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ABSTRACT 

Heart valve disease (HVD) is a growing medical issue in western countries. The majority of HVD 

is of degenerative etiology, the incidence of which increases along with the increase of life 

expectancy. When the valve function is impaired, the best solution is the implantation of either 

a biological or a mechanical prosthesis. Current biological prostheses have limited durability, 

due to degeneration, and calcification risk. The mechanical prostheses bear the risk of 

thromboembolism or bleeding due to the mandatory anticoagulation therapy. 

Tissue engineering research aims to regenerate a native-like valve through a path in which 

exogenous material and self-generated tissues are progressively integrated. Eventually, the 

exogenous material will be completely degraded leaving a working valve made of autologous 

tissues only. The current challenges of this approach are the long-term duration due to leaflet 

retraction and general degeneration, and the formation of a complete endothelial lining in the 

shortest possible time. 

This project aims to create a microRNA-functionalized scaffold as a potential heart valve 

substitute through the following steps: i) the selection of a microRNA-vector able to transfect 

endothelial cells (ECs) and allow the microRNA to regulate cells’ gene expression, without 

causing toxic or immune reactions; the vector should also withstand the scaffold production 

process; ii) the investigation of the pro-endothelialization potential of the microRNA hsa-miR-

132-3p; iii) the design and fabrication of a scaffold that can locally administer microRNA for a 

prolonged time, and substitute valve function until the new tissue will be mature enough to take 

on its duty.  

Eventually, this project achieved several objectives. A lipid-based vector that can regulate ECs 

expression was chosen. A scaffold able to release microRNA for up to 18 days was fabricated. 

Also, the pro-endothelialization potential of hsa-miR-132-3p on aortic ECs was verified. Finally, 

aortic ECs seeded on the microRNA-functionalized scaffold were transfected for up to 6 days. 

The evidence shown in this thesis is a first step towards the development of the new generation 

of tissue-engineered heart valves that could be successful in clinical practice. 
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1  Introduction 

1.1  The aortic valve disease 

Heart valve disease (HVD), also known as valvular heart disease (VHD), has several etiologies, 

the prevalence of which can be correlated with the country's economic status. In low-income 

countries, rheumatic heart disease is the major cause of HVD, whereas in the so-called 

“developed countries” the majority of HVDs are of degenerative etiology, which is ultimately 

correlated to the increase in life expectancy. Infants and children are mainly subjected to 

congenital malformation-derived HVD, whereas older people have structural valve degeneration 

and calcification. 

Here are the main categories of HVD:  

• Chronic rheumatic heart disease is thought to be the outcome of repeated episodes of 

secondary infections originating from acute rheumatic fever. Eventually, the repetition of 

infectious events will lead to self-sustaining valve inflammation and valve fibrosis. Globally, 

mortality from rheumatic heart disease is hard to calculate, as data originate from countries 

where healthcare statistics practice is not well established. However, it is clear that low-

income countries and low-income communities within high-income countries have the 

highest incidence. Rheumatic heart disease incidence is reducing along with global 

improvement in healthcare access. The cost of an aortic valve replacement (AVR) procedure 

(around $8.6 million for AVR required due to rheumatic conditions in New Zealand [1]) is 

hardly affordable in low-income countries. Therefore, preventive strategies to decrease 

bacterial infections represent a preferable strategy, with promising results already evident 

[2].   

• Calcific aortic valve disease (CAVD) evolves from aortic sclerosis without functional 

impairment to severe stenosis. Severe aortic stenosis is usually an indication for surgical 

valve replacement, even in patients with high surgical risk, since hardly any medical therapy 

gives comparable life expectancy [3]. Medically treated patients with severe symptomatic 

AS have a mortality rate of 50% at 1 year. Calcification begins to nucleate at the base of the 

leaflet and then it gradually grows towards the valve orifice. The final stage of this 

degenerative condition is calcific AS, which causes severe blood flow restriction, risk of 

congestive heart failure, and sudden cardiac death. CAVD is the second most prevalent 

indication for heart surgery in North America. CAVD of anatomically normal valves is a slow 

and active process leading to degeneration and dysfunction, with a long preclinical and 
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asymptomatic phase. The onset of symptomatology is a general sign of advanced and severe 

disease associated with a high event rate, rapid valve deterioration, and malfunctioning, 

thus being a poor prognostic indicator. 

• Congenital aortic valve stenosis is a rare form of aortic disease. Re-operation is a major issue 

for children with Congenital aortic valve stenosis since current prostheses are not able to 

grow accordingly to the natural development of pediatric patients.  

• Some pharmacological and radiological treatments carry side effects on valve tissues. 

Pharmacological treatments for Parkinson’s disease, migraine, obesity, and other disorders 

can induce leaflet thickening, increase in extracellular matrix (ECM) synthesis, and 

proliferation of myofibroblasts and smooth muscle cells (SMCs), which causes regurgitation 

[4]. 

 

1.1.1 Epidemiology of aortic valve disease 

Degenerative VHD is a rising issue in western countries.  Moderate to severe VHD affects 2.5% 

of the US adult population, with prevalence increasing with age – some 13% of people born 

before 1943 suffer from VHD [5], [6]. Aortic VHD affects 2% of people over 65 and it is the most 

frequent valve disease referred to hospitals [7]. In 2017, non-rheumatic VHDs were accounted 

as the underlying cause of 24,811 deaths by the American Centre for Disease Control and 

Prevention. In most cases – 61%, the aortic valve was affected [8]. In the largest UK community 

study conducted between 2001 and 2011, 37% of more than 70,000 suspected heart failure 

patients were diagnosed with mild valve pathology, whereas 14.1% suffered from moderate to 

severe VHD. 36.2% of all VHDs were affecting the aortic valve [9]. Moreover, VHD was detected 

in 51% of 2,500 people over 65 without any VHD, 12.5% of which were clinically significant. 

Among VHDs, the study highlighted that CAVD was the most frequent one. The fact that almost 

one in two people over 65 bears asymptomatic VHD suggests that valve degeneration is one of 

the several deteriorating processes which occurs with ageing, and that goes along with 

increasing prevalence in older cohorts [10]. Indeed, a Finnish study showed that aortic valve 

calcification has a 28% incidence in the 55-71 years cohort, which increased to 48%, 55%, and 

75% in the 75-76, 80-81, and 85-86 age groups, respectively [11]. VHD is predicted to become a 

new cardiovascular epidemic in the next 20 years because of the increase in life expectancy in 

industrialized nations [12].  

VHD is not only a health issue but also a not-negligible economic challenge to our healthcare 

systems' sustainability. The overall economic burden over EU healthcare systems of 
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cardiovascular disease, of which VHD is a fraction, was estimated to be €105 billion in 2009, in 

addition to €64 billion due to productivity loss and informal care [13]. In line with the life 

expectancy increase in developed countries, the economic cost of cardiovascular disease in the 

EU is constantly rising, and it reached €111 billion in healthcare costs, with an additional €99 

billion considering productivity loss and informal care costs in 2015 [14].     

 

1.1.2 Trends in aortic valve replacement 

Patients with severe aortic stenosis have a one-year mortality rate between 30% and 50%  [15]–

[17]. The prognosis is less severe in the case of aortic regurgitation (AR): the mortality due to 

cardiac failure is 18% and 27% at 5 and 10 years, respectively [18]. As for aortic stenosis, AR has 

an increasing impact on life expectancy as the disease severity raises [19]. Given the grim 

prognosis of patients treated with conservative therapy, AVR is preferable as aortic valve 

function is progressively impaired.   

According to the increasing prevalence of VHD, the number of annual AVR is constantly rising. 

In the USA, Medicare beneficiaries had their AVR rate increasing from 93 in 1999 to 112 per 

100,000 person-year in 2011 [20]. The trend is even more impressive considering the period 

between 2009 and 2015, in which AVR procedures grew from 47.5 to 88.9 per 100,000 Medicare 

beneficiaries. This is partially due to new surgical procedures – e.g., transcatheter AVR, which 

made more patients eligible for surgery. These procedures went from 10.7 in 2012 to 41.1 in 

2015 per 100,000 Medicare beneficiaries. Transcatheter AVR represents an option for patients 

whose health is too poor to sustain an open chest surgery [21]. Like in the USA, European 

countries are tallying growing numbers. Germany sees a yearly surgery increment of 4.5%, with 

transvascular-transcatheter aortic valve implantation increasing by 21% [22].  In the UK, 5,796 

AVRs were carried out in 2015 with a trend of more than 100 additional procedures every year 

[23]. 

 

1.1.3 Aortic Valve replacement benefits patient’s life expectancy   

The increase in patients’ life expectancy confirms AVR is preferable over conservative therapy 

when possible. As stated in the first paragraph, medically treated patients with severe 

symptomatic AS have a mortality rate of 50% at 1 year [24]. A 2017 National Institute for Health 

Research review of long-term AVR outcomes observational studies on almost 50,000 patients 

showed that 89.7% of people survived for more than 2 years after surgery, 24.7% of which 
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reached 20 years follow-up. Post-surgical life expectancy is tightly related to the patient's age at 

surgery. Subjects under 65 years of age had a median survival time of 16 years, which goes down 

to 6 years for those aged 85 or more. In the UK, the life expectancy of AVR patients aged less 

than 65 is 16 years as compared with 22.2 years of the general population. Interestingly, the 

difference between groups decreases as the age cohort increases, to reach the point at which 

the life expectancy is higher for AVR patients than for the general population: 6 and 3.5 years, 

respectively, in those aged more than 85 [25]. Reports around Europe confirm these trends. 

Swedish cardiac centres registered an average of 1.9 years of life expectancy loss for patients 

who underwent AVR; in particular, the loss was 4.4 years for patients aged 50 or less, and only 

0.4 years for those older than 80 years of age [26]. Likewise, a Spanish study confirmed that AVR 

patients aged 75 or more have their life expectancy restored to the general population levels 

[27].  

The Bristol Heart Institute has conducted a retrospective study on long-term outcomes of 21,515 

patients, aged 65 or more, who underwent urgent AVR with or without coronary artery bypass 

graft between 1996 and 2011. Patients had excellent long-term survival. Indeed, the long-term 

mortality rate of patients who underwent AVR is comparable with the same age UK population 

up to eight years after surgery, disregarding subjects who experienced postoperative 

complications. Unfortunately, after the 8th year from AVR, the patients’ mortality became 

increasingly higher than that of the general UK population [28]. 

 

1.2 Current surgical solutions 

Current prosthetic solutions belong to two main categories: mechanical and biological. They are 

by far the most employed prostheses for valve replacement. Autografts and homografts are 

rarely used, due to insufficient availability of healthy valves and structural degeneration issues. 

Although AVR has dramatically increased the VHD patients’ prognosis, existent devices are far 

from ideal. A prosthetic valve should feature the following properties: 

• non-immunogenic 

• non-haemolytic  

• non-thrombogenic 

• not release any particle 

• not absorb any blood element 

• non-infections 

• non-inflammatory 
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• non-calcifying  

• non-degradable 

• grow accordingly to somatic development 

• appropriate mechanical properties to withstand the hydrodynamic load (flexibility, 

durability strength, resistance to cyclic stress) without wearing or collapsing  

[29]. 

 

1.2.1 Mechanical valves 

Mechanical valves were the first aortic prosthesis to be introduced in 1952. Dr. Charles 

Hufnagel’s initial design consisted of a methyl-methacrylate ball entrapped in a metallic cage 

[30]. The prosthesis was exploiting the drag force of the pressure pattern in the aorta. The 

methacrylate ball was driven to occlude a prosthesis restriction during the ventricular diastolic 

phase and pushed away during the systolic phase, allowing blood flow like a native aortic valve. 

This first attempt proved the correctness of the concept, although thromboembolism issues 

arose with the prosthesis implantation. Nevertheless, improved survival rates compared to 

conservative therapy convinced the medical community to embrace the valve replacement 

approach [31], [32]. From that first model, prostheses' shape and materials have dramatically 

evolved to improve prosthetic reliability and hemodynamic performance. Device durability was 

soon achieved, there are countless examples of devices explanted after up to 50-60 years of 

service without failure [33]–[36]. Even though some designs failed dramatically [37], [38], 

mechanical valve failure is not considered a major problem nowadays [39]–[41]. Unfortunately, 

patients receiving a mechanical valve need to take lifelong anticoagulation therapy. Usually, 

vitamin K antagonists are employed in such therapy [42]. The therapy requires constant 

coagulation monitoring, especially at the initiation phase, because of the individual’s 

unpredictable response. In addition, there might be interactions with pre-existing 

pharmacological treatments, dietary restrictions, and allergies [43], [44]. Even when 

anticoagulation therapy is optimized, problems are not over. Indeed, several episodes of 

nonadherence to anticoagulant therapy are reported [45]. Most importantly, bleeding is a major 

side effect of anticoagulant therapy. An optimized anticoagulant therapy balances bleeding and 

thromboembolism risks but cannot reduce both to zero [42].  

Prosthetic materials may have a key role in triggering the coagulation cascade. Blood-material 

interaction can trigger the intrinsic coagulation pathway beginning with protein absorption, 

which may create a negative surface. High-molecular-weight kininogen, prekallikrein, and Factor 
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XII are activated by contact with these negatively charged surfaces. Factor XII is activated by 

adsorption, and it converts prekallikrein into kallikrein. High-molecular-weight kininogens and 

kallikrein act as cofactors triggering a cascade of factors conversion which eventually leads to 

the conversion of prothrombin into thrombin. Thrombin is responsible for the synthesis of fibrin 

filaments from fibrinogen monomers. Fibrin filaments are then stabilized into an insoluble 

network by Factor XIII, activated by thrombin as well. The fibrin network will entangle platelets 

and blood components creating the blood clot [46],[47], [48].  That can lead to prosthetic valve 

thrombosis or systemic embolization [49]. The introduction of pyrolytic carbon was a 

considerable leap in the development of non-thrombolytic surfaces [50], [51]. Pyrolytic carbon 

shows low plasma protein absorption and weak platelet activation [52], even if not negligible 

[53]. Notably interesting is the case of Omni series valves (Medical Incorporated. USA). These 

mechanical valves have the same design but different fabrication materials. Omnicarbon is 

entirely made of pyrolytic carbon, whereas Omniscience has a titanium housing. Using similar 

anticoagulation management protocols, Omnicarbon valves had 0.5% of thrombolytic events; 

much less than Omniscience, which registered 1.7% of thrombolytic events [54].  

 

1.2.2 Bioprosthetic valves 

Bioprosthetic valves are manufactured from animal tissue sections, usually porcine or bovine, 

which can be stitched to a frame called stent. Animal-derived tissues are used because of the 

shortage of human valve substitutes - homografts. Geometrical, nano-structural, and material 

features of the bioprosthetic valve are similar to the native tissue. Stents are made out of 

polymers (e.g. polyester) or metals (e.g. titanium) and may be provided with a polymeric coating. 

If the stent is not added, the valve is called stentless, and it is constituted of animal soft tissue 

only [55]–[58].  As no rigid frame is implanted, the stentless prosthetic valve can follow the aortic 

root dilatation and contraction during the cardiac cycle. Thus, the orifice area is bigger, and a 

lower transvalvular pressure gradient is generated. Additional features are good consistency, 

reliable suture retention, easy operative handling, off-the-shelf availability, and a favorable 

microenvironment for cell migration and proliferation [59]. The extent of benefits from stentless 

valves is still under debate since the valve's performances are also influenced by the surgery 

type: sub-coronary or full-root replacement [60], [61]. Bioprosthetic valves are extremely 

appealing because they do not require lifelong anticoagulation therapy [62], reducing the 

bleeding risk and the activity limitations that come with it. Patients older than 60 years have a 

bleeding risk seven-fold the younger ones [63]. Therefore, the bleeding risk of bioprosthetic and 
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mechanical valves is 12% against 41% over 60 years of age [64]. Frequent use of biological 

prostheses, the introduction of minimally-invasive implantation techniques, and better control 

of risk factors and complications have considerably improved the clinical outcome of people 

undergoing AVR [63], [65], [66]. 

Unfortunately, patients who would benefit more from receiving a bioprosthetic valve than a 

mechanical one (younger patients with higher life expectancy and more active life) turned out 

to be the worst candidates to receive it [67]. The younger the patient is, the higher the failure 

rate, and the sooner the valve fails after implantation [68]–[70]. A major problem comes from 

animal tissue decellularization, which is done to make animal-derived tissues compatible with 

human implantation. After decellularization, a crosslinking step is usually needed to provide the 

prosthesis tissue with higher tensile strength, elasticity, improved non-immunogenicity, and 

sutures retention. Glutaraldehyde is commonly used as a crosslinking agent to create amine links 

with nitrogen groups of amino acids of bovine or porcine tissue. However, glutaraldehyde 

residues on tissue are thought to induce calcification [71]. The previous host’s cell debris is also 

believed to act as calcification trigger points. Calcium deposits enlarge and merge, forming 

nodules that interfere with the bioprostheses’ function. Currently, new anti-calcific treatments 

are being tested with promising in-vivo results [72].  

The elimination of valvular interstitial cells (VICs), which synthesize ECM proteins and possess 

contractile properties, deprives the valves of their unique function in such a mechanically 

demanding environment and makes prostheses more susceptible to degeneration. Damages 

accumulate on the ECM and there are no cells available nearby to repair them[73]–[75]. These 

are the major hurdles along the path to exclusive use of bioprosthetic valves.  

 

 
Figure 1-1: Examples of prostheses types employed in current surgical practice  

a) Carpentier-Edwards PERIMOUNT Magna Ease Aortic Valve – bovine pericardium derived 
bioprosthetic valve (https://www.edwards.com/devices/heart-valves/aortic-pericardial/), b) 

On-X® Aortic Heart Valve – pyrolytic carbon mechanical prosthesis 
(https://www.cryolife.com/products/on-x-heart-valves/). 
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1.3 Application of Tissue Engineering to Aortic Valve Replacement 

Tissue Engineered Heart Valves (TEHVs) have emerged as a valuable alternative for the definitive 

treatment of VHD. They promise to overcome both the need for chronic oral anticoagulation 

and the time-dependent deterioration of mechanical or biological prostheses, respectively. 

TEHVs would also be capable of growing and repairing themselves in a “physiologic-like” manner 

[76], [77]. Currently, only autografts may provide such features – e.g., the Ross procedure. 

However, the Ross procedure introduces a VHD, since the pulmonary valve must be replaced, 

and, usually, the replacement is not optimal [78]. Moreover, the pulmonary valve implanted into 

the aortic position must withstand the systemic pressure. This can lead to fracture of elastin 

fibers, matrix disorganization, root dilatation, and sometimes regurgitation [79], [80].    

The next paragraph will focus on the main native valve properties needed to maintain valve 

function and homeostasis - ECM composition and topography, and homing cell populations. 

Traditional bioprosthetic and mechanical substitutes are not provided with these 

characteristics; which, on the other hand, are key features of the ideal TEHV. Then, I will 

introduce the two main TE strategies employed to generate TEHVs: in-vitro and in-situ 

maturation [12], [81]. 

 

1.3.1 Primary aspects of the native aortic valve to consider when designing a 

tissue-engineered valve substitute 

The primary aortic valve function is to keep a unidirectional blood flow from the heart to the 

peripheral circulation. This is possible by blocking the flow when the local pressure tends to 

revert its direction. The same pressure pattern allows the valve to prevent the blood from 

flowing back into the heart. (figure 1-2A).  At the end of the systolic phase, the pressure in the 

aorta becomes higher than the one in the left ventricle. As the blood begins to backflow, valve 

cups are opened by the blood motion, and eventually, the cups obstruct the valve lumen. In the 

valve wall, three sinuses of Valsava are located above each leaflet attachment point. These 

bulges are important to create flow turbulence that forces the cups to open and interrupt the 

blood flow during the diastolic phase [82]. In the close state, the leaflets meet at the center 

taking contact with each other at the coaptation areas (figure 1-2B) [83]. The whole aortic valve, 

also called the aortic root, is constituted by a crown-shaped annulus to which valve cups (or 

leaflets) are connected through a curved process that finds its apexes at the extremities of each 

cup (called commissures) (figure 1-2C). The valve microstructure is highly anisotropic. The 
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leaflets are made of three layers: the fibrosa, the spongiosa, and the ventricularis. The fibrosa 

layer presents abundant collagen type I and III bundles circumferentially orientated. The 

collagen orientation helps the cups to bear mechanical stress derived from the blood pressure 

and transmits their mechanical load to the aortic root wall.  Moreover, the collagen fibers' 

orientation dictates the radial direction as preferential cups expansion direction, which allows 

an easier cups coaptation, i.e. a better valve closure during the diastolic phase [82], [84]. The 

spongiosa layer contains loosely packed and randomly orientated collagen fibers surrounded by 

a high amount of proteoglycans. Its main function is to cushion the forces applied on both valve 

sides. The ventricularis layer has a radial fibers arrangement, mostly elastin with some collagen 

fibers, which provides elasticity during the extension and retraction of the leaflets (figure 1-2D 

and E). The correct balance of forces’ direction and intensity between the leaflet layers ensures 

the valve function [85], [86]. Different research groups acknowledged the importance of valve 

anisotropy. They tried to replicate it using manufacturing techniques with a high level of control 

on material orientation, such as jet-spinning [87], selective crosslinking [88], electrospinning 

[89], or melt electrowriting [90]. However, such a detailed microstructure has not been 

replicated so far [91]. 

 

 
Figure 1-2: Aortic valve anatomical and microstructural details 

 A) Aortic valve position at the left ventricle outlet. B) View of the closed aortic valve from the 
aortic side. C) View of the splayed-open aortic valve that highlights the three leaflets. D) View 

of the cup section with the three leaflet layers in evidence. E) Three cusp layers (fibrosa, 
spongiosa, and ventricularis) showing their collagen fibril orientations.   (From Jana et al. 
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“Scaffolds for tissue engineering of cardiac valves”, Acta Biomaterialia, 2014, doi: 
10.1016/j.actbio.2014.03.014) 

 

Cells have an essential role in valve homeostasis. VICs are found in all three valve cups’ layers. 

In the first steps of valvulogenesis, the valve cushions are covered by embryonic ECs. ECs migrate 

inside the underlying cushion bulk and undergo a phenotype transition – the endothelial to 

mesenchymal transition, from which the VICs originate (figure 1-3) [92]. They are a mix of mainly 

two distinct populations: smooth muscle α-actin (SMA)-positive – myofibroblast-like, and 

fibroblast-like. The former has contraction capacity; hence, it can modify the leaflet stiffness in 

response to mechanical and chemical stimuli, such as nitric oxide (NO) [93]. Both phenotypes 

are responsible for constant leaflet repair and remodeling [94]. VICs synthesize ECM 

components, such as collagen, elastin, proteoglycans, and glycoproteins, but also growth 

factors, cytokines, and chemokines. VICs control ECM remodeling by regulating 

metalloproteinases – enzymes able to break collagen and elastin - and their inhibitors. In 

particular, VICs secrete MMP-2 (gelatinase A) that cleaves gelatin type I and collagen types IV, 

V, VII, and X. They also produce tissue inhibitors of MMPs (TIMPs). TIMP-1 deactivates MMP-1 

and MMP-2 with less efficiency, and TIMP-2 inhibits MMP-2 [95], [96]. It has been shown that 

VICs’ collagen production can be stimulated by vasoactive mediators (such as 5-

hydroxytryptamine and angiotensin II), or by mechanical force [97], [98].  Noteworthy, VICs can 

easily move among different phenotypes, but also degenerate in response to environmental 

stimuli; e.g. VICs in prolapsed leaflets became α-actin and desmin positive making them leaning 

towards a myofibroblast phenotype [99]–[101]. Numerous histological studies have suggested 

inflammation triggers ECM remodeling, fibrosis, and valve thickening leading to structural 

changes and the subsequent differentiation of VICs into osteoblast-like phenotypes, which start 

to mineralize the valve [12]. Osteoblasts secrete osteocalcin, alkaline phosphatase, and 

osteopontin; and organize the calcium crystals deposited on the valve [92]. 

