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ABSTRACT 

The doctoral project focused on three research topics in the framework of novel approaches for 

intestine targeting: the development of a microencapsulation system for probiotics to be used 

in the formulation of new functional foods, and the study of two in vitro models of the intestinal 

tract, aimed at providing new technologies for investigating the intestinal epithelium and its 

interactions with probiotics (both encapsulated and non-encapsulated), nutraceuticals, and 

drugs. 

The first focused on developing a microencapsulation system for probiotics using 

electrohydrodynamic microdripping of gellan gum solutions. Lactobacillus fermentum was 

used as a model probiotic to optimize encapsulation conditions, assess particle formation, and 

evaluate encapsulation efficiency, probiotic viability, and metabolic activity. The encapsulated 

cells retained high viability and metabolic function and were shown to exert direct 

antimicrobial activity against Escherichia coli and stimulate the production of human beta 

defensin 2 on the Caco-2 intestinal cell line in a comparable manner to unencapsulated cells. 

The second part involved creating an in vitro 3D model of the intestinal tract by growing Caco-

2 cells on electrospun tubular scaffolds made of polycaprolactone and polyacrylonitrile. These 

materials mimicked the structural and mechanical features of the intestinal lumen. PAN 

scaffolds, in particular, offered better performance due to their higher porosity, mechanical 

strength, and piezoelectric properties. A custom seeding system was developed to enable 

uniform cell distribution, and a bioreactor was designed and tested to apply mechanical stress 

to the cultured cells. Biological assays confirmed good cell adhesion, growth, and viability.  

The third research focus was the creation of a 3D-printed scaffold-on-chip device, using 

hydrogels such as gelatin methacryloyl (GelMA) and poly(ethylene glycol) diacrylate 

(PEGDA), to replicate the complex architecture of intestinal crypts and villi within a 

microfluidic device. Parameters like polymer concentration, light exposure, and printing 

fidelity were optimized to produce cytocompatible scaffolds with tunable mechanical 

properties. Caco-2 cells adhered well, showed high metabolic activity, and formed a 

differentiated epithelial layer aligned with the scaffoldôs topography, as confirmed by 

molecular and protein analyses. The device also sustained a continuous perfusion at different 

flow rates, which will be exploited for future studies in dynamic conditions. 

Overall, the project provided new tools for probiotic delivery and advanced in vitro platforms 

for studying gut epithelium interactions with probiotics, nutraceuticals, and pharmaceuticals.  
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RIASSUNTO 

Il progetto di dottorato si ¯ concentrato su tre tematiche di ricerca nellôambito di approcci 

innovativi per il targeting intestinale: lo sviluppo di un sistema di microincapsulamento di 

probiotici, da impiegare nella formulazione di nuovi alimenti funzionali, e lo studio di due 

modelli in vitro del tratto intestinale, finalizzati a fornire nuove tecnologie per lo studio 

dellôepitelio intestinale e delle sue interazioni con probiotici, nutraceutici e farmaci. 

La prima parte ha riguardato lo sviluppo di un sistema di microincapsulamento di probiotici 

mediante microdripping elettroidrodinamico di soluzioni a base di gomma di gellano. Ĉ stato 

utilizzato Lactobacillus fermentum come probiotico modello per ottimizzare le condizioni di 

incapsulamento ed analizzarne lôefficienza, oltre alla vitalit¨ e lôattivit¨ metabolica dei 

probiotici incapsulati. Le cellule incapsulate hanno mantenuto unôelevata vitalit¨ e funzionalit¨ 

metabolica, dimostrando anche unôattivit¨ antimicrobica diretta contro Escherichia coli e la 

capacit¨ di stimolare la produzione di beta-defensina umana 2 nella linea cellulare intestinale 

Caco-2, in modo paragonabile alle cellule non incapsulate. 

La seconda parte del lavoro ha previsto lo studio di un modello in vitro 3D del tratto intestinale, 

coltivando cellule della linea Caco-2 su scaffold tubolari realizzati tramite elettrofilatura, 

composti da policaprolattone e poliacrilonitrile. Tali scaffold hanno riprodotto le caratteristiche 

strutturali e meccaniche del lume intestinale. In particolare, gli scaffold in PAN hanno offerto 

prestazioni superiori grazie alla maggiore porosit¨, resistenza meccanica e piezoelettricit¨. 

Sono stati inoltre sviluppati un sistema di semina per garantire una distribuzione cellulare 

omogenea e un bioreattore per applicare uno stress meccanico alle cellule cresciute sugli 

scaffold. I saggi biologici hanno confermato una buona adesione, crescita e vitalit¨ cellulare. 

La terza linea di ricerca ha riguardato lo sviluppo di uno scaffold-on-chip, utilizzando idrogeli 

come GelMA e PEGDA per replicare lôarchitettura complessa delle cripte e dei villi intestinali 

allôinterno di un dispositivo microfluidico. I parametri di stampa sono stati ottimizzati al fine 

di produrre scaffold citocompatibili con propriet¨ meccaniche modulabili. Le cellule della linea 

Caco-2 hanno mostrato buona adesione, elevata attivit¨ metabolica e la formazione di uno 

strato epiteliale differenziato che segue la topografia dello scaffold come confermato da analisi 

molecolari e proteiche. Il dispositivo permette inoltre una perfusione continua, per futuri studi 

in regimi dinamici.  

Nel complesso, il progetto ha fornito nuovi strumenti per la somministrazione di probiotici e 

piattaforme in vitro avanzate per lo studio dellôepitelio intestinale.
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SYNOPSYS 

 

The doctoral project focused on three research topics in the framework of novel approaches for 

intestine targeting: the development of a microencapsulation system for probiotics to be used 

in the formulation of new functional foods, and the study of two in vitro models of the intestinal 

tract, aimed at providing new technologies for investigating the intestinal epithelium and its 

interactions with probiotics (both encapsulated and non-encapsulated), nutraceuticals, and 

drugs. Probiotics are defined as 'live microorganisms that, when administered in adequate 

amounts, confer a health benefit to humans.' This definition, established in 2002, was 

confirmed by an expert panel in 2014. Probiotics in the gut, for example, can promote human 

digestion by degrading undigestible complex carbohydrates; produce short-chain fatty acids 

that change the pH of the colon in a manner favorable to proper colonization by the microbiota; 

and inhibit the growth of pathogenic bacteria. Since oral administration is the easiest method 

of taking probiotics, functional foods supplemented with probiotics are an ideal strategy. To 

classify a microorganism as a probiotic, its clinical benefits must be rigorously validated. This 

is where in vitro models of the gut fit in. Cell culture models are valuable tools in various areas 

of research, and they are critical in the characterization of functional foods. They facilitate the 

characterization of the bioavailability and bioactivity of nutrients, as well as the study of 

various gut diseases, such as cancer and chronic inflammatory diseases. 

The manuscript is structured in seven chapters. The chapters are preceded by a short section 

titled óaim of the studyô, which succinctly provides a clear overview of the research objectives.  

Chapter 1. Provides an extensive introduction of the research topics addressed. It presents the 

state of the art of these areas and the authorôs opinion on current research gaps and needs. 

Chapters 2 to 4. Report all the experimental activities carried out, with each chapter dedicated 

to one research topic. Each chapter begins with a brief introduction to the specific subject and 

research gap addressed, followed by a summary of the main research findings. It then 

extensively details the materials and methods used, as well as the results obtained. 

The specific topics and outcomes of each research line are summarized below. 

Chapter 2. Development of a probiotic microencapsulation system based on 

electrohydrodynamic microdripping of gellan gum solutions.  
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In the first part of this work, a probiotic microencapsulation system based on gellan gum, aimed 

at the production of functional food additives was developed and characterized. Lactobacillus 

fermentum was used as a probiotic model to characterize the system. Initially, particle 

production parameters, such as gellan gum concentration, voltage and flow rate were 

optimized. Next, probiotics were loaded at two different concentrations. The effect of 

probiotics on particle size and their incorporation within the particles were evaluated using 

optical microscopy, Syto9 staining, and scanning electron microscopy (SEM). Encapsulation 

efficacy and probiotic viability after the process and after storage were assessed by colony 

forming unit (CFU) count, while their metabolic activity was evaluated through lactic acid 

production. The ability of the charged particles to interact with the Caco-2 cell line was 

determined by quantifying human beta defensin 2 (HBD-2), both at gene expression and 

protein production, and their antimicrobial efficacy against Escherichia coli was assessed using 

the overlay soft agar assay. 

Overall, the various characterizations carried out demonstrated the ability of the 

electrohydrodynamic (EHD) microdripping technique and the selected material to entrap 

probiotic cells within the matrix of the microparticles, keeping their viability high. In addition, 

the cells were able to grow both within the particles and in the surrounding environment, 

simultaneously producing and releasing post-biotics into the environment that could be crucial 

for the efficacy of the probiotic after administration. 

Chapter 3. Development of an in vitro model of Caco-2 cells grown on tubular fibrous 

polymeric scaffolds produced via electrospinning, of a custom seeding system, and a bioreactor 

for mechanical stimulation.    

The second part of this study focused on the development of tubular polymeric scaffolds, made 

of electrospun polymer fibers, designed to generate in vitro 3D intestinal models that mimic 

the lumen of the intestine. Polycaprolactone (PCL) and polyacrylonitrile (PAN) solutions were 

electrospun to produce ultrafine fiber meshes arranged compactly in the form of continuous 

tubular structures, mimicking the basement membrane on which the epithelial barrier is 

formed. The morphological, physical, mechanical and piezoelectric properties of tubular PCL 

and PAN scaffolds were investigated. The scaffolds were cultured with Caco-2 cells using 

different biological coatings (i.e., collagen, gelatin and fibrin), and their ability to promote a 

compact epithelial layer was evaluated. PCL and PAN scaffolds showed 42% and 50% porosity, 

respectively, with adequate diameters and pore sizes to prevent cell penetration, thus allowing 

the formation of a compact epithelial barrier. Although both polymer structures enabled Caco-
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2 cell adhesion, PAN fiber networks best met many of the requirements of this model, including 

higher mechanical strength during expansion, porosity, piezoelectric properties, and smaller 

pore size. 

Subsequently, a seeding system was developed based on container-holders, capable of 

homogeneously dispersing cells on the relatively large surface area of the portions cut out of 

the tubular scaffolds. An initial evaluation focused on the selection of the best biomolecule for 

cell seeding, which was performed by comparing Caco-2 cells seeded with gelatin (2% wt.) 

and collagen peptide (25% wt.) solutions. Therefore, collagen peptide-based solutions were 

chosen for long term (21-day) cell cultures. Biological characterizations were performed by 

Alamar BlueÊ metabolic activity assay, direct observation by optical microscopy, and 

fluorescence microscopy by staining cytoplasm and nuclei with eosin and 4ǋ,6-diamidine-2ǋ-

phenylindole dihydrochloride (DAPI).  

A bioreactor capable of producing radial forces to annular portions of the tubular scaffolds was 

also developed and preliminarily tested. A design of the possible geometry was initially 

performed by computer assisted design (CAD; Autodesk Inventor). Finally, the bioreactor was 

assembled and programmed via Arduino2. This bioreactor was then used in preliminary tests 

to impart mechanical stress to Caco-2 cells grown for 5 and 21 days on PAN scaffolds, 

preliminary seeded by employing the custom-made system. 

Chapter 4. Development of an in vitro scaffold-on-chip model produced via digital light 

processing 3D-printing, based on hydrogels. 

In vitro models are critical for studying the complex interaction between intestinal epithelium 

and microbiota in a controlled environment. The last research topic focused on the development 

of a 3D in vitro model, produced using digital light processing (DLP) 3D-printing, able to 

mimic the complex topography of intestinal crypts and villi and embedded within a 

microfluidic device. A blend of laboratory synthesized gelatin methacryloyl (GelMA) and low 

molecular weight polyethylene glycol diacrylate (PEGDA) dissolved in Dulbeccoôs modified 

Eagle medium (DMEM) was used. Production parameters, such as the degree of GelMA 

methacrylation, the composition of the pre-hydrogel solution (polymers, photoinitiator and 

photoabsorber concentrations), the thickness of the printing layers, the layer exposure time, 

and the intensity of the light radiation power (wavelength 405 nm) were optimized. Different 

formulations were analyzed to characterize their mechanical properties with a parallel plate 

rheometer to find the best balance between elastic modulus and printing fidelity. Thereafter, 
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the two best formulations were evaluated for their ability to support adhesion, growth and 

differentiation of Caco-2 cells.  

The desired architectures were obtained, with parabolic villi. High-substitution GelMA was 

successfully synthesized, achieving high print fidelity, long-term stability, and 

cytocompatibility. The selected GelMA : PEGDA compositions, 9.0 : 4.5 (wt.% : wt.%) and 

4.5 : 4.5 (wt.% : wt.%), showed an higher and lower elastic shear moduli respectively. Finally, 

closed devices with 500 Õm-sided square channels were produced, and the ability to sustain 

perfusion of the culture medium was tested over a range of flow rates from 0.3 to 100 ÕL/min. 

Both compositions showed good cell attachment and metabolic activity of Caco-2 cells. At 1, 

3 and 7 days, the Resazurin reduction assay showed consistent metabolic activity in all 

compositions, both in their original form and gelatin-coated. Cultures at 21-days were observed 

via Phalloidin/DAPI staining, which allowed the formation of a continuous epithelium layer to 

be assessed, which followed the scaffold topography. Reverse transcription polymerase chain 

reaction (RT-PCR) and protein quantification analyses confirmed proper differentiation of the 

cells into enterocytes. In summary, a closed microfluidic device was developed with an internal 

topography of villi and crypts and modulable mechanical properties, able to support the 

adhesion and growth of the Caco-2 cell line. 

Chapter 5. Provides a general introductory discussion where the various topics are addressed 

altogether from a global perspective. It is then divided in three sub-sections which specifically 

discuss in a detailed manner the results obtained in each research presented. 

Chapter 6. Summarizes all the research outcomes and highlights the critical issues that still 

need to be addressed or improved. Additionally, it presents the author's perspective on possible 

future research directions for each of the three explored research topics. 

Chapter 7. It is an appendix which provides an in-depth analysis of piezoelectric properties of 

PAN electrospun meshes. It contains a brief introduction to contextualize the work performed, 

the materials and methods section and both the results obtained and their discussion. We 

decided to separately discuss this study instead of including it in Chapter 3 since these results 

are extensive, and only partially related to the research presented in Chapter 3.  
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AIM OF THE STUDY 

 

This doctoral project aims to foster the development and characterization of functional foods, 

with a focus on probiotic delivery and intestinal modeling. Special attention was given to the 

development of 3D in vitro models, to provide better reliable cellular microenvironments in 

which specific intestinal functions involving the role of probiotics could be studied. Given the 

growing interest in probiotics as health-promoting ingredients, a key challenge remains in 

ensuring their stability, viability, and efficacy, while also developing reliable in vitro models to 

study their interactions with the gut epithelium in physiologically relevant conditions. 

To address these challenges, this research pursued three complementary objectives: 

1. Enhancing probiotic delivery by developing an encapsulation system that protects 

probiotic viability during processing, storage and digestion while ensuring their 

biological activity in the gut. 

2. Developing advanced 3D in vitro intestinal models to better replicate the structure and 

function of the intestinal epithelium, providing more accurate platforms for studying 

host-microbe and nutrient interactions. 

3. Bridging the gap between probiotic formulation and their biological evaluation, by 

integrating novel delivery systems with in vitro models that enable mechanistic insights 

into specific aspects of the cellular microenvironment of the intestinal epithelium. 

By combining expertise in advanced manufacturing, as well as material and biological 

characterization techniques, this work may contribute to the broader goal of improving the 

design, evaluation, and effectiveness of probiotic formulations employed in functional foods. 

The methodologies and models developed in this project have the potential to support future 

research in food science, microbiome studies, and gut health, ultimately fostering innovation 

in the field of functional nutrition. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Functional foods: history, perspectives and challenges 

The term "functional foods" originated in Japan during the 1980s, but their definition remains 

ambiguous as they are regulated but not legally recognized in many countries. This situation 

led to the absence of a formal statutory definition [1]. Generally speaking, a commonly 

accepted and simple definition of  functional foods can be ñnatural or industrially processed 

products that, when consumed regularly as part of a varied diet and at effective levels, can 

provide health benefits beyond basic nutritional valueò [2]ï[4]. In 1999, the European 

Commissionôs Concerted Action on Functional Food Science in Europe, coordinated by 

International Life Science Institute Europe, gave a more detailed definition. They stated that a 

food can be defined as functional ñif it is satisfactorily demonstrated to affect beneficially one 

or more target functions in the body, beyond adequate nutritional effects, in a way that is 

relevant to either an improved state of health and well-being and/or reduction of risk of disease. 

Functional foods must remain foods and they must demonstrate their effects in amounts that 

can normally be expected to be consumed in the diet: they are not pills or capsules, but part of 

a normal food patternò [5]. 

During the last years, functional foods have taken a role as dietary strategies for addressing 

chronic diseases. The burden of conditions, such as cardiovascular disease, diabetes, and 

intestinal inflammatory disorders such as inflammatory bowel disease and Chronôs disease 

continues to rise globally, making the potential role of diet-based interventions more important 

than ever [6]. Functional foods are emerging as a useful component in ameliorating these states 

due to their action over underlying pathophysiological mechanisms [4]. The link between diet 

and chronic disease has long been established, with functional foods offering targeted benefits 

that extend beyond basic calorie or nutrient intake. For cardiovascular health, the inclusion of 

omega-3 fatty acids, phytosterols, and antioxidants has shown efficacy in reducing lipid 

profiles and modulating inflammatory pathways [7], [8]. Similarly, foods enriched with 

probiotics and prebiotics support the gut microbiota, which is increasingly recognized as a 

regulator of systemic inflammation and metabolic health. Such interventions are particularly 
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relevant in conditions like type 2 diabetes, where metabolic dysregulation and low-grade 

inflammation are core features [9], [10]. 

Inflammatory disorders, including arthritis and irritable bowel syndrome, also benefit from 

diets rich in bioactives like polyphenols, curcumin, fibers and postbiotics which collectively 

act on oxidative stress and cytokine production. Emerging evidence supports their role in 

ameliorating insulin resistance, improving endothelial function, and modulating immune 

responses, placing functional foods as a non-invasive adjunct therapy [3], [8]. Advances in the 

development of functional foods are centred on enhancing the bioavailability and stability of 

active components. Encapsulation technologies, such as nanoemulsions and microgels, ensure 

that sensitive compounds like probiotics or polyunsaturated fatty acids reach target sites 

effectively [1], [11]. Meanwhile, fermentation techniques are utilized to naturally enrich foods 

with bioactive substances, improving both functionality and consumer acceptability [12]. 

However, properly testing functional foods is crucial to validate their claimed health benefits 

and ensure consumer safety [3]. Rigorous scientific evaluation, including in vitro pre-

evaluation, and exhaustive and meticulous clinical trials, is essential to establish the 

bioavailability, efficacy, and mechanisms of bioactive compounds [13]. Without robust testing, 

the potential risks of contaminants, allergens, or interactions with medications may outweigh 

the perceived benefits [14]. Despite their potential, challenges remain in optimizing functional 

foods for disease management. Ensuring that active compounds retain efficacy within complex 

food matrices and during digestion requires ongoing innovation. Additionally, regulatory 

frameworks for functional food claims must evolve to balance consumer protection with 

fostering industry advancement [1], [14]. Future directions in this field include the integration 

of personalized nutrition, wherein functional foods are tailored to an individualôs genetic profile 

and disease risk. This approach, combined with advances in bioengineering, promises to further 

solidify the role of functional foods as a cornerstone of chronic disease prevention and 

management [15]. Functional foods hold significant promise in mitigating the progression of 

chronic diseases, offering a proactive and accessible means of enhancing health outcomes. By 

integrating bioactive-rich foods into daily diets, the potential exists to not only alleviate disease 

symptoms but also target their root causes [6]. As scientific understanding deepens, the role of 

functional foods is likely to expand, heralding a future where dietary choices become powerful 

tools in chronic disease management [3], [4], [12]. 
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1.2 Probiotics  

Probiotics are defined as ólive microorganisms which when administered in adequate amounts 

confer a health benefit on the (human) hostô1. This definition, established in 2002, was 

reaffirmed by a panel of experts in 2014 [16]. To classify a microbe as probiotic, its clinical 

benefits must be rigorously validated. This requires well-designed and adequately powered 

clinical trials conducted in the relevant target population, with the findings published in peer-

reviewed literature [17]. 

Probiotics have attracted increasing attention in recent years within the scientific, healthcare, 

food, and public sectors. Growing publicity around microbiota research has shifted public 

perception of microorganisms, moving beyond their association with disease to a more 

informed understanding of their beneficial roles in human health [10]. In parallel with these 

scientific advances, public awareness and acceptance of probiotics have continued to expand. 

The probiotics market size is estimated around 80 billion USD in 2024, expected to reach 113 

billion USD by 2029, with a compound growing at a rate of around 7.5% during the 2024-2029 

period2 [18]. While there is a widespread belief among consumers that probiotics are beneficial, 

there is still a public gap in understanding their definition, specific health benefits, mechanisms 

of action, and the best sources in food and healthcare products. Probiotics are increasingly 

incorporated into many foods, beverages, and topical products, sometimes without sufficient 

scientific evidence to support any health benefits, as required by current consensus definitions 

[19]. In the scientific community, however, the definition of probiotics is well-established. The 

International Scientific Association for Probiotics and Prebiotics has convened expert 

consensus panels to review and publish the mechanisms behind probiotics effects [16]. These 

panels concluded that probiotics play an essential role in health, with many key mechanisms 

identified and applied in various health conditions, both for prevention and treatment [10].  

Recently, Martin J. Blaser and Gloria Dominguez-Bello, in the documentary ñThe Invisible 

Extinctionò, evidenced how the overuse of antibiotics on humans and in the food industry, is 

destroying the physiological microbiota of our bodies, and fueling a huge rise in obesity, 

diabetes, asthma, and food allergies. This aspect led to the development of the Human 

Microbiome Project (HMP). The primary mission of the HMP was to create comprehensive 

resources for characterizing the human microbiota, advancing our understanding of how the 

 
1 FAO/WHO, 2002. Guidelines for the Evaluation of Probiotics in Food. 

https://openknowledge.fao.org/server/api/core/bitstreams/382476b3-4d54-4175-803f-2f26f3526256/content 
2 https://www.mordorintelligence.com/industry-reports/probiotics-market 
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microbiome influences human health and disease. The project's initial phase, HMP1, launched 

in 2008, focused on profiling microbial communities from 300 healthy individuals across 

diverse body sites, including the nasal passages, oral cavity, skin, gastrointestinal tract, and 

urogenital tract3. These efforts further underly the importance of the host-microbiota 

interactions and the future necessity of probiotic supplementation, and can provide a useful 

tool for probiotic strain understanding and selection, as much in functional food formulation 

as in future bacteriotherapy developments [20].  

The mechanisms by which probiotics work are complex, diverse, and vary significantly 

depending on the specific strain(s) involved. Although many of these mechanisms have been 

identified, further research is needed to deepen our understanding, particularly of how probiotic 

structures relate to their observed health effects and long-term impacts [21]. As schematized in 

Figure 1.1, probiotics interact with both the host and the microbiota through biochemical 

components present on their cell surfaces, or by specific metabolic products they release. These 

metabolites can influence the microbiota by supporting the growth of beneficial bacteria (cross 

feeding), altering the gut environment (e.g., by lowering pH), competing with harmful 

microbes for nutrients and binding sites, and producing strain-specific antibacterial substances. 

These effects on the microbiota may enable probiotics to provide health benefits, particularly 

in conditions involving the overgrowth of harmful microbes, such as vaginal and oral infections 

[21], [22]. Probiotic effector molecules can interact directly with receptors expressed by 

intestinal epithelial cells, enteroendocrine cells, immune cells, and the neural system [21], [23]. 

These interactions give rise to localized effects in the gut, such as enhancement of the intestinal 

barrier integrity and immunomodulation (e.g., through Toll-like receptors), as well as broader 

systemic effects mediated by the host's endocrine and nervous systems [10], [21]. Additionally, 

probiotics can enzymatically metabolize host compounds, including bile salts and ingested 

xenobiotics. Specific surface-associated effector molecules of probiotics, such as pili, 

lipoteichoic acids, exopolysaccharides, and various surface-layer proteins, often vary by strain, 

enable them to deliver strain-specific effects [22], [24]. 

 

 
3 https://hmpdacc.org/hmp/ 

https://hmpdacc.org/hmp/
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Figure 1.1. Probiotic mechanisms of action. (A) Colonization and normalization of perturbed intestinal microbial 

communities in children and adults and competitive exclusion of pathogens and bacteriocin production; (B) 

enzymatic activity and production of volatile fatty acids; (C) cell adhesion, cell antagonism, and mucin 

production; (D) modulation of the immune system; and (E) interaction with the brain-gut axis. AMPK, AMP 

kinase; ANGPTL, angiopoietin-like; DC, dendritic cell; FoxP3, forkhead box P3; GLP, glucagon-like peptide; 

GPR, G proteinïcoupled receptor; HSL, hormone-sensitive lipase; IFN, interferon; IRAK1, IL-1 receptor-

associated kinase 1; LPL, lipoprotein lipase; MyD88, myeloid differentiation primary response 88; NF-əB, 

nuclear transcription factor əB; PPAR-ɔ , peroxisome proliferator-activated receptor-ɔ ; PYY, polypeptide YY; 

TGF, transforming growth factor; TLR, Toll-like receptor; TRIF, TIRïdomain-containing adapter-inducing 

interferon-ɓ.4 

 

Although probiotics have been associated with a myriad of health benefits, they can also 

present different health risks [25]. This aspect, together to the already mentioned necessity of 

precisely assessing their beneficial effects, points out the need for a better understanding of the 

underlying mechanisms (both positive and negative), also to be completely sure that they meet 

the requirements to be generally recognized as safe (GRAS). In this view, improvements in 

current in vitro models can pave the way to study the myriad of specific aspects and interactions 

that occur when probiotics are administered [10], [25]. 

 
4 Reproduced with permissions from Elsevier [21], under license number 5917081396081. 
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1.2.1 Probiotics and functional foods 

Probiotics target various areas of the human body, including the mouth, gastrointestinal (GI) 

tract, respiratory tract, urinary tract, and vagina. Among these, the GI tract is the most common 

focus for probiotic supplementation across different populations, such as healthy individuals, 

children, the elderly, and immunocompromised individuals [26]. Probiotics in the gut assist 

human digestion by breaking down nondigestive complex carbohydrates, producing short-

chain fatty acids that favorably change the colonôs pH and inhibiting the growth of pathogenic 

bacteria [27]. Since the oral administration is the easiest road for probiotics administration, 

supplemented foods represent an ideal strategy. Probiotic foods and beverages account for 82% 

of probiotic market sales, while the remainder of the market consists of dietary supplements 

and animal feed [28]. Some of the most common probiotics marketed are LABs, and include 

L. acidophilus, L. casei, L. reuteri, L. rhamnosus, L. johnsonii, L. plantarum, B. adolescentis, 

B. bifidum, B. breve, B. infantis, B. lactis, and B. longum [28].  

Some examples of applications of probiotics in functional foods are reported in Table 1.1. 

