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Abstract -English 

Pancreatic β-cells, the only cells within the body able to secrete large amount of insulin, play a 

crucial role in the control of glucose homeostasis and alteration of their function and mass leads to 

diabetes pathogenesis, a group of pathologies characterized by severe hyperglycemia. Therefore, 

preserving the remaining β-cell function and replacing the β-cell mass represent the most promising 

strategies to treat diabetes. Embryonic and pluripotent stem cells hold great promise in generating 

β-cells for novel therapeutic discoveries in diabetes mellitus. However, their differentiation in vitro 

is still inefficient, and functional studies reveal that most of these β-like cells still fail to fully mirror 

the adult β-cell physiology. For their proper growth and functioning, β-cells require a very specific 

environment, the islet niche, which provides a myriad of chemical and physical signals. While the 

nature and effects of chemical stimuli have been widely characterized, less is known about the 

mechanical signals. Therefore, aim of the proposed research was to investigate the contribution of 

nanotopographical cues on β-cell differentiation and function and to characterize the molecular 

mechanisms involved. To mimic the nanotopography of the extracellular matrix, cluster-assembled 

zirconia substrates with tailored roughness were employed. We demonstrated that β-cells perceive 

nanoscale features and convert these stimuli into mechanotransductive processes which modulate 

the cellular behavior, via remodeling of the actin cytoskeleton and nuclear architecture. These 

changes are also paralleled by modulation of mitochondrial dynamics, morphology, and function, 

favoring a metabolic switch of the cells. The mitomorphosis is driven by substrate-induced 

reorganization of the cytoskeleton and modification of the mitochondria interplay with other 

organelles. In conclusion, our data suggest that β-cells sense and respond to nanoscale features by 

activating a mechanotransductive pathway that promotes β-cell survival and function. By 

engineering microenvironments mirroring the biophysical niche properties it is possible to elucidate 

the β-cell mechanotransductive-regulatory mechanisms and to harness them for the promotion of 

β-cell differentiation capacity. This hopefully will allow us to improve the efficacy of β-cell 

transplantation therapies and to identify a core set of signaling pathways useful for accelerating 

regenerative strategies for diabetes treatment.  
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Abstract -Italian 

Le cellule β-pancreatiche svolgono un ruolo fondamentale nell’omeostasi glucidica, essendo le 

uniche cellule del corpo in grado di produrre e secernere insulina. Alterazioni della loro funzionalità 

o del loro numero determinano lo sviluppo del diabete mellito, un gruppo di patologie ad eziologia 

eterogenea caratterizzate da iperglicemia. L’approccio più efficace per trattare i pazienti diabetici 

dovrebbe consistere nel ripristinare la funzionalità o la massa β-cellulare tramite terapie 

rigenerative o sostitutive. Tra le terapie sostitutive particolarmente promettenti vi sono quelle che 

utilizzano cellule staminali embrionali o pluripotenti. Tuttavia, i protocolli ad oggi disponibili per 

promuovere il loro differenziamento in vitro non sono del tutto efficaci nel generare cellule β 

completamente mature. Le cellule β, infatti, per essere funzionali ed efficienti necessitano di uno 

specifico microambiente che fornisca molteplici stimoli chimici e fisici. Particolarmente studiati 

sono gli stimoli chimici, mentre poco conosciuti sono gli effetti delle proprietà fisiche della matrice 

extracellulare. Lo scopo del nostro studio è stato, quindi, quello di valutare l’impatto della 

nanotopografia sul differenziamento e la funzionalità β-cellulare e caratterizzarne i meccanismi 

molecolari coinvolti. Per riprodurre le proprietà nanotopografiche della matrice extracellulare sono 

stati utilizzati substrati di zirconio ingegnerizzati su scala nanometrica. Nel nostro lavoro abbiamo 

dimostrato che le cellule β percepiscono la nanotopografia della matrice e rispondono attraverso 

una riorganizzazione del citoscheletro di actina e dell’architettura nucleare. Tale processo, noto 

come meccanotrasduzione, permette il mantenimento delle isole di Langerhans per lungo tempo 

in cultura, preservando il differenziamento e la funzionalità delle cellule β. I nostri dati, inoltre, 

dimostrano che la nanostruttura induce una modifica della dinamicità, morfologia e funzionalità 

mitocondriale favorendo un cambiamento del metabolismo β-cellulare. Anche il processo 

mitomorfico sembra essere direttamente promosso dalla riorganizzazione del citoscheletro e dalla 

modifica delle interazioni dei mitocondri con altri organelli citoplasmatici. Nell’insieme, i nostri dati 

dimostrano che le cellule β percepiscono e rispondono alla nanotopografia attivando un processo 

meccanotransduttivo che promuove la sopravvivenza e la funzionalità β-cellulare. L’utilizzo di 

substrati ingegnerizzati che riproducono le proprietà biofisiche del microambiente rappresenta un 

ottimo strumento per approfondire le conoscenze sui meccanismi molecolari alla base della 

meccanotransduzione. Queste conoscenze saranno utili per potenziare le terapie rigenerative e per 

promuovere il differenziamento di cellule staminali in vitro, migliorando così anche l’efficacia delle 

terapie sostitutive.  
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Pancreatic β-cells reside within the islets of Langerhans, small cell clusters (50-200 µm diameter) 

representing only 1-2% of the whole pancreas (Aamodt and Powers, 2017). In response to changes 

in nutrient concentrations in the blood stream, in particular glucose and amino acids, islets of 

Langerhans release hormones controlling whole body glucose homeostasis. Islets can be 

considered endocrine organs in miniature, since they contain five endocrine cells responsible for 

hormone synthesis and secretion: α‐cells for glucagon, β‐cells for insulin, δ‐cells for somatostatin, 

ε‐cells for ghrelin, and F‐cells for the pancreatic polypeptide production. 

In the last years, a number of studies have focused on differentiation and survival of islet cells, and 

on the regulation of hormone release, since it appears that the complex mechanisms underlying 

such a regulation are strictly related to many metabolic disorders, including diabetes mellitus, a 

group of pathologies characterized by severe hyperglycemia. The worldwide accepted classification 

of diabetes mellitus was published in 2003 by the American Diabetes Association which clustered 

the diabetic cases into 4 groups according to their etiopathogenesis: type 1 and type 2 diabetes 

mellitus, the maturity onset diabetes of the young (MODY), and the gestational diabetes (American 

Diabetes Association, 2014). MODY is a genetic disease characterized by a punctiform mutation in 

genes controlling the β-cell function and differentiation. Gestational diabetes affects about 4% of 

pregnant women. It is caused by the placental high production of prolactin and estradiol that 

antagonize the insulin effects on peripheral tissues (Solis-Herrera et al., 2018). Type 1 and type 2 

diabetes represent approximately the 99% of diabetic cases. Type 1 diabetes (T1D), which accounts 

for 9-10% of diabetic patients, is characterized by an immune mediated-destruction of pancreatic 

β-cells resulting in insulin deficiency; the standard therapy for T1D patients is the administration of 

exogenous insulin (DiMeglio et al., 2018). Type 2 diabetes (T2D) represents the 90% of diabetic 

cases and its incidence is exponentially growing, so much that 700 million people will be affected 

by T2D in 2045 (Cho et al., 2018). During the development of T2D, insulin is not able to compensate 

the increased blood glucose concentration due to peripheric insulin resistance and β-cells 

dysfunction. Nowadays, it is not completely clear whether the insulin resistance causes the β-cell 

dysfunction by increasing the metabolic demand or insulin resistance and β-cell dysfunction occur 

simultaneously. At late stages, decreased β-cell mass due to β-cell apoptosis or de-differentiation 

is observed in T2D diabetic patients (Butler et al., 2003; Folli et al., 2018; Talchai et al., 2012). 

Current therapies aim to increase insulin secretion and improve insulin sensitivity; however, when 

these treatments fail, the last resource is the insulin injection therapy just as in T1D patients. 

Although type 1 and type 2 diabetes etiopathogenesis is different, the destruction of pancreatic β-

cell mass represents the final common outcome. Therefore, despite current therapies are effective 

in controlling the blood glucose levels, the regeneration of β-cell mass is necessary to have 

remission and only regenerative or replacing therapies can resolve the problem (Peloso et al., 

2018).  

 

1.1 Strategies for β-cell replacement 
The whole pancreas transplantation represents the first attempt to replace the β-cell mass and it 

has been carried out since 1966. Originally, this procedure was performed only in selected patients 

with end-stage renal failure together with a kidney transplant (Lombardo et al., 2017). However, 

the improvement of the surgery and of the immunosuppressive pharmacological treatments 

resulted in a successful whole pancreas transplantation alone with a graft survival rate of 76% and 

62% at one and three years (Vaithilingam and Tuch, 2011). As a result, over the decades, the 



 6 

number of transplantations has greatly increased and the International Pancreas Transplantation 

Registry (IPRT) reports 23043 transplantation till 2011 (Cohen et al., 2006). Despite its clinical 

successful, since whole pancreas transplantation is a major surgical intervention that requires life-

long immunosuppressive therapy, alternative strategies such as the transplantation of pancreatic 

islets alone have been proposed (Peloso et al., 2018).  

 

1.1.1 Allogeneic pancreatic islets transplantation 
The first islet transplantation was performed in 1972 in chemically induced diabetic rats (Ballinger 

and Lacy, 1972) and only five years later, Sutherland’s group proposed the first islets infusion in 

humans (Najarian et al., 1977). Islet transplantation has dramatically improved only in 2000 with 

the publication of the Edmonton protocol, achieving a 100% insulin independence in seven T1D 

patients treated with immunosuppressive drugs (Shapiro et al., 2000). Modification and 

improvement of the Edmonton protocol currently result in 5-years insulin independence in the 50–

70% of patients undergoing islet transplantation (Gamble et al., 2018; Pepper et al., 2018; Shapiro 

et al., 2017). The islet transplantation presents many advantages compared to the whole pancreas 

transplant. It is a non-invasive surgical procedure mainly performed through a transhepatic portal 

infusion that reduces the morbidity and the use of immunosuppressive drugs. However, the islets 

transplantation has important drawbacks starting with the low survival of the islets graft due to the 

hypoxia-induced β-cell death and the immune attack from the host immune surveillance (Desai and 

Shea, 2017; Pellegrini et al., 2016). The most promising attempt to solve these problems consists in 

encapsulating the isolated islets with semipermeable bioinert membranes that prevent the 

penetration of immune cells, while allowing the flux of nutrient, oxygen, glucose and other 

metabolites (Salvatori et al., 2014). Several biomaterials carriers have been investigated including 

natural biomaterials such as protein or polysaccharide-based scaffolds, and synthetic biomaterials 

as poly-glycolic acid (PGA), poly-L-Lactic acid (PLLA), poly-Lactic-co-Glycolic Acid (PLGA) and poly-

ethylene glycol (PEG) (Wheeldon et al., 2011). The encapsulation technology only partially solves 

the autoimmune response, since the islets remain vulnerable to the attack of chemokines and 

cytokines which have a molecular weight comparable to insulin (Vaithilingam and Tuch, 2011). 

Encapsulation is also challenging because the highly metabolic β-cells require high oxygen 

availability. To ensure an appropriate oxygen availability islets must be immobilized in the device 

at relatively low surface density (as low as about 1,000 islet equivalents for 1 cm2) (Papas et al., 

2016). Oxygen-generating devices have also been developed by including calcium peroxide within 

the encapsulating biomaterials, which ensure the release of oxygen for more than 40 days (Desai 

and Shea, 2017; Pedraza et al., 2012). Table 1.1 shows the islets encapsulation devices that are 

currently in clinical trials; they present a good safety profile but further studies are required to 

assess their functional outcomes. 
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Device Properties 
Trial 

phase 
References 

βAir 

Disc-shaped device formed by 2 
chambers: an alginate slab 

containing the islets and a gas 
releasing chamber 

I/II (ClinicalTrials.gov, 2016) 

Theracyte™ 

Double membrane device that 
promotes subcutaneous 

vascularization. Islets seeding after 
vessel ingrowth into the pouch 

I/II (Kumagai-Braesch et al., 2013) 

Sernova Cell Pouch 

Promote the vascularization 
through a series of rods. Islets 

seeding, upon vessel ingrowth, in 
the spaces obtained by rods 

removal 

I/II (ClinicalTrials.gov, 2016b) 

Alginate scaffolds 
Isolated islets dispersed within 
mono or multilayers alginate 

scaffolds 
I/II 

(ClinicalTrials.gov, 2016c, 
2013) 

 

Table 1.1. Islets encapsulation devices currently in clinical trials.  

Encapsulation technologies have dramatically improved the success of islet transplantation, but the 

shortage of human islets, due to the limited availability of cadaveric tissue, remains the main 

challenge to be solved. Indeed, for a successful transplantation the minimum requirement is 5000 

islets equivalent (IEQ) per kg body weight resulting in at least 2-4 whole cadaveric pancreata for 

one patient (Salvatori et al., 2014; Shapiro et al., 2006). For this reason, increasing efforts have been 

focused on the isolation and the expansion of β-cells from xenogeneic sources.  

 

1.1.2 Xenogeneic pancreatic islets transplantation 
Porcine islets represent the best candidates for xenogeneic islets transplantation since pig insulin 

is similar to the human one and porcine β-cells regulate blood glucose levels in the same 

physiological range as human’ (Klymiuk et al., 2010). The first clinical attempt was performed in 

1994 (Groth et al., 1994). Interestingly, a device containing porcine islets, called Diabecell, has 

reached the phase II clinical trials; it consists of an alginate scaffold that is delivered in the 

peritoneal cavity by laparoscopic surgery (ClinicalTrials.gov, 2014). Although porcine islets can solve 

the shortage of islets for transplantation, the risk of hyperacute immunologic reaction and of 

zoonosis dramatically limits the xenogeneic islet transplantation (Pellegrini et al., 2016). Therefore, 

in the last few years, a great attention has been focused on β-cell expansion and differentiation 

from alternative sources. 

 

1.1.3 β-cell generation from reprogramming of islet resident cells 
Reprogramming of pancreatic cells, other than β-cells, into functional β-cells represents a promising 

strategy for β-cell generation (Guney et al., 2020). Pancreatic cells derive from a common 

multipotent progenitor and maintain significant plasticity during adulthood (Osipovich and 

Magnuson, 2018). Increasing efforts have been focused on reprogramming non-β cells into mature, 

functional β-cells. Acinar/ductal conversion into β-cells can be achieved by forcing their de-

differentiation into a progenitor-like state and inducing, by viral transfection, the expression of 

Pdx1 (pancreatic and duodenal homeobox 1), Ngn3 (neurogenin 3) and MafA, three transcription 

factors that promote β-cell commitment (Cavelti‐Weder et al., 2017; Jawahar et al., 2019). 
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However, alteration of acinar-ductal cells ratio can induce inflammation and acinar-to-ductal 

metaplasia leading to pancreas dysfunction (Clayton et al., 2016). α-cells represent the most 

suitable candidates, as they are functionally more similar to β-cells and a decrease in their number 

apparently does not affect glucose metabolism (Thorel et al., 2010). The conversion of α-cells into 

β-cells has been achieved by forcing the expression of β-cell specific transcription factors as Pax4, 

Pdx1 and MafA (Collombat et al., 2009; Matsuoka et al., 2017; Xiao et al., 2018; Yang et al., 2017), 

or disrupting Dnmt1 and Arx, transcription factors crucial for maintaining the α-cell identity 

(Chakravarthy et al., 2017). Another approach consists in the regulation of GLP1 (glucagon-like 

peptide 1) expression, which modulates the PI3K/AKT/FOXO1 pathway, resulting in increased Pdx1 

and MafA mRNA expression, without affecting the proliferation of other pancreatic cell population 

(Zhang et al., 2019b). Long-term administration of gamma-amino butyric acid (GABA) also results 

in robust conversion of α cells to β cells in vitro and in vivo (Ben-Othman et al., 2017). 

Even tough successful β-cell generation has been achieved, additional evaluations that go beyond 

studies in mice will be required in order to test the safety of viral transfection and the effectiveness 

of the method in vivo (Osipovich and Magnuson, 2018).  

 

1.1.4 β-cell replacement with stem-cell derived β-cell 
Stem cells are able to proliferate and maintain their stemness indefinitely (process known as self-

renewal) and to differentiate into different cell types under appropriate stimuli (Brafman, 2013; 

Nava et al., 2012). For these reasons, stem cells may represent an unlimited source of β-cell for 

transplantation and a unique model for pharmacological and developmental studies. Over the past 

ten years, increasing efforts have been focused on generating β-like cells from human embryonic 

stem cells (hESCs) and human-induced pluripotent stem cells (hiPSCs) (Tremmel and Odorico, 

2018). Differentiation of stem cells toward β-cells is a long stepwise process that mimics in vitro the 

expression of selected transcription factors which normally regulate pancreas development in vivo.  

The first step is the conversion of pancreatic progenitor cells expressing Pdx1, into bipotent 

pancreatic cells characterized by the expression of Hnf6 (Murtaugh, 2006). The bipotent pancreatic 

progenitor generates either ductal cells if Hnf6 expression persists, or endocrine precursors if Ngn3 

expression raises (Johansson et al., 2007). The final differentiation into insulin-producing β-cell is 

achieved through the time-dependent expression of several transcription factors, as Pax6, Pax4, 

Nkx2.2 and Nkx6.1 (Murtaugh, 2006). The first differentiation protocol aimed at large-scale β-cells 

production intended for clinical use was published in 2014 by Melton’s group (Pagliuca et al., 2014). 

In the same year, Rezania et al., proposed another procedure for the differentiation of hiPSC toward 

an enriched β-cell population (Rezania et al., 2014). Despite the β-like cells obtained by these 

protocols had similar genetic profile and glucose stimulated insulin secretion (GSIS), they were still 

immature compared to primary human islets. Indeed, the proinsulin/insulin ratio was elevated and 

the dynamic GSIS was lower compared to primary islets. Furthermore, only approximately 50% of 

cells were insulin-positive (Pagliuca et al., 2014; Rezania et al., 2014). The differentiation rate was 

dramatically improved in 2019 by Hebrok’s group, which proposed a strategy based on the in vivo 

endocrine clustering process. Insulin GFP tagged cells were sorted by Fluorescence-activated Cell 

Sorting (FACS) to obtain an enrichment of β-like cells, clustered and cultured for 6-8 days. The 

obtained population resulted highly enriched in insulin and chromogranin positive cells (about 

99%), and performed a successfully dynamic GSIS. However, the second phase insulin release was 

very low and the insulin mRNA level was 10-fold lower than primary islets (Nair et al., 2019). Today, 
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only one device, the ViaCyte, carrying hESC-derived pancreatic progenitors has reached the phase 

II clinical trials. It consists of a semipermeable membrane (Encaptra) that allows the in-out flux of 

oxygen and nutrients, while blocking the immune cell attack (Figure 1.1) (Desai and Shea, 2017). 

Although we can reproduce in vitro the time-dependent expression of transcription factors 

regulating β-cell differentiation, a completely mature β-cell phenotype has not been obtained yet. 

In addition to the genetic control of β-cell differentiation, there are several other factors that must 

be taken into consideration for the successfully generation of mature β-cells. Firstly, in vivo β-cells 

communicate with other cell types within the islets such as endocrine cells, neurons and endothelial 

cells. Their cross-talk is crucial for ensuring the β-cell proliferation, differentiation, and function. In 

addition, β-cells are supported by the extracellular matrix (ECM) which regulates the islet 

architecture and provides a plethora of signals that can promote β-cell maturation. Therefore, in 

order to replicate in vitro the full functional islet, a complete characterization and comprehension 

of the environmental cues of the islet niche is imperative (Galli et al., 2020). 

1.2 The islet niche 
The term niche, proposed for the first time by Schofield in 1978, indicates the natural 

microenvironment where cells develop and reside (Schofield, 1978). The islet niche is a complex 

and dynamic environment, consisting of different cell types and the ECM, which provides a myriad 

of signals crucial for regulating β-cell development, differentiation and function (Figure 1.2).  

 

Figure 1.1. Schematic representation of the ViaCyte device. Adapted from Desai and Shea, 2017. 



 10 

 

Figure 1.2. The islet niche and the extracellular cues influencing β-cell development, differentiation and function. (Galli et 
al., 2020) 

1.2.1 Endocrine cells 
In human islets, β-cells are dispersed within the other endocrine cells: the glucagon producing α-

cells and the somatostatin-positive δ-cells. Minority populations of PP-cells, that produce the 

pancreatic polypeptide, and ghrelin cells, that secrete the ghrelin hormone, can also be detected 

(Stendahl et al., 2009). These cells not only secrete hormones crucial for regulating glucose 

homeostasis, but also produce paracrine signals that shape the β-cell fate. Among these signal 

molecules are neurotransmitters and neuropeptides. α-cells release glutamate and acetylcholine, 

which are known to regulate the β-cell survival. β-cells secrete γ-aminobutyric acid (GABA), 

serotonin, adenosine tri-phosphate (ATP), and dopamine that promote β-cell proliferation during 

pregnancy and adulthood (Di Cairano et al., 2016). The inter-endocrine cell interactions and the 

autocrine and paracrine effects produced by the secreted molecules, provide a myriad of signals 

regulating the islet physiology.  

 

1.2.2 Other resident cells 
Pancreatic β-cells are also strictly interconnected with the blood vessels which ensure the 

bidirectional exchange of signaling molecules and hormones (Bonner-Weir, 1988; Brunicardi et al., 

1996). The islet vasculature regulates the hormone secretion, in addition provides several paracrine 

factors modulating the β-cell proliferation and survival. Endothelial cells produce VEGF-A (Vascular 

Endothelial Growth Factor A) which promotes the embryonic development of the pancreas and 

regulates the β-cell mass in adulthood (Brissova et al., 2006; Lammert and Thorn, 2019). In addition 
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to the VEGF-A signaling, other growth factors are secreted by the islet vasculature and strongly 

affect cellular behavior: 

 the insulin-like growth factor (IGF-1) that regulates the glucose homeostasis by binding to the 

IGF-1 and insulin receptors (Assmann et al., 2009); 

 the platelet-derived growth factor (PDGF) that modulates the β-cell proliferation by activating 

the ERK pathway (Chen et al., 2011); 

 the connective tissue growth factor (CTGF) that is crucial for the endocrine cell commitment 

during pancreas development (Guney et al., 2011). 

Autonomic neurons and macrophages are also detected within the islet niche. Neuronal cells fine-

tune the hormone secretion and exert trophic function (Rodriguez-Diaz et al., 2012). Macrophages, 

whose phenotype is dictated by the signals provided by the environment, regulate the β-cell 

regeneration (Xiao et al., 2014).  

 

1.2.3 The extracellular matrix 
The extracellular matrix is a non-cellular macromolecular network that provides a plethora of 

signals crucial for cell adhesion, differentiation, survival and function (Shekaran and Garcia, 2011). 

Each tissue presents a unique and specific ECM composition which is generated during embryonic 

development and is constantly remodeled in adulthood (Frantz et al., 2010). Cells perceive and 

respond to the ECM shaping their activity and releasing macromolecules, which, in turn, affect the 

ECM composition (Galli et al., 2020). The pancreatic ECM is constituted by 3 different 

interconnected layers. The first one, known as stromal ECM, creates an incomplete capsule around 

the islets and it is closely associated with the underneath basement membrane (BM) (Stendahl et 

al., 2009; Townsend and Gannon, 2019). In human islets, the endocrine cells are surrounded by two 

different types of basement membrane: the vascular BM that is produced by the endothelial cells 

acts as a reservoir of growth factors and the peri-islet BM which invaginates into islets following 

the pervading microvasculature. The peri-islet BM is a thick, porous layer that provides a 3D 

scaffolds for cell attachment and regulates the exchange of signaling molecules within the islet 

(Aamodt and Powers, 2017; Stagner et al., 2004). In mammals, the ECM is composed of 300 proteins 

and glycoproteins that constitute the so-called core matrisome (Hynes and Naba, 2012). The islet 

ECM consists of a mixture of proteins, glycoproteins, proteoglycans and glycosaminoglycans (Table 

1.2) (Hughes et al., 2006); although the pancreatic ECM composition is largely known, the function 

of some ECM molecules in regulating islets physiology needs to be fully characterized.  
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ECM 
component 

Structure Function References 

Collagens 

Triple helical domain 
glycoproteins organized 

in fibrillar and non-
fibrillar structures 

Scaffolds for cell 
attachment; regulate 

pancreatic β-cell survival 
and proliferation 

(Aamodt and Powers, 2017; 
Kaido et al., 2004; Stendahl 
et al., 2009; Townsend and 

Gannon, 2019) 

Laminins 
Trimeric glycoproteins 

constituted by α, β and γ 
chains 

Maintain islet shape; 
regulate pancreas 

development; promote β-
cell identity and metabolism 

(Leite et al., 2007; Lin et al., 
2010; Llacua et al., 2018) 

Proteoglycans 

Heterogeneous family of 
molecules composed of 

a core protein covalently 
linked to one or more 
glycosaminoglycans 

Regulate the compressive 
resistance; control the post-

natal islet growth and 
maturation; promote β-cell 

differentiation 

(Beattie et al., 1996; Iozzo 
and Schaefer, 2015; 

Lammert and Thorn, 2019; 
Schaefer, 2014; Townsend 

and Gannon, 2019) 

Fibronectin 

Dimeric glycoprotein 
organized in fibrils that 

possess the RGD 
recognition motif 

Regulate cell attachment; 
improve β-cell survival, 

differentiation and function 

(Atchison et al., 2010; 
Hogrebe et al., 2017; Leite 

et al., 2007; Lin et al., 2010; 
Pankov and Yamada, 2002; 

Weber et al., 2007) 
 

Table 1.2. Components of islet extracellular matrix and their impact on cell development, survival and function.  

 

1.2.3.1 Collagens 
Collagens are the most abundant glycoproteins accounting for the 90% of the ECM components 

(Frantz et al., 2010; Phillip et al., 2015). They regulate the stiffness and the tensile strength of the 

ECM and act as scaffolds for cell attachment (Rozario and DeSimone, 2010). To date, 28 types of 

collagens have been detected in vertebrates, which are classified into fibrillar (type I, II, III and V) 

and non-fibrillar (type IV and VI) molecules according to their chemical structure and organization 

(Ricard-Blum, 2011). Collagens are constituted by three α-chains that associate to form a right-

handed triple helix thanks to the repeating Gly-X-Y motif (where X and Y can be any aminoacids) 

(Mouw et al., 2014). Collagen molecules are subjected to constant turnover and remodeling 

according to signals provided by the other cells within the niche. By the mRNA translation, the 

collagen producing cells, as fibroblasts, synthetize the pre-pro-collagen, which is imported into the 

rough endoplasmic reticulum (RER). Here, the proline and lysine residues of the α-chains are 

hydroxylated, favoring the triple-helix assembly that is further stabilized by disulfide bonds. The 

newly synthetized pro-collagen moves from the RER to the Golgi apparatus where it is further 

modified and packed into secretory vesicles. Once released in the extracellular space, proteolytic 

modifications lead to the formation of mature collagens which start to assembly into fibrils (20-100 

nm in diameter) and fibres (0.5-20 µm in diameter) (Figure 1.3).  

In human islets collagen I, II and III form long fibres, IV is organized in network and VI creates 

beaded. While all these molecules are distributed in the peripheral ECM, collagen IV and VI are 

most abundant in the BM where they regulate cell fate. Indeed, it has been demonstrated that 

collagen IV promotes cell survival and proliferation, and can reduce insulin production and 

secretion in β-cells (Kaido et al., 2004). 
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1.2.3.2 Laminins 

Laminins, a family of 15 to 20 heterotrimeric glycoproteins, consist of three polypeptide chains (α, 

β and γ) linked by disulfide bonds (Llacua et al., 2018; Salvatori et al., 2014). Laminins can assume 

cross-shaped, Y-shaped or rod-shaped structures depending on the polypeptide chain 

isoforms/stoichiometry involved (Mouw et al., 2014) (Figure 1.4). The most abundant types of 

laminin (LM) detected in human islets are: LM-511 and 521 that are mainly expressed in the peri-

islet BM, LM-411 and 421 that are present in the vascular BM and LM-322 that is closely associated 

to the α-cells. LM-111, which is completely replaced by the 511 isoform, is only expressed during 

pancreas development when promotes the β-cell differentiation and survival (Jiang et al., 1999, 

2002; Virtanen et al., 2008). Aside from their structural activity, laminins modulate the expression 

of transcription factors (PDX1) and hormones (glucagon, somatostatin and insulin) which are crucial 

for the endocrine-cell commitment (Leite et al., 2007). In addition, these glycoproteins activate the 

AKT and ERK signaling pathways which are important players in the control of β-cell metabolism 

and insulin secretion (Lin et al., 2010).  

 

Figure 1.4. Laminins structure. A) Schematic representation of α, β and γ chains. B) Three-dimensional spatial organization 
of the polypeptide chains. Adapted from Mouw et al., 2014. 

Figure 1.3. Schematic representation of collagen synthesis. 1,2) Pre-pro-collagen is imported in the RER where it is 
chemically modified forming the typical triple-helical conformation. 3) Pro-collagen is transferred into the Golgi apparatus 
where it is stored in the secretory granules. 4) Proteolytic cleavages in the extracellular space generate the mature collagen. 
Adapted from Mouw et al., 2014. 
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1.2.3.3 Proteoglycans 

Proteoglycans represent a heterogeneous family of molecules with a protein core covalently linked 

to glycosaminoglycan (GAG) chains, linear, negatively charged, sugar complexes composed of 

hexosamine disaccharides units. An exception is the hyaluronan, the only proteoglycan that lacks 

the protein core (Iozzo and Schaefer, 2015; Schaefer, 2014). Heparan sulfate, hyaluronan, aggrecan 

and perlecan are the most abundant proteoglycans in human islets; they are preferentially 

distributed in the peri-islet capsule, except for the heparan sulfate (HS) that is concentrated in the 

inter-cellular spaces within the islet (Llacua et al., 2018; Mouw et al., 2014). According to their 

structure, these molecules sequester water and cations, regulating the ECM hydration which, in 

turn, affects the compressive resistance of tissues. In addition to their structural activity, by binding 

growth factors and signaling molecules, proteoglycans regulate their availability at the site of action 

(Frantz et al., 2010; Humphrey et al., 2014). For example, HS sequesters VEGF-A, indirectly affecting 

β-cell development, mass and function (Aamodt and Powers, 2017).  

 
1.2.3.4 Fibronectin and vitronectin 

These molecules belong to the large family of matrix glycoproteins (Hogrebe et al., 2017); while 

fibronectin is always expressed, vitronectin is only detectable during the pancreas development 

(Aamodt and Powers, 2017). Fibronectins are produced within the cells as dimers which assemble 

into fibrillar structures around the cells. Under stimuli, fibronectins expose the RGD (tripeptide 

arginine-glycine, aspartic acid) motif, a flexible loop that is recognized by integrin and non-integrin 

receptors (Pankov and Yamada, 2002). This binding not only facilitates the cell attachment, but also 

regulates islets survival by upregulating the activity of Bcl2 (B-Cell Lymphoma 2) (Atchison et al., 

2010; Weber et al., 2007). In addition, it has been demonstrated that fibronectin stimulates the 

GSIS and promotes β-cell differentiation by modulating the expression of pro-differentiation genes 

(as Pdx1 and Pax6) (Leite et al., 2007; Lin et al., 2010).   

 

1.2.4 Mechanical cues within the islets 
As discussed above, biochemical cues arising from the islet niche regulate several aspects of islet 

physiology. Actually, β-cells are also subjected to biophysical signals such as those provided by the 

ECM stiffness and topography generated by the 3D assembly and turnover of matrix 

macromolecules, and the shear stress created by the blood flowing in the vessels. Despite being 

well known since the antiquity that mechanical forces enable us to breathe or move, their role in 

shaping the cell behavior and fate was recognized only in the 1970s (Humphrey et al., 2014; Li et 

al., 2017). In this chapter I will describe the mechanical cues within the islet niche but, as their 

effects on β-cells are yet to be fully characterized, I will mainly report their impact on other organs.  

 

1.2.4.1 Shear stress 
The shear stress is the friction force, reaching a magnitude of 2-4 kPa, generated and exerted by 

the blood flow on the cell surfaces. Endothelial cells are obviously the most influenced by this 

mechanical strain which modulates the expression of genes regulating the vascular homeostasis; 

furthermore, an abnormal shear stress can induce endothelial cells to become atherogenic 

(Brafman, 2013; Dunn and Olmedo, 2016; Wittkowske et al., 2016). Although the magnitude of the 

friction force is reduced outside the vascular system, shear stress can also influence cell behavior 

in non-vascular tissues, such as the MDCK cell line derived from kidney epithelial cells, in which the 
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deflection of the primary cilium causes influx of calcium (Praetorius and Spring, 2003). Human islets 

are pervaded by the microvasculature, suggesting a potential role of shear stress in their 

development and function. Lodh and colleagues demonstrated that blood flow, perceived by cilia, 

modulates the β-cell polarization during pancreas development (Lodh et al., 2014). In addition, 

shear stress indirectly regulates the insulin secretion. The opening of TRPP2 (Transient Receptor 

Potential non selective cation) channel, caused by the flow-induced deflection of the primary 

cilium, contributes to the intracellular calcium fluctuation necessary for the insulin granules fusion 

(DiIorio et al., 2014). 

