacterial 

growth was analyzed in the presence of PCL-based membranes measuring the turbidity of the medium 

at 600 nm. The bacteria proliferation is showed in Figure 39 and compared with a control group of 

bacteria growing in the absence of the biomaterial, and with the bacterial proliferation in the presence 

of PCL/plasma membranes. The Figure 39A show the inhibitory effect of the PCL-based membranes 

that have not undergone any aging process in SBF. In detail, the treated PCL/plasma-nAg showed to 

be effective towards E. coli but not towards S. aureus. On the other hands, the PCL/RIF/plasma 

membranes are able to discourage the bacterial growth of S. aureus, but do not possess any effect 

against E. coli. Otherwise, PCL/RIF/plasma-nAg membranes can strongly inhibit S. aureus and E. 

coli growth. This is due by the synergic effect of rifampicin released from the fibers core and the 

silver nanoparticles released from the fibers shell. PCL/plasma membranes do not display any 

antibacterial effect against tested bacterial strains. With the aim to verify the antibacterial efficacy 

over time, the membranes were aged in SBF for 1 week. The Figure 39B showed the inhibitory effect 

of the PCL-based membranes aged in SBF. The 1-week aging in SBF affected the antibacterial 

efficacy of the functionalized membranes, both in the case of E. coli and S. aureus. However, a slight 

inhibitory activity was retained with respect to the control samples. Indeed, E. coli growth was 

partially affected in the presence of the PCL/plasma-nAg and PCL/RIF/plasma-nAg mats. On the 

other hand, S. aureus was in part inhibited by all the functionalized matrices. 
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Figure 39. Inhibition of bacterial growth. Bacteria proliferation of E. coli (ATCC 25922-blue) and S. aureus (ATCC 

25923-orange) in the presence of dry membranes (Figure 32 A) and 1-week aged membranes (Figure 32 B). The Ctrl+ 

indicates growth bacterial strains without membranes. Statistically significant differences among the treatments for each 

bacterial strain (Kruskal–Wallis and Mann–Whitney) are marked with an asterisk (*). * = p = 0.01 (indicates E. coli),   

* = p = 0.03 (indicates S. aureus),  *** = p = 0.0001, **** = p < 0.0001. Sample size (n) = 6. 

 

4.4. PCL electrospun matrices with ureter-like architecture 

All these results showed that the electrospun PCL/RIF membranes, both co-axial and single-needle, 

possess remarkable characteristics and suitable physic/chemical properties for the fabrication of bi-

layer PCL electrospun membranes and tubular PCL scaffold for ureter regeneration with randomly 

oriented and aligned nanofibers. Considering the ureter structure, it is necessary to obtain a scaffold 

or vascular graft that mimic the structure and the morphology of the ureter layers. For this reason, the 

scaffold must necessarily possess an first or inner layer, characterized by a fiber alignment to allow 

the adhesion and proliferation of the smooth muscle cells, and an second or outer layer, characterized 

by randomly oriented fibers with the aim to mimic the structure of the native urothelium. Moreover, 

in the case of the bi-layer PCL membranes, the employment of the green solvents, such as acetic acid, 
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acetone, or ethanol, could cause less toxicity of the produced membranes as well as positive impact 

on the laboratory safety and waste management issues.  

 

4.4.1. Bi-layer PCL electrospun membranes development 

In order to produce electrospun membranes with a ureter-like nanofibrous pattern, bi-layer PCL 

electrospun membranes with randomly oriented and aligned fibers were developed and characterized. 

The Figure 40 show a schematic representation of the fiber alignment along the cylindric target.  

 

Figure 40.  Graphic representation of the circumferentially aligned fibers on the rotating cylindric collector.  

 

The Figure 41 display the morphology, orientation, and the architecture of the nanofibrous pattern 

of the first (Figure 41A) and the second layer (Figure 41B). Thanks to FE-SEM analysis it was 

possible to observe the different orientation of the layers of the PCL membranes. Indeed, the first 
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layer of the membrane shows aligned oriented nanofibers, homogeneously distributed with a dense 

nanofibrous matrix without superficial defects on the nanofiber surface. The same observation can 

also be made regard the second layer of the membrane with the only exception of the orientation of 

the nanofibrous pattern, which is randomly oriented.  

 

Figure 41. Nanofibers morphology. SEM micrographs of the morphological aspect of first layer (A), and second layer 

(B) of the bi-layer PCL electrospun membranes. Scale bar is 10 µm. 

 

With the aim to determine the mean diameter of the aligned and randomly oriented fibers, 

dimensional analysis was performed randomly selecting 50 fibers. In detail, dimensional analysis, 

displayed in Figure 42, revealed that the mean diameter of the aligned PCL fibers was 0.82 ± 0.36 

µm. On the other hand, the PCL fibers possessed a mean diameter equal to 1.28 ± 0.53 µm.  
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Figure 42. Dimensional analysis of aligned and randomly oriented PCL fibers. Statistical analysis was performed with 

Mann−Whitney test for a comparison of two-groups. Statistically significant differences are indicated with an asterisk 

(*). **** = p < 0.0001. Sample size (n) = 50. 

 

4.4.2. Tubular PCL electrospun scaffolds development 

With the purpose to produce a suitable scaffold to restore the functionality and the morphology of the 

ureter, a tubular PCL electrospun scaffold was developed and characterized. The Figure 43 displays 

the macroscopical aspect of the tubular PCL scaffold with its nanofibrous morphology of the inner 

and outer side. Through the experimental approach previously described in the section 3.2.1.4. it was 

possible to obtain a tubular membrane, showed in Figure 43A, with an inner diameter similar than 

the ureter. Thanks to the SEM analysis, it was possible to investigate the presence of two different 

layer and their nanofibrous morphology and architecture. In detail, the inner side (Figure 43B) 

presented aligned nanofibers with a dense and homogeneous fibrous matrix without superficial 

defects on the nanofibers while the outer side (Figure 43C) was characterized by the presence of 

randomly oriented nanofibers with very compact nanofibrous matrix. This type of membrane 
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configuration can be suitable to restore the ureter structure and its functionality since it mimics its 

muscular tunica and urothelium architectures. 