Probiotics must reach the intestine alive and in adequate amount to be effective. First of all, 

they must survive the long journey through the harsh conditions of the GI tract (mouth, 

stomach, small intestine) to effectively reach the large intestine (Fig. 1.2). Some specific strains 

such as Bifidobacterium bifido and Lactobacillus plantarum  are employed in functional foods, 

as they manage to be metabolically stable and active within the product and survive while 

crossing the stomach, reaching the intestine in sufficient quantities [29], [30]. Nevertheless, it 

is reported that probiotics of the genera Lactobacillus, Bifidobacterium, and Pediococcus 

exhibit high sensitivity to simulated GI conditions (pH 2, 1 hour, at 37ÁC) [30]. Even if the 

probiotics manage to survive in the stomach, then they reach the duodenum, an area with a 

relatively low bacterial concentration (10ĭï10į CFU/mL where the pancreas secretes bile salts 

(comprising taurine and glycine residues, cholesterol, and phospholipids) along with enzymes 

such as trypsin, chymotrypsin, lipase, and amylase. These secretions alter the ionic strength 

(from approximately 0.095 to 0.166 mol/L) and the pH of the environment, further challenging 

probiotic viability and metabolic stability. Intestinal fluid can also dissolve lipids, so it and may 

compromise the integrity of probiotic cell membranes [31], [32].  
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Table 1.1. Examples of some applications of probiotics in the food industry including their shelf life and viability 

after storage. L. = Lactobacillus; B. = Bifidobacterium; S. = Streptococcus; P. = Pediococcus. 

Food 

sector 
Product type Probiotic 

Storage time 

and 

temperature 

Viability 

after 

storage 

Reference 

Dairy  

Ricotta cheese 

B. animalis subsp. 

lactis (Bb-12) and 

L. acidophilus (La-

05) 

7 days at 7°C Ḑ106 CFU/g [33] 

Yogurt 

B. Lactis 29 days at 4°C 
106ï107 

CFU/g 
[34] 

L. acidophilus and 

B. animalis subsp. 

lactis 

45 days at 5 ± 

1°C 
Ḑ108 CFU/g [35] 

Cheddar 

cheese 

L. lactis,  

L. helvetics, 

S. thermophilus, 

L. rhamnosus 

4 weeks at 

16°C 
Ḑ108 CFU/g [36] 

Beverages 

Pineapple 

juice 

L. acidophilus, L. 

plantarum, 

and L. lactis 

60 days at 4°C 
108ï109 

CFU/mL 
[37] 

Orange juice P. acidilactici 35 days at 4°C 
Ḑ108 

CFU/mL 
[38], [39] 

Pomegranate 

juice 

L. plantarum 

ATCC 14917 
28 days at 4°C 

Ḑ109 

CFU/mL 
[40] 

Cornelian 

cherry juice 
L. plantarum 4 weeks at 4°C 

109ï1010 

CFU/mL 
[41] 

Beet juice L. plantarum 21 days at 4°C 
107ï108 

CFU/mL 
[42] 

Mixture of 

juices 

from jicama, 

winter melon, 

and carrot 

L. plantarum 

CICC22696 

L. acidophilus 

CICC20710 

28 days at 4°C 

Ḑ108 

CFU/mL 

Ḑ105 

CFU/mL 

[43] 

Bakery 

Bread 

L. acidophilus and 

L. casei 

encapsulated in 

calcium alginate 

4 days at RT 
107ï108 

CFU/g 
[44] 

Pan bread 

L. rhamnosus GG 

encapsulated in 

sodium alginate 

and whey proteins 

7 days at RT 
107ï108 

CFU/g 
[45] 
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Once in the large intestine, probiotics find a more favorable growth environment (Fig. 1.2). 

However, this area hosts a dense microbial population, ranging from 10  to 10ĭĮ cells/mL, 

where probiotics must compete with the existing gut microbiota to establish themselves within 

the intestinal mucus layer [28]. These physiological aspects highlight the need for protective 

measures to ensure probiotic survival during their passage through the whole GI tract. 

 

 

Figure 1.2. Characteristic of the three major zones of the gastrointestinal tract: physiologic, enzymatic, and 

microbiological environments.5 

 

Furthermore, probiotic viability is affected by the form in which they are included in the food 

(e.g., lyophilized, encapsulated, already present as fermentation), the conditions used for 

processing, the materials used for encapsulation, and the storage conditions, including oxygen 

availability, light, moisture content, and storage temperature [46]. Probiotics must preserve 

their viability and functionality without changing the physicochemical and sensorial properties 

of foods during their storage or consumption [47]. The minimum of bio-value (MBV) index 

has been suggested as a characteristic parameter, which represents the minimum number of 

probiotic cells (CFU/g) in the product at the moment of consumption that is necessary for the 

fruition of beneficial health (preventive or therapeutic) effects of probiotics [47]. According to 

 
5 Reproduced with permissions from [28]. 
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the International Dairy Federation recommendation, this index should be Ó107 CFU/g up to the 

date of minimum durability [48]. Also, various recommendations have been presented by 

different researchers such as >106 CFU/g by all probiotics in yogurt and >107 CFU/g in the 

case of Bifidobacteria [47], [49]. 

Different methods are reported for sustaining/maintaining bacterial viability during processing, 

storage and digestion of functional foods, such as selection of resistant strains or adaptation to 

stress [50]. In fact, specific fermentation strategies may be applied to run short processes and 

harvest cells at the maximal viability rather than the maximal biomass density [51].  However, 

the most favorable techniques used in recent years are based on microencapsulation techniques 

with/without the addition of cryopreservation agents and/or other molecules, whey proteins, 

prebiotics or even edible biopolymers [52]. 

 

1.2.2 Probiotic encapsulation systems 

The necessity of preserving the vitality and metabolic stability of probiotics during storage and 

digestion, has led to a great increase in interest in the use of microencapsulated live probiotic 

cells to be used as food supplements to obtain/deliver health benefits [53]. Microencapsulation, 

in particular, is considered a very effective method for immobilizing/entrapping microbial cells, 

eventually incorporating prebiotics. The latter can further support the growth capacity of cells 

and activate their metabolism once reached the digestive/intestinal tract, providing a protective 

environment for microorganisms not only during storage but also upon ingestion. 

Microencapsulation involves the coating or entrapment of a core material in capsules ranging 

in size from a few micrometers up to a few millimeters [54]. The reason for microencapsulation 

of living probiotic cells is to slow down the decrease of viability from the first addition of the 

probiotic concentrate to the support/cryopreservation materials until they reach their final 

destination in the human GI tract. However, probiotics will be affected by the hostile 

environment of the digestive tract, such as different pH or different enzymes (e.g., salivary 

amylase, pepsin and trypsin). Therefore, probiotic encapsulation technology can provide an 

effective solution to this problem by protecting the microbial cells thus ensuring improved 

viability [55]. Many references mention that the minimum level of probiotic bacteria in 

probiotic products, necessary to confer health benefits, should be between 106 and 107 CFU/mL 

at the time of consumption [49]. One possible design commonly used for the encapsulation of 
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microbial cells involves the so-called matrix capsule, in which living cells as a core material 

are randomly embedded and/or immobilized in a biopolymeric shell or matrix [56].  

Different techniques have been studied to produce capsules/particles for probiotic storage and 

delivery (Figure 1.3). Among them, emulsion techniques [57]ï[59], spray-drying and spray-

freeze-drying [46], [56], [59], extrusion [59], [60], freeze-drying (lyophilization) [61], [62], 

complex coacervation [58], [63], ionotropic gelation [58], electrospinning [32], [64] and 

electrohydrodynamic (EHD) microdripping and atomization (electrospray) [58], [63], [65], 

[66].  

 

Figure 1.3. Diagram of encapsulation processes for probiotics: (a) freeze drying; (b) spray drying; (c) ionic 

gelation; (d) complex coacervation; and (e) electrospray and electrospinning.6 

 

Many different natural and synthetic materials have been tested for probiotic encapsulation 

[55]. Proteins, lipids and, most of all, polysaccharides have been extensively studied for this 

purpose [67], [68]. The most used and reported among polysaccharides are alginate, gellan 

gum, xanthan gum, carrageenan, locust bean gum or mixtures thereof that proved suitable, due 

to their ability to easily build hydrogels at low concentrations of around 0.5-2.0% in aqueous 

solutions [69], [70]. The choice of biopolymers/materials has a key role since it must be non-

toxic, and specifically at least food grade, also considering the process of transforming the 

 
6 Reproduced with permissions from [28]. 
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biopolymer during encapsulation/entrapment. Possibly it should guarantee a targeted release 

either in the stomach or in the colon, thus being able to avoid dissolution/degradation in harsh 

environments thus shortening residence times within the digestive tract (time is needed to 

release the probiotics, that can the colonize the specific tracts).  

EHD microdripping is a technique increasingly studied both in the biomedical field and for the 

encapsulation of probiotics and nutraceutical for functional food applications [71]ï[74]. This 

method leverages an electric field to produce droplets at a needle tip, starting from a viscous 

solution containing the probiotic microorganisms. These droplets subsequently solidify to form 

microcapsules or particles when collected in a crosslinking bath (usually, calcium chloride) 

[75], [76]. In the context of nutraceuticals, EHD microdripping can be particularly 

advantageous as it allows for control over particles size and encapsulation efficiency, thereby 

ensuring the stability and viability of probiotics during processing and storage [66]. By 

encapsulating probiotics within a protective matrix, their viability can be maintained 

throughout the product's shelf life and during passage through the gastrointestinal tract, 

enhancing their efficacy as a dietary supplement [28], [59], [65]. Furthermore, this method can 

operate at ambient temperatures without harming the living probiotics.  

Gellan gum is a versatile polysaccharide derived from the bacterium Sphingomonas elodea, it 

is widely used in the food industry as a gelling agent, stabilizer, and thickener. Its unique 

properties, such as forming gels at low concentrations, maintaining stability under various pH 

levels, and providing a range of textures from firm to elastic, make it a suitable ingredient in 

products like jellies, desserts, dairy alternatives, and beverages [77], [78]. Gellan gum is 

particularly appreciated for its ability to create clear, flavor-release gels, enhancing both the 

visual appeal and sensory experience of food products [79]. In recent years, gellan gum has 

gained attention for its possible application in probiotic encapsulation as excellent candidate 

for creating protective matrices around sensitive probiotic cells. Through techniques such as 

EHD microdripping, gellan gum solutions containing probiotics can be processed into 

microcapsules and microparticles. These microparticles can help the probiotics to be protected 

from harsh environmental conditions during processing, storage, and passage through the GI 

tract, ensuring that a high number of viable probiotic cells are delivered [80], [81]. 
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1.3 In vitro models of the human intestinal epithelium and their application in functional 

food characterization 

The intestine stands as a vital component dedicated to the orchestration of nutrient intake, 

digestion and absorption from ingested sustenance, alongside the essential task of waste 

elimination, encompassing substances unmetabolized by the body. Serving as the key juncture 

between the internal milieu of the body and the external environment, it assumes a paramount 

role in safeguarding against the intrusion of detrimental substances and pathogens [82]. 

Moreover, gut houses our microbiota, which strongly contributes to our immunity and exerts a 

bidirectional action towards the nervous system (Figs. 1.1 and 1.2) [83].  

The epithelial cell layer facing the intestinal lumen acts as a vital protective barrier, shielding 

the body from direct exposure to microbes and food antigens. This layer displays a topography 

organized into finger-like projections called villi and tissue invaginations called crypts. The 

villi shape dramatically increase the epithelial surface, serving as the primary sites for nutrient 

absorption. On the other side, crypts are mainly composed of proliferating cells that might 

migrate and differentiate along the crypt-villus axis (Fig. 1.4) [84]. This outer layer of intestinal 

epithelial cells lays on the underlying stroma, which contains mesenchymal cells, neurons and 

vasculature [85]. Throughout life, the epithelial layer is continuously renewed by intestinal 

epithelial stem cells located at the base of the crypts. These highly proliferative stem cells 

generate progeny that migrate upward along the cryptïvillus axis. As they ascend, the progeny 

transition through a transit-amplifying compartment before differentiating into the mature, 

post-mitotic cells found on the villi. These differentiated cells play different roles in intestinal 

function, such as in nutrient absorption (enterocytes) or secretory to build up and modulate the 

intestinal environment. Different types of secretory cells are distributed along the villi, 

including goblet cells, enteroendocrine cells, and tuft cells, while Paneth cells are uniquely 

positioned at the base of the crypts. Paneth cells are interspersed among the stem cells, 

contributing to the maintenance of the stem cell niche (Fig. 1.4). 
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Figure 1.4. Structure of the small intestine epithelium. The intestinal topography includes villi, where the 

absorptive enterocytes, secretory enteroendocrine and goblet cells reside, and crypt domains harbouring the 

intestinal stem cell niche including stem cells and Paneth cells. Underlying mesenchymal cells like myofibroblasts 

support the epithelium by secreting important growth factors such as WNTs, R-spondins and BMP antagonists. 

Gradients are believed to exist for the factors promoting stem cell self-renewal, including WNT and ligands for 

the ErbB pathway, whereas opposing gradients exist for differentiation-promoting factors such as BMP. The 

gradient, indicated here for EGF, represents all the ligands of the family, including Nrg1, Areg, Hbegf and Ereg, 

which support intestinal stem cell function. Many immune cells also reside in the intestine, constantly monitoring 

microbe and food antigens [84], [86].7 

 

Despite significant progress, studying the effects of tissue architecture, hostïmicrobe 

interactions, and epithelial renewal is still very challenging when relying on traditional animal 

models or conventional cell culture techniques, and there is a huge ongoing demand for further 

investigation over advanced models [84]ï[86]. 

In fact, intestinal models serve as invaluable tools across diverse research domains, by 

facilitating the exploration of substance bioavailability and bioactivity, as well as the study of 

intestinal pathology, such as the inflammatory bowel and Crohnôs diseases [87]. These models 

afford insights into the intricate processes of digestion, absorption and utilization of nutritional 

elements within the body. They aim to shed light on gastrointestinal tract dynamics, the impact 

 
7 Reproduced from [84] under CC Attribution 4.0 International Public License.  
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of ingested substances and disease conditions. Exploring factors influencing nutrient, drug, and 

bioactive compound availability and functionality, these models also elucidate interactions with 

intestinal cells and target tissues. Having intestine models available is thus pivotal in advancing 

our understanding of digestion, absorption and the development of effective therapeutic and 

nutritional strategies [88], [89]. Over time, a plethora of intestinal models have emerged, each 

of them boasting unique complexities and characteristics, which offer distinct advantages and 

enable focused exploration of specific mechanisms [90].  

Animal models are widely employed to assess the absorption of drugs and food components; 

however, they come with inherent limitations. One significant challenge is the lack of a 

standard for comparing results due to individual variations and the complex networks and 

ecosystems within each animal. While these networks contribute to valuable preclinical trial 

outcomes, it is difficult to isolate each physiological process amidst the immense complexity 

and numerous variables of the system [91]. The ongoing issues of cost, time and ethical 

concerns associated with animal experiments further compound these challenges [92]. 

To overcome these limitations, a surge in demand for specific in vitro models is taking place 

[91]. Cell-based models have emerged as promising alternatives to animal models, by offering 

advantages such as direct observation, continuous analysis and target-specific experimentation 

[90]. In contrast to in vivo experiments, in vitro experiments can be meticulously designed to 

minimize deviations in the results by concentrating solely on specific elements of interest. Two-

dimensional (2D) cell-based models involve the cultivation of single or multiple cells on a flat 

surface. In the context of creating an intestinal model, specific cell lines are utilized to form an 

apical epithelial layer, with additional cell lines potentially incorporated for specialized 

functions. This model is characterized by its simplicity, cost-effectiveness and widespread 

application in screening assays aimed at determining the bioavailability of orally administered 

drugs or assessing the absorption of substances found in food or nutraceuticals [93].  

The Caco-2 cell line stands out as the most frequently utilized cell line in such models, although 

alternative cells may be employed to enhance the model's physiological resemblance to reality 

[94]. However, there are limitations associated with using 2D models of Caco-2 cells. For 

instance, 2D cultures inadequately replicate the physiological relevance of three-dimensional 

(3D) structures and interactions present in native tissues, leading to disparities in cellular 

behavior and function compared to in vivo observations. Therefore, it has become imperative 

to complement them with other models, such as 3D cell cultures [95].  

In recent years, 3D cell culture in vitro models have gained significant popularity due to their 

ability to facilitate cell shape alterations and intercellular connections over time. These models 
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have been crafted utilizing diverse techniques, including spontaneous aggregation, culture onto 

3D scaffolds, or in a Transwellϯ setup, to offer a reproducible scenario for scientific and 

industrial investigations. Nevertheless, sustaining the vitality and bioactivity of cells over 

extended periods remains a critical challenge for these models [96]. To this purpose, the 

addition of bioactive molecules, such as extracellular matrix (ECM) proteins, to in vitro cellular 

models of Caco-2 cells has revealed still variegated outcomes, in terms of cell differentiation 

and transportation efficacy across the epithelial barrier [97], [98]. 

Significant advancements in this field of research have emerged through 3D fluid-dynamic in 

vitro models, which aim at offering a solution to the constraints of static cultures. These models 

can accurately replicate the intricate physiology of the human intestine by introducing essential 

physical stimuli, such as peristaltic loading, thus recreating a dynamic microenvironment akin 

to the body. The incorporation of fluid flows and mechanical stimuli in these models has 

notably influenced gene expression profiles [99]. Notably, immortalized cell lines like Caco-2 

cells, known for their limitations in static conditions, can develop a compact intestinal epithelial 

layer featuring 3D villi-like structures and basal crypts when subjected to stimulation in a fluid-

dynamic environment [100]. 

 

1.3.1 Electrospun scaffolds as 3D in vitro models of the intestinal epithelium 

As previously stated, 3D cell culture in vitro models of the intestinal epithelium have gained 

significant popularity due to their ability to facilitate cell shape alterations and intercellular 

connections over time. Unlike intestine-on-chip models, for a macro-scale 3D model, cells need 

to be cultured onto 3D scaffolds, to obtain the desired shape and function of the tissue. Along 

the years, scientists studied a portfolio of biomaterials and processing techniques, which can 

be useful for this purpose [101].  

Electrospinning, pioneered by J. F. Cooley in 1902 and later refined by Anton Formhals in 

1934, is a technique that exposes a polymeric solution to a high electric field [102]. This process 

induces the stretching of the solution into a jet, resulting in the formation of a whipping region 

of flying fibres and ultimately leading to a dry fibrous mesh collected on a counter-electrode 

target [103]. Electrospinning roots dating back to the late 19th century but gained prominence 

in 1994, emerging as a versatile method for producing fibrous structures with diverse 

applications [104]. Its strength lies in the ability to create scaffolds closely mimicking the ECM 

of tissues through the generation of sub-micron fibers [105]. This method offers numerous 
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advantages, including a high surface area to volume ratio, tunable porosity and the capacity to 

tailor nanofiber composition for desired properties and functions [104]. An essential advantage 

of electrospun scaffolds is an enhanced cell adhesion, crucial for various biomedical and tissue 

engineering applications. The high surface area and unique topography of electrospun fibers 

promote cell attachment and proliferation. Moreover, precise control over electrospinning 

parameters can yield fiber structures with specific fiber and mesh features, further influencing 

cell behavior and tissue organization [106]. Over time, a wide array of polymers has been 

utilized in electrospinning, facilitating exploration across diverse fields like regenerative 

medicine, drug delivery, filtration and sensors. Each polymer offers specific properties, 

enhancing the versatility and potential of electrospinning as a fabrication technique [104]. 

Recently, polycaprolactone (PCL) and polylactic acid (PLA) electrospun polymeric scaffolds 

have been investigated to create epithelial intestine models for pathologic gut, such as 

colorectal adenocarcinoma [107]. Gon­alves et. al. studied the effect of blending PCL with 

cellulose-derivatives, which enabled the generation of nonwoven, beadless electrospun 

scaffolds by using a high-throughput, needleless electrospinning technique. They tested 

different formulations employing InoMatrix inserts accomodating the electrospun scaffolds, 

and observed that all the formulations were able to sustain the growth of the Caco-2 cells up to 

21 days. They observed that the scaffolds enhanced the differentiation and proliferation of 

Caco-2 cells and promoted the formation of an intact and mature monolayer, showing results 

more similar to in vivo conditions than those obtained with commercial Transwells [108]. 

Li et al. designed a patterned electrospun PLA nanofibrous membrane with crypt-like 

topography and biomimetic ECM fibrous network. By coating with MatrigelÊ, their constructs 

were able to support both Caco-2 cells and primary crypt culture, to build up in vitro intestinal 

epithelium models [109]. Patient et al. developed an in vitro permeability model of the 

intestinal epithelium for drug absorption and intestinal metabolism studies. They employed 

PET as building material for the nanofibrous scaffolds, and demonstrated their ability to sustain 

the Caco-2 cells growth, when scaffolds were coated with collagen. With their model, the group 

achieved transepithelial electrical resistance (TEER) values much closer to physiological ones 

with respect classic Transwell cultures [110]. Another interesting example has been reported 

by Hu et al., where they developed and characterized PLA and polyacrylonitrile (PAN) 

electrospun scaffolds. They assessed their capability in sustaining the formation of the 

epithelial barrier employing the Caco-2 cell line, and tested the models in studies of nutrient 

(i.e., quercetin) absorption and probiotics adhesion [111]. 
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1.3.2 Piezoelectricity in PAN electrospun meshes 

Polymer-derived piezoelectric nanofibers have gained prominence as possible alternatives to 

rigid, brittle ceramic-based piezoelectric materials, owing to their high flexibility and 

biocompatibility [112]ï[114]. The present gold standards in piezoelectric polymers are 

polyvinylidene fluoride (PVDF) and its copolymers. PVDF is a semi-crystalline polymer which 

exhibits robust piezoelectricity in its ɓ-phase crystalline structure, with a 2.1 Debye dipole 

moment [115].  

In recent years, PAN, also named polyvinyl cyanide, has attracted significant attention for its 

piezoelectric properties, especially in the form of electrospun fiber meshes. PAN is a vinyl 

polymer with each repeat unit containing a cyano (-C¹N) group, as shown in Figure 1.5 A. 

Such a group exhibits a significant dipole moment of 3.9 debye [116]. 

 

 

Figure 1.5. (A) Molecular structure of PAN, (B) examples of illustrations of its possible syndiotactic zig-zag 
structure, and (C) of its possible isotactic 31-helical structure. (B) and (C) were produced by ChemSketch software 
(freeware version 2023 1.2).  

 

In its secondary structure, PAN tends to assume a 31-helical conformation, similarly to poly(L-

lactic acid) (PLLA) and to the Ŭ-helical one in polypeptides [117]. A less stable planar zigzag 

conformation, which may look like the ɓ-strand structure in polypeptides [117], could be 

obtained by straightening of the chains, induced, for in-stance, by mechanical stretching [118]. 

Molecular modeling of PAN showed the possibility of realizing the zigzag conformation 
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similar to that in poly(vinyl chloride) [119]. Realistically, the zigzag conformation should 

exhibit the highest piezoelectric response. Severe mechanical stretching could promote 

effective chain alignment and formation of the zigzag secondary structure. If stretching is 

performed at elevated temperatures or in the presence of the solvent, the formation of elongated 

and mutually aligned structures, like the zigzag ones, could be allowed by a sufficiently high 

chain mobility. In case of successive thermal quenching or rapid solvent evaporation, such 

structures could be maintained in time because of increased viscosity and consequent structural 

immobilization. Furthermore, mutual chain alignment could also promote polymer 

crystallization because of the higher degree of order that helps with crystallization seeding. 

Graphical examples of possible PAN secondary structures are shown in Figure 1.5 B, C. The 

tertiary structure of PAN is described as paracrystalline [120], with a pseudohexagonal 

arrangement characterized by poor crystalline ordering, forming a heterogeneous system of 

amorphous and paracrystalline regions [121]. It is accepted, how-ever, that piezoelectricity in 

PAN is not strictly related to the existence of a specific crystal phase, as in the case of PVDF. 

On the contrary, this polymer, as well as other piezopolymers such as PLA [122], behaves as 

an electroactive material in which mechanical strain may affect the orientation of its polar 

moieties by modifying, to some extent, its electrical polarization. To enable this effect, though, 

a certain degree of coherence among the polar moieties should be present, which could be 

induced during the solid material formation stage. When crystallization or other self-

assembling processes are ineffective, resorting to post-processing procedures, like electrical 

poling or mechanical stretching, is necessary. Both these actions tend to establish a preferential 

direction of orientation of the polymer chains. A stable piezoelectric performance can be 

obtained if such an induced order remains after processing.  

Electrospinning has been found to be effective in maximizing the ɓ-phase fraction in PVDF, 

improving overall piezoelectric properties. While the Ŭ-phase of PVDF can be easily obtained 

through solution processing, it lacks the symmetry required for piezoelectricity. When the 

polymer is drawn, it undergoes a strain-induced phase transition to the ɓ crystal phase, where 

the polymer chain adopts an all-trans conformation, resulting in a polar non-centrosymmetric 

structure conducive to piezoelectricity [123]ï[125]. Similarly, the electrospinning process has 

been reported to be able to enhance the piezoelectric properties also in PAN by maximising its 

electroactive content associated to the zig-zag conformation. In a recent study, Sooyoun Yu et 

al. [113] hypothesized that electrospinning significantly enhances piezoelectricity in PAN 

through two main phenomena: (1) the electric field during electrospinning facilitates in situ 

poling and stretching of PAN polymer chains, creating a highly oriented structure with well-
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aligned -CN polar functional groups, and (2) the confinement effect, where molecular 

rearrangement is hindered at the fibreôs surface, leading to better alignment of polymer chains 

along the fibre axis.  

 

1.3.3 Micro-textured scaffolds and microfluidic devices 

During the last years, much attention has been addressed towards the complex relationship 

between the intestinal epithelium and the resident microbiome, demonstrating its crucial role 

in maintaining systemic health and proper immune function [84], [126]. The intestinal crypts 

of rodent models have been used to investigate cell renewal, but such types of models do not 

fully provide the required anatomic and physiological similarities of humans, and thus lack the 

desired clinical relevance [127]. Recently, researchers showed increasing interest over the 

development of in vitro models able to reproduce specific aspects of the intestinal epithelium, 

including its morphology, together with the physiological fluid flow present in the intestinal 

lumen [84], [93]. For these purposes, different models have been proposed both in the form of 

scaffolds [128]ï[130] and microfluidic devices/platforms [131]ï[133]. Some of these works 

aim to identify and replicate the key factors necessary to accurately reproduce the processes of 

nutrient and drug absorption, with the goal of developing simpler and more precise models for 

permeation studies [134]ï[136]. Others focus on the study of the factors influencing the 

epithelium development and homeostasis dictated by the crypt-villus axis differentiation 

process [137]ï[139]; or the regulation of the inflammatory process [140], [141].  

It has been demonstrated that reproducing the correct 3D villi-crypt topography significantly 

improves the relevance of in vitro intestinal models since epithelial cells cultured in 3D exhibit 

different phenotypes that are more reflective of native tissue. In fact, the 3D microenvironment 

can induce crypt-villus axis polarization [142], [143]; increased similarity to physiological 

TEER and permeability for absorption studies [136], [144], and induce the expression of 

several proteins characteristic of the small intestine, in particular in the family of mucins [145]. 