 

1.2.4.2 Stiffness 
The stiffness is the force necessary to deform or deflect a “body” and it is measured in Pascal (Pa). 

It is empirically calculated by applying a force across a specific area and measuring the obtained 

deformation (Wozniak and Chen, 2009). In the field of mechanobiology, the tissue stiffness depends 

on the ECM composition and architecture; for instance, the deposition of calcium phosphate within 

the ECM renders the bone the stiffest tissue within the body (d’Angelo et al., 2019). Considering 

non-calcified organs, the stiffness correlates with the ECM hydration state regulated by the 

expression of proteoglycans, the collagen isoform, and the percentage of cross-linking; indeed, 

collagen networks are multi-fold softer than a single collagen fiber (van Helvert et al., 2018; Swift 

et al., 2013). Within the body, the stiffness ranges from 0.1-10 kPa in soft tissues (brain or pancreas) 

to 1-2 GPa in hard tissues (bones) (Brafman, 2013) (Figure 1.5).  

ECM stiffness regulates cellular behavior and function, affecting numerous developmental, 

physiological and pathological processes (Pelham and Wang, 1997). The stiffness changes during 

development, as the embryonic tissues are much softer than the adult counterparts (von Dassow 

and Davidson, 2007), and can be modified by pathological states; for example, an infarcted 

myocardium is 10-fold stiffer than a healthy one and the mammary stiffness increases from 1 to 4 

kPa in breast cancers (Herum et al., 2017; Yang et al., 2017) (Figure 1.5).  

 

 
 

Figure 1.5. Stiffness of tissues within the human body. The stiffness has been estimated to range from 0.1-10 kPa in soft 
tissues (brain or pancreas) to 1-2 GPa in hard tissues (bones). Fibrotic tissues become stiffer than those in healthy 
condition. Adapted from Yang et al., 2017 

Environmental stiffness has also been reported to dictate stem cell differentiation. For example, 

mesenchymal stem cell (MSCs) lineage specification can be guided by the tissue-specific rigidity as 
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the cells differentiate into neurons when cultured on soft matrices (0.1-1 kPa) mimicking the brain, 

while osteogenic cells are obtained when plated on stiffer substrates (25-40 kPa) (Engler et al., 

2006). The matrix stiffness can also influence cell commitment within the same tissue as soft 

substrates (0.5 kPa) favor the neuronal differentiation, whereas stiffer environments (1-10 kPa) 

promote glial specification (Saha et al., 2008). In addition, the deformation of the matrix occurring 

in soft substrates allows the force transmission to neighboring cells, strongly influencing the 

collective cell behavior (Ladoux and Mège, 2017).  

Pancreatic β-cells are surrounded by two types of BMs, whose stiffness, ranging from 0.1 to 17 kPa, 

classifies the pancreas as a soft tissue (Nyitray et al., 2014). Since standard culturing conditions have 

much higher stiffness, in the GPa range, than that observed in the islet niche, in vitro cultured, 

human isolated islets of Langerhans lose their inter-cellular organization, leading to an impairment 

of β-cell survival and function (Herum et al., 2017).  

 

1.2.4.3 Topography 
The topography defines the distribution of surface features and it is described by parameters as 

roughness, lateral spacing, height and periodicity (Nguyen et al., 2016). In vivo, cells are exposed to 

a variety of micro- and nano-topographical cues generated by the ECM organization and 

architecture (Donnelly et al., 2018; Kim et al., 2012) (Figure 1.6).  

 

 
Figure 1.6. Micro- and nano-environmental cues within the ECM. Micro-sized topography is dictated by the assembly of 
macromolecules, while the distribution of individual ECM proteins regulates the nano-topography. Average diameters of 
each ECM component are reported. (Hogrebe et al., 2017) 

ECM proteins self-assemble to form large-scale structures, as collagen fibers, ranging from ten to 

hundreds micrometers, that interact with cells influencing collective cellular behavior (Dalby et al., 

2014; Kim et al., 2012). The most characterized example is the contact guidance, the process by 

which cells perceive the micro-sized topographical stimulus and respond by aligning themselves 

toward its direction (Bettinger et al., 2009; Curtis and Varde, 1964). While the micro-scale features 

affect the collective cell behavior, the nanoscale network, created by the distribution of individual 

ECM molecules, generates multiple cues that regulates single-cell differentiation and function 

(Donnelly et al., 2018). Nano-topography can solely dictate stem cell specification as clearly shown 

by Oh and colleagues in 2009. By plating MSCs on nanotubular-shaped titanium surfaces of 

different size they were able to demonstrate that cell fate was nanotube-size dependent. On small 

nanotubes (30 nm in diameter), MSCs retain a round-shape which promotes their proliferation, 
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whereas larger nanotubes (100 nm in diameter) induce a 10-fold increase of elongated cells 

resulting in osteogenic differentiation (Oh et al., 2009). The results were also confirmed in neuronal 

progenitor cells of rat by other groups (Christopherson et al., 2009; Migliorini et al., 2011). 

Furthermore, anisotropic patterning (nanoscale structures without any directional properties) 

enhances neuronal differentiation, while isotropic ones favor glial specification; a possible 

explanation is that cells establish and maintain their polarity in anisotropic environments (Yang et 

al., 2017). Giving the similarities between neurons and pancreatic β-cells, it is reasonable to believe 

that nano-sized cues can also affect the islet homeostasis but, to best of my knowledge, nothing is 

known about their role in regulating β-cell functions.  

 

1.2.4.4 Geometry 
Geometry describes the three-dimensional organization of the extracellular environment, 

generated by the distribution of cells and ECM molecules within the niche. Each component, which 

has a specific topography and stiffness, interacts with the others, creating stiffness and topography 

gradients crucial for regulating cell migration, polarity, and behavior. The best characterized impact 

of these gradients on cell fate is known as durotaxis, the phenomenon by which cells preferentially 

migrate from soft to stiffer substrates (Hartman et al., 2016). Furthermore, a 3D environment can 

indirectly promote a collective response to extracellular stimuli by favoring cell-cell interactions and 

preventing cell scattering (Doyle and Yamada, 2016; Vining and Mooney, 2017). For these reasons, 

modulating the geometry of the environment can be a promising strategy for shaping the β-cell 

function, but its effects are yet to be fully characterized. 

 

1.3 Cellular machinery for sensing mechanical forces  
The major challenge in studying the impact of these mechanical forces in vivo is to isolate the 

mechanical stimulus from other autocrine and paracrine signals (Guilak et al., 2009). For these 

reasons, the majority of studies are carried out ex vivo or in vitro culture systems, using biomaterial 

scaffolds or decellularized ECM. Despite these issues, nowadays, it is well established that cells 

perceive, exert, decipher, and respond to mechanical stimuli. The mechanoresponsiveness of cell 

can be divided into 2 main events, referred as mechanosensing and mechanotransduction 

(Argentati et al., 2019).  

1.3.1 Mechanosensing 
Mechanosensing is the ability of the cells to sense and discern environmental mechanical cues 

through the activation of specific mechanosensors, a heterogeneous group of biomolecules that 

undergo conformational and organizational changes in response to an applied force (DuFort et al., 

2011; Galli et al., 2020; Martino et al., 2018). Several cellular structures have been reported to act 

as mechanosensors: cell-ECM, cell-cell adhesion complexes (Jansen et al., 2017; Ladoux and Mège, 

2017), primary cilia (diIorio et al., 2014), stretch-activated ion channels (Nourse and Pathak, 2017), 

G-protein coupled receptors (Dunn and Olmedo, 2016), glycocalyx and growth factors receptors 

(Ingber, 2006) (Figure 1.7). Although they are all expressed in β-cells, their role in mechanosensing 

is still largely unresolved. 
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Figure 1.7. Mechanosensing within the islet niche. a) Focal adhesion complexes sense the tissue strain and stiffness; b) 
cell-cell adhesions transmit the forces between adjacent cells; c, d) primary cilium and glycocalyx perceive the mechanical 
strain induced by the fluid shear stress; e) stretch-activated ion channels respond to plasma membrane deformation 
regulating the influx/efflux of ions. Adapted from Dunn and Olmedo, 2016. 

1.3.1.1 Cell-ECM adhesion complexes 
Cell-ECM adhesion complexes are multilayers dynamic structures that sense the stiffness, 

topography and geometry of ECM and respond to mechanical strains. They are not just a passive 

physical link between cells and microenvironment, but they also serve as signaling hubs generating 

chemical and physical events, that lead to changes in the cellular program (Galli et al., 2020; 

Janoštiak et al., 2014a). Their composition differs according to the forces exerted by both the ECM 

molecules and the actin cytoskeleton and lead to the maturation of nascent adhesions (small 

transient dot-like complexes of 0.5-1 µm in diameters) into multilayered elongated structures (3-

10 µm in diameter, 40-60 nm in length) known as focal adhesions (FAs) (Yang et al., 2017). 

Bioinformatic analyses revealed that mature FAs account for 180 different kinds of molecules that 

interacts to each other, creating a network of 742 interactions (Geiger et al., 2001).  

FAs can be divided in at least 3 different compartments, based on their spatial and functional 

organization: an integrin signaling layer, a force transduction layer and an actin regulatory layer (Di 

Cio and Gautrot, 2016; Kanchanawong et al., 2010) (Figure 1.8). 
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Figure 1.8. Focal adhesions representation. A) Nanoscale organization of integrin-based cell adhesions. They consist of an 
integrin-signaling layer (yellow), a force transduction compartment (green) and an actin regulatory layer (light blue). B) 
Proteomic analysis of the proteome in mature focal adhesions. Red and blue arrows represent the activating and inhibitory 
interactions, respectively. The black edges show the intra-molecular interactions. Adapted from Kanchanawong et al., 
2010 and Geiger et al., 2001. 

Integrin signaling layer 

The integrin signaling layer, proximal to the plasma membrane, represents the core of the FAs, it is 

composed mainly of integrins and the adapter proteins FAK- Src complex and paxillin.  

Integrins are heterodimeric transmembrane proteins consisting of α- and β-subunits. Each subunit 

contains a large extracellular head (700-1100 residues), a transmembrane domain and a short 

cytoplasmatic tail (30-50 residues). Mammals genome codifies for 24 α- and 9 β-subunits, whose 
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combination results in 24 integrin isoforms, ensuring the binding compatibility with a large variety 

of ECM components (Martino et al., 2018; Shekaran and Garcia, 2011). Indeed, most of integrins 

recognize the RGD motif on fibronectin, but specific subtypes can also bind collagens, laminins, and 

other ECM molecules (Humphries et al., 2006). The composition of the extracellular environment 

not only dictate the integrin subtypes, but also their localization at the plasma membrane, as 

integrins tend to diffuse along the lipid bilayer and cluster at specific areas of high ligand density 

(Wheeldon et al., 2011). Integrins are able also to respond directly to the physical stimuli of the 

extracellular environment by changing their conformation, which, in turn, leads to the clustering of 

integrins into aggregates, resulting in the reinforcement of the focal adhesions (Di Cio and Gautrot, 

2016; Janoštiak et al., 2014a). It has also been suggested that ECM stiffness can affect the integrin 

isoforms located at the plasma membrane; indeed, while β1 subunit reside stationary within the 

FAs, increased stiffness recruits the β3 subunits, inducing a reinforcement of tractional forces 

(Milloud et al., 2017).  

Human islets of Langerhans present different integrin isoforms, but the exact distribution and 

composition are still controversial. Mature endocrine cells present α3, α5, αv, β1, β3 and β5 integrin 

subunits, whereas α6 is expressed only by intraislet vasculature endothelial cells. β1 integrin is the 

most highly expressed in fetal pancreatic tissues, according to its pivotal role in regulating β-cell 

mass and proliferation (Diaferia et al., 2013; Llacua et al., 2018; Stendahl et al., 2009). Developing 

pancreas expresses mainly αvβ5, αvβ3, β1 integrins, interestingly αvβ5 and αvβ3 are 

downregulated upon maturation, raising the possibility that β1 integrin is not the main actor in 

pancreas development (Cirulli et al., 2000). Regardless the specific time-dependent expression and 

composition, it is well established that human pancreas presents several types of integrin receptors, 

crucial for regulating islet homeostasis. 

 

FAK (focal adhesion kinase) is one of the first molecules engaged into the FAs by integrin activation. 

Its C-terminal contains the FAT (focal adhesion targeting) domain that acts as a scaffold for the 

recruitment of other proteins, its N-terminal domain interacts with the integrin β-subunits. 

Conformational changes of integrin receptors induce the autophosphorylation of FAK on tyrosine 

397 in the N-terminal domain, which exposes a docking site for Src. Thus, Src binds to FAK inducing 

its full activation through the phosphorylation at Tyr 576 and 577 (Janoštiak et al., 2014a; Martino 

et al., 2018). The formed Src-FAK complex recruits p130Cas and paxillin. The Src-FAK-mediated 

phosphorylation of p130Cas (Crk associated substrate), a 130 kDa scaffolding protein, results in the 

exposure of 2 binding sites for FAK and 1 for vinculin, generating a cross-link between the integrin 

signaling and the force transduction layer (Janoštiak et al., 2014b; Polte and Hanks, 1995).  

 

Paxillin, a 70 kDa protein, is phosphorylated by the FAK-Src complex at Tyr 31 and 118, which leads 

to the exposure of the binding sites for vinculin and p130Cas. Paxillin acts as a scaffolding protein 

by binding vinculin, but also activates indirectly the MAPK signaling cascade through the activation 

of p130Cas (Martino et al., 2018).  

 
Force transduction layer 

The force transduction layer is composed by talin and vinculin and plays a pivotal role in the force-

mediating stabilization of focal adhesions (Janoštiak et al., 2014a). 
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Talin is a high molecular weight protein (270 kDa), formed by 3 different structural and functional 

domains. The C-terminal helices bind F-actin and regulate the protein dimerization (Golji and 

Mofrad, 2014). The N-terminal globular head contains the FERM (Four.one/Ezrin/Radixin/Moesin) 

domain, a docking site for β-integrins and F-actin, which also recruits the accessory 4.1, ezrin, 

radixin, and moesin proteins (Ciobanasu et al., 2018). Talin plays a crucial role in the integrin 

activation, triggering integrin conformational changes from a low to high binding affinity for ECM 

ligands. However, it was recently reported that talin alone is insufficient for the complete integrin 

activation; indeed, other proteins containing the FERM domain, as kindlin 2 and 3, are required for 

the maximal activation of integrins (Geiger et al., 2009). The mechanosensory ability of talin resides 

in the flexible rod domain, which contains two binding sites for actin and five for vinculin (VBS). In 

resting conditions, talin maintains its autoinhibited conformation, masking the vinculin binding 

sites. As mechanical forces increase, talin is stretched by the integrin conformational changes, 

revealing the VBS: the stronger the force, the higher the number of available VBS. This process is 

known as talin-vinculin mechanosensitivity (Gingras et al., 2005, 2009; del Rio et al., 2009).  

Vinculin is the most abundant protein in FAs and represents an important link between cell-ECM 

and cell-cell adhesion complexes, allowing the flux of information to neighboring cells. As forehead 

mentioned, talin mechanical-activation is required for vinculin recruitment to FAs (Janoštiak et al., 

2014a). In absence of force, vinculin exists in an autoinhibited state, characterized by the 

interaction between its tail and head domains. As forces raise, vinculin undergoes a conformational 

switch exposing its head domain to the talin VBS and its tail to α-actinin. Vinculin also interacts with 

p130Cas which promotes the vinculin active conformation, resulting in a reinforcement and 

enlargement of FAs (Janoštiak et al., 2014b; Martino et al., 2018) .  

Actin regulatory layer 

The actin regulatory layer consists of α-actinin, zyxin, filamins, and other proteins that interact 

directly with the actin cytoskeleton.  

α-actinin, a protein of the spectrin superfamily, is an anti-parallel rod-shaped dimer with multiple 

docking sites (Argentati et al., 2019). Its N-terminal domain binds actin, while central and tail 

domains interact with zyxin and vinculin through multiple weak bonds, linking the FAs to actin. The 

force transmission within the FAs induces the elongation of α-actinin up to 5.5 nm, resulting in the 

relocation of zyxin from FAs to actin fibers (Yoshigi et al., 2005). 

Zyxin is a multidomain protein that exerts its mechanosensing activity by binding different partners 

according to the mechanical load (Geiger et al., 2009). Under resting condition, zyxin is not engaged 

in the cell-cell adhesion sites, whereas, as force increased, it interacts with α-actinin and p130Cas. 

When FAs are mature, zyxin moves toward the actin cytoskeleton, where interacts with the 

Ena/VASP complex, promoting actin polymerization (Janoštiak et al., 2014b, 2014a; Martino et al., 

2018).  

Filamin family consists of 3 different isoforms, filamin A, B and C, which form large homodimers 

through the interaction of their C-terminal domains. Filamin acts as a scaffold for 90 partners of the 

so-called adhesome (Argentati et al., 2019). Under tension, filamins unfold exposing their binding 

sites for F-actin and integrin, acting as a cross-linker between FAs and actin cytoskeleton (Di Cio and 

Gautrot, 2016). 
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Although the ECM-cell interaction via FAs is the most widely characterized, other non-integrin 

receptors/complexes have been recognized in islets of Langerhans that can mediate 

mechanotransduction; for example, the laminin receptor-1, the dystroglycan complex, and the 

Lutheran blood group glycoprotein which bind ECM laminins (Otonkoski et al., 2008; Virtanen et 

al., 2008) and the tyrosine kinase discoidin domain that binds collagen IV regulating the ECM 

deposition (Chin et al., 2001).   

1.3.1.2 Cell-cell adhesion complexes 
Cell-cell adhesions are multi-protein assemblies that respond to tension and compressive forces 

exerted by neighboring cells and reinforce the integrin-mediated signaling. This inter-cellular 

mechanical coupling, that allows the force transmission between adjacent cells, is essential for 

maintaining tissue cohesiveness, ensuring a rapid flow of information among cells, which, in turn, 

modulates collective cell behavior (Gumbiner, 1990; Ladoux and Mège, 2017; Leckband and de 

Rooij, 2014). Cell-cell interactions are regulated by different adhesion complexes, as gap junctions 

and hemidesmosomes, but only adherens junctions have been recognized as mechanosensors in β-

cells. Adherens junctions are extremely dynamic structures that undergo conformational changes 

in response to mechanical stress. They are populated mainly by cadherins and nectins, 

transmembrane proteins that interact via their ectodomains and bind actomyosin with the 

intracellular tails. Adaptor proteins are also necessary for functional adherens junctions: α- and β-

catenin mediate the association between cadherins and F-actin, while afadin is the actin-linking 

protein for nectins (Figure 1.9). Increased mechanical stress induces a cis/trans shifting of cadherins 

ectodomains, favoring their oligomerization and clustering, thereby strengthening cell-cell 

interaction (Hong et al., 2013; Wu et al., 2015). α-catenin unfolds under forces, exposing the 

vinculin binding site (VBS), thus, inducing the vinculin recruitment within the adherens junction. 

The formed complex activates vinculin, favoring its association with F-Actin and the force 

transmission (Ladoux and Mège, 2017). Although nectins are essential components of adherens 

junction and dimerize in cis and trans, their role as mechanosensors is still unknown.  

 

 

Figure 1.9. Adherens junctions organization. Cadherins and nectins bind α-/β-catenin and afadin, respectively, allowing 
the force transmission between neighboring cells. Adapted from Ladoux and Mège, 2017.  

1.3.1.3 Primary cilium 
Primary cilia are microtubule-containing extensions (10 nm long and 1 nm in diameter) usually 

localized at the cellular surface facing the blood flow and implicated in sensing mechanical forces, 

especially the shear stress (Wittkowske et al., 2016). The mechanosensing ability of cilia is directly 

correlated to the blood flow, which induces their deflection resulting in the activation of 
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intracellular signals. The primary cilium was first discovered in mouse pancreatic beta cells in 1898, 

since then several studies confirmed the presence of this structure not only in human -cells, but 

also α-, δ-, and ductal cells, accounting for approximately 15% of total pancreatic cells (diIorio et 

al., 2014; Lodh et al., 2014; Munger, 1958). The first evidence suggesting a critical role of the cilium 

in pancreas development, was obtained in the pancreas-specific Kif3a (Kinesin Family Member 3A) 

knock-out mice. This mutation causes the loss of cilia in pancreatic cells, resulting in increased β-

cell apoptosis, fibrosis, acinar-to-ductal metaplasia and cyst formation (Cano et al., 2006). It can be 

speculated that pancreatic cells lacking the cilia, are not able to sense the blood flow, resulting in 

increased pressure, which, in turn, activates other signaling pathways that induce fibroblast 

proliferation, ultimately leading to cystogenesis (Lodh et al., 2014). Furthermore, disruption of 

ciliary integrity by the suppression of Ofd1 (Oral-facial-digital syndrome 1) and BbS4 (Bardet–Biedl 

syndrome 4) genes expression, results in a reduction of the first phase glucose-stimulated insulin 

secretion both in murine islets and β-cell lines (Gerdes et al., 2014). Interestingly, a three-fold 

reduction of ciliated β-cells was found in diabetic rats, suggesting a potential role of cilium defects 

in the development and progression of T2D (Gerdes et al., 2014). Insulin secretion seems to be also 

affected by the position of the primary cilium, indeed Lkb1 (Liver Kinase B1) deficiency causes a 

relocation of cilia from the lateral membrane, closely associated with capillaries, to the opposite 

site, leading to a 65% increase in β-cell volume and a reduction of the insulin secretion (Granot et 

al., 2009). 

 

1.3.1.4 Mechanosensitive ion channels 
Stretch-activated ion channels are non-selective cation channels permeable to Ca2+, Na+ and K+. 

They were first characterized in sensory cells where they regulate taste, vision, hearing and 

nociception (Dunn and Olmedo, 2016; Gu and Gu, 2014). Since they are usually expressed at low 

levels in cells and are often associated to other transmembrane complexes able to perceive 

mechanical forces (as GPCRs or integrins), their mechanosensing activity is still debated (Chalfie, 

2009; Ranade et al., 2015). Three models have been proposed for the mechanical-induced gating 

of these channels: 

1. membrane force model based on studies conducted on the MscL and MscS mechanosensitive 

ion channels in bacteria. According to this model, the tensional forces exerted by the 

membrane lipid bilayer are sufficient to induce conformational changes of the transmembrane 

domain, thereby opening the channel. 

2. Dual-tethered model based on the observation that stretch-activated ion channels are 

associated to other specialized structures in sensory cells; it predicts that the channel gating is 

mediated by the tethering of the accessory structures to the channels. 

3. Single-tethered model, proposed by Kung, suggests that both tensional forces exerted by the 

plasma membrane and the tethering of accessory structures modulate the channel opening; to 

date, it is the most accepted model (Chalfie, 2009; Kung, 2005; Ranade et al., 2015). 

Mechanosensing stretch-activated ion channels are divided into 4 classes according to their 

structure: DEG/ENaC, Piezo, K+, and TRP channels.  
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DEG/ENaC channels 

These channels consist of two transmembrane domains coupled to a large extracellular loop. 

Although they are involved in tactile mechanotransduction in C. Elegans, their role as 

mechanosensors in mammals remains uncertain (Orr et al., 2006).  

 
Piezo channels 

Piezos are large protein complexes, constituted by 2100-4700 amino acids, that contain numerous 

transmembrane domains (from 24 to 39) (Gu and Gu, 2014). The Piezo family includes two types of 

mechanosensors, the Piezo 1 and 2 channels. Piezo 1 was firstly identified in N2A cells, but it is also 

highly expressed in cells exposed to the fluid pressure, as endothelial and red blood cells. Piezo 2 is 

predominantly found in sensory cells, as DRG (dorsal root ganglia) neurons and Merkel cells, 

suggesting its role in regulating the touch sensation. These channels perceive changes in membrane 

curvature and respond by allowing the influx/efflux of cations (Nourse and Pathak, 2017; Volkers 

et al., 2015; Wu et al., 2017). Piezo 1 is crucial for the vasculature development and its deficiency 

leads to developmental lethality in mice, because endothelial cells are no longer able to perceive 

the hemodynamic shear stress (Li et al., 2014a; Ranade et al., 2014). Furthermore, gain-of-function 

mutations that slow the activation rate of Piezo 1 are associated with an increased fragility and 

dehydration of red blood cells: the massive influx of cations, reduces the activation of K+ channels 

leading to an osmotic-mediated dehydration of red blood cells (Cahalan et al., 2015; Wu et al., 

2017).  

 

K+ channels 

Four types of K+ channels have been identified according to their structure, but only the K+ two pore 

domains channels, known as K2P, act as mechanosensors in mammals. Among these, TREK-1 (TWIK-

1 related K+ channel), TREK-2 (TWIK-2 related K+ channel) and TRAAK (TWIK-related arachidonic 

acid stimulated K+ channel) channels are reported to be activated by shear stress, cell swelling, and 

pressure. TREK-1 and TRAAK are preferentially expressed in sensory tissues, whereas TREK-2 is 

highly expressed in pancreas and kidney (Chalfie, 2009; Ranade et al., 2015).  

 
TRP channels 

Based on the sequence homology, TRP channels are divided into 8 subfamilies, TRPA, TRPC, TRPM, 

TRPML, TRPN, TRPP, TRPV, and TRPY, accounting for 28 members (MacDonald, 2011). They 

perceive several stimuli including temperature, chemical factors, intracellular messengers and 

mechanical stress. TRPs can be directly activated by changes in cytoskeletal tension, as revealed for 

TRPC1 and TRPC3, which are reported to be crucial in neuronal and adipose tissue development, 

respectively (Clark et al., 2008; Poteser et al., 2008; Tai et al., 2009). TRP channels have been also 

implicated in coordinating the shear stress-induced mechanotransduction in kidney endothelial 

cells (Ranade et al., 2015).  

Human pancreatic β-cells present different types of membrane TRPs channels which are crucial to 

regulate the Ca2+ responsiveness and the glucose-stimulated insulin secretion. Furthermore, it has 

been reported that TRPC3 and TRPC6 support the Pdx1-induce β-cell proliferation (Hayes et al., 

2013). Besides the membrane TRPs, pancreatic β-cells express the TRPP2 (Transient Receptor 

Potential Polycystin 2) channel that is localized to the plasma membrane of primary cilia. The shear 
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stress-induced deflection of cilia causes the gating of TRPP2 which modulates the basal 

concentration of intracellular calcium, crucial for the regulation of glucose-stimulated insulin 

secretion (Colsoul et al., 2011; MacDonald, 2011). 

 

1.3.1.5 Other mechanosensors 
G-protein coupled receptors (GPCRs) are seven-transmembrane domain proteins that have been 

widely characterized in the regulation of β-cell survival and function mediated by chemical signals, 

as growth factors, hormones and neuropeptides (Regard et al., 2007; Winzell and Ahrén, 2007). 

However, emerging evidence suggests that GPCRs may be also activated by the plasma membrane 

deformation induced by mechanical load, activating a signaling cascade within the cell (Dunn and 

Olmedo, 2016; Shen et al., 2012).  

Glycocalyx consists of a mixture of glycoproteins and proteoglycans, especially hyaluronan, that 

covers the apical surface of cells (Wittkowske et al., 2016). It acts as mechanosensor in endothelial 

and bone cells, but nothing is known about its role in mechanosensation within the islets of 

Langerhans.  

 

1.3.2 Mechanotransduction  
Mechanotransduction is the process through which mechanical stimuli, perceived by 

mechanosensors, are transferred within the cells and converted into biochemical signals to elicit 

specific cell functions (Dunn and Olmedo, 2016; Martino et al., 2018). Although great attention has 

been focused on the impact of mechanical cues on cell behavior, it is well established that 

mechanotransduction is not a one-way path. Indeed, cells respond to the extracellular mechanical 

forces shaping their behavior and, in the meantime, they modify the organization and architecture 

of the environment where they reside. This cyclic process is known as mechanoreciprocipity and 

results in the cell-induced modification of tissue composition and mechanic (Discher et al., 2005; 

van Helvert et al., 2018; Herum et al., 2017).  

 

Mechanotransduction can be mediated by two different pathways that operate in parallel at 

different timescale: the slow and the fast pathways (Figure 1.10). 

The “slow” or canonical pathway operates through a cascade of phosphorylation events activated 

by the formation of FAs. An important mediator is the focal adhesion kinase (FAK) that 

phosphorylates some RhoA GEF/GAF regulators, leading to the activation of RhoA, which, in turn, 

induces a downstream signaling pathway mediated by the rho associated protein kinase (ROCK) 

and the myosin-light chain kinase (MLCK) (d’Angelo et al., 2019; Di Cio and Gautrot, 2016; Nyitray 

et al., 2014). 
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Figure 1.10. Mechanisms of mechanotransduction. The ‘fast’ pathway is reported on the left. It is directly mediated by the 
spatial reorganization of the actin cytoskeleton, which generates compressive forces that cause the modification of 
nuclear architecture. The “slow” mechanoresponse (right side) is mediated by complex cascades of protein-protein 
interactions and phosphorylations.  

The “fast” pathway transmits the forces along the cytoskeletal filaments in just 5 μs and elicits a 

cellular response in few seconds (DuFort et al., 2011). In this model, mechanical forces are 

transferred to the nucleus as waves, through the cytoskeleton which acts as a hard-wired structure. 

This transduction pathway is based on the so called “tensegrity model”, proposed by Ingber in 1993, 

which suggests that mechanical forces are preferentially transferred from soft to pre-stressed hard 

materials (Ingber, 1993). Accordingly, cells respond to applied mechanical stimuli by inducing 

traction and compressive forces, mainly mediated by the actin cytoskeleton, which are channeled 

to the nucleus by a stiffness gradient (the nucleus is 10-fold stiffer compared to the actin 

cytoskeleton) (Wang et al., 2009).  

 

Once mechanical forces are perceived by mechanosensors, they must be transferred within the cell 

and converted into a biochemical signaling program that leads to a modification of cell behavior. 

This process can be basically divided into 3 steps: the maturation and stabilization of 

mechanotransducers localized at the plasma membrane, the force transmission along the actin 

cytoskeleton, and the nuclear mechanotransduction.  

 

1.3.2.1 Mechanotransduction at the plasma membrane 

Integrin-based cell-matrix interactions are the first to develop in response to environmental 

mechanical forces. Upon binding to ECM ligands, activated integrins recruit two talin molecules, 

that interact with F-actin, generating a weak initial connection with the actin cytoskeleton (Galli et 

al., 2020; Geiger et al., 2009). This complex, known as molecular clutch, is subjected to the 

mechanical stress provided by both the ECM ligands and the retrograde flow of actin, which dictate 

the fate of the nascent FA. If the force loading is too (s)low or excessive, the molecular clutch 

dissociates quickly. However, when the force loading exceeds a certain threshold, integrin catch 
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bond formation occurs, freezing these molecules in a long-live activated state, which induces the 

unfold of talin and the vinculin recruitment and activation (Humphrey et al., 2014). If the space 

between matrix ligands is 60 nm or less, the binding of vinculin to talin triggers the clustering of 

activated integrins and the association with the actin cytoskeleton, thereby strengthening the actin-

integrin connection (Di Cio and Gautrot, 2016; Geiger et al., 2009). The maturation and 

reinforcement of integrin adhesion complexes into FAs occurs through the recruitment of other 

adaptor proteins (e.g. paxillin), actin crosslinkers (e.g. α-actinin and filamins), and signaling 

molecules (e.g. FAK, Src and p130Cas), converting the integrin adhesion complex into a signaling 

platform (Galli et al., 2020; Yang et al., 2017).  

Despite less characterized, adherens junctions are also crucial players in plasma membrane 

mechanotransduction. Indeed, increased cell crowding induces cadherins clustering, α-catenin 

unfolding and vinculin recruitment/activation, resulting in the formation of a cortical actin 

cytoskeleton and force transmission along the actin structures.  

Although the mechanotransduction by FAs and adherens junctions shows evident similarity, cells 

respond to the activation of these complexes in different, even opposite, ways. Indeed, while the 

maturation of FAs induces stress fibers formation (see below), cell-cell adhesion induced by cell 

crowding results in a reduction of the actin reinforcement at stress fibers. In part, it can be 

explained by the fact that adherens junction inhibits the formation of stress fibers, suggesting that 

cells sense different pools of contractile actin (cortical actin for cadherins, stress fibers for FAs) 

(Dupont, 2016; Puliafito et al., 2012).  