 

 

Figure 43. Morphology of the tubular membrane. Macroscopical aspect of the PCL tubular scaffold (A). Scale bar is 1 

mm. SEM micrographs of the morphological aspect of the inner side (B) and outer side (C) of PCL tubular scaffold. 

Scale bar is 30 µm. 

 

In order to evaluate the mean diameter of the fibers of both layers, dimensional analysis was 

performed randomly selecting 50 fibers from for each layer. In particular, dimensional analysis, 

displayed in Figure 44, revealed that the mean PCL fiber diameter of the inner layer was 0.55 ± 0.14 

µm. On the other hand, the PCL fibers possessed a mean diameter equal to 0.88 ± 0.21 µm.  
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Figure 44. Dimensional analysis of aligned and randomly oriented PCL fibers. Statistical analysis was performed with 

Mann−Whitney test for a comparison of two-groups. Statistically significant differences are indicated with an asterisk 

(*).  **** = p < 0.0001. Sample size (n) = 50. 

 

The experimental protocols, indicated in the 3.2.1.4 and 3.2.1.5. sections, and obtained results, 

regarding the morphology of the ureter-like membranes and their fiber dimensional analysis, 

represent preliminary data which must necessarily be expanded and developed with the aim to achieve 

the proposed medical need.  
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5. DISCUSSIONS 

In the field of reconstructive urology, current surgical techniques, such as end-to-end anastomosis or 

the employing of bowel tissue, are commonly used to restore the morphology of the ureter and its 

functionality. However, when these surgical approaches do not allow to reach a satisfactory outcome, 

an undesirable nephrectomy represent the only alternative (Adamowicz et al., 2019; de Jonge et al., 

2015) . Thanks to tissue engineering it is possible to develop new treatment approach to enhance the 

outcome in ureteral reconstruction through the employment of synthetic matrices, natural 

biomaterials, or vascular grafts. For this reason, the present thesis focused on the development and 

characterization of synthetic electrospun membranes based on polymeric material widely used in 

tissue engineering, called Polycaprolactone (PCL). Thanks to its ability to incorporate bioactive 

molecules or antibacterial compound and to easiness to fabricate synthetic nanofibers-based matrices, 

polymerics and composite scaffolds and 3D printed structures, PCL was therefore considered in this 

study (Feng et al., 2022; Kiran, 2019; Porrelli, Mardirossian, Musciacchio, et al., 2021; C. Wang et 

al., 2022; Y. Wang, Wang, et al., 2023; Y. Yang et al., 2022; X. Zhao et al., 2022). In addition, the 

rifampicin (RIF), a wide spectrum antibiotic particularly effective on Gram-positive bacteria, was 

employed to provide an antibacterial moiety to the system and therefore to discourage the origin of 

bacterial infections in the implant site (Kiran, 2019; C. Li et al., 2022; Qayoom et al., 2020; Ruckh et 

al., 2012). In detail, the RIF was added to the PCL solution at the concentration of 0.1 % w/v on the 

basis of the indications provided by the previously works published (Gilchrist et al., 2013; 

Subramaniam et al., 2019; Wu et al., 2015). For the production of PCL-based electrospun membranes 

the protocols previously published by our group and Ruckh et al. (Porrelli, Mardirossian, 

Musciacchio, et al., 2021; Ruckh et al., 2012) were considered and adapted in order to obtain stable 

and manageable electrospun membranes. The developed PCL-based electrospun membranes showed 

a dense nanofibrous matrix with randomly oriented nanofibers without macroscopical and 

microscopical defects, as well as a thickness suitable for the application and a homogeneous 
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distribution in terms of mean diameter. In this regard, the introduction of the RIF to the PCL solution 

caused a reduction of fiber diameter with respect to the solely PCL membranes probably caused by 

variation in the solution viscosity due to RIF presence (Bhat et al., 2022). As the organic solvents 

employed to solubilize the PCL, such as dichloromethane (DCM) and N, N dimethylformamide 

(DMF), could be toxic, 1H NMR spectroscopy analyses were performed with the aim to assess the 

presence of residual organic solvents in the membranes. The NMR spectra displayed the absence of 

DCM and DMF, as there are no peaks corresponding to the solvents (Fulmer et al., 2010; Gottlieb et 

al., 1997; Lancuški et al., 2012; Peez et al., 2022). PCL was chosen for its mechanical strength, 

biocompatibility and slow biodegradability over time, and being approved by the FDA, since it used 

for several biomedical applications such as tendon repair, bone and cartilage regeneration, and nerve 

restoration (Hajilou et al., 2020; Hou et al., 2022; Jang et al., 2020; Khunová et al., 2022; Klicova et 

al., 2020; T.G. et al., 2022) However, due its hydrophobic behavior, PCL-based scaffolds cannot 

promote cell adhesion, growth, spreading and proliferation and, therefore, it is necessary to modify 

its surface with the aim to enhance the hydrophilicity (Aynali et al., 2021; Niemczyk-Soczynska et 

al., 2020; Tiwari et al., 2017). Among the various strategy available to increase the hydrophilicity, 

the air-plasma treatment represents the best approach since allow to introduce functional chemical 

groups containing oxygen, thus achieving hydrophilic or super-hydrophilic surfaces for a long period 

(Gruppuso et al., 2022; Y. Li et al., 2022; Porrelli, Mardirossian, Musciacchio, et al., 2021). For this 

reason, the PCL-based membranes were treated with air-plasma process and its effects was confirmed 

by both water contact angle and surface energy analyses. In detail, PCL-plasma and PCL/RIF-plasma 

membranes showed to be totally wettable by all tested fluids included the culture medium (DMEM). 