Hence, correctly reproducing the 3D structure results fundamental, especially when studying 

the complex microbial-intestinal interactions [145], [146]. A recent study posed light on the 

need of soft substrates to correctly reproduce the mechanical properties of the native tissue, 

also paving the way to include a stromal component in the models [147]. Furthermore, 

combining biomimetic 3D features and the shear stresses induced by the fluid flow showed the 

importance of both the aspects in promoting cell polarization and cellular functions [148]. In 
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this view, integrating hydrogel-based scaffolds within microfluidics technologies can provide 

great opportunities to better recreate in vitro the tissue models, including the cellular 

components and the functionality of the in vivo tissues. Nevertheless, the development of such 

devices is not without challenges in the field of micropatterning/fabrication [149]. To overcome 

these challenges, pioneering studies from the group of Elena Martinez focused over the use of 

modern patterning and 3D-printing techniques. Such techniques enabled the production of 

hydrogels integrating a stromal-like component in 3D villi-crypt models, in both static [142], 

[147], [150] and, recently, dynamic conditions [151].  

To our knowledge, only few 3D in vitro models that replicate the villi-crypt topography have 

been employed to study microbiome-epithelial interactions [145]. Garc²a-D²az M. et al. 

developed a co-culture of Caco-2 and HT29-MTX on a Transwell insert comprising a 3D villi-

crypt scaffold, to study the role of the mucus layer in intestinal host-pathogen interactions 

[146]. However, the majority of these works used microfluidics chips, emphasizing the 

importance of simulating a physiological fluid flow to avoid bacterial overgrowth, and are 

mainly associated with the works of Donald E. Ingberôs group [99], [152], [153]. Although 

these devices can precisely represent specific fundamental aspects of the intestinal 

microenvironment, such as mechanical stimuli [99], [152], and oxygen gradients [153], they 

rarely comprise a 3D structure with biomimetic features and dimensions. This is also associated 

with intrinsic limitations of the chip traditional biofabrication processes, which do not allow 

the required cellular compartmentalization, 3D tissue architecture and microenvironments to 

be addressed. To our knowledge, none microfluidic model has specifically been developed 

including larger chambers and channels, able to fit in microencapsulated probiotics. Such a 

model would be highly valuable for studying the interactions between released and 

encapsulated probiotics and the epithelium, particularly given the rapidly growing body of 

research on microencapsulation in both the food development and biomedical industries [11], 

[52], [154]. 

Furthermore, producing scaffolds embedded in microfluidic chips involves long and complex 

protocols with multiple molding and demolding steps, which can be particularly challenging 

and delicate when working with soft materials like hydrogels [149]. In recent years, direct light 

processing (DLP) 3D-printing has attracted attention for its ability to print cell-laden and 

complex-shaped hydrogels [155]ï[157]. Also, some groups employed this technique to directly 

print in a single step a variety of microfluidic devices [158]ï[160]. 
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CHAPTER 2 

EXPERIMENTAL SECTION I 

GELLAN GUM MICROPARTICLES FOR TARGETED DELIVERY OF 

LIVE PROBIOTICS 

 

In this study, a probiotic microencapsulation system based on gellan gum was developed and 

characterized, with the aim of producing functional food additives. The model probiotic, 

Lactobacillus fermentum, was used for system characterization. Initially, particle production 

parameters (such as gellan gum concentration, voltage, and flow rate), were optimized. 

Subsequently, two different probiotic loads were incorporated into the system. The effect of 

probiotic incorporation on particle size was observed via optical microscopy, and the presence 

of probiotics within the microparticles was evaluated using Syto9 staining and scanning 

electron microscopy (SEM). 

Further characterization included the evaluation of encapsulation efficacy, probiotic viability 

after encapsulation assessed via CFU count, and metabolic activity assessed by lactic acid 

production, and the ability of the loaded microparticles to interact with Caco-2 cells. The latter 

involved assessing their ability to stimulate HBD-2 gene expression. Finally, the antimicrobial 

efficacy of the encapsulated probiotics against Escherichia coli was tested using a soft agar 

overlay assay. 

Overall, the characterizations performed demonstrated that the EHD microdripping technique, 

combined with the selected material, effectively encapsulated probiotic cells within the 

microcapsule matrix.  
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2.1 MATERIALS & METHODS 

2.1.1 Encapsulation of L. Fermentum in gellan gum via electrohydrodynamic 

microdripping 

 

Figure 2.1. (A) Flowchart of the production process and (B) flowchart of the methodology adopted for the 

evaluation of the metabolic activity. 

 

Different concentrations (0.5 ï 1.5  w/v%) of gellan gum powder (PhytagelÊ, Sigma-Aldrich, 

Milan, Italy) were dissolved in distilled water by magnetic stirring for 3 - 4 h at 200 rpm, 90 

ÁC. Solutions were subsequently autoclaved for 30 min to achieve sterility, aliquoted, and 

stored at 4 ÁC. Electrohydrodynamic (EHD) dripping/microdripping of the solutions was 

performed using a Linari bench apparatus (Linari Engineering s.r.l, Pisa, Italy), comprising a 

positive high voltage generator, a syringe pump (NE-300, New Era Pump Systems, Inc., NY, 

USA). The solutions were poured in a 5 mL plastic sterile syringe, the positive voltage was 

connected to a 90Á bended blunt tip needle (gauge G22) and the microparticles were collected 

in 20 mL of a grounded crosslinking bath consisting of 1% w/v CaCl2 (Fig. 2.1 A). 
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Microparticles were left 2 h in the crosslinking bath to achieve complete reticulation. A 

preliminary parameter optimization (solution concentration, flow rate, voltage) was performed 

to assess the best production conditions prior to add the probiotics in the solution. 

To include the model probiotic in the microparticles, two beads of cryopreserved L. Fermentum 

were pre-inoculated in 10 mL of De Man, Rogosa e Sharpe Broth (MRSB, Thermo Fisher, 

Monza, Italy) and grow overnight at 37 ÁC under shaking conditions. L. Fermentum was 

serially diluted and plated on De Man, Rogosa e Sharpe agar plates (MRSA, Thermo Fisher 

Diagnostics Spa, Rodano, Italy) to assess OD600-CFU/mL correlation. OD600 of the inoculum 

was adjusted to achieve the desired amounts of probiotic CFU, samples were centrifuged at 

4000 g for 10 minutes and then resuspended in 5 mL of 1 % wt gellan gum solution to achieve 

two different concentrations (namely LF low, 106 CFU/mL and LF high, 109 CFU/mL). The 

produced gellan gum microparticles (GG) were collected together with the crosslinking bath 

and filtered through a 30 Õm cell strainer (Miltenyi Biotec, Bologna, Italy). The filtrate was 

plated on MRSA to quantify the unencapsulated material. The encapsulated material (dense 

microgel) was recollected from the strainer with a spatula, weighted, aliquoted, and store at 4 

ÁC. Microparticles were visualized under a Nikon eclipse Ti inverted microscope and the 

dimensional analysis was performed with ImageJ software (version 1.54f). 

 

2.1.2 Bacterial viability: evaluation of the CFUs of encapsulated L. fermentum 

By counting the CFU present in the filtrate, the percentage encapsulation efficiency was 

estimated as: 

ρππz ρ
 z 

 z 
          [eq. 2.1] 

Where CFUf represents the CFU/mL counted in the filtrate; Vf the total filtrate volume; CFUSol 

the CFU/mL counted in the solution used for microdripping; and VÕD the total volume pumped 

into the crosslinking solution.  

To assess the cell viability after the encapsulation process, the microgel was resuspended in 5 

mL of PBS at a concentration of 10 mg/mL and sonicated in bath for 10 minutes at 45 kHz, 80 

W (VWR Ultrasonic cleaner USC300T), to obtain a probiotic dispersion. The dispersion was 

serially diluted and plated on MRSA overnight to obtain the CFU per gram of microparticles. 

L. fermentum dispersions in 1% w/v gellan gum were used as controls. To assess the capability 

of the encapsulated probiotics to grow both inside and outside the microparticles, GG_LF low 
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(100 mg microparticles) were re-incubated in 1 mL of De Man, Rogosa and Sharpe broth 

(MRSB) for 24 h and 48 h, and CFUs were counted. 

 

2.1.3 Bacterial growth: Syto9 staining 

Briefly, 100 mg of GG_LF low were re-incubated in 1 mL of MRSB for 24 h and 48 h. Plain 

microparticles, as-produced microparticles (t0), and probiotic-laden microparticles re-

incubated in MRSB were centrifuged at 4000 g for 5 min, and the supernatant was removed. 

Samples were washed with 500 ɛL sterile distilled water and resuspended with 200 ɛL Syto9 

solution consisting of 3 ɛL Syto9 (Invitrogen, Carlsbad, CA, USA) in 1 mL sterile distilled 

water. Samples were then incubated in dark at RT for 30 min with agitation (600 rpm) on 

ThermoMixerÈ C (Eppendorf S.r.l., Milano, Italia), washed again, resuspended in 250 ɛL 

physiological solution and observed for green fluorescence under a Nikon eclipse Ti inverted 

microscope. Plain microparticles were taken as controls to assess possible autofluorescence of 

the microparticles.  

 

2.1.4 Bacterial growth: evaluation of metabolic activity of encapsulated L. Fermentum 

Gellan microparticles (GG) were incubated in selective medium for L. fermentum [161], at 

temperature of 37 ÁC, 150 rpm, for 24 h. Approximately, 100 mg of sample were cultured with 

1.5 mL of medium and incubated for 24 h. After 24 h inoculation, the sample absorbance was 

read with a spectrophotometer (SP UV1100, VWR, Milan, Italy) to determine cell density. All 

the sample was then diluted in 15 mL falcon with 10 mL of optimized media, thus starting with 

an optical density (OD600 nm) between 0.1 and 0.2 OD600. Subsequently, after 24 h of growth 

(48 h starting from the first inoculation) the sample was newly seed/refreshed in 50 mL falcon 

with 40 mL of optimized media, (initial OD600= 0.1 and 0.2), and allowed to grow for 24 h. 

Flowchart of the process is schematically depicted in Figure 2.1 B. Before each revitalization 

in fresh medium, an aliquot of sample was centrifuged and the metabolic activity was verified 

evaluating the residual glucose concentration and the production of lactic acid by UHPLC. 

Furthermore, the samples withdrawn during each successive passage, the final one were 

serially diluted in physiological solution, plated on De Man, Rogosa and Sharpe agar (MRSA) 

plates and incubated at 37 ÁC for 24 hours in microaerophilic conditions. The experiments were 

performed in triplicate. 
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2.1.5 UHPLC analyses 

The analyses were carried out by UHPLC Dionex Ultimate 3000+ (Thermofisher, Italy) 

equipped with RI and UV/visible detectors, in order to determine the lactic acid produced and 

the glucose consumed. The standards and samples, previously ultrafiltered on centricons with 

3kDa cut-off (centrifugation at 12000 rpm for 15 min and recovery of the permeate), were 

analyzed according to the following operating conditions: a Shodex column for sugars SH1011 

300 x 8 mm, 6 Õ; isocratic elution with 0.1% sulfuric acid buffer solution and flow rate of 0.8 

mL/min; temperature: 40 ÁC; concentration range: 20-0.01 mg/mL; acquisition time 25 min 

[162]. 

 

2.1.6 Morphological analysis  

The morphological analysis of a high-loaded sample was performed using scanning electric 

microscopy (SEM). GG_LF high microparticles were lyophilized (see Section 2.1.8 for 

lyophilization details) and metallized through a Denton Vacuum Desk V sputter equipped with 

a gold foil. The observation took place under a scanning electron microscope (Supra 40 ZEISS; 

EHT = 5.00 kV, WD = 22 mm, detector in the lens). 

 

2.1.7 In vitro digestion of encapsulated L. fermentum in SGJ & SIJ  

Determination of survivability of encapsulated L. fermentum in simulated gastric juice (SGJ) 

and simulated intestinal juice (SIJ) was assessed by mixing 0.3 g of sample with 0.3 mL of 

SGJ. SGJ was prepared by slightly modifying the protocols reported by Stellavato and 

coauthors [162]. Specifically, 1 L of gastric juice solution containing 2.75 g NaCl, 0.5 g KCl, 

0.08 g KH2PO4, 2.1 g NaHCO3 0.02 g MgCl2Ā6H2O, 0.03 g (NH4)2CO3, and 0.02 g CaCl2 was 

autoclaved and cooled to 20 ÁC, before addition of 3 g pepsin (Sigma-Aldritch). The pH was 

set to 2.5 with 1 M HCl, then the SGJ was sterilized by filtration on 0.22 mm filter and incubated 

for 2 h at 37 ÁC, 150 rpm to simulate physiological conditions. This step was followed by 

centrifugation (15 min at 4500 rpm) and resuspension of the cells in the SIJ, prepared by 

dissolving 5 g NaCl, 0.6 g KCl, 0.3 g CaCl2, 0.6 NaHCO3, in 1 L milliQ water, heat sterilization 

and cooling to 20 ÁC. Subsequently 3 g/L bile and 1 g/L trypsin were added to the SIJ, the pH 

was adjusted to 8 with 6 M NaOH, and the solution was filter sterilized. 
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Bacterial viability before and after incubation in simulated gastrointestinal juices was 

determined by serially diluting the samples and plating them on MRSA plates. 

 

2.1.8 Lyophilization for stability studies 

The samples, gellan gum microparticles containing L. fermentum, were frozen -80 ÁC for 1 h, 

and then lyophilized for 18 hours (five phases, starting from freezing the chamber at -80 ÁC, 

up to the final phase at a pressure of 0.1 mbar for 2 h and subsequent manual opening of the 

vent valve) in a lyophilizer (Christ Beta 2-8 LSCplus, Germany). After lyophilization, the 

powders were stored at 4 ÁC and analyzed for viability/metabolic activity after one and three 

months.  

 

2.1.9 Overlay soft agar inhibition halo test against Escherichia coli 

Inhibition halos were evaluated following a former methodology, with little modifications 

[163]. Plain microparticles or loaded with two different concentrations of probiotics (GG_LF 

low and high, corresponding to approximately 106 and 109 CFU/g), were resuspended in saline 

solution at a concentration of 100 mg/mL, and 50 ÕL of the particle suspension was placed in 

duplicate in the center of 90 mm Petri dishes containing 15 mL of MRSA. The plates were 

incubated for 24 h and 48 h at 37 ÁC. Soft agar was prepared by adding 0.5% w/v agar to Tryptic 

Soy Broth (TSB, Oxoid Ltd., Cheshire, UK). An overnight culture of Escherichia coli (ATCC 

25922, ATCC, Manassas, VA, USA) was diluted in TSB to an OD600 of 0.1. The E. coli 

suspension was inoculated into TSB soft agar at 50 ÁC by diluting 50 times to achieve a final 

bacterial concentration of about 106 CFU/mL. Then, 10 mL of TSB soft agar was carefully 

overlaid with MRSA pre-incubated with the microparticles. The plates were incubated for 18 

hours at 37ÁC. The diameters of the inhibition zones were measured and interpreted as proposed 

by Shokryazdan et al. [164]: diameters > 20 mm, 10ï20 mm and < 10 mm were considered as 

strong, intermediate and weak inhibitions, respectively. 
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2.1.10 Biological assay using Caco-2 cells  

Human Caucasian colon adenocarcinoma Caco-2 cells (ATCCÈ HTB-37TM) were cultured in 

Dulbeccoôs Modified Eagle Medium (DMEM ï Gibco) supplemented with 1% Penstrep, 1% 

glutamine, and 10% fetal calf serum (Invitrogen, Carlsbad, CA, USA) at 37 ÁC in humidified 

air and 5% CO2 for 21 days, changing the medium every 2 days to reach their complete 

differentiation. Before performing the experiments, cells were seeded in a 6-well plate until 

80% confluence; then, cells were treated with L. fermentum (104 and 105 CFUs/mL) as control, 

and with 10 and 20 mg of sample (GG_LF low, containing approximatively 104 and 2 x 104 

CFUs of L. fermentum, and with 10 mg and 20 mg of sample (GG_LF low, containing 

approximatively 104 and 2 x 104 CFUs of L. fermentum, and GG_LF high, containing 

approximatively 107 and 2 x 107 CFUs) and incubated at 37 ÁC for 24 h. 

 

2.1.11 Real-Time PCR 

At the end of experiments, the total mRNA was extracted from Caco-2 cells, and 500 ng of the 

mRNA was reverse-transcribed (Expand Reverse Transcriptase, Roche) into complementary 

DNA (cDNA) according to the manufacturerôs instructions. 

Real-time PCR for antimicrobial peptide human-beta defensin 2 (HBD-2) was carried out with 

the LC Fast Start DNA Master SYBR Green kit using 2 ҡL of cDNA corresponding to 40 ng 

of the total RNA for a final volume of 20 ҡL, 3 ҡM MgCl2, and 0.5 ҡM sense and antisense 

primers (hBD-2 for: 5ô- GGATCCATGGGTATAGGCGATCCTGTTA -3ô; hBD-2 rev-5ô- 

AAGCTTCTCTGATGAGGGAGCCCTTTCT -3ô 198 bp) at 95ÁC for 5 s, 57 ÁC for 7 s and 72 

ÁC for 14 s for 40 cycles. At the end of the run, the melting curve profiles were obtained by 

cooling the sample to 65 ÁC for 15 s and then slowly heating it at 0.20 ÁC/s up to 95 ÁC with 

continuous measurements of the fluorescence to confirm the amplification of specific 

transcripts. Cycle-to-cycle fluorescence emission readings were monitored and analyzed using 

Light Cycler Software (Roche Diagnostics GmbH). The melting curves were generated after 

each run to confirm the amplification of specific transcripts. The ɓ-actin coding gene, one of 

the most commonly used housekeeping genes, was used as the internal control gene. All the 

reactions were carried out in triplicate, and the relative expression of a specific mRNA was 

determined by calculating the fold change relative to the ɓ-actin control. The fold change of 
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the tested gene mRNA was obtained using the Roche software for the amplification efficiency 

of each primer, as calculated by the dilution curve [165]. 

 

2.1.12 ELISA assay 

The presence of HBD-2 was detected in cell supernatants using enzyme-linked immuno-

sorbent assay (ELISA, Elabsciences Biotechnology Inc.) according to the manufacturerôs 

instructions.  

 

2.1.13 Statistical analysis 

Significant differences among groups were assessed through two-way ANOVA by using either 

GraphPad Prism 8.0, Excel, or Jamovi (v 1.6), and the comparison between the means was 

calculated using Studentôs t-tests. The data are expressed as means Ñ standard deviation (SD). 

 

2.2 RESULTS 

2.2.1 Encapsulation of L. fermentum in gellan gum via EHD microdripping 

A first parameter optimization was focused on characterizing the behavior of gellan solutions 

at different concentrations during the electrohydrodynamic process in terms of their capability 

to produce microparticles and achieve the desired dimension (Table 2.1). 

During a second optimization phase, the flow rate was increased to achieve acceptable 

production rates. Increasing the flow rate over 1.5 mL/h led to an unstable process and 

uncontrollable particle dimensions, with a preponderant presence of very small microparticles 

(10-60 Õm) surrounding the desired ones, as reported in Table 2.1. 
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Table 2.1. Process behavior and outcome for the solution and parameters tested. The needle tip-to-collector 

distance was kept constant at 9 mm, collection bath consisted of 20 mL of 1% wt. CaCl2 solution. The process 

was performed at ambient temperature and humidity, ranging between 22-27 ÁC and 35-50 % relative humidity 

(RH). 

Gellan concentration Flow rate [mL/h]  Voltage [kV] Process regime Outcome 

 

 

 

 

0.5% w/v 

 

 

 

 

 

 

0.2 

2-8 Dripping 
High dimension and shape 

variability 

8-20 µDripping 

Microparticles of various 

dimensions (<100-400 µm) 

obtained changing the voltage. 

High dimension variability and 

irregular shape. 

>20 
Unstable 

electrospray 

Frequent process blockage due 

to dry material on the tip 

0.6, 1 

2-10 Dripping 
High dimension and shape 

variability 

10-22 µDripping 

Microparticles of various 

dimensions (<100-600 µm) 

obtained changing the voltage. 

High dimension variability and 

irregular shape. 

>22 
Unstable 

electrospray 

Frequent process blockage due 

to dry material on the tip 

>1 All  
Unstable 

regime 
n.d. 

 

 

 

 

 

 

 

 

 

 

1% w/v 

 

 

 

 

 

 

 

 

0.2, 0.6 

2-15 Dripping High dimensions and variability 

18-25 µDripping 

Microparticles of various 

dimensions (200-400 µm and 

350-600 µm) obtained at the two 

tested flow rates (22 kV). 

Regular shape. 

>25 Unstable, frequent process blockage 

1 

2-15 Dripping 
High dimension and shape 

variability 

15-25 µDripping 

Microparticles of various 

dimensions obtained changing 

the voltage. Dimension stability 

and regular shape. 

>25 Electrospray 

Frequent process blockage due 

to dry material on the tip, 

irregular dimensions and shape 

2 2-15 Dripping 
High dimensions (>1 mm) and 

dimension variability 
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1% w/v 

 

 

 

 

15-25 µDripping 

Microparticles of various 

dimensions obtained changing 

the voltage. Dimension 

variability and regular shape. 

Preponderant presence of 

smaller particles (10-60 µm) 

surrounding the main ones. 

1.5% w/v 

0.2 
2-15 Dripping 

High, irregular dimensions 

(>1mm), irregular shapes 

>15 Frequent process blockage due to dry material  

0.6 

2-15 Dripping 
High, irregular dimensions 

(>1mm), irregular shapes 

15-20 µDripping 
Microparticles of regular shape, 

but huge dimension variability 

>20 
Unstable 

regime 

Material dispersion outside the 

crosslinking bath, variable 

regimes during process 

1 

2-18 Dripping 
High, irregular dimensions 

(>1mm), irregular shapes 

>18 
Unstable 

regime 

Material dispersion outside the 

crosslinking bath, variable 

regimes during process 

 

Finally, microparticles were produced with 1% w/v gellan gum water solutions, at a flow rate 

of 1 mL/h, 25 kV and needle-bath distance of 9 mm. The addition of probiotics in the solution 

increased microparticles size. The size distributions obtained revealed average dimensions of 

250 Ñ 50 Õm, 300 Ñ 40 Õm and 450 Ñ 100 Õm for microparticles produced starting from pristine 

solutions and loaded with 106 and 109 CFU/mL of L. fermentum, respectively (Fig. 2.2). Plain 

and low loaded microparticles resulted highly transparent, meanwhile microparticles loaded 

with 109 CFU/mL resulted white and easily precipitated in solution. 



41 

 

 

Figure 2.2. Optical microscopy images and microparticles size distributions obtained for different probiotic loads. 

Scale bars are 500 Õm. 

 

2.2.2 Evaluation of encapsulation efficiency and probiotic vitality after encapsulation 

CFU counts performed on the filtrate, containing the unencapsulated component of the 

samples, revealed that, in both cases, at least 2.5 log less vital probiotics were present in the 

cross-linking bath with respect the ones pumped in during production (Fig. 2.3 A). CFU counts 

performed on sonicated microparticles, revealed an overall decrease in vital probiotic of 0.18 

log and 0.49 log for LF low and high loadings, respectively (Fig. 2.3 B).  

 

 

Figure 2.3. (A) encapsulation efficiency estimated by plating the non-encapsulated material after filtration and 

(B) viability of probiotics after the encapsulation process. 
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Direct observation of encapsulated L. fermentum, stained with Syto9, revealed the capability 

of the probiotics to grow both inside and on the surface of gellan gum microparticles. Starting 

from a low number of probiotics encapsulated in a single particle (roughly estimated as 10-50 

CFU/particle, Fig. 2.4 A), we could observe a significant growth after 24 h of incubation of 

100 mg of microparticles in 1 mL of MRSB (Fig. 2.4 B, C). CFU counts performed on the 

microparticles just produced (óEncapsulatedô) and after 24 h and 48 h of incubation in MRSB 

revealed an initial significant growth of probiotics during the first 24 h, passing from around 

106 CFU/g of microparticles just produced to over 109 CFU/g (Fig. 2.4 D). 

 

 

Figure 2.4. (A-C) Optical and fluorescence micrographs at two different magnifications of microparticles 

containing 106 CFU/g of L. fermentum (GG_LF low), incubated in 1 mL of MRSB for different times and 

successively stained with Syto9. (A) t0, right after encapsulation, no incubation; (B) 24 h incubation; (C) 48 h of 

incubation. Scale bars are all 100 Õm. (D) CFU per gram of GG_LF low: starting solution, microparticles just 

produced (encapsulated) and grown for different incubation times. * p < 0.05; **p < 0.01. 
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2.2.3 Growth and metabolic activity  

In Table 2.2 there are shown the cell density measured by spectrophotometric analyses and 

lactic acid produced during the experiment of growth in an optimized media (see materials and 

methods section). Absorbance at 600 nm increased thus supporting not only the release but also 

the growth and metabolic activity of gellan gum-entrapped L. fermentum.   

Table 2.2. Growth and production of lactic acid at 24 h by encapsulated L. fermentum.  
#on the supernatant/complete broth  

Sample Final OD600 
Final lactic acid 

produced (g/L) 

Final viability  

(CFU/mL)  

GG_LF low 2.40 ± 0.15 3.0 ± 0.4 4.0 ± 0.3 x 105 

GG_LF high 2.90 ± 0.20 3.4 ± 0.2 2.4 ± 0.3 x 108 

 

2.2.4 Metabolic activity of freeze-dried powder for stability studies 

In Table 2.3 is shown the metabolic activity of GG_LF high, after freeze-drying and storage at 

4 ÁC for one and three months, using the same media and conditions previously described, i.e., 

100 mg of microparticles containing high load of L. fermentum in 1.5 mL of media, 

temperature 37 ÁC, agitation 150 revolutions per minute (rpm) for 24 h. 

Table 2.3. Growth and production of lactic acid at 24 h by encapsulated L. fermentum after 1 and 3 months of 

storage at 4 ÁC.              

Freeze-dried gellan microparticles 

entrapping L.fermentum  
Final OD600 

Final lactic acid 

produced (g/L) 

Final viability  

(CFU/mL)  

Storage-1 month 2.85 ± 0.10 3.4 ± 0.2 1.1 ± 0.2 x 108 

Storage-3 months 2.80 ± 0.10 3.2 ± 0.2 1.0 ± 0.4 x 108 

 

2.2.5 Morphological analysis  

Lyophilized GG_LF high was observed at different magnifications (99x, 1000x, 5000x, 

10000x) by SEM, to examinate the presence of L. fermentum in gellan sample (Fig. 2.5). In 

particular, at lower magnifications it can be observed the morphology of the particles after 

lyophilization and the packed microorganism densely entrapped into the gellan matrix (upper 

row); whilst at higher magnifications it was possible to observe the elongated morphology, 

characteristic of the microorganism (lower row). 
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Figure 2.5. SEM micrographs of GG_LF high lyophilized sample. Magnifications (from upper left to lower right): 

99x, 1000x, 5000x, 10000x. 

 

2.2.6 Stability of L. fermentum encapsulated with gellan gum in simulated 

gastrointestinal digestion 

Figure 2.6 shows the viability data of lyophilized and encapsulated L. fermentum. Viability of 

encapsulated probiotics decreased by ~ 2 logs after 2 hours of incubation in simulated gastric 

juices (pH 2.5), and just a little reduction of ~ 0.5 log was noticed after 4 hours of incubation 

in simulated intestinal juices (pH 8). On the other hand, the viability of L. fermentum bacteria 

lyophilized with saline solution (to be considered as control) decreased by ~ 1.5 logs in 

simulated gastric fluids, and other ~ 2.5 logs in simulated intestinal juice, for a total reduction 

of ~ 4 logs during the simulated digestion (Fig. 2.6).  