1.3.2.2 Force transmission along the actin cytoskeleton  

Force propagation within the cells is mediated by changes in cytoskeletal tension, which strictly 

depends on the dynamic, geometry, and polarity of its components. The cytoskeleton is constituted 

by filamentous proteins (F-actin, microtubules, and intermediate filaments) and cross-linking 

molecules (cofilin and myosin II); the first affect the mechanical properties, the latter modulate the 

force generation (Argentati et al., 2019; Harris et al., 2018). In resting condition, cofilin-mediated 

severing of F-actin filaments induces F-actin depolymerization and exposes the barbed ends. Upon 

mechanical stimulation, the severing capacity of cofilin is reduced by FAs phosphorylation, enabling 

actin polymerization and stress fibers formation (Hayakawa et al., 2011). Based on their 

organization and FAs connectivity, stress fibers (SFs) can be divided in the following subtypes: 

 dorsal SFs that are bound directly to FAs and do not contain myosin II, 

 transverse arc SFs that are indirectly connected to FAs trough dorsal SFs and contain both 

α-actinin and myosin II, and 

 ventral SFs that are formed by the tethering of the previous ones and are enriched of 

myosin II.  

The sliding of myosin II on ventral stress fibers generates compressive and extensile forces that 

push and pull actin filaments, ensuring the transmission of the mechanical cues within the cell 

(Argentati et al., 2019; Harris et al., 2018). In addition, mechanosensitive ion channels, localized at 

the plasma membrane and on the primary cilium, reinforce the integrin-based stress fibers 

formation by modulating the calcium influx (Hepler, 2016). Since integrins and cadherins are 

coupled to the actin cytoskeleton, which, in turn, is connected to the nuclear envelope, mechanical 
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stimuli applied at the plasma membrane can be transferred to the nucleus by a process known as 

“nuclear mechanotransduction”. 

 

1.3.3 Nuclear mechanotransduction 

Nuclear mechanotransduction provides a rapid and direct cellular response to the application of 

extracellular mechanical stimuli and acts in concert with other chemical signals provided by the 

ECM (Kirby and Lammerding, 2018; Wang et al., 2009). The transduction of physical events 

occurring at the plasma membrane to the nucleus can happen via physical transmission and/or 

biochemical signaling. The first one is regulated by the direct link between the actin cytoskeleton 

and the nuclear envelope and operates in a range from seconds to minutes. The biochemical 

signaling mechanism that elicits a cellular response in hours, is mediated by the detachment of 

transcription factors from mechanical-activated focal adhesion and adherens junctions and their 

shuttling to the nucleus (Uhler and Shivashankar, 2017).  

1.3.3.1 Nuclear architecture 

To better understand the transmission pathways, a brief description of nuclear architecture and 

associated structures is necessary (Figure 1.11). 

 

Figure 1.11. Nuclear mechanotransduction. Environmental mechanical stimuli are perceived by plasma membrane 
adhesion complexes and channeled by the actomyosin contraction to the nucleus in around 1 ms. On the other side, 
transcription factors localized at mechanosensors and mechanotransducers can detach upon mechanical stimulation and 
enter the nucleus; this takes 5-10 seconds. Adapted from Wang et al., 2009. 

Nuclear architecture 

The nucleus separates the genetic material from the cytoplasm, protecting it from biochemical and 

mechanical insults. The nucleus can be broadly divided into the nucleoplasm that contains 

chromatin, histones and other proteins, and the surrounding nuclear envelope (Kirby and 

Lammerding, 2018). The nuclear envelope consists of two concentric structures, the outer and the 

inner membranes, separated by a 30-50 nm perinuclear space (Stewart et al., 2007; Wilson and 

Foisner, 2010). The outer nuclear membrane (ONM) is functionally and physically linked with the 

rough endoplasmic reticulum (RER) and contains many attached ribosomes. The ribosomes-free 

nuclear inner membrane (INM) is indirectly connected to chromatin with the underneath nuclear 
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lamina which, in turn, is physically linked to the actin cytoskeleton by the so-called LINC (Linker of 

Nucleoskeleton and Cytoskeleton) complex (Bouzid et al., 2019; Chambliss et al., 2013; Cortelli et 

al., 2012). The ONM and the INM are also interrupted by the nuclear pore complexes (NPCs) that 

regulate the shuttling of molecules between the nucleus and the cytoplasm (Donnaloja et al., 2019; 

Kirby and Lammerding, 2018).  

The nuclear-associated structures that are mainly involved in the nuclear mechanotransduction, 

both in a physical and biochemical manner, are the LINC complex, the nuclear pores and the lamina 

network.  

 

The LINC complex 

The LINC (Linker of Nucleoskeleton and Cytoskeleton) complex is a multilayered bridge, constituted 

by KASH- and SUN-domaining proteins, that connects the actin cytoskeleton to the nuclear lamina 

(Crisp et al., 2006). KASH (Klarsicht, ANC-1 and Syne Homology) proteins consist of N-terminal 

cytoplasmic domains that interact with the actin cytoskeleton and N-terminal KASH domains that 

bind the SUN proteins. Mammalian KASH proteins, also called nesprins, mediate the adhesion to 

the cytoskeleton in different ways: nesprin 1 and 2 bind, respectively, to actin and microtubules, 

nesprin 3 is connected to intermediate filaments through plectin, and nesprin 4 is linked to the 

microtubules through the kinesin1 motor protein (Bouzid et al., 2019; Méjat and Misteli, 2010; Sosa 

et al., 2012). Nesprin 1 and 2 interact with the spanning C-terminal domain of SUN proteins in the 

perinuclear space. SUN (Sad1-UNC-84 homology) proteins, in particular SUN 1 and 2, bind emerin 

and the nuclear lamina through the interaction with lamin A filaments. SUN proteins can also 

interact with the nuclear pore complexes regulating their distribution on the nuclear envelope 

(Crisp et al., 2006; Lombardi and Lammerding, 2011) (Figure 1.12). Through this complex network 

of protein-protein interactions, the LINC complex physically links the cell and the nuclear skeleton. 

 

 
 

Figure 1.12. Schematic representation of the LINC complex. The interactions of the nuclear envelop to the cytoskeleton 
are shown: nesprin-1/2 with the cytoskeleton (actin and microtubules, respectively), nesprin-3 with intermediate 
filaments, and nesprin-4 with microtubule. Adapted from Bouzid et al., 2019.  
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The nuclear pore complexes  

Nuclear pores are large protein complexes that mediate the transport of molecules between the 

cytoplasm and the nucleus (Boeri et al., 2019; Garcia et al., 2016). Small molecules and ions diffuse 

passively across the NPCs, whereas facilitate diffusion regulates the flux of high molecular weight 

molecules (>70 kDa) targeted with the NL/NE (nuclear localization and nuclear export) signals 

(Wente and Rout, 2010). NPCs present an octagonal structure ensured by the assembly of at least 

30 nucleoporins (Nup) proteins into rings. Starting from the cytoplasmic side, the following rings 

can be found (Figure 1.13): 

 the cytoplasmic ring, weakly connected with the ONM, with its filaments entraps 

cytoplasmic molecules in order to facilitate their transport within the NPCs 

 the spoke ring constitutes the pore within the nuclear envelope and it is filled of proteins 

filaments and FG (phenylalanine-glycine) nucleoporins that regulate molecular flux within 

the pore; around this ring, a group of additionally channels modulate the exchange of ions 

and small molecules 

 the transmembrane ring, located in the perinuclear space, confers structural stability  

 the nuclear and distal rings, localized in the nucleoplasm, form the nuclear basket by the 

interaction between Nup153 and Trp proteins. Poorly is known about the nuclear basket 

functions, but recent evidence suggests its role in regulating molecules transport, DNA 

repair, and chromatin activity (Boeri et al., 2019; Garcia et al., 2016; Gu, 2018; Wente and 

Rout, 2010). 

 
 
Figure 1.13. Structural organization of the nuclear pore complex. The association of nucleoporins determines the 
formation of 5 functionally and structurally different rings (cytoplasmic, transmembrane, nuclear, spoke and distal rings). 
Adapted from Lin and Hoelz, 2016. 

  

The nuclear lamina 

The nuclear lamina, a three-dimensional thin protein meshwork underneath the INM, regulates the 

nuclear shape, stiffness, and deformability. It interacts with the actin cytoskeleton through the LINC 

complex (Cortelli et al., 2012). The nuclear lamina is constituted by different isoforms of 

karyoskeletal V-type intermediate filaments, known as lamins. Based on their codifying gene, 

mammalian lamins can be classified in A- and B-types. The first group derives from the alternative 

splicing of the LMNA gene and includes the lamin A, C, AΔ10, and C2 isoforms. The B-type group 

comprises lamin B1, encoded by the LMNB1 gene, and lamins B2 and B3 deriving from the 
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alternative splicing of the LMB2 gene (Dittmer and Misteli, 2011; Donnaloja et al., 2020). Type-B 

lamins are crucial during development and their expression decreases during organ maturation, 

whereas lamin A/C are highly expressed in differentiated cells (Cortelli et al., 2012). Lamins can 

interact with other intranuclear proteins, called LAPS (lamina associated polypeptides), as emerin, 

LAP1 and LAP2, that share the LEM binding domain. By exposing the LEM domain, LAPS interact 

with the BAF (Barrier to Autointegration Factor) protein that binds histones and DNA, modulating 

the chromatin organization and the accessibility of transcription factors (Robin and Magdinier, 

2016; Wilson and Foisner, 2010). 

 

1.3.3.2 Nuclear mechanotransduction through cytoskeletal tension 

How the nuclear lamina, the NPCs and the LINC complex cooperate for transmitting and converting 

the environmental mechanical stimuli into cellular response? 

The nucleus presents a stiffness ranging from 0.1-10 kPa according to the cell type and/or culture 

conditions, which is 2-10 times higher compared to the actin cytoskeleton (Dahl et al., 2008; Guilak 

et al., 2000). Based on the tensegrity model, this stiffness gradient ensures the force transmission 

from the cytoskeleton to the nucleus (Ingber, 1993). For a small mechanical perturbation that do 

not induce the formation of mature FAs, forces are transmitted like waves from the plasma 

membrane to the nucleus, without a cytoskeletal rearrangement. Once external mechanical stimuli 

reach a certain threshold, FAs formation occurs and tunes the actomyosin contractility, which leads 

to the deformation of the nucleus, thereby modifying the transcriptional activity (Kim and Wirtz, 

2015; Li et al., 2014b; Uhler and Shivashankar, 2017). The force transmission from the actin 

cytoskeleton to the nucleus is mediated by the LINC complex (rate 2 μs/μm), which channels the 

forces to the NPCs, the nuclear lamina and other associated structures (Donnaloja et al., 2019; 

Wang et al., 2009).  

NPCs change their conformation under mechanical stimulation modifying the molecular transport. 

Two theories have been raised concerning the NPCs mechanical regulation. The first one suggests 

that the stretching of the nuclear envelope constricts or dilates the central channel, namely the 

spoke ring, changing its impedance to the molecular transport (Elosegui-Artola et al., 2017; Solmaz 

et al., 2013). According to the second theory, mechanical activation of SUN1 favors its binding to 

Nup153, which stretches the Trp proteins, modulating the nuclear basket conformation. In this 

view, it is the nuclear basket state (open/close) that modulates the flux of molecules within the 

NPCs (Boeri et al., 2019; Donnaloja et al., 2019).  

Mechanical-induced modifications of the nuclear lamina not only modulates the nuclear stiffness 

and architecture, but also induces changes in chromatin conformation and epigenetic control, 

thereby resulting in altered transcriptional activity. Indeed, lamin A regulates the localization of the 

so-called Lamina-Associated Domains (LADs), high dynamic structures that bind histones 

(H3K9me2, H3K9me3 and H3K27me3) and control the gene expression (Donnaloja et al., 2019). 

Under mechanical tension, lamin A sequesters LADs regulating their spatial organization and their 

bond to chromatin, resulting in a remodeling of the DNA packing and transcription (Peric-Hupkes 

et al., 2010). In addition, the nuclear lamina binds BAF1 through LAP2 modulating the chromatin 

spatial organization and the interaction with the histones (Robin and Magdinier, 2016; Wilson and 

Foisner, 2010).  

Another critical component in the mechanical-induced reorganization of chromatin is the nuclear 

actin. Upon mechanical strains, non-muscle myosin IIA and emerin favor F-actin polymerization 
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leading to the formation of a perinuclear actin ring that directly transmits the forces to chromatin 

(Miroshnikova et al., 2017). 

In conclusion, the cooperation and interaction of all these nuclear structures allow a rapid 

transmission of the environmental mechanical cues to the nucleus, leading to a cellular response 

and reprogramming in order of seconds to minutes (Uhler and Shivashankar, 2017).  

 

1.3.3.3 Nuclear mechanotransduction via soluble regulatory factors 

ECM mechanosensing can be transmitted to the nucleus by regulating the shuttling of 

mechanotransducers and/or the activation of mechanoresponsive transcription factors (Galli et al., 

2020).  

Indeed, some molecules localized at the ECM-cell and cell-cell adhesion complexes can act as both 

structural constituents and transcription factors. Mechanical perturbation can induce the 

dissociation of these molecules from the adhesion complexes, probably changing their 

conformation and phosphorylation state, allowing their shuttling to the nucleus. The entrance of 

these regulatory molecules into the nucleus is facilitated by the mechanical regulation of the NPCs 

conformation, corroborating the hypothesis that the physical and biochemical 

mechanotransductive mechanisms act in concert to elicit the same cellular response (Shivashankar, 

2011).  

Among these regulatory molecules, the first to be identified as mechanical-activated shuttling 

protein was β-catenin. β-catenin is localized at the adherens junctions but under mechanical stress 

moves inside the nucleus, where it activates the T-cell factor/lymphoid enhancer-binding factor 

(TCF/LEF), a key regulator of β-cell differentiation and function (da Silva Xavier et al., 2009; 

Takamoto et al., 2014). Another intercellular adhesion protein, localized at tight junctions, that can 

shuttle to the nucleus is ZO-1 (Zonula Occludens 1), which accumulates into the nucleus in a cell-

dependent fashion (Gottardi et al., 1996). It has also been reported that, upon mechanical 

activation, paxillin and zyxin can dissociate from FAs and shuttle to the nucleus, but poorly is known 

about their targets and effects (Kadrmas and Beckerle, 2004; Zhou et al., 2017).  

Actin-binding proteins can also act as mechanoregulatory transcription factors. An example is MTRF 

(myocardin-related transcription factors) a protein that is normally bound to G-actin. Increased 

mechanical load induces G-actin polymerization into F-actin filaments, leading to MTRF release and 

its shuttling to the nucleus. MTRF binds to the serum response factor (SRF) inducing the expression 

of miRNAs and over 200 transcripts involved in actin dynamics and cell migration (McGee et al., 

2011; Miralles et al., 2003; Olson and Nordheim, 2010).  

In the last years, another class of transcriptional factors that shuttles to the nucleus upon 

mechanical stimulation without being directly connected to the adhesion complexes or the actin 

cytoskeleton has been identified and the most representative example is YAP/TAZ (Martino et al., 

2018; Uhler and Shivashankar, 2017). 

 

YAP/TAZ  

The yes-associated protein (YAP) and its transcriptional coactivator with PDZ-binding motif (TAZ) 

are transcriptional factors that can be activated by several signaling pathways, as the Hippo kinase 

cascade and by metabolic signals, as the mevalonate biosynthesis, energy stress, autophagy and 

glycolysis (Dupont, 2016; Enzo et al., 2015; Mo et al., 2015; Piccolo et al., 2014) (Figure 1.14).  
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Figure 1.14. YAP/TAZ multiple regulation. Metabolic inputs, as mevalonate or autophagy, signaling pathways, as GPCR, 
WNT and Hippo Kinase cascade, extracellular mechanical stimuli, as ECM stiffness, and cell crowding modulate YAP/TAZ 
activity. Inhibitory inputs are reported in red; activatory stimuli in green. Adapted from Dupont, 2016. 

 
The Hippo pathway is triggered by multiple undefined signals coming from the plasma membrane 

that activate the mammalian Ste-20-like kinase 1 and 2 (Mst1/2). Mst1/2 phosphorylates the large 

tumor suppressor 1 and 2 (Lats 1/2), which, in turn, phosphorylate YAP/TAZ. Phosphorylated YAP 

binds to 14-3-3 proteins that sequester it into the cytoplasm, favoring its proteasome degradation. 

In addition, increased phosphorylation of YAP at Ser127 promotes the YAP/TAZ extrusion from the 

nucleus and their subsequent degradation. It is now well established that intranuclear localization 

of YAP/TAZ induces cell proliferation by binding the  transcription factors of TEAD family, whereas 

their cytoplasmic retention and degradation promote cell differentiation (Halder et al., 2012; 

Piccolo et al., 2014). 

In addition to their role as Hippo pathway effectors, YAP/TAZ are also regulated by almost all types 

of mechanical stimuli. For example, matrix stiffness favors YAP/TAZ intranuclear localization, while 

a three-dimensional environment promotes YAP/TAZ cytoplasmic retention (Aragona et al., 2013; 

Dupont et al., 2011; Wada et al., 2011). In addition, cell spreading induces YAP/TAZ shuttling to the 

nucleus, whereas cell crowding promotes YAP degradation, suggesting a crucial role of YAP/TAZ in 

regulating the contact inhibition of proliferation (CIP) (Aragona et al., 2013; Zhao et al., 2007). The 

mechanical regulation of YAP/TAZ requires the actomyosin contractility, as revealed by the fact that 

actin depolymerizing agents or MLCK and ROCK inhibitors block mechanotransduction via YAP/TAZ 

(Aragona et al., 2013; Ohgushi et al., 2015). Even though the cytoskeletal-mediated regulation of 

YAP/TAZ is clear, the molecular mechanisms underlying this phenomenon are still under debated. 

One possibility is that some actin-binding proteins, as α-catenin or α-actinin, can 

associate/dissociate from YAP/TAZ upon mechanical stimulation, regulating its localization 

(Dupont, 2016; Miralles et al., 2003). Another proposed mechanism is that the actin polymerization 

rate modulates YAP/TAZ activity through the AMOT (angiomotin) protein, which is able to bind both 

the actin cytoskeleton and YAP/TAZ. At low cytoskeletal tension, AMOT preferentially binds 

YAP/TAZ favoring its cytoplasmic retention; once the actin polymerization raises, AMOT is recruited 
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by F-actin and releases YAP/TAZ which travel to the nucleus (Ernkvist et al., 2006; Gagné et al., 

2009).  

Some studies have also suggested a direct link between YAP/TAZ and adhesion complexes. For 

instance, YAP can be directly phosphorylated by Src-kinase and FAK, but whether this modification 

is directly involved in its activation is not yet clear (Hu et al., 2017; Taniguchi et al., 2015). In 

addition, various cell-cell junctional proteins as β-catenin and ZO-2 (Zonula Occludens 2) can 

directly bind YAP/TAZ, facilitating its accumulation into the nucleus (Oka and Sudol, 2009). Another 

possibility is that mechanical forces, by modulating the NPCs pore conformation, increase YAP/TAZ 

shuttling to the nucleus (Kirby and Lammerding, 2018). An intriguingly idea that has been raised 

recently, suggests that the calcium signaling mediated by the Piezo channels can affect YAP/TAZ 

activity (Dupont, 2016). Multiple YAP/TAZ regulatory pathways have been proposed, suggesting the 

possibility that mechanical cues regulate YAP/TAZ activity and localization through multiple and 

parallel mechanisms.  

YAP/TAZ play a pivotal role in regulating the development, proliferation and differentiation of β-

cell (Ardestani et al., 2018; George et al., 2012). In fact, at early stages, YAP is highly expressed and 

mainly localized in the nucleus of bipotent pancreatic progenitors, where it induces the expression 

of PDX1 that is crucial for sustaining their proliferation. Conversely, when differentiation of the 

endocrine lineages occurs, YAP loses its nuclear localization and its expression gradually decreases 

due to increased degradation. YAP decrease favors NGN3 and NKX6.1 expression and fate 

commitment (Cebola et al., 2015; George et al., 2012).  

 

1.3.4 Crosstalk between mechanotransduction and mitochondria  

Mitochondria are multifunctional organelles that can alter their localization, morphology, 

dimensions, and bioenergetics to meet the metabolic needs of the cell. They provide energy for the 

cell survival and proliferation and modulate signaling pathways involved in cell death and redox 

balance. Mitochondria respond to the nutrient availability modulating their morphology and 

bioenergetics through a process known as mitochondrial dynamics (Gökerküçük et al., 2020; 

Tilokani et al., 2018).  

Mitochondrial dynamics consists of the balance between fusion and fission events, regulating 

mitochondrial shape, size, and number (Figure 1.15). Mitochondrial fusion is a two-step process, 

starting with the tethering of two adjacent mitochondria mediated by two large GTPase proteins, 

mitofusin 1 and 2 (MFNs). The conformational changes of MFNs induced by the GTP hydrolysis 

results in the docking and fusion of the adjacent OMMs (Brandt et al., 2016; Cao et al., 2015). The 

second step refers to the fusion of the inner mitochondrial membranes (IMM) that is mediated by 

the large GTPase optic atrophy 1 (OPA1) protein and specific IMM lipids, as cardiolipin (Ban et al., 

2017). Mitochondrial fission is mainly mediated by DRP1 (dynamin-related protein 1), a large 

GTPase protein that binds the OMM through adaptor proteins, as the mitochondrial fission factor 

(MFF) and mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51) (Losón et al., 2013; 

Palmer et al., 2011). DRP1 forms a ring-like structure around the mitochondria leading to the GTP-

mediated membrane constriction, which induces the recruitment of Dynamin 2 and the calcium 

influx which terminate membrane scission (Tilokani et al., 2018). Mitochondrial fission generates 

two mitochondria with different membrane potential. The mitochondrion with high membrane 

potential regains the mitochondrial network, the daughter mitochondrion characterized by low 

membrane potential is degraded by the lysosomal pathway (mitophagy). This process is part of the 
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quality control of the mitochondrial network which removes superfluous and faulty mitochondria 

from the cell (Liesa and Shirihai, 2013). 

 

 
Figure 1.15. Mitochondrial dynamics schematic representation. Mitochondrial fusion is mediated by mitofusin proteins 
and OPA1, generating a bigger and elongated mitochondrion (left panel). Mitochondrial fission is regulated by DRP1 
recruitment at the OMM and generates two smaller daughter mitochondria (right panel). Gökerküçük et al., 2020 

Mitochondrial dynamics is crucial not only for tuning the cell response to nutrient availability, but 

also for the mitochondrial transport along the cytoskeleton, which ensures the enrichment of these 

organelles where their metabolic functions are required (Anesti and Scorrano, 2006). Mitochondria 

are tightly coupled to cytoskeletal proteins that track their movements and stop them in specific 

intracellular site. The long-distance mitochondrial trafficking is mediated by microtubules through 

the activation of kinesis and dynein proteins, whereas actin filaments modulate the short-distance 

mitochondrial movements, particularly in cellular region poor of microtubules (Hollenbeck and 

Saxton, 2005; Nogales, 2000). Intermediate filaments support the transport machinery and 

represent the stop signals that anchor mitochondria where their activity is required (Anesti and 

Scorrano, 2006). The coupling between mitochondrial transport and dynamics was suggested by 

Rutter’s group which showed that the translocation of DRP1 from the cytosol to the mitochondria 

is regulated by dynein expression, suggesting that mitochondria must divide into small units for the 

cytoskeletal transport (Varadi, 2004).  

A groundbreaking discovery in mitochondrial dynamics was that endoplasmic reticulum (ER) is a 

crucial regulator of mitochondrial fusion and fission events. Indeed, the 20% of mitochondria 

surface is in direct contact with the ER through a macromolecular complex known as mitochondria-

associated endoplasmic reticulum membranes (MAM) (Figure 1.16). This multi-protein tethering 

complex contains several phospholipid enzymes, calcium channels, and also proteins involved in 

mitochondrial dynamics (MFN2) (Tubbs and Rieusset, 2017). Two recent studies report that the 

initial mitochondrial constriction that recruits DRP1 to mitochondria occurs at the ER-contact sites, 

probably due to an increase in calcium release from the ER. Indeed, it has been suggested that 

calcium entry into the IMM induces S-OPA1 accumulation which, in turn, destabilizes the tethering 

between the IMM and OMM (Chakrabarti et al., 2018; Cho et al., 2017).  
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Figure 1.16. Structural organization of mitochondria-associated endoplasmic reticulum membranes (MAM). MAM are 
multi-protein complexes that functionally couple mitochondria and endoplasmic reticulum. MAM contains phospholipid 
enzymes, calcium channel complexes (IPR3-Grp75-VDAC) and proteins involve in mitochondrial fusion (MFN1/2) and 
import/export (Tom70). Vallese et al., 2020 

Since mitochondria are tightly linked to the actin cytoskeleton, which regulates their dynamics, 

intracellular localization, and crosstalk with the ER, it is reasonable to believe that modifications of 

the cytoskeletal organization can affect mitochondrial activity. However, the crosstalk between 

mechanotransduction and mitochondrial metabolism is emerging only in the last months and a 

detailed characterization of the phenomenon is still missing.  

 

1.4 Aim of the project 
Diabetes mellitus is characterized by a gradual reduction of the pancreatic β-cell functional mass 

and the regeneration or replacement of their mass represent the most promising strategies to treat 

this pathology. To restore the β-cell mass, several approaches have been proposed such as the 

allogenic islet transplantation (Pepper et al., 2018; Shapiro et al., 2017) or the 

expansion/generation of β-cells from alternative sources (Guney et al., 2020; Rezania et al., 2014). 

Recent scientific breakthroughs enabled derivation of large quantities of human pancreatic β-like 

cells in vitro. However, although enormous advances have been made in this field in the last years, 

we are not yet able to produce cells that completely mirror mature functional β-cells (Hrvatin et al., 

2014). 

For their proper growth and functioning, β-cells require a very specific environment, the islet niche, 

which provides a myriad of chemical and physical signals. While the involvement of biochemical 

signals has been largely explored, poorly is known about the impact of the mechanical cues on 

regulating β-cell differentiation and function. Furthermore, the mechanosensing ability of β-cells 

has been recognized, however its underlying mechanism remains largely unexplored. Therefore, 

the aim of the proposed research was to investigate the contribution of biophysical cues to β-cell 

differentiation, survival and function. We focused in particular on the role of the ECM topography, 

which is not flat but organized at nanoscopic levels. To mimic the nanotopography of the 

extracellular matrix, nanostructured zirconia substrates were employed. Previous experiments 

performed on the neuron-like PC12 cell line and primary cultures of rat hippocampal neurons 
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demonstrated that these substrates promote neuronal differentiation (Schulte et al., 2016, 2017). 

Given the similarities between β-cells and neurons, we reasoned that these substrate might also 

play a similar role in β-cell differentiation and function (Di Cairano et al., 2016). Nanostructured 

substrates were produced by assembling zirconia clusters using the Supersonic Cluster Beam 

Deposition (SCBD) technique (Borghi et al., 2016), while flat zirconia substrates (flat-ZrO2 - 

roughness <0.1 nm), obtained by atom assembling with an electron beam evaporator, were used 

as controls.   

Firstly, we investigated the impact of the nanotopography on β-cell differentiation and function. To 

this end, human islets of Langerhans were cultured on the indicated substrates for up to 25 days 

and their differentiation was evaluated using immunofluorescence and immunoblotting 

techniques. Since the ability to respond to fluctuation of glucose concentration is the hallmark of a 

completely mature β-cell, we evaluated the glucose-stimulated insulin secretion and calcium 

currents by means of ELISA assays and calcium imaging. Once we demonstrated that the 

nanotopography promotes long-term β-cell differentiation and function, we investigated the 

possible molecular mechanisms involved using a label-free shotgun proteomic approach. The 

bioinformatic analysis revealed that the nanotopography induces the upregulation of proteins 

involved in the organization of the cell-substrate adhesion sites, the actin cytoskeleton and the 

nuclear architecture, suggesting the activation of a mechanotransductive pathway. Therefore, we 

investigated the distribution and dimension of the focal adhesions, the reorganization of the actin 

cytoskeleton and the nuclear envelope by quantitative indirect immunofluorescence. The 

proteomic analysis also revealed the upregulation of pro-survival, anti-apoptotic and anti-

inflammatory pathways, which were further confirmed by TUNEL, ELISA assays and immunoblotting 

techniques. By exploiting the proteomic dataset, we also found that the nanostructure induces the 

upregulation of protein involved in metabolic processes, in particular the catabolic metabolism of 

carbohydrates, suggesting a potential role of nanotopography in the regulation of cell metabolism. 

Since β-cell metabolism is strictly controlled by mitochondria which, in turn, are tightly connected 

to the actin cytoskeleton, we evaluated whether the extracellular nanotopography might modulate 

mitochondrial morphology and function. To gain insight into the molecular mechanism, as human 

islets represent an extremely complex and heterogeneous model, βTC3 and INS1E cell lines were  

employed. After confirming the ability of these cells to sense and respond to the extracellular 

nanotopography, we investigated whether the reorganization of the actin cytoskeleton induced by 

the nanostructure might affect the mitochondrial function by measuring the mitochondrial 

membrane potential. To understand at molecular level the impact of the nanostructure on 

mitochondria, changes in the mitochondrial proteome were identified by a shotgun label-free 

proteomic approach performed on a mitochondrial sub-fractionation. The bioinformatic analysis 

revealed that the nanotopography modulates the expression of proteins involved in mitochondrial 

dynamics and cristae shaping, as well as enzymes and other proteins regulating glycolysis, TCA cycle 

and aerobic respiration. Super-resolution fluorescence microscopy and immunoblotting analysis 

confirmed the mitomorphosis program suggested by the proteomic analysis. By scanning the 

proteome, we also found proteins mainly localized in compartments tightly associated to 

mitochondria such as the ER and lysosomes, therefore, we evaluated the interplay between 

mitochondria and these organelles by means of quantitative indirect immunofluorescence.  
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2.1 Cluster assembled Zirconia substrates 
Nanostructured zirconia substrates with tailored nanoscale roughness were produced by the 

laboratory of Prof. Milani and Lenardi (Department of Physics, Università degli Studi di Milano). 

Zirconia clusters were deposited on glass coverslips (Ø 13 and 22 mm) using the supersonic cluster 

beam deposition (SCBD) technique, which ensures the reproducibility and the quantitative control 

of the roughness at the nanoscopic level (Borghi et al., 2018). The supersonic cluster beam 

apparatus is formed by: a sputtering chamber equipped with a Pulsed Micro-plasma Cluster Source 

(PMSC), where the clusters are generated; an expansion chamber, where the seeded supersonic 

beam is formed; a deposition chamber, where the clusters are deposited onto their supports (Figure 

2.1A) (Wegner et al., 2006). The main steps of the deposition process are the following: 

 sputtering of a zirconium rod by the PMCS, ignited by an electric discharge; 

 zirconium ablated atoms thermalized in a quenching inert gas (argon) and condensed into 

clusters; 

 the synthetized clusters and the argon gas are extracted into the expansion chamber trough a 

nozzle to obtain a seeded supersonic beam; 

 clusters, carried into the deposition chamber by the seeded beam, are deposited onto the glass 

coverslips placed on a manipulator, which intersects perpendicularly the beam flux.  

The obtained zirconia films are oxidized in a substoichiometric manner (herein ns-ZrOx, x<2) due to 

the residual oxygen in the deposition chamber and the exposure to air. As controls, flat substrates 

were produced by electron beam evaporation of a solid Zr target, resulting in a fully oxidized 

zirconia film (ZrO2) with a roughness minor of 0.5 nm (Galli et al., 2018; Maffioli et al., 2020). 

The surface morphology of the zirconia films was evaluated by atomic force microscopy (ATM) using 

the tapping mode (single-crystal silicon tips with a nominal radii curvature of 5–10 nm and 

cantilever resonance frequency of 300 kHz); 2 μm x 1 μm images were acquired (scan rates of 1.5–

2 Hz and sampling resolution of 2048 × 512 points). In order to remove artifacts, images were 

processed through line-by-line subtraction of first and second polynomials and the substrates root-

mean-square (RMS) surface roughness Rq was evaluated (Borghi et al., 2018; Piseri et al., 2001). 

Figure 2.1B,C shows the typical 3D and top-views of the flat (flat-ZrO2) and nanostructured 

substrates (ns-ZrOx).  

 
 
Figure 2.1. Cluster assembled zirconia substrates preparation and characterization. A) Organization of the supersonic 
cluster beam deposition apparatus. B,C) Three-dimensional (B) and top (C) views of nanostructured (rms 15 nm roughness) 
and flat substrates obtained by AFM characterization; white lines represent the topographic profiles. Adapted from 
Bongiorno et al., 2005; Galli et al., 2018.  
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Our experiments were performed on nanostructured substrates of 10, 15, 20, 25 nm roughness and 

flat films (rms roughness <0.5 nm), which were sterilized under UV for 20 minutes directly before 

seeding the cells. Gelatin covered substrates and glass coverslips were also used as controls; gelatin 

(1 mg/mL) was deposited on glass coverslips (Ø 13 and 22 mm) and dried for 20 minutes at room 

temperature before seeding the cells. 

2.2 Cell culture conditions and processing 

Isolated human islets of Langerhans and two different cell lines, namely mouse βTC3 and rat INS1E 

cells, were used. 