Valve endothelial cells (VECs) form a coating monolayer, which separates the valve bulk from 

the blood. VECs have an antithrombotic function by secreting NO and prostacyclin, which 

reduces platelet aggregation [102]–[104]. Interruptions or lesions in the endothelial lining can 

lead to subendothelial thickening with lipid accumulation and ECM mineralization, eventually 

leading to a stenotic valve [12], [105]. VECs secretions have multiple effects on VICs. NO reduces 

smooth muscle α-actin activation. VECs reduce VICs proliferation and increase 

glycosaminoglycans synthesis in co-culture [106]. Moreover, VECs can inhibit VICs osteoblastic 

differentiation [102]. Finally, VECs have a key role in regulating coronary arteries contraction 

[103], [107].  



11 
 

 

 
Figure 1-3: Valvular cell types and differentiation 

Valvular cell types and differentiation. Embryonic ECs cover the primordial valve cushion. Part 
of them migrate inside the valve and differentiate mainly in two phenotypes: myofibroblast 

and fibroblast. In presence of a degenerative environment, VICs can differentiate into 
osteoblast and organize calcific deposits on the valve. The rest of the embryonic ECs remain on 

the valve surface and mature in VECs. They partially lose their original proliferative capacity 
and acquire a series of regulating functions on VICs and surrounding vessels.   

 

1.3.2 In-vitro tissue-engineered heart valves 

In-vitro TEHV consists of creating a living valve using TE methods and implanting it in the patient 

once it is fully mature and functional. Valve maturation can be carried out in a bespoke 

bioreactor until the valve is ready to be implanted. The underlying concept is that in vitro 

incorporation of cells shall confer the prosthetic grafts with the characteristics of living tissue. 

The TEHV can remodel itself physiologically and in concert with cardiac and whole-body needs, 

withstanding the impact of degeneration and calcification. Eventually, the regeneration process 

will result in a working valve made of just autologous tissue. Therefore, there will be no need 

for any additional intervention, as the leaving tissue valve will be able to maintain its 

homeostasis [81]. 

The main scaffold types employed for TEHV are: 

• Commercially available bioprostheses (allogenic and xenogenic) (figure 1-2C). They are 

currently tested as a substrate to create a living valve. Bioprostheses would be ideal due to 

their macro and microstructure similar to the native valve[108]. However, the use of 

glutaraldehyde for the crosslinking of the tissue limits cell colonization[109]. Studies are 

being carried out to improve decellularization and crosslinking protocols. Different 

detergents and adjuvants are tested to grant the scaffold a mild inflammatory response and 

a favourable environment for cell colonization [110], [111], [112], [113]. 
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• Biodegradable artificial scaffolds (figure 1-2B). They have the advantage of limitless supply, 

no risk of disease transmission, and high reproducibility. Since numerous materials can be 

combined with several fabrication techniques, a synthetic scaffold can be provided with a 

broad spectrum of mechanical, chemical, and architectural features. Synthetic scaffolds 

have demonstrated good cellularization, ECM deposition, and scaffold reabsorption when 

implanted into animal models [114],[115].     

• Allogenic decellularized ECMs (figure 1-2A) are tissues grown in vitro by fibroblasts-like cells 

– i.e., cell types with a marked tendency for ECM synthesis [116]. Subsequently, the scaffold 

is decellularized to create a suitable substrate on which the cells chosen to be implanted are 

seeded (see below). This scaffold production method would grant an unlimited source of 

scaffolds produced by either autologous cells or homologous cells. Cells to produce the 

scaffold, such as dermal fibroblasts, are easily accessible [117][118]. These scaffolds must 

undergo decellularization, and potentially crosslinking, to become a suitable acellular 

substrate for colonization of autologous cells and development of the in-vitro TEHV. 

However, decellularization and crosslinking could introduce the same issues detailed in the 

bioprosthetic valves paragraph.  

 

 
Figure 1-4: Scaffold production methods for heart valve tissue engineering 

A) Allogenic decellularized ECM, B) biodegradable artificial scaffolds, C) commercially available 
allogenic and xenogenic bioprostheses.  
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Cells are supposed to confer living properties to the scaffold. The optimal cell type for valve 

engineering should be non-immunogenic and able to maintain its specific function or gain such 

specialization through differentiation. Autologous cells are the first choice, but they show 

significant dysfunctions if obtained from old patients or patients with cardiovascular diseases, 

such as osteogenic-like gene expression and low viability and proliferation [119]; while allogenic 

cells might be immunogenic [120]. Induced pluripotent stem cells are generated by 

reprogramming somatic cells and would be the ultimate solution for patient-tailored therapy, 

but there are still several safety concerns due to reprogramming stability and completeness, 

which may lead to unforeseeable mutations and potential tumorigenicity [121]. Differentiated 

cells or progenitor cells, including mesenchymal stem cells (MSCs), bone marrow mononuclear 

cells (BM-MNCs), or endothelial progenitor cells (EPCs), remain the most employed so far in 

research. Several cell types demonstrated good adherence to native VICs and valvular 

endothelial cells (VECs) expression and functions [122]–[126].  

It has been demonstrated that the size of the scaffold can restrict oxygen and nutrients 

availability, creating areas of necrosis and degeneration [127]. Different procedures have been 

proposed to circumvent this problem, including mechanical compression [128] and flow 

perfusion [129]. The use of dynamic systems, namely bioreactors, before implantation into the 

recipient host is considered by several research groups as an important passage to assist TEHVs 

maturation and maintain the viability of the three-dimensional (3D) construct [130]–[132]. 

Bioreactors are built with the option of applying stimuli ( i.e. fluid flow and pressure) that mimic 

the native valve environment [133], [134]. Pulse duplicators are used to make the TEHV develop 

into a structure able to withstand cardiac pressures. They simulate pressure and flow patterns 

of the heart. These machines can be helpful to enhance the construct’s properties through in-

vitro conditioning, but also to obverse the behaviour of a candidate TEHV [134]–[136].  

Unfortunately, in-vitro TEHV has non-negligible issues. Leaflet retraction and thickening have 

been observed in scaffolds seeded with fibroblasts and myofibroblasts, or when cells with similar 

phenotypes were found in the explanted scaffold [132], [137]–[139]. Cells exert retraction forces 

on their surrounding ECM in response to mechanical stress [140]. However, stress forces 

promote the development of a well-organized ECM [141], [142], hence they should not be 

abolished entirely. The use of rigid inserts to limit leaflet contraction during the bioreactor phase 

(i.e. when living fibroblasts are present in the scaffold leaflets) may help to reduce leaflet 

retraction [143]. Nevertheless, it was shown that leaflet retraction and remodeling restart upon 

constraints removal due to the stress accumulated by the ECM and the cells [144], [145]. 

Computational predictions of in-vivo remodeling could help to create a scaffold adaptable to 
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post-implantation remodeling into a native-like shape [146]. A possible solution may be 

removing cells with fibroblast and myofibroblast phenotype after tissue development, and 

reseeding the scaffold with cells from endothelial lineage only [147]. Moreover, the production 

of a mature construct is time-consuming and technically complex. There is a relevant risk of 

contamination, cell population heterogenicity, and donor-to donor variation. Finally, the best-

suited cell types for heart valve regeneration are still to be established [148], [149].  

 

1.3.3 In-situ tissue-engineered heart valves 

The in-situ valve regeneration strategy consists of using the host regeneration capacity by 

implanting acellular scaffolds, which recruit endogenous cells. The scaffold should guide the 

valve regeneration with its mechanical, topological, chemical, and biochemical features. 

Moreover, the scaffold should be able to attract autologous cells, favour their proliferation, and 

direct their differentiation to the correct phenotype.  Recently, the in-situ regeneration strategy 

gained more attention since it simplifies several aspects of TEHV development compared with 

the in-vitro approach. As no living cells are supposed to be included in the final product, the 

complications related to isolation, cultivation, and characterization of cells are eliminated. Also, 

there are no concerns about adverse effects like cell-related immune reaction, malignant 

mutation, donor-to-donor variation, and product inconsistency. Eventually, this reflects in lower 

cost, less manufacturing time, and off-the-shelf availability [150], [151]. There are still several 

open challenges before in-situ TE could become a therapeutic option, such as the control of the 

regeneration process and synchronizing it with the scaffold degradation; making constructs 

compatible with minimally-invasive implantation techniques; implants long-term safety; 

overcoming the recipient’s underlying conditions, creating scaffolds that recapitulate the 

complex valve microarchitecture, and achieving tissue homeostasis after the regeneration 

process [108], [152], [153].  

The available scaffold types are the same as for the in-vitro approach. However, the contribution 

of pre-seeded cells is no longer included in this case. Hence, the focus is on designing a substrate 

to attract cells and direct their organization. Synthetic scaffolds lack of native-like microstructure 

and biochemical cues, but they offer reduced costs and complexity, no-sourcing issues, and 

higher control on scaffold features than decellularized homografts or xenografts [81], [108]. 

Short-term suitability (up to a year) of synthetic scaffolds for TEHV was shown, but their safety 

over the years is still to be proven [154], [155]. In the effort to amend for the synthetic scaffolds’ 

lack of biochemical cues, they were functionalized with growth factors and other proteins or 
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peptides [156]. The arginine-glycine-aspartic acid peptide (RGD) was shown to enhance cell 

adhesion through interaction with cells’ integrins and proteins involved in cell adhesion [157]. 

Hence, several scaffolds have been functionalized with this peptide to improve endothelial 

coverage [158]–[161]. Vascular endothelial growth factor (VEGF) is an endothelial cell (EC) 

proliferation and migration promoter, as well as an apoptosis inhibitor [162]. VEGF anchoring 

on scaffolds (alone or in combination with other factors) showed higher tissue endothelialization 

than unmodified scaffolds [163]–[165]. Basic Fibroblast Growth Factor (bFGF) has effects on 

various cells, including fibroblasts and ECs. BFGF increases mitogenesis and cell migration [166]. 

When included in vascular grafts, bFGF stimulated endothelialization and subendothelial tissue 

development with the recruitment of nearby SMCs and fibroblasts [167]. Stromal derived factor-

1 alpha (SDF-1α) modulates local inflammation. This resulted in enhanced recruitment of 

mesenchymal stem cells (MSC) and less inflammatory cells to the scaffold; and reduced the 

fibrotic capsule thickness around the scaffold in a mice model [168]. Allogenic decellularized 

ECMs require a more complex developing process since they need to be grown in bioreactors. 

The production of this scaffold type brings back the issues regarding cell selection and the 

following decellularization, which were previously detailed. Nevertheless, these scaffolds have 

the advantage of being produced by human cells (usually produced by the recipient’s cells), 

providing them with excellent compatibility for implantation. Studies showed that cells could 

repopulate such scaffolds and reorganize their matrix. Leaflet retraction is still an issue, but it 

can be circumvented by adapting the scaffold shape to compensate for predicted retraction 

[146], [169].  Xenogenic tissues were supposed to be the most suitable and immediate source 

for TEHV scaffolds. However, several case reports have highlighted durability issues, mainly 

related to the host body reaction [170]– detailed in the following section.  

Cell recruitment is key for the in-situ approach. Native valve tissue cell populations and their 

functions were detailed in paragraph 1.3.1. Ideally, a TEHV should have a native-like cell 

arrangement after its maturation inside the recipient body, as the final aim is to regenerate a 

native tissue. Nearby tissues cells’ (aortic wall), and circulating cells (EPCs) are the available 

sources for scaffold colonization. Circulating EPCs, which are involved in the repair of endothelial 

surface injury, were reportedly found on native and bioprosthetic aortic valves [171]. Moreover, 

EPCs have higher proliferative potential than mature ECs [172]. Therefore, they represent an 

optimal candidate for valve scaffold colonization. Attempts to enhance the EPCs have been 

made by functionalizing scaffolds with VEGF and RGD [163], and CD34 [173]. Transforming 

growth factor (TGF)-β1 is a polypeptide with the ability to stimulate the development of EPCs 

into a mesenchymal-like phenotype, thereby leading to enhanced ECM production [174], [175]. 
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This may represent an interesting solution for the in-situ development of a cell population able 

to maintain and reshape the valve substitute. Unfortunately, as noticed for construct pre-seeded 

with fibroblasts and myofibroblasts in the in-vitro approach, there are cases of acellular scaffolds 

that suffered from leaflet thickening and retraction [169], [176], [177]. Cells with contractility 

ability were found on retracted leaflets and nearby tissues; their action is thought to be the 

cause of leaflet retraction [178], [179]. A construct for in-situ regeneration should direct the 

evolution of inflammatory cells' presence on the scaffold. Inflammation is considered essential 

for tissue regeneration, which should be achieved by modulating the classical wound healing 

process [180]. Just after implantation, the process begins with protein adsorption to the scaffold 

surface. Following, immune cells – mainly neutrophils and monocytes, concentrate on the 

scaffold during the so-called acute inflammation phase. If the inflammatory stimuli persist, 

chronic inflammation develops with macrophages and lymphocytes controlling the local 

environment. Ideally, scaffold colonization should happen during this phase. Locally 

predominant immune cells should cross-talk with fibroblasts, stem, and progenitor cells, 

stimulating their adhesion, proliferation, and scaffold remodeling [169]. As the newly formed 

tissue homeostasis is established, the inflammatory cells should leave the tissue so that 

inflammation is gradually resolved. Alternatively, persistent inflammation can lead to the 

accumulation of giant cells, fibrotic coating, calcification, valve degeneration, and implant failure 

[152], [181]–[184]. Most of these adverse effects are observed when decellularized xenografts 

are used. Thus, the unfavorable inflammatory response may be triggered by antigens of 

xenogenic origin [170], [185]. 

     

 

1.4 Biodegradable polymers for TEHV 

Biodegradable materials can be of synthetic or biologically-derived origin. In TE, polymers play 

a major role given their multiple benefits: 

• they are easy to process   

• they are highly tuneable in their physical and chemical properties 

• they can be functionalized with many compounds giving them different properties 

• they have an unlimited supply 

• their biodegradation pace can be controlled by acting on their composition 
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Biologically-derived polymers, such as gelatin (GL), collagen, and fibrin, are fast degrading 

materials produced from biological sources with good biocompatibility. However, they are hard 

to process in 3D structures suitable for TE with proper mechanical features tailored for each 

case. On the other hand, synthetic polymers, such as poly-glycolic acid (PGA) and poly-

caprolactone (PCL), can be produced with the desired strength and durability and can be easily 

processed to obtain the required design [186]–[188].  Table 1-1 shows the most used polymers 

in TE.    

 

Polymer 
 

Biodegradable? Origin Examples of use  

Collagen Yes Animal extract Urogenital reconstruction [189]  
Cartilage repair [190] 

 Gelatin Yes Animal 
extract 

Valve regeneration [191] 
Bone regeneration [192] 

Alginate Yes Seaweed 
extract 

Bone regeneration [193] 
Cell delivery [194] 

Hyaluronic Acid Yes Animal extract/ 
Bacterial product 

Cartilage regeneration [195] 
Skin regeneration [196] 

Agarose Yes Seaweed extract Cartilage regeneration [197] 
Neural regeneration [198] 

Chitosan Yes Animal/Fungal 
extract 

Wound healing [199] 
Cartilage regeneration [200] 

Poly(glycolic acid) – 
PGA 

 

Yes Bacterial product – 
Synthesis from 
petrochemicals  

Valve regeneration [201] 
Cornea regeneration [202]  

Poly(lactic acid) - 
PLA 

Yes Vegetables extract– 
Synthesis from 
petrochemicals 

Bone regeneration  [203] 
Cardiovascular repair [204] 

Poly(lactic-co-
glycolic acid) – PLGA 

synthetic 

Yes Chemical synthesis 
from PGA and PLA 

Bone regeneration [205] 
Drug delivery  [206] 

Poly(ε-caprolactone) 
- PCL 

Yes Chemical synthesis Vascular graft [207] 
Dental regeneration [208] 

Poly(ethylene 
terephthalate) - PET 

No Synthesis from 
petrochemicals 

Vascular graft [209] 
Bone regeneration [210] 

Poly(tetrafluoroethyl
ene) - PTFE 

No Synthesis from 
petrochemicals 

Bone regeneration [211] 
Vascular graft [212] 

Table 1-1: Most commonly used material for scaffold fabrication and examples of their use in 
tissue engineering.  

 

1.4.1 Gelatin 

GL is the product of the denaturation of collagen (figure 1-5A), which can have different 

molecular weights (MWs) and compositions depending on its manufacturing method and the 

source of collagen from which it comes from. It is biodegradable, biocompatible, and non-

cytotoxic. Moreover, GL can support cellular growth and can be manufactured in many shapes 
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and sizes. It is used in clinical medicine, especially injectable collagen for tissue defects, 

hemostasis, burn and wound dressing, and vascular grafts [213]. A sequence of purification steps 

and heating treatments, including a final ultra-heat treatment sterilization step followed by the 

drying phase, provide GL with a remarkably high level of viral and immunogenic safety. 

Moreover, GL is safer than collagen in terms of immunogenicity [214]. As an animal extract, 

gelatin composition is influenced by the animal breeds, genetics, feedings, and rearing; thus it 

is very unlikely to find identical gelatin compositions between different lots [215]. However, it is 

generally rich in ECM’s amino acids (mainly glycine, proline, hydroxyproline, alanine, glutamic 

acid, arginine, aspartic acid, and serine), among which there is the RGD group, which is 

recognised by cell integrins [216]. While collagen degradation requires specific enzymes 

(collagenases like MMP-1) because it is resistant to most proteases, GL is vulnerable to many 

proteases. That means that scaffold recipients can degrade GL easily and in almost any body 

location where the scaffold may be implanted [217], [218]. GL forms physical gels in water at a 

concentration larger than 2% w/v. It undergoes a thermo-reversible gelation transition for 

temperatures under 30°C [214], [219]. However, GL hydrogels dissolve rapidly in an aqueous 

environment, especially at 37°C. Hence, a cross-linking treatment is mandatory to preserve the 

scaffold for longer periods in the tissue regeneration process. Different methods, either physical 

or chemical, are used to enhance the water-resistance of GL. Physical methods of cross-linking 

include microwave irradiations or UV treatment. Common chemical crosslinkers are aldehydes 

(formaldehyde, glutaraldehyde, or glyceraldehyde), polyepoxy compounds, and carbodiimides. 

These are well-known toxic compounds, the use of which must be carefully considered. 

Glutaraldehyde-crosslinked gelatin scaffolds can hold free glutaraldehyde within its bulk, and 

release it during scaffold degradation, causing adverse immune reactions and reducing scaffold 

colonization [220]. To avoid the risk of toxic chemicals release, enzymatically and naturally 

derived crosslinkers are under investigation [221], [222]. In the present work, γ-

Glycidoxypropyltrimethoxysilane (GPTMS) was used to crosslink the GL (figure 1-5B). The GPTMS 

is a silane-coupling agent, in which the oxirane ring reacts with the amino groups of the GL 

chains. The hydration of the trimethoxy groups on the GPTMS forms pendent silanol groups (Si-

OH) through an acid-catalyzed reaction. Then, Si-O-Si bonds are formed thanks to the 

condensation of two Si-OH during the solvent evaporation in the fabrication process (figure 1-

5C). The Si-O-Si linkages provide inter-chain covalent bonds, so the result is a more stable 

crosslinked structure. GPTMS-crosslinked GL nanofibers have proven to support osteoblast and 

olfactory cells in vitro adhesion and proliferation; and to last around three weeks in water 

solution [223], [224]. GL solutions can be produced using water, N,N-Dimethylacetamide (DMA), 



19 
 

N,N-Dimethylformamide (DMF), 1,3-Dimethyl-2-imidazolidinone (DMI), N,N-Dimethylsulfoxide 

(DMSO), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP), and N-Methyl-2-pyrrolidone (NMP) [225]. 

 

 
Figure 1-2: Gelatin structure and crosslinking process 

A) Chemical formula of GL, B) Chemical formula of GPTMS, C) crosslinking reaction involving GL 
and GPTMS. 

 

1.4.2 Polycaprolactone  

PCL is an aliphatic biocompatible polyester obtained from the polymerization of the open cycle 

§- caprolactone (figure 1-6). PCL is an approved material by Food and Drug Administration (FDA) 

for implantable applications [226]. It is biodegradable but takes 2 to 4 years to vanish 

completely. Its aliphatic link is susceptible to enzymatic hydrolysis, which can be catalyzed by 

lipase and α-amylase [227], [228]. 

Biodegradability can be tuned by modifying the PCL scaffold production parameters. For 

instance, if the scaffold is produced by electrospinning – the technique used in this project, 

lowering the concentration of the starting polymer solution leads to a final product with thinner 

fibers, which are degraded quicker than thicker fibers. The same effect is obtained by increasing 

the production voltage or changing the solvent composition in the starting polymer solution 

[229].  Blending PCL with other materials is another way to tune its degradation. PCL mixed with 

gelatin, PLGA or PGS acquires a higher degradation rate; while a PCL blend with PU makes the 

product very difficult to degrade [230]. This material is widely used in the medical care industry 

to produce surgical sutures, deliver drug vesicles, and engineer tissue, thanks to its 

biocompatibility, tuneable degradation time, and mechanical characteristics (such as high 
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elasticity) [231]. There are PCL applications in many TE areas: dental, bone and cartilage, skin, 

nerve, cardiovascular regeneration, and others [232]. PCL-based scaffolds can be fabricated with 

several techniques: electrospinning, phase separation [233], 3D printing [234], salt leaching 

[235], freeze-drying [236], and gas foaming [237].  

PCL is soluble in different solvents, such as chloroform, 2,2,2-trifluoroethanol (TFE), DMF, NMP, 

and DMSO [238].  

 

 

Figure 1-3: PCL chemical structure 
 

1.5 Enhancement of tissue-engineered heart valves’ regenerative properties 

exploiting RNA interference 

1.5.1 Therapeutic potential of microRNA 

Traditional pharmacology is based on chemical molecules which mainly target messenger RNA 

(mRNA)-expressed proteins. However, protein-coding DNA is only a minority of the human 

genome [239], [240].  In addition, drugs become ineffective whenever genetic mutations lead to 

substantial changes in the identified protein binding sites, which frequently happens in oncology 

[241], [242]. Even assuming the entire human proteome will be druggable in the future, around 

98.5% of the human genome would not be targeted by pharmacology treatments [243], [244]. 

The transcribed genome has a similar distribution: only 2% of total RNA codes for proteins [245]. 

The remainder falls into a category called non-coding RNAs (ncRNAs).  

Although the vast majority of RNAs do not code for proteins, these non-coding sequences have 

a tremendous impact on the regulation of cell function; as such, they are usually called 

regulatory ncRNAs. Long non-coding RNA (lncRNA) – more than 200 nucleotides, is active both 

in the nucleus and cytoplasm. It can modulate protein modifications, mRNA stability, and 

translation, compete with protein-coding mRNA to bind microRNAs, or act as microRNA 

precursors [246]. MicroRNA (or miRNA) can bind partially or fully complementary mRNA 

sequences to repress translation or degrade them [247]. Similar to microRNA, small interfering 
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RNA (siRNA) is involved in mRNA degradation, but it is able to target just the unique mRNA 

sequence to which it is perfectly complementary. This process is called RNA interference (RNAi). 

Noteworthy, microRNAs and siRNAs have a transient effect on cell mRNA expression, the 

cytoplasmic half-life of numerous microRNAs being between 24h to several days [248]. Once 

they are depleted, the cell goes back to its normal metabolism [249]. This may be an attractive 

feature for regenerative medicine. Indeed, after the initial regenerative phase, the newly formed 

tissue should go back to native-like homeostasis metabolism. Thus, the regenerative stimulus 

should be time-limited [250].   