This is given by the strongly oxidants activity of the air-plasma cleaning process. Unlike air-plasma 

membranes, PCL not treated membranes were not wettable by all tested fluids, confirming the 

hydrophobic behavior of the polymer. Unexpectedly, PCL/RIF membranes showed to be wettable by 

DMEM and FBS containing fluids, but displayed a poor wettability when saline solution and 
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deionized water are used. This different wettability content could be explained by the interaction 

between the rifampicin contained in the nanofibers and the serum bovine proteins of the fluids with 

FBS and DMEM, causing an increase of the fluid permeability within the membranes, even if they 

have not undergone any physical-chemical treatment (Pérez-Gallardo et al., 1992; O.-Y. Yu et al., 

2011). This physical-chemical characteristic represents an important advantage in the biological or 

surgical applications since it allows for the interaction of the material with biological system through 

cell adhesion, migration and proliferation phenomena without the employment of any superficial 

treatment that could, on the one hand, degrade RIF contained in the nanofibers. The wettability of the 

electrospun membranes was also confirmed by surface energy analysis by means of the application 

of Owens-Wendt method (Owens & Wendt, 1969). Indeed, through this approach it was possible 

calculate the surface energy of the all type of the electrospun membranes demonstrating that the 

increase of the wettability of the air-plasma treated membranes was given by the increase of the polar 

group components. Moreover, with the aim to better study the surface charge of the considered 

membranes, further characterizations will be devoted to the analysis of the zeta-potential or isoelectric 

point, most commonly used parameters that describe the surface potential of biomaterials in contact 

with a liquid (IEP) (Golizadeh, 2019; Metwally, 2020). While being able to interact with the 

biological system, the developed electrospun membranes must be also able to withstand mechanical 

stress over time and to be stable enough to be implanted. For this reason, mechanical properties in 

terms of Young’s modulus, elongation at break and maximum stress, were evaluated.  Through the 

analysis of the mechanical properties, it was possible to observe a significant mismatch between the 

Young’s modulus and the maximum stress, as the latter was two orders higher of magnitude than the 

former. This mechanical behavior is in contrast with literature (Al-Baadani et al., 2021; S.-H. Chen 

et al., 2014; Dettin et al., 2015) because the maximum strain of the investigated membranes, in the 

reported studies, was lower than 100 % (i.e. a two-fold increase of the membrane longitudinal length), 

while for the membranes described in this thesis it reached 350 % as the lowest value. In addition, 
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depending on several parameters, such as the type and the ratio of solvents employed, the type and 

concentration of polymer involved in the electrospinning process, it is possible that the membranes 

can be characterized by high mechanical strength even if the Young’s modulus is low (Bölgen et al., 

2005). In order to evaluate the effects of the aging in the physiological-like conditions, the membranes 

were incubated in Simulated Body Fluid (SBF) at 37 °C up to 20 weeks and evaluated by means of 

uniaxial tensile tests and SEM morphological analysis. The mechanical properties of PCL/plasma 

membranes remained stable over time up to 12 weeks, unlike the RIF-loaded membranes that 

displayed mechanical properties lower than the membranes without the antibiotic. Indeed, the 

maximum stress and deformation at break of the PCL/RIF and PCL/RIF-plasma membranes 

underwent a progressive reduction starting from two weeks of incubation in SBF. This could be 

explained by the introduction of RIF at the level of the PCL polymer chains which cause a reduction 

of mean fiber diameter negatively affecting the nanofibrous pattern consistency and architecture. This 

led to an increase of the surface-to-volume ratio and, consequently, a more pronounced degradation. 

These aspects together with an enhanced wettability in the presence of SBF, implicate a lower 

stability of the RIF-loaded membranes. Even if the RIF-loaded membranes showed a lower strength 

and stability than that PCL membranes, PCL/RIF and PCL/RIF-plasma membranes can be able to 

tolerate deformation stress and peristaltic movements of the native ureter, therefore, making them 

suitable for ureter regeneration (Kloskowski et al., 2013). With the aim to obtain an effective 

rifampicin concentration without cytotoxic effects, it is necessary that the electrospun membranes 

release an adequate amount of antibiotic (Aragón et al., 2019). For this reason, the molecular release 

from developed membranes was investigated incubating the rifampicin containing membranes in PBS 

with the purpose to simulate the physiological like-conditions. The initial concentration of the 

rifampicin contained within the membranes was calculated based on the amount of the solution used 

for the electrospinning process. Knowing that, the release was expressed as a percentage of the 

rifampicin solved in the polymer mixture. The release kinetic data for both type of RIF-loaded 
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membranes displayed a burst release of the antibiotic within 24 hours of incubation and, subsequently, 

a slow-down of the rifampicin release. The burst release of rifampicin represents a remarkable 

advantage since it allows to discourage the origin of bacterial early infections and drastically reduces 

the pathogenic species amount in close proximity of the implant site, limiting the bacterial adhesion 

and therefore the formation of biofilm (E. M. J. Lin et al., 2021; Zilberman & Elsner, 2008). 

Furthermore, the release kinetics showed that the PCL/RIF-plasma membranes antibiotic release is 

lower than that of PCL/RIF membranes. This different release trend can be explained by degradation 

of rifampicin due to the air-plasma cleaning process. For this reason, with the aim to evaluate the 

exact chemical composition of both PCL/RIF and PCL/RIF-plasma membranes, 1H NMR analyses 

were performed and did not completely exclude the presence of harmful rifampicin degradation 

products. Another explanation of this sudden release could be found in the ability of the membranes 

to maintain the rifampicin within the nanofiber structure. Nevertheless, the revealed massive 

rifampicin release could not guarantee a long-term antibacterial effect, which is a fundamental 

characteristic for a biomaterial to prevent bacterial infections after surgical procedures and during 

tissue regeneration. With the purpose to evaluate the antibacterial efficacy of the RIF-loaded 

membranes, several pathogen strains belonging to the ESKAPE group were tested. The bacteria 

belonging to this specific group of prokaryotic cells are among the most frequent opportunistic 

pathogens in nosocomial infections and are able to withstand by the action of antibiotic and traditional 

therapies. For this reason, ESKAPE group are related with a high impact of mortality or morbidity 

on the patient. Among, the bacterial pathogens belonging to the ESKAPE group, Staphylococcus 

aureus was examined because is the human major bacterial strain that cause implant-associated 

infections (IAI). In addition, with the objective to assess the capacity of the PCL/RIF and PCL/RIF-

plasma membranes to prevent the urinary tract infection (UTI), E. coli was considered since it is 

one of the main pathogens causing this type of infection (Gordon et al., 2021; Ma et al., 2020; 

Zalewska-Piątek & Piątek, 2020; F. Zhao et al., 2020; Zhuang et al., 2021). The data displayed that 
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the PCL/RIF membranes are effective in terms of inhibition of bacterial growth against all tested 

pathogens, demonstrating the presence of a bacteriostatic activity. On the other hand, PCL/RIF-

plasma membranes did not show the same effectiveness because the air-plasma process caused a loss 

of antibacterial activity against K. pneumoniae and P. aeruginosa (Lee et al., 2021; Rahal et al., 2011; 