 

2.2.1 Isolated human islets of Langerhans  

Human islets of Langerhans were isolated in Niguarda Ca’ Granda Hospital (Milano, Italy) following 

the procedure described by Ricordi et al., (Ricordi et al., 1988). The isolated islets were provided by 

cadaveric multiorgan donors with no medical history of diabetes or other metabolic disorders. In 

this study, at least 12 different islets preparations were tested; the donor characteristics were: 5 

women and 7 men, donor age 52 ± 5 years, BMI 25.8 ± 3.7 kg/m2, islets purity 83 ± 6.5% (Galli et 

al., 2018). 

Human isolated islets were cultured in RPMI 1640 medium (ECB900, EuroClone) containing 5.5 

mmol/L glucose, 10% (v/v) heat-inactivated fetal bovine serum (ECS0180L, EuroClone), 0.7 mM 

Glutamine (ECB300, EuroClone) and 50 units/mL penicillin-streptomycin (ECB3001D, EuroClone).  

Within 3 days after isolation, pancreatic islets were dispersed into small clusters and single cells 

through the following protocol: 

 centrifuge the islets for 5 minutes at 350 x g and discard the cell medium 

 wash in PBS LS (Phosphate Buffer Low Salts), centrifuge for 5 minutes at 350 x g and discard the 

supernatant 

 resuspend the pellet in 1 mg/mL trypsin-EDTA (ECM0920D, EuroClone) + 0.25 mg/mL DNAse I 

(18068015, Thermo Fisher) solution: the digestion was carried out by pipetting up and down 

the cell suspension at 22 °C for 3 minutes 

 halt the digestion by adding 2 volumes of PBS LS 

 collect the islets by centrifugation at 350 x g for 5 minutes 

 discard the supernatant and resuspend the islets in complete medium. 

 

Islets were seeded on the indicated substrates at a density of 30 islets/mm2 (the total number of 

the islet preparation was provided by the Ca’ Granda Hospital) and were maintained in culture in 

humidified atmosphere containing 5% of CO2 at 37 °C for up to 20 days. Once a week, half of the 

total medium was replaced with fresh ones. 

 

2.2.2 Cell lines 

βTC3 cells (kindly provided by Prof. Douglas Hanahan, Department of Biochemistry and Biophysics, 

University of California, San Francisco, CA) were obtained by expression of the SV40 T antigen (Tag) 

under control of the insulin promoter in transgenic mice, herein the name βtc (beta tumor cells) 

(Efrat et al., 1988); the Tag expression results in immortalization of these cells that maintain a 
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differentiated phenotype for 50 passages in culture. Differentiated βTC3 cells produce both 

proinsulin I and II, efficiently process them into mature insulin but they secrete the hormone with 

a lower threshold for maximal stimulation when compared to primary β-cells (Skelin et al., 2010). 

βTC3 cells were cultured in RPMI 1640 medium (ECB900, EuroClone) supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (ECS0180L, EuroClone), 50 units/mL penicillin-streptomycin 

(ECB3001D, EuroClone) and 1 mM L-glutamine (ECB300, EuroClone).  

 

INS1E cells (kindly provided by Prof. Claes B. Wollheim, Department of Internal Medicine, University 

Medical Centre of Geneva, Geneva, Switzerland) were produced for the first time by Asfari and 

coworkers in 1922 through the X-ray irradiation of rat insulinoma cells (Asfari et al., 1992). INS1E 

cells show some important characteristics of mature β-cells such as the expression of GLUT2 and 

glucokinase, ensuring the glucose stimulated insulin secretion within the physiological range (Skelin 

et al., 2010). As βTC3, INS1E cells synthetize both proinsulin I and II that are efficiently stored into 

secretory granules to be processed to mature insulin. INS1E cells were cultured in RPMI 1640 

medium (ECB900, EuroClone) integrated with 10% (v/v) heat inactivated fetal bovine serum 

(ECS0180L, EuroClone), 50 units/mL penicillin-streptomycin (ECB3001D, EuroClone), 1 mM L-

glutamine (ECB300, EuroClone), 2 mM HEPES-NaOH pH 7.4, 1 mM sodium pyruvate (59203C, Sigma 

Aldrich) and 50 μM β-mercaptoethanol (M3148, Sigma Aldrich). 

Cells were cultured in humidified atmosphere containing 5% of CO2 at 37 °C using tissue-culture 

treated supports. Reached the 80% confluence, cells were trypsinizated for 5 minutes with trypsin-

EDTA (trypsin 0.5 g/L + EDTA 0.221 g/L - ECM0920D, EuroClone), counted, seeded on the indicated 

substrates at a density of 80 cells/mm2 and cultured for 3 days.  

To demonstrate the involvement of the fast mechanotransductive pathway in the β-cell adaptation 

to the nanostructure, βtc3 cells were treated with 50 µM Blebbistatin (B0560, Sigma Aldrich) for 1 

hour and fluorescence experiments were performed for morphological and functional evaluations.  

 

2.3 Immunofluorescence: principles and techniques 

Immunofluorescence (IF) exploits antibodies conjugated with organic compounds, known as 

fluorochrome or fluorophore, to detect specific target antigens. Thanks to its high specificity, 

immunofluorescence has become an important tool in cell biology.  

 

2.3.1 Fluorescence microscopy: basic concepts   

Fluorophores absorb energy at a specific wavelength and emit it at a longer one. The mechanism 

consists of three different steps: 

 an incoming photon hits the fluorochrome leading to an excited electronic single state 

 the fluorochrome interacts with the environment and undergoes conformational changes 

 the fluorochrome returns to its ground state by the emission of a photon at a longer 

wavelength. 

Fluorochrome can repeat this cycle from hundreds to thousands of times before fluorescence 

decay. The molecular structure of the fluorochrome, the exposure to illumination and the local 

environment (pH, temperature, solutions) play a crucial role in regulating the timing and the nature 

of the fluorescent signal. Phenylenediamine or other mounting media that chemically protect the 

fluorophore, can be used to preserve the signal.  
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An Axio Observer Z1 (Zeiss Inc.) motorized inverted fluorescence microscope was used to visualize 

and analyze the cellular structures labelled with fluorochromes. The light beam emitted by a xenon 

arc lamp is filtered by the excitation filters and directed toward the sample by a dichroic mirror. 

The light emitted by the sample is captured by the emission filters and leaded towards the 

microscope Retiga Camera for recording. Since the excitation and emission light pass through the 

same objective lens, this technique is known as epifluorescence (the term επι in Greek means 

“same”) (Webb and Brown, 2013).  

The following filters were used: 

- n.52 (excitation wavelength 488/10 nm; emission wavelength 525/50 nm)  

- n.43 (excitation wavelength 445/25 nm; emission wavelength 605/70 nm)  

- DAPI (excitation wavelength 417/60 nm; emission wavelength 352/60 nm)  

Epifluorescence is particularly useful when imaging cellular structures over 10 µm deep, as nuclei 

and organelles; however, it is not completely suitable for the visualization of thinner structure, as 

the plasma membrane, since the illumination of molecules outside the focal plane can produce 

images with a high background signal. To improve the signal-to-noise ratio and acquire information 

at the nanometer-scale level, Total Internal Reflection Fluorescence (TIRF) microscopy was used.  

 

2.3.2 Total Internal Reflection Fluorescence (TIRF) microscopy 

TIRF microscopy limits the fluorophore excitation to a thin field of about 100 nm by exploiting the 

total internal reflection phenomenon. In general, when a light beam reaches an interface between 

two media at different refractive indexes, it is both reflected and refracted according to the Snell’s 

law (Figure 2.2).  

 
 

                           Figure 2.2. Snell’s law description. 

In microscopy, the glass coverslip is the higher refractive index phase, while the cell cytosol is the 

lower one. When the incident beam strikes the interface with an angle larger than the critic one, it 

is completely reflected into the first medium (Fish, 2009). The reflection generates a restricted 

electromagnetic field that extends for a few hundred nanometers into the lower-index phase 

medium and declines sharply with the increasing distance from the interface, leading to the 

visualization of a limited region in the proximity of the interface, as the plasma membrane (Figure 

2.3). A crucial parameter to successfully perform TIRF experiments is the numerical aperture of the 

objective, since it must be sufficient to reach and overcome the critical angle (Fish, 2009). The 

numerical aperture (NA) of an objective is dependent on the refractive index of the lowest-index 

phase (n) and the angular aperture, in accordance with this mathematical relation: NA= n x sin µ, 

where µ is one-half the angular aperture. Since the cell cytosol has a refractive index of 1.38, an 

objective numerical aperture exceeding that value is necessary.  
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Figure 2.3. Schematic representation of TIRF microscopy process. When the light beam exceeds the critical angle, total 
internal reflection occurs and an evanescent field (100 nm) is generated. The refractive indexes of the aqueous medium 
(cytosol) and the glass coverslip are reported.  Image source: https://www.microscopyu.com/techniques/fluorescence/total-

internal-reflection-fluorescence-tirf-microscopy  

 

2.3.3 Immunofluorescence protocol 
Human islets of Langerhans, βTC3 and INS1E cells were stained with the following protocol: 

1. Fixation: wash once the islets in PBS LS, fix them in 4% paraformaldehyde (158127, Sigma 

Aldrich) solution for 20 minutes and wash three times in PBS LS. 

2. Labelling: the labelling was performed in a humidified atmosphere keeping the samples in 

the dark:  

 incubate the islets with primary antibodies diluted in GDB 1x  

 wash one time in PBS HS (Phosphate buffer high salts) for 5 minutes 

 wash twice in PBS LS for 5 minutes 

 incubate the islets with the secondary antibody diluted in GDB 1x for 1 hour 

 wash three times in PBS LS (5 minutes/each) 

 mount on microscope slides using 1 mg/mL phenylenediamine solution. 

Antibodies/fluorescent markers 

Primary antibodies 

- Monoclonal mouse anti-smooth muscle actin (A2547, Sigma Aldrich); dilution 1:200 - 2 

hours incubation at room temperature (RT). 

- Polyclonal guinea pig anti-insulin (A0564, Dako); dilution 1:500 - 2 hours incubation at RT. 

- DAPI or 4′,6-diamidino-2-phenylindole (A1001, Applichem); dilution 1: 10 000.   

- Monoclonal mouse anti-Ki67 (M7240, Dako); dilution 1:150 - 2 hours incubation at RT. 

- Monoclonal rabbit anti-chromogranin (ab254322, Abcam); dilution 1:150 - 2 hours 

incubation at RT. 

- Monoclonal mouse anti-glucagon (MAB1249, Biotechne); dilution 1:75 - 2 hours incubation 

at RT. 

- Monoclonal rat anti-somatostatin (ab30788, Abcam); dilution 1:50 - overnight incubation 

at 4 °C. 

- Monoclonal mouse anti-acetylated tubulin (T7451, Sigma Aldrich); dilution 1:75 - 2 hours 

incubation at RT. 

- Monoclonal mouse anti-vinculin (V9131, Sigma Aldrich); dilution 1:75 - overnight 

incubation at 4 °C. 
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- Texas red phalloidin (315-075-049, Jackson ImmunoResearch); dilution 1:500 - 20 minutes 

incubation at RT. 

- DAPI or 4′,6-diamidino-2-phenylindole (A1001, Applichem); dilution 1: 10 000 - 20 minutes 

incubation at RT. 

Secondary antibodies 

- Polyclonal anti-mouse fitc IgG (715-096-151, Jackson ImmunoResearch); dilution 1:150. 

- Polyclonal anti-guinea pig tritc IgG (106-025-006, Jackson ImmunoResearch); dilution 

1:500.  

- Polyclonal anti-mouse cy5 IgG (115-175-166, Jackson ImmunoResearch); dilution 1:150. 

- Polyclonal anti-rabbit fitc IgG (ab6717, Abcam); dilution 1:150. 

- Polyclonal anti-rat fitch IgG (ab6840, Abcam); dilution 1:150. 

2.3.4 Image acquisition and analysis 

Images acquisition was performed using the motorized inverted microscope Axio Observer Z1 (Zeiss 

Inc.) TIRF microscopy was preformed to visualize the vinculin clusters localized close to the plasma 

membrane. Images were acquired by using a multi-line 100 mV Argon laser and the 100x oil 

immersion objective with 1.45 numerical aperture (NA) (Zeiss). Green fluorescence was excited 

using the 488/10 nm laser line and imaged through a band-pass emission filter (525/50 nm) 

mounted on a Fast Retiga SVR CDD camera (Galli et al., 2018). Images were captured using the 

Image ProPlus software (Media Cybernetics, Bethesda, MD).  

Image analysis of vinculin clusters, nuclear architecture and cilium length was carried out using the 

Image ProPlus software. Firstly, to reduce the background and enhance the signal of fluorescent 

structures, a high Gauss filter (7 x 7) was applied. After selecting an AOI containing the cell of 

interest, the area and the background fluorescence were measured and all the structures with a 

fluorescent signal higher than four times the fluorescence background were counted. The following 

parameters were measured in a software-assisted manner: the area (μm2), major axis (μm), minor 

axis (μm) and the number of vinculin-positive clusters per cell; the nuclear area (μm2) and Feret’s 

diameter (μm); the cilium length (μm). Actin fibers length (μm) and width (μm) were measured 

using the ridge detection plug-in of the ImageJ FiJi software.  

2.4. Western blotting  

Western blot was used to evaluate the different expression of proteins involved in cell 

inflammation, differentiation and mitochondrial dynamics.  

2.4.1 Protein lysate preparation 

Cells were collected and lysed in RIPA buffer added with 0.01% SDS (only for human islets), 1 μg/mL 

aprotinin, 1 mg/mL PMSF and 1x Roche inhibitors for 40 minutes at 4 °C. Protein concentration was 

determined by Bradford assay using Bradford Reagent (B6916, Sigma Aldrich), an organic 

compound able to shift its maximum absorption from 465 to 595 nm when tied to proteins. 

According to the protein concentration, the lysate volume was calculated as follow: 

µ𝐿 𝐿𝑦𝑠𝑎𝑡𝑒 = 15 µ𝑔 ⁄ [𝑠𝑎𝑚𝑝𝑙𝑒]µ𝑔/µ𝐿 

Samples were prepared by adding to the calculated volume of lysate the β-mix 2x solution, 

containing the reducing agent β-mercaptoethanol and the tracking marker bromophenol blue. 
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Samples were boiled on a dry plate at 100 °C for 2 minutes to unfold the 3D protein structure and 

keep on ice until use.  

2.4.2 Gel electrophoresis and electrotransfer 

Polyacrylamide Gel Electrophoresis (PAGE) was used for protein separation, in particular, a 10% 

polyacrylamide gel was prepared to separate proteins in the lysates. The polyacrylamide gel was 

mounted vertically between two buffer chambers, filled with the running buffer. Samples and a 

prestained protein marker (EPS025500, EuroClone) were loaded, an electric field of 100 V was 

applied to allow samples entering into the running gel, then the separation was performed at 60 V 

for 3 hours. The application of the electrical field across the buffer chambers forces the migration 

of proteins through the gel.  

Proteins, separated according to their electrophoretic mobility, were electro-

transferred from the gel to a 0.45 µm pore size PDVF membrane (Immobilon®-

P, IPVH00010, Millipore). Briefly, PVDF membranes were activated by 

incubating them in methanol (15 seconds) and deionized water (2 minutes) 

and then equilibrated for 5 minutes in the blotting buffer. The sandwich, 

castled as reported in figure 2.4, was mounted into the transfer chamber filled 

with the blotting buffer. The electrotransfer was performed overnight at 90 

mA in the cold room. During the transfer, proteins negatively charged moving 

from the anode to the cathode were immobilized on the PVDF membrane. The 

evaluation of protein transfer was performed by labelling the membranes with 

a solution of 0.1% (w/v) Ponceau S in 5% acetic acid (P-7170, Sigma Aldrich). 

Ponceau S, a sodium salt of a diazo dye, rapidly reacts with proteins on the 

membrane resulting in a replica of the gel band patterns.   

 

2.4.3 Immunodetection  

To detect the proteins, a chemiluminescent (ECL) assay was performed by using antibodies 

conjugated to horseradish peroxidase (HRP), a chemiluminescent substrate (luminol) and an 

oxidizing agent (hydrogen peroxide).  

The immunodetection was performed with the following protocol:  

 Blocking: incubate the membrane with the blocking buffer for 1 hour at room temperature 

to prevent non-specific binding of the antibodies; the buffer type is strictly dependent on 

the antibody used. 

 Primary antibody staining: incubate the membrane with the primary antibody diluted in 

the incubation buffer on a shaker; the timing and the buffer used for the labelling are 

strictly dependent on the antibody. 

 Washes: wash three times in 1x TBS-T 0.1% (5 minutes/each) on a shaker. 

 Secondary antibody staining: incubate the membrane with the HRP-conjugated antibody 

diluted in the blocking buffer for 1 hour at room temperature on a shaker. 

 Washes: wash three times in 1x TBS-T 0.1% (5 minutes/each) on a shaker. 

The ETA C 2.0 WESTAR kit (XLS075, Cyanagen) was used as HRP-substrate. Mix 1:1 the luminol and 

the peroxide solutions, then incubate the membrane in the ECL solution for 5 minutes, in the dark 

at room temperature. The signal of the ECL-based reaction was detected with the Odyssey Fc 

Figure 2.4. Sandwich assembly 
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Imaging system (Li-Cor, Biosciences). The optical density of the bands was quantified by using the 

Image Studio™ Lite software (version 3.1, Li-Cor, Biosciences).  

 

2.4.4 PVDF membrane stripping  

Two different types of stripping were used. For antibodies against the phosphorylated form of a 

protein, the membranes were firstly labelled with the antibodies for the phosphorylated forms, 

mild stripped and re-stained with the antibodies against the non-phosphorylated proteins. The 

following protocol was used: 

 incubate the membrane for 10 minutes in stripping solution  

 wash four times in 1x TBS 

 incubate the membrane for 10 minutes in stripping solution  

 wash four times in 1x TBS 

 incubate the membrane for 10 minutes in stripping solution  

 wash twice in PBS LS (10 minutes/each) 

 wash twice in 1x TBS-T 0.1% (5 minutes/each). 

 

A hard stripping was performed for proteins presenting a similar molecular weight. The stripping 

was performed by incubating the membrane in the hard stripping solution for 30 minutes at 45 °C, 

then it was washed 3 times in 1x TBS-T 0.1% (10 minutes/each).  

 

Antibodies 

Primary antibodies 

- Monoclonal mouse anti-smooth muscle actin (A2547, Sigma Aldrich); dilution 1:2000 - 2 

hours incubation at RT. 

- Polyclonal rabbit anti-β catenin (C2206, Sigma Aldrich); dilution 1:2000 - 2 hours incubation 

RT.  

- Monoclonal mouse anti-YAP/TAZ (sc-101199, Santa Cruz); dilution 1:500 - overnight 

incubation at 4 °C.  

- Monoclonal mouse anti-β actin (NB600-501, Novus Biologicals); dilution 1:10 000 - 2 hours 

incubation RT. 

- Polyclonal rabbit anti-HIF1α (SAB2101039, Sigma Aldrich); dilution 1:500 - 2 hours 

incubation RT. 

- Monoclonal rabbit anti-Phospho-IκBα (Ser32) (2859, Cell Signaling); dilution 1:1000 - 

overnight incubation at 4 °C.  

- Monoclonal mouse anti-IκBα (4814, Cell Signaling); dilution 1:1000 - overnight incubation 

at 4 °C.  

- Monoclonal rabbit anti-Phospho-NFκB p65 (Ser536) (3033, Cell Signaling); dilution 1:1000 - 

overnight incubation at 4 °C. 

- Monoclonal rabbit anti-NFκB p65 (8242, Cell Signaling); dilution 1:1000 - overnight 

incubation at 4 °C. 

- Monoclonal mouse anti-β tubulin (T8328, Sigma Aldrich); dilution 1:500 - 2 hours 

incubation RT.  
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- Monoclonal rabbit anti-mitofusin2 (9482, Cell Signaling); dilution 1:1000; overnight 

incubation at 4 °C. 

- Monoclonal rabbit anti-DRP1 (8570, Cell Signaling); dilution 1:1000 - overnight incubation 

at 4 °C. 

- Monoclonal rabbit anti-OPA1 (80471, Cell Signaling); dilution 1:1000 - overnight incubation 

at 4 °C. 

- Monoclonal rabbit anti-TOM20 (42406, Cell Signaling); dilution 1:1000 - overnight 

incubation at 4 °C.  

- Monoclonal rabbit anti-phospho-eIF2α (Ser51) (3597, Cell Signaling); dilution 1:1000 - 

overnight incubation at 4 °C. 

- Monoclonal rabbit anti-eIF2α (5324, Cell Signaling); dilution 1:1000 - overnight incubation 

at 4 °C. 

- Monoclonal rabbit anti-PERK (3192, Cell Signaling); dilution 1:1000 - overnight incubation 

at 4 °C. 

Secondary antibodies 

- Polyclonal anti-mouse IgG, HRP linked (7076, Cell Signaling); dilution 1:1000. 

- Polyclonal anti-rabbit IgG, HRP linked (7074, Cell Signaling); dilution 1:1000. 

2.5 FACS analysis  

In order to evaluate cell proliferation, the NovoCyte™3000 flow cytometer (ACEA biosciences, 

Agilent) was used. This system is able to detect and record fluorescent light of 13 different colors 

thanks to three different lasers (the argon ion, the red helium neon and the violet diode lasers) and 

13 emission filters.  

2.5.1 Cell staining  

Human islets clusters were disaggregated using 1 mg/mL collagenase II solution (C6885, Sigma 

Aldrich) for one hour at 37 °C. Once obtained a single cell suspension, cells were fixed and labelled 

with the following protocol: 

 resuspend the pellet in 100 μL of fixing solution  

 incubate for 30 minutes in ice to fix and permeabilize the cells 

 centrifuge at 4000 x g for 7 minutes and discard the supernatant 

 incubate the cells with the unconjugated primary antibody diluted in the permeabilizing 

solution for 30 minutes, keeping the sample on ice and in the dark 

 wash one time in 1x MACS buffer 

 incubate the cells with the secondary/conjugated primary antibodies diluted in the 

permeabilizing solution for 30 minutes, keeping the sample on ice and in the dark 

 wash one time in 1x MACS solution 

 resuspend the pellet in 300 μL of 1x MACS buffer. 

Antibodies 

Polyclonal guinea pig anti-insulin (A0564, Dako); dilution 1:50. 

Polyclonal anti-guinea pig tritc IgG (106-025-006, Jackson ImmunoResearch); dilution 1:50. 

Monoclonal mouse anti-Ki-67 (20Raj1), eFluor 450 (48-5699-41, eBioscience™); dilution 1:25. 
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2.5.2 Quantification and analysis 

Samples were analyzed with the NovoCyte™3000 flow cytometer (ACEA biosciences, Agilent). 

Insulin positive cells were detected by using the argon ion laser (488) and the PE emission filter 

(572/28 nm), while Ki67 fluorescence was excited with the violet diode laser (405) and collected 

with the Pacific Blue™ Brilliant Violet emission filter (445/45 nm). The obtained dataset was then 

analyzed with the Novoexpress software. In order to select only β-cells within the cell suspension, 

PE fluorescence emission was correlated to the forward scatter light (FSC); only the cells presenting 

an FSC greater than 2 x 105 and a PE fluorescence emission exceeding 104, were considered for 

further analysis. The selected β-cell population was then correlated to the Ki67 positive cells and 

the median intensity of fluorescence was calculated.  

2.6 Insulin secretion experiments 

The glucose stimulated insulin secretion (GSIS) was evaluated in mouse βTC3 cells and human islets 

of Langerhans with the following procedure. 

 

 Equilibration phase 1: incubate the cells for 1 hour in Krebs ringer buffer (KRH) 

supplemented with 1 mM (βTC3) or 3.3 mM (human islets) glucose and 0.2% w/v BSA 

(A8022, Sigma Aldrich); discard the supernatants. 

 Basal release: cells were incubated for 45 minutes in Krebs ringer buffer (KRH) 

supplemented with 1 mM (βTC3) or 3.3 mM (human islets) glucose and 0.2% BSA; collect 

the supernatants into fresh tubes. 

 Stimulated release: incubate the cells for 45 minutes in Krebs ringer buffer (KRH) 

supplemented with 20 mM (βTC3) or 16.7 mM (human islets) glucose and 0.2% BSA; collect 

the supernatants into fresh tubes. 

 Cell collection: lysis buffer integrated with 1 μg/mL aprotinin, 1 mg/ mL PMSF and 1x Roche 

inhibitors was added into wells and the cells were detached from the substrate by pipetting.  

 Cell lysis: cell suspensions were incubated on a rotary shaker (slow rotation) for 30 minutes 

at 4 °C and centrifuged at 13600 x g for 5 minutes at 4 °C; supernatants were collected and 

transferred into fresh tubes. 

 

The total insulin content and the glucose-stimulated insulin secretion were measured by means of 

ELISA immunoassays (10-1247-01 for βTC3 and 10-1113-01 for human islets, Mercodia), following 

the manufacturer’s protocol.  

 

2.7  Calcium imaging 

Changes in intracellular free Ca2+ were determined by single cell Fluo3 fluorescence imaging. The 

islets were incubated at 37 °C for 40 minutes with 2 mM Fluo3/acetoxymethyl ester (Fluo3-AM) 

(46393, Sigma Aldrich) supplemented with 0.0125% Pluronic F-127 (P2443, Sigma Aldrich) in KRH 

solution containing 20 mM HEPES pH 7.4, 2 mM CaCl2, 3.3 mM glucose. Prior to imaging, islet were 

incubated for 10 minutes at room temperature in KRH solution. The images were acquired every 

10 s with the high resolution Retiga SRV CCD camera attached to the Axio Observer Z1 (Zeiss) 

inverted fluorescence microscope. The fluorescence signal of single cells was measured over time 

using the Image-ProPlus (Media Cybernetics) software and the data were expressed as relative total 
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fluorescence [F/F0: ratio of fluorescence signal in each frame to basal value (F0)] as a function of 

time. 

2.8 Proteomic analysis of human islets of Langerhans 

Proteomic analysis was carried out using the Liquid Chromatography Electrospray Ionization 

Tandem Mass Spectrometer (LC-ESI-MS/MS) by the laboratory of prof. Tedeschi (Department of 

Veterinary Medicine, Università degli Studi di Milano). The main steps of LC-ESI-MS, represented in 

figure 2.5, are: 

1. Separation of the protein mixture through Liquid Chromatography (LC). This method is based 

on the physical separation of the analytes between two immiscible phases, namely the mobile 

and the stationary phases. In the reverse-phase method, the most widely used, the first one is 

a polar solvent (methanol, ethanol, acetonitrile…) mixed with water, while the stationary phase 

is hydrophobic (Dass, 2007). The analytes are separated depending on the affinity for the 

mobile and stationary phases and they flow out of the column at different times according to 

their partitioning between the two phases (Niessen, 2006). Critical parameters are the column 

diameter and the flow rate of the mobile phase (ranging from sub μL/min to 1 mL/min); the 

lower they are, the higher the sensitivity and the resolution of the method (Pitt, 2009).  

2. Nebulization through the Electrospray Ionization Source (ESI). The eluate of the LC column is 

pumped through a capillary maintained at 3-5 kV and nebulized to form a spray of charge 

droplets. The droplets are rapidly evaporated by heat and dry nitrogen and the residual 

electrical charge is transferred to the analytes, which are carried into the chamber of the MS 

(Fenn et al., 1989; Kebarle, 2000). 

3. Analysis by Mass Spectrometry (MS). The charged particles derived from the ESI enter in the 

high vacuum chamber of the MS, where their mass to charge ratio (m/z) is measured. The main 

components of the MS are the mass analyzer, which sorts the ions by their mass through the 

manipulation of their motion by the application of magnetic/electric fields, and the detector, 

which detects the abundancy of each mass-resolved ions by measuring and amplifying the ion 

current (Dass, 2007).  

 
Figure 2.5. Schematic representation of the Liquid Chromatography Electrospray Ionization Mass Spectrometric (LC-ESI-
MS) technique. Adapted from Alymatiri et al., 2015 and Torre et al., 2015. 
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In order to enhance the specificity of the method, tandem mass spectrometry (MS/MS) consisting 

of a double analysis of the samples by two different MS, was used. The ions with a specific m/z 

ratio, produced in the MS1, are selected and fragmented into smaller ions which, in turn, are 

analyzed by the second MS (MS2) (Pitt, 2009).   

 

2.8.1 Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometric (LC-

ESI-MS/MS)  

Human islets were collected by scratching the substrates with cold PBS LS supplemented with one 

tablet of cOmplete™ Mini Protease Inhibitor Cocktail (11836153001, Merck), 10 nM Microcystin-LR 

(33893, Merck), 10 nM Calyculin A (208851, Merck) and one tablet of 1x Phosphatase Inhibitor 

Cocktail (P2850, Merck). Cells were centrifuged at 720 x g for 5 minutes and after derivatization and 

reduction, proteins were digested using the trypsin sequencing grade reagent (TRYPSEQ-RO, Roche) 

using a protein:trypsin ratio of 50:1 for 16 hours at 37 °C. 

The analysis was performed on a Dionex UltiMate 3000 HPLC System with a PicoFrit ProteoPrep 

C18 column (200 mm, internal diameter of 75 μm). Firstly, the proteins were separated by gradients 

(flow rate 0.3 µL/min): 

 1% acetonitrile (ACN) in 0.1% formic acid for 10 minutes 

 1-4 % acetonitrile (ACN) in 0.1% formic acid for 6 minutes 

 4-30 % acetonitrile (ACN) in 0.1% formic acid for 147 minutes 

 30-50 % acetonitrile (ACN) in 0.1% formic acid for 3 minutes. 

The eluate was electrosprayed into an LTQ Orbitrap Velos through a Proxeon nanoelectrospray ion 

source (Thermo Fisher Scientific). For data acquisition, the instrument was set in positive mode in 

order to automatically alternate between a full scan in the Orbitrap and subsequent CID MS/MS 

(tandem mass spectroscopy with collision induced dissociation) in the linear ion trap of the 20 most 

intense peaks from full scan (Galli et al., 2018). The following parameters were used: 

 Orbitrap full scan: resolution 6000, AGC (automatic gain control) target 1000000 and 

mass/ion charge number ratio (m/z) of 350-2000 

 CID MS/MS: 35% normalized collision energy with 10 ms of activation 

 Isolation window set at 3 Da; the exclusion list reported 200 proteins, which were scanned 

as reported in table 2.1: 
 

Charge state  

Unassigned Rejected 

1+ Rejected 

2+ Dynamic exclusion enabled (60 s) 

3+ Dynamic exclusion enabled (60 s) 

4+ Dynamic exclusion enabled (60 s) 
 

                                                                  Table 2.1. Parameters used for the dynamic exclusion.  

 
Data acquisition was checked by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher Scientific).  

Four technical replicate analyses of each sample were performed.  

 

2.8.2 Mass spectra analysis and quantification 

Mass spectra were analyzed with the MaxQuant software (version 1.3.0.5) and the following 

parameters were settled: 
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 enzyme specificity: set to trypsin with a maximum of two missed cleavages allowed 

 fixed protein modifications: only for carbamidomethylcysteine 

 variable protein modifications: N-terminal acetylation, methionine oxidation and serine/ 

threonine/tyrosine phosphorylations. 

The Andromeda search engine against the human (release 04.07.2014) and mouse (release 

29.06.2015) Uniprot sequence databases was used to scan the spectra (Galli et al., 2018).  

The quantification was carried out by using the built-in XIC-based fast label free quantification (LFQ) 

algorithm, setting the false positive rate at 1% for both peptide and protein levels against a 

concatenated target decoy database and a minimum peptide length of 6 amminoacids. Only 

proteins present in at least three counts of the four technical replicates were considered for the 

statistical analysis (Perseus software version 1.4.0.6). To determine the proteins differentially 

expressed in islets grown on the different substates, the ANOVA test was carried out with a false 

discovery rate of 0.05 (FDR).  

 

2.8.3 Data interpretation and representation 

In order to exclude proteins that are pancreas contaminants, the dataset was first compared with 

high quality islets proteome reported in literature (Martens 2015; Waanders et al., 2009) and 

proteins were classified for their function, molecular pathways and interactions.  

Proteins differentially expressed in the experimental conditions were classified according to their 

function using the PANTHER and DAVID software. PANTHER (Protein Analysis Through Evolutionary 

Relationships) is a comprehensive library of phylogenic trees of protein-coding gene families, 

derived from 104 organisms, classified by their evolutionary history and functions (Mi et al., 2017). 

DAVID (Database for Annotation, Visualization and Integrated Discovery) software classifies the 

related and heterogenous many-genes-to-many-terms relationships in a simple and well organized 

view, enabling the users to efficiently identify differences and similarities between the 

experimental conditions (Huang et al., 2009). Proteins were classified based on their molecular 

function, biological process, localization in cellular components through the Gene Ontology (GO) 

annotations, and for the signaling pathways using the Kyoto Encyclopedia of Genes and Genomes 

(KEGG).  