Therefore, considering the whole gastrointestinal digestion process, here simulated in vitro, a 

superior stability (more than 10-fold) of the encapsulated probiotic strain may be assessed.  
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Figure 2.6. Viability of L. fermentum bacteria lyophilized with saline solution and encapsulated with gellan gum 

before (initial) and after 2 hours of incubation in gastric juices (SGJ), followed by 4 hours of incubation in 

simulated intestinal juices (SIJ). Dependent and independent samples Studentôs t-test with Bonferroni correction 

was performed for comparisons. n.s. = not significant; *p<0.05; **p<0.01; ***p<0.001. 

 

2.2.7 Overlay soft agar inhibition halo test against Escherichia coli 

 

Figure 2.7. Overlay soft agar halo test performed for the two typologies of microparticles and two different pre-

incubation times. 
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The overlay soft agar assay reported in Figure 2.7, revealed inhibition halos against E. coli of 

33 Ñ 2 mm and 39.7 Ñ 1.7 mm for microparticles incubated on MRSA for 24 h, and 46.0 Ñ 1.4 

mm and 50 Ñ 1.4 mm for microparticles incubated for 48 h. 

 

2.2.8 Evaluation of indirect antibacterial activity of gellan gum microparticles  

 To evaluate the ability of gellan microparticles to induce an indirect antimicrobial activity 

towards HBD-2 expression, Caco-2 cells were treated for 24 h with L. fermentum alone at 

concentrations of 104 and 105 CFUs/mL, and with 10 and 20 mg of the two differently loaded 

gellan microparticles. 

 
Figure 2.8. Relative gene expression (A, B) and protein expression (Aô, Bô) of HBD-2 in Caco-2 cells treated 

with L. fermentum and 10 and 20 milligrams of low- (A, Aô) and high- (B, Bô) loaded gellan microparticles. 

Dataare reported as mean ± SD and are expressed as fold increase of mRNAs normalized over untreated control 

(ctrl). Significant differences with respect control are indicated by *p < 0.05, **p < 0.01, ***p < 0.001. 

 

The results obtained (Fig. 2.8 A, Aô) show that 20 mg of GG_LF low are able to significatively 

induce the cellular expression of HBD-2, similar to L. fermentum alone, sugggesting that also 

the low loaded microparticles should contain a concentration of probiotic sufficient to activate 

innate immune response mechanisms in the host. Furthermore, GG_LF high was able to induce 

HBD-2 expression at both the concentration tested, confirming the effect of an higer probiotic 

load and demonstrating an indirect antimicrobial activity despite the entrapment (Fig. 2.8 B, 

Bô).   
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CHAPTER 3 

EXPERIMENTAL SECTION II 

ELECTROSPUN TUBULAR SCAFFOLDS BASED ON PCL & PAN 

 

Recently, electrospun polymeric scaffolds have been investigated to create epithelial intestine 

models for pathologic gut, such as colorectal adenocarcinoma [107]. PCL fibrous meshes are 

largely employed in the biomedical field. Here, we investigated the production and properties 

of PCL and PAN electrospun scaffolds for their ability to sustain Caco-2 proliferation and 

differentiation, with the aim of producing a tubular epithelial-like structure. PCL scaffolds 

produced by electrospinning a chloroform solution with a random-like disposition disclosed 

potential to suit the mechanical properties of human large intestine and to support growth of 

Caco-2 cells. However, scaffolds of PCL fibers collected at 500 rpm showed large diameters 

and pore size in the 26 - 30 Õm range, which allows cell inner colonization of the scaffold; 

thus, this scaffold is not suitable to generate a model of intestinal epithelial barrier. 

In view of providing a 3D in vitro model able to resemble the intestine epithelial barrier which 

would be relevant for a real-scale dynamic system, the study presented in this thesis work aimed 

at developing continuous tubular structures made of ultrafine fiber meshes with low pore size 

and high porosity to impose Caco-2 cells to colonize only the top layer of the scaffolds, by 

using cytocompatible polymers. The features mentioned above would ensure the formation of 

a compact layer of intestinal epithelial cells, which might be capable of nutrient exchanges 

across the fibrous membrane thickness. This investigation reports on the design, the fabrication 

as well as the morphological, physical, piezoelectrical and mechanical characterization of 

tubular structures made of nonwoven PCL and PAN ultrafine fibers, the latter chosen for its 

piezoelectrical properties, which may offer valuable stimuli for intestinal cells. Furthermore, 

we showed the ability of these scaffolds to generate 3D in vitro models of small intestine 

epithelia by culturing them with Caco-2 cells using 3 different coating proteins (i.e., gelatin, 

collagen type I, and fibrin) and by studying the morphological features of the formed cellular 

layer.  

To achieve uniform distribution of cells on the annular portions of tubular scaffolds, a 

container-holder based seeding system was developed to keep the scaffolds in rotation while 

submerged in a solution containing a dispersion of Caco-2 cells. Here, we also present 
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preliminary testing of a bioreactor capable of producing radial mechanical stimulation to the 

annular portions of tubular scaffolds. The bioreactor design was first performed in CAD 

(Autodesk Inventor). Next, the bioreactor was assembled and programmed via Arduino Due. It 

was then tested in preliminary experiments to impart mechanical stress to a compact layer of 

Caco-2 cells grown for 5 and 21 days on PAN tubular scaffolds. 

 

3.1 MATERIALS & METHODS 

3.1.1 Materials 

PCL, product code: 440744 in the form of 3 mm grains, Mn of 80 kDa, and density of 1.145 

g/cm3 was purchased from Sigma Aldrich (St. Louis, Missouri, USA). PAN in powder form, 

with average Mw of 150 kDa, and density of 1.184 g/cm
3, was purchased from BIOSYNTH 

(Staad, Switzerland). Chloroform (CHCl3), Tetrahydrofuran (THF) were supplied by VWR 

Chemicals (Radnor, PA, USA), while Dimethylformammide (DMF) was purchased from 

Sigma Aldrich. Human Colon Adenocarcinoma tumoral cells (Caco-2) were purchased from 

ATCC (American Type Culture Collection, Manassas, VA, USA). Fetal Bovine Serum (FBS), 

Live/Dead kits, Floromount-G, Primary polyclonal anti-rabbit antibody ZO-1, HEPES 1 M, 

DAPI (product code: D1306) and RNA Mini Kit were purchased from Invitrogen by Life 

Technologies Thermo Fisher Scientific (Waltham, MA, USA). Resazurin, PBS, DPBS, Eagleô 

Minimum Essential Medium (EMEM), high glucose Dulbecco's Modified Eagle Medium 

όDMEM, product code D6546), Sudan Black, Triton X-100, fibrinogen, and thrombin were 

purchased from Sigma-Aldrich via Merck, Darmstadt, Germany. Levofloxacin was purchased 

from Fresenius Kabi (Vicchio, FI, Italy). Fluconazole was supplied by Bioindustria L.I.M. 

(Novi Ligure, AL, Italy). Neutral buffered formalin (product code: 0501004F) was purchased 

from Bio-Optica, Milan, Italy. Phalloidin-iFluor 488 conjugate (product code: ab176753) was 

purchased from Abcam (Cambridge, MA, USA). Collagen type I (MAPTrixÊ-C) was 

purchased from AMSBIO (Abingdon, England). Bovine collagen peptides were supplied from 

Lapi Gelatine S.p.A. (Santa Croce sull'Arno, Italy). Bovine gelatin Type B (product code: 

G6650) was purchased from Sigma Aldrich (Darmstadt, Germany). Biotinylated goat anti-

rabbit secondary antibody (product code: BA-9200) and Goat Serum were purchased from 

Vector Laboratories (Burlingame, CA, USA). PureLink RNA Mini Kit, SuperScriptÊ IV 

VILOÊ Master Mix, ezDNase buffer, nuclease-free water, PowerUpÊ SYBRÊ Green Master 



49 

 

Mix and SYBR Green PCR Master Mix were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). 

 

3.1.2 Fabrication of the tubular scaffolds 

The PCL solution was prepared with a concentration of 15% w/v in a THF/DMF mixture (1:1 

v/v), while the PAN solution was prepared with a concentration of 15% w/v in DMF, by 

magnetic stirring at 300 rpm overnight at room temperature. Solutions were kept under gentle 

stirring at room temperature prior to usage. 

Electrospinning was performed within a horizontal set-up using the Starter Kit-Aligned 1 

(Linari Engineering s.r.l., Pisa, Italy) including a 5 mL glass syringe equipped with a G21 

stainless steel blunt tip needle, placed on a syringe pump controlling the flow rate of the 

polymer solution. The fibers were spun on a stainless-steel rotating cylindrical collector 

(diameter of 7.4 mm and height of 100 mm), covered with an aluminum foil. The PCL solution 

was processed using the following parameters: flow rate of 1 mL/h, applied voltage of 12 kV, 

distance between syringe and collector set to 18 cm, collector speed of 5 rpm. The 

electrospinning time was 20 min.  For the PAN solution, the electrospinning parameters were 

set to: flow rate of 0.25 mL/h, applied voltage of 12.5 kV, needle-collector distance of 15 cm, 

collector speed of 5 rpm. Electrospinning time was set to 40 min. In all cases, the fabricated 

tubular scaffolds possessed a thickness of approximately 0.1 mm. All electrospinning 

parameters are summarized in Table 3.1. 

Table 3.1. Summary of process parameters used for electrospinning. 

Polymer Solvent(s) 

Solution 

concentration 

[w/v%]  

Flow 

rate 

[mL/h] 

Needle-

collector 

distance 

[cm] 

Voltage 

[kV]  

Rotational 

speed 

[rpm]  

PCL 
DMF/THF 

50/50 [v/v] 
15 1.00 18 12.0 5 

PAN DMF 15 0.25 15 12.5 5 
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3.1.3 Morphological characterization of the tubular scaffolds 

The morphological analysis of the fibers was performed by field emission scanning electron 

microscopy (SEM) using a Phenom ProÊ Desktop apparatus by Thermo Fisher Scientific 

(Milan, IT). Prior to observation, the samples were sputter-coated with gold with a S150B 

Sputter Coater by Edwards High Vacuum International (West Sussex, UK). Fiber diameters 

and porosity were measured with ImageJ software (version 1.54f, National Institute of Health, 

USA). Pore equivalent diameters were obtained from the measured areas by assuming the pores 

to be circles. Distinct fibers were measured to obtain mean diameters and diameter distributions 

(n = 100). Porosity analysis was performed by first adjusting the colour threshold to obtain a 

clear image of the first two fiber layers, then applying the ñanalyse particleò measurement tool.  

 

3.1.4 Mechanical characterization of the tubular scaffolds 

The mechanical characterization of the tubular scaffolds was performed under radial expansion 

mode, to resemble some traits of intestinal peristalsis. It was evaluated by means of a dedicated 

set-up, designed and fabricated to measure the radial deformation of the tubular structure as a 

function of the measured internal pressure. The equipment consisted of three interconnected 

components that communicate with each other through a ñYò connector. The components 

included a sphygmomanometer pump with a check valve, used to pump air into the circuit, a 

manometer with a sensitivity of 1 mmHg to monitor the pressure, and a catheter with a spherical 

deformable part on which the tubular scaffolds was positioned. To accurately determine the 

radial deformation of the catheter and, consequently, the deformation of the tubular scaffold, a 

graduated glass cylinder with a sensitivity of 0.1 mL was used, in which the scaffold-catheter 

assembly is immersed. By measuring the increment of volume as an increment of the spherical 

part of the catheter, the increase of the radios as a function of the applied pressure was 

determined. 

 

3.1.5 Wettability of the scaffolds 

Circular flat samples with a diameter of 8 mm puncher-cut from the tubular scaffolds were 

prepared to measure the static water contact angle (WCA). Drops of 3 ɛL of distilled water 

were placed on the samples using a micropipette, and WCA was obtained by means of a 
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custom-made instrument (Linari Engineering s.r.l.), consisting of an alignment system drived 

by a DC-powered motor with a rotational speed varying in 1 - 600 rpm, and a camera with a 

40-fps frame rate. ImageJ software was used for post-processing the acquired images analysis. 

 

3.1.6 Piezoelectric properties of the scaffolds 

The measurements of the d31 piezoelectric coefficient of the produced meshes were conducted 

using a PiezoGauge setup specifically developed for measuring the piezoelectric values of the 

meshes at a macroscale level, as detailed in prior work [112]. The setup was further improved 

as detailed in APPENDIX. In brief, this setup involves clamping a stripe of the nanofiber mesh 

between a rigid support and a flexible steel cantilever, which serves as a sensitive force gauge. 

An electric field is thus applied orthogonally to the mesh thickness by electrically biasing two 

parallel metal plates. The resulting cantilever bending, induced by the piezoelectric stress of 

the mesh, is detected using an optical lever method. To enhance measurement precision, an 

alternating current (ac) electric field is applied at the resonant frequency of the steel cantilever, 

typically around 150 Hz. This method leads to an amplification effect of approximately 20-30 

times, resulting in a significant enhancement of measurement sensitivity. Poled poly(vinylidene 

fluoride) (PVDF) GoodFellow film was used as a standard control, whereas electrospun fibers 

of PVDF/BaTiO3 and poly(ethylene oxide terephthalate)-poly(butylene terephthalate) (PEOT-

PBT) as a positive and negative control, respectively [112].  

 

3.1.7 Cell cultures on fiber meshes 

The scaffolds, 8 mm diameter discs (n = 6), were sterilized by 97% (v/v%) EtOH/water 

overnight followed by 3 washings of sterile saline solution added with 10% antibiotic 

(Levofloxacin) and 10% antimycotic (Fluconazole). The Caco-2 cells were cultured in 75 cm2 

tissue culture flasks using EMEM supplemented with 1% penicillin-streptomycin, 1% L-

glutamine and 10% FBS in a humidified incubator set at 37 ÁC with 95% air and 5% CO2. 

When the 80% confluence was reached, the cells were detached via trypsin and counted.  

Caco-2 cells were seeded with a density of 1.5 Ĭ 105 cells/cm2 using the following treatments 

for scaffold coating:   
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a) Gelatin (bovine): Cells were suspended in a 2% gelatin/PBS solution, and seeded in 

droplets at the center of the dish. After a 30-min incubation period, the culture medium 

was added. 

b) Collagen type I (recombinant): The collagen solution was prepared by mixing inside an 

ice-cooled Eppendorf tube with 1 M HEPES, a solution of 37 g/L of NaHCO3 and 5 mg/mL 

collagen type I, in a 1:1:8 ratio. A total of 150 ÕL of this solution was then added to each 

sample and, subsequently, the plate was placed in an incubator to allow the collagen to gel. 

After 30 min, the cells were seeded onto the coating. 

c) Fibrin (bovine): Fibrinogen was dissolved by gently mixing it in a saline solution at 37ÁC 

to obtain a concentration of 4 mg/mL. Then, 1 mg of thrombin was dissolved in 1 mL of 

sterile water to create a solution with a concentration of 144 U/mL. The thrombin solution 

was further diluted in 25 mM CaCl2 to achieve a concentration of 10 U/mL. Cells were 

suspended in the thrombin solution, and then thrombin and fibrinogen were mixed in a 1:1 

ratio to form the fibrin clot. In our case, the clots were obtained by mixing 10 ÕL of 

thrombin with 10 ÕL of fibrinogen, resulting in 20 ÕL droplets, one for each fiber disk. 

The droplet took approximately 30 s to coagulate, after which they were incubated for 30 

min before adding the culture medium. 

All the cultivated dishes were placed in a well of a 48-well plate. The samples were thus 

incubated for 1 h to ensure cell adhesion. Afterwards, the specimens were completely covered 

by complete medium and cultured for 21 days, and the medium was changed every 3 days. 

Cell culture was also conducted on PCL and PAN tubular structures (5 mm high and 8 mm 

diameter) (n = 6) by seeding Caco-2 cells at 1.5Ĭ105 cells/cm2. Before starting the experiments, 

the tubes were sterilized as reported above. Collagen type I and fibrin were used as coatings 

due to their capacity of gelation, which resulted better suited to entrap the cells onto these non-

planar scaffolds. For each scaffold, four 20 ÕL drops were placed on each quarter of the anulus 

after 90Á rotation, with a time interval of 20 min between each drop to give the cells enough 

time to adhere to the scaffold. After the last drop, the scaffolds were left in a cell culture 

incubator for 30 min, and then the complete medium was added. The culture of tubular 

scaffolds was carried out for 8 days. 
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3.1.8 Cell viability on the scaffolds 

The Alamar BlueÊ viability assay was performed to monitor the metabolic activity of the cells. 

A solution of 10 ҡg/mL resazurin in EMEM was prepared. For planar scaffolds 1 mL of solution 

were added to each well containing the cell/scaffold constructs, meanwhile for tubular ones 1.5 

mL were employed. Cell/scaffold constructs were incubated for 3 h, after which three 100 ÕL 

aliquots were taken from each well and transferred to a 96-well plate for spectrophotometric 

reading using the Victor 3 Multiplate Reader (PerkinElmer, Waltham, MA, USA). 

Live/dead assays were performed at the end of cell cultures on planar scaffolds. For this assay, 

1 mL sterile PBS containing 1 ÕL Calcein AM, and 0.5 ÕL ethidium homodimer-1 were added 

to each well containing seeded fibers. Then, after 30 min in the incubator, samples were 

observed under an inverted fluorescence microscope (Nikon Ti, Amsterdam, The Netherlands).  

 

3.1.9 Morphological analysis of cell/scaffold constructs  

At the end of the culture, the cellular samples were fixed in 1% w/v neutral buffered formalin 

for 10 min at 4 ÁC. The samples were washed in 1Ĭ PBS and then permeabilized by incubation 

in 0.1% Triton X-100 diluted in 1Ĭ PBS for 5 min. Then, they were immersed for 30 min in a 

Sudan black solution (0.3% w/v) to cover the autofluorescence of the protein-coated fibers. 

After rinsing in PBS, they were treated with 1% eosin in water for 1 min, and with DAPI 

solution (10 Õg/mL) for 10 min. The results were observed with an inverted microscope 

equipped for the fluorescence and with a Nikon Eclipse Ti digital camera (Nikon Instruments). 

Fixed cell/scaffold constructs were used for SEM analysis. After washing the samples in 1Ĭ 

PBS, they were immersed in a series of water/ethanol solutions with increasing ethanol 

concentrations, 70%, 80%, 90%, 95%, 99% v/v, for a duration of 15 min each, and then fully 

dehydrated in vacuum woven at 37 ÁC overnight. The dried samples were analyzed as reported 

in Section 3.1.3. 

 

3.1.10 Gene expression analysis 

The RNA extraction from Caco-2 cell cultured on PAN and PCL scaffolds with gelatin, 

collagen and fibrin coatings for 21 days, including cells seeded with the same cellular density 

per surface area on Transwells (with and without collagen coating), was performed using the 
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PureLink RNA Mini Kit following the manufacturer's protocol. Initially, the cells were lysed 

in the lysis buffer and homogenized using a Dounce homogenizer while keeping the tube on 

ice throughout the procedure. The nucleic acids were then precipitated by adding ethanol to the 

lysis buffer, and the resulting solution was loaded onto a column for RNA binding, washing, 

and final elution in RNase-free water. For reverse transcription, a total volume of 10 ɛL was 

prepared in a RNase-free tube. The process involved adding the following components: 10Ĭ 

ezDNase buffer, ezDNase, template RNA, and nuclease-free water. The tube was centrifuged 

to collect all the solution at the bottom, and the samples were incubated at 37 ÁC for 2 min. 

After brief centrifugation and placing the tubes on ice, the following reagents were added: 

SuperScriptÊ IV VILOÊ Master Mix (4 ɛL) and Nuclease-free water (6 ɛL). The reaction 

mix was then subjected to thermal cycling with the following conditions: 25 ÁC for 10 min, 50 

ÁC for 10 min, and 85 ÁC for 5 min. The obtained cDNA product was subsequently used for 

real-time PCR, carried out using the PowerUpÊ SYBRÊ Green Master Mix. In a 

polypropylene tube, a PCR reagent mixture was prepared, consisting of Power SYBR Green 

PCR Master Mix (1Ĭ), Reverse primer (300 nM final concentration), Forward primer (300 nM 

final concentration), and nuclease-free water (5 ɛL). To this mixture, 1 ɛL of template cDNA 

(0.1 ng) was added, resulting in a final volume of 20 ɛL. Subsequently, the 96-well plate was 

inserted into the thermal cycler and subjected to the thermal cycling conditions reported in 

Table 3.2. The primers of ZO-1, Ezrin and Occludin genes were designed using the ñPrimer3 

Plusò tool [166].  The used PCR conditions are reported in Table 3.2. The experiments were 

performed in duplicate (n = 2). 

 

Table 3.2. RT-PCR conditions. 

Step 

AmpliTaq  

Gold enzyme activation   

PCR 

(40 cycles) 

Hold Denature Anneal/Extend 

Time 10 min 15 s 60 s 

Temperature [°C] 95 95 60 

 

3.1.11 Immunohistochemistry  

Immunohistochemistry was performed directly on the scaffolds. After washing the samples 

twice in PBS for 5 min, the cell/scaffold constructs were permeabilized by 0.2% v/v Triton X-
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100 in PBS for 10 min and washed twice in PBS for 5 min. Quenching of endogenous 

peroxidases was performed by incubation with 0.6% of 36 vol. H2O2 in methanol for 15 min 

in the dark. After washing in PBS for 10 min, the samples were incubated with 5% v/v goat 

serum diluted in PBS for 20 min to block a-specific binding sites of the secondary antibody. 

After washing in PBS for 5 min, the samples were incubated with primary polyclonal anti-

rabbit antibody ZO-1 diluted in 0.1% w/v BSA/PBS (final concentration 2 mg/mL) in moist 

chamber at 4ÁC overnight. 

Negative controls were performed incubating samples with 0.1% w/v BSA/PBS solution only. 

The following day, the specimens were incubated with goat anti-rabbit biotinylated secondary 

antibody diluted 1:200 in 1.5% v/v goat serum/PBS solution for 60 min. Then, after washings 

twice the samples in PBS for 5 min, a streptavidin solution was added to the samples for 30 

min, prepared according manufacturerôs instructions.  

To reveal the reaction, after washings twice the samples in PBS for 5 min, they were incubated 

in the substrate-chromogen solution: polyclonal antibody 0.5 mg/mL 3,3 min-

diaminobenzidine tetrahydrochloride activated with 1% of 36 vol H2O2 (20 mL for each mL of 

DAB) for 5 min in the dark. The samples were then counterstained with Mayerôs hematoxylin 

for 1 min and washed in tap water for 1 min. Finally, constructs were prepared with the 

Fluoromount mounting medium and observed with a Nikon Ti Eclipse inverted microscope 

equipped with a digital camera (Nikon Instruments).  

 

3.1.12 3D-printing and sterilization of cylindrical holder containers 

To improve the homogeneity of cell seeding on the scaffolds, specific cylindrical holder 

containers were designed and tested. The design was performed to allow the scaffolds to be 

positioned, immersed in solution containing a biomolecule and a cell dispersion, and kept in 

rotation during seeding, thus achieving a homogeneous arrangement of cells. The containers 

and holders were produced using epoxy resin (white Standard Resin, Anycubic, Shenzhen, 

China). LCD-based SLA 3D-printing was performed using an Anycubic Photon Mono X 

printer (Anycubic, Shenzhen, China). Printing parameters were set according to manufacturer 

instructions. After printing, the wash-and-cure procedure was performed as following: washing 

in isopropyl alcohol (IPA) for 10 min, curing under UV light for 5 minutes and washing again 

for other 3 min. After that, the holder containers were stored in 70% v/v ethanol water solution. 

To guarantee sterility, the day before use the printed holders were autoclaved at 120 ÁC for 30 
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min and washed overnight by soaking in sterile dH2O. Prior to use, they were washed 2 times 

for 1 h in absolute ethanol, let dry, and washed again 2 times for 30 min in sterile distilled water 

(dH2O). Finally, the holder containers were let dry under biological hood prior to fit the 

scaffolds on the holders. The holder containers were designed to fit a rotor connected to an 

Arduino Due board (Arduino, Monza, Italy). Employing this setup, different rotation speeds 

could be programmed to achieve an optimal speed that would homogeneously disperse the cell 

suspension.  

 

3.1.13 Optimized cell seeding and culture on tubular scaffolds 

PAN tubular scaffolds (n = 6) were cut in annular shape (5 mm height and 8 mm diameter) and 

sterilized as reported above. They were then fit onto the cylindrical holders comprised in the 

caps of the seeding containers. Seeding solutions consisted of: 2% w/v gelatin in Dulbeccoôs 

PBS (DPBS) and 25% w/v bovine collagen peptides in DPBS. Caco-2 cells were trypsinized 

and counted, and 106 cells resuspended in 1 mL of each type of seeding solution. Therefore, 

200 ÕL of suspension was placed in each container, in triplicate for each condition. The 

containers were assembled and rotated at a speed of 5 rpm, for 20 min. Scaffolds were then 

removed from the holder containers, placed vertically in a 24-well plate, and left without 

medium in the incubator for 1 h to ensure adequate cell adhesion. Subsequently, 1 mL of high 

glucose DMEM was added to each well and the scaffolds were incubated at 37 ÁC, 5% CO2 

with media replacement after one day of culture and, after that, each 2 - 3 days. Cell cultures 

were conducted for seven days to assess attachment and growth differences between the two 

biomolecules. To obtain an estimate of the number of cells adhered to the scaffold during the 

rotation process, all the solution remaining in the seeding containers was recovered with a 100 

ÕL pipette, estimating its volume. The cells in the remaining solution were counted. By 

knowing the concentration of cells and the total volume of solution, it was possible to have an 

estimate (statistic over the three samples) of the total number of cells not adhered for each type 

of solution. Resazurin reduction test was performed at days 1, 3 and 7. At the end of the 

experiment, one sample per type was stained with eosin/DAPI as reported in Section 3.1.9 to 

assess cell adhesion and distribution. One sample per type was dehydrated as reported in 

Section 3.1.9 to evaluate cell adhesion by SEM.  
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3.1.14 Bioreactor design and programming  

The bioreactor was designed via CAD, to provide a tunable cyclic mechanical stimulation to 

the cells grown on a scaffold. The bioreactor is designed to include an inner holder able to 

induce periodic radial deformations of the scaffolds. The bioreactor is connected to an Arduino 

Due board that allows to regulate the deformation (radial expansion) extent, deformation 

(expansion/recoil) speed and the time interval between one deformation cycle and another. For 

cell cultures, the cycle set via Arduino consists of a radial expansion period of 1.5 s, 1 s pause, 

1.5 s recoil, and 1 min pause.  

 

3.1.15 Induction of a mechanical stress on the cells/scaffold constructs during culture 

For the experiments employing the bioreactor, cells were seeded on annular-shaped PAN 

scaffolds as reported in Section 3.1.13, utilizing 25% w/v bovine collagen peptides/DPBS as 

seeding solution. In a first experiment, cultures were conducted for two days statically and 3 

days in presence of mechanical stress. In a second one, cultures were conducted for 18 days 

statically and 3 days in presence of mechanical stress. Due to the geometry of the bioreactor, 

only one cells/scaffold construct per experiment was cultured in dynamical conditions. Other 

constructs were kept as static controls. 

In each experiment, after the static part of culture, the construct was manually positioned on 

the inner holder of the bioreactor, and submerged in 5 mL of complete DMEM high glucose in 

a 15 mL Falcon tube. A cyclical strain was then applied, consisting of a radial expansion period 

of 1.5 s (corresponding to a maximum diameter strain of about 15%, and an overall stress 

exerted on the fibrous cylinder of 30 kPa), 1 s pause, 1.5 s of radial recoil, and a 1 min pause. 