In the effort to develop pharmaceutical treatments which regulate cellular metabolism and 

functions more comprehensively, researchers took inspiration from the cell itself. RNAi is a usual 

occurring biologic process. As part of normal cell metabolism, small RNA sequences inhibit or 

reduce gene expression by targeting specific sequences [251], [252].  

After pre-microRNA synthesis by the cell or in the laboratory (microRNA mimic), the sequence 

enters the cytoplasm, either by transfection of a synthetic microRNA or exported from the 

nucleus by Exportin-5.  There,  pre-miRNA is trimmed into a double-stranded sequence around 

20 base pairs (bp) long (the microRNA) by the cytoplasmic endoribonuclease Dicer. Then, 

microRNA assembles in the so-called microRNA-induced silencing complex (miRISC). During this 

process, microRNA loses one strand, and the remaining one (mature microRNA) targets partially 

or perfectly complementary mRNAs [242], [253]. Silencing by the miRISC complex is triggered 

from a microRNA “seed” region where 2-8 perfectly complementary nucleotides bind to the 

correspondent mRNA sequence (figure 1-7).  

MicroRNA therapeutics have reached the clinical trial stage. AS cancer therapy, antitumor 

activity was observed in part of the patient cohort with refractory advanced solid tumors [254]. 

A microRNA-based therapy against hepatitis C was also trialled. This therapy helped patients to 

restore an effective immune response against the hepatitis-C virus up to the point of making 

hepatitis-C virus RNA undetectable in several patients’ plasma [255].  
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Figure 1-4: RNA interference mechanism  
Figure simplified from Yu et al. “RNA Therapy: Are We Using the Right Molecules?”, 

Pharmacology and Therapeutics, 2019, doi: 10.1016/j.pharmthera.2018.11.011. 
 

1.5.2 Combining RNA interference with Tissue Engineering 

There are two opposite strategies to modulate microRNA function: one is to overexpress the 

microRNAs of interest by microRNA mimics or viral vectors. The other is to inhibit microRNA 

expression by genetically modifying the model to be used or administering specific antisense 

oligonucleotides [256], [257].   

The reason that led regenerative medicine to intersect with RNAi therapeutics is that microRNAs 

and short interfering RNAs (siRNA) can regulate essential functions for cell repair and tissue 

reconstitution. For instance, it has been demonstrated that ncRNAs regulate essential functions, 

such as proliferation [258],  migration [259], differentiation [260], viability [261], and ECM 

production [262]. There are several examples of microRNAs that can be used as therapeutic 

agents in cardiovascular regenerative medicine to influence cardiac remodelling in infarcted 

heart areas [263], regulate angiogenesis [264], [265], or halt EC senescence [266].  

The application of microRNA therapeutics in TE raises several issues. It is hard to expect that 

intravenous injection of microRNA may have any effect on the site of interest. The blood 

continuously washes vascular cavities; hence, microRNAs would be immediately dispersed and 

attacked by serum nucleases. It would be difficult to reach a therapeutical effect on the site of 
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interest, and the microRNA dispersed in the circulation could be the cause of side effects to 

other districts of the body.  

MicroRNAs should be protected, locally anchored, and driven into cells to fulfill their function in 

the cell cytoplasm. A scaffold loaded with microRNAs may serve as a microRNA local 

administration device and support tissue regeneration. Incorporation into a biodegradable 

scaffold makes it possible to obtain prolonged administration without the periodical need for 

injection or oral ingestion [267]. As the scaffold degrades, the microRNA is locally released and 

becomes available to nearby cells. In-situ microRNA delivery systems are still less developed 

than the scaffold seeded with pre-transfected cells, using plasmid DNA or microRNA [268].   

Scaffold production may require physical and chemical conditions hard to be tolerated by a 

microRNA. Hydrogels are well suited to overcome this limitation, because of their ease of 

degradation and mild production process [269]. Also, microRNA-functionalized hydrogels can be 

injected and polymerize on-site, allowing a local delivery with just a minimally invasive medical 

procedure [270]. In the case of electrospinning, particular attention must be focused on the 

material solution, as some employed solvents may be aggressive on the microRNA or the vector. 

It is possible to circumvent the problem with post-production functionalization [271]. However, 

if the aim is to have a prolonged release, the microRNA should be incorporated into the material 

solution; thus, it is mandatory to find a compatible solvent [272], [273]. In limited cases, the 

material to electrospun can be dissolved in water, like GL or hyaluronic acid (HA) [274]–[276].  

Finally, clinically relevant aspects must be considered when designing a microRNA-

functionalized scaffold.  Sterilization and implantation should not damage the microRNA, and all 

scaffold components should withstand long-term storage [268]. 

 

1.5.3 MicroRNA-132 as a bioactive agent to guide valve regeneration  

Our team first reported that microRNA-132 secreted by human pericytes has a proangiogenic 

effect on ECs, stimulating EC proliferation and migration [277]. The year before, Anand et al. 

discovered that microRNA-132 is highly upregulated in human embryonic stem cells and 

endothelium of human tumors. Moreover, they proved that microRNA-132 was targeting the 

RAS p21 protein activator 1 (RASA1), whose expression is negatively correlated with EC 

proliferation and angiogenesis in-vivo and in-vitro [278]. From bioinformatic analyses, it resulted 

that microRNA-132 can target other genes related to cell proliferation and migration. RB 

transcriptional corepressor 1 (RB1) is a negative regulator of cell cycle proteins. Its inhibition 

facilitates cell cycle progression [279]. Paxillin (PXN) is a cell focal adhesion component. The p21-



24 
 

activated kinase (PAK)-PXN pathway has a role in regulating cell protrusion and migration [280]. 

The repression of Sprouty-related EVH1 domain containing 1 (SPRED1) allows intracellular 

transmission of angiogenic signals coming from VEGF and FGF and enhances human umbilical 

vein endothelial cells (HUVECs) migratory activity [281].  In addition, research in our laboratory 

has shown that microRNA-132 has a role in contrasting calcification. High phosphate-driven 

osteochondrogenic induction is contained by microRNA-132 expressing APCs; whereas 

osteochondrogenic markers are highly expressed in microRNA-132-inhibited APCs. Moreover, 

APC-derived secretome prevents osteogenic differentiation of swine aortic valves through 

microRNA-132 signalling [282]. Indeed, microRNA reduces the expression of osteoblast markers 

[283]. Cyclin-dependent kinase inhibitor 1A (CDKN1A) suppression enhances EC proliferation, 

migration, and tube formation [284]. Devalliere et al. demonstrated that microRNA-132 

transfection to ECs enhances their proliferation. PLGA nanoparticles (NPs) loaded with miRNA-

132 and functionalized with RGD groups were administered to HUVECs. In-vitro proliferation and 

migration increased 1.8-fold and 5-fold, respectively. In addition, microRNA-132 transfection 

doubled the number of formed microvessels per square millimeter by HUVECs [285].  

A main aim of this project is to exploit the microRNA-132 properties discussed in this paragraph 

to favor in-situ heart valve regeneration. Therefore, I decided to embed microRNA-132 onto a 

biodegradable scaffold manufactured in a bioprosthetic aortic valve shape in the effort of 

enhancing in-situ endothelialization and protecting the implant from calcification. As 

aforementioned, the superficial scaffold layer is made of GL, which has already been used in our 

lab for in-vivo trials [286]. GL is biodegradable and biocompatible and, as the host will degrade 

it, it will expose microRNA-132 carriers, which will be available for uptake from nearby cells. 

 

1.5.4 Delivery of microRNA 

Whenever a therapeutic use of ncRNA is considered, there are two main aspects to focus on: 

ncRNA delivery and stability. First and foremost, ncRNAs must access the cytoplasm, whichever 

therapeutic application is considered. However, NcRNAs have a high molecular weight (Mw) and 

structural stiffness. Moreover, ncRNAs and the cellular membrane are negatively charged, 

therefore the delivery of naked ncRNAs inside the cytosol is challenging [287]. Naked microRNA 

is highly unstable in body fluids. Ubiquitous nucleases degrade microRNA within minutes; 

microRNA is reported to have 20 minutes half-life in serum [288], [289]. 

There is some research showing effective naked ncRNA administration. Naked siRNA instilled in 

mice achieved a good antiviral activity [290], reduced the damages of lung injuries [291], or 
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silenced chemokine expression [292]. The feasibility of this delivery method has also been 

confirmed in a  clinical trial to treat pulmonary viral infections [293], [294]. Perhaps, one or more 

components of lung surfactant are making naked ncRNA delivery possible, as demonstrated by 

a study in which a synthetic mimic of Surfactant Protein B was complexed with siRNA [295]. 

Other easily accessible tissues or organs, such as eyes and skin, can be approached with the 

naked ncRNA delivery [296], [297]. Yet, ncRNA needs to penetrate the plasma membrane with 

the preserved structure to exert biological functions. Therefore, it is preferred to use 

transfection agents even in the case of local administration [298]–[300]. 

 

1.5.5 Non-Viral Vectors for In-Situ Micro-RNA delivery  

There are several vector types for genetic material delivery. Generally, they can be categorized 

into viral and non-viral vectors.  

Viruses are excellent at crossing the plasma membrane. Virus-based vectors are already 

approved for clinical practice [301]. A couple of successful attempts to embed viral vectors into 

biomaterials have been already published. Recombinant Adenovirus has been incapsulated into 

alginate microspheres to successfully deceive specific immune reaction [302]. Also, adenovirus 

was integrated into the fibrin scaffold and achieved 8 days of sustained release [303]. However, 

some viruses modify the cell’s genome permanently (retroviruses), which is not ideal for tissue 

regeneration. These viruses can also integrate with the host cell’s genome at an undesired 

location - insertional mutagenesis [304]. Adenoviruses grant higher safety about mutagenesis, 

but they stimulate a high innate and adaptive immune response, inflammation, and are highly 

toxic to cells [305]. With regards to this specific project, there are specific safety concerns during 

the different phases of the microRNA-functionalized scaffold. The scaffold production chain 

should be updated to the highest safety standards required when working with viruses. Also, 

scaffold sterilization should be carried out without harming the virus. Above all, the main 

problem with using viruses is to confine them in a specific location, without allowing them to 

spread and cause unpredictable effects by modifying other cell types’ expressions [268].   

Non-viral vectors are materials able to protect RNA/DNA and facilitate its entry inside the cells. 

They can transfer a larger amount of genetic material than viruses; even combinations of 

different microRNAs in the same cargo are possible. Their transfection is always transient [306]. 

Liposomes are lipid-based vesicles that can carry the genetic material absorbed on their surface 

or in the bulk [307]. As they have the same nature as the plasma membrane, liposomes easily 

interact with it. Importantly, liposomes are commercially available and extensively adopted. 
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Concerns about liposome stability (especially in contact with blood) and their toxicity are not 

entirely cleared [308], [309].  

Cationic polymers and polysaccharides bind genetic molecules (DNA, RNA, microRNA) by 

electrostatic interaction. They possess a net positive charge which binds to the negatively 

charged nucleotides forming complexes called polyplexes (figure 1-8). Usually, polyplexes 

production is less complex and cheaper than viral vectors [310]. Some polymers can create 

polyplexes smaller than lipoplexes, which facilitates cell entry [311]. A microRNA non-viral 

vector complex is likely entrapped in endosomes as it gets inside the cytoplasm. This would lead 

to a progression towards a more aggressive environment (lysosome) and complex degradation. 

Some polymers possess specific features to avoid that fate, like the one called “proton sponge”. 

The acidification of the internal endosomal environment makes the polymer vector’s amines 

charge positively. This attracts ions, which creates a growing osmotic pressure that is followed 

by water entrance. Eventually, the unbearable amount of water breaks the endosome walls 

releasing its content into the cytoplasm [312]. Researchers have developed a plethora of 

polymeric and non-polymeric vectors with different features and different available 

functionalization to tailor the vector to the specific application [313].   

 

 

Figure 1-5: MicroRNA polyplex formation  
Electrostatic attraction between the positively charged polymer/polysaccharide and the 
negatively charged microRNA creates a complex which protects the microRNA from the 

nucleases and helps it to cross the plasm membrane.  
 

The materials studied for gene delivery are countless, the main ones are: 

 

• Polyethylenimine (PEI) 

• Poly(ethylene glycol) (PEG) 

• poly(lactic-co-glycolic acid) (PLGA) 

• Dextran 
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• Chitosan 

• HA 

 

Several co-polymers and functionalization have also been elaborated[314], [315].  

PEI is one of the most studied and used non-viral vectors, and the constituent material of 

commercial transfection vectors, such as JetPEI (Polyplus, France) [316]. It is highly attractive for 

drug delivery since it possesses a dense positive charge that makes it able to easily penetrate 

the plasma membrane [317]. The overall charge of the microRNA-PEI complex (or nanoparticles 

- NPs) is positive, which establishes an electrostatic attraction between the NPs and the 

negatively charged cell membrane, making the transfection easier. There are different versions 

of PEI with different sizes and topologies. The most efficient one for transfection is the branched 

PEI family (figure 1-9B) [318]. Noteworthy, PEI can escape cell endosomes thanks to its proton 

sponge ability, as described in the previous paragraph [319]. PEI has already given good results 

in in-vivo animal models [320]–[322]. However, there are a few issues to consider. First of all, 

PEI has shown cytotoxicity at certain concentrations [323], [324]. As the amount of administered 

PEI is proportional to the size of the nucleic acids to transfect, the use of a minimal amount to 

transfect small RNA strands (only 21 bases) may be tolerable [325]–[327]. PEI cytotoxicity is 

positively correlated with its transfection efficiency [326]. There are several cytotoxic 

concentration thresholds in the literature, Human Embryonic Kidney 293 Cells – a cell type 

frequently used for cell transfection experiments, maintain >85% viability when incubated with 

up to 25 μg/mL of PEI [325]. To amend this, PEI was used in combination with different materials, 

such as PEG, chitosan, glycosaminoglycans, and polyurethanes. PEI-g-PEG (figure 1-7) is less toxic 

than PEI due to PEG grafting, and it has been successfully used as a transfection vector [324], 

[328]–[330]. PEI-g-PEG is less efficient than PEI in terms of transfection but still reaches levels 

that make it accepted as a constituent for transfection vectors [331], [332]. The main problem 

for my project is that PEI is water-soluble. Since the scaffold production process intermediates 

are water-based solutions, there is the risk that microRNA-PEI NPs would dissolve during the 

scaffold production, leaving microRNAs exposed to body nucleases. 

Chitosan is a natural polysaccharide derived from the deacetylation of chitin, which can be found 

in crab shells for instance (figure 1-9A). At proper ratios of positively charged chitosan nitrogen 

to negatively charged nucleotide phosphate, chitosan will condensate genetic material into 

small spheroids by electrostatic attraction, making RNA/DNA available for cellular uptake (figure 

1-8) [333], [334]. It also confers microRNA with efficient protection against nucleases [335]. 

Chitosan offers a good trade-off between biocompatibility, biodegradability, low toxicity, and 
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transfection efficiency. Its toxicity is comparable to sucrose by oral administration, and as much 

as 100 mg/kg in mice [336], [337] [338]–[341]. Chitosan safety was appreciated when used as 

wound-dressing material, where it also exerted antimicrobial and haemostatic properties [342]. 

Chitosan has been widely employed for short ncRNA delivery [333], [343]–[347]. A high chitosan 

concentration would lead to an excessively tight electrostatic bond, resulting in a difficult 

intracellular release of the nucleotides. Therefore, protection and ease of release should be 

balanced. In this respect, the chitosan’s Mw deacetylation degree must be considered. The 

degree of deacetylation (DD) is the percentage of acetamido groups transformed into amino 

groups. It has been shown that low Mw chitosan forms smaller particles [348]. Also, chitosan 

with an Mw under 50 kDa creates micrometric aggregates that reduce cellular uptake [343], 

[349]. Generally, the higher the deacetylation degree, the more efficient is the transfection. 

However, it has been shown that too high DD can cause cytotoxicity [350]. Thus, it is important 

to find a good trade-off between DD and molecular weight. Noteworthy, the scaffold 

manufacturing process in this project needed non-water-soluble NPs. Chitosan NPs are only 

soluble at acidic pH. That is because chitosan itself is not soluble at neutral pH [351]. This should 

grant NPs integrity during the scaffold fabrication since it is carried out with solution at neutral 

pH. An interesting alternative to pure chitosan is TMC, a chitosan derivative. Two are the main 

differences between TMC and chitosan: TMC is water-soluble, and its positive charge is pH-

independent. Its primary amine is trimethylated so the group is permanently protonated (figure 

1-7). In the event of no efficacy of chitosan, choosing a material with different characteristics 

may be a good approach. TMC constant positive charge may help to obtain more reliable 

electrostatic bonds with microRNA. TMC was already tested as a transfection vector. SiRNA 

transfected using TMC silenced target mRNA by almost 45% in cancer cells in one study, and 

30% in another study [352], [353].  
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Figure 1-6: Chitosan and branched-PEI structures   
 A) Chitin chemical formula on the left, which is deacetylated to give chitosan on right. B) 

Branched-PEI chemical formula.  
 

 

PLGA (figure 1-7) is biocompatible, biodegradable, hydrophobic, and not water-soluble. It is a 

copolymer of PGA and PLA, produced by chemical synthesis. It is FDA and European Medicine 

Agency-approved material for drug delivery [354].  PLGA shows good versatility. PLGA features 

can be regulated by tuning its molecular weight and its PGA/PLA ratio, such as degradation 

speed [355], [356]. PLGA-NPs have been successfully employed to deliver microRNA inhibitors 

to hepatocellular carcinoma cells, decreasing the target microRNA by almost 50%. Another 

research group managed to induce chondrogenesis in HMSCs by the administration of siRNA-

loaded PLGA-NPs [357]. PLGA can be combined with other materials to increase its transfection 

efficiency, such as lipids. Cholesterol addition to PLGA-NPs formulations increased 2-fold the 

transfection efficiency compared to simple PLGA-NPs [358]. In a different study, DOTAP was 

used to create PLGA-hybrid NPs – PLGA/DOTAP 75/25 w/w. SiRNA delivered with these NPs was 

63% more effective in its target knockout than pure PLGA-NPs [359].  PLGA-NPs can also be 

functionalized with peptides or other moieties to target specific membrane proteins. REDV-

functionalized PLGA-NPs were produced to target ECs. Indeed, the REDV peptide is specifically 

recognized by the integrin α4β1 on ECs. PLGA-NPs functionalized with this peptide showed a 

significantly higher uptake compared with non-functionalized PLGA-NPs [360]. Octa-arginine is 

one of a series of peptides used to favor NPs cellular uptake, called cell-penetrating peptides. 
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PLGA-NPs functionalized with octa-arginine increased NPs uptake by 50-70% in canine kidney 

cells compared to non-functionalized PLGA-NPs after 1.5h from incubation [361]. 

 

Figure 1-7: PEI-g-PEG, PLGA, TMC structures 
 

 

 

 

1.6 Scaffold fabrication methods 

Regenerative medicine requires biodegradable and biocompatible scaffolds. They should have 

high porosity with interconnected pores to favor cell colonization. In addition, each scaffold 

application has its own requirements in terms of mechanical properties, surface chemistry, and 

topology. Many fabrication techniques have been developed or adapted for TE purposes, such 

as particulate leaching, gas foaming, freeze-drying, membrane lamination, electrospinning, self-

assembling, temperature-induced phase separation, and additive manufacturing. Table 1-2 

summarized the main scaffold manufacturing techniques with their advantages and drawbacks 

[362], [363].  

 

Fabrication technique Advantages Drawbacks 
Solvent casting/ 
particulate leaching 

Control over porosity  
Pore size and crystallinity 

Limited mechanical property 
Residual solvents and 
porogen 
material 
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Porogen leaching Controlled over porosity and 
pore geometry 

Inadequate pore size and 
pore 
interconnectivity 

Gas foaming Free of harsh organic 
solvents Control over 
porosity and pore 
size 

Limited mechanical property 
Inadequate pore 
interconnectivity 

Self-assembly Control over porosity  
Pore size and fiber diameter 

Expensive material 
Complex design parameters 

Electrospinning Control over porosity  
Pore size and fiber diameter 

Limited mechanical property 
Pore size decrease with fiber 
thickness 

Phase separation No decrease in the activity 
of the 
molecule 

Difficult to control precisely 
scaffold morphology 

Rapid prototyping Excellent control over 
geometry and porosity 
No supporting material 
required 

Limited polymer type 
Highly expensive equipment 

Fiber mesh Large surface area for cell 
attachment  
Rapid nutrient diffusion 

Lack the structural stability 

Fiber bonding High surface to volume ratio  
High porosity 

Poor mechanical property 
Limited applications to other 
polymers 

Melt molding Independent control over 
porosity and pore size 

Required high temperature 
for non-amorphous polymer 

Membrane lamination Provide 3D matrix Lack of required mechanical 
strength 
Inadequate pore 
interconnectivity 

Freeze drying High temperature and 
separate leaching steps are 
not required 

Small pore size and long 
processing time 

Table 1-2: Principal fabrication techniques for tissue engineering  
Adapted from Subia et al “Biomaterial scaffold fabrication techniques for potential tissue 

engineering applications”, Intechopen, 2010, doi: 10.5772/8581. 
 

1.6.1 Electrospinning  

Electrospinning is a very attractive technique since it allows to create fibers with sizes between 

a few nanometres to microns using a plethora of materials, mainly polymers - chitosan, collagen, 

gelatin, PCL, PLGA. PU, PTFE, silk fibroin, PEG, PGS, PS, PVC, PP, and many others. Indeed, this 

method can be employed with materials that can be reduced to the liquid state through either 

heat (melt electrospinning) or solvents. The material molecular weight must be enough to allow 

sufficient chain entanglement to create continuous fibers rather than separated droplets. In 
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addition, the electrospinning solution must have an appropriate dielectric constant. Perfectly 

insulating solutions will not allow charges to move in it and no material jet will be generated. On 

the other hand, if the electrospinning solution is too conductive, the material jet will not be 

stable enough to produce fibers. Blending and doping with different compounds allows the 

incorporation of materials that could not be electrospun alone, further broadening the variety 

of materials that can be integrated into an electrospun mat. Once optimized, electrospinning is 

relatively simple and multipurpose and does not require expensive machines or highly trained 

personnel [364]–[366]. 

Electrospinning allows the production of a nanofibers mat with randomly oriented or aligned 

fibers. Moreover, the scaffold can have high porosity (>80%) with interconnected pores, ideal 

for cell colonization since it resembles the ECM [367]. These properties make the method very 

popular in regenerative medicine. Electrospun scaffolds have a high surface-to-volume ratio, 

which facilitates drug absorption and delivery [368]. If the drug is absorbed on the scaffold 

surface, the release will be concentrated in a limited time following the implantation. The drug 

can also be incorporated into the electrospinning solution together with a biodegradable 

material, resulting in drug release that follows the material degradation dynamics [369], [370]. 

The mechanical properties of an electrospun scaffold can be tuned through the countless 

combinations of the available materials and solvents [371].  

The electrospinning working principle is described in the Materials and Methods section.  
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2 Project aims 

The study aimed to create a scaffold employable for heart valve regeneration. The scaffold 

should be able to take on the heart valve duty and guide a native valve regeneration at the same 

time. Eventually, the scaffold should degrade completely, but not before the newly generated 

tissue is able to function correctly. The regeneration of the native-like valve should provide an 

AVR solution without the flaws of the prostheses currently employed in clinical practice. 