To have insights on protein-protein interactions, the dataset was scanned with Reactome and 

STRING softwares. The Reactome Knowledgebase is not only an archive of biological processes but 

also a tool for discovering unexpected functional relationships in the proteome, focusing on signal 

transduction pathways, DNA replication and metabolism (Fabregat et al., 2016). Molecular 

pathways are organized hierarchically as reported in the Gene Ontology (GO) classification, making 

the Reactome a graphic implementation for the GO data set (Ashburner et al., 2000; Gene Ontology 

Consortium, 2015). STRING (Search Toll for the Retrieval of Interacting Genes and proteins) 

database provides a global view of protein-protein physical and functional interactions using the 

calibrated and reliable information derived by the KEGG pathway platform (Kanehisa et al., 2014). 

Protein-protein interactions are reported into graphs where the network nodes represent the 

proteins and their dimensions are related to the availability of information about the 3D protein 

structure. The lines, which indicate protein associations, may be colored differently according to 

the evidence used for predicting the interaction and their thickness indicates the prediction 

confidence (Szklarczyk et al., 2015) (Figure 2.6). The following rules are considered: 
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 neighborhood evidence (green line): interactions that are observed in one organism are 

transferred to the others with similar genomic context by pre-computed orthology 

relations 

 fusion evidence (red line): proteins fused in the genome of one species are functionally 

linked, even if they are not fused in the genome of the studied organism 

 co-occurrence evidence (dark blue line): proteins with similar functions or occurrence in 

the same metabolic pathway, must be expressed together and have similar phylogenetic 

profile 

 co-expression evidence (black line): interactions are predicted by using co-expression 

algorithms based on observed patterns of simultaneous expression of genes 

 experimental evidence (purple line): interactions are experimentally validated and 

imported from primary databases 

 database evidence (light blue line): interactions are analyzed by exploiting manually 

curated databases, i.e. KEGG.  

 textmining evidence (yellow line): interactions are predicted by using an automated search 

within Medline abstracts and full-text articles (Huynen et al., 2003; Valencia and Pazos, 

2002). 

 
Figure 2.6. Example of the STRING network view. Edges represent protein-protein interactions: their color and thickness 
indicate the evidence used for predicting the interaction and the confidence of the prediction, respectively. Upper box: 
accessory information about the selected proteins including annotations, cross-link, domains and 3D structure. Lower box: 
color-coded protein indicates abundance information and reveals differences in the expression. Adapted from Szklarczyk 
et al., 2015 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRoteomics IDEntifications (PRIDE) partner 

repository with the dataset identifier PXD007569.  

http://proteomecentral.proteomexchange.org/
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2.9 Cell viability and apoptosis assays 

2.9.1 ReadyProbes® Cell Viability Imaging 

βTC3 viability was evaluated using the ReadyProbes® Cell Viability Imaging Kit (R37609, Invitrogen) 

following the manufacturer’s protocol. It consists of 2 dyes: the NucBlue Live® reagent that stains 

all the cells nuclei and the NucGreen® Dead dye that labels only the nuclei of cells with 

compromised plasma membrane. Images were acquired with the motorized inverted microscope 

Axio Observer Z1 at 40 x magnification. Dead and live cells were detected using the n.52 and the 

DAPI filters, respectively. To quantify the percentage of dead cells over total cells, the number of 

NucBlue Live® and NucGreen® Dead positive cells was counted in at least 30 images for sample. 

 

2.9.2 LDH release assay 

Islet necrosis was quantified using the CyQUANT™ LDH Cytotoxicity Assay (C20300, Thermo Fisher 

Scientific) following the manufacturer’s protocols. Absorbance emission was quantified at 490 nm 

and data were expressed as percentage of positive controls. 

2.9.3 Terminal Deoxynucleotidyltransferase-mediated dUTP-biotin Nick End Labeling 

(TUNEL) Assay 

Cell apoptosis was detected using the DeadEnd™ Fluorometric TUNEL System (G3250, Promega) 

following the manufacturer’s protocol. In order to evaluate the β-cell apoptosis, islets were stained 

with anti-insulin antibody and DAPI as reported in chapter 3.3. Random fields were imaged at 40x 

magnification and the number of TUNEL-positive cells was counted in at least 100 insulin-

immunoreactive cells (β cells) and 100 insulin-negative cells (non-β cells). To evaluate the 

percentage of β-cell apoptosis, the number of cells double positive for TUNEL and insulin was 

compared to the total number of insulin-immunoreactive β-cells. 

2.10 Intracellular ROS quantification 

Intracellular ROS were monitored by loading the cells with 2΄,7΄-dichlorofluorescin diacetate 

(DCFDA - D6883, Sigma Aldrich). It is a membrane permeable dye that is converted into non-

fluorescent DCFH (dichlorofluorescein) by cytoplasmic esterases. When DCFH reacts with ROS, it is 

oxidized into the fluorescent DCF (dehydrogenated dichlorofluorescein) (Cumaoğlu et al., 2011). 

According to these mechanisms, the higher the fluorescence detected, the higher are the 

intracellular ROS. βTC3 cells were pre-loaded with 15 μM DCFDA in KRH buffer supplemented with 

11 mM glucose at 37 °C for 60 minutes. Fluorescence emission (485/528 nm Ex/Em) was recorded 

with the microplate reader TECAN infinite® F500 (Tecan, GmbH) using the following parameters: 

excitation filter 485/20 nm, emission filter 535/25 nm and bottom - cyrcle filled (4x4) read option. 

 

2.11 Functional and morphological characterization of mitochondria 

Mitochondrial activity, localization and function were evaluated by labelling the organelles with 

MitoTracker probes, a family of organic compounds that passively diffuses across the plasma 

membrane and accumulates into the mitochondria (Gökerküçük et al., 2020). The following dyes 

were used (Figure 2.7):  

 MitoSpy™ Orange CMTMRos (424803, Biolegend). A derivative of the orange-fluorescent 

tetramethylrosamine, which accumulates into the mitochondrial matrix according to their 
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membrane potential. Since its accumulation is strictly related to the membrane potential, 

it can be a valuable tool for monitoring mitochondrial function (Poot et al., 1996).  

 MitoSpy™ Green FM (424805, Biolegend). It accumulates in mitochondria by binding the 

free thiols groups of cysteine residues. Since it accumulates in the organelles regardless of 

their membrane potential, it is particularly useful to evaluate mitochondrial mass and 

morphology (Pendergrass et al., 2004). 

 

Figure 2.7. Chemical structures of Mitospy™ Orange CMTMRos and Green FM.  

2.11.1 Mitochondrial membrane potential  

Mitochondrial membrane potential was quantified by loading βTC3 cells with 100 nM MitoSpy™ 

Orange CMTMRos in KRH buffer supplemented with 11 mM glucose at 37 °C for 30 minutes. 

Fluorescence emission (551/576 nm Ex/Em) was recorded with the microplate reader TECAN 

infinite® F500 (Tecan, GmbH) using the following parameters: excitation filter 535/25 nm, emission 

filter 590/20 nm and bottom - cyrcle filled (4x4) read option. 

 

2.11.2 Mitochondrial morphology and network  

βTC3 and INS1E cells were labelled with 300 µM MitoSpy™ Green FM in KRH buffer supplemented 

with 11 mM glucose at 37 °C for 30 minutes. Samples were transferred into an imaging chamber 

and covered with 11 mM glucose KRH. Images were acquired with the motorized inverted 

microscope Axio Observer Z1 at 100 x magnification, using the n. 52 filter (Mitospy™ Green FM: 

490/516 nm Ex/Em). Image analysis was performed using the ImageJ FiJi software. To enhance the 

mitochondrial structures, the fluorescence background was reduced and the Unsharp Mask filter 

was applied. Structures considered for the analysis were filtered imposing a threshold value of 4 

times the background fluorescence. The following parameters were analyzed using the analyze 

particles plug-in: area (µm2), aspect (major axis/minor axis), maximum Feret’s diameter (µm) and 

the number of mitochondria per cell. According to Stiles and Shirihai (2012), labelled structure with 

a maximum Feret’s diameter major of 17 µm were excluded from the analysis. The analyses of the 

mitochondrial network were carried out adapting the image processing reported by Valente et al., 

2017. The number of mitochondrial networks per cell, the mean length of branches and the number 

of isolated mitochondria were measured using the analyze skeleton (2D/3D) plug-in.  

 

2.12 Proteomic analysis of mitochondrial fraction  

Mitochondrial fraction was extracted using the MITOISO2 kit (Sigma-Aldrich), which enables a fast 

and easy isolation and ensures the integrity of the mitochondria inner and outer membranes, 

following the manufacturer’s protocol. Proteins were derivatized, reduced and digested for 16 

hours at 37 °C using the trypsin sequencing grade reagent (TRYPSEQ-RO, Roche) with a 
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protein:trypsin ratio of 20:1 (Maffioli et al., 2017; Tedeschi et al., 2011). The proteomic analysis was 

performed using the Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometric 

(LC-ESI-MS/MS) technique by the laboratory of prof. Tedeschi (department of Veterinary medicine, 

Università degli Studi di Milano). The analysis was carried out using a Dionex UltiMate 3000 HPLC 

System with an EASY-Spray PepMap RSLC C18 column (150 mm, internal diameter of 75 μm - 

Thermo Fisher Scientific). Firstly, the proteins were separated by liquid chromatography (LC) using 

the following gradients (flow rate 0.3 µL/min): 

 4% acetonitrile (ACN) in 0.1% formic acid for 3 minutes 

 4-40 % acetonitrile (ACN) in 0.1% formic acid for 90 minutes 

 40-45 % acetonitrile (ACN) in 0.1% formic acid for 10 minutes 

 45-90 % acetonitrile (ACN) in 0.1% formic acid for 16 minutes 

 90-94 % acetonitrile (ACN) in 0.1% formic acid for 14 minutes.  

The eluate was electrosprayed into an Orbitrap Fusion Tribrid through a nanoelectrospray ion 

source (Thermo Fisher Scientific). For data acquisition, the instrument was set in positive mode in 

order to automatically alternate between a full scan in the Orbitrap and subsequent HCD MS/MS 

(tandem mass spectroscopy with higher-energy collisional dissociation) of the 20 most intense 

peaks from full scan (Maffioli et al., 2020). The following parameters were used: 

 Orbitrap full scan: resolution 120000, AGC (automatic gain control) target 4000000 and 

mass/ion charge number ratio (m/z) of 300-15000 

 HCD MS/MS: resolution 15000 with a 30% normalized collision energy  

 Isolation window set at 1.6 Da; the charged particles were scanned as reported in table 2.2: 
 

Charge state  

Unassigned Rejected 

1+ Rejected 

2+ Dynamic exclusion enabled (30 s) 

3+ Dynamic exclusion enabled (30 s) 

4+ Dynamic exclusion enabled (30 s) 

5+ Dynamic exclusion enabled (30 s) 

6+ Dynamic exclusion enabled (30 s) 

7+ Dynamic exclusion enabled (30 s) 
 

                               Table 2.2. Parameters used for the dynamic exclusion. 

 

Data acquisition was checked by Xcalibur 4.1 and Tune 3.0 software (Thermo Fisher Scientific).  

Three technical replicate analyses of each sample were performed (Maffioli et al., 2020).  

 

2.12.1 Mass spectra analysis and quantification 

Mass spectra were analyzed using the MaxQuant software (version 1.6.0.1) and the following 

parameters were set: 

 mass deviation: 6 ppm for monoisotipic precursor ions and 0.5 Da for MS/MS peaks 

 enzyme specificity: set to trypsin with a maximum of two missed cleavages allowed 

 fixed protein modifications: only for carbamidomethylcysteine 

 variable protein modifications: N-terminal acetylation, methionine oxidation and 

asparagine/glutamine deaminations. 

The Andromeda search engine against the human Uniprot sequence database (release 03.06.2019) 

was used to scan the spectra and the targets reversed sequences were used as a decoy database 
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(Maffioli et al., 2020).  The quantification was carried out using the built-in XIC-based fast label free 

quantification (LFQ) algorithm of MaxQuant software, setting the false positive rate at 1% for both 

peptide and protein levels against a concatenated target decoy database and a minimum peptide 

length of 7 amminoacids (Vernocchi et al., 2014). Only the proteins present in at least two of the 

three technical replicates were taken into account for the statistical analysis performed using the 

Perseus software (version 1.5.5.3). 

 

2.12.2 Data interpretation and representation  

The obtained proteome was scanned with MitoMiner (3.1 version), a freely accessible 

mitochondrial localization database. This software integrates the information from other public 

resources such as UniProt, Gene Ontology (GO) for cellular function, the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) for metabolic pathways and the Online Mendelian Inheritance in Man 

(OMIM) database for diseases (Smith and Robinson, 2016). In our study, an Integrated 

Mitochondrial Proteomic Index (IMPI) ≥ 0.5 was set to filter out the mitochondrial proteins used for 

the analysis (Maffioli et al., 2020). Filtered proteins were classified according to their molecular 

function, biological process, localization in cellular components through the Gene Ontology (GO) 

annotations and for the signaling pathways by the Kyoto Encyclopedia of Genes and Genomes 

(KEGG), using the PANTHER and DAVID software. Functional clustering was based on a DAVID 

enrichment score of 3, with at least three counts, with a p-value ≤ 0.05 and protein-protein 

interactions were evaluated using the STRING software. The mass spectroscopy proteomics data 

were deposited on the ProteomeXchange Consortium with the dataset identifier PXD007569. 

 

2.13 Vectors: amplification, purification and transfection  

In our experiments, ER-GFP (kindly provided by Dr. Giovanni Piccoli, University of Trento, Italy) and 

LAMP1-GFP constructs were used to visualize the endoplasmic reticulum (ER) and the lysosomes, 

respectively. The amplification of DNA vectors was performed in JM109 bacteria (genotype: endA1 

glnV44 thi-1 relA1 gyrA96 recA1 mcrB+ Δ(lac-proAB) e14- [F' traD36 proAB+ lacIq lacZΔM15] 

hsdR17(rK -mK + ), an Escherichia coli strain.  

 

2.13.1 Preparation of competent JM109 bacteria  

Original JM109 bacteria were cultured in 3 mL of lysogeny broth (LB) overnight under agitation (220 

rpm) at 37 °C.  The day after, the bacterial culture was transferred into a sterile plastic flask 

containing 100 mL of LB and were grown under agitation (220 rpm) at 37 °C. Since bacteria can be 

made competent only during the exponential growth, an aliquot of the bacterial culture was taken 

every 30 minutes and their growth was analyzed by spectrophotometry (600 nm wavelength. When 

the measured optical density (OD) was around 0.6, bacteria reached the exponential growth phase 

and were processed as follow: 

 centrifuge at 3000 rpm for 10 minutes at 4 °C 

 resuspend the pellet in cold TB JAP solution and incubate in ice for 10 minutes 

 centrifuge at 2500 rpm for 10 minutes at RT 

 resuspend the pellet in TB JAP supplemented with 7% (v/v) DMSO and incubate in ice for 

10 minutes. 

 



 57 

2.13.2 JM109 transformation, DNA extraction and purification  

DNA vectors were inserted into competent JM109 bacteria through thermal shock (30 minutes in 

ice, 1 minute at 42°C and 1 minute in ice). JM109 were then incubated at 37 °C for 90 minutes under 

agitation (220 rpm). Ampicillin (50 μg/mL), the antibiotic used for bacteria selection, was added to 

the bacterial culture, which was incubated overnight at 37 °C. Transformed bacteria were then 

incubated at 37 °C overnight under agitation (220 rpm) for amplification. DNA vectors were 

extracted and purified using the EuroGold Plasmid Miniprep kit (EMR500050, EuroClone), following 

the manufacturer’s protocol. The concentration of the extracted cDNAs was quantified by gel 

electrophoresis. 

 

2.13.3 Cell transfection  

βTC3 and INS1E cells were transfected with the following protocol (volumes reported are referred 

to a 6-well plate): 

 dilute 3.75 μL of Lipofectamine™ 3000 Reagent (L3000015, Thermo Fisher) in 125 μL Opti-

MEM™ Medium (31985054, Thermo Fisher) and mix by vortexing 

 prepare the DNA master mix by diluting 2.5 μg DNA in 125 μL OptiMEM™ Medium, add 5 

μL P3000™ Reagent (L3000015, Thermo Fisher) and mix by vortexing 

 add the DNA master mix to the diluted Lipofectamine reagent and incubate for 15 minutes 

at room temperature 

 add the DNA-lipid complex to the cells and incubate in humidified atmosphere containing 

5% of CO2 at 37 °C. 

 

2.14 Colocalization analyses 

Transfected βTC3 and INS1E cells were labelled with 100 nM MitoSpy™ Orange CMTMRos, fixed in 

4% paraformaldehyde solution for 20 minutes and mount on microscope slides using 1 mg/mL 

phenylenediamine (487473, Sigma Aldrich) solution. Images were taken with the motorized 

inverted microscope Axio Observer Z1 at 100x magnification, using the n.52 and n.43 filters.  To 

enhance the image quality prior to colocalization analysis, the background was subtracted and 

images were pre-processed using the unsharp mask filters. ER-mitochondria contact sites were 

quantified through the Pearson’s colocalization coefficient, while the lysosomes-mitochondria 

connections were evaluated by means of the ImageJ colocalization plug-in. The analyses of the ER 

network were carried out adapting the image processing reported by Valente et al., 2017. The 

number of ER networks per cell was measured using the analyze skeleton (2D/3D) plug-in.  

 

2.15 miRNAs expression 

βTC3 grown on the indicated substrate for 3 days were collected in QIAzol lysis reagent (79306, 

QIAGEN) and RNA extraction for miRNA analysis was performed with the miRNeasy Micro kit 

(217084, QIAGEN) following the manufacturer’s protocol. Measurement of miRNAs expression 

were performed using the quantitative RT-qPCR miRCURY LNA SYBR Green detection kit (339347, 

QIAGEN).  
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2.16 Statistical analysis 

Statistical analysis was performed using GraphPad Prism (version 5) software. Data were expressed 

as means ± S.E. (standard errors) or S.D. (standard deviations) of at least three independent 

experiments. Statistical comparisons were carried out using the unpaired student’s t-test, the one-

way and two-way ANOVA followed by multiple comparison. Differences were considered 

statistically significant when the p value was < 0.05. 

2.17 Reagents and solutions 

 

1 mg/mL Gelatin solution -20 mL 

Weigh 20 mg of gelatin powder (48723, Sigma Aldrich) and dissolve it in 20 mL of deionized water 

by vortexing. Filter the solution using 0.22 µm filter and sonicate it for 30 seconds. Aliquot and store 

it in -20 °C.  

 

50 mM Blebbistatin solution - 5 mL 

Weigh 5 mg of Blebbistatin powder (B0560, Sigma Aldrich) and dissolve it in 5 mL of DMSO by 

vortexing. Aliquot and store it in -20 °C.  

 

4% Paraformaldehyde (PFA) solution - 200 mL 

Weigh 8 g of PFA powder, add 200 mL of 120 mM phosphate buffer pH 7.4 and dissolve the powder 

keeping the solution at 50 °C in a water bath. Filter and store the aliquots at -20 °C (avoid freeze-

thaw cycles).  

 

PBS LS (Phosphate buffer low salts) - 500 mL 

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 150 mM 18.8 mL 

Phosphate buffer pH 7.4 240 mM 10 mM 20.8 mL 

Deionized water   up to 500 mL 

 
PBS HS (Phosphate buffer high salts) - 500 mL 

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 500 mM 62.4 mL 

Phosphate buffer pH 7.4 240 mM 20 mM 41.6 mL 

Deionized water   up to 500 mL 

 
Gelatin buffer (GDB) 2x solution - 20 mL 

 

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 450 mM 4.5 mL 

Phosphate buffer pH 7.4 240 mM 10 mM 3.33 mL 

Triton  100 % 0.6 % 120 μL  

Gelatin 20 % 2 % 2 mL 

Deionized water   up to 20 mL 

The solution was diluted 1:1 in deionized water before using (GDB 1x).  
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1 mg/mL Phenylenediamine solution - 5 mL 

Weigh 5 mg of Phenylenediamine (487473, Sigma Aldrich) into a tube and add 0.5 mL PBS LS, 3.5 

mL of Glycerol and 1 mL of Deionized water. Keeping the solution in the dark, dissolve the 

phenylenediamine powder by vortexing. Stored it at - 20 °C. 

1 mg/mL Aprotinin - 1 mL 

Weigh 1 mg of aprotinin powder (A4529, Sigma Aldrich) and dissolve in 1 mL of deionized water. 

Store at -20 °C and dilute 1:1000 for the experiments. 

 

200 mg/mL PMSF (PhenylMethaneSulfonyl Fluoride) - 10 mL 

Weigh 200 mg of PMSF powder (10837091001, Sigma Aldrich), add 10 mL Absolute Ethanol and 

dissolve the powder by heating. Store at -20 °C and dilute 1:200 for the experiments. 

 

25x Roche inhibitors - 2 mL 

Dissolve one tablet of the cOmplete™ ULTRA Protease Inhibitor Cocktail (5892953001, Sigma 

Aldrich) into 2 mL of 100 mM phosphate buffer pH 7.4. Store at -20 °C and dilute 1:25 for the 

experiments. 

 

RIPA (RadioImmunoPrecipitation Assay) buffer – 50 mL  

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 150 mM 1.8 mL 

Tris-HCl pH 7.6  1 M 50 mM 2.5 mL 

EDTA 0.5 M  1 mM 0.1 mL 

NP40 100% 1% 0.5 mL 

Deoxycholate 10% 0.5% 2.5 mL 

Deionized water   up to 50 mL 

 

2x β-mix - 5 mL 

  

 
10% polyacrylamide running gel  

 

 

 

 Initial concentration Final concentration Volume 

Sodium dodecyl sulfate (SDS) 10 % 5 % 2.5 mL 

Glycerol 100 % 20 % 1 mL 

Tris-HCl pH 8.9 1.5 M 300 mM 1 mL 

β-mercaptoethanol 100 % 10 % 0.5 mL 

Bromophenol blue 100 % 10 % 0.5 mL 

 Initial concentration Final concentration Volume 

Bis-Acrylamide  30% 10% 3.33 mL 

Tris HCl pH 8.9 1.5 M 375 mM 2.5 mL 

Sodium dodecyl sulfate (SDS)  10 % 0.1 % 100  µL 

Tetramethylethylenediamine 
(TEMED) 

100 % 0.05 % 5 µL 

Ammonium persulfate (APS)  10 % 0.025 % 25 µL 

Deionized water   Up to 10 mL 
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Polyacrylamide stacking gel  

 

10x Tris Buffer Saline (TBS) pH 7.4 - 500 mL 

Weigh 30.27 g Trizma® base (T1503, Sigma Aldrich) and 42.5 g sodium chloride (S9888, Sigma 

Aldrich) and dissolve them in 400 mL deionized water. Adjust the pH to 7.4 with 10 N HCl, then add 

deionized water up to 500 mL. 

 

Running buffer - 500 mL 

 Initial concentration Final concentration Volume 

Tris-Glycine 10x 1x 50 mL 

SDS 10 % 0.1 % 5 mL 

Deionized water   up to 500 mL 

 

Blotting buffer - 1 L 

 Initial concentration Final concentration Volume 

Tris-Glycine 10x 1x 100 mL 

Methanol 100 % 10 % 100 mL 

Deionized water   up to 1 L 

 

Wash solution (TBS-T) - 100 mL 

 Initial concentration Final concentration Volume 

TBS 10x 1x 10 mL 

Tween 20  100% 0.1 % 100 µL 

Deionized water   up to 100 mL 

 

1x blocking buffer- 50 mL 

 Initial concentration Final concentration Quantity 

non-fat dried milk 100% 5 or 3% 2.5 or 1.5 g 

TBS 10x 1x 5 mL 

Tween 20  100% 0.1 % 50 µL 

Deionized water   up to 50 mL 

 

 

 

 

 Initial concentration Final concentration Volume 

Bis-Acrylamide  30 % 4 % 0.5 mL 

Tris HCl pH 6.8 0.5 M 62.5 mM 0.5 mL 

Sodium dodecyl sulfate (SDS)  10 % 0.1 % 37.5  µL 

Tetramethylethylenediamine 
(TEMED) 

100 % 0.1 % 37.5 µL 

Ammonium persulfate (APS)  10 % 0.05 % 18.7 µL 

Deionized water   Up to 3.75 
mL 
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1x incubation buffer- 50 mL 

 Initial concentration Final concentration Quantity 

non-fat dried milk or BSA 100% 5% or 1%* 2.5 g or 0.5 g 

TBS 10 x 1 x 5 mL 

Tween 20 100% 0.1 % 50 µL 

Deionized water   up to 50 mL 

 
 
Hard stripping solution - 50 mL 

 Initial concentration Final concentration Volume 

β-mercaptoethanol  12.8 M 100 mM 390 μL 

SDS 10% 10 % 2% 10 mL 

Tris HCl pH 6,7 1 M 62.5 mM 3,125 mL 

Deionized water   up to 50 mL 

 

 

Mild stripping solution- 1L 

Weigh 15 g Glycine (1610718, Bio-Rad) and 1 g SDS (L3771, Sigma Aldrich) and dissolve them in 800 

mL of deionized water. Add 10 mL of 100% Tween 20 (final concentration 1% - P1379, Sigma 

Aldrich), adjust the pH to 2.2 with 10 N HCl, then add deionized water up to 1 L. 

 

1x MACS (magnetic-activated cell sorting) buffer- 50 mL 

 Initial concentration Final concentration Volume 

FBS HI 100% 2% 1 mL 

EDTA  1 M 2 mM 100 μL 

PBS LS   up to 50 mL 

 

KRH (Krebs Ringer Buffer) - 50 mL 

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 125 mM 1.56 mL 

Potassium chloride 1 M 5 mM 250 μL 

Magnesium sulfate 120 mM 1.2 mM 500 μL 

Potassium di-hydrogen 
phosphate 

120 mM 1.2 mM 500 μL 

Hepes-NaOH pH 7.4 100 mM 25 mM 12.5 mL 

Calcium chloride 100 mM 2 mM 1 mL 

Deionized water   Up to 50 mL 

 
Lysis buffer - 50 mL 

 Initial concentration Final concentration Volume 

Sodium chloride 4 M 150 mM 1.87 mL 

Magnesium chloride 1 M 1 mM 50 µL 

Tris HCl pH 7.4 1 M 20 mM 1 mL 

Triton 100% 1% 50 µL 

Deionized water   up to 50 mL 
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15 mM DCFDA solution - 10 mL 

Dissolve 73 mg of DCFDA powder (D6883, Sigma Aldrich) in 10 mL of deionized water. Mix by 

vortexing, aliquot and store in - 20 °C. Dilute 1: 1000 for the experiments. 

 

1 mM MitoSpy™ Orange CMTMRos solution 

Add 117 µL of sterile dimethyl sulfoxide (DMSO – D2438, Sigma Aldrich) to 50 µg of MitoSpy™ 

Orange CMTMRos powder (424803, Biolegend). Mix by vortexing, aliquot and store in -20 °C (avoid 

freeze-thaw cycles). Dilute 1:10000 for the experiments.  

 

1 mM MitoSpy™ Green FM solution 

Add 74 µL of sterile dimethyl sulfoxide (DMSO – D2438, Sigma Aldrich) to 50 µg of MitoSpy™ Green 

FM powder (424805, Biolegend). Mix by vortexing, aliquot and store in -20 °C (avoid freeze-thaw 

cycles). Dilute 1:1000 for the experiments.  

 

Lysogen broth (LB) - 500 mL 

Weigh 5 g tryptone (A1553, BioChemica), 2.5 g yeast extract (A1552, BioChemica) and 2.5 g sodium 

chloride (S9888, Sigma Aldrich) powders and add 500 mL of deionized water; dissolve solid 

agglomerates and sterilize by autoclaving.  

 

TB JAP - 100 mL 

Weigh 0.303 g PIPES (P6757, Sigma Aldrich), 0.221 g calcium chloride (223506, Sigma Aldrich) and 

1.864 g potassium chloride (P3911, Sigma Aldrich) powders and dissolve in 80 mL deionized water; 

adjust the pH to 6.7 with NaOH 1 N. Dissolve 1.09 g of manganese chloride (1375127, Sigma Aldrich) 

and add deionized water up to 100 mL. Filter the solution with 0.22 μm filters and store at 4 °C.  
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3. Results and Discussion 
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3.1 Nanostructured substrates promote long-term differentiation and 

functioning of human islets of Langerhans 
 
In the last years, emerging evidence suggests the crucial role of mechanical features of the 

extracellular environment in regulating cell development, differentiation and functions both in vivo 

and in vitro culture (Kim et al., 2019; Martino et al., 2018). It is particularly evident in tumor cells, 

where the stiffening of the ECM favors the metastatic phenotype, or in other tissues normally 

subjected to the fluid flow, as the endothelial cells and the hair cells of the inner ear (Jaalouk and 

Lammerding, 2009).  

Pancreatic β-cells in vivo reside in a complex environment that provides a plethora of signals that 

regulates their survival and functions (Aamodt and Powers, 2017; Di Cairano et al., 2016; Galli et 

al., 2020; Stendahl et al., 2009). Among the critical components of the islet niche is the ECM which 

not only serves as a scaffolding material for cell attachment but also provides important 

instructional cues for cell differentiation, survival and function. Human β-cells in vitro poorly 

survive, do not replicate and often de-differentiate to a non-mature phenotype, possibly for the 

enzymatic digestion during islet isolation that may disrupt the niche environment.  

Although it has been reported that modulation of the expression of ECM biomolecules improves β-

cell/human islet culture conditions, poorly is known about the impact of the mechanical cues in 

regulating β-cell differentiation and function. As the basement membrane is a 3D scaffold organized 

at the micro- and nanometer scale, in this work we focus on the nanotopography and we investigate 

its impact on β-cell fate in long term culture of human isolated islets.  

To mimic the ECM nanotopography, in collaboration with the department of Physics (prof. Milani 

and Lenardi, Università degli Studi di Milano), nanostructured substrates were produced by 

assembling zirconia clusters using the Supersonic Cluster Beam Deposition (SCBD) technique 

(Borghi et al., 2016). This bottom-up approach to nanofabrication allows the random deposition of 

zirconia nanoclusters on glass coverslips and the resulting surfaces have extracellular matrix-like 

nanotopographies characterized by a reproducible roughness (rms). Previous experiments 

performed on a neuron-like PC12 cell line and primary cultures of rat hippocampal neurons 

demonstrated that these substrates promote neuronal differentiation due to their impact on 

mechanotransductive processes (Schulte et al., 2016, 2017). Given the similarities between β-cells 

and neurons, we speculated that these substrates might also influence β-cell behavior (Di Cairano 

et al., 2016). Flat zirconia substrates (flat-ZrO2), obtained by atom assembling with an electron 

beam evaporator, were employed as controls. They are fully oxidized films of zirconia (same 

material of the nanostructured substrates) but their roughness is less than 0.5 nm, i.e. they are flat 

and therefore they allow to understand the nanotopography contribution on cell behavior. As a 

further control, islets were also plated on gelatin covered substrates which are normally employed 

in our laboratory for their culture (Di Cairano et al., 2011). Gelatin covered substrates show some 

irregularities due to protein clustering, but the roughness is less than 1 nm (Borghi et al., 2016; 

Schulte et al., 2017). Figure 3.1 shows the top and three-dimensional topographical maps of flat 

and cluster assembled zirconia films (rms 15 nm and 20 nm) obtained by atomic force microscopy 

(AFM).   
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Figure 3.1. AFM characterization of flat, 15 nm and 20 nm zirconia substrates. Flat zirconia films were produced by e-
beam evaporation, while nanostructured substrates were obtained using the supersonic cluster beam deposition (SCBD) 
technique. Top (A) and three-dimensional (B) views are reported; for all images the scan area is 2 × 1 µm2. Galli et al., 
2018; Singh et al., 2012 

3.1.1 Nanostructured substrates promote long-term β-cell differentiation  
Human islets of Langerhans were dispersed by a short trypsinization and cultured on the above-

mentioned substrates for up to 30 days. Islet digestion and dispersion resulted in small cell clusters 

(10-30 cells/cluster) in which about 50% of the cells was in direct contact with the substrate.  