Tribuddharat & Fennewald, 1999; W. Zhou et al., 2012). More in detail, the bacteriostatic effect is 

probably given by the fact that the bacterial strains tend to adhere to the surfaces, hence, they come 

in contact with locally high concentrations of the antibiotic around the material (Gámez et al., 2019, 

2020; Wu et al., 2021). The RIF-loaded membranes were characterized even in terms of bactericidal 

effect. In detail, PCL/RIF membranes showed a bactericidal effect against E. coli, S. aureus and A. 

baumannii, unlike the PCL/RIF-plasma that exerted their bactericidal activity only towards S. aureus 

and A. baumannii. In order to assess the cytotoxicity of the rifampicin free form, different 

concentrations of the antibiotics were tested towards a Human urothelial bladder carcinoma cells 

(UCs),  following the indications of the previously published works (Bodaghabadi et al., 2018; Wu 

et al., 2021). The data of cytotoxicity showed a harmful effect only at the higher tested concentration, 

equal to 80 µg/mL, towards the urotheliocytes.  This implies that the concentration of rifampicin 

released from the membranes has the ability to prevent bacterial infections without leading to 

cytotoxic effects. A preliminary assessment was aimed at the investigation of the biological properties 

of the electrospun membranes; the biological assay was not carried out on PCL/RIF-plasma 

membranes because the air-plasma process provokes the reduction of the rifampicin amount 

contained to the membranes and, therefore, their antimicrobial efficacy. The UCs adhesion was 

analyzed by a biochemical assay, and it was possible to appreciate the adhesion of the urotheliocytes 

on all surface PCL-based membranes, proving their biocompatibility. This results further confirmed 

the absence of residual organic solvents, already proved by 1H NMR spectra of the membranes. 

Proliferation assay displayed the ability to sustain the cells growth on the membrane surface 

especially on the PCL-plasma membranes. On the other hand, the PCL/RIF membranes, due to 
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presence of the antibiotic, showed a slightly lower proliferation rate of the UCs seeded on the 

membranes. Moreover, thanks to the morphological analysis employed by SEM, it was possible to 

confirm the presence of UCs on both types of membranes after 4 days, demonstrating that the 

PCL/RIF membranes are able to sustain the UCs adhesion, spreading and proliferation. However, 

through the evaluation of Lactate dehydrogenase (LDH) released from the UCs, it was possible to 

observe a slightly higher percentage of LDH released when the UCs were cultured on PCL/RIF 

membranes. This can be explained by a major wettability of the PCL/RIF membranes in the presence 

of DMEM with respect to PBS, which causes a higher rifampicin release with respect to what was 

showed in the in vitro assay experiments, resulting in a harmful effect on the UCs. Furthermore, it 

was possible to appreciate that the cell spreading was better on the PCL-plasma membranes. The 

results presented here showed that the membranes were biocompatible, biodegradable and can sustain 

the mechanical stresses and the deformations to which the native ureter is subjected. Moreover, the 

membranes show a burst release of rifampicin that provide a short-time antibacterial effects but could 

not guarantees a long-term antibacterial activity. For this reason, the second part of the present thesis 

was focused on the production and characterization of a nanofibrous structure that could allow a 

rifampicin release more sustained over time and, at the same time, prolong the antibacterial efficacy 

as well as overcome the cytotoxicity. Therefore, to satisfy all these characteristics, co-axial nanofiber-

based membranes were obtained through co-axial electrospinning and characterized. A common co-

axial electrospinning set-up is characterized by two or more miscible or immiscible polymeric 

solutions that are extruded by several independent concentric capillary tubes to which an electric field 

is applied, obtaining a core-shell nanofibrous structure (Baykara & Taylan, 2021; Ramalingam et al., 

2021). Among the main advantages of core-shell nanofibers there is the possibility to tailor the 

composition, thickness and the porosity of single layer of the nanofibers allowing to obtain scaffold 

with enhanced mechanical properties and tailored biodegradability, to load components and bioactive 

molecules within the nanofibrous structure and controlling their release under specific conditions (Z. 
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Huang et al., 2020; Mahalingam et al., 2021; Rafiei, 2020; C. Zhang et al., 2021). Therefore, with the 

aim to show the effects and the advantages of co-axial nanofibers, two types of RIF-loaded co-axial 

membranes, with the respective membrane controls (named RIF no coax and CTRL no coax), were 

developed and compared to single-needle nanofiber-based membranes. On the basis of the 

incorporation of the antibiotic in the co-axial fibers, the RIF-loaded co-axial membranes were called 

RIF-core and the RIF-shell, if the rifampicin is located respectively in the core or in the shell layer, 

while the membranes control were named respectively CTRL-core and CTRL-shell. All the 

produced co-axial membranes displayed a good nanofibrous morphology and architecture with a 

dense and packed nanofibrous matrix characterized by randomly oriented nanofibers without surface 

defects such as beads formation and fusion of the fibers, demonstrating that the introduction of the 

rifampicin did not cause any changing on the nanofibrous structure. However, the membranes with 

the rifampicin included within the core layer showed a mean fiber diameter slightly lower with respect 

to the membranes with the antibiotic incorporated in the shell layer. At the same time, a similar 

behavior was showed in their respective membranes control. This is probably explained by the higher 

flow rates employed to CTRL shell and RIF shell co-axial fibers with respect to CTRL core and RIF 

core fibers. Furthermore, the co-axial membranes showed, in all cases, an average fiber diameter 

significantly higher than the nanofibers obtained by an electrospinning employing as a spinneret a 

single needle. In this case, a higher applied voltage to the polymeric solution, should have produced 

fibers characterized by a smaller diameter. Instead, the greater co-axial fiber dimensions can be due 

to the higher concentration of the PCL solution in combination with the same PCL solution used for 

non-coaxial electrospinning (Beachley & Wen, 2009; H. Zhou et al., 2019). As mentioned before, 

one of the main advantages of the co-axial electrospinning is the possibility to include one or more 

antibiotics and bioactive molecules in the core or shell layer or both layers with the aim to slow down 

the compounds release over time. For this reason, to assess how the antibiotic allocation affects the 

antibiotic release, the rifampicin was alternatively incorporated inside or on the outside of the fiber; 
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rifampicin-loaded single-needle nanofibers were used as control revealing a burst release in a short 

time with respect to the co-axial structures. Indeed, thanks to the shell layer, the rifampicin included 

in the core region is protected by the external environment allowing a slow-down of its release and 

therefore, a prolonged antibiotic coverage. However, the incorporation of the rifampicin in the shell 

layer permitted a faster release than that to the core, but its distribution on surface can be responsible 

for the decreased availability over time than single-needle structures (Ramalingam et al., 2021; Su et 

al., 2012). The obtained co-axial fibers possess a co-axial morphology but at the same time showed 

that the rifampicin, present in the shell layer, was degraded by the action of the air-plasma treatment. 