Resazurin reduction assay was performed to evaluate the metabolic activity of the Caco-2 cells, 

and the samples were stained with eosin/DAPI after 21 days of culture. 

 

3.1.16 Statistical Analysis 

Measures are reported as mean Ñ standard deviation. Statistical analysis was carried out to 

discuss the significance of the differences observed between the different scaffold groups. 

Independent t-test and ANOVA statistical analyses were performed using either Excel or 

Jamovi Software (version 2.2.5), taking account of the numerosity of the samples and setting 
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a significance probability threshold (p) equal to 0.05 with an appropriate Bonferroni correction 

when needed. 

 

3.2 RESULTS 

3.2.1 Scaffold characterization 

The morphological characterization of the fibrous meshes is reported in Figure 3.1. Fiber size 

was different between the two polymers (Fig. 3.1 A1, A2). Image analysis revealed that PAN 

electrospun fibers had a mean diameter of 0.30 Ñ 0.04 Õm; instead, PCL showed a broader 

diameter distribution with a mean value of 0.67 Ñ 0.39 Õm (Fig. 3.1 B1, B2). Pore equivalent 

diameters of PAN and PCL meshes were 0.32 Ñ 0.18 Õm and 0.51 Ñ 0.37 Õm and their average 

porosities 50% and 42%, respectively (Figure 3.1 C1, C2). Both PAN and PCL meshes 

displayed an appreciable porosity, i.e., 50% and 42%, and pore size of 0.8 and 2.0 Õm2, 

respectively (Figure 3.1 D1, D2). PCL and PAN tubular scaffolds were finally produced with 

diameter of 8 mm (Figure 3.1 E1), and a first, simple seeding procedure was performed 

manually (Figure 3.1 E2).  

The mechanical properties of the tubular scaffolds under radial expansion were obtained via a 

system that was designed and created to measure the deformation of the fibrous mesh structure 

as a function of the internal pressure. The PAN scaffold resulted less deformable than the PCL 

one, and therefore more resistant, for pressures above 150 mmHg. Upon an inner expansion 

leading to a 18.1% circumferential deformation, the PAN tubular scaffolds were able to hold 

42% higher pressure (i.e., 289 mmHg) than PCL ones (i.e., 203 mmHg). Figure 3.2 A reports a 

graph of the results. The measurement data are reported in Table 3.3.  

The two polymers gave rise to fibrous meshes with different wettability, measured WCA, being 

PCL highly hydrophobic (WCA = 129Á Ñ 21Á) (Fig. 3.2 B) and PAN hydrophilic (WCA = 20Á 

Ñ 6Á) (Fig. 3.2 C).  
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Figure 3.1. Results of morphological characterization of (1) PAN (upper raw) and (2) PCL (lower raw) fiber 

meshes: (A) SEM micrographs of the ultrafine fibers, scale bar 20 Õm; (B) Bar graphs showing the fiber diameter 

distribution; and (C) Bar graphs showing the pore diameter distribution, calculated as a circle equivalent diameter 

from the pore areas. Pore size distribution for (D1) PAN, and (D2) PCL scaffolds. (E) Pictures of the tubular 

scaffolds achieved and manual seeding procedure. 
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Table 3.3. Outcomes of the mechanical measurements performed with the set-up described in Section 3.1.4. 

Circumferential strain [%] 
Pressure [mmHg] 

PCL PAN 

5.4 140 Ñ 9 155 Ñ 5 

12.2 168 Ñ 33 213 Ñ 16 

18.1 203 Ñ 28 289 Ñ 7 

 

 

 

Figure 3.2. Results of mechanical and physical characterization of PAN and PCL tubular fibrous structures: (A) 

Point graph showing the inner pressure difference [mmHg] held by the scaffolds as a function of deformation (%). 

Cubic polynomial equation displays the trend of the measured values. (B, C) Representative photographs showing 

dH2O drops onto (B) PCL, and (C) PAN fiber meshes, used for WCA measurements. 

 

Measurements of the piezoelectric coefficients of the produced fiber meshes are reported in 

Table 3.4. They showed that PAN scaffolds showed a higher piezoelectric coefficient d31 = 20.0 

Ñ 16.0 pm/V than PCL scaffolds (d31 = 1.12 Ñ 0.25 pm/V). The results presented in Table 3.4 

are obtained by averaging more than 20 values for each type of sample, obtained in different 

measurement conditions, i.e., by using different samples, pretensions and measurements 

carried out on different days (see appendix for a detailed description). 
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Table 3.4. Results of the piezoelectric measurements of the fiber meshes. PVDF: poly(vinylidene fluoride), PEOT-

PBT: poly(ethylene oxide terephthalate)-co-poly(butylene terephthalate). 

Sample 

PVDF 

GoodFellow 

(standard) 

PVDF/BaTiO3 

 (positive 

control) 

PEOT-PBT 

(negative 

control) 

PAN PCL 

Type Film Fiber meshes Fiber meshes Fiber 

meshes 

Fiber 

meshes 

Ůs 10.8 13.0 3.93 2.92 3.22 

d31 [pm/V] 45 Ñ 6 65 Ñ 45 2.1 Ñ 1.7 20 Ñ 16 1.12 Ñ 0.25 

 

3.2.2 Biological characterization of Caco-2 cells cultured on the meshes 

After 21 days, the Caco-2 cells were viable on all the coating/scaffold combinations, with 

metabolic cell activity on PAN scaffolds always overcoming that on PCL counterparts (p < 

0.001 in gelatin- and collagen-coated scaffolds; p < 0.0001 in fibrin-coated scaffolds) (Fig. 

3.3).  

 

 

Figure 3.3. Bar graphs showing the outcomes of Caco-2 metabolic activity after 21-day culture with PCL or PAN 

scaffolds using 3 different coatings: gelatin, collagen type I and fibrin. Results are given as mean Ñ standard 

deviation; * p < 0.05, ** p < 0.001 and *** p < 0.0001. 

 

In PAN scaffolds, the highest metabolic activity was detected when the cells were cultured in 

presence of gelatin and fibrin. Differently, in PCL the highest metabolic activity was detected 

when the cells were cultured in presence of gelatin and collagen.  

The morphological analysis was conducted at the endpoint via SEM and fluorescence 

microscopy. SEM micrographs revealed the formation of densely arranged cell layers on all 
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the scaffold types (Fig. 3.4). Collagen coatings specifically enabled the creation of a continuous 

layer of cells (and collagen) covering completely the outer surfaces of the fiber meshes (Fig. 

3.4 B1, B2). In the other samples, but PAN/fibrin (Fig. 3.4 C2) in which the underlying fibers 

are well visible, the cell monolayers were well assembled even though they were possibly 

weaker than those shown in the collagen-covered scaffolds, as several rifts were observed, or 

incompletely formed (Fig. 3.4 A1, A2, C2). 

 

 

Figure 3.4. SEM micrographs showing the results of the morphological analysis of (1) PAN (upper raw) and (2) 

PCL (lower row) scaffolds cultured with Caco-2 cells for 21 days by seeding the cells with 3 different protein 

coatings: (A) gelatin; (B) collagen type I, and (C) fibrin. Scale bar is 80 Õm. 

 

Fluorescence microscopy results are shown in Figure 3.5, and confirmed the SEM 

observations. In addition, they display that the cell layer underneath the collagen-coated 

scaffolds had a morphology to those observed in all the other samples, corroborating the 

hypothesis that collagen was concurring to the compactness of the surface coating, as observed 

via SEM.   

 



63 

 

 

Figure 3.5. Fluorescence micrographs displaying results of the morphological analysis of (1) PAN (upper raw) 

and (2) PCL (lower row) scaffolds cultured with Caco-2 cells for 21 days by seeding the cells with 3 different 

protein coatings: (A) gelatin; (B) collagen type I, and (C) fibrin. Nuclei are stained in blue and cytoplasm is stained 

in pink. Scale bar is 100 Õm. 

 

The manual seeding technique reported in Section 3.1.7 allowed the annular-shaped scaffolds 

to be cultured with Caco-2 cells. Fibrin coating was used to this purpose, due to the quicker 

gelation, which enable the scaffolds under seeding to be rolled. Also in these experimental 

conditions, the Caco-2 cells were live and able to partially colonize both PAN and PCL scaffold 

surfaces (Fig. 3.6). 

Gene expression analysis was performed after 21 culture days, including Caco-2 cells seeded 

with the same cellular density per surface area in Transwells (with and without collagen 

coating), used as standards in these experiments. The results are reported in Figure 3.7. We 

assessed the effect of the collagen and fibrin coating/scaffold systems developed in this study, 

by considering gelatin/scaffolds as reference samples. 

The graph in Figure 3.7 shows that the cell culture on the scaffolds in presence of collagen was 

able to increase the expression of OCLN both in PAN and PCL scaffolds, and at a lower extent 

also of ZO-1 in PAN scaffold, with respect to gelatin coating and Transwell (with and without 

collagen coating). Moreover, fibrin/PAN slightly improved the expression of OCLN. 

Differently, the highest Ezrin expression was found in the cells cultured on Transwells in 

presence of collagen coating.  
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Figure 3.6. Viability and morphological analysis of annular-shaped (A) PAN, and (B) PCL scaffolds cultured with 

Caco-2 cells for 8 days by seeding the cell with fibrin coating. (1) Fluorescence micrographs of LIVE/DEAD 

assay (scale bar is 100 Õm), and (2) Cell morphology as detected using SEM (scale bar is 100 Õm) and, in lens, 

using fluorescence microscopy with eosin/DAPI staining with cell nuclei in blue and cytoplasm in pink (scale bar 

is 50 Õm).  

 

 

Figure 3.7. Results of RT-PCR conducted to evaluate the expression of ZO-1, Ezrin and Occludin genes in Caco-

2 cells after 21 culture days on PAN and PCL scaffolds coated with gelatin, collagen type I and fibrin. The 

experiments included also Caco-2 cells cultured on Transwells with and without collagen type I coating, 

considered as a standard 3D culture in this field. Gelatin and uncoated Transwells were used as test references for 

cells cultured on Transwells and scaffolds, respectively. The values are reported as averages of 2 independent 

samples (n = 2). 
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Figure 3.8 displays the outcomes of ZO-1 immunohistochemistry, performed directly on the 

top of the scaffolds provided with different coatings. A strong cell immunopositivity for ZO-1 

was detected in all the samples, also confirming the cell colonization of the scaffolds. 

Moreover, the inserts of Figure 3.8, taken at high magnification, were able to show some traits 

of cell morphology on the different materials and coatings. In presence of gelatin coating, most 

cells appeared to be surrounded, at least partially, by empty space and displayed a mostly 

elongated morphology (Fig. 3.8 A). Differently, in presence of collagen coating, the cells were 

in tight contact one each other, by forming a continuous cell layer in most cases. Moreover, in 

these conditions Caco-2 cells displayed a cubical-like morphology, altogether indicating the 

formation of monolayer structure (Fig. 3.8 B). Finally, in presence of fibrin coating, the cells 

appeared to have a reduced size as compared to Figure 3.8 B, suggesting an incomplete 

establishment of the monolayer structure.  

 

 

Figure 3.8. Micrographs showing the immunopositivity for ZO-1 of Caco-2 cells cultured for 21 days on (1) PAN, 

ad (2) PCL scaffolds, coated with (A) gelatin, (B) collagen, and (C) fibrin; (D) Negative controls (fibrin coated) 

of the immunohistochemical reaction (scale bar is 100 Õm). Inserts show cellular morphology (600Ĭ total 

magnification; scale bar is 30 Õm). 

 

3.2.3 Development of a novel methodology for the uniform seeding of tubular scaffold 

After preliminary trials of different designs, the holder container seeding system was finally 

printed comprising many elements that could guarantee all the needs for a proper seeding of 

the meshes. The designs are reported in Figure 3.9 A. All the elements included are essential 

for a correct procedure in sterile conditions. (1) Cylindrical container with double edge (female 
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component) allowing interlocking with (2) the outer edge of the cap (male component). The 

whole ensures sealing without loss of seeding solution. (3) Cylindrical holder (5 mm height 

and 8 mm diameter) to position the annular scaffold, which includes two grooves for easier 

placement while working with sterile tweezers. (4, 5) Female (on container) and male (on cup) 

components to interlock different containers, which make possible to simultaneously seed up 

to 5 - 6 scaffolds (in a single, 20 minutes rotating session), thanks to the configuration presented 

in Figure 3.9 A, (6). (7) Interlocker to connect the containers to the electric rotor fitted inside a 

specifically printed support (8), and finally connected to alimentation and programmed in 

Arduino Due.  

 

Figure 3.9. Containers and caps with holder for scaffold seeding. (A) CAD design; (B) photos of the 3D-printed 

containers and caps; (C) container and cap-holder with an annular portion of scaffold positioned in its location; 

(D) photos of the system including rotor and holders.  

 

3D-printing of epoxy resin, following manufacturers parameters, enabled the resolution 

necessary to faithfully print also the finer details of the design, finally leading to the geometries 

reported in Figure 3.9 B, C, D. 

Figure 3.10 presents the metabolic activity results, while Figure 3.11 shows the fluorescence 

microscopy images. The metabolic activity results align with the estimates of cell adhesion 

obtained during the seeding process. Both seeding methodologies resulted in good cell viability 

and an essentially homogeneous dispersion of solutions on the scaffolds. 

In both cases, approximately 50% of the solution adhered to the scaffold during the seeding 

process.  
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Figure 3.10. Left: test of metabolic activity of cells at days 1, 3 and 7: comparison between seeding in gelatin 

(2% w/v) and in collagen peptides (25% w/v). Right: estimated number of cells adhered during the seeding 

process. *p<0.05; **p<0.01; ***p<0.001. For multiple comparisons the Bonferroni correction was applied.  

 

 

Figure 3.11. Fluorescence microscopy of Caco-2 cells seeded on the annular-shaped scaffolds employing the two 

different biomolecules and cultured for 7 days, at two magnifications. Nuclei (DAPI) in blue and cytoplasm 

(eosin) in red. Scale bars are all 100 Õm. 

 

Conversely, the SEM analysis presented in Figure 3.12 revealed that seeding with collagen 

peptides promotes better formation of a continuous monolayer of cells compared to gelatin. 

This observation led us to adopt this seeding approach in subsequent experiments. 
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Figure 3.12. SEM micrographs of Caco-2 cells seeded on the annular-shaped scaffolds employing the two 

different biomolecules and cultured for 7 days, at two magnifications. Scale bars: 100 Õm (500Ĭ magnification) 

and 10 Õm (2000Ĭ magnification). 

 

3.2.4 Bioreactor design and induction of mechanical stress on cells during culture  

The bioreactor was finally designed including different essential elements, such as: 

(1) A 15 mL Falcon to perform the cell cultures, which is the only component in direct 

contact with the incubator ambient, to allow gas exchange.  

(2) A scaffold holder, which also serves as mechanical actuator and is the only component 

in direct contact with the scaffold. The scaffold is positioned on the 

expanding/retracting holder, and subsequently, the entire assembly is immersed in 5 

mL of culture medium inside the Falcon tube.  

The mechanical actuator is finally connected to an Arduino Due board that allows to regulate 

the deformation (radial expansion) extent, deformation (expansion/recoil) speed and the time 

interval between one deformation cycle and another. 

An example of the operational procedure to mount the scaffold on the holder and subsequently 

assembly the whole setup is reported in Figure 3.13. 
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Figure 3.13. Operational procedure for mounting a scaffold on the holder and assembling the entire setup, which 

is then placed inside the incubator for cell culture. 

 

Figure 3.14 A shows the results of the metabolic activity of cells seeded using 25% w/v collagen 

peptides solution, employing the methodology reported in 4.1.13. After 5 days of cultures cells 

demonstrated an already high metabolic activity corresponding to a value of 88 Ñ 7 % resazurin 

reduction, statistically different from days 14 and 21. Metabolic activity stabilized at day 14, 

and no statistical difference was observed between 14 and 21 days, with reduction values of 95 

Ñ 6 % and 100 Ñ 9 %, respectively.  

 

 

Figure 3.14. (A) Resazurin reduction assay performed on Caco-2 cells seeded on PAN annular scaffolds, with 

25% w/v collagen peptides solution employing the methodology reported in 3.1.13 and grown for different times. 

(B) Resazurin reduction assay comparing cells grown on annular scaffolds in static conditions and subjected to 3 

days of mechanical stress on the bioreactor. *p<0.05, **p<0.01, ***p<0.001. For coupled samples t-test (A) the 

Bonferroni correction (k = 3 conditions) was applied. 

 

Three days of cyclic mechanical stress, corresponding to a maximum diameter strain of about 

15%, and an overall stress exerted on the annular portions of tubular scaffolds of ~30 kPa were 

applied on the constructs by means of the bioreactor. Figure 3.14 B shows how the metabolic 

activity greatly reduced to 44.2 Ñ 1.2 % in the case of cells grown 2 days statically and 3 days 

in presence of stress, and to 46 Ñ 2 % for cells grown 18 days statically and 3 days in presence 
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of stress, respectively. The reduction in metabolic activity was around 50 % in both the cases 

tested, and was mainly associated to a partial disruption of the epithelial layer formed, as visible 

in Figure 3.15. Cells grown for 21 days in absence of mechanical stress were able to form a 

compact epithelial layer. On the other hand, introducing 3 days of cyclic mechanical stress to 

an already well-established epithelial layer led to a partial disruption of the cell later (Fig. 3.15). 

 

Figure 3.15. Fluorescence microscopy of scaffolds grown for 21 days statically (wout stress) and 18 days statically 

+ 3 days in presence of mechanical cyclic stress (w stress). Nuclei (DAPI) are stained in blue and cytoplasm 

(eosin) in red. Scale bars are 100 Õm. 
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CHAPTER 4 

EXPERIMENTAL SECTION III 

DLP 3D-PRINTING OF SOFT SCAFFOLD-ON-CHIP DEVICE 

 

In this work, we studied a methodology to simply produce, in a single and fast DLP-3D printing 

session, a hydrogel-based microfluidic device integrating a base showing villi-crypt features. 

We employed a commercial DLP 3D printer and designed a chamber geometry specifically to 

accurately reproduce intestinal fluid shear stresses (FSS) while maximizing interactions 

between the fluid and the 3D topographical cues. The aim was to produce a microfluidic device 

with a relatively large surface area for studying the epithelial interactions with relatively lare 

objects such as microparticles and capsules, which can potentially also enable the investigation 

of microencapsulated probiotics/microbes into a microfluidic system. To our knowledge, 

biomimetic topographical cues are introduced in microfluidic devices either laterally, thus 

showing a limited surface for cells to attach and spread [138], [151]; or by incorporating a 

scaffold in a standard chip, requiring many intricate fabrication steps [148]. We selected as 

material a blend of commercially available poly(ethylene glycol) diacrylate (PEGDA) and 

gelatin methacryloyl (GelMA), home-produced with a high degree of substitution (DoS). The 

blend was selected since it was used in previous studies to reproduce similar features [147], 

[167]. Good printing fidelity, structural integrity and long-term stability were achieved by 

finely tuning the GelMA synthesis, pre-polymer solution and printing parameters. We further 

assessed the capability of the material to sustain the attachment, growth and differentiation of 

Caco-2 cells, on scaffolds representing the internal device morphology. The possibility to easily 

adjust the chamber height and channel dimensions using the proposed polymeric blend and 

printing parameters makes this approach particularly suitable for designing geometries tailored 

to accommodate microcapsules of different size ranges, meeting the needs of specific 

experiments. The specific DLP approach, polymeric blend and device geometry that we are 

presenting here are completely new in the field, and can pave the way for advanced studies of 

microbiome-intestinal interactions, especially for encapsulated probiotics where these kinds of 

in vitro models are lacking. 
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4.1 MATERIALS & METHODS 

4.1.1 GelMA synthesis 

Gelatin methacryloyl (GelMA) with high degree of substitution (DoS) was synthesized 

according to previously reported protocols, with slight modifications [168]ï[170]. In brief, the 

amount of 2 g of type A gelatin from porcine skin (Sigma Aldrich, Germany, product code 

G1890, 300 g bloom) was dissolved in 20 mL of preheated PBS (Sigma Aldrich, product code: 

P4417) at 50 ÁC to make a 10% w/v homogeneous solution. Then, 0.8 or 0.9 mL of methacrylic 

anhydride (MA, Sigma Aldrich, product code: 276685) per gram of gelatin were added into the 

gelatin solution under magnetic stirring (150 rpm), at a rate of 0.1 mL/min using a syringe 

pump (New Era Pump Systems Inc., model NE-300). The solution was then stirred at 200 rpm, 

42-45 ÁC, for 2 hours. The reaction solution was dialyzed in deionized water for one week, at 

42-45 ÁC, using a dialysis membrane with a molecular weight cut-off of 12-14 kDa (Sigma 

Aldrich). Next, the GelMA solution was freeze-dried (CryoDos -80 equipment, Telstar, Spain) 

for 5 days to obtain lyophilized GelMA sponges. Lyophilized GelMA was stored at -80 ÁC until 

use (up to 6 months). 

 

4.1.2 Preparation of GelMA and GelMA/PEGDA solutions 

Pre-hydrogel GelMA solutions were prepared in a stepwise manner. First, DMEM without 

phenol red (Sigma Aldrich, product code: D2902), supplemented with 1% vol Pen-Strep, was 

heated to 50 ÁC. Then, 0.3% wt LAP photoinitiator (Tocris Bioscience, UK, product code: 

6146) was added and stirred at 400 rpm for 5 minutes. The desired amount of GelMA (2.5, 5, 

10% wt) was then dissolved by stirring at 150 rpm for 4 hours. All the processes were 

conducted in a thermostatic bath with flasks covered by aluminum foil to avoid undesired 

crosslinking of the solution. Finally, different amounts of tartrazine commercial food dye were 

added, the solution was stirred at 200 rpm for another 10 minutes and sterile-filtered (0.22 Õm). 

GelMA/PEGDA blend solutions were prepared by mixing different volume ratios of 10% wt 

GelMA solution with low molecular PEGDA photoink (Cellink, Sweden, product code: 5435) 

on a thermomixer, at 300 rpm, 37 ÁC, for 1 hour. 
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4.1.3 Design and DLP procedure  

DLP was performed using a Lumen XÊ gen 2 apparatus (Cellink, Sweden). The designs were 

performed with ThinkerCAD, converted into .stl files, uploaded in the machine and sliced with 

the built-in software, according to the desired thickness (50 or 100 Õm). The design of the 

crypt-villi-like scaffold consists of a squared parallelepiped of (5.45 x 5.45 x 1) mm3, 

surmounted with an 8 x 8 array of 500 Õm-height parabolic pillars and 7 x 7 array of crypts 

consisting of cylinders of 150 Õm height and diameter, located in the interstitial spaces between 

the pillars. The closed device design comprehends the same internal morphology, enclosed in 

an elliptical chamber of 1 mm height, and squared inlet and outlet of 0.5 mm side and 2 mm 

length, to fit blunt tip stainless steel tubes (0.5 mm OD, 0.25 mm ID) used as media injector 

and collector (Fig. 4.1 A, B). Before each printing, the building platform was aligned following 

the manufacturer instructions and the PDMS-coated vat plate was heated at 37 ÁC. The solution 

was pre-heated at 37 ÁC on a thermomixer and a volume equal to the building one plus 1 mL 

excess was poured in the vat. Platform offset was kept constant at 300 Õm. Layer thickness, 

projector intensity and layer exposure time were optimized to achieve the desired structures. 

Finally, the samples were extensively washed with DPBS (Sigma Aldrich, Germany) and stored 

in 1 mL DPBS, 4 ÁC until further use. Samples were imaged on a Stemi 305 stereomicroscope 

(Zeiss, Germany) and measurements were performed using ImageJ software (version 1.54f). 

 

4.1.4 Rheological characterization  

The bulk rheological properties of the crosslinked gels were measured using plate-plate 

oscillatory rheometry (8 mm diameter plate). The samples consisted of cylinders of 8 mm 

diameter and 5 mm height. GelMA samples were prepared starting from 5% wt and 10% wt 

GelMA solutions (0.3% wt LAP, 0.75% vol tartrazine) and polymerized at 100 Õm layer 

thickness and 12 seconds layer exposure time. Blended samples were prepared starting from 

8:9, 9:4.5, 4.5:9, 4.5:4.5 (GelMA wt% : PEGDA wt%) solutions, polymerized at 100 Õm layer 

thickness and 5 seconds layer exposure time. To perform the measurements, samples were 

loaded onto the bottom plate of a Malvern Kinexus Pro + rheometer (Malvern Panalytical, UK). 

A constant precompression force of 0.1 N (approx 2 kPa) was applied in each run. The linear 

viscoelastic region (LVR) for the storage modulus (Gô) and the loss modulus (Gôô) was 

determined by applying a range of strains (0.001ï10%) at a frequency of 1 Hz. Next, a 

frequency sweep at constant strain magnitude (0.1%) was applied to the samples from 0.1 to 
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100 Hz, obtaining frequency versus modulus plot for Gô, Gôô, and the corresponding complex 

viscosity (Ẽ*). All the measurements were conducted at 37 ÁC and at least five samples for each 

condition were tested.  

 

4.1.5 Topological and morphological analysis 

3D-printed devices and scaffolds were visualized under a Stemi 305 stereomicroscope (Zeiss, 

Germany) and measurements were performed using ImageJ software (version 1.54f). When 

necessary, samples were manually cut under the stereomicroscope using a histological blade. 

To perform scanning electron microscopy (SEM) analysis of the hydrogel porosities, the 

scaffolds were frozen overnight at -80 ÁC and freeze-dried for 5 days, to obtain dry samples 

while maintaining the shape intact. Then, the samples were manually cut and sections were 

mounted on metal stubs, metalized and observed under a scanning electron microscope (JSM-

6010 LV, Jeol, Japan). 

 

4.1.6 Computational fluid dynamics analysis 

To assess the possibility of mimicking physiological shear stresses within our geometry, we 

performed 3D computational fluid dynamics (CFD) finite element analysis (FEA) of the 

device. The range of fluid shear stresses (FSS) exerted by the fluid flow on the hydrogel surface 

(e.g., chamber walls, villi tip/base), was evaluated under different fluid flows on the selected 

chamber geometry. Using the COMSOL (COMSOL Multiphysics v 5.3) CFD module, flow 

velocity profiles were modeled along the flow chamber. We used the different fluid flow rates 

as inlet boundaries across the different simulations, meanwhile ambient pressure was kept 

constant as outlet boundary. To assess the eventual presence of turbulences/non laminar 

regions, we employed the k-w model. FSS [dyne/cm2] were calculated as the product of shear 

rates [s-1] and fluid viscosity [PaĿs], as previously reported for similar calculations [151].  

 

4.1.7 Cell cultures on the scaffolds 

Human epithelial cell line Caco-2 (HTB-37, ATCC, USA) were cultured in 75 cm2 tissue 

culture polystyrene flasks in complete DMEM high glucose (Sigma Aldrich, product code: 



75 

 

D6546) supplemented with 1% penicillin-streptomycin (Sigma Aldrich, product code: P0781), 

1% L-glutamine (Sigma Aldrich, product code: G7513) and 10% FBS (Invitrogen, USA) in a 

humidified incubator set at 37 ÁC with 95% air and 5% CO2. When 70-90% confluence was 

reached, Caco-2 cells were detached from the substrate via trypsin and counted. Scaffolds were 

placed in a 12-well plate (Sarstedt, Germany) and Caco-2 cells were seeded in 5 ÕL drops at a 

density of 75,000 cells/scaffold. For the experiments comparing seeding in absence and 

presence of gelatin, cells were first resuspended in 2% wt gelatin type B, (Sigma Aldrich, 

product code: G6650) dissolved in DPBS (Euroclone, Italy). The samples were left 1 hour in 

the incubator without media to favor adhesion. Then, 1 mL media per well was added. Each 2-

3 days the scaffolds were washed 1x with DPBS, prior to replacing media, to remove 

unattached Caco-2 cells and avoid multilayer formation. Cultures and images of Caco-2 cells 

growing on the scaffolds were performed by keeping the villi-crypt-like morphology of the 

scaffolds upward. Images were acquired with a Nikon Eclipse Ti microscope equipped with a 

digital camera (Nikon Instruments, NL). 