During the first days of cultures, islet cells attached efficiently to the different substrates, except 

for 20 nm-ns-ZrOx. Phase contrast optical images showed that human islets cultured on 15 nm-ns-

ZrOx retained an islet-like cell cluster organization after 20 days in culture, which was partially lost 

in islets grown on the gelatin and flat substrates (Figure 3.2A). On control substrates a population 

of elongated cells surrounding the islet was detectable, which was barely observed on 15 nm-ns-

ZrOx samples. The cell density was similar on the different substrates except for 20-ns-ZrOx where 

it was lower, probably due to inefficient cell adhesion observed over the 24 hours (Figure 3.2B). For 

this reason, the 20-ns-ZrOx substrate was excluded from further analyses.  
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Figure 3.2. Nanostructured zirconia substrates preserve the cluster organization of native islets and prevent the 
proliferation of fibroblasts/mesenchymal cells in long term cultures. A) Representative phase contrast optical images of 
human islets grown on gelatin, flat-ZrO2, 15 nm-ns-ZrOx and 20 nm-ns-ZrOx . Bar: 60 µm. B) Total protein quantification of 
human islets grown on gelatin, flat and nanostructured (15 and 20 nm) substrates. Bars represent the mean ± SE of three 
independent experiments performed in triplicate. (* p<0.05 all vs 20 nm-ns-ZrOx). C) Human islets of Langerhans were 
seeded on gelatin, flat and nanostructured substrates and cultured for 20 days. Representative images of islets triple 
stained with α-SMA (green), insulin (red) and DAPI (blue). Bar: 10 μm. D) Western-blotting analysis of α-SMA and β-catenin 
expression (15 μg protein/sample). On the right, the molecular weight of the protein standard is reported in kDa. E) 
Quantitative analysis of protein expression shows a significant reduction of α-SMA expression in cells grown on ns-ZrOx 
compared to flat-ZrO2 and gelatin. Data (mean values ± S.E.; n = 5 independent experiments) are expressed as fold change 
over gelatin (dashed line). (**p < 0.01, ns-ZrOx vs gelatin; °°p < 0.01, ns-ZrOx vs flat-ZrO2). 

To understand the origin of these elongated cells, long term cultured islets were stained with α-

SMA (smooth muscle actin) antibody, a marker of myofibroblasts and mesenchymal cells. As shown 

in figure 3.2C, α-SMA positive cells were barely detected in the islets grown on the nanostructure 

but were abundant on both control substrates (flat-ZrO2 and gelatin). Results were confirmed by 

western blot analyses that revealed a significant reduction of α-SMA expression in cells grown on 

nanostructured substrate compared to flat-ZrO2 and gelatin (Figure 3.2D,E). Even though the origin 
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of these α-SMA positive cells was not fully characterized, they might represent proliferating 

fibroblasts/mesenchymal cells originally associated within the islets or dedifferentiated β-cells.  

In order to verify the endocrine-nature of cells in culture and to reveal whether the nanostructure 

preserves β-cell differentiation, the samples were stained with chromogranin and insulin at 

different time in culture (Figure 3.3A). The percentage of chromogranin-positive endocrine cells 

and insulin positive β-cells was similar on the different substrates during the first days of culture. 

However, in long term culture (>15 days), a significantly higher percentage of β cells was detected 

in the islet grown on the nanostructure compared to controls (41 ± 15% increase), while no changes 

were observed in the total number of endocrine cells (Figure 3.3B).  

Triple staining with insulin, glucagon and somatostatin allowed us to monitor the presence of 

differentiated β-, α- and δ-cells, respectively (Figure 3.3C). While a similar proportion of the three 

cells populations was observed on the different substrates 5 days after plating, this organization 

was retained only on the nanostructure in long-term culture. Conversely, several glucagon- and 

somatostatin- but few insulin-positive cells were detected on control substrates, thus indicating 

that probably the nanostructure prevents the dedifferentiation of β-cells in vitro.   

 

 
Figure 3.3. Nanostructured substrates promote long term β-cell survival. Human islets of Langerhans were plated on 
gelatin, flat and nanostructured substrates and fixed in 4% PFA at different stages in culture. A) Representative 
immunofluorescence images of human islets grown on different substrates for 5, 10, 15 or 25 days and triple stained with 
anti-insulin (red), anti-chromogranin A (green) antibodies and DAPI (blue). Bar: 20 μm. B) Quantification of β- and 
endocrine cells density. Black bars indicate the percentage in freshly isolated islets. i) Insulin-positive β-cells are expressed 
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as percentage of total endocrine cells (chromogranin A-positive cells). ii) Chromogranin A-positive endocrine cells are 
expressed as percentage of total DAPI-positive cells. Data are expressed as mean ± SE of five independent experiments, 
performed in duplicate. (*p < 0.05, ns-ZrOx vs gelatin). C) Representative confocal images of human islets grown on 
different substrates for 5 and 20 days and triple stained with anti-insulin (red), anti-glucagon (green) and anti-
somatostatin (blue) antibodies. Bar: 20 μm. 

We finally excluded that the nanostructure might increase the β-cell mass by activating a 

proliferation program. To this purpose, islets cultured on different substrates were stained with 

insulin and Ki67, a marker of proliferation, at 5 and 15 days in culture (Figure 3.4A,B). As expected, 

the rate of β-cell proliferation was two-fold lower than that of non-endocrine cells under all 

experimental conditions (p < 0.05). At each time point we found a higher percentage of proliferating 

β-cells on ns-ZrOx than on control substrates, even though the difference was not statistically 

significant. A similar trend was observed when β-cell proliferation was assessed by FACS analysis 

evaluating the percentage of Ki67-PDX1 double-positive cells grown for 5 and 10 days on different 

substrates (Figure 3.4C,D). 

 

 
Figure 3.4. β-cell proliferation in islets grown on different substrates. Human islets of Langerhans were plated on the 
indicated substrates and β-cell proliferation was evaluated after 5, 10 and 15 days in culture. A) Representative 
immunofluorescence images of islets triple stained with anti-Ki67 (green), anti-insulin (red) antibodies and DAPI (blue). 
Bar: 10 μm. B) Quantification of β-cell proliferation in human islets grown on different substrates for 5 and 15 days. β-cell 
proliferation is expressed as the percentage of Ki67-insulin-double positive cells over total insulin-positive cells, while non 
β-cell proliferation is reported as the percentage of Ki67-positive cells over total DAPI-positive and insulin-negative cells. 
Data represent the mean ± SD of three different islet experiments, performed in triplicate (N>100 cells for each substrate). 
C,D) FACS analysis of β-cell proliferation. Islets were dissociated with collagenase and stained with ef450 conjugated anti-
human Ki67 and primary anti-human insulin followed by secondary PE conjugated anti-guinea pig. C) Median intensity of 
fluorescence for ef450 conjugated anti-human Ki67 of insulin-positive cells detected after 5 and 10 days in culture. D) 
Representative histograms from one experiment are shown. 
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Taken together, these data reveal that the nanotopography preserves the clustered cellular 

organization, typical of intact islets. Interestingly, recent evidence suggests that different cell types 

(neurons, osteoblasts and fibroblasts) retain a cluster organization when seeded on nanoscale 

systems suggesting that on this substrate cell-cell adhesions dominate over the interactions with 

the substrate (Brammer et al., 2011; Chen et al., 2012; Dalby et al., 2007).  

Standard culturing supports (petri dishes and glass covers) have stiffness in the GPa range that 

favors the cell-substrate interactions and probably for this reason, human isolated islets of 

Langerhans lose their inter-cellular organization, leading to impairment β-cell survival and function 

(Herum et al., 2017).  

Therefore, the nanostructured supports provide a scaffold that better mimics the nanoscale 

architecture formed by the islet ECM, preventing the β-cell dedifferentiation. 

 

3.1.2 Quantitative proteomic analyses 

A proteomic approach was followed to characterize the molecular mechanisms responsible for the 

increased β-cell differentiation occurring in islets grown on the nanostructure. To this purpose, 

islets grown on the different substrates for 20 days were collected, lysed and processed by a 

shotgun proteomic approach using label-free quantification following the workflow described in 

Figure 3.5 A and B (the proteomic analysis was performed by the laboratory of prof. Tedeschi, 

Department of veterinary medicine, Università degli Studi di Milano). High purity islet preparations 

(80-90% of islets) were selected for the analysis to avoid possible contamination by proteins derived 

from non-endocrine cell populations. Furthermore, to filter out the proteins deemed to be possible 

contaminants, the proteomic data were compared with those obtained by high quality islet 

proteome reported in literature (Martens, 2015; Waanders et al., 2009).  

The analyses identified 49, 64 and 65 proteins exclusively expressed in gelatin, ns-ZrOx and flat-

ZrO2, respectively, and 1379 common proteins of which 97 were differentially expressed (Anova 

test FDR 0.05) (Figure 3.5C). Data sets were compared to identify the proteins that were 

differentially expressed under specific conditions, namely ns-ZrOx versus gelatin, ns-ZrOx versus flat-

ZrO2 and flat-ZrO2 vs gelatin, as shown in the Vulcano plots (Figure 3.5D). To dissect the impact of 

the nanostructure, bioinformatic analyses were performed by comparing ns-ZrOx vs gelatin and ns-

ZrOx vs flat-ZrO2. 
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Figure 3.5. Workflow of the quantitative proteomic analyses. Human islets grown on the indicated substrates for 20 days 
were collected, lysed and processed by a shot-gun proteomic approach using label-free quantification. A) Proteins 
differentially expressed among the three conditions were identified by an ANOVA test (FDR 0.05). B) Comparison between 
specific data sets carried out by Welch’s t-test (p value 0.0167): common proteins were considered differentially expressed 
if they were present only in one of the growing condition or showed significant t-test difference. C) Venn diagram showing 
the number of genes only expressed and common among ns-ZrOx, gelatin and flat-ZrO2. D) Vulcano plots of proteins 
differentially expressed in ns-ZrOx versus gelatin, ns-ZrOx versus flat-ZrO2 and flat-ZrO2 vs gelatin (Welch’s t-test p value 
0.0167). Proteins differentially expressed are reported in GREEN (increased expression) or RED (decreased expression); in 
GREY the proteins whose difference is not statistically significant. (Laboratory of Prof. Tedeschi)  

Regarding the comparison between ns-ZrOx and gelatin, the gene ontology (GO) analysis revealed 

that the proteome of the islets grown on ns-ZrOx was enriched in GO terms GO:0009653 anatomical 

structure morphogenesis and GO:0005200, GO:0015629, GO:0005856 structural constituents of 

cytoskeleton, thus suggesting a morphogenic process involving the remodeling of the actin 

cytoskeleton (Figure 3.6A). The ns-ZrOx substrate also induced the upregulation of a number of 

chromatin-associated proteins (GO:0031497), spliceosoma (GO:0005681) and heterogeneous 

nuclear ribonucleoprotein (GO:0030529) complexes, thus suggesting the activation of a robust 

program of transcriptional and translational regulation. Figure 3.6B and C show the protein-protein 

interactions and the cellular pathways obtained by bioinformatic analyses of the same data set.  
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Interestingly, the GO analysis of the proteins only expressed or upregulated in ns-ZrOx compared to 

flat-ZrO2 substrates (Figure 3.7) identified a pattern of proteins similar to the one observed when 

comparing ns-ZrOx and gelatin. Indeed, islets grown on ns-ZrOx were enriched in GO cellular 

component terms related to morphogenesis (GO:0032989), anatomical structure morphogenesis 

(GO:0009653) and structural constituent of the actin cytoskeleton (GO:0005856) (Figure 3.7).  

 

 
 
Figure 3.6. Bioinformatic analysis of proteins increased or exclusively expressed in cells grown on ns-ZrOx compared to 

gelatin. A) Gene Ontology analyses was carried out using Panther software and the protein were classified in GO-biological 

process (GOBP), GO-cellular component (GOCC) and GO-molecular function (GOMF) (GO). Functional grouping was based 

on p value ≤ 0.05. The numbers in the bars indicate the genes number for each category. B) Reactome analysis. Only 

categories with confidence level Very High (K value 0.75–1) (Dark Purple) and High (K value 0.5–0.75) (Purple) are reported. 

C) String analysis of network interactions. Active interactions: text mining, experiments, databases; edges thickness 

indicates “confidence”. The proteins are indicated by the official gene symbol. (Laboratory of Prof. Tedeschi) 
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Figure 3.7. Bioinformatic analysis of proteins increased or exclusively expressed in cells grown on ns-ZrOx compared to 

flat-ZrOx. A) Gene Ontology analyses was carried out using Panther software and the protein were classified in GO-

biological process (GOBP), GO-cellular component (GOCC) and GO-molecular function (GOMF) (GO). Functional grouping 

was based on p value ≤ 0.05. The numbers in the bars indicate the genes number for each category. B) Reactome analysis. 

Only categories with confidence level Very High (K value 0.75–1) (Dark Purple) and High (K value 0.5–0.75) (Purple) are 

reported. C) String analysis of network interactions. Active interactions: text mining, experiments, databases; edges 

thickness indicates “confidence”. The proteins are indicated by the official gene symbol. (Laboratory of Prof. Tedeschi) 

The bioinformatic comparison of ns-ZrOx vs gelatin and ns-ZrOx vs flat-ZrO2 showed similar 

upregulated networks, highlighting the fundamental role of the nanotopography in the induction 
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of the morphogenic program. Therefore, we confirmed proteomic data by functional and 

morphological assays focusing on four major pathways identified by the analysis: 

- proteins involved in mechanotransduction 

- proteins involved in the organization of the secretory apparatus 

- anti-apoptotic and pro-survival proteins 

- proteins involved in the control of redox homeostasis. 

 

3.1.3 The nanotopography induces the reorganization of the cell-substrate adhesion 

sites, the actin cytoskeleton and modifies the nuclear architecture 
Among the upregulated or uniquely expressed proteins on ns-ZrOx, we found proteins involved in 

the mechanotransduction signaling pathways such as focal adhesion molecular components 

(GO:0005925) and proteins important for actin polymerization such as TNS1, ARPC2, ARPC1B, 

DYNLL1, DNAH14, KANK2 protein complexes, as well as proteins involved in controlling nuclear 

architecture (GO:0031891) and nuclear import/export (GO:0005634) (Figure 3.7B,C and Tables S1, 

S3 and S51) (Sun et al., 2016). In addition, a statistically significant enrichment of the integrin 

signaling pathway (P00034) was detected in the islets grown on ns-ZrOx (Figure 3.7B).  

In order to confirm the proteomic results, the organization of cell-substrate adhesive contacts and 

actin cytoskeleton were analyzed. TIRF microscopy showed discrete vinculin-positive clusters 

distributed at the cell periphery in cells grown on gelatin and flat-ZrO2. On ns-ZrOx substrates the 

organization and the distribution of adhesive contacts differed significantly. Diffuse punctate 

staining, indicating nanoclusters or small focal contacts, was visible in the cell, but organized focal 

adhesions like those observed on flat substrates did not form (Figure 3.8A). The quantitative 

analyses confirmed these observations revealing fewer vinculin clusters per cell on gelatin and flat-

ZrO2 cells, which had significantly larger areas and dimensions than those observed on ns-ZrOx 

(Figure 3.8B-a,b,c). A similar trend was observed for the correlated formation of high order actin 

filament structures. Stress fibers were mainly detected on gelatin and flat-ZrO2, but seldom formed 

on ns-ZrOx, where actin filaments were shorter and organized in bundles at cell-cell contact (Figure 

3.8A,B-d). The distribution of focal contacts and actin filaments in the proximity of cell-cell contacts 

suggests that the nanotopography promotes cell-cell interactions, instead of the cell-substrate 

binding, partially explaining the cell cluster formation detected on the ns-ZrOx.  

The proteomic analyses also showed the upregulation of proteins involved in controlling nuclear 

architecture and nuclear import/export, as RANBP3 and NUP93 (Tables S1 and S31). Therefore, 

since it has been reported that mechanical forces exerted by the actin cytoskeleton can modify the 

nuclear envelope and architecture, we investigated its dimension and shape by DAPI staining. 

Quantitative analyses revealed the presence of smaller nuclear structures with increased roundness 

(major/minor axis) on ns-ZrOx compared to gelatin and flat-ZrO2 (Figure 3.8A,B-e,f), suggesting 

changes in chromatin conformation and hence in the transcriptional program. Accordingly, among 

the uniquely expressed or upregulated proteins in ns-ZrOx cultured islets there were proteins 

controlling transcription and translation (DHX38, PWP1, ALYREF, HNRPA2B1), thus suggesting a 

significant increase in protein synthesis rates (Tables S1, S3 and S51). 

The transduction of physical events occurring at the plasma membrane to the nucleus can also be 

mediated by mechanical-activated transcription factors that shuttle to the nucleus and modulate 
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gene transcription (Uhler and Shivashankar, 2017). One of the best characterized examples are 

YAP/TAZ transcriptional factors whose cellular localization is regulated by almost all types of 

mechanical stimuli (Aragona et al., 2013; Dupont et al., 2011; Wada et al., 2011). It is well 

established that intranuclear localization of YAP/TAZ induces cell proliferation by binding the TEAD 

family of transcription factors, whereas their cytoplasmic retention promotes their degradation, 

resulting in increased cell differentiation (Halder et al., 2012; Piccolo et al., 2014). Preliminary data 

showed a significant reduction of YAP/TAZ expression in the cells grown on the nanostructured 

substrates compared to gelatin and a trend toward decrease compared to flat-ZrO2 (Figure 3.8C,D). 

Further experiments are necessary to confirm this observation and to address the impact of 

YAP/TAZ on β-cell differentiation and function.  

 
Figure 3.8. Nanostructured substrates promote the activation of a mechanotransduction pathway. A) Cells, grown on 
different substrates for 15 days, were triple stained with anti-vinculin antibody (green), phalloidin (actin, red) and DAPI 
(blue). Representative epifluorescence (actin and DAPI) and TIRFM (vinculin) images are shown. Bar: 20 μm. Arrows 
indicate focal complexes, arrowheads indicate focal adhesion. B) Quantitative analyses of adhesive complexes, actin fibers 
organization and nuclear architecture of cells grown on different substrates. (a,b) Vinculin-positive clusters area, length 
and width; (c) number of vinculin clusters per cell; (d) cytoskeletal actin fibers length; (e,f) nuclear area and aspect 
(major/minor axis). Bars illustrate the average responses ± SE (N = 40–100 cells for each substrate) in two different islet 
preparations. (***p < 0.005, ns-ZrOx vs gelatin; °°p < 0.01, °°°p < 0.005, ns-ZrOx vs flat-ZrO2). C) Western-blotting analysis 
of YAP/TAZ expression (15 μg protein/sample) in human islets grown on the indicated substrates for 20 days. On the right, 
the molecular weight of the protein standard is reported in kDa. D) Quantitative analysis of protein expression shows a 
significant reduction of YAP/TAZ expression in cells grown on ns-ZrOx compared to gelatin. Data are expressed as mean 
values ± S.D. of 4 independent experiments. (*p < 0.05, ns-ZrOx vs gelatin).  

Taken together, these data indicate that modification of the cell behaviors on the nanostructure is 

paralleled by a progressive reorganization of adhesive contacts and of the actin cytoskeleton, as 
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well as the modification of the nuclear architecture, thus suggesting the activation of a 

mechanotransductive pathway.  

 

3.1.4 Nanostructured substrates preserve the β-cell function in long term culture 
Bioinformatic analyses revealed that the ns-ZrOx substrate upregulates the expression of proteins 

involved in membrane trafficking, among which TGN38B and GORASP2 that are required for the ER 

to Golgi trafficking of insulin (Tables S1 and S32). TGN38B/SEC23B is a GTPase-activating protein 

abundantly expressed in professional secretory tissues; in embryos, its deficiency causes the 

accumulation of proteins in the endoplasmic reticulum and activation of the pro-apoptotic pathway 

of the unfolded protein response, leading to defects in pancreas development (Tao et al., 2012). 

The golgi reassembly stacking protein 2 GORASP2/GRASP55 is a matrix protein involved in Golgi 

stack and ribbon formation, interference with its expression strongly inhibits intra-Golgi transport 

of large cargoes like insulin (Lavieu et al., 2014).  

Since the distinctive hallmark of completely mature and functional β-cells is the presence of a well-

organized insulin secretory apparatus, we evaluated the distribution of insulin secretory granules 

in human islets cultured for 20 days. β-cells grown on the nanostructured substrate contained 

several insulin-positive granules, distributed in the cytoplasm and in the proximity of the plasma 

membrane, a similar organization was also observed in islets grown on flat-ZrO2 and in freshly intact 

islets (three day after isolation). Conversely, β-cells grown on gelatin presented few insulin-positive 

granules of increased dimensions distributed in the perinuclear region (Figure 3.9A). This 

observation was further confirmed by the quantification of the total insulin by ELISA assay that 

showed a significantly lower insulin content in the islets grown on gelatin, compared to flat-ZrO2, 

ns-ZrOx and freshy isolated islets (Figure 3.9B). The upregulation of TGN38B/SEC23B and 

GORASP2/GRASP55 could explain, at least in part, the well-structured insulin secretory apparatus 

and the preserved glucose stimulated insulin secretion observed in the islet grown on ns-ZrOx.  

In order to have a better insight, the insulin secretion under basal (3.3 mM glucose) and stimulated 

(16.7 mM glucose) conditions was evaluated in islets grown on the indicated substrates for 20 days 

(Figure 3.9C). Interestingly, although a similar insulin content was observed in flat-ZrO2 and ns-ZrOx, 

only the islets grown on the nanostructured substrate maintained an efficient glucose-stimulated 

insulin secretion, even comparable to the freshly intact isolated islets. Furthermore, while islets 

grown on ns-ZrOx presented a low basal insulin release, islets grown on flat-ZrO2 or gelatin showed 

a similar, or paradoxically higher, insulin secretion under basal condition compared to the high 

glucose stimulation. This alteration of the basal/stimulated insulin secretion, which is a typical 

feature of dedifferentiated and stressed β-cells, further suggested that the nanotopography 

preserves a mature β-cell phenotype (Di Cairano et al., 2011).  

The increased glycolytic flux in β-cells induces an increase of the ATP/ADP ratio and the subsequent 

closure of the ATP sensitive K+ channels, leading to cell depolarization and the opening of the 

voltage-dependent Ca2+ channels (L-type). The rise in intracellular calcium is the primary mediator 

of insulin release as it regulates the docking, priming and fusion of insulin granules to the plasma 

membrane (Boland et al., 2017; Rutter et al., 2017). Therefore, we monitored the glucose-induced 

changes in intracellular calcium by Ca2+-imaging with Fluo3 and we found that islets grown on ns-
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ZrOx showed increased integrated Ca2+ currents after glucose stimulation than the cells grown on 

gelatin and flat-ZrO2 (45% and 70% increase, respectively) (Figure 3.9D,E). Interestingly the 

nanostructure increased the expression of the voltage-dependent calcium channel gamma-like 

subunit (TMEM37) (Tables S1 and S33), an auxiliary subunit of calcium channel complex which 

modifies the time course of current activation and inactivation of the P/Q type alpha (1A) subunit, 

thus directly controlling insulin release (Klugbauer et al., 2000). 

 
Figure 3.9. Nanostructured substrates and the insulin secretory apparatus. Human islets of Langerhans were cultured on 
the indicated substrates for 20 days. A) Evaluation of the granules density and distribution: representative confocal images 
of islets double stained with anti-insulin (red) and anti-chromogranin (green)  antibodies. Bar: 5 μm. B) Quantification of 
the total insulin content by ELISA assay. Black bar represents the insulin content in intact freshly isolated islets (three-days 
in culture). Data (mean ± SD) are expressed as μUi of insulin per mg of protein (n = 3, in duplicate) (*p < 0.05, vs gelatin). 
C) Insulin secretion under basal (3.3 mM glucose) and stimulated (16.7 mM glucose) in islets grown on the indicated 
substrates for 20 days. Data (mean ± SD) are expressed as % of insulin content (n = 3, in duplicate). (*p < 0.05, vs gelatin; 
°p < 0.05, vs flat-ZrO2; ##p < 0.001 stimulated vs basal). D) The cells were loaded with Fluo3 and Ca2+ imaging was 
performed under basal (3.3 mM glucose) (dotted lines) and stimulated (20 mM glucose) (continue lines) conditions. The 
time course of changes in fluorescence signals (F/F0) induced by glucose application (bars over traces) were recorded from 
islets grown on gelatin (black), flat-ZrO2 (blue) and ns-ZrOx (red). The curves illustrate average responses ± S.E. from four 
different islet preparations (N = 20 cells for each experiment) (p < 0.005, ns-ZrOx vs gelatin; P < 0.0001 ns-ZrOx vs flat-ZrO2). 
E) Area Under the Curves (AUC) of experiments reported in D (*p < 0.05, ns-ZrOx vs gelatin; °°°p < 0.001, ns-ZrOx vs flat-
ZrO2). 
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In summary, these data indicate that the ns-ZrOx not only supports β-cell differentiation, but also 

promotes β-cell function preserving the glucose stimulated insulin secretion.  

3.1.5 Nanostructured substrates prevent β-cell death by apoptosis and necrosis 

Bioinformatic analysis revealed the expression of anti-aging and anti-apoptotic proteins such as 

BABAM1, PSMD6 and SHMT2 and the upregulation of known proteins involved in pro-survival and 

pro-differentiation signaling pathways, such as the insulin Growth Factor (IGF) and the 

steroidogenic signal pathways (Figure 3.7C and Tables S1,S34). In order to confirm the activation of 

pro-survival and anti-apoptotic pathways, we evaluated the β-cell apoptosis by TUNEL assay in islets 

grown on different substrates for 2, 10 and 20 days (Fig. 3.10A). After two days in culture, β-cell 

apoptosis was identical and relatively high for all three substrates (7.3 ± 0.5%), probably due to the 

isolation procedure and the trypsinization process. However, over time in culture, β-cell apoptosis 

was three-fold lower in islets grown on ns-ZrOx than on the other supports (1.5 ± 0.2%; p < 0.05) 

(Fig. 3.10B). Besides apoptosis, necrosis was also significantly reduced on ns-ZrOx relative to flat-

ZrO2 or gelatin (two-fold decrease; p < 0.005), thus indicating that ns-ZrOx substrates prevent β-cell 

death (Figure 3.10C). 

 

 

Figure 3.10. Nanostructured substrates prevent β-cell death. A) Representative immunofluorescence images of islets triple 
stained with TUNEL (green), anti-insulin antibody (red) and DAPI (blue). Bar = 30 μm. B) Quantification of β-cell apoptosis 
by TUNEL assay in human islets grown on different substrates for 2, 10 and 20 days. β-cell apoptosis represents 
the percentage of TUNEL- and insulin-double positive cells over total insulin-positive cells; non β-cell apoptosis represents 
the percentage of TUNEL-positive cells over total DAPI-positive and insulin-negative cells. The experiment was performed 
in triplicate, with three different islet preparations. A minimum of 100 cells for islet preparation was counted (*p < 0.05 vs 
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gelatin; °p < 0.05 vs flat-ZrO2). C) Quantification of cell necrosis in human islets grown on the different substrates for 20 
days. Data (mean values ± SD) are expressed as percentage of positive control (100% death cells). (n=3, in triplicate) 
(*p<0.05 ns-ZrOx vs gelatin). 

In summary, these data revealed that the increased β-cell number observed in the islets grown on 

the nanostructured substrate is due, at least in part, to decreased β-cells death by apoptosis and 

necrosis.  

 

3.1.6 Nanostructured substrates promote β-cell survival and differentiation by 

modulating NF-κB and HIF1α signaling pathways 

Bioinformatic analysis revealed that ns-ZrOx increases the expression of the oxygen sensor 

EGLN1/PHD2, a prolyl hydroxylase domain protein which catalyzes the hydroxylation of proline 

residues in an oxygen-dependent manner and targets proteins for degradation through the 

proteasomal complex (Fong and Takeda, 2008) (Figure 3.7C).  

Among the PHD2 target proteins are hypoxia inducible factor 1α (HIF-1α) and IκB kinase 2 (IKK2), 

the major regulator of NF-κB activation and β-cell inflammation (Liuwantara et al., 2006). Since 

hypoxia and inflammation are the key determinants of β-cell death in culture systems, we evaluated 

the expression of HIF-1α and NF-κB pathway selected proteins by western blot. Quantitative 

analyses revealed decreased expression of HIF1α, IκBα, NF-κB and decreased phosphorylation of 

IκBα in cells grown on zirconia substrates compared to gelatin (Figure 3.11). These modifications 

were significantly more prominent in islets grown on ns-ZrOx substrate than on flat-ZrO2.  

In line with these findings, the proteomic analysis showed a decreased expression of the proteins 

involved in the activation and regulation of NF-κB (TICAM1 (Tables S2 and S65), USP51 (Tables S4 

and S55) and COPS8 (Table S45)) and upregulation of proteins promoting NF-κB degradation such as 

the ribosomal protein S3 (rpS3) and the N-ethylmaleimide-sensitive factor L1 cofactor (NSFL1C) 

(Stanborough et al., 2014). Proteins with anti-inflammatory properties, such as the Interleukin 

enhancer-binding factor 3 (ILF3) which controls interleukin 2 transcription are also upregulated by 

ns-ZrOx (Figure 3.7C). 

 
Figure 3.11.  Nanostructured substrate promotes β-cell survival and differentiation by modulating NF-κB and HIF1α 
signaling pathways. A) Western-blotting analysis of hypoxia and NF-κB pathways selected proteins in islets grown on the 
indicated substrates for 20 days (15 μg protein/sample). On the right, the proteins molecular weight in kDa is reported. B) 
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Quantitative analysis of protein expression shows that flat-ZrO2 and ns-ZrOx substrates downregulate the hypoxia and NF-
κB pathways. Data (mean values ± S.E.; n = 5 independent experiments) are expressed as fold change over gelatin (dashed 
line). (*p < 0.05, **p < 0.01, ***p < 0.005, ns-ZrOx vs gelatin. °p < 0.05, °°p < 0.01, ns-ZrOx vs flat-ZrO2). 

Giving that EGLN1/PHD2 is an oxygen sensor, ns-ZrOx may modulate β-cell differentiation and 

function by regulating hypoxia and the redox-state of the cells. 

In normoxia, HIF-1α subunit is marked for proteasomal degradation through hydroxylation by 

EGLN1/PHD2 and its interacting partner HIF-1β can drive the expression of genes involved in β-cell 

differentiation and function. Under hypoxic conditions, the stabilization of HIF-1α leads to the 

formation of a heterodimer complex with HIF-1β and diverges the latter from the control of β-cell 

differentiation program (Fraker et al., 2009; Gunton et al., 2005).  

Accordingly and together with the downregulation of HIF-1α, we also detected a decreased 

expression of alcohol dehydrogenase (CFB) (Table S25) which is normally abundantly expressed 

under hypoxic conditions and the upregulation of L-serine dehydratase (SDS) which is the enzyme 

that catalyzes the conversion of L-serine into ammonia and pyruvate, whose gene expression is 

oxygen dependent (Table S1 and S35) (Samoylenko et al., 2007).  

Interestingly, while PHDs regulate HIF-1α protein stability, EGLN1/PHD2 is subject to feedback up-

regulation by HIF-1α, given that the EGLN1/PHD2 gene contains a hypoxia-response element (HRE) 

that can be recognized by HIF-1α (Metzen et al., 2005). This feedback mechanism may be important 

to ensure a basal level of HIF-1α expression required for activating a metabolic response to 

oxidative stress during culture conditions. In line with this possibility, there is also upregulation of 

proteins, usually induced by HIF-1α, that reduce ROS production, modulate oxygen consumption 

and prevent possible hypoxic injuries. Moreover, one of the proteins upregulated by the 

nanostructure is the mitochondrial serine hydroxymethyltransferase (SHMT2) (Tables S1 and S36).  

SHMT2 limits pyruvate kinase activity and reduces oxygen consumption, thus creating a metabolic 

state that confers a significant survival advantage to cells in poorly oxygenized regions (Ye et al., 

2014). By transferring a methyl group from serine to tetrahydrofolate (THF), the protein can initiate 

the degradation of serine to CO2 and NH4
+, producing glycine and methylene-THF which is essential 

for NADPH production, thus increasing the NADPH/NADP ratio required to replenish GSH, repress 

ROS generation in mitochondria and promoting insulin secretion. 

EGLN1 may also promote β-cell survival by acting through NF‐κB, given that the IκBα kinase can be 

directly hydroxylated by the enzyme (Cummins et al., 2006). In the brain, with a NF‐κB-mediated 

mechanism, PHD1, an EGLN1 isoform, fine-tunes biochemical pathways and energy metabolism, 

according to oxygen availability (Quaegebeur et al., 2016). In β-cells NF‐κB controls inflammation 

and cytokine-mediated β-cell apoptosis, which are the key components of β-cell dysfunction in 

diabetes (Liuwantara et al., 2006).  

 
In conclusion, our data reveal that the nanotopography promotes β-cell survival by regulating the 

expression of pro-survival and anti-apoptotic pathways and by modulating the redox-state of the 

cells. In addition, β-cells grown on the nanostructure are perfectly functional, suggesting that the 

nanostructure preserves the mature β-cells phenotype in vitro. Changes in β-cell behavior are 

paralleled by the reorganization of the actin cytoskeleton and the nuclear architecture and 

correlates with the expression of a set of proteins involved in the mechanotransductive pathway, 

suggesting that this pathway may be activated by the nanostructure. This pathway through 
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generation of cytoskeletal tension, modulates the nuclear architecture, the chromatin 

conformation and the epigenetic machinery, leading to changes in cellular program. Increased cell 

clustering was also observed on the nanostructure, thus supporting the possibility that the 

nanotopography allows the perfect polarization of cells (see also section 2.1) which is crucial for 

preserving a fully mature β-cell phenotype.  