Mechanical valves bear the permanent risk of thromboembolism and bleeding as a consequence 

of lifelong anticoagulation therapy (see paragraph 1.2.1). A construct that leads to the formation 

of a continuous endogenous endothelial lining (which is the most appropriate surface for blood 

contact known so far [372]) in the shortest time possible, should only expose the recipient to 

these risks for a limited time [373], [374][375]. In addition, this TEHV product should not bear 

the risk of degeneration and calcification that xenogenic bioprostheses are suffering from (see 

paragraph 1.2.2), once an endogenous endothelial lining is formed. 

The addition of active biomolecules to the scaffold to accelerate the scaffold’s endothelialization 

will be explored in this project. MicroRNAs can impact different cell functions, including 

migration and proliferation. My hypothesis (in accordance with my supervisors) is that a 

temporary enhancement of these functions can help to increase the endothelialization pace. 

Several TEHVs have been designed, but no one makes use of the microRNA therapeutic 

potential, to the best of my knowledge. However, RNA interference has already been shown to 

be beneficial to tissue-engineered grafts in experimental settings. For instance, a microRNA-126-

functionalized electrospun scaffold showed improved endothelial cells adhesion and 

proliferation compared to a non-microRNA-functionalized scaffold [376]. Also, some microRNAs 

such as microRNA-130 or microRNA-9, are involved in EMT modulation. If appropriately used, 

these microRNA could induce valve interstitial cells-like phenotype from endothelial cells, 

allowing to generate the two main valve populations from nearby aortic ECs or circulating 

endothelial progenitor cells [377], [378]. Eventually, the selection of one or more microRNAs to 

locally administer during valve regeneration may contribute to its success, and speed up the 

formation of a complete endothelial coating in particular. Embedding the microRNA hsa-mir-

132-3p in the TEHV may stimulate migration and proliferation of colonizing cells – details 

supporting this hypothesis are exposed in section 1.5. 

As a proof-of-concept, this project is focused on proving that it is possible to functionalize a 

composite scaffold made of PCL and GL with microRNA. The microRNA should be released by 

the scaffold continuously for several days. ECs seeded on the scaffold should uptake the 
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microRNA released by the scaffold; the uptaken microRNA should have a pro-endothelialization 

effect on seeded cells. 

This project was dived into three lines of work, each of which is described in one of the three 

main sections of the results and discussion chapter, to achieve three main targets: 

 

• Select a microRNA with pro-endothelialization effects, like migration and proliferation. 

• Select a vector that can protect the microRNA from blood nucleases and facilitate microRNA 

entrance into ECs.  

• Design and fabricate a tri-layered scaffold able to substitute the native valve, host 

therapeutic microRNA, and make it available to colonizing ECs. 

 

The flow chart in figure 3-1 is a graphical summary of the work done to achieve these milestones, 

including original plans, faced issues, and contingency actions realized to solve them.  

 

 
Figure 2-1: Flow-chart summarizing the development of the scaffold for heart valve 

reconstruction 
Pale-yellow boxes represent aspects of the scaffold to develop and materials to test. Green 

boxes are the solutions found or the positive outcome of tested materials. Red circles 
represent negative outcomes. The blue box means that the employment of that solution was 

interrupted because of a lack of time.  
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A detailed outline of the path to achieve each objective is presented in the following paragraphs.   

 

 

2.1 Hsa-mir-132-3p pro-endothelialization effect on aortic endothelial cells  

In accordance with my supervisors, we have selected hsa-miR-132-3p as a candidate microRNA 

to stimulate valve endothelialization. Indeed, several publications are showing the angiogenic 

effect of hsa-miR-132-3p both secreted by nearby cells (paracrine effect), and administered by 

transfection [277], [285]. However, this is not exactly the project's aim, especially if it is 

considered that valves are not vascularized. Nonetheless, we hypothesized that hsa-miR-132-3p 

could stimulate ECs to migrate and proliferate (two functional aspects related to angiogenesis) 

and thereby accelerate the process of valve endothelialization. See paragraph 1.5.3 for more 

details. 

In this part of the project, HAoECs were transfected with hsa-mir-132-3p using Lipofectamine 

RNAiMAX – a commercial non-viral transfection agent already successfully tested on endothelial 

cells [379]. The objective was to verify if hsa-mir-132-3p transfection enhances migration and 

proliferation.  

 

 

2.2 Non-viral vector selection for microRNA transfection 

Therapeutic delivery of free (naked) microRNA has limited applications - detailed in paragraph 

1.5.4.  Viral vectors seem not appropriate for this application due to still debate safety concerns. 

Also, virus confinement to a specific location (the aortic valve replacement site in the current 

case) has not been demonstrated yet, to the best of my knowledge – more details in paragraph 

1.5.4. Thus, non-viral vectors are more appropriate for this project.  

Chitosan-NPs were tested first as they seemed the most suited vector for this project. 

Biocompatibility and transfection efficiency of chitosan-NPs has been repeatedly demonstrated 

– see paragraph 1.5.5. Besides, the scaffold manufacturing process that I was planning to 

implement was based on GL dissolved in a water solution and electrospun to create a nanofibers 

mat.  Therefore, non-water-soluble NPs would be appropriate to avoid the encapsulation of 

naked microRNA in the scaffold, which would be degraded as soon as it was getting in contact 

with blood nucleases [380]. Chitosan is soluble in water at acidic but not at a neutral pH; hence 

chitosan-NPs should not risk dissolving during scaffold production [381].   
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Initially, a fabrication protocol calibration was carried out. To my knowledge, there is no 

consensus on the best NPs diameter for microRNA transfection. In the majority of the reviewed 

literature on the topic, NPs diameter is ranging between 100nm and 600nm [382]–[384]. Under 

the hypothesis that smaller NPs - at least less than 500 nm of diameter – can be uptaken 

(through macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, 

and clathrin- and caveolae-independent endocytosis [385]–[392]) by non-phagocytic cells like 

ECs, four manufacturing parameters were sequentially calibrated to obtain the smallest NPs – 

paragraph 4.3.2.1. These were: chitosan concentration, crosslinker (TPP) concentration, 

Chitosan/TPP mass ratio, and NaCl (adjuvant) concentration; which emerged to influence NPs 

size in the literature [393]–[395]. Other parameters could have been considered, such as stirring 

speed, rate of TPP/microRNA addiction to the chitosan solution, and chitosan solution pH. 

Tuning of additional production parameters would have been included in case an NPs’ diameter 

of around 200 nm was not achieved with the optimization of the considered parameters. 

However, limiting this optimization phase was also essential. The more time would have been 

spent on chitosan-NPs characterization, the higher would have been the risk of running out of 

time before achieving all the essential goals to complete the project, especially because this was 

one of the first steps of a long and complex project. Following, EA.hy926 were used to test the 

effect of chitosan-NPs on ECs viability and proliferation in a simulated transfection – there was 

no microRNA loaded on chitosan-NPs, paragraph 4.3.2.2. The experiment was repeated by 

loading different amounts of microRNA in chitosan-NPs to test the potential impacts of the 

microRNA itself on proliferation and viability – paragraph 4.3.2.3. Then, the chitosan-NPs uptake 

by EA.hy926 was checked using fluorescent (FITC-conjugated) chitosan-NPs. Trypan Blue was 

employed to quench fluorescent NPs that were not internalized by ECs. Indeed, Trypan Blue is a 

FITC quencher and cannot penetrate live cells, thus only NPs inside live cells would have 

preserved their fluorescence – see paragraph 4.3.2.4 for details.  

The following passage towards validation of chitosan-NPs as microRNA vector was to measure 

the percentage of initial microRNA loaded in NPs, namely the loading efficiency. To do so, RT-

qPCR was the chosen assay as it is routinely used for microRNA quantification in cell and tissue 

extracts. Chitosan, the NPs’ main constituent, is a cationic polysaccharide. It is renowned that 

polysaccharides (abundant in plants) may cause problems with RNA extraction – see details in 

paragraph 4.3.3.1. Thus, I compared a general-purpose RNA extraction kit (Qiagen RNA 

extraction kit, Qiagen, Netherlands), a plant-specific extraction buffer (CTAB-based), and a plant-

specific RNA extraction kit (Plant microRNA purification kit, Norgen, Canada). In addition, I 

attempted to measure chitosan-NPs microRNA loading efficiency by estimating the non-
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embedded fraction. The vast majority of the reviewed published works used centrifugation to 

concentrate the NPs, and the analyzed the micro-RNA amount in the supernatant and/or in the 

NPs pellet [396]–[399]. Free-non-embedded microRNA measurement in the supernatant of NPs 

suspension would have been a fast and cheap solution. A frequently used method is to 

centrifuge NPs at the bottom of a container and assay NPs-free supernatant. Another option is 

dialysis. It is much more gentle than centrifugation and represents an alternative to it.  The 

dialysis principle is simple: two solutions are separated by a permeable membrane which allows 

passage of molecules under a certain size. Solutes or water are driven across the membrane by 

osmotic pressure. In this project, free microRNA should cross the dialysis membrane while 

chitosan-NPs should stay confined inside. Having a suitable ∆Mw between the component to 

separate and choosing a dialysis membrane with the right MWCO is mandatory to perform 

dialysis properly – the relevant calculations are in paragraph 4.3.3.3. Centrifugation and dialysis 

were employed in the attempt to separate chitosan-NPs from free microRNA in the production 

solution– paragraphs 4.3.3.2 and 4.3.3.3. Since the aforementioned methods to measure 

chitosan-NPs microRNA loading efficiency failed, a chitosan enzymatic digestion method was 

chosen to degrade chitosan and make NPs-embedded microRNA available for RT-qPCR – 

paragraph 4.3.3.4. However, after chitosan enzymatic digestion, microRNA embedded in NPs 

would have been freed and mixed with non-embedded-microRNA, making it impossible to 

estimate the chitosan-NPs microRNA loading efficiency. Previous attempts (centrifugation and 

dialysis) to separate the two microRNA fractions failed. Thus, it was decided to estimate the 

amount of protected microRNA, incubating microRNA-loaded chitosan-NPs in 10% FBS for one 

hour before microRNA extraction. It is reasonable to assume that not only free microRNA is 

degraded during FBS incubation, but also that FBS can penetrate NPs and degrade microRNA 

strands closer to the NPs surface. However, microRNA that degrades in physiological fluids after 

just one hour would be hardly likely uptaken by cells during transfection. Indeed, commercial 

transfection protocols usually recommend a four-hour transfection. Therefore, the amount of 

microRNA extracted after one hour of FBS incubation is a useful estimation of the microRNA 

amount that would be presented to cells in a transfection experiment, even if not optimal. In 

this setup, it is important to neutralize serum nucleases before the chitosan enzymatic digestion 

starts; otherwise, all microRNA freed from chitosan-NPs would have been degraded as soon as 

it was getting in contact with the FBS solution. In paragraph 4.3.3.4.1, the nucleases neutralizing 

potential of RNAse inhibitor was tested. Then, a complete protocol including microRNA-loaded 

chitosan-NPs exposition to 10% FBS for 1 hour, RNAse inhibition,  chitosan enzymatic extraction, 

and microRNA isolation was optimized - paragraph 4.3.3.4.2. Given the low amount of protected 
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microRNA, I tested additional variations on the chitosan-NPs fabrication, such as variation of 

chitosan concentration, microRNA concentration, and NaCl elimination, in the effort to increase 

the amount of protected microRNA after incubation with 10% FBS for one hour – paragraph 

4.3.3.5. After the chitosan-NPs characterization and fabrication protocol tuning, the microRNA 

transfection efficiency using chitosan-NPs was tested – paragraph 4.3.4. EA.hy926 cells 

(immortalized ECs derived from HUVECs – see materials and methods) have been employed in 

all experiments involving cells described in sections 4.3.2 and 4.3.3. This was done to save 

budget and speed up the project. Indeed, EA.hy926 culture media costs 1/5 the HAoECs media. 

Also, EA.hy926 grow faster and in higher numbers, and can be cultured up to 100 population 

doublings – see paragraph 3.2.1. Promocell guarantees its HAoECs up to 15 population 

doublings, at the cost of £800/500000 cells. However, doubts about the transferability of my 

results on primary human ECs were raised. Therefore, I decided to use primary aortic ECs 

(HAoECs) to prevent concerns about the translationality of my work. In fact, ECs from the aortic 

tract are supposed to be one of the main sources of cells that could colonize the aortic valve 

scaffold (aortic valve scaffold colonization and potential cell sources have been discussed in 

paragraph 1.3.3). Therefore, the transfection efficiency experiment was carried out on 

commercially available primary HAoECs. Lipofectamine RNAiMAX is broadly used as a microRNA 

non-viral vector [379]; thus, I took it as the benchmark for the transfection efficiency of chitosan-

NPs.  

The negative result of microRNA transfection to HAoECs by chitosan-NPs forced us to look for 

an alternative transfection vector. It would have been interesting to understand why chitosan-

NPs were not working, but it was imperative to progress in the project. Thus, I activated a 

contingency plan consisting of switching to a different transfection vector.  Four non-viral 

vectors were considered - PEI, PEI-g-PEG, TMC, PLGA. As the time to complete the project was 

reducing, the vector selection process was changed. PEI, PEI-g-PEG, and TMC were immediately 

tested for transfection relying on published protocols without NPs characterization – paragraphs 

4.3.5.1 and 4.3.5.3. PLGA required a manufacturing protocol calibration. After a first trial, PLGA-

NPs development was suspended with the intention to get back to it in event that all other 

alternatives failed to transfect microRNA to HAoECs – paragraph 4.3.5.2. PEI gave the best 

transfection performances, thus PEI-mediated hsa-mir-132-3p transfection effects (in terms of 

viability, membrane damage, proliferation, and migration) on HAoECs were tested – paragraph 

4.3.5.4. As proliferation and migration enhancements were noticed in HAoECs transfected with 

hsa-mir-132-3p using Lipofectamine, the expectation was to see the same effects using PEI-NPs 

as a microRNA vector. This would have been proof that PEI-NPs were delivering functional 
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microRNA, able to fulfil its RNAi duty. Thus, proliferation and migration assays on hsa-miR-132-

3p-transfected HAoECs using PEI were performed and compared with HAoECs transfected with 

lipofectamine. Also, it was decided to test possible PEI-induced cytotoxic effects by performing 

membrane integrity assay (LDH assay) and viability assay. LDH assay consists of the 

measurement of lactate dehydrogenase released in culture media, which is an indication of 

membrane damage. In fact, an intact plasma membrane is LDH impermeable. If an excess of LDH 

is measured in the culture media, it means that the cellular membrane is damaged. This test is 

particularly appropriate to assess the cytocompatibility of transfection agents because when 

microRNA-vector complexes cross the membrane to access cell cytosol they can cause 

membrane perturbations. Ideally, the transfection process should not damage the cellular 

membrane permanently. Performed together, LDH and live & dead can give a good insight into 

transfection vectors' potential damages. PEI-mediated transfection of hsa-mir-132-3p did not 

show the expected proliferation and migration enhancement as observed with Lipofectamine-

mediated one. Thus, it was decided to investigate the regulatory effect at the translational level. 

A panel of potential hsa-miR-132-3p potential targets involved in cell proliferation and migration 

was selected by bioinformatic analysis. Then, the expression of these genes was measured 

before and after hsa-mir-132-3p transfection using PEI and Lipofectamine as vectors – paragraph 

4.3.5.5.                        

 

 

2.3 MicroRNA-functionalized scaffold fabrication and preliminary tests 

The final and most important part of the project is the production and test of the microRNA-

functionalized scaffold. The main aims of this section are to fabricate the tri-layer scaffold in 

which the external layers contain the microRNA-vector complex; verify the microRNA sustained 

release by the scaffold; and assay if HAoECs seeded on the scaffold uptake the microRNA 

released by the scaffold. Among all the non-viral vectors tested, Lipofectamine RNAiMAX was 

the only one able to ensure downregulation of the selected proliferation- and migration-related 

genes by hsa-miR-132-3p. This is also reflected in the enhancement of proliferation and 

migration of hsa-miR-132-3p-transfected HAoECs – see paragraphs 4.2, 4.3.5.4, and 4.3.3.5. 

Thus, it was chosen to integrate hsa-miR-132-3p-Lipofectamine lipoplexes into the GL layer of 

the TEHV scaffold designed in this project. Included in GL fibers, microRNA-vector complexes 

will not be exposed to serum nuclease from the moment of the scaffold implantation as if they 

were adsorbed on the surface or injected. GPTMS-crosslinked GL fibers degrade completely in 
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around 18-21 days from previous tests performed in my research group [400]. During GL 

degradation, microRNA will be continuously released on-site as if it was freshly locally injected. 

Ideally, first colonizing ECs (either circulating cells or cells or nearby cells from the aortic 

endothelial linen) would be transfected with the scaffold-embedded microRNA. That should 

enhance cell proliferation and mobility for a few weeks, in the effort of creating a complete 

endothelial layer on a wide non-cellularized area – namely the non-cellularized heart valve 

scaffold implanted to substitute the native heart valve. I do not know if 18-21 days are sufficient 

to provide the scaffold with a therapeutical advantage. However, as this is a proof-of-concept 

study, it is important to demonstrate the feasibility of an approach; tuning and optimization can 

be the subjects of following projects. In addition, the relatively short GL degradation time 

allowed more time to test the aforementioned hypotheses and apply protocols corrections 

throughout the project. GL is also an excellent substrate for cell adhesion as it has plenty of RGD 

groups that are recognized by cells’ integrins [157].     

A core of electrospun PCL will provide mechanical support. PCL has been extensively utilized to 

produce scaffolds in our laboratory, and electrospinning protocols were developed. TEHVs have 

already been developed using pure PCL, blended PCL, and composite material in which PCL is 

present. [401], [402]. It is a good candidate as a support material because of its mechanical 

support layer, biocompatibility, and durability [403]–[405]. Its degradation time is between 2 

and 4 years [406], the time during which the host organism should regenerate the explanted 

valve. PCL-based valves have been successfully tested in pulse duplicators simulating both aortic 

and pulmonary valve conditions [403], [407], [408]. Therefore, PCL was selected to produce the 

scaffold support layer. Possible PCL blending with other materials – e.g PCL/gelatin blends [409]- 

may be considered to improve mechanical properties, tune degradation rate, or solve other 

issues that may arise during the development. Two layers of GL crosslinked with GPTMS and 

doped with microRNA-vector complexes will be laid on both sides of the PCL sheet by 

electrospinning as well.  In this way, the requirement of a sufficient scaffold durability would not 

conflict with the tuning of the microRNA-functionalized layer degradation speed, in order to 

have an appropriate microRNA release dynamic for its therapeutical purpose.  

The use of a valved-shaped electrospinning collector to create scaffolds in their final shape was 

tested. The advantage would be that no need for scaffold stitching into the proper shape should 

be required as it happens with decellularized animal tissue sheets. The valve scaffold would have 

the shape of the 3D model from which the electrospinning collectors would be created. Using 

medical images, the valve construct could be customizable on the patient’s anatomic features, 

avoiding cases of size mismatch of current prostheses [410].  The development of a valve-shaped 
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electrospinning collector is discussed in paragraph 4.3.1. For this initial trial, a leaflet 3D model 

was downloaded online. The final aim is to create a patient-specific valve 3D model from medical 

imaging, but the customized collector fabrication pipeline was tested using available online 

models. Using 3D printing, the collector was printed in PLA - a plastic material. Then, an 

electrically conductive surface (essential for electrospinning) was laid on the surface by chemical 

electroplating. Scaffold production with this new collector type was tested.  

Then, the focus moved to the scaffold production itself. The entire scaffold production protocol 

was calibrated – paragraph 4.4.2. Tests were performed using a solution of GL dissolved in 

different solvents mixtures of distilled water and NMP. The use of NMP was required to obtain 

a solution suitable for electrospinning at RT since GL in water only is solid at RT. Moreover, the 

GL solution must have neutral pH. MicroRNA-loaded chitosan-NPs were supposed to be 

incorporated in the GL solution, and chitosan is soluble at acidic pH. Thus, the preparation of 

pH-neutral GL solution is a prerequisite to avoid damages to the microRNA-loaded chitosan-NPs 

during the scaffold fabrication. For this reason, acid GL solvents, such as acetic acid, should have 

been avoided. NMP seemed a suitable solution as it is an organic dipolar aprotic solvent miscible 

with water [411]. The scaffold was dried in a custom-made vacuum oven – see paragraph 

3.6.2.2. NMP boiling point is at 202°C under atmospheric pressure and it is toxic. However, a 

vacuum oven able to pull the pressure below 293 mbar reduces the NMP boiling temperature 

to 0°C.  

During scaffold observation in wet conditions, fast GL layer dissolution was noticed. GPTMS 

crosslinking of GL has never been an issue in previous works, when water/acetic acid or water 

only were utilized as solvents to create GL electrospun mats. The most plausible hypothesis was 

that NMP was interfering with GPTMS crosslinking. Given the lack of literature reports on 

GPTMS-crosslinked GL scaffolds using solvents other than water and acetic acid, it was decided 

to use water only to produce the GL layer. Restoration of GPTMS crosslinking efficacy was 

mandatory to grant previously measured GL layer duration in wet conditions - 18-21 days. Thus, 

modifications to the GL layer manufacturing protocol were made – paragraph 4.4.2.1. To allow 

electrospinning of GL in water solution, the electrospinning system was fitted with a system that 

regulates temperature and relative humidity. An additional scaffold issue was noticed. The 

scaffold was delaminating, PCL and GL layers were separating. Thus, it became necessary to 

modify the PCL layer fabrication protocol – paragraph 4.4.2.2. PCL is hydrophobic while GL is 

hydrophilic. While the PCL layer tends to minimize its contact with water, the GL layer absorbs 

water and swells in wet conditions. The different nature of the two materials is likely to be the 

cause of the scaffold delamination. Delamination risk is not acceptable for this application. 
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Therefore, it was decided to change the core layer formulation, and substitute PCL only with a 

PCL/GL blend. The new hydrophilic core layer should have similar properties to the GL coatings 

[412], [413]. This formulation change will provide the scaffold with a stronger bond between the 

scaffold’s layers, and hopefully avoid delamination. 

The next passage in the scaffold development was to demonstrate the achieved microRNA-

functionalization of the scaffold, and the sustained release of microRNA during GL layer 

degradation. Proofs supporting that the microRNA vector was embedded in the GL layer were 

shown using fluorescence microscopy (vectors were previously functionalized with FITC) and 

SEM – paragraph 4.4.3. The microRNA sustained release was tested by measuring the microRNA 

content of PBS incubated with a scaffold section and sampled periodically – paragraph 4.4.4.  

The last step was showing that cells seeded on the microRNA-functionalized scaffold uptake the 

microRNA released by the scaffold itself during GL degradation. As a prerequisite, it was 

mandatory to have an efficient protocol to detach cells from the scaffold. Cell detachment from 

scaffolds is not an easy (usually overlooked) task like detaching cells from culture plastics. Also, 

it is hard to find a cell detachment protocol applicable to different scaffold types. Hence, I had 

to optimize a protocol suitable for the combination of cells and scaffold I have employed in my 

project. This passage should not be underestimated as it is not simple to detach a good number 

of cells without killing them from scaffolds, as I experienced in a study in which I collaborate 

[414]. In all protocols, EDTA incubation was intended to remove all Ca2+ and Mg2+ that may have 

been accumulated in the scaffold and hamper detaching enzymes' work. Its role is to chelate 

Ca2+ and Mg2+, which facilitates cell adhesion on a substrate [415]. RT-qPCR was chosen to 

investigate the cell uptake of the microRNA released by the scaffold. However, a minimum 

amount of total RNA extracted from detached cells is needed to perform RT-qPCR. From reverse 

transcription kit guidelines (TaqMan MicroRNA Reverse Transcription Kit, Thermo Fisher, USA), 

a minimum of 6 ng/uL of total RNA in the extract is needed to perform reverse transcription, 

and produce the cDNA for RT-qPCR. The RNA extraction is performed using the miRNeasy Micro 

Kit (Qiagen, Germany), and it should be eluted in 14 μL of RNAse-free water. Thus, a minimal 

amount of cells detached from the scaffold from which extract the RNA is needed, since the 

elution volume and the minimal concentration are fixed. Actually, the microRNA concentration 

in the extract should be more than the bare minimum. This allows to assay additional targets, 

such as the hsa-mir-132-3p target genes, from the same samples. Therefore, different cells 

detachment protocols were compared, and the one which yields more live cells was selected  - 

paragraph 4.4.5. The final experiment tests if the scaffold-released microRNA is uptaken by the 

ECs seeded on it using materials and protocols developed so far – paragraph 4.4.6.        
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3 Materials and methods 

3.1 Materials 

All the materials used in this project are summarized in table 3-1. 