Furthermore, the membranes are characterized by high thickness and rigidity that make sample 

handling difficult. Therefore, the protocols have been modified with the aim to develop novel double-

functionalized co-axial membranes, which can protect the rifampicin within the core, and at the same 

time can be functionalized with silver nanoparticles on the shell layer in a combined therapeutic 

approach. Through the modified protocols it was possible to obtain stable and easy to handle 

membranes characterized by a dense and packed nanofibrous matrix with randomly oriented defect-

free fibers. In addition to this, the membranes showed a homogeneous distribution of the fiber 

diameter proving once again that the addition of the rifampicin to the electrospinning process, unlike 

non-coaxial fibers rifampicin loaded previously developed, does not alter in any way the morphology 

and the diameter of the core-shell nanofibers. It is possible that the addition of the rifampicin to the 

core solution does causes only slight changes in the viscosity and conductivity of the polymeric 

solution allowing the production of core-shell fibers without macroscopic and microscopic defects. 

With the aim to improve the antibacterial capacity of the membranes, the PCL-based membranes 

were immersed in a solution of dopamine hydrochloride and silver nitrate with the purpose to enable 

the in-situ reduction of silver nanoparticles (AgNPs). This strategy is commonly used thanks to the 

ability of the dopamine to convert silver ions into silver nanoparticles through the oxidative self-

polymerization of the same dopamine in polydopamine (PDA), that together with the reduced silver 
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nanoparticles, form a coating on the substrate surface (Tran & Tran, 2021). The employment of the 

silver nanoparticles (AgNPs) was considered both to enhance the antibacterial activity to the 

membranes, since the silver has been shown to be effective against 650 bacterial species, and to 

reduce the possibility of antibiotic resistance. The reason why the AgNPs are very effective lies in 

their increased surface area and high-reaching ability to penetrate the cell wall (Morones et al., 2005; 

Rai et al., 2009; Sofi et al., 2021). The distribution of silver nanoparticles was confirmed by means 

of SEM analysis through back-scattered electrons coupled with EDS analysis (energy dispersive 

spectroscopy). SEM images revealed the presence of numerous nano-size silver nanoparticles 

homogenously distributed on the membrane surface, while the corresponding EDS spectra confirmed 

the chemistry of the nanoparticles demonstrating the presence of the silver both on PCL and PCL-

plasma membrane surface. Due to both chemical composition and hydrophobic nature of PCL, the 

application of this molecule in the biomedical field is limited. Therefore, PCL-based matrices were 

subjected to the air-plasma treatment with the purpose to increase the hydrophilicity as reported by 

previously published studies (Aldemir Dikici et al., 2019; Musciacchio et al., 2022; Recek et al., 

2016). This type of surface treatment introduces on the membrane surface functional chemical groups 

containing oxygen, leading to an increase of the hydrophilic behavior and of the value of surface 

energy polar component (Y. Li et al., 2022; Porrelli, Mardirossian, Musciacchio, et al., 2021). 

Moreover, this approach was chosen since its effects were already confirmed on PCL and PLA 

electrospun membranes and other substrates such as PLA 3D scaffolds and 

Polyetheretherketone/titanium surface (Lopresti et al., 2021; Porrelli, Mardirossian, Crapisi, et al., 

2021; Vijayan et al., 2022). The wettability and surface free energy were examined in the presence 

of deionized water (DW). The electrospun matrices that did not undergo any superficial treatment, 

confirmed the hydrophobic behavior of the PCL. Furthermore, to evaluate how the deposition of 

silver nanoparticles on the membrane surface influence the wettability, the contact angle analyses 

were carried out on PCL-nAg and PCL/RIF-nAg membranes and, even in these cases, high values of 
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contact angle were registered, confirming the absence of hydrophilicity. Unlike other works where 

the membranes were subjected to longer treatment (Can-Herrera et al., 2022), a total wettability was 

observed after only 30 seconds of air-plasma treatment for all types of tested membranes. This effect 

can be explained by the strong oxidant activity of the air-plasma cleaning process.  Moreover, the 

increase of the wettability was confirmed by the evaluation of the surface free energy. In detail, thanks 

to the application of the Owens-Wendt method, which takes in consideration the surface free energy 

as a function of the polar and dispersive interaction between the surface and the tested fluid (Owens 

& Wendt, 1969) it was possible to calculate the surface energy and to confirm that the increase of the 

wettability is due to the introduction of the polar groups components. To assess how the short-time 

air-plasma affects the rifampicin contained in the core layer and to evaluate its release kinetic from 

the core layer, the rifampicin cumulative release was carried out for PCL/RIF-plasma and PCL/RIF 

membranes. The release kinetics displayed a rifampicin burst release for both type of membranes 

tested in the first 24 h, while in subsequent time points, there was a significant slowdown of the 

rifampicin released from the membranes. The presence of the burst release in the surrounding 

environment is of fundamental importance since it would not enable the bacterial colonization on the 

implant surface and therefore the biofilm formation (Horprasertkij et al., 2019; Ständert et al., 2021). 

In addition to this, the amount of rifampicin released from both type of the membranes is very similar. 