 

3.2 The nanotopography evokes a mitomorphosis program 

Bioinformatic analysis showed that ns-ZrOx induces a significant enrichment of GO terms related to 

metabolic processes (GO:0044238) and, particularly, proteins related to the catabolic metabolism 

of carbohydrates (GPI, PYGM) (Figure 3.7B,C), suggesting a potential role of nanotopography in the 

regulation of cell metabolism. β-cell metabolism is strictly controlled by mitochondria, which 

provide the energy necessary for β-cell survival, participate to redox homeostasis, integrate 

different apoptotic stimuli and control insulin secretion (Maechler and Wollheim, 2001).  

Mitochondria are extremely dynamic organelles organized in complex and dynamic networks that 

continuously change to meet the metabolic needs of the cells. This functional plasticity is ensured 

by the balance between fusion and fission events and requires mitochondria mobility which is 

controlled by the actin cytoskeleton (Anesti and Scorrano, 2006; Tilokani et al., 2018). As the 

nanostructure induces the cytoskeleton reorganization in β-cells, we speculated that this 

modification may directly impact on mitochondria morphology and activity. However, islets 

represent an extremely complex and heterogeneous model, as they are composed of several cell 

populations that respond to different stimuli. Therefore, to gain insight into the molecular 

mechanisms by which nanotopography may affect mitochondria and eventually cell metabolism, 

we employed mouse βTC3 cell lines and confirmed the main results in insulinoma INS1E cells.  

 

3.2.1 β-cell lines sense and respond to the substrate nanotopography  
We first verified whether βTC3 cells can sense changes in the ECM topography and activate a 

mechanotransduction pathway. Cells were cultured for 3 days on nanostructured (ns-ZrOx) 

substrates of different roughness (10, 15, 20, and 25 nm) and the organization of cell-substrate 

adhesions and actin cytoskeleton were analyzed by indirect immunofluorescence (Figure 3.12A,B 

and Figure S1). Flat zirconia (flat-ZrO2) substrates and glass coverslips were used as controls (Glass). 

As the major differences were detected on the 15 nm ns-ZrOx, Figure 3.12 shows only the 

comparison between Glass, flat-ZrO2 and 15 nm ns-ZrOx. The analysis of vinculin clusters, actin 

fibers and nuclear area in the cells grown on all the different substrates tested in the work are 

shown in Figure S1. 

TIRF microscopy revealed the presence of vinculin-positive clusters distributed at the cell periphery 

in cells grown on glass covers and flat-ZrO2. On ns-ZrOx substrate, vinculin structures were smaller 

in size and diffuse in cells (Figure 3.12B-a and Figure S1-a). A similar trend was observed for actin 

filaments (Figures 3.12A,B-b,c and Figure S1-b,c). Long actin fibers were mainly detected on glass 

covers and flat-ZrO2, but they seldom formed on ns-ZrOx where shorter and thinner actin-labeled 

structures were observed. Western blot analysis showed increased actin and tubulin expression in 

cells grown on nanostructured substrates compared to control covers, indicating a general 

reorganization of the cytoskeleton in the cells grown on ns-ZrOx (Figures 3.12C,D).  

As above reported, the reorganization of the actin cytoskeleton can induce nuclear envelope 

modifications resulting in changes in nuclear shape and architecture. Consisting with this, DAPI 
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staining revealed the presence of smaller and less elongated (Feret’s diameter) nuclei in the cells 

grown on ns-ZrOx compared to flat-ZrO2 and glass covers (Figure 3.12A,B-d,e and Figure S1-d,e).  

 
Figure 3.12. Nanostructured zirconia substrates promote the activation of a mechanotransduction pathway in βTC3 cells. 
A) Cells grown on glass covers (Glass), flat- (flat-ZrO2) or 15 nm nanostructured-zirconia (ns-ZrOx) substrates for 3 days 
were triple stained with anti-vinculin antibody (green), phalloidin (actin, red), and DAPI (blue). Representative 
epifluorescence (actin and DAPI) and TIRFM (vinculin) images are shown. Bar: 15 μm. Arrowheads indicate focal 
complexes. B) Quantitative analyses of vinculin-positive area (a), cytoskeletal actin fibers length (b) and width (c), and (c) 
nuclear area (d), Feret’s diameter (e) in cells grown on Glass, flat-ZrO2 and 15 nm ns-ZrOx. Bars illustrate the average 
responses ± SE (N = 30–40 cells for each substrate, three independent experiments (**p < 0.01, ***p < 0.005, ns-ZrOx vs 
flat-ZrO2; °p < 0.05, °°°p < 0.005, ns-ZrOx vs Glass; ## p<0.01, Glass vs flat-ZrO2). C) Western-blotting images of β-tubulin 
and actin in βTC3 cells grown on the Glass, flat-ZrO2 and 15 nm-ns-ZrOx for three days (15 μg protein/sample). On the left, 
the protein molecular weight in kDa is reported. F) The quantitative analysis shows the upregulation of cytoskeletal 
proteins expression in cells grown on 15 nm ns-ZrOx. Data (mean values ± S.D.; n = 5 independent experiments) are 
expressed as fold-change over Glass (*p < 0.05 ns-ZrOx vs flat-ZrO2; °p < 0.05 ns-ZrOx vs Glass). 

Similar results were obtained in INS1E cells grown on Glass, flat-ZrO2 and 15 nm nanostructured-

zirconia (ns-ZrOx) substrates for 3 days. Cells grown on ns-ZrOx showed shorter actin filaments with 

decreased dimension compared to Glass and flat-ZrO2 (Figure 3.13A,B-a,b), suggesting a reduction 
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of the intracellular tension channeled by the cytoskeleton on the nuclear envelope. Accordingly, 

smaller and less elongated nuclei were detected in INS1E cells grown on ns-ZrOx compared to 

controls (Figure 3.13A,B-c,d).   

 
Figure 3.13. A) Representative epifluorescence images of INS1E cells grown on glass covers (Glass), flat- (flat-ZrO2) or 15 
nm nanostructured-zirconia (ns-ZrOx) substrates for 3 days, doubled stained with phalloidin (actin, red) and DAPI (blue). 
Bar: 15 μm. B) Quantitative analyses of cytoskeletal actin fibers length (a), width (b) and nuclear area (c), Feret’s diameter 
(d) in cells grown on Glass, flat-ZrO2 and ns-ZrOx are shown. Bars illustrate the average responses ± SE (**p < 0.01, 
***p<0.005 ns-ZrOx vs flat-ZrO2; °p < 0.05, °°°p < 0.005 ns-ZrOx vs Glass). 

As reported in the introduction, in the fast mechanotrasduction hypothesis, generation of tension 

at the nascent cell-substrate interaction contact points, may drive the reorganization of the cell 

shape. To investigate the involvement of the mechanotransductive signaling pathway, βtc3 cells, 

grown on the indicated substrates for 3 days, were treated for 1 hour with 50 µM blebbistatin, 

which reduces the cytoskeletal tension, by inhibiting myosin II contractility. Interestingly, 

blebbistatin treatment induces an evident reduction of actin fibers length and width in the cells 

grown on flat-ZrO2 and a similar trend was observed in the glass sample, while no significant 

changes were detected in the cells grown on ns-ZrOx (Figure 3.14A,B-a,b). In line with these 

modifications, DAPI staining revealed the presence of smaller and more roundness nuclei in the 

cells grown on glass and flat-ZrO2 after blebbistatin treatment (Figure 3.14C,D-c,d).  
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Figure 3.14. βtc3 cells grown on glass, flat and nanostructured substrates for 3 days were treated with 50 µm blebbistatin 
for 1 hour. A,C) Representative epifluorescence images of βtc3 cells labelled with phalloidin (actin, red) and DAPI (blue). 
Bar: 15 μm. B,D) Quantitative analyses of cytoskeletal actin fibers length (a), width (b) and nuclear area (c), Feret’s 
diameter (d) in cells grown on Glass, flat-ZrO2 and ns-ZrOx are shown. Bars illustrate the average responses ± SE 
(***p<0.005 ns-ZrOx vs flat-ZrO2; °°p < 0.01, °°°p < 0.005 ns-ZrOx vs Glass; $ p<0.05, $$ p<0.01 Ctr vs Blebbistatin). 

These data suggest that the nanostructure generates low intracellular tension, as a consequence 

the cell assume a more relaxed, round shape which, probably, supports the formation and 

maintenance of cell–cell contacts. On the other hand, when β-cells are plated on flat substrates the 

increased cytoskeletal tension induces a flat, irregular shape of the cells that favours cell scattering 

and prevents cell-cell interactions (Figure 3.15A). Accordingly, as previously observed in human islet 

of Langerhans, we found that βTC3 and INS1E cells aggregate into islet-like clusters when plated on 

the nanostructure (Figure 3.15B,C); further experiments will aim at characterizing the observed 

phenomenon and to dissect the molecular mechanisms involved.  
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Figure 3.15. A) Schematic representation of shape and organization of β-cells grown on flat and nanostructured 
substrates. Cell-matrix interactions predominate on flat substrate inducing the formation of stress fibers, thereby resulting 
in cell flattening. Cell grown on nanostructured substrates retain a round shape that favors the cell-cell interaction and 
reduces the stress fibers formation. Adapted from Galli et al., 2020. B,C) Nanostructured substrates promote β-cell 
aggregation. Representative phase contrast optical images of INS1E (A) and βTC3 (B) cells grown on Glass, flat-ZrO2, ns-
ZrOx substrates. Bar: 60 µm. 

Taken together, these data strongly suggest that β-cell lines sense the substrate topography and 

respond by activating a mechanotransductive pathway that involves the reorganization of the actin 

cytoskeleton and the nuclear architecture. Probably, the nanotopography, preventing the 

generation of intracellular cytoskeleton tension, preserves the original shape of the cells and 

promotes their clustering, fundamental to ensure survival and differentiation.  

 

3.2.2 The nanotopography modulates the mitochondrial activity 
In order to test whether the nanotopography might also affect mitochondria, the organelle 

membrane potential was evaluated by quantification of MitoSpy™ Orange, a dye whose 

concentration is proportional to the inner mitochondrial membrane potential. As reported in Figure 
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S2, the mitochondrial membrane potential was particularly sensitive to the nanoscale modification 

of substrate features, as it progressively increased with the nanostructure roughness and then 

dropped dramatically on the 25 nm substrate. Interestingly, the most relevant effect was observed 

in cells grown on 15 nm-ns-ZrOx where major changes in cell morphology were also detected. Since 

the most relevant effects were detected on 15 nm-ns-ZrOx, further experiments were performed 

on this substrate. 

As shown in Figure 3.16A,B, the mitochondrial membrane potential was significantly higher in the 

cells grown on the nanostructured substrate when compared to glass; a similar trend was observed 

in the comparison ns-ZrOx versus flat-ZrO2, even though the difference was not statistically 

significant. These data suggest that Zirconia itself may influence mitochondrial membrane potential 

and this effect is probably potentiated by the nanostructure. Of note, zirconia substrates are layer 

of oxidized materials, but while the stoichiometry is well defined in flat substrates (ZrO2), it is not 

yet defined in the nanostructure (ZrOx). To verify whether the different membrane potential was 

due to a mechanotransductive phenomenon, βtc3 cells were treated with 50 µm blebbistatin for 1 

hour and the mitochondrial membrane potential was measured. Intriguingly, a significant increase 

of the mitochondrial membrane potential was observed in the cells grown on flat-ZrO2 and glass 

substrates after blebbistatin treatment, while no changes were detected for the ns-ZrOx sample 

(Figure 3.16C), again suggesting an important role of cytoskeleton tension in the modification of 

mitochondrial functional activity.   

 
Figure 3.16. Nanostructured substrate of 15 nm roughness improves mitochondrial activity and GSIS. βtc3 cells grown on 
the indicated substrates for 3 days were loaded with MitoSpy™ Orange CMTMRos and the mitochondrial membrane 
potential was measured by fluorimetry (551/576 nm Ex/Em). A) Representative images in pseudocolor are shown (blue 
low intensity, red high intensity). B) Bars illustrate the average responses (fluorescence intensity) ± SE (n = 4 independent 
experiments in triplicate) (°p < 0.05 ns-ZrOx vs Glass). C) Quantitative analysis of the mitochondrial membrane potential 
of βtc3 cells cultured on the indicated substrates and treated with 50 µM blebbistatin for 1 hour. Bars illustrate the average 
responses (fluorescence intensity) ± SD (°p < 0.05 ns-ZrOx vs Glass; $ p<0.05, $$ p<0.01 Ctr vs Blebbistatin).  
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In summary, these data suggest a direct involvement of the actin cytoskeleton in the regulation of 

the mitochondrial activity. Mitochondria are, indeed, tightly coupled to cytoskeletal proteins that 

track their movements and stop them in specific intracellular site, where their metabolic functions 

are required (Anesti and Scorrano, 2006).  

 

3.2.3 Proteomic analyses of the mitochondrial proteome 
To understand the impact of the nanostructure on mitochondria, at molecular level, a β-cell lysate 

fraction enriched in the mitochondrial component was analyzed by a label-free shotgun proteomic 

approach (analysis performed by the laboratory of prof. Tedeschi, Department of veterinary 

medicine, Università degli Studi di Milano).  

Similar to studies performed in islets of Langerhans, specific analyses were carried out by comparing 

(i) cells grown on glass coverslips (Glass) versus cells grown on ns-ZrOx, (ii) cells grown on flat-ZrO2 

versus cells grown on ns-ZrOx, and (iii) cells grown on Glass vs cells grown on flat-ZrO2. In each 

comparison, proteins were considered differentially expressed if they were present only in one 

condition or showed significant t-test difference (p≤0.05). Volcano plots (Figure 3.17) show the 

proteins differentially or exclusively expressed in the following comparison: 

 Glass vs ns-ZrOx: 194 proteins are exclusively expressed or upregulated in ns-ZrOx, while 

467 are exclusively expressed in Glass or downregulated in ns-ZrOx (Figure 3.17A); 

 flat-ZrO2 vs ns-ZrOx, 145 proteins are exclusively expressed or upregulated in ns-ZrOx, while 

622 are exclusively expressed in flat-ZrO2 or downregulated in ns-ZrOx (Figure 3.17B); 

 Glass vs flat-ZrO2, 439 proteins are exclusively expressed or upregulated in flat-ZrO2, while 

231 are exclusively expressed in Glass or downregulated in flat-ZrO2 (Figure 3.17C).  

 

 
 

Figure 3.17. Volcano plots of proteins differentially expressed in the comparison ns-ZrOx vs Glass (A), ns-ZrOx vs flat-ZrO2 
(B) and flat-ZrO2 vs Glass (C). Proteins were considered differentially expressed if they were present only in one condition 
or showed significant t-test difference (t-test p ≤ 0.05). The proteins up- or downregulated are indicated in green and red, 
respectively. 

Proteins were then scanned with Mitominer, a mitochondrial localization database, confirming that 

almost 28% of all the proteins identified in each comparison are indeed mitochondrial components. 

Non-mitochondrial proteins were also identified, mainly localized in compartments tightly 

associated to mitochondria such as the ER, Golgi apparatus, and vacuoles, in line to data reported 

in the literature using this enrichment method (Alberio et al., 2017). Only the proteins exclusively 

or differentially (p<0.05) expressed with an Integrated Mitochondrial Protein Index ≥ 0.5 were 

further analyzed in terms of GO classification and pathways. 
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To dissect the impact of the nanostructure, bioinformatic analyses were performed by comparing 

ns-ZrOx vs glass and ns-ZrOx vs flat-ZrO2.  

Regarding the comparison between ns-ZrOx and glass, the gene ontology (GO) analysis revealed 

that the nanostructure induced a downregulation of proteins involved in mitochondrial cristae 

formation and shaping (GO:0007005, GO:0006626), mitochondrial import/export (GO:0030150, 

GO:0098660, GO:0098662) and proteins involved in pyruvate metabolism, TCA cycle and aerobic 

respiration (GO:0019752, GO:0006099, GO:004533) (Figure 3.18). In addition, a significant 

reduction of proteins involved in protein localization, folding and processing in the ER (GO:0006457, 

GO:0034620, GO:0006986) was also detected in the cells grown on the nanostructured substrate 

(Figure 18). Conversely, the nanostructure induces the upregulation of proteins involved in the 

lysosomal transport (GO:0007041) (Figure 3.18) and glycolytic enzymes (Figure 3.23).  

A similar pattern of proteins was detected in the comparison ns-ZrOx vs flat ZrO2, indicating that 

the majority of these effects was related to the nanostructure (Figure 3.18B). In particular, cells 

grown on ns-ZrOx showed a decreased expression in GO cellular component terms related to 

mitochondrial cristae formation and shaping (GO:0007005, GO:0006626), mitochondrial 

import/export (GO:0030150, GO:0098660, GO:0098662), proteins involved in pyruvate 

metabolism, TCA cycle and aerobic respiration (GO:0019752, GO:0006099, GO:004533) and 

proteins involved in protein localization, folding and processing in the ER (GO:0006457, 

GO:0034620, GO:0006986). The upregulation of the glycolytic pathway was also detected in the 

comparison between ns-ZrOx and flat-ZrO2 (Figure 3.24).  

The proteomic analyses revealed the upregulation of cytoskeletal proteins as ACTN1, MAPK1 and 

MYH9 in cells grown on the nanostructure compared to both flat and glass substrates, further 

supporting the close interplay between mitochondria and cytoskeleton (Figure 3.18B). An 

important difference was observed in the expression of proteins involved in the lysosomal transport 

(GO:0007041) that were upregulated in the ns-ZrOx vs Glass substrates but were downregulated in 

the ns-ZrOx vs Flat ZrO2.  
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Figure 3.18. A) Schematic representation of the proteins differentially expressed in comparison Glass vs ns-ZrOx. The 
differentially expressed proteins were classified into different biological processes (GOBP-slim). Functional grouping was 
based on p-value ≤0.05 and minimum three counts. Negative values (Red) refer to fold enrichment of proteins less 
expressed at ns-ZrOx or only expressed in Glass whereas positive value (Blue) refer to proteins more or only expressed on 
ns-ZrOx in the comparison Glass vs ns-ZrOx. The numbers on the bars represent the counts. B) Gene ontology classification 
of the proteins differentially expressed in the comparison between glass vs ns-ZrOx (on the left) and flat-ZrO2 vs ns-ZrOx 

(on the right). (Laboratory of Prof. Tedeschi) 

In summary, the bioinformatic analyses of ns-ZrOx vs glass and ns-ZrOx vs flat-ZrO2 showed similar 

modifications of the mitochondrial proteome, highlighting the fundamental role of the 

nanotopography in the mitomorphosis program.  

 

3.2.4 The nanotopography modulates the mitochondrial dynamics and morphology 
The proteomic analysis revealed a reduction of proteins involved in cristae formation (ATP5A1, 

ATP5B, ATP5C1, ATP5D, ATP5H, CHCHD3, IMMT, LETM1 and SAMM50) and shaping (MICOS 19, 60, 

10) suggesting that the nanostructure has a profound impact on the organization of the 

mitochondrial inner membrane (Figure 3.18B). These modifications are probably due to the 
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decrease expression of the ROS modulator 1 (ROMO1) (only in glass vs ns-ZrOx) and optic atrophy 

1 protein (OPA1). The former is a redox-regulated protein required for mitochondrial fusion and 

normal cristae morphology (Cogliati et al., 2016). OPA1 promotes the inner membrane fusion, 

governing the delicate balance between fusion and fission in the dynamic mitochondrial network, 

but also controls cristae structure remodeling (Liesa and Shirihai, 2013).  

Data were confirmed by western blot analysis of proteins involved in mitochondrial fusion and 

fission namely OPA1, mitofusin 2 (MNF2) and dynamin-related protein 1 (DRP1) (Figures 3.19). In 

agreement with proteomic data, a significant decrease in the expression of MFN2 and OPA1 

proteins was observed in cells grown on ns-ZrOx compared to glass cover, while no significant 

change in DRP1 expression was detected. A similar trend was observed in the comparison ns-ZrOx 

vs flat-ZrO2, even though the OPA1 downregulation was not statistically significant (p value=0.07).  

These data apparently suggest increased mitochondrial fission, which results in mitochondrial 

fragmentation, a phenomenon often observed under stress and pathologic conditions. However, 

by exploiting the proteomic dataset, we also found a decreased expression of dynamin-1 like 

protein (DNM1L) (only in glass vs ns-ZrOx) and ganglioside-induced differentiation-associated 

protein 1 (GDAP1), which regulate the mitochondrial network by promoting mitochondrial fission 

(Bartolák-Suki et al., 2017; Tilokani et al., 2018) (Figure 3.18B). Taken together these observations 

suggest that the nanotopography induces a remodeling of the machinery involved in mitochondrial 

dynamics, maintaining the delicate balance between fusion and fission events.  

 

 
Figure 3.19. Nanostructured substrate modulates mitochondrial dynamics. Mouse βTC3 were cultured on the indicated 
substrates for 3 days. A) Western-blotting analysis of mitochondrial pro-fission (DRP1), pro-fusion (MFN2 and OPA1) and 
import (TOM20) proteins (15 μg protein/sample). On the left, the protein molecular weight in kDa is reported. B) The 
quantitative analysis shows the downregulation OPA1, MFN2 and TOM20 expressions in cells grown on 15 nm ns-ZrOx. 
Data (mean values ± SD; n = 5 independent experiments) are expressed as fold-change over Glass (*p < 0.05 ns-ZrOx vs 
flat-ZrO2; °°p < 0.01, °°°p < 0.005 ns-ZrOx vs Glass; #p < 0.05 flat-ZrO2 vs Glass). 

Since mitochondrial dynamics regulates mitochondrial number, morphology, location and 

networking (Stiles and Shirihai, 2012), we decided to evaluate the mitochondrial morphology by 

labeling the organelles with MitoSpy™ Green FM, an organic dye which selectively binds 

mitochondrial proteins. The mitochondrial network was different among cells grown on different 

substrates and elongated mitochondria were often observed in cells grown on ns-ZrOx (Figure 

3.20A). The quantitative analyses confirmed these observations: cells grown on the nanostructure 

showed an increased average mitochondrial area (Figure 3.20B-b), maximum diameter (Feret max) 

(Figure 3.20B-c) and aspect (major/minor axis) (Figure 3.20B-d) compared to those observed on 
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both glass and flat-ZrO2 covers. In addition, the number of mitochondria per area (Figure 3.20B-a) 

was significantly lower in cells grown on the nanostructured substrate when compared to controls, 

probably because they tend to organize in networks. In line with this possibility, quantitative 

analyses revealed increased mitochondrial network in the cells grown on ns-ZrOx, which had also 

significantly longer branches when compared to control substrates (Figure 3.20C-a,b). These 

observations suggest that mitochondrial fusion and fission events are counterbalanced in our 

system, but, in the meantime, the nanostructure evokes profound changes in mitochondrial 

organization and connections.  

 

 
 
Figure 3.20. Nanostructured substrate regulates mitochondrial morphology and networking. A) Cells grown on the 
indicated substrates for 3 days were loaded with MitoSpy™ Green FM and imaged by epifluorescence microscopy. 
Representative images are shown. Bar: 10 μm. B) The quantitative analyses of mitochondrial morphology show (a) 
mitochondria number per area, (b) single mitochondria area (μm2), (c) feret maximum (μm), and (d) mitochondria aspect 
(major/minor axis) in cells grown on different substrates. Bars illustrate the average responses ± SE (N = 15-20 cells for 
each substrate in three independent experiments). (*p < 0.05, ***p < 0.005 ns-ZrOx vs flat-ZrO2; °p < 0.05, °°°p < 0.005 ns-
ZrOx vs Glass; #p < 0.05, ###p < 0.005 flat-ZrO2 vs Glass). C) Quantitative analysis of mitochondrial network: a) percentage 
of mitochondrial network per cell; b) network branches length. Bars illustrate the average responses ± SE (N = 15-20 cells 
for each substrate in two independent experiments). (*p < 0.05, ns-ZrOx vs flat-ZrO2; °°°p < 0.005 ns-ZrOx vs Glass; # p<0.05, 
###p < 0.005 flat-ZrO2 vs Glass). 

Mitochondrial dynamics, by controlling organelle morphology, can directly influence the organelle 

function, which is crucial for ensuring appropriate insulin secretion (Park et al., 2008; Stiles and 

Shirihai, 2012). After its transport into β-cells, glucose is metabolized via glycolysis and processed 

in the tricarboxylic (TCA) cycle into mitochondria. This increases the ATP/ADP ratio and causes the 

closure of ATP-dependent K+ channels at the plasma membrane. The resulting change in membrane 

potential modifies intracellular Ca2+, via voltage-gated Ca2+-channels, and triggers insulin exocytosis 

(Rorsman and Ashcroft, 2018; Rutter et al., 2017). Compelling evidence suggests that a high nutrient 
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environment (free fatty acids and/or glucose) promotes mitochondrial fragmentation which is often 

associated with changes in the proton leak and mitochondrial membrane potential, leading to an 

impairment of the insulin secretion (Molina et al., 2009; Stiles and Shirihai, 2012). Therefore, we 

decided to monitor the glucose-stimulated insulin secretion by ELISA assays. Consisting with the 

increased mitochondrial networking and membrane potential observed previously, βTC3 cells 

grown on the nanostructured substrate showed increased glucose-stimulated insulin secretion 

when compared to controls, while no change in the total insulin content was detected (Figure 3.21).  

 

 
Figure 3.21. (a) Quantification of the total insulin content (μg) by ELISA assay. Data (mean ± SD) are expressed as fold 
change over Glass (n = 3). (b) Insulin secretion under basal (2 mM glucose) and stimulated (20 mM glucose) in βTC3 cells 
grown on the indicated substrates for 3 days. Data (mean ± SD) are expressed as fold change over Glass basal release 
(n = 3, in duplicate). (° p<0.05, stimulated vs basal; *p < 0.05, vs flat-ZrO2). 

Interestingly, the proteomic analysis revealed an upregulation of IDE (insulin degrading enzyme) 

and ANXA1 (annexin A1) expression in the cells grown on ns-ZrOx, further supporting our 

observation of increased insulin secretion (Tables S1 and S37). IDE is a metalloprotease involved in 

the degradation of insulin and for this reason it has always been considered as a negative regulator 

of insulin secretion (Fernández-Díaz et al., 2019). However, in the last years, emerging evidence 

demonstrates that IDE deletion/inhibition leads to impaired glucose-stimulated insulin secretion 

(GSIS), identifying IDE as a positive regulator of the β-cell function. ANXA1, also known as lipocortin 

1, is a Ca2+ and phospholipid binding protein, mainly localized at the insulin granules, which 

positively modulates the GSIS (Rackham et al., 2015).  

 

Since βtc3 is a clonal cell line, to confirm the relevance of the nanostructure on mitochondrial 

morphology and function we confirmed our data in INS1E cells, a rat β-cell line. Western blotting 

experiments revealed the downregulation of MFN2 in cells grown on ns-ZrOx compared to glass 

coverslip, while no changes in DRP1 and OPA1 expression were detected (Figure 3.22A,B). 

Regarding the morphology, as shown in Figure 3.22C, INS1E mitochondria are generally more 

elongated and elaborated than those observed in the mouse model but, exactly as reported for 

βTC3 cells, their average area (Figure 3.22D-b) and maximum diameter (Feret max) (Figure 3.22D-

c) increased when cells were grown on the nanostructure compared to glass coverslips. 

Furthermore, as observed for βTC3 cells, mitochondria tend to organize in more complex network 

in the cells grown on ns-ZrOx (Figure 3.22E-a,b).  
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Figure 3.22. Nanotopography influences mitochondrial proteome, morphology and network in INS1E cells. A) Western-
blotting analysis of mitochondrial pro-fission (DRP1), pro-fusion (MFN2 and OPA1) and import (TOM20) proteins in INS1E 
cells grown on the indicated substrates for 3 days (15 μg protein/sample). On the left, the proteins molecular weight in 
kDa is reported. B) The quantitative analysis shows the downregulation MFN2 and TOM20 expressions in cells grown on 
15 nm ns-ZrOx. Data (mean values ± SD; n = 3 independent experiments) are expressed as fold-change over Glass (p < 0.01 
ns-ZrOx vs Glass; ##p < 0.01 flat-ZrO2 vs Glass). C) Cells grown on the indicated substrates for 3 days, were loaded with 
MitoSpy™ Green FM and imaged by epifluorescence microscopy. Representative images are shown. Bar: 10 μm. D) 
Quantitative analyses of mitochondrial morphology in cells grown on different substrates show: (a) mitochondria number 
per area, (b) single mitochondria area (μm2), (c) Feret maximum (μm), and (d) mitochondria aspect (major/minor axis). 
Bars illustrate the average responses ± SE (°°p < 0.01 ns-ZrOx vs Glass; #p < 0.05 flat-ZrO2 vs Glass). E) Quantitative analysis 
of mitochondrial network: a) percentage of mitochondrial network per cell; b) network branches length. Bars illustrate the 
average responses ± SE (N = 15-20 cells for each substrate in two independent experiments). (*p < 0.05, ns-ZrOx vs flat-
ZrO2; °°°p < 0.005 ns-ZrOx vs Glass; #p<0.05, ###p < 0.005 flat-ZrO2 vs Glass). 

Generally, the obtained data confirmed the changes in mitochondrial morphology and dynamics 

observed in βtc3, however differences were statistically significant only in the ns-ZrOx vs glass 

comparison, suggesting that a combination of chemistry (zirconia) and nanostructure can affect the 

mitochondrial organization and function. Interestingly, the INS1E mitochondrial are more 

elongated than those observed in βtc3, therefore it is also possible that the 15 nm roughness may 

not be the best nanotopographical environment for this cell line and further experiments need to 

be performed to address this hypothesis. 



 93 

Taken together, the morphological and proteomic data suggest that the nanostructure modulates 

the delicate balance between fusion and fission, preserving β-cell homeostasis but concomitantly 

allowing a cellular response to the mechanical stimulus. The observed changes (increased 

mitochondria elongation and networking) are typical of efficient mitochondria resulting in an 

efficient glucose-stimulated insulin secretion.  

 

3.2.5 Nanostructured substrate induces a metabolic shift at mitochondrial level 
Bioinformatic analyses highlighted that the nanostructure hampers the oxidative metabolism and 

the expression of proteins involved in TCA cycle, pyruvate metabolism, aerobic respiratory and ATP 

synthesis coupled to proton transport (Figure 3.23 and 3.24), probably due to the cristae 

remodeling mediated by OPA1 and ROMO1. Indeed, cristae mediate the localization of oxidative 

phosphorylation complexes, creating a specialized and highly dynamic compartment that 

undergoes massive remodeling, with a direct impact on the energetic state of the cell (Cogliati et 

al., 2016). Accordingly, the expression of the most abundant import machineries of proteins into 

the mitochondrial inner membrane is altered by the nanostructure that decreases the 

mitochondrial import receptor subunit TOM20 homolog (TOMM20) and the mitochondrial import 

inner membrane translocases subunit (TIMM17A, TIMM23B), as well as the sorting and assembly 

machinery component 50 homolog (SAMM50), thus hampering the inner mitochondrial membrane 

organization (Figure 3.18B). Western blot analysis confirmed a statistically significant 

downregulation of TOM20 expression in the cells grown on the nanostructured substrate compared 

to flat-ZrO2 but only in the βtc3 cells, thus suggesting that the 15 nm roughness may be not ideal 

for INS1E cells (Figure 3.20 and Figure 3.22A,B). Concomitantly, the nanostructure triggers the 

higher expression of the glycolytic enzyme enolase (ENO1) as well as arginase1 (ARG1) (Figure 3.23 

and 3.24). The latter is involved in the homeostasis of L-arginine in competition with nitric oxide 

synthase (NOS) that utilizes the intracellular substrate arginine for NO synthesis, a possible source 

of ROS production. In accordance, we observed the decrease of oxidative stress response proteins 

(TXN2, PRDX3, PARP1, AIFM1, ETFDH, NDUFA12, NDUFS2, PARP1, PRDX3, PRDX5, ROMO1) 

associated to an increase in glutathione S-transferase P (GSTP1) (Figures 3.23 and 3.24 Tables 

S2,S38). Even though increased glycolysis could suggest a hypoxic condition, characteristic of a 

stressed β-cell, the mitochondrial fraction of cells grown on ns-ZrOx showed a lower expression of 

hypoxia upregulated protein 1 (HYOU1) as well as a decrease in the apoptosis-inducing factor 1 

(AIFM1) and the mitochondrial outer-membrane voltage-dependent anion channel 1 (VDAC1). 