 

Material name Catalogue 
number 

Manufacturer 

Cel-miR-39-3p N/A (custom) Eurofins, Germany 

Cyanine 5 (Cy5)-functionalized cel-miR-39-3p N/A (custom) Eurofins, Germany 

Low molecular weight chitosan  448869-50G Merck, Germany 

Chitosanase from Streptomyces Griseus C9830 Merck, Germany 

Accutase A6964 Merck, Germany 

Branched PEI Mw=25 kDa 408727 Merck, Germany 

Hydroxyurea H8627-1G Merck, Germany 

PLGA Resomer RG 503  739952 Merck, Germany 

NaCl S9888 Merck, Germany 

CTAB H6269-100G Merck, Germany 

Spermidine 85558-1G Merck, Germany 

PVA Mw= 13-23 kDa 363170-25G Merck, Germany 

PVP40 PVP40-50G Merck, Germany 

Tris-HCl pH 8.0 PPB010 Merck, Germany 

EDTA pH8.0 E9884-100G Merck, Germany 

β-mercaptoethanol 444203-250ML Merck, Germany 

Glycine G8898-500G Merck, Germany 

CuSO4 451657-10G Merck, Germany 

PEG P2139-500G Merck, Germany 

H2SO4 4803641000 Merck, Germany 

Gelatin type A from porcine skin G1890 Merck, Germany 

Amicon Ultra centrifugal filters MWCO=100 kDa UFC910008 Merck, Germany 

Sodium tripolyphosphate 238503 Merck, Germany 

CBR Sc-214719 Santa Cruz, USA 

TrypLE Express Enzyme 12605010 Thermo Fisher Scientific, USA 

Pierce LDH Cytotoxicity Assay kit 88953 Thermo Fisher Scientific, USA 

mirVana Hsa-miR-132-3p mimic 4464066 Thermo Fisher Scientific, USA 

mirVana miRNA mimic negative control 4464058 Thermo Fisher Scientific, USA 

Click-iT EdU Cell Proliferation Kit C10338 Thermo Fisher Scientific, USA 

TaqMan MicroRNA Reverse Transcription Kit 4366596 Thermo Fisher Scientific, USA 

High Capacity RNA-to-cDNA Kit 4387406 Thermo Fisher Scientific, USA 

TaqMan Fast Universal PCR Master Mix  4364343 Thermo Fisher Scientific, USA 

TaqMan MicroRNA Assays 4427975 Thermo Fisher Scientific, USA 

TaqMan mRNA Assays 4331182 Thermo Fisher Scientific, USA 

Ambion RNase inhibitor AM2682 Invitrogen, USA 

Lipofectamine RNAiMAX 13778075 Invitrogen, USA 

MiRNeasy Micro Kit 217084 Qiagen, Germany 

AllStars Negative Control siRNA 1027280 Qiagen, Germany 

DCM  84534.550 Avantor, USA 

Plant microRNA Purification Kit 54700 Norgen, Canada 
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Regenerated cellulose dialysis tubes MWCO 140 
kDa 

44560.01 Serva Electrophoresis, Germany 

Repligen Float-A-Lyzer MWCO 50kDa G235070 Spectrum chemicals, USA 

Repligen Float-A-Lyzer MWCO 300kDa G235060 Spectrum chemicals, USA 

DMEM (low glucose, GlutaMAX(TM), pyruvate) 10567014 Gibco, USA 

FBS HI 10500.064 Gibco, USA 

0.5% Trypsin-EDTA 15400054 Gibco, USA 

Dulbecco’s PBS 14190094 Gibco, USA 

Opti-MEM reduced serum medium 11058021 Gibco, USA 

HAoECs C-12271 Promocell, Germany 

Cryo SFM C-29910 Promocell, Germany 

EGM MV2 C-2212 Promocell, Germany 

Immortalized HUVECs EA.hy926 Donated 

Viability/Cytotoxicity Assay Kit 30002 Biotium, USA 

FITC  90020 Biotium, USA 

Table 3-1: List of materials used in this project  
 
 

3.2 Cell biology methods 

3.2.1 Immortalized endothelial cells (EA.hy926) culture  

The human umbilical vein cell line (EA.hy926) is a commercial established cell line. Cells can be 

cultured up to 100 population doublings, maintaining several ECs’ functions. They are positive 

for typical endothelial antigens, such as Von Willebrand factor, GMP-140, prostacyclin, platelet-

activating factor, tissue plasminogen activator, and plasminogen activator inhibitor type I, 

thrombomodulin, vitronectin receptor. EAhy926 possess Weibel-Palade bodies in their 

cytoplasm and tissue-specific organelles. Finally, EAhy926 maintains differentiated endothelial 

cell functions such as angiogenesis, homeostasis/thrombosis, blood pressure, and inflammation 

regulation [416], [417]. Ea.hy926 were cultured at 37°C, 20% Oxygen, 5% carbon dioxide in 90% 

DMEM (with low glucose, GlutaMAX(TM) and pyruvate) and 10% fetal bovine serum (FBS). 

 

3.2.2 Human Aortic Endothelial Cells culture 

Commercial HAoECs were cultured at 37°C, 20% Oxygen, and 5% carbon dioxide in endothelial 

cell growth medium (EGM) MV2 culture media and used between passages 4-7.  
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3.2.3 Cell passage 

Cells were passaged to larger culture surfaces at around 80% confluence. Cells were washed 

with PBS and incubated for 5 min in a solution of 0.05% (w/v) trypsin/ 

Ethylenediaminetetraacetic Acid (EDTA) to detach them from the culture surface. The trypsin 

activity was neutralized adding twice the trypsin solution volume of 10% FBS in PBS. Then, the 

cell suspension was centrifuged at 400 xg for 10 minutes to pellet the cells at the bottom of the 

tube. The supernatant was discarded and the cell pellet was re-suspended in 1 ml of culture 

media. Cells were counted using a Neubauer chamber and seeded in a new culturing plate at 

the desired density. When HAoECs were to be passaged, cells were incubated for 2 min in a 

solution of 0.05% (w/v) trypsin/EDTA, and the centrifuging will be at 220 xg for 2.5 minutes. 

 

3.2.4 Cell cryopreservation and resuscitation 

Cells were detached from the culture flask for the cell passage procedure. After detached cell 

suspension have been centrifuged, the supernatant was discarded and cells were resuspended 

in 0.5 or 1 mL of chilled (4°C) freezing media (Cryo SFM). Then, the cell suspension was poured 

into a cryotube vial and placed in a freezing container at -80°C. After 24h, the cryotube was 

transferred into a liquid nitrogen storage system.  

To resuscitate the cells, the required aliquots were taken from the liquid nitrogen storage and 

rapidly thawed in a water bath at 37°C. Immediately after, the cryotube vial content was 

transferred to the culture container pre-filled with a proper amount of culture media.  

 

3.2.5 MicroRNA transfection to Human Aortic Endothelial Cells 

Cells were seeded in 96 well plates (culture area: 0.34 cm2) at a density of 15000 cells/cm2, and 

cultured until 80% confluence. Then, culture media was substituted with 50 μL of Opti-MEM and 

miRNA-NPs mix in order to reach a microRNA concentration of 25 nM. As reported in the 

literature, 25 nM is a common concentration for liposome-based transfection and used in 

several studies. MicroRNA-NPs suspension had a microRNA stock concentration of 250 nM 

hence this was diluted 1:10 in Optimem before adding to cells. Commercialized Lipofectamine 

RNAiMAX (Lipofectamine) was used as a gold standard. Lipofectamine is a lipid-based 

transfection vector. The RNAiMAX version of it is specific for siRNA and microRNA delivery into 

the cell cytoplasm, already been successfully tested with endothelial cells [379]. The 
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Lipofectamine’s cationic lipids form a unilamellar liposomal structure that electrostatically binds 

the genetic material (slightly anionic) to transfect forming the transfection complex. The overall 

complex is positively charged and it is electrostatically attracted to the plasma membrane 

(negative charge). The lipid nature of Lipofectamine favors complex transport in the cytoplasm. 

Once in the cytoplasm, the transfection complexes move towards mRNA strands (this cytosolic 

trafficking phase is not clear and may be different for each lipid vector formulation) and finally 

interfere with mRNA translation  [418], [419] (see paragraph 1.5.1). Lipofectamine transfected 

samples were compared with microRNA-NPs transfected samples. Liposomes with 25 nM of 

microRNA were created following the manufacturer’s protocol and administered simultaneously 

to miRNA-NPs as a positive control. MicroRNA concentration of 25 nM for cell transfection is 

within the manufacturer’s recommended concentration range, and it is also employed in several 

studies, as previously mentioned. After 4 hours,  cells were washed with PBS and then incubated 

for 16 h in culture media. 

 

3.2.6 Viability assay 

Viability/Cytotoxicity Assay Kit  (Biotium Inc, USA) was used to assay live and dead cells. Live 

cells’ cytoplasm was stained in green, while dead cells’ DNA was stained in red. The kit includes 

two components: Calcein AM and EthD-III. Calcein AM is a non-fluorescent esterase substrate 

that can enter the plasma membrane. Once inside viable cells, Calcein AM is cleaved by esterases 

to yield the green fluorescent dye Calcein, which cannot exit live cells as it is negatively charged 

as the plasma membrane. Consequently, viable cells with intact membranes retain green-

fluorescent Calcein within their cytoplasm. EthD-III is a red-fluorescent DNA dye. It cannot cross 

the plasma membrane, so it does not stain viable cells' DNA with intact plasma membrane. 

Therefore, EthD-III stains only dead or dying cells with damaged membranes.  

Reduced serum media was mixed with Calcein AM(1:2000 v/v) and EthD-III (1:500 v/v). Cells to 

stain were washed with PBS and incubated with Calcein AM/ EthD-III mix for 30 minutes at 37°C. 

Then, cells were washed with PBS and incubated with fresh reduced serum media. Cells were 

imaged using a fluorescence microscope. 

 

3.2.7 Lactate dehydrogenase assay 

The lactate dehydrogenase (LDH) assay was done using the Pierce LDH Cytotoxicity Assay kit 

(Thermo Fisher Scientific, USA). Pierce LDH Cytotoxicity Assay Kit is a colorimetric test that 
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estimates the amount of LDH in culture media. LDH is membrane impermeant, and not released 

by healthy cells. Only cells with interrupted membranes are releasing LDH. Thus, this is a method 

to understand whether cells have received damages to their membrane, as it may happen during 

transfection [420]; and a general indicator of cell health.   

Cells underwent different treatments and a media sample was incubated with the LDH Assay kit 

reagents. The positive control is represented by cells incubated with a lysis reagent included in 

the assay. The LDH enzyme catalyzes a reaction cascade which eventually reduces tetrazolium 

salt to red formazan that can be measured at 490nm of wavelength. Briefly, 50 μL of culture 

media is added to 50 μL of the reaction mixture in a black-walled 96 well plate and left to react 

at RT for 30 min protected from light. Then, 50 μL of stop solution is added and the absorbance 

at 490 nm is measured using a plate reader. Cytotoxicity is calculated as follows: 

 

% 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =  
𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 − 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑎𝑐𝑡𝑣𝑖𝑡𝑦 − 𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
∗ 100 

 

where spontaneous LDH activity is the activity expressed by LDH released by cells treated with 

10% v/v sterile distilled water; maximum LDH activity is the activity expressed by LDH released 

by cells treated with 10% of included lysis buffer; treated cells LDH activity is the activity 

expressed by LDH released by cells treated with the compound to investigate.  

 

 

3.2.8 Migration assay 

A line gap in the cell monolayer was created at the center of the wells (96 well plate – 34 mm2)  

by a single scratch through the monolayer with sterile 10 μL pipette tips. Then, cell monolayers 

were washed with PBS, and fresh culture media with 2mM hydroxyurea was added [421]. 

Hydroxyurea blocks cell mitosis; which ensures that the cells that closed the gap did migrate 

from beyond the gap border, instead of by cell proliferation. The gap closure was monitored by 

optical microscopy at specific time points, and the gap area was calculated using ImageJ image 

processing software. 
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3.2.9 Proliferation assay 

Click-iT EdU Cell Proliferation Kit (Thermo Fisher Scientific, USA) was used to perform the 

proliferation assay. The kit detects proliferating cells by staining their DNA during DNA synthesis. 

5-ethynyl-2´-deoxyuridine (Edu) is a nucleoside analog of thymidine, and it incorporates in 

replicating cells’ DNA during DNA synthesis. Any replicating cell will incorporate Edu in its DNA 

as long as Edu is incubated in the cell culture. Once the observation window is ended, cells are 

fixed and Edu detection is carried out through a covalent reaction between an azide-

functionalized fluorescent dye and the alkyne included in the Edu. Thus, cells that replicated 

during the observation window were stained by a fluorescent dye attached to Edu, which was 

incorporated into their DNA during their replication. 

At the beginning of the observation window, half growth media was removed from the culture 

wells, and fresh media with Click-iT EdU Cell Proliferation Kit Component A at 20 μM was added 

to replace the removed volume, at the beginning of the observation period. The final 

Component A concentration in culture media was 10 μM. 24 and 48 hours after Component A 

incubation, cells were fixed with 4% Paraformaldehyde (PFA) and stained following the Click-iT 

EdU Cell Proliferation Kit manufacturer’s protocol. Nuclei of cells that divided during the kit’s 

Component A incubation were bound with it and became positive to the staining. In addition, 5 

min incubation with 4', 6-Diamidino-2-Phenylindole, Dihydrochloride DAPI (30 nM) stained each 

nucleus, allowing to estimate the percentage of proliferating cells.  Cell monolayers were imaged 

by a fluorescence microscope. 

 

3.2.10 Cell detachment from scaffold  

Colonized scaffolds were washed twice with PBS after discarding the culture media. Then, cells 

were incubated in 4mM EDTA in PBS (without Ca2+ and Mg2+) for 5 min at 37°C on a plate shaker. 

The solution was discarded at the end of the incubation. Following, a detaching reagent was 

incubated at 37°C on a plate shaker:  

 

• TrypLE  for 10 minutes or 1h 

• Accutase  for 10 minutes or 1h 

• Trypsin for 5 minutes or 15  
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After the incubation, the suspension was centrifuged at 220 xg for 2.5 minutes and the 

supernatant was discarded. Then, the cells are resuspended in fresh media and counted using a 

Neubauer chamber.  

 

3.2.11 Cell count 

Cells were suspended in fresh media. 20 μL of cell suspension was mixed with 20 μL of Trypan 

Blue. A glass coverslip was placed on top of a Neubauer chamber (figure 3-1A), and 10 μL of 

Trypan Blue/cells mix was injected in the gap between the top surface of the Neubauer chamber 

and the coverslip (figure 3-1C). Trypan blue was added to distinguish live from dead cells as it 

can cross only damaged plasma membranes. The cells found in the 4 large corner squares were 

counted, and the total was divided by four to obtain the average (figure 3-1B and D). The average 

was then multiplied by 20000 to obtain the number of cells per mL of suspension.    

 

 

Figure 3-1: Cell manual counting 
A) Image of a Neubauer chamber. B) Layout of the grid on the center of the chamber face is 

highlighted in figure A. C) Lateral profile of the chamber to highlight the gap in which the 
cells/Trypan blue mix was injected. D)Example of counting pattern in one of the four corner 

squares. 
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3.3 Molecular biology methods 

3.3.1 Total RNA extraction 

Total RNA was extracted using a miRNeasy micro kit from Qiagen. RNA concentration and purity 

were verified with the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). Where 

needed, the Cetyltrimethylammonium Bromide (CTAB) -based lysis buffer substituted the 

manufacturer’s lysis buffer.The CTAB-based buffer was prepared mixing the following reagents 

in RNAse-free water: 2% w/v CTAB, 2% w/v polyvinylpyrrolidone (PVP) 40, 1.4 M NaCl,  100 mM 

pH=8.0 Tris-HCl, 20 mM EDTA, and 1.0 % v/v beta-mercaptoethanol [422], [423].The buffer was 

stored in the fridge and warmed to 65°C in a water bath before use. Norgen Plant microRNA 

Purification Kit was used where indicated following the manufacturer’s protocol. Then, the 

extracted microRNA was stored at -80°C. 

3.3.2 MicroRNA Reverse Transcription and Real-Time quantitative Polymerase 

Chain Reaction (RT-qPCR) 

The TaqMan MicroRNA Reverse Transcription Kit (Life Technologies) was used with specific 

microRNA primers (listed below) to obtain the microRNA’s complementary DNA (cDNA). 

MicroRNA retro transcription mix components and amounts are detailed in table 3-2, while 

microRNA assays are in table 3-3. MRNA retro transcription was performed using a High Capacity 

RNA-to-cDNA Kit Retro transcription kit. MRNA mix components and amounts are detailed in 

table 3-2. RT-qPCR was performed on a QuantStudio 5 (Applied Biosystems). The 

MicroRNA/mRNA RT-qPCR mix is detailed in table 3-4. The mRNA and microRNA expression 

levels were calculated using the 2-∆Ct method. Each reaction was performed in triplicate. 

MicroRNAs expression was normalized to U6 snRNA, while the mRNA expression was 

normalized to Ubiquitin C (UBC). 

 

MicroRNA retro transcription mix (μL) MRNA retro transcription mix (μL) 

TaqMan MicroRNA Reverse Transcription Kit High Capacity RNA-to-cDNA kit 

10x RT buffer mix 0.5 RT enzyme  0.5 

dNTPs 0.05 RT buffer mix 5 

Rnase inhibitor 0.063   

RT enzyme  0.33   

RNase-free water  1.33   

Taqman specific primer 1   

Sample’s RNA (10 ng) 1.66 Sample’s RNA (100 
ng) 

4.5 
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Total volume 5 Total volume 10 

Table 3-2: Reagents included in the microRNA retro transcription mix (left) and mRNA retro 
transcription mix (right) 

 

Primers and probes for mRNA/microRNA retro transcription and RT-PCR 

MicroRNA Assay Name (cat. 4427975)  Assay number 

Hsa-miR-132-3p 000457 

Cel-miR-39-3p 000200 

Hsa-miR-26a-5p 000405 

U6 snRNA 001973 

MRNA Assay Name (cat. 4331182)  Assay number 

Ubiquitin C Hs00824723_m1 

RAS p21 protein activator 1  Hs00243115_m1 

RB transcriptional corepressor 1 Hs01078066_m1 

Paxillin Hs01104424_m1 

Cyclin-dependent kinase inhibitor 1A Hs00355782_m1 

Sprouty-related EVH1 domain containing 1 Hs01084559_m1 

Table 3-3: List of probes and primers employed in microRNA retro transcription and RT-qPCR 
and mRNA RT-qPCR. 

 

MicroRNA/mRNA RT-qPCR mix (μL) 

Universal PCR master mix 2.5 

Sample’s cDNA 0.5 

microRNA/mRNA Taqman probe 0.25 

RNase-free water  1.75 

Total volume 5 

Table 3-4: Reagents included in the microRNA/mRNA RT-qPCR 
 

 

3.3.3 Chitosan enzymatic digestion 

Chitosanase(Merk, USA) is a chitosan-digesting enzyme. Incubated with chitosan, chitosanase 

breaks β-(1→4) links between chitosan monomers (figure 3-2), N-acetyl-D-glucosamine, or its 

deacetylated version D-glucosamine. Based on published methods [424]–[426], I tested two 

different enzyme concentrations – 7 Units (U)/mg of chitosan and 0.7 U/mg of chitosan. After 

NPs production, the NPs suspension is incubated with chitosanase at 37°C for 4h in constant 

agitation. Then, microRNA is extracted with an RNeasy micro kit and I perform RT-qPCR.   
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Figure 3-2: Chitosanase enzyme target bond to digest chitosan 
 

 

3.3.4 RNAse inhibitor test 

RNase inhibitor (Invitrogen, USA) is tested to block microRNA degradation by RNAse in FBS. 

RNase inhibitor is injected in microRNA-NPs dispersion or microRNA dilution in RNase-free water 

following the manufacturer’s recommended concentration – 1 U/μL. Then, it will protect 

microRNA from any nucleases it should come in contact with afterward, i.e. FBS nucleases.  

 

 

3.3.5 MicroRNA targets selection by bioinformatic analysis 

In the cytoplasm, the double-strand microRNA (exogenously administered or internally 

synthetized) binds to the RISC complex, forming the miRISC. Once bound-microRNA loses its 

passenger strand, the miRISC complex binds with partially or totally complementary mRNA 

sequences - see paragraph 1.5.1. The typical microRNA/mRNA binding requires 6 

complementary bases. In the microRNA, this section is called seed region and it is located in the 

nucleotides 2–7 of the 5’ end [427]. Hsa-miR-132 target genes list was obtained from Targetscan 

8.0 (https://www.targetscan.org/vert_80/). Targetscan predicts potential microRNA targets by 

searching for the presence of 8-mer, 7-mer, and 6-mer (sequences of 8, 7, and 6 nucleotides) on 

the 3’ UTRs of the vertebrates mRNA pool that are matching the microRNA seed region [428]. 

Once the microRNA potential target list is created, it is fed to g:Profiler 

(https://biit.cs.ut.ee/gprofiler/gost). G:Profiler allocates any given gene to its gene ontology. A 

gene ontology class encompasses genes involved in the same biological process. Through this 

software, it is possible to select the genes of interest based on the biological process to 

https://biit.cs.ut.ee/gprofiler/gost
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investigate [429]. In this project, classes involved in the regulation of cytoskeleton were selected 

to identify genes involved in migration, and regulation of cell cycle and programmed cell death 

classes for proliferation.  As additional confirmation, a literature review is carried out for each 

chosen gene. 

 

 

3.4 Nanoparticles production methods 

3.4.1 Chitosan-Nanoparticles production by ionic crosslinking 

I fabricated the NPs by ionic crosslinking. The NPs are produced by exploiting the electrostatic 

attraction between chitosan and nucleic acids, which have a positive and a negative net charge, 

respectively (figure 3-3B). Chitosan gains its positive charge below pH=6.5, where its amines are 

protonated. MicroRNA has only a mild negative charge coming from their phosphate groups. 

Therefore, it is thought that a negative compound is needed to enhance the electrostatic 

interaction and make stronger NPs. Tripolyphosphate (TPP) possesses three negatively charged 

phosphate groups, which increase the NPs’ electrostatic bonds (figure 3-3A) [430], [431].   

The polysaccharide/crosslinker weight ratio is a fundamental parameter that influences almost 

each NPs’ property. In brief, the NPs bond is regulated by electrostatic forces. Hence, the NPs 

bond strength is determined by the ratio between the number of chitosan positive charged 

amines (N) and the number of negatively charged phosphates present in the crosslinker and 

microRNA (P) – N/P. Since the microRNA’s phosphate groups are partially shielded, the overall 

microRNA negative charge is not sufficient to produce strong NPs. Thus TPP, which has a high 

negative charge density, is added. As a result of the addition of a material with such a high 

negative charge density, the microRNA contribution to P is negligible compared to TPP when the 

N/P ratio is calculated. Each 222 g of Chitosan (WN) contains 1 mol of amine groups, while 122 g 

of TPP (WP) contains 1 mol of phosphates. Knowing the materials’ weight needed to add certain 

amounts of charged groups, it is possible to calculate the weights ratios required to reach 

specific N/Ps.   