This could be given by the brief air-plasma treatment that did not cause any degradation of the 

rifampicin contained inside the core of the fibers since the co-axial structure protected the antibiotic 

from the external environment. Moreover, the core-shell morphology allowed to control and slow-

down the drug release from fibers. Indeed, rifampicin-loaded non-coaxial structure show a higher 

release in a short time with the respect of core-shell structure, as previously showed, involving a long-

term antibacterial effects, and therefore,  avoiding the appearance of bacteria colonization and biofilm 

formation (Dai et al., 2022). Moreover, taking into account that the antibiotic could be theoretically 

blocked within the core layer by the action of the shell layer, increasing the thickness of this latter  it 
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was possible to sustain the rifampicin release over time (Alba-Perez et al., 2020; Y. Liu et al., 2022). 

To estimate the silver release from the shell layer of the co-axial fibers, the PCL-nAg and 

PCL/plasma-nAg membranes were incubated for the same time points as rifampicin release. 

However, the approach employed to evaluate the quantification of released silver does not enable to 

discriminate if the silver was released as ions or nanoparticles (Porrelli, Mardirossian, Musciacchio, 

et al., 2021). The membranes showed an initial silver massive release that could consent a strong 

antibacterial effect, necessary to discourage the bacterial colonization at the level of the implant site 

and biofilm formation on the implanted biomaterial. This burst release could be given by the high 

surface-to-volume ratio of the electrospun membranes, causing an immediate availability of silver to 

the surrounding microenvironment (Nhi et al., 2016). Following an initial massive release, it was 

possible to observe a slow-down of the silver release, ensuring the presence of silver nanoparticles 

on the surface membranes, which could exert their antibacterial function over time. The obtained 

kinetics showed a trend similar to that of other electrospun membranes with silver nanoparticles 

observed on other previously published works (C.-H. Chen et al., 2015; Y. Liu et al., 2015; Shalumon 

et al., 2018; Wei et al., 2021). With the aim to investigate the aging of matrices morphology, co-axial 

electrospun membranes were immersed in SBF and, their nanofibrous structure and architecture, were 

assessed by SEM analysis. From a microscopic point of view, all types of matrices subjected to aging 

do not present any morphological defects in the nanofibrous architecture. This is mainly given by to 

the very long degradation time of the PCL, about 2-4 years, making it a suitable choice for hard and 

soft tissue engineering application, included ureter tissue engineering (Dias et al., 2022; Haji 

Mohammadi Gohari et al., 2021; Majidnia et al., 2022). However, from a macroscopic point of view 

it was possible to observe, in some areas of the membrane, several defects consisting of a fusion and 

thickening of the co-axial fibers, while, after the aging in SBF, the membranes with silver 

nanoparticles does not show alterations in the coating of the silver itself. In order to assess the 

antibacterial effectiveness, in terms of inhibition of the bacterial growth, E. coli and S. aureus were 
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tested in the presence of the PCL and PCL/RIF co-axial membranes with and without silver 

nanoparticles. These bacteria strains represent the main cause of the implant-associated infections or 

infections associated with catheter in the upper urinary tract, and in general of infection affecting soft 

and hard tissue, such as skin, bone and ureter  (J. Barros et al., 2019; Dong et al., 2019; Gao et al., 

2020; Gemeinder et al., 2021; Kar et al., 2022; Ko et al., 2018; Valliammai et al., 2020; Yagi et al., 

2020). Moreover, in order to evaluate the antibacterial capacity over time, the co-axial membranes 

were incubated in SBF for 1 week and compared to membranes that have not undergone the aging 

process, from now called dry membranes. Regarding the dry membranes, the data showed that the 

PCL/plasma-nAg are effective in the inhibition of bacteria growth against E. coli, but the same 

membranes does not display any antibacterial effect towards S. aureus. Unlike PCL/plasma-nAg 

membranes, the PCL/RIF/plasma membranes allow a strongly inhibition of bacterial growth only 

against S. aureus, since the rifampicin is particularly effective against this bacterial strain and in 

general against Gram-positive pathogens,  on the other hand these type of membranes does not enable 

to hinder the bacteria proliferation of the E. coli (Suzuki et al., 2022; Valliammai et al., 2020). 

However, the synergic effect of the rifampicin and the silver ions released by silver nanoparticles of 

the PCL/RIF/plasma-nAg allowed to prevent the bacterial growth of both tested pathogens. In detail, 

in the case of E. coli, at first, it is possible that the presence of silver nanoparticles on the shell of the 

fibers, through a release of silver ions, acts on the bacteria since can disrupt the processes of protein 

synthesis damaging thus the integrity cell wall (Hosnedlova et al., 2022). Subsequently, the amount 

of the rifampicin released from the core of the fibers could enter the prokaryotic cell causing its 

inhibition. The synergic effect given by the combination of silver nanoparticles with conventional 

antibacterial compounds, as the rifampicin, could represent a system to treat a wide spectrum of 

bacterial strains included antimicrobial-resistant bacterial pathogens, which represents a danger for 

the healthcare systems (Alotaibi et al., 2022; Thomas et al., 2020; D. Yu et al., 2021). Regarding the 

aged PCL-based membranes, the aging in SBF reduced the antibacterial activity both in the case of 
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E. coli and S. aureus. The amount of silver nanoparticles combined with the rifampicin contained in 

the core of the fibers were not able to maintain the same inhibitory content of the dry membranes. 

However, compared to the control represented by PCL solely membranes, the data showed that a mild 

inhibitory activity was preserved. Indeed, the aged PCL/plasma-nAg and PCL/RIF/plasma-nAg 

membranes were able to slow down the E. coli growth, while S. aureus was partially inhibited by all 

type of produced membranes. To better understand the reduced antibacterial activity of the co-axial 

meshes, further investigations will be dedicated through SERS-Raman or IR spectroscopy (Cui et al., 

2013; Lu et al., 2011). With the purpose to exclude the presence of cytotoxic effects related to 

rifampicin, silver nanoparticles or a combination of these released from membranes, the 

biocompatibility of all types of matrices, both treated and not- treated, was assessed by exposing 

human urothelial bladder carcinoma cells (UC) to the biomaterial and assessing them the cell 

proliferation. In all cases, the tested membranes revealed a good proliferation rate. In detail, the UCs 

showed a constant growth in the presence of all types of matrices until the eighth day of culture 

demonstrating that the sole rifampicin and silver nanoparticles released from the co-axial fibers and 

a synergic effect of these do not causes any effects cytotoxic. In agreement with other previously 

published works, the exposure to rifampicin or silver nanoparticles, at low concentration, does not 

causes any harmful effect against mammalian and human cell lines (Alarjani et al., 2022; Kang et al., 