 

4.1.8 Metabolic activity and phalloidin/DAPI staining  

To quantify the metabolic activity of the Caco-2 cells the resazurin (Sigma-Aldrich, Germany, 

product code: R7017) assay was performed. Scaffolds were first washed with 1 mL DPBS for 

3 minutes and moved to a new plate. Then, 1 mL of solution consisting of 10 Õg/mL resazurin 

in complete DMEM high glucose media was added to each well and incubated at 37 ÁC for 4 

hours. Then, three 100 ÕL aliquots were taken from each well and transferred to a 96-well plate 

(Sarstedt, Germany), absorbance was measured with a Victor 3 Multiplate Reader 

(PerkinElmer, USA) and the percentage of reduced resazurin was calculated. Preliminary 

experiments using only scaffolds as blanks were performed to assess that their composition has 

no effect on resazurin reduction. After 21 days of culture, samples were washed twice with 

DPBS, fixed in 1% neutral buffered formalin (Bio-Optica, Italy, product code: 05-01004F) in 

DPBS, for 1 hour at 4 ÁC, and stored in 1 mL DPBS. Samples were then moved to a 24-well 

plate, permeabilized with 500 ÕL of 0.1% Triton X (Sigma Aldrich, Germany) in DPBS for 5 

minutes and washed 1x in 500 ÕL DPBS for 5 minutes. Following steps were all conducted in 

dark to avoid photobleaching of the dyes. Samples were stained for F-actin with 500 ÕL 

phalloidin (Abcam, USA, product code: ab176753) solution, 1 Õg/mL in DPBS supplemented 

with 1% wt bovine serum albumin (Biowest, France, product code: P6154), for 1.5 hours, at 
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RT; washed 3x for 5 minutes in 500 ÕL DPBS; then stained with 500 ÕL of 10 Õg/mL DAPI 

(Invitrogen, USA, product code: D1306) solution in PBS, for 10 min, at RT. Finally, samples 

were washed twice for 10 min in 1 mL DPBS and stored in 500 ÕL DPBS until visualization 

(up to 1 week). Stained samples were visualized for green and blue fluorescence either on a 

classic Nikon Eclipse Ti microscope or on a confocal laser scanning microscope Zeiss LSM 

900 Airyscan 2 (Zeiss, Germany). Images were treated either with ImageJ (version 1.54f) or 

Zeiss ZEN (version 3.8). 

 

4.1.9 Gene expression analysis  

The cells/scaffolds constructs, at culture day 14 and 21 were frozen at -80 ÁC and processed 

for RNA extraction, reverse transcription, and Real-Time PCR to assess the expression of 

specific intestinal epithelium differentiation markers. We tested the expression of specific 

genes such as Zonula Occludens-1 (ZO-1), Occludin (OCLN), and Ezrin (EZR), all of which 

were expressed after 14 and 21 days post-seeding. The RNA extraction from Caco-2 cell 

cultured on the scaffolds was performed using the Monarch Total RNA Miniprep (New England 

Biolabs, USA, product code: T2010S) following the manufacturer's protocol. Initially, the 

scaffolds were treated with 300 ɛL of 1Ĭ DNA/RNA Protection Reagent and homogenized with 

Potter homogenizer on ice until was obtained a homogeneous solution. Then 45 ɛL of 

Proteinase K were added and incubated at 55 ÁC for 5 min. After the incubation, each sample 

was centrifugated for 2 minutes at 16000 g and the supernatant was collected in a fresh new 

tube.  In each tube an equal volume of RNA Lysis Buffer was added. The nucleic acids were 

then precipitated by adding ethanol to the lysis buffer, and the resulting solution was loaded 

onto a column for RNA binding, treatment with DNase, washing, and final elution in RNase-

free water. For reverse transcription (Super ScriptÊ IV VILOÊ, Thermo Fisher, product code: 

11766050) a reaction mix was prepared containing:  100 ng of template RNA and 

SuperScriptÊ IV VILOÊ Master Mix (4 ɛL), and nuclease-free water to reach a final volume 

of 20 ɛL, was prepared. The reaction mix was then subjected to thermal cycling with the 

following conditions: 25 ÁC for 10 minutes, 50 ÁC for 10 minutes, and 85 ÁC for 5 minutes. 

The obtained cDNA product was subsequently used for real-time PCR, carried out using the 

PowerUpÊ SYBRÊ Green Master Mix. In a polypropylene tube, a PCR reagent mixture was 

prepared, consisting of Power SYBR Green PCR Master Mix (1Ĭ), Reverse primer (300 nM 

final concentration), Forward primer (300 nM final concentration), and nuclease-free water (5 
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ɛL). To this mixture, 1 ɛL of template cDNA (1 ng) was added, resulting in a final volume of 

10 ɛL. Subsequently, the 96-well plate was inserted into the thermal cycler and subjected to 

the thermal cycling conditions reported. The primers of ZO-1, EZR and OCLN genes were 

designed using the ñPrimer3 Plusò tool. The used PCR conditions consisted of a 10 minutes 

hold at 95 ÁC for gold enzyme activation, followed by 40 cycles consisting of 15 seconds of 

denaturation at 95 ÁC and 60 seconds of annealing at 60 ÁC. Three scaffolds were analyzed for 

each condition. 

 

4.1.10 Protein quantification analysis 

Scaffold samples with GelMA : PEGDA compositions of 4.5 : 4.5 and 9 : 4.5 (wt% : wt%) 

were prepared for proteomic analysis. The samples included scaffolds with cells at day 14 (d14) 

and day 21 (d21) and scaffolds without cells (controls). Each sample was collected in 1 mL of 

RIPA buffer supplemented with sodium orthovanadate as a protease inhibitor, snap-frozen at -

80 °C, and thawed prior to centrifugation [171], [172]. The supernatant was quantified using 

the Bradford method (Coomassie reagent) to normalize protein concentrations. 

Proteins were solubilized in a solution containing 100 mM Tris (pH 8.5), 1% sodium 

deoxycholate, 10 mM tris(2-carboxyethyl)phosphine (TCEP), and 40 mM chloroacetamide for 

10 minutes at 95 °C at 1000 rpm using a Thermomixer (Eppendorf). Protein digestion was 

performed using the SP3 (solid-phase-enhanced sample-preparation) protocol [173]. 

Enzymatic digestion was carried out with Trypsin/LysC at a ratio of 1:50 (enzyme:protein) 

overnight at 37 °C and 1000 rpm. 

Peptide mixtures were analyzed using nanoLC-MS/MS, following previously established 

protocols [174]. The raw data were processed using Proteome Discoverer (version 2.5.0.400, 

Thermo Scientific) and searched against the UniProt database for the Homo sapiens proteome 

and the NIST human spectral library. The MaxQuant common contaminant database was also 

included. Peptide identification was performed using MSPepSearch and Sequest HT search 

engines with the following parameters: 

Å Precursor mass tolerance: 10 ppm 

Å Fragment ion mass tolerance: 0.02 Da 

Å Maximum allowed missing cleavages: 2 

Å Fixed modification: Carbamidomethylation of cysteine 
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Å Variable modifications: Methionine oxidation, deamidation (asparagine and 

glutamine), peptide N-terminal acetylation, and pyroglutamate formation from glutamine. 

Peptide confidence was set to high, and the Percolator node was enabled with a maximum delta 

Cn of 0.05, decoy database target FDR of 1%, and validation based on q-value. 

Protein quantification was performed using label-free quantification (LFQ) via the Minora 

feature detector node. Precursor ion quantification was based on intensity and normalized to 

the total peptide amount. Proteins detected in scaffold-only controls (scaffolds without cells) 

were excluded to ensure that only Caco-2 cell-derived proteins were included in the final 

analysis. 

 

4.1.11 Statistical analysis 

Either Excel or GraphPad Prism 9 were used for statistical analyses. The statistical analysis 

was performed using paired and unpaired samples Student t-test applying the Bonferroni 

correction for comparisons comprising up to three conditions. In other cases, one-way analysis 

of variance (ANOVA) followed by Tukey post-hoc test was performed. Significant level was 

set to p < 0.05. 

 

4.2 RESULTS  

4.2.1 Optimization of GelMA production, solution and scaffold/device DLP 3D printing 

The synthesis of GelMA with high degree of substitutions (DoS) was performed with the aim 

to achieve high fidelity to the CAD design after swelling (fundamental for the production of 

the desired features and compliant channels in the device) and non-degradable structures which 

display long-term stability for cell cultures (Fig. 4.1 A, B). The use of 0.8 mL MA per gram of 

gelatin led to a volumetric swelling after 48 hours of approximately 100%, also when GelMA 

was blended with PEGDA (Fig. 4.1 Ci, Cii). Introducing 0.9 mL of MA per gram of gelatin 

during synthesis led to a reduction of volumetric swelling to an acceptable level of 13% (when 

blended with PEGDA, Fig. 4.1 Ci, Cii). Furthermore, scaffolds produced with the highly 

substituted GelMA showed a high time stability in terms of weight changes also in absence of 

PEGDA, with almost no weight loss (~ 3%) after 21 days of incubation in DPBS (Fig. 4.1 Ciii). 
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The optimization of solution and printing parameters started by visually inspecting the effects 

of changing the concentration of GelMA alone, and the fundamental printing parameters to 

produce a self-standing structure able to keep the shape in time. For example, the high swelling 

degree of low concentration GelMA solutions, led to unstable structures that were not faithful 

to the design, meanwhile increasing the concentration led to time stable, faithful structures. 

GelMA concentration was optimized together with the layer exposure time, power intensity 

and tartrazine concentration to achieve the desired details of the villi-like pillars (Table 4.1, 

Fig. 4.1 D).  

Changing the photo absorber concentration revealed that at 0.1% wt tartrazine concentration 

the absorption was already too high to correctly polymerize the parabolic structures, meanwhile 

lower concentrations led to the desired outcome. The lowest concentration tested led to 

production of parabolic pillars, but there always was a significant percentage of pillars (~ 40-

50%) which remained attached to the vat base (Fig. 4.1 D). 

For the production of the thin scaffolds (1.5 mm height), printing layers of 100 Õm thickness 

led to diffuse crosslinking and not well-defined geometries, so the layer thickness was kept to 

50 Õm for the production of the samples. On the other side, to produce thicker samples (5 mm 

height cylinders) to perform the rheological characterization, using 50 Õm layer led to 

overexposure of the samples and sample breakage during the printing process. For this reason, 

these samples were produced at 100 Õm layer thickness with an increased exposure time.  

Although using only GelMA finally led to the formation of the pillars (Fig. 4.1 D), crypts were 

never reproduced faithfully due to diffuse crosslinking of the polymer. Furthermore, trying to 

print the closed device with only GelMA often led to non-compliant channels and incomplete 

clearing of the chamber, probably due to partial crosslinking of the solution from the layers 

exposed subsequently to enclose the chamber.  
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Table 4.1. Optimization of power level and layer exposure time to correctly reproduce the desired features. 

Tartrazine concentration was kept constant at 0.025% wt and LAP one at 0.3% wt. Bed and solution temperature 

was 37ÁC, platform offset 300 Õm and layer thickness 50 Õm. 

GelMA conc 

[%  wt]  

Layer exposure 

time [s] 

Power 

[mW/cm2] 

Outcome 

2.5 

10 20 Soft gel, no features present 

15 20 Soft gel, no features present 

20 20 

Soft gel, some features 

present, not corresponding to 

design 

10 25 Soft gel, no features present 

10 30 

Soft gel, some features 

present, not corresponding to 

design 

5 

10 20 
Soft gel, almost no features 

reproduced 

15 20 
Soft gel, features reproduced, 

not corresponding to design 

20 20 

Handleable, self-standing gel, 

features reproduced not 

corresponding to design 

10 

7.5 20 

Suitable gel, features 

reproduced corresponding to 

design, few features attached 

to the vat 

10 20 

Suitable gel, features 

reproduced corresponding to 

design 

15 20 Features attached to the vat 

20 20 
Brittle gel, features attached to 

the vat 
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Figure 4.1. Schematic of the design and production process. (A) Design of the chip device (i) and the scaffolds 

(ii) produced to assess cell attachment and growth. Villi are designed as parabolic pillars of 500 Õm height and 

300 Õm base. An 8x8 pillar matrix, with 150 Õm spacing was printed. Crypts are designed as cylinders of 150 Õm 

diameter and height. (B) Schematic of the DLP 3D printing process, photocrosslinking mechanism of the gel and 

pictures of the obtained structures. Scaffold reproducing the internal morphology of the device (up). And closed 

device perfused with blue dye (down). ñInò stands for inlet and ñOutò stands for outlet. Both scaffold and device 
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printed using a layer thickness of 100 Õm, exposure time of 3.5 seconds, power intensity of ~ 20 mW/cm2 (50%), 

printing bed temperature of 37ÁC, platform offset of 300 Õm and base exposure factor of 3x. (C) Assessment of 

printing fidelity and time stability. (Ci) Volume [mm3] of cylinders (8 mm diameter, 5 mm height) after 48 h 

swelling in DPBS. (Cii) Cylinders were printed using a layer thickness of 100 Õm, exposure time of 5 s, power 

intensity of approx 20 mW/cm2 (50%), printing bed temperature of 37 ÁC, platform offset of 300 Õm and base 

exposure factor of 3x. Two different GelMAs, produced varying the methacrylic anhydride amount (0.8 and 0.9 

[mL]) introduced during synthesis, were tested. GelMA:PEGDA composition is 9 : 4.5 (wt% : wt%). (Ciii) 

Assessment of high DS GelMA stability overtime. Net weight of GelMA scaffolds (n = 3, 10% wt solution, high 

DoS) printed using a layer thickness of 50 Õm, layer exposure time of 10 s, power intensity of approx 20 mW/cm2 

(50%), printing bed temperature of 37 ÁC, platform offset of 300 Õm and base exposure factor of 3x. (D) 

Stereomicroscopic images of sections consisting of one line of pillars of samples produced starting from a solution 

of 0.3% wt LAP concentration and 10% wt GelMA concentration in DMEM high glucose, and different tartrazine 

concentrations. Printing parameters are 50 Õm layer thickness, 20 mW/cm2 intensity (50%), 10 s layer exposition 

time and 3x base exposure factor. 

 

4.2.2 Morphological and physical properties of the villi-crypt mimetic scaffold and 

scaffold-on-chip device 

The introduction of PEGDA at different concentrations always led to an increased accuracy in 

the reproduction of the desired structures, finally leading to parabolic pillars of 433 Ñ 15 Õm 

height and 320 Ñ 20 Õm base, and cylindrical crypts of 146 Ñ 7 Õm height and 151 Ñ 13 Õm 

diameter (Fig. 4.2 A). The SEM analysis performed on lyophilized sections of the samples 

revealed porous structures suitable for mass transport through the gels (Fig. 4.2 B).  

Regarding the production of the devices, the introduction of PEGDA consistently resulted in 

the formation of compliant channels and chambers that were completely flushable after printing 

and removal of uncrosslinked material (Fig. 4.2 D). The closed devices were ultimately 

fabricated featuring compliant square channels of 500 Õm side, thus possessing a good printing 

fidelity. Subsequently, their ability to sustain different perfusion regimes was assessed across a 

range of flow rates, i.e., from 0 to 100 ÕL/min.  

The rheological characterization performed on cylindrical samples revealed shear storage 

moduli (at 1 Hz) in the range of 7 - 40 kPa, for the compositions tested. The two compositions 

chosen for the biological experiment are 9 : 4.5 and 4.5 : 4.5 (GelMA wt% : PEGDA wt%), 

and revealed shear storage moduli of 20.9 Ñ 1.3 kPa and 7.0 Ñ 0.4 kPa, respectively (Fig. 4.2 

E).  
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Figure 4.2. (A) Stereomicroscopic image of a scaffoldôs section (9 : 4.5 wt% : wt% composition) showing the 

villi-crypt-like structure produced. The pillars display a height of 433 Ñ 15 Õm and base of 320 Ñ 20 Õm. The 

crypts have a height of 146 Ñ 7 Õm and base of 151 Ñ 13 Õm. (B) SEM micrographs of lyophilized samples 

showing the porous structure. (C) Slice plot showing velocity distribution inside the chamber (i) and surface plot 

showing the stress distribution on the pillars (ii), obtained using the k-ɤ model. Flow rate is 20 ÕL/min. (D) 

Stereomicroscopic images of a device. Detail of needle insertion (i); full device (ii) and representative images of 

the flow while perfusing blue dye at low flow rate of 20 ÕL/hour (iii). Needle O.D. is 500 Õm. (E) Elastic and 

viscous shear moduli (freq = 1 Hz) of cylindrical structures (8 mm diameter and 5 mm height) printed varying the 

GelMA:PEGDA concentrations in the pre-hydrogel solution. Cylinders were printed with a layer thickness 100 

Õm, layer exposure time of 5 seconds, power intensity of ~20 mW/cm2 (50%), printing bed temperature of 37ÁC, 

platform offset of 300 Õm and 3x base exposure factor. GelMA- only cylinders (10:0 and 5:0 compositions) were 

printed with a layer exposure time of 12 seconds. 

 

CFD simulations performed with an inlet flow rate of 20 ÕL/min revealed a fluid velocity in 

the range of 0.5 ï 3.5 mm/min in the villi region (Fig. 4.2 Ci; Fig. 4.3 A), with velocity 

streamlines and arrow velocity field consistent with a laminar flow regime (Fig. 4.3 B, C). FSS 

were approximatively in the 0.001 ï 0.02 [dyne/cm2] range, when considering the pillars region 

(Fig. 4.2 Cii). The lowest values were observed at the pillars bases, continuously increasing 
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towards the pillars tips, where they result maximum (Fig. 4.3 D). Maximum FSS were observed 

on the first line of pillars (closest to the inlet). 

 

 

Figure 4.3. COMSOL CFD analysis. (A) Y-Z slice cutting the central pillar line, color map plot of fluid velocity 

[mm/min]. (B) Streamline plot of the velocity field across the whole device volume. (C) Arrow plot of the velocity 

field across the whole device volume. (D) Y-Z slice cutting the central pillar line, color map plot of the FSS. 

 

4.2.3 Villi-crypt in vitro model 

Preliminary experiments were performed for one week of culturing in order to assess the in 

vitro performance of the two compositions tested to sustain Caco-2 cells attachment. A 

comparison between cells seeded in presence and absence of gelatin revealed no statistically 

significant differences in metabolic activity after 7 days of culturing (Fig. 4.4 A), when both 

compositions were tested.  

Further cell culture studies were conducted up to 21 days, by means of seeding the cells without 

gelatin (Fig. 4.4 B). Resazurin reduction at day 7 was 58 Ñ 4 % for the (4.5 wt% : 4.5 wt%) 

composition and 63 Ñ 5 % for the (9 wt% : 4.5 wt%) one. At day 21 of cell culturing, a slight 

increase was observed, with values of reduction of 66 Ñ 12 % and 71 Ñ 15, respectively.  
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Figure 4.4. Villi-crypt in vitro model. Resazurin reduction assay performed (A) over the two compositions in 

presence and absence of gelatin to aid cell attachment (n = 3 scaffolds for each condition), and (B) for long-term 

cultures in absence of gelatin (n = 10 scaffolds for each condition, two independent experiments). *p < 0.05; **p 

< 0.01; ***p < 0.001. (C) Phalloidin (green) and DAPI (blue) fluorescence microscopy of Caco-2 cells grown 21 

days on the two compositions tested at two different magnifications. (i) Top and (ii) section view of the scaffolds. 

Scale bars are 500 Õm and 100 Õm. (D) Confocal images of the (9 wt% : 4.5 wt%) composition. (i) Schematic of 

the different confocal planes acquired. (ii) and (iii) details at two different magnifications of villi sections, scaffold 

baselines and crypt base; displaying the homogeneous covering of the scaffold and junctions formed between cells 

(V = villi, C = crypt). Scale bars are 200 Õm (ii, 10x magnification) and 50 Õm (iii, 20x magnification). 
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Fluorescence staining observed by standard fluorescence microscopy revealed a good 

formation of the monolayer in the whole scaffold surface (Fig. 4.4 C, top view). The study 

revealed that the cells were completely covering the villi tips for the formulation consisting of 

9 : 4.5 (wt% : wt%), but only few cells were observed on the tip of the villi for the formulation 

4.5 : 4.5 (wt% : wt%). Confocal microscopy performed on the 9 : 4.5 (wt% : wt%) GelMA : 

PEGDA composition confirmed the formation of an homogeneous monolayer (Fig. 4.4 Dii). 

The formed layer follows the scaffold topography from the villi top to the crypt base, and is 

composed of tightly packed, rectangular shaped cells, suggesting the formation of a columnar 

epithelium (Fig. 4.4 Diii). 

When observed under inverted microscope for cell visualization, the 9 : 4.5 (wt% : wt%) 

composition resulted more opaque with respect the 4.5 : 4.5 (wt% : wt%) one (Fig. 4.5). One 

hour after seeding, prior to adding media, the cells were completely accumulated in the 

interstitial spaces between pillars and mainly in the crypts, especially for the 4.5 : 4.5 (wt% : 

wt%) composition (Fig. 4.5). After adding the culture media and 24 hours of incubation a not 

negligible presence of cells was assessed in the culture wells, indicating that only a portion of 

cells were attaching on the substrate. On the scaffolds, cells were accumulated in clusters in 

correspondence of the crypts, but were starting spreading on the whole zone between the villi, 

and cell attachment on the substrate were clearly visible. At 3 days of cultures cells were fully 

attached to the substrate and proliferating. Along the time in culture, cells proliferated and 

started ñclimbingò the villi around day 5 - 7 of culture, and, for the 9 : 4.5 (wt% : wt%) 

composition, they covered all the surface of the scaffolds around day 14 (Fig. 4.5).  
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Figure 4.5. Optical images of cell 

seeding, attachment and growth on 

scaffolds. The 9 : 4.5 composition 

resulted more difficult to visualize 

when seen in transmission placed with 

the pillars up (as in pictures), due to 

higher opacity of the samples. Already 

at day 1, it is possible to appreciate the 

first signs of cell attachment and 

elongation (red arrows). At day 3 a 

compact epithelium was formed on 

the 9 : 4.5 composition, meanwhile on 

the 4.5 : 4.5 it took until day 7-14 to 

completely cover the scaffold base. 

Covering of the villi started around 

day 7 on the 9 : 4.5 composition and 

between day 7 and 14 on the 4.5 : 4.5 

one. Cell accumulation (green arrows) 

in correspondence of the crypts and 

between adjacent villi, preponderant 

during the first days of cultures, 

gradually diminished during culture, 

thanks to washings performed every 3 

days. V and C stand for villi and 

crypts. 
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Figure 4.6 A shows the expression levels of the two experimental groups at 14 and 21 days 

post-seeding, normalized to undifferentiated Caco-2 cells. No significant differences were 

observed between 4.5 : 4.5 and 9 : 4.5 (GelMA wt% : PEGDA wt%) experimental groups, at 

both time points. However, a consistent increase in the expression of Occludin (OCLN) and 

ezrin (EZR) was observed as compared to undifferentiated Caco-2 cells in both the 

compositions and at 14 and 21 days post-seeding. On the other hand, the expression of OCLN, 

while remaining higher as compared to undifferentiated cells, was found significantly reduced 

at 21 days post-seeding as compared to 14 days for both the compositions. Figure 4.6 B displays 

protein amount evolution over time, for the two compositions tested. The amount of 

characteristic mucins (MUCAC, MUC5B, MUC 13) and tight junction proteins (OCLN, ZO-

1, ZO-2, ZO-3, CDH1, CLDN2) together with different catenins, shows a clear growth at day 

21 when compared to day 14, for both the compositions. At 21 days of culture, almost all the 

proteins presented in Figure 4.6 B (except MUC5AC and ZO-2) were more abundant on the (9 

wt% : 4.5 wt%) composition, where GelMA concentration is higher. This result is coherent 

with the observed more complete colonization of the scaffolds on this composition (Fig. 4.4 

Cii). When comparing gene expression data with proteomic results for ZO-1 and EZR, we 

observed an increasing trend in gene expression and protein production in both experimental 

conditions at 21 days post-seeding. Conversely, at 14 days post-seeding, stable gene expression 

levels were associated with an increase in protein expression. 
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Figure 4.6. (A) Fold change in gene expression with respect to undifferentiated cells. Caco-2 cells cultured for 

14 and 21 days on the two compositions tested (GelMA wt% : PEGDA wt%). *p<0.05. (B) Quantification of 

selected proteins at 14 and 21 days, on the two compositions (n = 3 scaffolds for each condition). 
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CHAPTER 5 

DISCUSSION 

 

This work presents three studies within the field of functional foods formulation and 

characterization: probiotic microencapsulation and 3D in vitro models based on electrospun 

tubular scaffolds and 3D-printed scaffold-on-chip. While each study addresses a specific 

challenge (i.e. improving probiotic delivery, developing biomimetic intestinal models and 

enhancing in vitro evaluation methods), they are closely linked by a shared goal: advancing 

strategies to study and optimize probiotic delivery to the intestine. 

By bridging probiotic formulation and in vitro modeling, this work offers complementary 

strategies to improve both the design and assessment of functional foods. The encapsulation 

system provides a controlled means of probiotic delivery, while the 3D in vitro models create 

physiologically relevant environments to study their behavior and efficacy. Despite the need 

for further refinement, these advancements collectively support a more comprehensive 

understanding of gut health and may pave the way for future innovations in functional nutrition. 

 

5.1 Gellan gum microparticles for targeted delivery of live probiotics 

In the first work reported, the EHD behavior of gellan gum solutions was extensively 

characterized in terms of the capability of producing microparticles of controlled dimension. 

Solutions were always autoclaved and cooled at ambient temperature prior to microdripping, 

since the high temperature cycle can induce self-assembly of gellan gum, thus affecting further 

processing [175]. When evaluating the encapsulation efficiency by estimating the CFUs of 

unencapsulated probiotics, in both low-loaded and high-loaded microparticles at least 2.5 logs 

less probiotics were detected in the cross-linking bath in comparison to the ones used for 

microparticles production. However, this procedure does not take into account the 

microorganisms died during the microdripping process, hence, we confirmed these results by 

comparing them with the CFU/g values obtained by sonicating the microparticles to free the 

entrapped probiotics from the gellan matrix. These experiments revealed an overall good 

efficiency of the process both in terms of its capability of entrapping the probiotics inside the 

gel matrix, and in maintaining their vitality during the processing. Although statistically 
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significant, the observed probiotic viability reduction during processing is considerably lower 

when compared to other encapsulation techniques, such as emulsification [28], [57]. The Syto9 

staining process further confirmed the vitality of encapsulated probiotics. We also observed 

that, due to the microparticles porous structure, the probiotics grew in form of filaments and 

separated colonies instead of homogeneously colonize the microparticles. CFU counts 

performed on the microparticles just produced (t0) and after 24 and 48 h of incubation in 

MRSB, revealed an initial significant growth of probiotics during the first 24 hours, followed 

by a non-significant lowering of vitality, associated to bacterial overgrowth confined in a small 

volume, and to a complete consumption of nutrients, since in these experiments only 1 mL of 

MRSB was used to grow 100 mg of microparticles. 