 

𝑁𝑒𝑒𝑑𝑒𝑑 𝑐ℎ𝑖𝑡𝑜𝑠𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑊𝐶ℎ = 𝑁 ∗ 𝑊𝑁;         𝑁 = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑚𝑖𝑛𝑒 𝑔𝑟𝑜𝑢𝑝 

 

𝑁𝑒𝑒𝑑𝑒𝑑 𝑇𝑃𝑃 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑊𝑇𝑃𝑃 = 𝑃 ∗ 𝑊𝑃;            𝑃 = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 𝑔𝑟𝑜𝑢𝑝 
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𝑊𝐶ℎ

𝑊𝑇𝑃𝑃
=  

𝑁 ∗ 𝑊𝑁

𝑃 ∗ 𝑊𝑃
  ;  

𝑊𝑁

𝑊𝑃
= 1.82 →  

𝑊𝐶ℎ

𝑊𝑇𝑃𝑃
=  

𝑁

𝑃
∗ 1.82  

 

In the thesis, I will use as a convention to identify NPs with different chemical/physical properties 

the nomenclature N/P or Chitosan/TPP w/w, which is N/P*1.82.  

In literature, N/P is variable but always larger than 1. Generally, N/P spans from 2 to 50. 

Following the production formula optimization (see paragraph 3.2.2), I used N/P=4 which is 

equal to the Chitosan/TPP weight ratio of 7. Chitosan/TPP=7 w/w was chosen since it is the 

highest ratio which keeps NPs size below 200nm. I chose this ratio due to the acceptable trade-

off between NPs’ microRNA protection and NPs’ size, which directly correlated with their ability 

to access cellular cytoplasm. Indeed, NPs internalization by cells that cannot use the 

phagocytosis mechanism (mainly immune cells), is limited to a size of 500nm. However, 500nm 

is a very stretched limit, and the percentage of uptaken NPs with respect to available NPs 

decreases approaching that limit. Generally, a diameter of 200 nm allows cells to use the 

majority of their uptake mechanisms [432]–[434]. Zhu et al. showed an increased cellular uptake 

as NPS size was decreasing between 307 nm to 55 nm [435]. Lu et al. and Win et al. observed 

the same trend with NPS ranging from 30 to 280 nm and 1000 to 200 nm, respectively [436], 

[437]. On the other hand, higher Chitosan/TPP w/w improves NPs stability in water and FBS 

dilutions, and thus transfection efficiency [346], [395], [438].  The weight ratio between the 

amounts of chitosan and TPP used for NPs manufacturing is 7. The NPs are manufactured in a 

Class II biological safety cabinet to ensure sterility (figure 3-3C).  

As example of the production process, the following is to produce chitosan-NPs with the 

protocol I have optimized (see paragraph 4.3.2.1) - chitosan concentration=0.25mg/mL, TPP 

concentration=0.1mg/mL; Chitosan/TPP weight ratio=7, NaCl concentration=50mM.  A solution 

of 0.89mL of TPP (0.1 mg/mL) and miRNA (952.24 nM to get a final concentration of 250 nM in 

the dispersion) was dissolved in RNAse-free water and loaded in a sterile syringe. In a separate 

glass tube, 2.49 mL of chitosan (0.25 mg/mL) and 9.88 mg of NaCl in distilled water - adjusted to 

pH=5.5 with acetic acid, is prepared. Then, the tube is placed on a hotplate stirrer, which keeps 

the content in constant stirring at 1400 rpm and a temperature of 37°C. The syringe with the 

miRNA and TPP solution is loaded on a syringe pump, and its content is dropped inside the glass 

tube with the chitosan solution at a fixed flow - 0.2 mL/min.  

As the two solutions meet, oppositely charged solutes are attracted to each other by 

electrostatic forces, and they form the NPs (figure 3-4).  

The solution in the tube is kept in constant stirring to prevent the formation of bigger 

aggregates. In addition, NaCl (50mM) is added to both solutions since it helps to obtain a 
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narrower NPs’ diameters distribution [395]. After the whole TPP-miRNA solution has been 

injected into the glass tube, the solution is left stirring for 45 min, and finally, NPs are store at 

4°C before use. No washing  or isolation has been performed since I could not work out a method 

to do so without damaging the NPs (see results). Reported concentrations refer to initial 

materials amounts employed at the time of NPs fabrication. NPs will be no later than one day 

after production. 

 

 

 
Figure 3-3: Chitosan-NPs primary bond schematic 

Chitosan-TPP electrostatic interaction. B) Chitosan-nucleic acids NPs formation. C) My NPs 
production setup into a Class II cabinet. 

   

 

 
Figure 3-4: Chitosan ionic gelation process 

A pH=5.5 water solution of positive-charged chitosan polysaccharides receives drops of 
microRNA and TPP in water (negative-charged solutes). As oppositely charged solutes meet, 
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they are attracted to each other and form NPs. The solution is in constant stirring to prevent 
the formation of large aggregates. 

 

 

 

3.4.2 Fluorescent chitosan-NPs production 

The production of fluorescent NPs allows the use of fluorescence imaging to locate NPs. FITC-

conjugation of chitosan was chosen as it was deemed the most feasible in our laboratories and 

with our knowledge among the reviewed ones. The production protocol was replicated from a 

publication [439].  

FITC (Biotium) was dissolved in methanol at 0.67 mg/mL. To this, 100 mL of 1% w/v of chitosan 

(Merck) in 0.1M acetic acid was added. The mix was left stirring in the dark for 3 hours. Then, 

the chitosan was precipitated adding 2M NaOH to reach a final NaOH concentration of 0.2 M. 

The precipitate was pelleted at 15,000 g for 1 hour and washed with methanol/water (70/30, 

v/v). The supernatant fluorescence was measured by the Promega Glomax fluorimeter 

(Promega, USA) with the following settings: excitation wavelength 475 nm and emission band 

500-550 nm. The washing and pelleting were repeated until supernatant fluorescence was 

reduced below 1/100 of the fluorescence measured in the supernatant after the first wash. 

Following this, the chitosan was dissolved in 20 ml of 0.1 M HAc and dialyzed in the dark against 

5 L of distilled water for 3 days. The water was replaced every 6 hours with an overnight break 

of 12 hours. Finally, the FITC-conjugated chitosan was freeze-dried for 3 days.  

FITC-conjugated chitosan-NPs were prepared by ionic crosslinking following the protocol 

described in the previous paragraph. 

A calibration curve was drawn to correlate the FITC-conjugated chitosan-NPs amount to the 

fluorimeter’s fluorescence intensity. Chitosan-NPs were suspended in Optimem and EA.hy926 

ECs complete media. The fluorimeter measures fluorescence in arbitrary units. In figure 3-5 

fluorescence units are correlated with known amounts of FITC-NPs in suspension, expressed as 

fractions of the amount that will be incubated with cells (34ng/μL – see paragraphs 4.3.2.2 and 

4.3.2.3 for the justification of this concentration). Linear regression equations and their relative 

goodness of fit coefficient R2 were calculated with Microsoft Excel for both suspensions – 

Optimem- and complete media-based.  

 



59 
 

 

Figure 3-5: Fluorimeter calibration curve of known amounts of fluorescent chitosan-NPs  
Known amounts of FITC functionalized chitosan-NPs were suspended in either Optimem or 

EA.hy926 ECs complete media. The suspensions fluorescence was measured by the Promega 
Glomax fluorimeter (Promega, USA) with the following settings: excitation wavelength 475 nm 

and emission band 500-550 nm. The indication of NPs quantities is expressed as fractions of 
the amount that will be incubated with cells - 34ng/μL. Linear regression was performed using 

the datasets of both media used to suspend NPs (regression equations and goodness of fit 
coefficient R2 are displayed on the top of the graph).   

 

 

 

3.4.3 PEI-NPs production 

Polyethyleneimine (PEI)-based NPs are prepared with a simple mixing step before using them 

for transfection replicated from literature [318], concentrations included. A PEI stock solution is 

prepared dissolving branched PEI Mw=25 kDa (figure 3-6) in PBS at 10 mg/mL. MicroRNA stock 

solution is prepared in RNAse-free water at 25 μM. Since PEI-NPs bonds are electrostatic as for 

chitosan-NPs, the rationale to establish PEI amount involves combining compounds to reach 

specific electrostatic charges ratios as previously discussed. Each 39.2 g of PEI (WN) provides 1 

mol of positively charged amines, while 1 mol of negatively charged phosphates is in 325 g of 

microRNA (WP). The same passages detailed for chitosan-NPs production bring to an N/P- 

WPEI/WmiRNA equivalence – where WPEI is the weight of PEI and WmiRNA s the weight of microRNA.  

 

𝑁𝑒𝑒𝑑𝑒𝑑 𝑃𝐸𝐼 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑊𝑃𝐸𝐼 = 𝑁 ∗ 𝑊𝑁;                              

𝑁 = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑚𝑖𝑛𝑒 𝑔𝑟𝑜𝑢𝑝 

 

𝑁𝑒𝑒𝑑𝑒𝑑 𝑚𝑖𝑐𝑟𝑜𝑅𝑁𝐴 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑊𝑚𝑖𝑅𝑁𝐴 = 𝑃 ∗ 𝑊𝑃;           

 𝑃 = 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 𝑔𝑟𝑜𝑢𝑝 
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𝑊𝑃𝐸𝐼

𝑊𝑚𝑖𝑅𝑁𝐴
=  

𝑁 ∗ 𝑊𝑁

𝑃 ∗ 𝑊𝑃
  ;  

𝑊𝑁

𝑊𝑃
= 0.121 →  

𝑊𝑃𝐸𝐼

𝑊𝑚𝑖𝑅𝑁𝐴
=  

𝑁

𝑃
∗ 0.121 

 

𝑊𝑃𝐸𝐼 =  
𝑁

𝑃
∗ 0.121 ∗ 𝑊𝑚𝑖𝑅𝑁𝐴;                    

𝑚𝑖𝑐𝑟𝑜𝑅𝑁𝐴 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ = 7000 
𝑔

𝑚𝑜𝑙
 

 

The tested N/P molar ratios are 10 and 20 as typically used in the literature  [318], [325]. Thus, 

the PEI stock solution is diluted to the required concentration in PBS, then, a proper amount of 

microRNA stock solution is added to combine. The solution is briefly mixed followed by 30 min 

of rest to allow NPs formation. As from published protocol, no further handling is needed before 

PEI-NPs use, the particle suspension is directly administered to the cultured cells in the proper 

volumes to reach the transfection concentration. Given the fixed microRNA concentration (25 

nM) in each transfection experiment, the compounds’ amount required for each mL of 

transfection media are: 

 

𝑊𝑚𝑖𝑅𝑁𝐴 = 175 𝑛𝑔 

 

𝑁

𝑃
= 20 →  𝑊𝑃𝐸𝐼 =   423 𝑛𝑔;  

 

𝑁

𝑃
= 10 →  𝑊𝑃𝐸𝐼 =   211 𝑛𝑔;  

 

3.4.4 PEI-g-PEG NPs fabrication for microRNA transfection 

MicroRNA-loaded polyethylenimine-grafted-poly(ethylene glycol) (PEI-g-PEG - figure 3-6) NPs 

production protocol is similar to the PEI-NPs one. The starting quantities were taken from a 

published protocol [440]. However, a higher amount of PEI-g-PEG is required since PEI-g-PEG 

Mw is larger than PEI to reach the same N/P molar ratios. The concentrations of required PEI-g-

PEG is 347 ng/mL for N/P=5,  694 ng/mL for N/P=10, and 1.388 μg/mL for N/P=20. . As from 

published protocol, no further handling is needed before PEI-NPs use, the particle suspension is 

directly administered to the cultured cells in the proper volumes to reach the transfection 

concentration 
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Figure 3-6: Chemical structure PEI-g-PEG compared with PEI 

 

3.4.5 PLGA-NPs fabrication 

PLGA-NPs are fabricated by emulsion-solvent evaporation, and replicated from published 

protocols [441]. The following procedure is carried out in a biosafety cabinet to ensure product 

sterility. For the production of the PLGA-NPs, a positive-charged component was needed and 

for this purpose, I mixed MicroRNA with Spermidine in a dichloromethane (DCM) solution. 

Spermidine is a natural polyamide with a positive charge. It is used to bridge between microRNA 

and PLGA since they are both negatively charged, therefore they would repel each other. 

The fabrication procedure starts by dissolving 2.5 mg/mL PLGA in organic solvent – DCM, while 

2.5 mg/mL of PVA is dissolved in RNAse-free water. Then, the spermidine-miRNA solution is 

prepared and the added amounts are based on the N/P ratio as seen in previous methods (figure 

3-7). For this specific approach, each 85 g of spermine possesses 1 mol of amines (N) and 

microRNA has 1 mol of phosphates (P) each 325 g. In my experiments, N/P is 8 unless stated 

otherwise [442]. After 10 min of stirring at room temperature (RT), microRNA-spermidine 

complexes suspension is added to the PLGA solution and mixed with a blender-type 

homogenizer at 10000 rpm for 1 min. PLGA amount depends on the microRNA to be embedded 

in NPs by the PLGA/spermidine weight ratio that may vary between 200 and 1000 [443], [444].  

Once homogenized,  the solution is loaded on a glass syringe, which is then placed on a syringe 

pump.  A glass vial filled with polyvinyl alcohol (PVA) solution is placed under the needle tip of 

the PLGA solution-loaded syringe. Then, the syringe pump drops PLGA-solution into the glass 
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vial at a constant flow rate – 0.2 mL/min. DMC and water are not miscible and PLGA is not water-

soluble. Hence, PLGA is restrained in the organic phase (DCM). Spermidine-microRNA should 

stay with PLGA because of electrostatic attraction, although they are also water-soluble. PVA is 

employed to lower the surface tension between PLGA organic solution and water. This will allow 

PLGA nanodroplets to stabilize in the water continuous phase instead of aggregating in bigger 

drops. PVA is added following PVA/PLGA weight ratio equal to 3 [445]. While the syringe pump 

is functioning, the blender-type homogenizer keeps the PVA solution in constant agitation; the 

homogenizer shaft spins at 15000 rpm during the procedure. The homogenizer is kept on for 

additional 5 minutes after the PLGA solution is completely added to the PVA solution. The so-

made solution is left under magnetic stirring overnight to allow the organic solvent to evaporate 

and PLGA-NPs to harden since PLGA does not dissolve in water. Additionally, a buffer exchange 

passage to substitute PVA solution with pure RNAse-free water is applied using centrifugal 

filters.    

 

 
Figure 3-7: PLGA-NPs production by emulsion-solvent evaporation  

A solution of microRNA, spermidine, and PLGA in DCM is slowly injected into a water-PVA mix 
with a syringe pump. Then, DCM evaporates and PLGA-NPs harden holding microRNA within. 

The solution is mixed with a homogenizer to prevent the formation of large aggregates 
 

3.4.6 Trimethyl chitosan NPs manufacturing for microRNA transfection 

Trimethyl chitosan (TMC) is a chitosan derivative. Its primary amine is trimethylated so the group 

becomes protonated (figure 3-8). Different from chitosan, the TMC charge is pH-independent. 

This should contribute to making more reliable bonds between chitosan and microRNA, and help 

the transfection. The test of this material was kindly suggested by Prof. Carmen Galan, who also 
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provided a sample for testing. The production protocol is inspired by a published simple mixing 

protocol, with no post-production washing or isolation [446]. In the publication, employed N/P 

is 6, thus I decided to test N/P equal 5, 10, 20 to explore if N/P increase increases the transfection 

efficiency as it happened with PEI-NPs - see results on PEI microRNA transfection. 

The TMC-NPs production protocol consists of mixing the reagents in RNase-free water and 

allowing complex formation for 20 minutes at RT. TMC is water-soluble and possesses 1 mol of 

trimethyl each 649 g of TMC, assuming 100% of amine are trimethylated where it is not 

otherwise stated. MicroRNA concentration for transfection is set to 25 nM. The amount of TMC 

required is 1.75 μg/mL for N/P=5,  3.5 μg/mL for N/P=10, and 7.01 μg/mL for N/P=20. 

 

 
Figure 3-8: Chitosan and TMC structure 

TMC is a chitosan derivative. Chitosan amine group is trimethylated, hence the nitrogen 
acquires a stable positive charge, independent from pH.   

 

3.5 Nanoparticles optimization and characterization techniques  

3.5.1 SEM, TEM, STEM, and back-scattered X-RAY analysis 

I used scanning electron microscope (SEM – JSM-IT300, JEOL Ltd., Japan) University’s services 

(Chemistry and Bioimaging facility) to capture images of the electrospun scaffold.  The samples 

are precautionarily dried in a vented oven for 48 hours at 37°C, to avoid vapor eruptions during 

the SEM acquisition. The specimens are coated with a gold-palladium alloy with sputter coater, 

allowing a better electrons flow and thus images with higher resolution. After the sputtering, 

samples are ready to be analysed by SEM [447].  

Transmission Electron Microscope (TEM) works on similar principles of SEM, but it captures 

transmitted electrons. Eventually, this allows a higher resolution. I used this technique through 

the aforementioned University’s services (JEM-1400, JEOL Ltd., Japan). As described in the 

results chapter, I was not able to get acceptable images of chitosan-NPs with SEM. The benefits 

related to the use of TEM imaging are: getting rid of sample solutes that were forming a massive 
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coating on the sample's surface (NaCl) and have images with 0.05 nm maximum resolution – 

plenty to resolve the smallest NPs. Samples are drop cast on a copper grid. The grid layout lets 

solvent and small solutes pass through but holds the suspended NPs of interest. Once dried, the 

casted grids are sputtered with carbon and analysed by TEM [447], [448].  

Scanning transmission electron microscope (S/TEM – integrated with JEM-1400, JEOL Ltd., 

Japan) is a TEM operating mode. In this mode, TEM’s electron beam is focused in a very fine spot 

– less than 0.2 nm, which scans the specimen. In the common TEM (or CTEM – conventional 

transmission electron microscope), a larger beam hits the specimen’s picture area at once – no 

scanning [449], [450]. The STEM machine gives also the opportunity to identify the nature of the 

sample’s superficial material through energy-dispersive X-ray spectroscopy (EDS). Indeed, when 

the specimen is hit by an electron beam it is ionized and produces a series of secondary energy 

emissions, among which there are x-rays. These can be collected by specific detectors. Each 

elemental atom has a specific energy pattern of x-ray emission, hence it is possible to identify 

the atom. Moreover, it is possible to map the position of the atoms. Eventually, this technology 

enables the creation of an elemental map. Whether different molecules have elements that 

others do not possess, it is possible to draw a topological map of the sample’s molecules 

arrangement [451].   

I used Fiji ImageJ to analyse images and calculate features such as nanofibers diameter, porosity, 

pore size, and NPs diameters. 

 

3.5.2 Dynamic light scattering 

Dynamic light scattering (DLS) is used to characterize NPs. The technique allows calculating the 

NPs size distribution in a solution, though an indirect measure based on scattered fluctuations 

of a laser shining through the NPs suspension. When a laser hits an NP in a solution it is scattered 

in a different direction. NPs in water suspension are in continuous motion – Brownian motion, 

so the intensity of scattered light changes continuously. Noteworthy, NPs motion depends also 

on their size. Therefore, by analysing the scattered light intensity over time, it is possible to 

estimate the NPs size distribution.    

This technique gives an estimation of NPs size distribution, which is closer to reality when NPs 

suspension is in optimal condition. However, there is always a degree of error. The positive 

aspects of DLS are that it is not destructive, inexpensive (apart from machine maintenance, there 

is just the cost of a plastic cuvette for each sample to test), quick, and does not need specimen 
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preparation if the sample solution contains only the NPs of interest. I used this method to screen 

NPs size distribution during their manufacturing protocol optimization.     

 

3.5.3 Chitosan titration 

Chitosan titration is necessary to determine if chitosan-NPs are precipitated and the supernatant 

is clear from them. If so, we can assume that centrifugation worked and measure the amount of 

free microRNA. To do so, I used a colorimetric assay method based on Cibacron Brilliant Red 

(CBR) [452]. Under acid pH conditions, the protonated chitosan amines can bind anionic dyes 

like CBR. As a result, the dye visible absorption spectrum undergoes a bathochromic shift – i.e. 

the spectrum moves towards longer wavelengths. A sharp peak at 575 nm is the result of the 

difference between free dye and bound one in the absorption spectrum. A 

glycine/hydrochloride acid (HCl) pH 2.8 Soerensen buffer is necessary to keep the reaction at 

acid pH. CBR powder is dissolved in water at 1.5% w/v. The assay requires preparing a tube for 

each sample to analyze with 0.1 mL of Soerensen buffer and 1 mL of dye dilution. To this, 1 mL 

of sample supernatant is added and the final volume is brought to 5mL adding distilled water. 

After 20 minutes of continuous agitation at RT, 1 mL from each tube is pipetted in a multiwell, 

and the absorbance is measured at 575 nm. The absorbance is then compared with a calibration 

curve.         

 

3.5.4 Samples dialysis 

NPs dialysis is carried out after their production and it aims to get rid of non-encapsulated 

microRNA. The use of dialysis tubes with a proper molecular weight cut-off (MWCO) should 

allow non-encapsulated microRNA to pass from the sample solution to the dialysis media while 

keeping the NPs inside the dialysis tube and the encapsulated microRNA with them. The final 

aim is to estimate the amount of encapsulated microRNA.  

Once the NPs are produced, the NPs suspension is poured into a dialysis tube which is closed at 

both ends to form a bag. Then, the dialysis bag is placed into a 1L sterile jar filled with RNAse-

free water; the water is kept in constant mild agitation on a magnetic stirrer. The dialysis lasts 

8h and the water is refreshed every 1.5h. After dialysis, the samples undergo RT-qPCR to 

measure the microRNA amount with respect to the controls. 
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3.5.5 MicroRNA FBS exposition 

MicroRNA-water dilution or NPs dispersion are incubated in 10% v/v FBS for 1h. After the 

incubation, the samples undergo microRNA extraction and RT-qPCR. 

 

3.5.6 Chitosan-NPs protection of microRNA from FBS nucleases 

I developed this protocol to extract the most possible microRNA from chitosan NPs after their 

incubation with 10% v/v FBS. After FBS incubation for 1h at RT, 1 U/μL RNAse inhibitor is added 

to NPs samples followed by 0.7 U of chitosanase per mg of chitosan. Then, samples are 

incubated at 37°C for 4h in constant agitation. Then, microRNA is extracted with an RNeasy 

micro kit and I carried out RT-qPCR.   

 

3.5.7 NPs sedimentation by centrifugation 

Ultracentrifugation is a common technique to separate particles of different sizes and weights 

which is extensively used to sediment NPs [398], [453], [454]. I used this method to separate 

chitosan-NPs and PLGA-NPs from free microRNA. The process is based on Stokes Law and 

Newton Law :  

𝑣 =
𝑑2(𝑝 − 𝐿) × 𝑥𝑔

18𝑛
;   ℎ = 𝑣𝑡 

where v is sedimentation speed, d is particles diameter, p is particle density, L is medium density, 

xg is centrifugal acceleration – typically expressed in multiples of gravity acceleration (g), n is the 

viscosity of the medium, h is the distance a particle at the top of the solution column has to 

travel to sit on the vessel bottom, t is time a particle needs to travel h [455]. Based on these 

equations I can calculate the proper time and centrifugal acceleration to achieve chitosan-NPs 

sedimentation. With regards to Chitosan, it is hard to find a broadly agreed chitosan density. 