2019; Porrelli, Mardirossian, Crapisi, et al., 2021; Scolari et al., 2021; D. Yu et al., 2021). On the 

other hand, there are few studies in which the cytotoxicity of Ag-NPs-based system together with 

antibiotics is assessed. All together, these data confirm that the developed PCL-based co-axial 

membranes allow to slow down and sustain the antibiotic release contained within the core layer of 

the fiber. However, all the produced membranes presented in this thesis, does not possess a ureter-

like architecture, and therefore could not allow a suitable ureter restoration. For this reason, the last 

part of the present thesis focused on the production of bi-layer membranes with a layer characterized 

by aligned oriented nanofibers, and a layer with a randomly oriented nanofibers with the aim to mimic 
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the tissue organization of the ureter. Moreover, to limit the employment of the organic solvents, such 

as DCM and DMF, that could exert a cytotoxic effect and possess an environment impact, a green 

solvents namely acetic acid, was utilized to solubilize the PCL and, at the same time, reduce the 

negative impact on lab worker safety and solve the waste management issues (Bongiovanni Abel et 

al., 2019; Gritsch et al., 2020; Vogt & Boccaccini, 2021). With the aim to achieve a best experimental 

set-up that can consent the production of stable and easy to handle bi-layer electrospun membranes, 

different process and solutions parameters of the electrospinning process were changed. Thanks to 

the adopted experimental protocol, it was possible to synthesis bi-layer PCL membranes with a first 

layer characterized by aligned-oriented nanofibers with a dense and homogeneous nanofibrous matrix 

without surface defects and a second layer characterized by randomly oriented nanofibers. In view of 

the ureter regeneration, a biomaterial with a double nanofibrous architecture with the capability to 

mimic the tissue organization of the ureter, could represents a suitable medical device to restore the 

structure and the functionality of the involved organ. Indeed, the presence of the aligned oriented 

nanofibers, on the first layer of the membrane, allow the Smooth Muscle Cells (SMCs) adhesion 

along the direction of the nanofiber causing a cellular alignment and therefore a significantly 

elongated morphology. Moreover, a suitable SMCs attachment on the aligned nanofibers it is essential 

to enable the restoration of the correct peristaltic functionality along the ureter in order to transport 

the urine from the renal pelvis to urinary bladder  (M. Chen et al., 2020; Tsai et al., 2019; Y. Wang 

et al., 2014; Z. Zhao et al., 2019). For this reason, the presence of the aligned nanofibrous pattern is 

of fundamental importance to support the SMCs adhesion, migration and proliferation allowing the 

restoration of the morphology and ureteral functionality. On the other hand, the second layer, 

characterized by the presence of the randomly oriented nanofibers, plays a pivotal role in the 

urotheliocytes adhesion, growth and proliferation while providing additional strength to the whole 

electrospun membranes. Indeed, through the dimensional analysis, it was possible to evaluate the 

mean fiber diameter of outer layer, which turned out to be higher than the aligned nanofibers. 
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However, the developed bi-layer membranes do not possess a tubular structure, thus cannot mimic 

the whole morphology of the ureter. For this reason, the bidimensional bi-layer membranes 

represented the starting point for the production of the stable and manageable tubular PCL electrospun 

scaffold with the aim to regenerate the ureter. The produced tubular scaffold showed an inner diameter 

very similar to native ureter and, even in this case, is characterized by two layers; an inner layer, with 

aligned-oriented nanofibers along all the section of the tubular scaffold, and an outer layer 

characterized by randomly oriented nanofibers. Moreover, both layers showed a homogeneous and 

very compact nanofibrous matrix without surface defects and with an average fiber diameter similar 

to the aligned and random fibers of the bi-layer electrospun membranes. In view of regeneration of 

the tubular structures, such as ligaments, blood vessels, and ureter, the production of the synthetic 

biodegradable tubular matrices, could represent an alternative with respect to the traditional clinical 

practice or surgery based on ease of synthesis of scaffolds, cost-effectiveness, and a reduced 

morbidity to the patient. Moreover, the introduction of tubular electrospun scaffolds, and in general 

biomaterials, in the surgery practice could overcome the problem related to the availability of the 

ureteral tissue to transplant as well as tissue rejection by the patient and reduced post-operative pain. 

Furthermore, thanks to the ability of the electrospun membranes to incorporate and deliver drugs or 

antibacterial compounds in the implant site, it is possible to limit the origin of bacterial infections and 

biofilm formation, preventing the removal of the biomaterial. In addition, the electrospun membranes 

can be easily functionalized with anti-inflammatory molecules or bioactive moieties with the aim to 

accelerate the tissue healing process, can be tailored to the extent of the damage and can be designed 

with the objective to withstand mechanical stress of the native tissue. For these reasons, the 

employment of the electrospun membranes, could satisfy the medical need proposed by this work, 

namely ureteral regeneration.  
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6. CONCLUSION  

In the field of the urologic surgery practice, there are many approaches that allow to treat a multitude 

of diseases affecting the ureter. However, nowadays, the traditional surgical approaches do not enable 

to obtain a suitable ureter regeneration causing, in the worst case, the removal of the involved tissue. 

For this reason, the ureter regeneration represents an urgent medical need that it is necessary to satisfy. 

The employment of the biomaterials in the field of the reconstructive urology is of pivotal importance 

in the reconstruction of the ureter morphology and restoration of its functionality. In this context, the 

electrospinning technique could represent a valid alternative approach, because it allows to synthesize 

nanofibrous extracellular matrix (ECM)-like membranes. Depending on the used polymer to produce 

electrospun membranes, it is possible to mimic the architecture of native ECM and provide several 

physical-chemical properties to the biomaterial, such as slow biodegradability, bioactivity, and good 

mechanical stress. Moreover, the electrospun membranes possess intrinsic properties such as high 

surface-to-volume ratio, high porosity, and gas permeability The present thesis focused on the 

production and characterization of electrospun membranes endowed with antibacterial properties, 

through the electrospinning technique, to restore the structure and the functionality of the ureter. In 

detail, the thesis was divided into three main sections: (i) synthesis and characterization of PCL-based 

electrospun membranes enriched with rifampicin; (ii) development and characterization of double-

functionalized PCL/RIF co-axial membranes with silver nanoparticles; (iii) production and 

characterization of PCL electrospun membranes with ureter-like nanofibrous architecture.  