We have shown that the yield of lactic acid within the fermentation process was consistent to 

that obtained with suspended L. fermentum (not entrapped) in optimized medium [161]. This 

is valuable data, since it helps us assessing that the immobilized cells are metabolically active. 

SEM analyses performed on GG_LF high samples showed that the microorganisms appear to 

be densely packed inside the gellan matrix, and it was also possible to observe the elongated 

morphology and the integrity of cell membrane of entrapped L. fermentum. 

Concerning the simulated gastrointestinal digestion, the highest overall viability was achieved 

in cells encapsulated with gellan gum when compared with cell lyophilized with saline solution 

only. These data are coherent with other studies, for instance, Nag and collaborators (2011) 

investigated the encapsulation efficiency of sodium caseinate and gellan gum in preserving the 

viability of Lactobacillus casei 431 in gastric and intestinal juices. In gastric juices cells 

encapsulated with gellan showed a decreasein viability by ~ 3 logs while free cells decreased 

by ~ 5 logs. In addition, in simulated digestion with intestinal juices the stability of gellan 

encapsulated cells showed only 0.5 logs reduction while the viability of free cells reduced by 

~ 2.5 logs [176]. Additionally, Pranteda et al., (2012), studied the effect of simulated 

gastrointestinal conditions on free and encapsulated L. rhamnosus viability using gellan and 

xanthan gum, they found that the viability after exposure to simulated gastric and pancreatic 

juices were stable up to 2 hours of incubation. However, the loss of viability in encapsulated 

cells was lower than the free cells in intestinal juice [177]. In another study conducted by 

Srivastava and colleagues (2023), they investigated the ability of tri-composite hydrogel 

consisting of gellan gum, ə-carrageenan and chitosan to preserve the probiotics spores in 

gastric and intestinal juices, they found that the stability and viability of non-encapsulated 

probiotic spores performed in different simulated conditions showed a significant difference 

compared to co-encapsulated ones [178]. Coba et al., (2018) studied the stability of free and 
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microencapsulated A. muciniphila and L. planetarium during gastric stimulation. They found 

that A. muciniphila cells which encapsulate in gellan gum and xanthan suffered a 2 log CFU/mL 

reduction during gastric simulation (pH 2), whereas the naked cells showed a higher 3 log 

CFU/mL decrease under the same condition. Regarding the survival in simulated small 

intestine, they observed that viability was additionally reduced by ~ 1 log CFU/mL in fasted 

and fed conditions. Nevertheless, the total viability loss after the entire in vitro upper GIT 

simulation was significantly lower for coated cells compared with naked cells in the explored 

conditions. In the same study they also evaluated the stability of free and encapsulated L. 

plantarum under the same conditions, microencapsulated L. plantarum showed high stability 

during fed gastric simulation, while it was reduced with ~ 2 log CFU/mL in the fasted 

simulation. Likewise, naked cells showed a reduction of ~ 5 log CFU/mL in the gastric 

simulation, and during the small intestinal phase, the viability of microencapsulated L. 

plantarum showed a reduction by ~ 0.8 log CFU/mL. However, the total viability loss of 

encapsulated L. plantarum was significantly lower than that of free cells during both simulation 

systems [179].  

Three months after freeze-drying, growth, lactic acid production and viability are comparable 

to the pre-freeze-drying sample with a small decrease of around 5%. The results showed that 

gellan-entrapped probiotic cells via microdripping are efficient in protecting the viability L. 

fermentum during digestion in simulated gastrointestinal juice, and during storage. 

HBD-2 is an inducible antimicrobial peptide acting as an endogenous antibiotic in the defense 

against Gram-positive and Gram-negative bacteria, fungi and the envelope of some viruses, 

involved in the innate immune response, as its release is induced by proinflammatory 

cytokines, endogenous stimuli, infections or wounds [180].  The results obtained show that 20 

mg of GG_LF low are able to significatively induce the cellular expression of HBD-2, similar 

to L. fermentum alone, so we can hypothesize that this outcome endowed of an indirect 

antimicrobial activity. Thus, also the low-loaded microparticles should contain a concentration 

of probiotic sufficient to activate innate immune response mechanisms in the host. The results 

obtained show that gellan entrapped L. fermentum is able to induce the expression of HBD-2 

similarly and, in some cases, better than, L. fermentum alone. As expected, high-loaded 

microparticles were able to induce the expression of HBD-2 at both the concentration tested. 

An unexpected aspect lies in the expression trend, in this case comparable to a free probiotic 

concentration of 105 CFU. This fact could be associated with a partial limitation of the diffusion 

of biomolecules in the innermost zone of this particle type, as probiotics are densely packed. 

Another possible explanation is that, in the tested conditions, the capability of protein 
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expression from the Caco-2 monolayer reaches a plateau. In this case, more cells and longer 

exposition times would be needed to assess a more pronounced difference in protein 

expression. Furthermore, in our composition, the indirect antimicrobial effect observed is 

expected to be also enhanced by a direct effect, associated to pH lowering and nutrient 

competition, as demonstrated by the overlay soft agar inhibition halo test against E. coli [164]. 

 

5.2 Electrospun tubular scaffolds based on PCL & PAN 

The small intestine operates food digestion in cooperation with billions of microbes inhabiting 

the intestinal lumen. This partnership occurs as the epithelial cell layer lining the lumen acts as 

a protective shield, safeguarding the body from direct contact with microbes and food antigens 

[84]. The importance of such a compact cellular layer is recognized to be crucial for health. 

Many disorders can indeed take place when the morphology and physiology of the intestinal 

barrier is compromised, including Inflammatory bowel diseases, irritable bowel and leaky gut 

syndromes, celiac disease, food allergies and sensitivities, as well as infectious gastroenteritis, 

which induce malabsorption of vital nutrients and erratic activation of the immune system 

[181]. Maintaining the integrity of the intestinal barrier is thus crucial for overall digestive 

health by preventing the onset of these conditions. The research on the possible positive 

influence of drugs and nutraceuticals can largely benefit from in vitro intestine models, which 

however struggle to reproduce the complexity of the digestive environment, made up by 

biological, electrical and mechanical stimuli. Tissue engineering proposes to generate 3D in 

vitro models, which could leverage the replication of anatomic and physiologic features by 

developing appropriate biomaterial scaffolds on which the cells are cultured, as well as 

bioreactors to apply suitable mechanical forces onto them [84]. Due to the complexity of the 

biological microenvironment provided by the intestinal barrier, several studies are evaluating 

the prominent roles exerted by ECM molecules to generate accurate in vitro models [182], 

[183].  

The second study reported in this thesis aims at developing tubular elements resembling the 

small intestine epithelial barrier, produced via electrospinning. This electrodynamic technology 

is widely used to produce scaffolds made of ultrafine polymer fibers, i.e., with submicrometric 

size, which resulted capable of mimicking the fibrous ECM [105]. Such fiber nonwoven 

meshes can also find applications as filtering layers [184]. Both applications unveil the 

electrospinning potential of tuning the fiber features, like fiber diameters, pore size and 
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porosity, which make this spinning technique unique to ultimately generate a substrate for 

intestine barrier [108].  

Intestinal epithelial cells can harness the advantages of isotropic random fiber scaffolds, 

leveraging scaffold topography as a critical determinant in cell adhesion. Fibrous scaffolds, 

derived from PCL alone or its blends with other polymers, were able to mimic the nanoscale 

topography akin to the basement membrane [185]. When crafting a porous membrane to create 

a tissue barrier, properly resembling the basement membrane for supporting epithelia, a 

multitude of scaffold characteristics demand attention to enhance the biomimetic physiological 

fidelity. Among these, pore size emerges as a pivotal consideration, dictating whether cells 

primarily engage with the surface (< 1ɛm), foster intercellular communication (1 - 3ɛm), or 

traverse the membrane/scaffold (3 - 12ɛm). The pore dimensions measuring less than 2ɛm2, 

proved insufficient access for cellular transmigration into the scaffold [186]. This evidence 

underscores that cells are likely to develop as monolayers atop such membranes, with limited 

penetration into the scaffold, thus aligning with the intended design intent for intestinal 

scaffolds. 

In our study, we selected 2 polymer types used in the biomedical sector, namely, PAN and PCL, 

potentially suited for this application. PAN is a vinyl polymer characterized by each repeating 

unit containing a cyano (-CN) groups, largely used to produce so-called ñacrylic fibersò, which 

have shown relevant mechanical properties, unique in textile and advanced applications, in the 

latter used as precursors for carbonization or graphitization processes, ultimately leading to 

carbon fibers [187]. PAN can be electrospun into ultrafine fibers, which were proposed for 

bone regeneration [188]. The chemical structure of PAN enables interesting piezoelectric 

properties, which could play a role in delivering biosignals to the proposed 3D model of 

intestine barrier. In fact, the -CN functional group boasts a substantial dipole moment of 3.5 D, 

originating from the disparity in electron density between the carbon and nitrogen atoms, in 

which carbon is electron-deficient, whereas nitrogen is electron-rich [189].  

PCL is a long-term biodegradable polyester entitled with very high flexibility, with an 

exceptional elongation at break (300% - 1000%) and good tensile strength [190]. Ricci et al., 

proposed PCL fibers, electrospun from a solution in chloroform in a random-like form, 

obtained by using a collector at 500 rpm rotational speed, to generate 3D models of colorectal 

adenocarcinoma [107]. Such PCL scaffolds were reported to have similar Young modulus and 

strain at break to those of the large intestine and allowed the growth of Caco-2 cells. The 

morphological characterization of those fiber meshes showed 87.57% porosity, fiber size of 

3.10 Ñ 0.12 Õm and highly distributed pore diameters (mean 8.56 Õm, maximum 30 Õm). 
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However, such features are not suited to reproduce the intestinal barrier, since the cells 

penetrate inside the fibrous mesh without generating a compact cellular layer at the surface. To 

achieve this fundamental property, in this study, PCL was electrospun by preparing a solution 

in a DMF/THF solvent system, which allowed a considerable reduction of fiber diameter (0.67 

Ñ 0.39 Õm), pore diameter (0.51 Ñ 0.37 Õm), pore size (mean value 2 Õm2, with 63% pores < 2 

Õm2) and porosity (42%) of the scaffolds. PAN, electrospun in DMF, gave rise to fiber meshes 

with reduced and tightly distributed fiber size (0.30 Ñ 0.04 Õm), showing pores with diameters 

and size even smaller (0.32 Ñ 0.18 Õm diameter, pore size mean value of 0.8 Õm2, with 90% 

pores < 2 Õm2) while higher porosity (50%) than those of the PCL counterpart. Thus, the 

morphological features of the electrospun PAN fiber meshes fully attained the requirements of 

basement membrane scaffolds.  

Optimal cell adhesion on polymeric surfaces has been documented within a WCA range of 40Á 

- 70Á [191]. Nonetheless, this outcome is subject to various influencing factors such as cell 

type, duration of incubation, environmental conditions, surface chemistry and topographical 

characteristics. PCL is a notably hydrophobic polymer due to its aliphatic chains; however, the 

presence of a submicrometric fiber structure, mimicking the ECM, is well documented not to 

hinder cell adhesive properties [192]. Wettability measurements performed on electrospun 

scaffolds revealed a strongly hydrophobic behavior with mean WCA of 129Á. Differently, PAN 

scaffolds demonstrated a highly iodophilic behavior with mean WCA of 20Á. Even though cell 

adhesion is determinant for the generation of a compact epithelial layer, the underneath 

substrate should also possess the property of allowing filtration of nutrients operated by 

intestinal cells. Therefore, it is extremely relevant to have diverse options, in term of 

wettability, for subsequent researches aimed to study the function of the intestinal barrier. 

To produce both PCL and PAN fiber meshes suitable to have radially expandable tubes, thus 

mimicking the mechanics of the intestine lumen, a quasi-zero (i.e., 5 rpm) rotating velocity of 

the collector was chosen. This speed allowed the fabrication of completely anisotropic fiber 

structures. A mechanical characterization was performed by designing a dedicated set-up, in 

which the annular scaffolds were placed on a swellable catheter and inflated using a 

sphygmomanometer system. Subjected to an inner radial expansion, leading to 18.1% 

circumferential deformation, PAN tubular scaffolds sustained a 42% higher pressure (i.e., 289 

mmHg) than PCL ones (i.e., 203 mmHg), which indicates the highest strength of PAN fiber 

meshes. 

PAN has garnered significant interest in recent times due to its notable piezoelectric 

characteristics, particularly when utilized in electrospun meshes. We selected PAN in view of 
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a future use of the developed tubular scaffolds in a bioreactor, as piezoelectric scaffolds can 

activate a transient dipole formation, able to deliver local electrical signals that can be sensed 

by the cells [112]. Our piezoelectric investigation, obtained by averaging more than 20 

measurements for each polymer mesh type obtained in different measurement conditions (i.e., 

different samples, pretensions and measurements carried out on different days from mesh 

production) showed a high variation in PAN scaffolds. This fact can be associated with the 

various phenomena of surface interaction, relaxation and fiber rearrangement, dominant in 

anisotropic fiber meshes. Anyway, PAN fiber meshes resulted piezoelectric, having d31 = 20 Ñ 

16 pm/V, whereas PCL fiber meshes were non-piezoelectric, having 1.12 Ñ 0.25 pm/V. 

Both PAN and PCL fiber meshes were able to sustain the growth of Caco-2 cells on their top 

surface. We applied 3 different protein coating on the polymeric scaffolds aimed to promote 

cell adhesiveness and the generation of a compact cell layer [97], [98]. Gut basement 

membrane is made up by laminins, collagens (mainly type IV), proteoglycans, calcium binding 

proteins and other structural or adhesive proteins [193]. With the intent of promoting cell 

adhesion while minimizing cell loss during and after seeding, we selected recombinant collagen 

type I, able to form a gel within 20 min; gelatin type B, as a denaturized form of collagen still 

exposing collagen aminoacidic residues but unable to jellify at 37 ÁC; and finally, fibrin, 

obtained with a quick (i.e., 30 s) crosslinking of Fibrinogen with Thrombin. With all these 

protein coatings, almost compact Caco-2 cell layers were obtained after 21 days. To seed 

annular-shaped scaffolds, fibrin was selected, as it can entrap the cells within a complex tube-

like scaffold shapes [194]. Collagen promoted the formation of a homogeneous and stable 

surface coating, as visible via SEM, although the cellularized layer was similar to those 

observed in gelatin- and fibrin-coated samples under fluorescence microscopy, without 

appreciable difference between PAN and PCL substrates.  

The presence of the protein used for the coating played a role in regulating the expression of 

specific genes, sometimes in combination with the polymer scaffold. We analyzed the 

expression of genes involved in the formation and function of tight junctions and microvilli, 

namely, ZO-1 [195], Occludin [196], and Ezrin [197]. The function of tight junctions in 

regulating the passage of molecules between neighboring epithelial cells and ensuring 

epithelial integrity is well-established, yet their involvement in physiological cell shedding 

remains ambiguous. These dynamic structures comprise a complex network of interacting 

proteins, indicating their potential role in facilitating cell shedding processes [198]. The tight 

junction protein known as zonula occludens protein-1 (ZO-1), which has been demonstrated to 

impart structural integrity and impermeability to the junction, serves as a crucial link between 
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Occludin and the actin cytoskeleton [199]. Consequently, ZO-1 is involved in the maintenance 

of intestine barrier function. Occludin is a transmembrane protein that regulates the 

permeability of epithelial and endothelial barriers, therefore it is an essential component of the 

tight junctions [200]. Finally, Ezrin links the cell cytoskeleton and the plasma membrane, thus 

regulating its tension and affecting cell motility [201].  

Differently from Transwell culture of Caco-2, in which Ezrin was upregulated, collagen was 

able to upregulate the expression of OCLN in PAN and PCL scaffolds. In a similar fashion, 

ZO-1 was upregulated in collagen/PAN scaffolds, but not in Transwell. These results indicated 

that, beside the specific protein coating, which in the case of collagen appeared to be long-

lasting, the undelaying polymer scaffold may also affect gene expression. Finally, we 

performed immunohistochemistry on a representative protein of tight junctions, i.e., ZO-1, 

which was revealed to be markedly expressed in all coating/scaffold conditions. By comparing 

gene expression results with immunohistochemical outcomes, taken at the same time-point 

(i.e., 21 days), it appears that ZO-1 and Ezrin gene expression levels were similar in all the 

scaffold/coating conditions. On the other hand, Occludin gene expression was found to be 

upregulated only in PAN and PCL scaffolds coated with collagen, in which a Caco-2 cell 

morphology coherent with the monolayer structure was observed. 

Overall, the obtained findings suggest that it is possible to generate tubular electrospun 

scaffolds acting as basement membrane for the generation of intestine epithelium, ultimately 

creating real-shape 3D in vitro models for the small intestine with potential to be used within a 

customized bioreactor, able to expand the tube and mimic some features of peristaltic motion. 

These models could support the study of cell-nutrient or nutraceutical interactions, when the 

barrier is compromised by stressing factors. Among the 2 polymeric structures investigated, 

PAN scaffolds offered better suited properties than PCL counterparts, such as smaller pore size 

(90% of pores within 2 Õm2), higher mechanical strength upon radial expansion and 

appreciable piezoelectric properties, the latter potentially able to deliver local electric signals 

upon mechanical deformation, as present in the intestine tissue. Caco-2 cells showed an 

increased metabolic activity on PAN scaffolds, with respect to PCL ones, independently of the 

protein coating applied. Coating with proteins can also be a successful strategy to enhance the 

formation of tight junctions by Caco-2 cell layers.  

Although the manual seeding procedure of annular scaffolds revealed to be satisfactory for 

preliminary attachment studies, it was often associated to an inhomogeneous distribution of the 

cells due to the non-uniform diffusion of the solution droplets deposited. We observed by 

microscopy that cells were either more dispersed or even isolated in the zones more peripheral 
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from the droplet centre, which may finally lead to an uncomplete monolayer formation. To 

obtain a homogeneous cell distribution on the large surface of the whole annular-shaped 

meshes, we developed a specific seeding system finalized at spreading a cell-containing 

solution on the whole annular mesh surface, in a completely uniform manner. Preliminary 

experiments led to the development of the reported sterilization and washing protocol for the 

printed components, which guarantees the cytocompatibility of the 3D-printed seeding system 

during the contact with cells.  

The seeding methodology developed allowed us to achieve excellent homogeneity in the 

dispersion of cells on the entire surface of the annular scaffolds. Due to the gelling behaviour 

of fibrin and collagen, these solutions were not suited to fit the seeding cylinders, since they 

tended to attach to the container during the seeding time, and the formed gel didnôt allow for 

adequate removal of the scaffolds from the container-holders. In contrast, gelatin and collagen 

peptide solutions were both found to be satisfactory for covering the scaffolds and providing 

the cells with the adhesion sites necessary for the formation of an epithelial layer.  

Based on the methodology used to estimate adhered cells, it was observed that the collagen 

peptide solution, being slightly less viscous than gelatin, led to a higher number of cells trapped 

within the scaffold immediately after seeding. Also, cells tended to better spread on and cover 

the whole surface of the scaffolds when seeded with collagen peptides, as observed by SEM 

and fluorescence microscopy analysis.  

Although it was previously reported that collagen peptides may enhance tight junction 

formation [202], to our knowledge, their use as seeding molecules for Caco-2 cells is novel in 

the field. Following these considerations, collagen peptides solutions were employed to seed 

the cells for further experiments with the bioreactor. 

The developed bioreactor proved effective in exerting mechanical stress on the cell/scaffold 

constructs. Given the possibility of adjusting both the radial strain and the timing of the 

expansion/recoil cycles, it allows to exert forces comparable to those physiologically present 

during peristalsis. Nevertheless, several issues were noted during the preliminary cell culture 

tests performed. Primarily, the procedure of placing the scaffold on the inner holder using 

sterile tweezers is extremely delicate, often leading to accidental deformation of the 

cell/scaffold constructs. In fact, it is possible for some portions of the formed epithelium to be 

accidentally damaged during this procedure. In addition, it has been found that centering the 

scaffold with respect to the mechanically active portion of the holder must be extremely precise 

(a condition that is difficult to achieve manually), otherwise the vertical position of the holder 

and mechanical stress cycles make it easy for the entire scaffold to shift along the holder axis. 
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The last problem encountered by trying longer experiments, is a partial reduction of the 

diameter strain after 3-4 days in operation. This is particularly important if cultures have to be 

performed under physiological stress conditions for long periods. The identified 

difficulties/problems will enable further ameliorations to the bioreactor system. Although 

preliminary as work, it may be of interest in the field of real-scale intestinal in vitro models, 

since only few analogous models were developed in this field [203], [204]. Undoubtably, 

having a panel of both static and dynamic real-shape in vitro models available can promote the 

research in bowel diseases and the development of targeted therapies. 

 

5.3 DLP 3D-printing of soft scaffold-on-chip device 

Synthetic and natural pre-hydrogels can be blended and light-processed to create structures for 

high-throughput fabrication of highly cytocompatible microfluidic devices capable of 

supporting cell attachment and growth [159]. In the last study reported, GelMA was chosen as 

a cell-friendly bioink, while PEGDA was selected for its excellent printability. Their combined 

use was optimized for generating villi-crypt microfeatures within a hydrogel-based 

microfluidic chip. We started by studying the printability over scaffolds reproducing the desired 

topography, and moved on to include it inside the desired microfluidic chip. Also, we assessed 

the capability of the selected blend to sustain the Caco-2 cell line attachment, growth and 

differentiation. 

The use of 0.8 mL MA per gram of gelatin during GelMa synthesis was previously reported in 

different synthesis protocols to achieve an high degree of substitution of around 70-80% [169], 

[170]. For our needs, it led to a high swelling degree not suitable to achieve the desired printing 

fidelity, also when GelMA was blended with PEGDA. Increasing the MA amount to 0.9 mL 

per gram of gelatin led to a reduction of volumetric swelling to an acceptable level, when 

GelMA was blended with PEGDA. 

For the production of the thin scaffolds (1.5 mm height), printing layers of 100 Õm thickness 

led to diffuse crosslinking and not well-defined geometries, so the layer thickness was kept to 

50 Õm for the production of the samples. On the other side, to produce thicker samples (5 mm 

height cylinders) to perform the rheological characterization, using 50 Õm layer led to sample 

breakage during the printing process. For this reason, the cylinders were produced at 100 Õm 

layer thickness with an increased exposure time. Although using only GelMA compositions 

also led to the formation of the pillars, crypts were never reproduced faithfully due to diffuse 
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crosslinking of the polymer. Furthermore, trying to print the closed device with only GelMA 

often led to non-compliant channels and incomplete clearing of the chamber, probably due to 

partial crosslinking of the solution from the layers exposed subsequently to enclose the 

chamber [205]. Meanwhile the employment of only GelMA solutions needed relatively long 

exposure times (10 ï 15 seconds) to produce stable features, the introduction of PEGDA in the 

mixture always led to the production of the desired features also at very short exposure times, 

displaying a faster photocrosslinking kinetic. An exposure layer time of 3.5 s was already 

enough to correctly reproduce all the desired features in a precise manner. This aspect was 

fundamental also to avoid the overexposure that was associated to the partial crosslinking 

observed in the chamber of the closed device when employing only GelMA solutions.  

The human physiological flow rate in the intestinal lumen largely varies depending on the phase 

of digestion. It can range from almost null to 0.7 - 3 mL/min in the postprandial phase, 

consequently giving rise to a wide range of FSS on the intestinal wall, approximately going 

from 0.002 to 0.08 dyne/cm2 [140], [206]. Here, we employed CFD based on FEA, to study 

the FSS spatial distribution over the villi-crypt region. Flow rates ranging from 10 to 30 ÕL/min 

were tested. A flow rate of 20 ÕL/min was considered suitable, since the velocity field kept in 

laminar regime and the FSS ranged between ~ 0.001 at the pillarôs base to ~ 0.02 dyne/cm2 at 

the tip of the first line of pillars, where the FSS were maximum. When increasing the flow rate 

to 30 ÕL/min the velocity field kept laminar and higher FSS were achieved in the 0.001 ï 0.04 

dyne/cm2 range. We preliminary tested with a simple syringe pump setup the capability of the 

chip to sustain perfusion without leakage on a large flow rate range, going from 0.1 to 100 

ÕL/min (data not shown). 

To our knowledge, only few works successfully reproduced both the villi and the crypt 

dimensions employing a DLP setup, and none of them employed a simple commercial one 

[136], [147]. Furthermore, no work included a relatively large villi-crypt topography within a 

closed device, as by following the production approach proposed by Bhusal et. al. [158], [159].  

Trying to minimize the substrate stiffnesses while maintaining printing fidelity and time 

stability is undoubtedly challenging. Furthermore, the GelMA concentration should be always 

kept high enough to provide a suitable amount of site of attachments for cell attachment and 

spreading [207]. The mechanical properties achieved for the two chosen compositions 

resemble the native stiffness of the intestinal matrix when measured in comparable conditions 

[208]. Deptuğa et. al. recently studied the values of elastic shear stress of the colon tissue, 

measured by tissue rheology in conditions analogous to the one we employed. They reported 

values are comprised between 0.2 and 1.5 kPa for the healthy tissue and 1 and 10 kPa for the 
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cancerous one, which fall in the same order of magnitude of our hydrogels [208]. When 

considering only the mucous layer, Nordg¬rd et. al. reported values in the tenth of pascal range 

for ex vivo pig intestinal samples, also measured by tissue rheology [209], which is in turn more 

similar to values reported for surface-type of measurements such as micro indentations by 

atomic force microscopy (AFM) [210]. Since the hydrogel itself aims at mimicking the 

mechanical properties of the epithelium full thickness, the rheometric approach employed and 

results achieved are satisfying. Nevertheless, more extensive characterizations by AFM, 

performed on scaffold also comprising the cellular component and mucus layer produced, 

could provide a valuable tool to fully assess the quality of the model's mechanical properties.  

To assess the capability of the hydrogel to sustain the Caco-2 cell attachment despite the 

presence of PEGDA and the GelMA high DoS, we made a preliminary experiment where the 

metabolic activity of the cells was monitored for one week, with cells seeded in presence and 

absence of gelatin to favor cell attachment. Since no statistical difference was observed for 

cells seeded in presence and absence of gelatin on both the composition at days 1 and 7, we 

concluded that the composition was able to sustain cell attachment. Following experiments 

were thus performed in absence of gelatin. Caco-2 were directly seeded on the scaffolds 

dispersed in small volumes of DMEM (5 ÕL drops for scaffold). After seeding on the scaffolds, 

cells tended to accumulate in clusters in correspondence of the crypts, and 24 h after seeding 

started spreading on the whole zone between the villi, and cell attachment on the substrate was 

appreciable. At 3 days of cultures cells were fully attached to the substrate and proliferating. 

Along the time in culture, cells proliferated and started ñclimbingò the villi around day 5 - 7 of 

culture, and, for the 9 : 4.5 (wt% : wt%) composition, they covered all the surface of the 

scaffolds around day 14. On the other hand, on the 4.5 : 4.5 (wt% : wt%) composition the cells 

completely covered the villi only in few cases. This behavior can be associated to a higher 

presence of cell binding sites in the composition with higher GelMA content [207]. However, 

the cell growth behavior on the 9 : 4.5 (wt% : wt%) composition was similar to other reported 

for similarly produced scaffolds [136]. Other factors that may play a role in this behavior are 

the higher stiffness of the 9 : 4.5 (wt% : wt%) matrix and its lower porosity, which may facilitate 

direct contact between cells. 