Particularly interesting is VDAC1 that acts as a mitochondrial gatekeeper modulating the energy 

homeostasis, as well as the mitochondria-mediated apoptosis (Pittala et al., 2020). Several studies 

reported an upregulation of VDAC1 expression in islets from T2D patients, further confirming the 

crucial role of this channel in maintaining the appropriate β-cell function (Zhang et al., 2019a). The 

proteomic data suggest that the metabolic effect exerted by the nanostructure is not caused by 

increased oxidative stress, in accordance, a similar ROS content was observed in cells grown on 

different substrates (Figure 3.25A). To further confirm that the metabolic shift induced by the 

nanostructure did not result in a stressed or apoptotic β-cell, cell viability was measured and as 

expected, no changes in the cell viability were detected between Glass, flat-ZrO2 and ns-ZrOx (Figure 

3.25B,C).  
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Figure 3.23. A) Gene Ontology classification of proteins differentially expressed in the comparison Glass vs ns-ZrOx 
classified into different pathways using the Panther software. Functional grouping was based on p-value ≤ 0.05 and 
minimum three counts. Negative values (Red) refer to fold enrichment of proteins less expressed at ns-ZrOx or only 
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expressed in Glass whereas positive values (Blue) refer to proteins more or only expressed on ns-ZrOx. The numbers on the 
bars represent the counts. B) DAVID functional grouping in terms of KEGG Pathways of the mitochondrial proteins 
differentially expressed in cells grown in ns-ZrOx in comparison with cells grown on Glass. (Laboratory of prof. Tedeschi) 

 
 

Figure 3.24. A) Gene Ontology classification of proteins differentially expressed in the comparison flat-ZrO2 vs ns-ZrOx 
classified into different pathways using the Panther software. Functional grouping was based on p-value ≤ 0.05 and 
minimum three counts. Negative values (Red) refer to fold enrichment of proteins less expressed at ns-ZrOx or only 
expressed in flat-ZrO2 whereas positive value (Blue) refer to proteins more or only expressed on ns-ZrOx. The numbers on 
the bars represent the counts. B) DAVID functional grouping in terms of KEGG pathways of the mitochondrial proteins 
differentially expressed in cells grown in ns-ZrOx in comparison with cells grown on flat-ZrO2. (Laboratory of prof. Tedeschi) 
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Figure 3.25. A) βtc3 cells were grown on the indicated substrates for 3 days and the intracellular ROS content was 
monitored by DCFDA quantification (485/528 nm Ex/Em). Data are expressed as mean ± SD of three independent 
experiments. B) Representative images of cells stained with NucBlue® (Live cells) and NucGreen® (Dead cells). Bar: 30 μm. 
C) Bars represent the percentage of dead cells over the total cells. Data are expressed as mean ± SD of three independent 
experiments (a minimum of 100 cells for experiment was counted). 

Taken together, our data indicate that the nanostructure induces a reshaping of the mitochondrial 

cristae organization and import/export, which results in a metabolic shift without affecting β-cell 

survival.  

3.2.6 Nanostructured substrate modulates the interplay with organelles 
Bioinformatic analyses revealed the downregulation of proteins involved in protein localization, 

folding and processing in the ER (CALR, CLPX, DNAJA1, FKBP2, GNB1, GRPEL1, HSP90B1, HSPA5, 

HSPA9, HSPD1, MLEC, P4HB, PDIA3, PPIB, PRDX4, and TRAP1) in the cells grown on ns-ZrOx when 

compared to both flat and glass substrates (Figure 3.18B). Since almost 20% of the mitochondrial 

membranes are in direct contact with the ER cisternae, it is not surprising to find ER proteins in the 

mitochondrial fraction (Naon and Scorrano, 2014). Most of the identified proteins (CALR, PDIA3, 

P4HB, GNB1, HSPA5, HSP90B1, HSPD1 and TRAP1) are normally upregulated in response to stress 
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and involved in apoptotic processing; therefore, their downregulation further suggests a healthy 

state of the cells.  

Mitochondria and ER are closely related through the so-called mitochondria-associated 

endoplasmic reticulum membranes (MAM), multiprotein complexes that play a pivotal role in 

calcium (Ca2+) signaling, lipid transport, mitochondrial functions and cell survival (Tubbs and 

Rieusset, 2017). Giving the crucial role of mitochondrial-ER contact sites for cell function, 

modifications of the ER-mitochondria network were evaluated in βTC3 and INS1E cells grown on 

the different substrates. To this end, cells were transfected with an ER-GFP construct selectively 

targeted to the ER compartment and mitochondria were labeled with MitoSpy™ Orange. Intricated 

ER cisternae networks spanning the whole cellular volume were clearly detectable in high 

magnification images (Figure 3.26A-a), and no differences in their organization were observed in 

cells grown on different substrates (Figure 3.26B-a). Mitochondria of similar size were visible in all 

samples, but only in cells grown on the nanostructure they were clearly tethered to the ER. 

Observations were corroborated by the Pearsons’ colocalization analysis which revealed increased 

ER–mitochondria juxtaposition in cells grown on the nanostructure compared to glass cover (Figure 

3.26B-b).  

 

Figure 3.26. Nanostructure modulates the ER-mitochondrial contact sites in βTC3 cells. A) βTC3 cells, plated on the 

different substrates, were transfected with ER-GFP (green) and, after 48 h, the mitochondria were labeled with MitoSpy™ 

Orange (red). a) Representative images of ER-mitochondrial networks in cells grown on the indicated substrates. The 

yellow/orange staining highlights ER-mitochondria juxtaposition. Bar: 10 μm. b) Relative scatter plot analysis of red and 

green stainings; c) particular of panel a at higher magnification (3X); and d) plot of red and green fluorescence intensities 

along the line profile reported in c. B) a) Quantitative analysis of the percentage of ER networks in βTC3 cell grown on the 
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indicated substrates. Data are expressed as mean ± SE of three indipendent experiments. b) Quantitative colocalization 

analyses expressed as Pearson’s coefficient. Data are expressed as mean ± SE and single values are reported. (°°p < 0.01 

ns-ZrOx vs Glass). 

A similar trend was observed in INS1E cells (Figure 3.27A): no differences in the organization of ER 

network were detected in cells grown on different substrates (Figure 3.27B-a), however, a 

significantly higher juxtaposition between ER and mitochondria was detected in cells grown on the 

nanostructured substrate when compared to the Glass (Figure 3.27B-b). 

 
Figure 3.27. Nanostructure modulates the ER-mitochondrial contact sites in INS1E cells. A) INS1E plated on Glass, flat-
ZrO2 and ns-ZrOx substrates were transfected with ER-GFP (green) and after 48 h, mitochondria were labeled with 
MitoSpy™ Orange (red). (a) Representative images of ER-mitochondrial networks in cells grown on the indicated 
substrates. The yellow/orange staining highlights ER-mitochondria juxtaposition. Bar 10 μm. (b) Scatter plot analysis of 
image a. (c) Particular of panel a at higher magnification (3X); and (d) plot of red and green fluorescence intensities along 
the line profile reported in c. B) a) Quantitative analysis of the percentage of ER networks in INS1E cells grown on the 
indicated substrates. Data are expressed as mean ± SE of three indipendent experiments. b) Quantitative colocalization 
analyses expressed as Pearson’s coefficient. Data are expressed as mean ± SE and single values are reported. (*p < 0.05 
ns-ZrOx vs Glass). 

One of the most well characterized function of ER is the regulation of protein folding. Alteration of 

ER-mitochondria network might result in the so-called unfolded protein response (UPR), caused by 

the accumulation of misfolded proteins within the ER (Tubbs and Rieusset, 2017). Since it has been 
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reported that UPR response induces β-cell stress, misfunction and death, key features in the 

development of type 2 diabetes (Rieusset, 2011), we evaluated the expression of UPR stress 

markers in βTC3 cells grown on the indicated substrates (Figures 3.28). A decreased expression of 

Eukaryotic Initiation Factor 2 alpha (eIF2α), its phosphorylated form (P-eIF2α), and protein kinase 

RNA-like ER kinase (PERK) was detected in cells grown on ns-ZrOx compared to glass cover, 

indicating that the Unfolded Protein Response was not activated on the nanostructure, again 

supporting a healthy state of the cell. A significant reduction of eIF2α expression was also detected 

in the ns-ZrOx substrates compared to flat-ZrO2 sample, while no changes in PERK and P-eIF2α 

expressions were observed. As for mitochondria, changes in ER-stress proteins were more evident 

in the ns-ZrOx vs the glass comparison, suggesting that a combination of chemistry and 

nanotopography might affect the cellular response.  

 

Figure 3.28. UPR response is not induced by the nanostructure. A) Western-blotting analysis of eIF2α, P-eIF2α and PERK 
in cells grown on the indicated substrates for 3 days (15 μg protein/sample). B) The quantitative analysis of protein 
expression shows downregulation of PERK and eIF2α expression in cells grown on 15 nm ns-ZrOx. Data (mean values ± SD; 
n = 3 independent experiments) are expressed as fold-change over Glass (*p < 0.05 ns-ZrOx vs flat-ZrO2; °p < 0.05 ns-ZrOx 
vs Glass; #p < 0.05 flat-ZrO2 vs Glass). 

Mitochondria actively interact also with the lysosomes both in physiological condition, mediating 

the regulation of mitochondrial division, the transfer of lipids, calcium and iron (Liesa and Shirihai, 

2013; Wong et al., 2019) or upon cellular stress, promoting mitochondrial degradation via 

mitophagy (Hutagalung and Novick, 2011). Interestingly, the bioinformatic analysis revealed the 

upregulation of proteins involved in vesicle-mediated transport (HSP90AA1, HSPA8, MYH9, RAB7A, 

YWHAH, and YWHAZ) and lysosomal transport (XSPA8, STXBP1, and RAB7A) (Figure 18B) in the cells 

grown on ns-ZrOx compared to glass cover. Conversely, the comparison between ns-ZrOx and flat-

ZrO2 indicates the downregulation of this pathway, in the cells grown on the nanostructure. To have 

a better insight of the phenomenon, βTC3 cells were transfected with a LAMP1-GFP construct, 

selectively targeted to lysosomes and mitochondria were labelled with MitoSpy™ Orange. 

Intriguingly, the quantitative analysis revealed increased colocalization of mitochondria and 

lysosomes in cells grown on the ns-ZrOx compared to flat-ZrO2 (Figure 3.29), while no changes were 

detected compared to glass cover. Other studies are necessary to understand the significance of 

this finding.  

Taken together, these data revealed that the nanotopography induces a general reorganization of 

the interplay between mitochondria and other organelles. Intriguingly, it has been reported that 15 

nm is the optimal distance between mitochondria and ER for ensuring calcium transfer and MAM 

function, while the maximum tethering of mitochondria and lysosomes occurs at a distance of 10 
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nm (Csordás et al., 2010; Giacomello and Pellegrini, 2016). Since the nanostructured substrates with 

15 nm roughness exerted the most prominent effects, we speculated that substrates roughness 

may create a pattern of peaks and valleys that may act as constrains, forcing cytoplasmic 

components and organelles to get closer and to interact with each other.  

 

Figure 3.29. Nanostructured substrate modulates the interplay between mitochondria and lysosomes. A) βTC3 cells plated 
on Glass, flat-ZrO2 and ns-ZrOx substrates were transfected with LAMP1-GFP (green) and after 48 h, mitochondria were 
labeled with MitoSpy™ Orange (red). Representative images of ER-lysosomes networks in cells grown on the indicated 
substrates are reported. The yellow/white staining highlights ER-lysosomes juxtaposition. Bar 10 μm. B) Quantitative 
analysis of the lysosomes and mitochondrial percentage colocalization. Data are expressed as mean ± SE. (*p < 0.05 ns-
ZrOx vs flat-ZrO2). 

In conclusion, proteomic and morphological studies suggest that the nanotopography affects 

mitochondrial dynamics, shape and network. Since mitochondria are tightly connected to the 

cytoskeleton, we speculate that modifications of the cytoskeletal organization induced by the 

nanostructure, may modulate mitochondrial distribution, localization and even their shape which, 

in turn, fine-tune their metabolic response (Tilokani et al., 2018). Furthermore, mechanical forces 

transmitted directly from the cytoskeleton to the mitochondria may induce conformational 

changes of the mitochondrial inner membrane modulating mitochondrial cristae formation, which, 

in turn, affects the assembly and function of respiratory complex (Pasqualini et al., 2016). 



 101 

Accordingly, proteomic analyses revealed major differences in proteins regulating cristae formation 

and shaping, which probably drags the modifications in the expression of the TCA cycle and aerobic 

respiration enzymes observed in cells grown on nanostructured substrates. In addition, the 

nanostructure may induce a cytoskeletal-mediated deformation of the mitochondrial OMM 

membrane, which may modify the permeability of transition pores and voltage dependent anion 

channels, resulting in increased mitochondrial membrane potential and glucose-stimulated insulin 

secretion (Kumazawa et al., 2014; Rostovtseva et al., 2008). To confirm this hypothesis, it will be 

necessary to evaluate the mitochondrial calcium currents. The nanotopography by regulating the 

cytoskeletal tension may also modulates cell shape resulting in a reorganization of the dense 

intermingled meshwork of organelles within the cytoplasm. In line with this possibility, increased 

mitochondria ER and lysosomes contact sites were detected in the cells grown on the 

nanostructured substrate.  

In summary, we favor the idea that the morphological and proteomic changes induced in 

mitochondria by the nanostructure can prime the organelle for a metabolic switch necessary for 

cellular adaptation to the new extracellular cue. Since transformed β-cell lines were used in this 

study, further work aimed at monitoring the 

 mitochondrial proteome on human isolated islets of Langerhans will be necessary to confirm our 

observations and to have a better insight in the complex interplay between mitochondria and 

extracellular cues. 

 

3.3 Ongoing experiments 

3.3.1 Impact of nanoscale features on cell aggregation and polarity 
Cell aggregation is an obligatory step for obtaining mature and functional β-cells. During pancreas 

organogenesis, endocrine cells first are scattered into the pancreatic epithelium and then aggregate 

into islet clusters where they undergo a progressive morphological and functional maturation (Nair 

et al., 2019). The cluster-like organization not only dictates β-cell maturation during development, 

but also favors the tight connections between endocrine cells ensuring an extremely rapid flow of 

important signals for regulating β-cell function (Ladoux and Mège, 2017). Loss of intercellular 

connectivity, indeed, impairs β-cell responses to inputs, both in terms of Ca2+ signaling and 

magnitude of the insulin release (Rutter and Hodson, 2015). Increasing evidence suggests that the 

mechanical properties of the extracellular environment regulate cell-cell adhesions and the 

aggregation process. In particular, recent works from the Gentile’s group have showed that 

nanoroughness substrates favor the self-assembly of neurons into small-cortical-like mini columns 

(Onesto et al., 2017, 2019). They suggested that the aggregation of the cells into clusters is 

controlled by the competition between the binding energy of cell-cell adhesion, the interaction with 

the substrate and the kinetic energy of the system. Since β-cell plated on the nanostructured 

substrates present tiny focal adhesions compared to flat substrates, we hypothesized that the 

nanostructure may induce cell aggregation by reducing the strength of the interaction with the 

substrate and favoring cell-cell interactions. Preliminary observations, showed in Figure 3.15, 

suggested that nanoscale topography drives the aggregation of βTC3 and INS1E cells into islet-like 

cluster structures; further experiments will be required to characterize the observed phenomenon 

and to dissect the molecular mechanisms involved.  
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Nanotopography may also act as a positional cue which drives β-cell polarity. Giving the pivotal role 

of the primary cilium in regulating β-cell function and survival and more generally cell polarity, we 

investigated its distribution and dimension in βTC3 cells and human islets of Langerhans grown on 

the indicated substrates (Figure 3.30). Quantitative analysis revealed an increase percentage of 

cells bearing cilia in cells grown on the nanostructured substrates (Figure 3.30B,C). The increased 

number of ciliated cells can be partially explained by the upregulation of the axonemal dynein 

(DNAH14), a protein involved in the assembly of primary cilia, in the cells grown on the 

nanostructured substrates (Tables S1,S3 and S59).  

 
 

Figure 3.30. Nanostructured substrates impact cilia distribution and length. A) Representative confocal images of βTC3 
cells grown on Glass, flat-ZrO2 and ns-ZrOx substrates for 3 days and double stained with anti-acetylated tubulin antibody 
(green) and DAPI (blue). Bar: 5 µm. B) Quantitative analysis of primary cilia. Bars represent a) the percentage of ciliated 
cells over the total cells and b) the cilium length (µm). Data are expressed as mean ± SD of three independent experiments 
(N=15-20 cells for each substrate). (°p<0.05, Glass vs ns-ZrOx). C) Quantitative analysis of primary cilia distribution and 
dimension in human islets of Langerhans grown on the indicated substrates for 20 days. Bars represent a) the percentage 
of ciliated cells over the total cells and b) the cilium length (µm). Data are expressed as mean ± SD of three independent 
experiments (N=15-20 cells for each substrate). (°°p<0.01, Glass vs ns-ZrOx; p<0.05, flat-ZrO2 vs ns-ZrOx). 

 
Interestingly, on the nanostructure cilia were shorter than on control substrates. Even though other 

experiments will be necessary to verify this possibility, we believe that the decreased cilium length 
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is just the effect of a different spatial orientation of the cells. Indeed, on flat substrates, cell-

substrates interactions prevail, cells spread over the surface and the cilium is longitudinally 

oriented. Conversely, on the nanostructure increased cell-cell interactions promote the vertical 

organization of the cells and the cilium is perpendicular to the observation axis. Further 

experiments will be necessary to understand the impact of the nanotopography on the cilium 

organization and more generally on the β-cell polarity.  

 

3.3.2 Mechanotransduction and microRNAs: an open question 
The role of MicroRNAs (miRNAs) in regulating cell function has been emerging dramatically in the 

last years; indeed, miRNAs regulate tissues development, organization and function by modulating 

redox homeostasis, apoptosis, metabolism, inflammation and alteration of their expression leads 

to different pathological outcomes (Bushati and Cohen, 2007; Stefani and Slack, 2008). This holds 

true also for β-cells, where miRNAs regulate cell survival and function, and changes in their 

expression result in diabetes pathogenesis (Eliasson and Esguerra, 2020; Eliasson and Regazzi, 

2020).  

miRNAs are small (around 23 nucleotides) non-coding RNAs that contribute to gene regulatory 

networks by binding to the 3’ untranslated region (UTR) of their target mRNAs (Bushati and Cohen, 

2007; Shukla et al., 2011). Most miRNAs are transcribed by RNA polymerase II to generate capped 

and polyadenylated primary miRNAs (pri-miRNA), which are cleaved by the nuclear complex 

Drosha/DGCR8 into shorter precursor miRNAs (pre-miRNAs) hairpin structure. Pre-miRNAs are 

exported by exportin5 to the cytosol, where are converted into mature miRNAs by the RNase II, 

Dicer, generating a short miRNA duplex. miRNA duplex is loaded in the miRNA-induced silencing 

complex (miRISC), where the conformational changes of Argonaute protein promote the expulsion 

of one of the miRNAs strands (miRNA*) (Bushati and Cohen, 2007; Shukla et al., 2011; Stefani and 

Slack, 2008). Once the single-strand miRNA silencing complex is formed, miRNA interacts with 

specific region of the target mRNAs, known as seed sequences, to regulate their expression. miRNAs 

use multiple mechanism for regulating gene expression; if the base-pair complementarity is perfect, 

target mRNA is cleaved and degraded by the Argonaute proteins, otherwise miRNAs repress the 

mRNA translation. In addition, miRNAs can also target promoter regions activating gene expression 

(Bartel, 2009; Bushati and Cohen, 2007). According to the partial base-pairing of miRNAs to target 

mRNA, one miRNA can target multiple mRNAs and the translation of one mRNA can be regulated 

by many miRNAs, as such a complex network governates gene expression (Esguerra et al., 2018).  

Giving that mechanical forces modulate the translation and transcriptional program (proteomic 

data on human isolated islets), we speculated that mechanotransduction might also impact the 

miRNAs expression profile. The first paper that directly correlates the regulation of miRNAs 

expression to mechanical forces was published in 2019 (Moro et al., 2019) and few works have been 

published regarding the mechanical regulation of miRNAs expression (D’Angelo et al., 2019; Wei et 

al., 2018), but nothing is known about pancreatic β-cells. In order to study and investigate the 

impact of the nanotopography on miRNAs, I spent a period of three months in the Regazzi’s group 

at the University of Lausanne, a group leader in non-coding RNAs profiling in β-cells.  

Although, given the complexity of the system, a systematic study would be necessary, as a first 

approach, we decided to evaluate the expression of selected miRNAs in cells grown on the different 

substrates. The proteomic analysis performed on human islets after 20 days in culture revealed a 

clear downregulation of the EGLN1/PDH2-HIF1α-NFκB axis by the nanoscale topography that was 
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also confirmed by western blotting experiments. Computational tools for miRNA target prediction 

revealed that several miRNAs can target this pathway; we focused on miR375, miR21-5p and 

miR146a-5p which are known to be expressed by β-cells.  

miR375, the most abundant and characterized miRNA within the islets, regulates pancreatic 

development, β-cell proliferation and function by interacting with multiple targets (Eliasson, 2017; 

Esguerra et al., 2018; LaPierre and Stoffel, 2017). Among these, myothrophin (Mtpn) is a protein 

involved in the actin cytoskeleton remodeling, it is also a transcriptional activator of NF-κB (Poy et 

al., 2004).  

miR21-5p inhibits the activation of NF-κB by targeting PDCD4 (proinflammatory tumor suppressor 

programmed cell death protein 4) mRNA for degradation (LaPierre and Stoffel, 2017; Roggli et al., 

2010), exerting anti-apoptotic activity in β-cells. In addition, miR21-5p has been suggested to 

directly regulate EGLN1/PHD2 mRNA expression in other cell types (Jiao et al., 2017).  

miR146a-5p indirectly regulates NF-κB activity through the inhibition of its target IRAK1 

(interleukin-1 receptor-associated kinase 1) and TRAF6 (tumor necrosis factor receptor-associated 

factor 6) (Roggli et al., 2010; Wu et al., 2018).  

The expression of these miRNAs was evaluated by RT-qPCR experiments in mouse βTC3 cells grown 

on Glass, flat-ZrO2 and ns-ZrOx substrates for 3 days. Giving the complexity of miRNAs regulation, 

our experiments were performed on a simplified model and the three-days incubation was selected 

according to the major changes in the mechanotransductive process observed previously. As shown 

in Figure 3.31, no differences were detected in miR375, miR21-5p and miR146a-5p expression in 

cells grown on the different substrates.  

Emerging data report the crosstalk between YAP signaling and miRNA regulome, as YAP regulates 

miRNAs expression by controlling the miRISC and miRNAs modulate YAP expression by targeting its 

mRNA (D’Angelo et al., 2019; Moro et al., 2019). Giving the crucial role of YAP/TAZ signaling 

pathway in the mechanical regulation of β-cell behavior, we decided to evaluate the expression of 

miR29a, a regulator of YAP expression in cancer cells. Data are reported in Figure 3.31 and ,also in 

this case, no changes were detected.  

 
 
Figure 3.31. Nanotopography and miRNAs. βTC3 cells were cultured on Glass (Ctr), flat-ZrO2 and ns-ZrOx for 3 days and 

miRNAs expression was evaluated by RT-qPCR experiments. Data are expressed as mean ± SD of four independent 

experiments, performed in duplicate. Single values are reported.  

These preliminary data do not support a major role of nanotopography in the control of miRNAs 

expression. However, several factors may explain these disappointing preliminary results. 
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First, the redundancy of the miRNAs regulatory complexes; human genome codifies for 2237 

mature miRNAs, each of which has the potential to control hundreds of target mRNAs (Guay and 

Regazzi, 2013). Probably a top-down analysis might be more successful in identifying miRNAs 

involved in the phenomenon we are observing. To this purpose, a miRNA sequencing will be 

performed in our samples in order to evaluate all the potential miRNAs regulated by the 

nanostructure.  

Another aspect that needs to be considered is the timing of miRNAs expression assessment. Indeed, 

in the experiments reported above, the miRNAs were evaluated only after 3 days of cells culture on 

the different substrates. Although, this time point correlates with the most relevant morphological 

and functional modifications observed in β-cells, it is possible that changes in miRNAs expression 

precede the observed behavioral changes. Time-course expression experiments of the selected 

miRNAs will be necessary before definitively excluding their involvement in mechanotransduction. 

In conclusion, further experiments will be necessary to better understand the impact of 

nanotopography on miRNAs regulome.  
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In summary, our results show that nanostructured substrates favor long-term culture of human 

islets of Langerhans by supporting β-cell survival and preserving β-cell differentiation and function. 

Our data demonstrate that β-cell sense the nanotopography and respond by activating a 

mechanotransductive pathway that induces the modification of cell-substrate adhesion sites and 

the reorganization of the actin cytoskeleton, which affects cellular behavior through different 

mechanisms (Figure 4.1).  

 

 
Figure 4.1. The nanotopography promotes β-cell differentiation, survival and function through the activation of a 
mechanotransductive pathway. a) The actin cytoskeleton reorganization reduces the intracellular tension favoring a round 
cellular geometry that, in turn, promotes the inter-cellular connectivity. b) Modification of the actin cytoskeletal tension 
affects the nuclear shape and architecture increasing the expression of pro-survival and pro-differentiation genes. c) The 
deformation of the nuclear envelope regulates the access of transcription factors to the nucleus. Nanotopographical cues 
promote YAP cytoplasmic retention and degradation, resulting in increased β-cell differentiation. d) The actin cytoskeleton 
reorganization shapes mitochondrial morphology, dynamics and indirectly promotes the connection with other organelles 
by modulating the cell shape. These modifications prime the mitochondria for a metabolic switch necessary for cellular 
adaptation to the new extracellular cue. 

 

Firstly, the alteration of the intracellular tension generated by the actin cytoskeleton reorganization 

promotes a more relaxed, round cellular shape which, in turn, favors the formation of cell–cell 

contacts. Increased intercellular connectivity promotes the maintenance of the islet-like cluster 

organization, which is crucial for ensuring a coordinated β-cell response to the extracellular stimuli 

(Figure 4.1a). Probably, the integrated Ca2+ signaling and insulin release observed in the islet grown 

on the nanostructured substrates are due, at least in part, to the rapid flux of signals between 

adjacent cells that potentiate the glucose-stimulated insulin secretion. 

The nanotopography, by modulating the reorganization of the actin cytoskeleton, may also 

modifies the nuclear shape; we can hypothesize that changes in the nuclear architecture might 

affect the chromatin conformation and the epigenetic machinery, leading to changes in gene 

expression. Among the proteins upregulated by the nanotopography are those involved in granules 

trafficking (GORASP2, SEC23B) and calcium signaling (TMEM37), suggesting another mechanism 

underlying the increased insulin secretion observed in the islets grown on the nanostructure. The 

proteomic analysis also revealed the upregulation of proteins involved in the oxygen response and 

redox homeostasis, as the oxygen sensor PHD2/EGLN1 which promotes β-cell survival and 

differentiation by controlling both the HIF1α and NF-κB pathways (Figure 4.1b). The increased β-
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cell differentiation can be also related to the decrease of YAP/TAZ expression in the cells grown on 

the ns-ZrOx. Although the molecular mechanisms underlying this phenomenon need to be fully 

characterized, we can speculate that the deformation of the nuclear envelope induced by the actin 

cytoskeleton modifies the size and impedance of nuclear pore complexes promoting YAP/TAZ 

cytoplasmic retention and degradation (Figure 4.1c).  

Furthermore, our data suggest that the nanostructured substrate not only promotes β-cell 

differentiation but also affects their metabolism, probably through multiple mechanisms that act 

in concert (Figure 4.1d). Firstly, we hypothesized that nanoscale features modulate cell metabolism 

by inducing changes in the expression of genes involved in this process and accordingly, the 

proteomic analysis revealed the upregulation of proteins involved in metabolic processes 

(GO:0044238). Even though it is partially true, emerging evidence revealed that the metabolic shift 

often precedes the modulation of gene expression and cell fate commitment (Bartolák-Suki et al., 

2017; Feng and Kornmann, 2018). Our data indicate that changes in cell metabolism correlate with 

modifications of the cytoskeletal and mitochondrial organization, suggesting that the 

nanotopographical cues of the extracellular environment, by modulating the cytoskeleton 

organization, may affect cell metabolism by shaping mitochondrial morphology, dynamics and 

cristae formation. Accordingly, recent findings show that the actin cytoskeleton organization and 

the extracellular mechanical cues are two important regulators of mitochondrial activity, 

morphology and ATP production (Bartolák-Suki et al., 2017). An additional mechanism may be the 

detachment of metabolic enzymes from the cytoskeleton or adhesion complexes under mechanical 

stimulation. An interesting example is the mechanical regulation of phosphofructokinase (PFK), a 

glycolytic enzyme whose concentration is regulated by TRIM21 (Tripartite motif containing-21). On 

stiff substrates, stress fibers entrap TMR21 that is unable to target PFK for degradation, increasing 

the glycolytic flux (Park et al., 2020). A similar behavior was observed for aldolase, another glycolytic 

enzyme. Aldolase, which normally binds to F-actin, is released in response to actin polymerization 

and stress fibers formation, resulting in enhanced glycolysis (Kusakabe et al., 1997). Even though 

the expression of these enzymes do not change in our experimental conditions, we can speculate 

that cytoskeletal reorganization may affect the availability of other enzymes thereby regulating cell 

metabolism, but further experiments are necessary to confirm this hypothesis. Lastly, modification 

of cell shape and architecture induced by the reduction of cytoskeletal tension can modulate the 

cross-talk between intracellular organelles which, in turn, fine-tune the metabolic response.   

Although several aspects of the mechanotransductive pathway need to be further investigated, our 

data demonstrate the crucial role of nanoscale features in regulating pancreatic β-cell 

differentiation, survival and function, and suggest, for the first time, a correlation between 

mechanical forces, mitochondrial function and β-cell metabolism.  

In conclusion, by exploiting the unique properties of cluster-assembled films, we can gain a better 

understanding of the interaction between cells and nanostructures, and investigate how 

mechanical forces contribute to β-cell fate and function. This approach will provide valuable insight 

for developing substrates with well-defined nanotopography that can improve the efficacy of islet 

cells transplantation therapies. Furthermore, as β-cell dedifferentiation is a hallmark of diabetes 

pathogenesis, a better understanding of the molecular mechanisms promoting β-cell 

differentiation and function will enable us to define novel molecular targets of intervention for 

preventing β-cell failure in diabetes mellitus.  
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5.1 Supplementary figures 
 

Figure S1  

 

Figure S1. Nanostructured zirconia substrates promote the activation of a mechanotransduction pathway in βTC3 cells. 
Cells grown on glass covers (Glass), flat- (flat-ZrO2) or 10, 15, 20 and 25 nm nanostructured-zirconia (ns-ZrOx) substrates 
for 3 days were triple stained with anti-vinculin antibody (green), phalloidin (actin, red), and DAPI (blue). The quantitative 
analysis of vinculin-positive area (a), cytoskeletal actin fibers length (b) and width (c), and (c) nuclear architecture area (d) 
and Feret’s diameter (e) is reported. Bars illustrate the average responses ± SE (N = 30–40 cells for each substrate, three 
independent experiments (**p < 0.01, ***p < 0.005, ns-ZrOx vs flat-ZrO2; °°p < 0.01, °°°p < 0.005, ns-ZrOx vs Glass).  
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Figure S2  

 

Figure S2. βtc3 cells grown on the indicated substrates for 3 days were loaded with MitoSpy™ Orange CMTMRos and the 
mitochondrial membrane potential was measured by fluorimetry (551/576 nm Ex/Em). Bars illustrate the average 
responses (fluorescence intensity) ± SE (n = 4 independent experiments in triplicate) (°p < 0.05 ns-ZrOx vs Glass; §§§ p < 
0.005 25nm vs 15 nm ns-ZrOx). 

 

Figure S3  

 

Figure S3. Relative frequency distribution (percentage) of mitochondrial area (a), Feret’s diameter (b) and aspect (c) in 
βtc3 (A) and INS1E (B) cells grown on the indicated substrate for 3 days.  
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Figure S4 

 
Figure S4. Network interactions of the proteins differentially expressed in the comparison Glass vs ns-ZrOx. (A) Proteins up 
regulated or only expressed in ns-ZrOx and (B) proteins downregulated in ns-ZrOx or exclusively expressed in Glass. Data 
sets were analyzed by String considering active interactions: text mining, experiments, and databases; edge thickness 
indicates “confidence.” The proteins are indicated by the official gene symbol. Nodes are colored to highlight the more 
significant enrichment classification. (A) Proteins upregulated or only expressed in ns-ZrOx involved in vesicle mediated 
transport (red), secretion (blue), and lysosome transport (green). (B) Network of proteins down regulated on ns-ZrOx or 
only expressed on Glass involved in protein localization, folding, and processing in mitochondria (red) and ER (blue). 
(Laboratory of prof. Tedeschi) 
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5.2 Supplementary tables 
 

Table 1 

 

Table 1. DAVID functional grouping in terms of KEGG Pathways of the mitochondrial proteins differentially expressed 
in cells grown in ns-ZrOx in comparison with cells grown on Glass. (Laboratory of prof. Tedeschi) 
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Table 2 

 

Table 2. DAVID functional grouping of the mitochondrial proteins down regulated in ns-ZrOx or exclusively expressed 
on Glass in the comparison ns-ZrOx vs Glass. (Laboratory of prof. Tedeschi) 
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Table 3 

 

Table 3. List of all the mitochondrial proteins differentially regulated in the comparison ns-ZrOx vs Glass that are involved 
in TCA cycle and the complex of the aerobic respiratory chain. (Laboratory of prof. Tedeschi) 
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