Therefore, I have to find support from published sedimentation protocols, although they are not 

optimized specifically for my NPs. 
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3.6 MicroRNA-functionalized scaffold fabrication methods 

3.6.1 Scaffold fabrication by Electrospinning 

Electrospinning is a fabrication method that produces non-woven mats of thin fibers – usually 

on the scale of microns or nanometers. Tissue engineering research groups make extensive use 

of it.   

The working principle follows the described steps: the solution of material is loaded into a 

syringe, positioned on a syringe pump, and the syringe needle is connected to the positive pole 

of a high voltage DC power generator – usually from 0 to 50 kV (figure 3-9). The power 

generator’s negative pole (or ground) is connected to a structure called collector. When high 

voltage is activated, the polymer solution is positively charged and is attracted by the negative 

pole. This attraction force is combined with the syringe pump movement which pushes the 

material solution out of the needle. Electrical charges accumulated on the droplet at the tip of 

the needle (kept together by surface tension) cause drop-stretching into a conical structure 

(Taylor’s cone), as a result of electrostatic repulsion. Eventually, a charged jet is ejected from 

the needle tip. In the first part of its journey towards the negative pole, the jet travels following 

a straight path while it begins to thin into a finer fiber. Then, the jet undergoes chaotic whipping 

motion due to bending instabilities, during which it is additionally thinned and begins to dry. 

Eventually, fibers accumulation creates a web on the collector. Multiple layers of fiber webs 

create a non-woven mat. Fibers formation requires the optimization of several parameters, 

including material solution viscosity, dielectric constant, solvent volatility; and production 

parameters like applied voltage, collector distance, flow rate, distance between the needle tip 

and the collector, ambient temperature and humidity. Also, the material to electrospun should 

have appropriate molecular weight to allow sufficient chain entanglement to create continuous 

fibers. Not optimized setups can lead to the solution jet breaking into charged droplets. This 

happens when fibers' cohesive forces are overcome (Rayleigh instability limit) by solution 

surface and electrostatic repulsion, which tend to increase the solution surface area.  Sometimes 

this is a desired condition, essential to perform electrospraying instead of electrospinning. On 

the other hand, if solvent volatility is excessive and/or ambient temperature is too high, the 

solution may dry out on the needle tip, hindering electrospinning [366], [456]. 

In this work, electrospinning is used to produce a microRNA-functionalized scaffold based on 

biodegradable materials: GL and PCL. The electrospinning machines used are a custom-made 

machine located at Bristol Dental School (Biomeg lab. of Prof. Bo Su), and the ND-ES system from 

Nadetech Innovation (Spain) in our laboratory.  
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Figure 3-9: Principle of electrospinning technology  

A DC power generator’s negative pole is connected to a collector, while a positive pole is 
connected to the needle of a syringe loaded with a material solution. The high voltage charges 
the material solution positively and makes it attracted by the negatively charged collector. The 

attraction force is combined with the syringe pump movement which pushes the material 
solution out of the needle. Eventually, the solution’s surface tension is overcome, and the 

solution on the tip of the needle is stretched into a thin fiber that travels towards the collector. 
As fibers stock on the collector, a non-woven mat starts to form. 

 

3.6.2 Electrospinning add-ons 

To address the technological challenge of the fabrication of functionalized nanofibers I 

developed new devices and tools. In the next paragraphs, I will introduce the collectors used to 

generate the scaffolds, with particular attention to the design and development of valve-shaped 

collectors, and I will thoroughly describe the production of the vacuum oven, temperature, and 

humidity control system. 

 

 

3.6.2.1 Custom-made scaffold collector 

As mentioned in the introduction, this project includes the fabrication of a valve-shaped scaffold 

for heart valve regeneration. To do so, a valve-shaped electrospinning collector is needed. 

During electrospinning, the scaffold fibers will coat the collector and create a scaffold with a 

valve shape during its fabrication.  

The process begins with the acquisition of a valve 3D model on a 3D design software - Autocad 

Fusion 360. In this phase, the model is adapted to the 3D printing process. Ideally, the scaffold 
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shape should match the recipient’s cardiovascular features. Thus, the valve 3D model should be 

generated from aortic root medical imaging. In this project, models available on the internet will 

be utilized since I do not have the authorization to use real medical images, and have no time to 

learn how to extract 3D models from medical imaging. The model is 3D printed in polylactic acid 

(PLA) with the 3D printer in use in our laboratory (Ultimaker 5). As the electrospinning needs a 

conductive collector, the printed model is not suitable since PLA is a non-conductive polymer. 

Therefore, I chose chemical electroplating to create a metal surface wherever we want our 

scaffold to be laid on.       

Electroplating consists of surface coating with a metal layer – copper in this project, thanks to a 

driving current. Briefly, before copper deposition, the PLA model is coated with a conductive 

paint as a conductive surface is essential. Despite the paint being conductive, this surface is not 

suitable for electrospinning since the paint would transfer on the scaffold. Also, the conductive 

paint is water-based, so the electrospinning solutions may dissolve the paint and transfer part 

of it to the scaffold. After this preparatory step, the model is immersed in a 500 mL copper ion 

solution (copper sulfate) – the material we want to coat the PLA model with, and connected to 

the negative terminal of a 5V power supply. Also, the ion solution contains sulfuric acid, sodium 

chloride, and PEG to facilitate copper ions' movement. The exact solution composition is the 

following: CuSO4 at 0.88 M, H2SO4 at 0.54 M, NaCl at 1 mM, and PEG at 25 μM [457]. The positive 

terminal of the power supply is connected to a copper electrode. As the power supply is 

switched on, copper ions will migrate to the negative terminal, namely the surface to coat (figure 

3-10A). After 4 hours, a layer of solid copper is formed on the areas coated by the conductive 

paint (figure 3-10B). 

 

 

Figure 3-10: Illustration of a general electroplating set-up (A) and a picture of an electroplated 
valve model (B) 

A) Electroplating is carried out in a water-based solution with sulfuric acid, chloride acid, and 
PEG. Two electrodes are immersed in the solution: a solid copper electrode (+) and the 3d 

model covered in conductive paint (-). The electrodes are connected to a 5 V power source, 
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which drives copper ions from the positive electrode to the negative electrode through the 
solution. B) A 3d printed model with a solid copper coating (anticipation of results). 

3.6.2.2 Custom-made vacuum oven 

I fabricated this machine to get rid of solvents with very high boiling temperatures, like NMP I 

have used for scaffold fabrication. The machine has the function of a vacuum oven. Several 

research groups that use toxic solvents to create electrospun scaffolds are using this technique 

to get rid of the solvents such as DMSO, DMF, and NMP [458]–[461].  

Unfortunately, we do not possess that machine in our laboratory. Its market price was beyond 

our budget. Thus, I have used my electronics and mechanics knowledge and sought help from 

the University workshop for the work I could not carry out by myself. Eventually, I manage to 

replace the vacuum oven for less than £200.  

High boiling points can be dramatically lowered working on the ambient pressure. The NMP 

boiling point is 0°C at 293 mbar on a pressure-temperature nomograph, while it is 202°C at 1 

atm. Therefore, a vacuum oven is a good solution for getting rid of NMP without causing heat 

damages to a scaffold. This custom-made vacuum oven is a vacuum chamber that can go down 

to 5.5x10-3 mbar thanks to a vacuum pump. A copper stand, provided with a heating cartridge 

and a controlled in feedback with temperature probe, is in the center of the chamber (figure 3-

11). The scaffold will sit on it so that the heat coming from the stand will be passed to the scaffold 

by thermal conduction since convection is severely limited in a vacuum. The scaffold will be 

exposed to a pressure of 5.5x10-3 mbar at 37°C.  
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Figure 3-11: Custom-made vacuum oven 
Budget in-house replacement of a vacuum oven. The stainless steel chamber was produced by 

the University of Bristol’s workshop, made to bear the pressure of vacuum generated by a 
vacuum pump attached to the black hose at the top of the picture. The chamber was equipped 

with a pressure dial, and a heated copper stand, controlled in feedback with a temperature 
sensor. 

 
 

3.6.2.3 Temperature and humidity control for Gelatin in water electrospinning  

The first step of scaffold fabrication is the optimization of the GL electrospinning process. Acids 

and other organic solvents are usually mixed with water (or left pure) to allow GL electrospinning 

at RT. As a drawback, these strong solvents may destroy the RNA or its vector (lipid NPs soluble 

in alcohols [462], and some of them are also unstable at low pH [463]) loaded on the scaffold. I 

could not find a GL solvent that was also demonstrated compatible with lipofectamine-

microRNA complexes in the literature. We usually carry out transfection in culture media, which 

are buffered water-based liquids. Therefore I decided to attempt the GL layer production using 

water as a solvent. However, this poses an additional issue. The GL-water solution is jellified at 

room temperature. Therefore, I have fabricated a temperature and humidity control unit. The 

system was able to guarantee a temperature above 35°C to be employed during the GL 

electrospinning (GL in water is not soluble below 35°C). Relative humidity control is important 

as well. When the electrospinning cabinet is heated up, the humidity decreases dramatically, 

and the GL solution dries on the needle tip. This creates a clot and prevents electrospinning. 

Thus, relative humidity must be kept under control. In my experiments, electrospinning is 

possible between 50 and 70% of relative humidity. 
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The machine is connected to the electrospinning chamber with two PTFE pipes: inlet and outlet. 

The fan block pumps air from the electrospinning chamber to the heater one. I have integrated 

three ultrasound mist makers on a water tank, and I have placed the tank in a cavity at the 

bottom of the heater with the mist maker facing upwards (figure 3-12B). The working principle 

consists of air being pumped into the heater chamber by the fans from the electrospinning 

chamber. The mist makers generate a jet of ultrafine water droplets that are carried away by 

the airflow. Then, the water-loaded air passes through a resistance heater, which brings up the 

air temperature and vaporizes the water droplets. Finally, the air is driven back into the 

electrospinning chamber by the outlet pipe. Temperature and humidity are monitored in real-

time by a temperature and relative humidity sensor that provide feedback signals to the control 

board. The values of temperature and humidity are set up by interfacing the machine with a 

computer, then the control board (figure 3-12A) will regulate the heater and mist makers 

autonomously to keep temperature and humidity to the set values. 

 

 
Figure 3-12: Electrospinning temperature and humidity control 

 A) System control board, (B)View of the machine chamber. Air sweeps in from the right end 
side and the fans push it towards the left. During its journey, it gets loaded with water by the 
ultrasonic mist generators and it is heated up when it passes through the resistance heater on 

the left, which also provides enough heat to turn water mist into vapor.  
 

3.6.3 Project’s Electrospinning set-ups 

During my project, I explored different electrospinning protocols. The microRNA-functionalized 

scaffold for this project was conceived as a tri-layer composite scaffold (figure 3-13). The 
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composite structure derives from the necessity to find a trade-off between the need for 

medium-term structural integrity to support valve regeneration (and substitute the native valve 

duty), and shorter-term degradation for the delivery of a substantial amount of therapeutic 

molecules (microRNA) in the initial phases of regeneration. The external layers are made of GL. 

The GL is dissolved in water and microRNA-vector complexes are added to the solution prior to 

electrospinning. GL crosslinked with GPTMS degrades in around 14-18 days [223], [400]. Hence, 

there would be a window of 14-18 days for microRNA administration. The GL  layers will coat a 

PCL core layer. PCL degrades in around 2 years. Since I could not find an example of a fully 

regenerated heart valve in less than a month in literature, the hypothesis is that slower 

degrading material should be integrated into the scaffold. The PCL layer should allow more time 

for valve regeneration and fulfill the heart valve duty in the meantime [464]–[466]. 

A post-processing passage is needed when producing GL-GPTMS nanofibers. The scaffolds are 

dried in an oven at 37°C to allow GPTMS to crosslink GL fibers, which makes the scaffolds water-

insoluble and improves their mechanical properties (see Introduction for details on GPTMS 

crosslinking). 

In table 3-5, I have summarized all tested protocols.    

 

 
Figure 3-13: Try-layer microRNA-functionalized scaffold for valve regeneration 

 

 

Protocol 
# 

Materials Voltage Flow rate Additional Features 

1 GL 15% w/v in NMP/water 
(50/50, 60/40, or 70/30 v/v) 

7, 10, 13, 
or 15 kV 

 

1 or 0.5 
mL/h 

 

2 Core: PCL 10% w/v in 
chloroform 

Coating: GL 15% w/v in 
NMP/water (50/50) 

15 kV 1 mL/h  

3 GL 10 or 15% w/v in water 15 kV 1 or 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-70% 

4 Core: PCL 10% w/v in 
chloroform 

Coating: GL 10% w/v in water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-70% 

(GL layer only) 
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5 PCL/GL (70/30) 10% w/v in 
TFE 

15 kV 0.5 mL/h  

6 Core: PCL/GL (70/30) 10% w/v 
in TFE 

Coating: GL 10% w/v in water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-70% 

(GL layer only) 

7 Core: PCL/GL (70/30) 10% w/v 
in TFE 

Coating: GL 10% w/v in water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-70% 

(GL layer only) 
microRNA-vector in GL 

layer 

Table 3-5: Electrospinning protocols to be tested 
GL: gelatin, NMP: N-Methylpyrrolidone, PCL: Polycaprolactone, TFE: 2,2,2-trifluoroethanol. 

 

 

3.7 Statistical analysis of experimental data 

Experimental values of continuous variables are expressed as mean ± standard deviation. 

Categorical variables are presented as frequencies (percentages), or as absolute numbers in a 

few cases. Analyses were performed using GraphPad Prism 5.0, Sigma Stat 3.1 software (San 

Jose, CA) statistical packages.  

Where the group size allowed it – 8 or more, the D’Agostino-Pearson normality test (normality 

was assumed when p > 0.05) was performed to understand if parametric testing was applicable. 

Statistical analysis limited to the comparison of two groups was done using a t-test in case of 

data normally distributed. Otherwise, the Mann-Whitney ranks test was employed. Compared 

groups were assumed statistically different if P < 0.05. 

Where data are normally distributed, the statistical analysis of three or more groups was 

performed by applying One-way ANOVA  with Geisser-Greenhouse sphericity correction. Groups 

were considered from the same population if P > 0.05 (null hypothesis acceptance). In case of 

null hypothesis rejection, Tukey’s multiple comparison test was performed to identify the 

significant differences between each group pair. Compared groups were assumed statistically 

different if P < 0.05. The analysis of three or more non-parametrical groups was carried out by 

the Kruskal-Wallis test. The null hypothesis was rejected (groups come from two populations at 

least) if P < 0.05. In case of null hypothesis rejection, Dunn’s multiple comparison test was 

performed to identify the significant differences between each group pair. Compared groups 

were assumed statistically different if P < 0.05. GraphPad Prism automatically implements 

Bonferroni adjustment of the p-value to perform Post-Hoc analysis. 
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4 Results and discussion 

 

4.1 Chapter overview 

In this chapter, the results are displayed in three separate sections, which describe the 

development of the three main project milestones: 

• The selection of a microRNA with pro-endothelialization effects, like migration and 

proliferation – section 4.2 

• The selection of vector that can protect the microRNA from blood nucleases and facilitate 

microRNA entrance into ECs – section 4.3  

• The design, fabrication, and test of a tri-layered scaffold able to host therapeutic microRNA, 

and make it available to colonizing ECs – section 4.4 

 

 

4.2 Has-miR-132-3p pro-endothelialization effect on Aortic Endothelial Cells 

In this experiment, I checked if hsa-mir-132-3p transfection stimulates migration and 

proliferation in HAoECs. 

HAoECs were seeded in 96 well plates. Once they reached around 80% confluence, cells were 

transfected either with hsa-miR-132-3p or scramble microRNA using lipofectamine RNAiMAX 

transfection agent – a gold standard for microRNA transfection. After transfection, cells were 

left to recover for 24 hours in EGM MV2 media. Then, half samples underwent a migration assay, 

and the other half underwent a proliferation assay. During migration assay, cells were checked, 

and pictures were taken at specific time points, while cell proliferation was checked at 24 and 

48 hours.  

In figure 4-2E, it is displayed that transfection worked as expected. Indeed, hsa-miR-132-3p-

transfected HAoECs were rich in hsa-miR-132-3p microRNA, while scramble-microRNA-

transfected HAoECs did not contain any trace of hsa-miR-132-3p. Figure 4-1 shows the line gap 

closure evolution of migration assay at 0 (a), 8 (b and c), and 16 (d and e) hours.  
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Figure 4-1: Optical microscope pictures of migration assay of transfected ECs 

Cells are seeded in 96 well plates, cultured up to 80% confluence, and transfected with hsa-
miR-132-3p or scramble microRNA. After 24h, a gap line is created, and the gap closure is 

observed at established time steps. Gap areas are highlighted by dashed red lines. A) line gap a 
t=0, B) line gap of scramble microRNA-transfected HAoECs at 8 hours, B) line gap of hsa-miR-
132-3p-transfected HAoECs at 8 hours, D) line gap of scramble microRNA-transfected HAoECs 

at 16 hours, E) line gap of hsa-miR-132-3p-transfected HAoECs at 16 hours. 
 

 

 Data in figure 4-3A showed that hsa-miR-132-3p-transfected HAoECs had higher mobility at all 

time points. There are statistically significant differences between the two cell groups 

transfected with different microRNAs – P=0.0022 at 8 and 16 hours.  

Concerning the proliferation assay, hsa-miR-132-3p enhanced HAoECs' inclination to proliferate. 

Figure 4-2 shows proliferation staining images of hsa-miR-132-3p-transfected (figure 4-2B and 

D, 24 and 48 hours window of observation) and scramble-transfected (figure 4-2A and C, 24 and 

48 hours window of observation) cells.  
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Figure 4-2: Fluorescence microscope pictures of proliferation assay of transfected ECs 

 24 hours after transfection, cells were incubated with component A from Click-iT EdU Cell 
Proliferation Kit. Cells that proliferated during component A incubation period are stained in 

red, while all cells are stained with DAPI (blue). A) scramble microRNA-transfected cells 
proliferating during 24 hours, B) hsa-miR-132-3p-transfected cells proliferating during 24 

hours, C) scramble microRNA-transfected cells proliferating during 48 hours,  D) hsa-miR-132-
3p-transfected cells proliferating during 48 hours, E) hsa-miR-132-3p expression in scramble 
microRNA-transfected (scramble miRNA) and hsa-miR-132-3p-transfected (hsa-miR-132-3p) 
HAoECs 48 hours after transfection. Samples were tested by RT-qPCR, and fold change was 

calculated with respect to hsa-miR-132-3p values*P<0.05, **P<0.01, ***P<0.001, and 
****P<0.0001.  Values are expressed as mean ± standard deviation. Technical replicates=6. 

Non-parametrical test performed (Mann-Whitney). 
 

 

During the 24 hours observation, 24.79±2.69% of scramble-transfected HAoECs and 

46.76±4.91% of hsa-miR-132-3p-transfected HAoECs were proliferating (P=0.0022). Similarly, 

the proliferation rates were 25.26±3.52% and 44.74±4.68% for scramble-transfected and hsa-

miR-132-3p-transfected respectively after 48 hours (P=0.0022) (figure 4-3B). These data confirm 

that hsa-miR-132-3p administration enhances HAoECs proliferation and migration.  
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Figure 4-3: Results of post-transfection proliferation and migration assays 

 A) Migration assay (scratch assay): area left uncovered by cells after 8 and 16 hours from line 
gap creation. Black bars represent data from scramble-microRNA-transfected cells, while grey 
bars represent data from hsa-miR-132-3p-transfected cells. B) Proliferation assay (Click-iT EdU 

Cell Proliferation Kit): percentage of proliferating cells during 24 and 48 hours after one day 
post-transfection recovery period.  Black bars represent data from scramble-microRNA-
transfected cells, while grey bars represent data from hsa.miR-132-3p-transfected cells 

*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are expressed as mean ± standard 
deviation. Technical replicates=6. Non-parametrical test performed (Mann-Whitney) between 

paired columns. 
 

 
 

4.3 Non-viral vector selection for microRNA transfection 

Due to microRNA's fast degradation in body fluids and difficulty to transfect free microRNA, it is 

important to select a suitable vector for purpose of this project. This section describes the path 

covered to select a microRNA transfection vector that allows the chosen microRNA to carry out 

an effective RNAi on ECs.  

 

 

4.3.1 MicroRNA stability in water or FBS solution 

The necessity to protect microRNA when it gets in contact with body fluids was already discussed 

in other parts of this manuscript – see paragraph 1.5.4. However, it was useful to test it myself 

as a part of training on RT-qPCR and to have a solid justification for the work undertaken in 

developing a microRNA vector for my specific case.  

MicroRNA was not degraded in RNAse-free water at RT for up to 72h – last experimental time 

point (figure 4-4A). On the other hand, miRNA was completely degraded in 10% FBS from the 
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first experimental time point – 1h, P=0.0286 (figure 4-4B), and its expression levels remained 

consistently undetectable for the remaining time points - data not shown.  

 

 
Figure 4-4: Cel-miR-39-3p expression measured by RT-qPCR after 10% FBS incubation of 

A) microRNA dilution in RNAse-free water incubated at RT; B) microRNA incubated in RNAse-
free water at RT with (black bar)/without (grey bar) 10% v/v FBS for 1h. Since the sample is not 
derived from cell culture, there is no other microRNA that could be taken as housekeeping to 

normalize the target data; hence 25 fmol/sample of hsa-miR-26a-5p was added as spike-
in.*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as mean ± 

standard deviation. Technical replicates=4. Non-parametrical test performed (Mann-Whitney). 
 

10% FBS is the usual concentration added to culture media during in-vitro work. FBS is an animal-

derived blood extract that contains a physiological mix of nucleases. However, the final 

concentration of several medium components – e.g. glucose and electrolytes - are not 

necessarily equal to the human organism’s concentrations. Nevertheless, studies have shown 

that nucleic acid digestion is 2-fold quicker in in-vivo than in standard culture media, reinforcing 

the need of protecting genetic material for an effective administration [467], [468]. The media 

composition was optimized for in-vitro culture, which is the benchmark for this study which is 

at the proof-of-concept stage; thus the application of in-vitro models is compulsory. In a 

potential follow-up, an animal model (with its characteristics in terms of nuclease degradation 

dynamics) may be employed, but that is not the aim of this project.   

 

4.3.2 Chitosan-NPs as non-viral vector for microRNA transfection 

4.3.2.1 Chitosan-NPs fabrication 

Chitosan seems to be one of the most suitable vectors for this project; thus, it was the first to 

be developed – see paragraphs 1.5.4, 1.5.5, and 2.2 for details. In this paragraph, the chitosan-

NPs production protocol optimization is described. The tuning work considered four parameters, 
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which emerged to influence NPs size in the literature: Chitosan concentration, crosslinker (TPP) 

concentration, Chitosan/TPP mass ratio, and NaCl (adjuvant) concentration. The reason behind 

the choice of these, and these only, parameters to tune are detailed in paragraphs 2.2 and 5.2.1. 