To avoid multilayer formation and cell accumulation in correspondence of the crypts, after the 

third day of culture, it was necessary to introduce a 2Ĭ washing step by gentle pipetting media 

directly over the scaffolds surface, prior to media change.  

The 3D intestine model was bioengineered by culturing intestinal epithelial cells (Caco-2) on 

the surfaces of 4.5 : 4.5 (wt% : wt%) and 9 : 4.5 (wt% : wt%) scaffolds. After cell seeding, the 
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3D tissue constructs were maintained in static culture for 14 and 21 days post-seeding to allow 

the formation of a confluent and differentiated intestinal epithelium on the scaffolds. 

To evaluate the differentiation of Caco-2 cells into intestinal epithelium at two different time 

points (14 and 21 days post-seeding), we analyzed the gene expression of some differentiation 

markers, including Zonula occludens protein-1 (ZO-1) and Occludin (OCLN), encoding for 

key proteins of epithelial tight junctions, as well as Ezrin (EZR), encoding for a microvilli 

membrane protein. Tight junctions are specialized structures that regulate the movement of 

ions and macromolecules through the epithelial barrier, while Ezrin plays an important role in 

cell surface structure and cell migration with particular regard to the epithelial cellsô microvilli 

membrane. Moreover, in the developing intestine, EZR is essential for the transition from a 

stratified epithelium to a polarized columnar epithelium, which is, in turn, necessary for the 

formation of villi [211]. 

We found OCLN and EZR upregulated in 4.5 : 4.5 (wt% : wt%) and 9 : 4.5 (wt% : wt%) 

scaffolds at 14 and 21 days post-seeding as compared to undifferentiated Caco-2 cells, 

suggesting that the epithelial cells are metabolically prone to establish reciprocal connections 

(OCLN) and to migrate and populate also the apical part of the villus (EZR). Interestingly, the 

use of a villi-mimicking scaffold favored a gene expression increase in Ezrin expression 

differently from what was observed in our previous work in which the scaffold was not 

specifically mimicking the villi structure [212]. 

ZO-1 expression was similar to the levels observed in undifferentiated Caco-2. As reported by 

Keisuke Imafuku and collaborators [213], the expression of ZO-1 begins already in the early 

stages of differentiation, and since increased cell turnover can lead to an upregulation of ZO-1 

expression, it could be hypothesized that in our case, there is low cellular turnover, as the cells 

primarily tend to proliferate to form a monolayer. Thus, an increase in levels could be expected 

at stages earlier than 14 days. Although in some of the differentiation markers, significant 

differences in genetic expression are observed in the time points subsequently analyzed, in all 

cases, the gene expression levels of the biomarkers were not significantly changed under the 

two experimental conditions, suggesting that the gelatin concentration does not impact on the 

selected genes expression. Concerning the time points, we observed stable expression levels of 

ZO-1 and EZR after 14 and 21 days and a significant reduction (but still higher as compared to 

undifferentiated cells) of OCLN expression level at 21 days compared to 14 days post-seeding. 

Although there is a correlation between RT-PCR and protein abundances data for ZO-1 and 

Ezrin, an opposite trend was observed for OCLN. Specifically, after 21 days, a significant 

reduction in expression levels was observed in both the 4.5 : 4.5 (wt% : wt%) and 9 : 4.5 (wt% 
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: wt%) scaffolds, accompanied by a notable increase in protein levels. At 14 days, the period 

of maximum gene expression, however, no protein production was detected in 4.5 : 4.5 (wt% : 

wt%) composition, while it was present in the 9 : 4.5 (wt% : wt%) one. This discrepancy 

suggests that the 9 : 4.5 (wt% : wt%) scaffold may promote an earlier formation of the intestinal 

barrier. 
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CHAPTER 6 

CONCLUSIONS & FUTURE PERSPECTIVES 

 

This thesis presents three complementary approaches toward advancing the development and 

characterization of functional foods, with a specific focus on targeted delivery of probiotics 

and the in vitro modeling of the intestinal epithelium. 

The first study, reported in Chapter 2, demonstrated the potential of gellan gum microparticles, 

produced via EHD microdripping, as a strategy for the targeted intestinal delivery of probiotics, 

directly addressing challenges in probiotic efficacy and bioavailability.  

The main achievements of the first research reported, as demonstrated by the different 

characterization performed, are: 

¶ We successfully optimized the process and solution parameters to produce 

microparticles via EHD microdripping of gellan gum; 

¶ Optimized EHD microdripping of gellan gum solutions demonstrated to be effective to 

entrap different loads (106 and 109 CFU/g) of probiotic cells inside the microparticles 

matrix, while maintaining a high viability during the production process; 

¶ After 3-months storage at 4 °C entrapped probiotics remained highly viable; 

¶ The viability of entrapped probiotics after simulated gastrointestinal digestion was 

higher when compared to lyophilized cells; 

¶ Probiotics were capable to grow both inside the microparticles and in the surrounding 

environment, simultaneously producing and releasing in the ambient the postbiotics 

that may be crucial for probiotic efficacy after administration; 

¶ The microparticles were able to produce both a direct antimicrobial effect on E. coli 

and an indirect one through the stimulation of HBD-2 production on the Caco-2 cell 

line, the last in a manner comparable or even higher than free cells. 

Further work, to better understand the antimicrobial effects observed, will include the chemical 

characterization of the released postbiotics and their antioxidant activity, also employing in 

vitro co-cultures models. 

The presented approach may also pave the way for further research aimed at enhancing the 

effectiveness of the microparticles. For example, prebiotics such as inulin could be included 

into the gellan gum matrix to support probiotic proliferation after ingestion. Additionally, a 
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coaxial electrospinning setup could be employed to provide a gastroprotective outer shell (such 

as Eudragit, alginate, or chitosan) to improve probiotic survival during the gastric digestion 

phase. 

The subsequent studies thus focus toward the development of advanced in vitro models of the 

intestinal epithelium, designed to better replicate physiological conditions and enable more 

reliable testing of functional foods and delivery systems.  

The electrospun tubular mesh-based model reported in Chapter 4 represents a macroscopic, 

anatomically relevant system that may provide a practical platform for evaluating epithelial 

responses to nutrients, bioactive agents, or delivery vehicles. This study explores the 

fabrication by electrospinning of polymeric scaffolds made of tightly arranged ultrafine fibers 

in the form of tubular structures, to obtain real-shape 3D in vitro model of the small intestine, 

in which nutrient absorption takes place. PAN and PCL were employed to this purpose.  

The summarized outcomes of this research are: 

¶ Comparing the two scaffolds, PAN most properly attained the requirements identified 

to obtain a substrate resembling the basement membrane, thus supporting the 

generation of a surface epithelial layer; 

¶ Piezoelectricity of PAN meshes was assessed and extensively characterized (see also 

appendix); 

¶ Both polymeric fibrous meshes were successfully coated with 3 proteins, i.e., gelatin, 

collagen and fibrin, prior to culture with Caco-2 cells, which resulted viable for 21 days; 

¶ By virtue of the fast-jellying properties of fibrin, annular-shape scaffolds could be 

efficiently seeded; 

¶ The used coatings, sometimes in combination with the polymer scaffolds, were able to 

affect the expression of genes involved in tight junction formation and ZO-1 protein 

was revealed in all the samples; 

¶ The obtained results altogether indicate the potential of these electrospun polymer 

scaffolds to support Caco-2 cell growth and assembly into an intestinal epithelial barrier 

model; 

¶ We successfully developed a seeding methodology based on a container-holder rotating 

system. The methodology allowed us to achieve excellent homogeneity in the 

dispersion of cells on the entire surface of the annular portions of tubular scaffolds; 
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¶ The rotation-based seeding approach could prove versatile for tubular scaffold seeding 

across various fields, including studies employing other cell types such as muscle or 

endothelial cells; 

¶ Finally, we preliminary developed and tested a new type of bioreactor, which imparts 

macroscopic radial mechanical stimuli to tubular scaffolds, with the aim of mimicking 

both the physiological peristalsis and/or pathological conditions of stress. 

Interestingly, PAN and PCL fibrous meshes offered an opposite behavior in terms of wettability, 

which did not prevent cell adhesion, but could influence the filtration mechanism operated by 

the intestine barrier and a filtrate retention under the scaffold layer. This aspect needs to be 

investigated in future studies, aimed at assessing the function of the proposed in vitro model, 

thus disclosing if the highly hydrophilic behavior of PAN should be modulated with the 

addition of a hydrophobic polymer, like PCL.  

While preliminary and not completely exhaustive, the experiments conducted on the bioreactor 

identified key technical challenges within the system. Future work will focus on addressing 

these issues. First and foremost, it is necessary to develop a methodology for accurately 

positioning the scaffold/cell constructs at the center of the holderôs expanding zone. This could 

potentially be achieved through the use of O-rings fixed to the base of the scaffolds. These 

rings could not only enhance the handleability of the constructs but also stabilize their 

positioning on the inner holder, thus preventing movement during the experiments. The second 

critical issue to address probably involves the need to adjust the mechanical actuator system. 

In fact, despite numerous efforts, it was not possible to fully resolve the radial expansion 

reduction observed during extended operating times. 

Altogether, the work performed may lead to future research directions in the field of probioticï

Caco-2 cell interactions in a 3D environment, cellular mechanosensitivity, and the role of 

piezoelectric scaffolds in modulating epithelial responses. 

Complementing this macroscale model, the óscaffold-on-chip presented in Chapter 4, 

developed through DLP 3D-printing, offers a more intricate mimicry of the villi-crypt 

architecture, combined with perfusion capability. In this work we focused on the development 

of a closed microfluidic device with an internal topography of villi and crypts and modulable 

mechanical properties that can support the adhesion, growth and differentiation of the Caco-2 

cell line. 

Main achievements of this work are: 
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¶ We successfully synthetized GelMA with a high DoS, which, after crosslinking, 

presents low swelling degree and long-term stability, able to faithfully produce complex 

features and geometries by DLP 3D printing; 

¶ We optimized solution and printing parameters to obtain the desired printing high 

fidelity, which led to a successful reproduction of the high-resolution topography of the 

intestinal microenvironment, with modulable mechanical properties; 

¶ The developed polymeric blend was able to self-sustain the attachment, growth and 

differentiation of the Caco-2 cell line; 

¶ The closed device preliminary demonstrated to be able to sustain perfusion without 

leakage in a wide range of flow rates; 

¶ CFD analysis led to a deep understanding of the fluid velocity and FSS involved at 

different media flow rates, and to the identification of an optimal flow rate to be 

employed in future cell cultures involving perfusion; 

¶ Altogether, the developed model enabled more physiologically relevant assessments of 

cellular interactions and the effects of the microenvironment on the attachment, growth 

and differentiation of Caco-2 lineage cells. 

 

While some practical aspects of the dynamic perfusion still require extensive characterization, 

in this work we achieved the high printing fidelity needed to internally reproduce micrometric 

features inside a perfusing device, an approach that can pave the way to similar studies also for 

other tissues/organs-on-chip. Nevertheless, much work is still needed to fully assess the model 

goodness. The first steps will be focused on culturing the cells in presence of perfusion, and 

comparing them with static cultures. Also, we are planning to include HT29-MTX-E12 cells 

for a more physiological reproduction of the mucus layer. Further work will also comprise a 

more extensive characterization by AFM, needed over scaffolds also comprising the cellular 

component and the mucus layer produced, to fully assess the quality of the model's mechanical 

properties. A bioinformatic proteomic study is also ongoing, to asses how the scaffolds 

mechanical properties can influence protein expression overtime. 

Future developments of the presented approach could lead to new devices that include a stromal 

component inside the hydrogel matrix, and even an endothelial component directly printed 

below the chamber. This second aspect can be achieved in a single printing by adding this 

component to the CAD design, and may lead to improved permeation and absorption studies. 

Furthermore, the designed geometry has been thought to fit dynamical studies of probiotic 
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(both free and encapsulated) in dynamical conditions, to avoid bacterial overgrowth and better 

mimic the physiology of the intestine. 

Despite the preliminary nature of the in vitro models and the additional work required, these 

studies collectively address critical gaps in functional foods research. The gellan gum 

microparticles provide a targeted and efficient delivery platform, while the advanced 3D in 

vitro models offer systems to test the efficacy and interactions of bioactive compounds in 

controlled, physiologically relevant conditions.  

In conclusion, we hope that these complementary advancements might lay the groundwork for 

improving the design and evaluation of functional foods, ultimately contributing to better 

health and well-being through diet. 
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CHAPTER 7 

APPENDIX 

IN-DEPTH EVALUATION OF ELECTROSPUN PAN MESHES 

PIEZOELECTRIC PROPERTIES 

 

In recent years, there has been a growing interest in investigating the effects of mechanical and 

piezoelectric stimuli on human cells, particularly through the activation of mechanoreceptors 

such as Piezo1 and Piezo2 [214]. Within the field of intestinal cell biology, for instance, the 

expression of Piezo1 by intestinal epithelial cells has been recently related to the pathogenesis 

of necrotizing enterocolitis, highlighting the relevance of mechanotransduction pathways in 

intestinal health and disease [215].  

In this context, a thorough understanding of the piezoelectric properties of various materials 

could be crucial for the development of advanced tools and platforms aimed at accurately 

investigating mechanotransduction and piezoelectric phenomena at the cellular level. Such 

knowledge remains limited, particularly in the field of cytocompatible polymers, and even 

more so regarding their processed forms, such as electrospun nanofibers.  

In an effort to move towards the knowledge of piezoelectric phenomena of polymeric ultrafine 

fibers, a consistent part of our work focused on the characterization of the piezoelectric 

properties of PAN electrospun meshes.  

Despite the extensive characterization performed from a material science point of view, we 

have not directly correlated the piezoelectric properties of the meshes with the behaviour of 

Caco-2 cells cultured on the tubular PAN scaffolds. For this reason, we chose to include this 

characterization in this appendix, in the hope that it may contribute to a deeper understanding 

of the complex piezo/mechanoelectric phenomena that occur across multiple length scales 

within ultrafine fiber meshes. 

A setup previously developed at the physics laboratories of the University of Pisa [112] was 

refined for measuring the piezoelectric coefficient d31 of samples consisting of polymer films 

or fibrous meshes (Fig. 7.1). A measurement procedure was developed to obtain standardized 

results, independent from the sample elastic modulus. This aspect is fundamental when dealing 

with soft samples that intrinsically display a variable elastic modulus, since it depends from 

the tension state of the sample as well as from its mechanical history (current point in the 
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hysteresis curve). Finally, a comparison was made between the piezoelectric properties of three 

different types of samples based on PAN: mesh of unaligned ultrafine fibers (MNA) as 

manufactured, treated with isopropyl alcohol (MNAT) according to the protocol reported in 

[216] to remove the retained electrical charge, and mesh of aligned ultrafine fibers (MA). The 

piezoelectric properties of PAN are correlated to the content of the electroactive phase, namely, 

the fraction of material in its zigzag conformation. Fourier transform infrared (FTIR) 

spectroscopy is commonly used to evaluate its content. The vibration band at 1250 cmī1 can 

be assigned to the zigzag conformation of PAN, while the vibration band at 1230 cmī1 

corresponds to its 31-helical conformation [216], [217].  

Therefore, the electroactive fraction ū is usually estimated as from Equation 2: 

     [eq. 7.1] 

Where S1230 and S1250 are the peak areas at 1230 cm
ī1 (31-helical conformation) and 1250 cmī1 

(zig-zag conformation).  

 

7.1 MATERIALS & METHODS 

7.1.1 Improvements to the measurement setup  

Compared with the previously used setup (reported in [112]), a second piezoelectric actuator 

made of lead-zirconium-titanium oxide crystal (PZT, element B in Fig. 7.1) and a micrometer 

sled (sensitivity of Ñ 1 Õm), servo-controlled by software for accurate control of the stretching 

applied to the sample, have been implemented. The introduction of the second piezoelectric 

element at the right end of the specimen (opposite to that where the sensor through which the 

measurement is made is applied) makes it possible to apply a mechanical excitation, highly 

controlled in terms of frequency and displacement, comparable with the stretching produced 

by the piezoelectric effect. The introduction of this element is essential for the development of 

the measurement methodology, which is capable of calculating the coefficient d31 

independently from the elastic modulus of the sample under analysis. 
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Figure 7.1. Pictures of the setup used (left: full setup; right: detail of sample positioning), with the main 

components indicated. (A, B) piezoelectric actuators positioned at the base of the specimen anchor clamps (A: 

piezo1, B: piezo2); (C) manual micrometric positioning system for the parallel-plate capacitor; (D) moving slide 

with Ñ 1 Õm sensitivity (remotely controlled by PI MikroMove software), to control the static deformation of the 

specimen; (E, F, G) optical lever-based readout system (E: laser, F: mirror placed at the end of a cantilever, G: 

four-quadrant photodiode with 2-axis manual micrometer positioning system); (H,I) flat electrodes forming a 

capacitor with flat, parallel faces used for electrical excitation. Inset: photo of a specimen and its system of 

attachment to the ends by Kapton tape. 

 

7.1.2 Development of a measure protocol independent from the elastic modulus 

The methodology consists in comparing two measurements, made at the cantilever resonant 

frequency, of a mechanical (HM) and an electrical (HE) excitation. The responses to the applied 

excitations, both mechanical and electrical, are found to be very small, generally covered by 

background noise. Working at the resonant frequency of the system allows to have sufficient 

signal amplification to be able to appreciate the differences between the two responses, even 

for extremely soft samples (a single fiber layer even less than 10 Õm thick). 

The assumptions needed to develop the model are: 

1) The two measurements are made under constant stress conditions (a hypothesis verified by 

reading the pretension value); 

2) Along the time necessary to make the two measurements, the elastic modulus of the sample 

remains constant, an assumption that is more difficult to satisfy given the fibrous nature of the 

mesh, but ascertained by taking the two measurements in rapid sequence and keeping the 

pretensioning exerted on the sample constant. 
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Starting from the assumptions made, developing the constitutive equations of piezoelectric 

materials and making the relationship between the two HM and HE signals finally yields the 

following equation for the measurement of the d31 coefficient: 

Ä  
     

  
  [eq. 7.2] 

where CM2 is the calibration factor of the second piezoelectric actuator (0.5 nm/V); VM is the 

electrical potential applied to the same; Vexc is the potential applied to the capacitor plates for 

electrical excitation; ɖ is the distance between the capacitor plates; lɖ is the length of the portion 

of the sample between the plates (fixed at 2 cm). Ůs is the effective dielectric constant of the 

sample, measured under conditions similar to those of measurement (frequency of 100-150 

Hz), by dielectric spectroscopy. Specifically, it represents the relative dielectric constant of the 

sample as a whole, including the plastic fibers, the air included in the pores (most of the 

sample), and all possible interactions, both volumetric and surface, that may occur between the 

different fibers considering their unknown mobility. 

The established measurement protocol consists of: 

1) Measurement and stabilization of the pretension (10 minutes waiting time by adjusting the 

sample position); 

2) Acquisition of the spectrum corresponding to the electrical excitation, centered at the 

cantilever resonance frequency; 

3) Acquisition of the spectrum corresponding to mechanical excitation, in the same frequency 

range. 

By taking the two spectra in rapid sequence (and minimizing the range of frequencies 

acquired), it is possible to keep the voltage exerted on the sample constant; moreover, the 

acquisition of the entire resonance peak assures us of the goodness of the measurement through 

the observation of the resonant phase inversion, allowing the rejection of anomalous 

measurements (Fig. 7.2). Peak height is calculated by fit of a Lorentzian curve. 
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Figure 7.2. Example of resonance curves obtained for a mesh of unaligned PAN fibers and fit procedure to obtain 

correct peak height estimation (HM and HE). 

 

The geometry of the specimens consists of rectangular strips of 30 x 10 mm2, attached at the 

ends with Kapton tape, for a final clamp-to-clamp (lcc) length of about 25 mm (Fig. 7.1, Inset). 

The porosity and effective cross-section of the meshes were estimated from the thickness 

measured by a micrometer, the weight of samples of about 2 x 2 cm2, and the nominal PAN 

density, by the formulas given below (Eqs. 4 - 5): 

P [%] = (1-ɟ(mesh) / ɟ(PAN)) * 100   [eq. 7.3] 

teff = tmesh * (1-P [%] / 100)    [eq. 7.4] 

where P [%] is the percent porosity of the mesh, ɟ(mesh) is the measured density of the mesh, 

teff is the effective thickness of PAN within the mesh, tmesh is the measured thickness of the 

mesh, and ɟ(PAN) = 1.15 g/cm3. 

The measurement system was tested in vacuum (corresponding to an infinitely soft sample) 

and with a thick Teflon film (infinitely stiff sample). A first measurement was made on a 

commercial PVDF film (GoodFellow), provided with metallization, which has a nominal d31 

value (stated by the manufacturer) of 20 pm/V. 

 

7.1.3 Electrospinning of PAN meshes with different degrees of alignment 

Poly(acrylonitrile) in the form of powder (average Mw of 150 kDa and density of 1.184 g/cm
3) 

was acquired from BIOSYNTH (Staad, Switzerland). The chemical structure and possible 

primary and secondary conformations of this polymer are reported in Chapter 1, Figure 1.5. 
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Dimethylformamide (DMF) was supplied by Sigma-Aldrich (Milan, Italy). Materials were 

used without further treatment. Electrospinning was performed using the setup and parameters 

reported in [114]. In brief, the instrumentation comprises a positive HV generator, a syringe 

pump, a glass syringe equipped with a G21 stainless steel blunt-tip needle, and a rotating drum 

collector. PAN was dissolved into DMF at 150 mg/mL concentration to prepare the polymer 

solution by overnight magnetic stirring at room temperature. The solution was then poured into 

the glass syringe and electrospun, adopting previously reported parameters [113], [218], with 

few adjustments. The needle tip-collector distance was fixed at 15 cm and the flow rate at 0.5 

mL/h. The voltage was fixed at 12 kV, and two different rotating speeds were employed to 

achieve random and aligned fiber meshes (5 and 3000 rpm). Electrospinning was performed 

for 30 min at ambient temperature and RH (22 - 26 ÁC and 35 - 45%, respectively). Finally, 

PVDF electrospun ultrafine fibers were the same used in previous experiments, obtained as 

reported earlier [219]. To obtain the unaligned meshes, the rotating collector was kept at a 

rotational speed of 5-10 rpm to ensure uniformity of mesh thicknesses, while the aligned fibers 

were obtained at a rotational speed of 3000 rpm. 

To verify the effect of the presence of retained electrostatic charges, the specimens were treated 

with IPA, following the procedure reported in [216] with slight modifications. Specifically, the 

specimen cut from the electrospun mesh was immersed in IPA, resting on a grounded aluminum 

foil, for 15 minutes. Then, the specimen was allowed to dry in a ventilated fume hood for 12 

hours, always keeping it on grounded aluminum foil. 

 

 

7.1.4 Morphological and FTIR characterization of PAN meshes  

The morphological analysis of the fibers was performed by SEM using a Phenom ProÊ 

Desktop apparatus by Thermo Fisher Scientific (Milan, IT). Prior to observation, the samples 

were sputter-coated with gold with a S150B Sputter Coater by Edwards High Vacuum 

International (West Sussex, UK). Fiber diameters were measured with ImageJ software 

(version 1.54f, National Institute of Health, USA).  

FTIR spectra were recorded with a Nicolet iS20 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) in attenuated total reflectance (ATR) mode for the IR analysis. Spectra 

were collected using Omnic software (Thermo Fisher Scientific). A resolution of 0.48 cmī1 was 

maintained for all measurements, covering the spectral range from 4000 to 525 cmī1. The 
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acquisition of spectra was initially performed by averaging 16 scans to check the consistency 

of the signal. This was followed by an in-crease to 160 scans to enhance the signal-to-noise 

ratio. Eventually, all measurements were performed with 320 scans to optimize measurement 

accuracy. Zigzag content of the samples was estimated according to Equation 1. 

 

7.2 RESULTS  

7.2.1 Characterization of PAN fiber meshes 

The solution used for fibrous mesh production appeared homogeneous and transparent in color. 

As analyzed via ImageJ software, the samples yielded a mean fiber diameter of 0.29ï0.30 Õm 

for the two rotation speeds employed. Representative SEM micrographs of PAN fibers 

collected at two different rotation speed are reported in Figure 7.3. The Taylor cone, jet, and 

whipping regions were visible and stable during the whole electrospinning sessions. Overall, 

30 min electrospinning time led to the formation of handleable but highly electrostatic meshes, 

the latter feature being associated with charge retention [220]. Increasing the rotation speed 

resulted in higher spatial dispersion of the fibers, attributed to the air movement generated by 

the rotating drum. By keeping constant the deposition time, this spatial dispersion led to the 

production of broader and thinner meshes, transitioning from a thickness of 20 Ñ 5 Õm for 

randomly oriented fiber meshes collected at 5 rpm to 9 Ñ 3 Õm for uniaxially aligned fiber 

meshes collected at 3000 rpm. In Figure 7.3, the smooth and uniform morphology of the 

obtained fibers can be appreciated. The degree of alignment generated with a rotation speed of 

3000 rpm is also reported.  
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Figure 7.3. SEM micrographs of meshes tested at two different magnifications (4000x and 12500x), relative 

diameter distributions with reported mean diameter and relative error, and fiber directionality analysis performed 

for aligned fibers using the ñdirectionalityò function included in ImageJ software. Scale bars are 20 and 5 Õm. 

 

ATR-FTIR of the pristine PAN powder and the three fiber meshes was conducted to derive the 

fraction of the electroactive zigzag phase. As expected, the powder only shows the 1230 cmī1 

characteristic band related to the 31-helical conformation, formed spontaneously due to its 

higher thermodynamic stability. The fiber samples obtained by the two different speeds of the 

rotating collector show the compresence of the 1250 cmī1 band related to the electroactive 

zigzag structure instead. The randomly aligned fibers, obtained at the 5 rpm rotation speed, 

exhibit a zigzag fraction of 24%, while the aligned meshes display a higher fraction of 33%. 

Figure 7.4 reports all FTIR spectra of our electrospun fiber samples, as well as of the used PAN 

powder. Fits to determine the electroactive fractions according to Equation 2 were performed 

by setting the wavenumber of the two absorption bands to 1230 cmī1 and 1250 cmī1 as fixed 

while letting both Gaussian peak width and area be free fitting parameters.  
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Fit results for such bands are shown in Figure 7.4 AïC, while the broad range spectra are 

reported in Figure 7.4 D. 

 

 

Figure 7.4. ATR-FTIR spectra of (A) pristine PAN powder; (B, C) PAN ultrafine fiber samples electrospun at 

different collector velocities: (B) 5 rpm, (C) 3000 rpm; and (D) wide-range IR spectra for all samples (vertical 

axes were shifted for better graphical representation). 

 

7.2.2 Piezoelectric properties of PAN fiber meshes 

The effective dielectric constant ñesò of the meshes was measured by broadband impedance 

spectroscopy on a portion of the same sample used to produce the specimens in the form of 

strips. The dielectric spectrum of a PAN mesh portion is shown in Figure 7.5. A value of 2.92, 

corresponding to a frequency of 110-140 Hz, comparable to the cantileverôs resonance 

frequency used during piezoelectric measurements, was used for subsequent calculations. 










