In the first part of the project, the polymeric matrices were developed starting from the 

polycaprolactone, a polymeric material widely used in tissue engineering, given its versatility and 

physical-chemical properties. Rifampicin, a broad-spectrum antibiotic particularly effective against 

Gram-positive bacteria was included to endow antibacterial properties. The synthesized matrices 

showed a good nanofibrous morphology and architecture without surface defects. However, a 

difference in terms of mean fiber diameter was observed between PCL and PCL/RIF membranes. 
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Considering the hydrophobic behavior of the PCL, the membranes were subjected to the air-plasma 

cleaning process with the aim to increase the hydrophilicity. All air-plasma treated membranes 

showed a total wettability towards the tested fluids, while the membranes that have not undergone 

the treatment displayed a different behavior based on the analyzed fluids. Indeed, the PCL/RIF 

membranes showed a total wettability in the presence of culture medium, but not in the presence of 

the deionized water. The produced membranes displayed suitable mechanical properties in terms of 

Young’s modulus, maximum strength ad elongation at break proving that they can withstand the 

mechanical stresses of the native ureter, even if RIF-loaded membranes showed lower mechanical 

properties than that PCL membranes. The RIF matrices showed an antibiotic massive release in a 

short-time, while the RIF/plasma membranes allowed an antibiotic release lower than that PCL/RIF 

membranes, given by the air-plasma cleaning process which probably partially degraded the antibiotic 

contained into membranes. The released rifampicin caused a strong inhibition of the bacterial growth 

against all tested pathogens unlike the PCL/RIF/plasma membranes which inhibited only S. aureus, 

E. coli and A. baumannii. Moreover, the developed membranes can sustain the adhesion, growth, and 

proliferation of urotheliocyte cell line (UCs) on their surface, even if they provoked a slighter 

cytotoxic effect given by the presence of the rifampicin but not by the presence of residual organic 

solvents. Indeed, the NMR spectra has not revealed organic solvents traces on all produced 

membranes.  

Despite proper mechanical properties, high capacity of bacterial growth inhibition, and ability to 

sustain the cell adhesion, it was necessary to produce nanofibers that could allow to include the 

rifampicin within the nanofibrous structure and, at the same time, to slow down the release over time 

of the antibiotic. For these reasons, the second part of this thesis focused on the production and 

characterization of double-functionalized co-axial fiber-based electrospun membranes, which were 

enriched with silver nanoparticles to increase their wide spectrum antibacterial properties. The 

developed PCL and PCL/RIF co-axial matrices showed a good nanofibrous morphology and 
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architecture without display surface defects. Furthermore, both types of co-axial membranes did not 

present any differences in terms of mean fiber diameter demonstrating, in this case, that the 

introduction of the rifampicin did not affect the nanofibrous structure. In addition to this, with the 

objective to enhance the antibacterial properties, the co-axial electrospun membranes were 

functionalized with silver nanoparticles on the shell layer. The silver nanoparticles were 

homogeneously distributed on the fiber surface and their chemistry nature was confirmed by EDS 

analysis. To overcome the hydrophobic behavior of the PCL and, simultaneously, to promote the in-

situ reduction of the silver nanoparticles on the membrane surface, even in this case, the co-axial 

membranes were subjected to air-plasma treatment, providing a total wettability of the PCL-based 

plasma membranes, in the presence of deionized water. The rifampicin release was similar between 

both types of co-axial RIF-loaded fibers demonstrating that the co-axial morphology preserved the 

antibiotic from the possible degradation effect of the air-plasma cleaning process. The synergic effect 

given by the released rifampicin from the core layer of the fiber and the amount of the released silver 

from the layer of PCL/plasma-nAg fiber, allowed an increasing of the inhibition of the bacteria 

proliferation with respect of single antibacterial compounds. However, the combined effect of the 

rifampicin and the silver, was only partially maintained over time. With the aim to evaluate the 

biocompatibility of the membranes, the UCs were cultured in the presence of all type of co-axial 

electrospun matrices, showing a good proliferation and, at the same time, excluding the presence of 

harmful effects of the rifampicin or silver nanoparticles or their combination.  

Notwithstanding all obtained positive results, all types of developed electrospun matrices did not 

possess a nanofibrous architecture that could mimic the tissue organization of the native ureter. For 

this reason, the third and last part of this work focused on the develop of PCL bi-layer electrospun 

matrices and, lastly, PCL tubular electrospun scaffold both with ureter-like architecture. Indeed, both 

types showed an inner layer characterized by aligned-oriented nanofibers with a dense, homogenous 

and packed fibers matrix and without surface defects, and, at the same time, an outer layer 
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characterized by randomly oriented nanofibers with the same characteristics of the inner layer. The 

simultaneous presence of different nanofibrous architecture could allow, on the one hand, the smooth 

muscle cells adhesion, migration, and proliferation on the inner layer, and, at the same time, the UCs 

attachment on the outer layer, thus mimicking the ureter morphology and its functionality.  

In view of the results here presented, the electrospun membranes produced in this work, could reveal 

a novel medical device for ureter tissue engineering, since they possess interesting structural, 

compositional, and biological (to name some) features. However, further analyses must be carried 

out to verify the ability of the structures to retain fluids, for example urine, to sustain prolonged and 

cyclic mechanical stresses and to evaluate the co-adhesion and proliferation of SMCs and UCs on 

both layer of the tubular PCL scaffold. Moreover, thanks to the high capacity to include a large variety 

of molecules within the structure, the possibility to employ anti-inflammatory or bioactive moieties, 

such as fibronectin, with the aim to reduce post-operative pain and, on the other hand, to promote 

ureter restoration, could be evaluated. Lastly, mechanical properties, antibacterial activity, and 

biological performance of the final product should be tested though in vivo models with the purpose 

to assess the clinical effectiveness of the medical device in a microenvironment as close as possible 

to the physiological one, thus representing an alternative approach to the traditional clinical practice.  
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