Each parameter was changed singularly, starting from Chitosan concentration. The first NPs 

batches were closer to the upper range limit; hence I decided to choose the variant that was 

giving smaller NPs for each parameter tuning and carry it to the following parameter calibration 

(figure 4-5). The diameters were estimated by DLS as it is quick and inexpensive. The final 

formulation was also analyzed by SEM. DLS analysis conditions were closer to the transfection 

condition, i.e., the analysis was done with NPs in water solution. As chitosan-NPs are technically 

nanogels, their water content is relevant, even if this has not been estimated, as far as I am 

concerned [469]. SEM analysis is performed on dehydrated samples, which then present shrank 

NPs. However, DLS computes particle size from an indirect measurement using an algorithm, 

thus the results may have a degree of error.  DLS measures the NPs’ Brownian motion and relates 

that with NPs’ size. The smaller the NPs the faster is their motion. Since we are talking about 

Brownian motion, the NPs’ velocity is called the translational diffusion coefficient. The formula 

that correlates diffusion to diameter includes temperature and solvent viscosity through the 

Stokes-Einstein equation. Thus, it is important to have a precise measurement of solvent 

viscosity and temperature. Another source of error is the presence of aggregates that can 

mislead the estimation of diffusion. Also, as the equation assumes the NP is spherical, a non-

spherical NP can lead to a wrong diameter estimation. Other influencing characteristics are the 

solution ionic strength and the NPs concentration. Imprecise estimation or inconsistency of 

these parameters can lead to diameter estimation far from reality [470]. On the other hand, 

SEM is more reliable even because it is much more straightforward.  An SEM provides pictures 

of the specimen surface with a resolution of up to 3 nm. The picture derives from the sample’s 

electron scatter pattern, which is the result of the interaction between the sample surface and 

the focused electron beam. However, the electrons’ scatter process is influenced by the sample 

geometry. The resolution of objects boundaries is not always neat (shadowing effects), 

especially when observing tall objects with surfaces tangent to the electron beam direction. 

Nevertheless, in the case of NPs appropriately diluted with a spherical profile, the 2D projection 

of a spherical object from above corresponds to its diameter [471], [472].  

Process walkthrough (figure 4-5): 

• An initial formula was drawn comparing  published works [395], [396], [430], [431], [473]–

[475]: Ch concentration 0.5 mg/mL, TPP concentration 0.25 mg/mL, Ch/TPP mass ratio 7 

mg/mg, and NaCl concentration 50mM. For each parameter, I tested a lower and a higher 
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concentration – I tested four points NaCl as there was a variety of concentrations in the 

literature:  

o Ch concentration variation from 0.25mg/mL to 1 mg/mL: 0.25 mg/mL was chosen 

as it gives a NPs diameter of 640±25nm.    

o TPP concentration variation from 0.1mg/mL to 0.5 mg/mL: 0.1 mg/mL gave NPs with 

smaller diameter - 466±37 nm.    

o Ch/TPP weight ratio variation from 5 to 10. 7 gave NPs with smaller diameter - 

172±69 nm.    

o NaCl concentration variation from 0mM to 150mM: 50mM gave NPs with smaller 

diameter - 140±25 nm.    

 

 
Figure 4-5: NPs fabrication protocol calibration 

Chitosan-NPs were analysed in their production solution. Diameters were measured by DLS. 
Each graph shows the NPs’ diameters evolution as a consequence of a single-parameter 

variation. From left to right: Chitosan concentration (0.25-1 mg/mL), TPP concentration (0.1-
0.5 mg/mL), Chitosan/TPP mass ratio (5-10), and NaCl concentration (0-150 mM). Light blue 

areas are the acceptable NPs diameter ranges. For each step, I chose the parameter value that 
was giving smaller NPs (circled in red). This was carried to the following parameter calibration, 

so the final formula was defined in a stepwise fashion (complete formula in the yellow box). 
Values are expressed as mean ± standard deviation. Technical replicates=4. Non-parametrical 
test performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. 
 
 

Eventually, the final formulation was Chitosan concentration=0.25mg/mL, TPP 

concentration=0.1mg/mL, Chitosan/TPP weight ratio=7, NaCl concentration=50mM, since it was 

the formulation that gave the smallest NPs among all the tested ones and below 200nm (see 

paragraph 2.4.1). According to DLS data, the NPs size was 140±25 nm. I also observed the final 

formulation with the SEM and TEM to have visual proof of NPs formation. However, I could not 

extrapolate any useful information from it as only a thick layer with several cracks was visible 

(figure 4-6A). Buffer exchange of NPs suspension was not possible as I was not able to find a 

centrifugation routine that avoided aggregates formation allowing to concentrate the NPs on 

the tube bottom at the same time (see paragraph 3.3.2). Together with the electronic 
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microscopy technician, we presumed that the layer was a composite of NPs and dried NaCl 

added to the production solution. We have also tried to drop-cast the NPs on a filter paper, but 

we did not obtain a good image (figure 4-6B).   

 

 
Figure 4-6: SEM images of chitosan-NPs 

A) SEM image of NPs solution drop cast on an SEM stub. A layer with cracks is visible but is 
impossible to identify NPs. The same goes with the NPs solution cast on filter paper (B). The 

big-rounded circles are the filter pores, NPs are not easy to identify.   
 

 

Since SEM imaging was not satisfying, we decided to try the TEM as it gives two benefits: 

 

• higher magnification 

• the possibility to drop-cast the sample on a copper grid to get rid of NaCl solution more 

efficiently. 

 

TEM captures transmitted electrons through the sample, creating a topological distribution of 

them, similar to an x-ray scan. NPs’ dimensions can be directly measured from these images that 

can reach astonishing resolutions – up to 0.2nm for the system used in this project. NPs can be 

identified if the sample is not too concentrated, and thus NPs are highly overlayed. The 

interpretation of TEM images of overlayed objects is complicated by the fact that TEM presents 

2D images of 3D samples. In other words, as electrons interact with the whole specimen 

thickness, the sum of the whole interaction is projected on a 2D picture. Therefore, the specimen 

image will be the result of overlapped optical sections pictures for the whole machine’s field of 

depth, added on a blurred background representing the interaction of the electrons with the 

rest of the unfocused specimen thickness [476]. However, the TEM pictures I have taken for 
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chitosan characterization seemed to show sufficiently spaced spheres with well-defined 

contours.  

Eventually, I was able to observe the chitosan NPs (TEM mode - figure 4-7A) that have a size 

distribution that goes from 12 to 20 nm (figure 4-7B). I did not perform any statistical analysis 

on NPs diameter since I was able to analyse only two samples. The repeated attempts with SEM 

made this part of characterization too expensive and time-consuming. However, from the 

observations I carried out, the NPs size was considerably reduced compared with DLS data 

mainly due to the dehydration process which NPs undergo before TEM acquisition. Also, thanks 

to the analysis of scattered X-rays (figure 4-7D), I could obtain an additional confirmation that I 

was observing chitosan-NPs observing the distribution map of the crosslinker. As highlighted in 

figure 4-7D, the distribution of phosphorous (P) and oxygen (O) is the same as the particle 

distribution picture taken in STEM mode (figure 4-7C). Since P and O are the two elements of 

the chitosan-NPs crosslinker (TPP), P and O distribution reflects TPP distribution. Figure 4-7D 

shows a TPP concentration increase in correspondence to the white bodies identified in figure 

4-7C. This is an additional indication of NP formation.  

 

 
Figure 4-7: Chitosan-NPs characterization by TEM, STEM, and EDS. 

A) TEM image of chitosan NPs suspension dried on a TEM sample older (copper grid). The black 
spots are the actual NPs. B) NPs size distribution was taken from 5 random pictures taken from 
two chitosan NPs samples by TEM imaging. C) STEM imaging of chitosan-NPs (white spots). In 
STEM mode, scattered X-rays were sampled to create elemental maps (EDS). The distribution 
maps of phosphorus (P - green dots on black background – figure 4-7D) and oxygen (O - red 
dots on black background – figure 4-7D) were obtained. The chitosan-NPs crosslinker (TPP) 
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formula is shown in figure 4-7D. P and O are the TPP constituent elements; thus P and O 
distribution correspond to TPP distribution. The TPP distribution peaks correspond to the 

location of the white spheroids in the STEM image, another proof supporting the achieved 
fabrication of chitosan-NPs. Technical replicates =2.   

 

 

4.3.2.2 Chitosan-NPs in-vitro cytotoxicity and proliferation 

The project aimed at developing a scaffold for cardiovascular regenerative medicine, able to 

stimulate valve regeneration thanks to the integration of a microRNA, which should enhance 

scaffold colonization. Thus, it is imperative that such product does not impair cell viability and 

proliferation, key features for cells supposed to repopulate an endothelial gap.   

Dosing NPs in in-vitro experiments is not straightforward. As far as I am concerned, there is no 

easy way to count the NPs. Also, I could not find a way to calculate the average weight of each 

NP. Hence, I found it impossible to dose NPs in terms of NPs number per sample. In all reviewed 

papers (can be found in paragraphs 1.5.5, 2.2, and 5.2.1), chitosan-NPs are dosed as the weight 

of Chitosan and/or microRNA per sample or volume of incubated media. In addition, none of my 

collaborators and supervisors mentioned any NPs counting method to me. As I have not 

additionally manipulated the NPs production suspension (no buffer exchange, concentration, or 

dilution), I just dispensed the appropriate aliquot NPs production suspension considering the 

initial amounts of chitosan and microRNA added for NPs fabrication. Usually, chitosan-NPs 

concentration applied during transfections is lower than 10 ng/μL in the culture media [346], 

[439], [477]. Hence, in line with published work, I decided that the highest chitosan-NPs 

experimental concentration should have been below 10 ng/μL. I set the starting NPs 

concentration to 7 ng/μL per sample, halfway between the recommended maximum dosage and 

its half. In doing so, I hoped to avoid cell toxicity and to provide a sufficient dose for a noticeable 

effect.  The other concentrations were around 5 and 10-fold the lower NPs concentration in the 

effort to explore the toxicity boundaries for my specific application. Lipofectamine RNAiMAX is 

a commercial transfection agent recommended for microRNA transfection. I have used it as the 

microRNA-transfection gold standard – i.e. the positive control.   

In accordance with literature and the Lipofectamine RNAiMAX transfection protocol, ECs were 

transfected as follows. EA.hy926 were incubated with empty Chitosan-NPs or Lipofectamine for 

four hours to simulate a microRNA transfection. Then, ECs are left to rest overnight (16 hours) 

to recover from the stress of transfection. Finally, assay reagents are incubated  [346], [396], 

[477](figure 4-8).  
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Figure 4-8: Fluorescent NPs uptake experiment walkthrough 

EA.hy926 are incubated with either Chitosan-NPs or Lipofectamine for 4 hours. Then, cells are 
left resting to recover from incubation for 16h. At end of the rest period, cells are incubated 

with the assay reagents (Component A for proliferation or Calcein MA/EthD-III for viability) and 
imaged. Illustration created in BioRender.com  

 

 

NPs cytotoxicity was tested using the Viability/Cytotoxicity Assay Kit (Biotium, USA) (figure 4-9).  

Live cells are in green, while the DNA of dead cells is stained in red.  

 

 
Figure 4-9: Live & dead staining of ECs incubated with different transfection vectors 

A) Control – no treatment, B) Lipofectamine, C) NPs production solvent, D) Chitosan-NP at 7 
ng/μL, E) Chitosan-NP at 34 ng/μL, F) Chitosan-NP at 68 ng/μL. Blue are the nuclei stained with 
DAPI, green is the cytoplasm of living cells stained with Calcein, and the red spots are DNA of 

dead cells stained with EthDIII.   
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Cell proliferation was evaluated using a 5-Ethynyl-2´-Deoxyuridine (EdU) kit (Click-iT® EdU Assay, 

Invitrogen). The nuclei of all cells were stained in blue with DAPI, and cells proliferating during 

the observation window had their nuclei stained in green (figure 4-10).  

 

 
Figure 4-10: Proliferation staining of ECs incubated with different transfection vectors 

A) Control – no solution incubated, B) cells incubated with Lipofectamine, C) cells incubated 
with NPs production solvent, D) cells incubated with chitosan-NPs 7 ng/μL, E) cells incubated 
with chitosan-NPs 34 ng/μL, F) cells incubated with chitosan-NPs 68 ng/μL. In green are the 

nuclei of cells that proliferated during the observation window, whereas in blue are nuclei of 
cells that did not proliferate during the observation window. All cells are stained with DAPI but 

proliferating cells have a brighter EdU (green) which covers DAPI. 
 
 
 

As shown in the bar graphs (figure 4-11A and B), chitosan NPs at theoretical concentrations of 

7ng/μL and 34ng/μL did not cause any significant difference in viability and proliferation 

compared with control, whereas Lipofectamine reduced proliferation only (P=0.048). The 

highest chitosan NPs dosage (68 ng/μL) significantly reduced the viability (P=0.058 vs. control) 

but not the proliferation ability. Also, Lipofectamine reduced significantly proliferation 

compared with samples administered with chitosan NPs at concentrations of 7ng/μL (P=0.0207) 

and the control (P=0.0048).  

Noteworthy, cell density is way lower in lipofectamine-treated samples than in the other ones 

(data not shown). It was not possible to establish what caused that. Whether the low cell density 

is something to attribute to lower proliferation, higher mortality, or something else, it is not a 

desirable effect for an application that aims to speed-up endothelialization.  
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Figure 4-11: Viability and Proliferation results of ECs incubated with different transfection 

vectors  
Percentage of alive (A) or proliferating (B) cells (EA.hy926) incubated with different solutions 
for four hours to simulate a microRNA transfection. Then, ECs are left to rest overnight (16 

hours) to recover from the stress of transfection. Finally, assay reagents are incubated. From 
the left of each graph: control group with no solution incubated - Control, cells incubated with 
NPs production solvent - Solvent, cells incubated with Lipofectamine - Lipofect, cells incubated 
with chitosan-NPs at 7 ng/μL – NPs 7 ng/ μL, cells incubated with chitosan-NPs at 34 ng/μL - – 

NPs 7 ng/ μL, and cells incubated with chitosan-NPs 68 at ng/μL – NPs 68 ng/ μL. *P<0.05, 
**P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as mean ± standard deviation. 
Technical replicates=4. Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s 

test for multiple comparisons). 
 

 

The results of this experiment showed that Chitosan-NPs administered to endothelial cells 

EAhy926 up to a concentration of 34ng/μL are non-toxic. Although there is no statistical 

difference between Lipofectamine and Chitosan-NPs-incubated cells in terms of viability 

percentage, Lipofectamine samples’ cell density was visibly lower than the other samples, 

except for the Chitosan-NPs 68 ng/μL sample. No proliferation reduction was demonstrated for 

Chitosan-NPs-incubated samples compared to control, while Lipofectamine impacted negatively 

on that aspect (-36±11%). This experiment showed Chitosan-NPs had no negative impact up to 

a concentration of 34 ng/μL in terms of viability and proliferation.   

 

 

4.3.2.3 Exogenous micro-RNA loaded NPs in-vitro cytotoxicity and proliferation 

The highest viability- and proliferation-non-impairing chitosan-NPs concentration is 34 ng/μL – 

see previous paragraph. The following experiment was conceived to understand whether the 

incorporation of a microRNA in chitosan-NPs has an impact on cell (EA.hy926) proliferation and 

viability. An exogenous microRNA of nematode origin was used: cel-miR-39-3p. There is no 

specific purpose to use a non-human microRNA in this experiment. However, it will come useful 
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in future experiments when the aim will be the estimation of the amount of transfected 

microRNA. As human cells are not able to produce that specific microRNA, the estimation will 

not be altered by cell-synthetized microRNA. I decided to use cel-mir-39-3p in this experiment 

to give consistency to the work. The concentrations of miRNA-39-3p were 10, 20, and 30ng/µL. 

Control and Lipofectamine transfection samples were included. The experimental protocols 

remained the same as experiments with empty chitosan-NPs (4-12). 

 

 
Figure 4-12: MicroRNA transfection with non-viral vectors experimental walkthrough  

Cells are incubated with either Chitosan-NPs or Lipofectamine with three different microRNA 
concentrations (10, 20, and 30ng/µL) for 4 hours. Then, cells are left recovering from 

transfection for 16h. At end of the rest period, cells are incubated with the assay reagents 
(Component A for proliferation or Calcein AM/EthD-III for viability) and imaged. Illustration 

created in BioRender.com 
 

 

Figure 4-13 represents viability assay (Viability/Cytotoxicity Assay Kit, Biotium, USA). Blue are 

the nuclei stained with DAPI, green is the cytoplasm of living cells stained with Calcein, and the 

red spots are DNA of dead cells stained with EthDIII. Numerical data of this assay are displayed 

in figure 4-15. In figure 4-13, there is a visible green dimming in several cells (identified by DAPI) 

of chitosan-NPs treated samples. Cells’ cytoplasm becomes green when Calcein AM 

(administered to identify viable cells – see paragraph 3.2.6) is converted into green calcein by 

cells’ esterases. The reduced Calcein Am conversion in chitosan-NPs-treated cells may be a sign 

of poor cell health [478], [479]; although this reflects in higher cell death cell rate only in samples 

with higher microRNA concentration - Chitosan-NP at 34 ng/μL with 30 ng/μL of cel-miR-39-3p. 

Another hypothesis is that chitosan-NPs may interfere with Calcein AM conversion. 

Unfortunately, I was not able to find a reference for this hypothesis.    
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Figure 4-13: Live & dead staining of ECs after transfection with non-viral vectors 
Blue are the nuclei stained with DAPI, green is the cytoplasm of living cells stained with 
Calcein, and the red spots are DNA of dead cells stained with EthDIII.  A) Control – no 

treatment, B) Lipofectamine with 10 ng/μL of cel-miR-39-3p, C) Lipofectamine with 20 ng/μL of 
cel-miR-39-3p, D) Lipofectamine with 30 ng/μL of cel-miR-39-3p, E) Chitosan-NP at 34 ng/μL 

with 10 ng/μL of cel-miR-39-3p, F) Chitosan-NP at 34 ng/μL with 20 ng/μL of cel-miR-39-3p, G) 
Chitosan-NP at 34 ng/μL with 30 ng/μL of cel-miR-39-3p.  

 

 

Figure 4-14 represents the proliferation assay (Click-iT EdU Cell Proliferation Kit, Thermo Fisher 

Scientific, USA). Cells’ cytoskeleton was stained with β-tubulin, in green are the nuclei of cells 

that proliferated during the observation window, whereas in blue are nuclei of cells that did not 

proliferate during the observation window. Actually, all cells are stained with DAPI but 

proliferating cells have a brighter EdU (green) which covers DAPI. There is not much to note on 

the picture appearance and data derived from this assay are discussed in the next paragraph. 

 



91 
 

 
Figure 4-14: Proliferation staining of ECs after transfection with non-viral vectors 

To have a clearer view of cells, I added cytoskeleton β-tubulin staining (red). Nuclei staining: in 
green are the nuclei of cells that proliferated during the observation window, whereas in blue 
are nuclei of cells that did not proliferate during the observation window (all cells are stained 
with DAPI but proliferating cells have a brighter EdU (green) which covers DAPI). A) Control – 

no treatment, B) Lipofectamine with 10 ng/μL of cel-miR-39-3p, C) Lipofectamine with 20 
ng/μL of cel-miR-39-3p, D) Lipofectamine with 30 ng/μL of cel-miR-39-3p, E) Chitosan-NP at 34 
ng/μL with 10 ng/μL of cel-miR-39-3p, F) Chitosan-NP at 34 ng/μL with 20 ng/μL of cel-miR-39-

3p, G) Chitosan-NP at 34 ng/μL with 30 ng/μL of cel-miR-39-3p.  
 
 

As the viability graph shows (figure 4-15A), chitosan-NPs were more tolerable compared with 

lipofectamine (P<0.001), both with a micro-RNA dosage of 10ng/µL. However, no viability 

difference between chitosan NPs and lipofectamine administration was observed at higher 

microRNA dosages. Noteworthy, chitosan-NP-transfected ECs were always above 80% viability 

for all the micro-RNA dosages, and no statistical difference with control arose. The proliferation 

results were difficult to interpret and required repetition but the experimental schedule did not 

allow it. Reduced proliferation was seen at the two lower infecting dosages, but not at the 

highest (figure 4-15B). To the best of my knowledge, there is no justification for it. Nevertheless, 

data from chitosan-NP-treated EA.hy926 ECs confirmed that viability and proliferation are not 

impaired. 
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Figure 4-15: Percentage of viable and proliferating ECs after transfection with non-viral vectors 
Percentage of alive (A) or proliferating (B) cells (EA.hy926) incubated with different solutions. 
The viability assay was performed using the Viability/Cytotoxicity Assay Kit (Biotium, USA) and 
the proliferation assay was performed with Click-iT EdU Cell Proliferation Kit (Thermo Fisher 

Scientific, USA). From the left of each graph: Control  (no treatment) – Control, Lipofectamine 
with 10 ng/μL of cel-miR-39-3p – Lipofect miR 10, Lipofectamine with 20 ng/μL of cel-miR-39-
3p – Lipofect miR 20, D) Lipofectamine with 30 ng/μL of cel-miR-39-3p – Lipofect miR 30, E) 
Chitosan-NP at 34 ng/μL with 10 ng/μL of cel-miR-39-3p – NPs miR 10, F) Chitosan-NP at 34 

ng/μL with 20 ng/μL of cel-miR-39-3p – NPs miR 20,, G) Chitosan-NP at 34 ng/μL with 30 ng/μL 
of cel-miR-39-3p – NPs miR 30. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are 

expressed as mean ± standard deviation. Technical replicates=6. Non-parametrical test 
performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 

 
 

4.3.2.4 Endothelial Cells uptake of fluorescent chitosan-NPs  

I functionalized the chitosan with fluorescein isothiocyanate FITC, to have visual proof of 

chitosan-NPs uptake by EA.hy926 ECs. I produced empty chitosan-NPs and applied the 

transfection protocol used for previous experiments. NPs concentration was set to 34ng/μL as 

it is the highest NPs concentration which does not impair viability and proliferation, among the 

tested ones. The cell monolayer was analyzed by fluorescence microscopy. In addition, it was 

decided to track fluorescent chitosan-NPs and establish the fraction of which ended up on the 

cells (illustrated experimental plan in figure 4-16). To do so, a calibration curve that correlates 

FITC-conjugated chitosan-NPs amount to fluorescence units was drawn - see paragraph 3.4.2.  
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Figure 4-16: Fluorescent NPs uptake experiment walkthrough 

FITC- functionalized Chitosan is produced and used to fabricate fluorescent Chitosan-NPs. 
Chitosan-NPs are then incubated for 4 h with ECs. After NPs incubation, fluorescence intensity 
is measured, and cells are imaged. Then, the cell monolayer is incubated with the Trypan Blue 

and imaged again. Illustration created in BioRender.com 
 

 

Initially, the same NPs incubation protocol used to test viability and proliferation was applied 

(see paragraphs 3.2.3 and 3.2.4). This first attempt to get NPs uptake by ECs was unsuccessful.  

No traces of fluorescence in the FITC channel was found on the cell monolayer. After an 

extensive literature review, I decided to introduce two variations to the experimental protocol: 

incubating the cells with NPs up to 24h, and comparing normal culture media – which includes 

10% serum - with reduced serum media (Optimem) for transfection [346], [480]. With these 

modifications, I was able to observe particle uptake (figure 4-18B and C). After 24h, cells were 

washed with PBS and incubated with fresh culture media. Then, fluorimeter measures were 

taken. Combining the fluorimeter measures with the calibration trendline equations, I calculated 

the NPs' relative concentration in different phases: on the cell layer, the transfection media (T 

media), and PBS used to wash the culture wells after the 24h incubation (figure 4-17). Chitosan-

NPs amounts are expressed as fractions of the amount incubated with cells (34ng/μL). The use 

of Optimem reduced serum media (custom practice when doing cell transfection with 

liposomes) allows more NPs to be retained on the cell layer – 64.5±4.6% versus 26.1±4.1%. 

Chitosan-NPs that stayed suspended in the culture media were around 30% of the total for both 

employed media at the end of the experiment. On the other hand, around 40% more NPs were 

washed away with PBS when complete media was used, perhaps due to FBS proteins creating 

floating NPs aggregates.  
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Figure 4-17: Fluorescent chitosan-NPs distribution results 

Relative chitosan-NPs amount to the total incubated in the cell layer, PBS wash, and 
transfection media. FITC-conjugated chitosan-NPs transfection was carried out using complete 

EA.hy926 media (A) or Optimem (B). Data were generated before incubating Trypan Blue to 
quench extracellular FITC-NPs. NPs were incubated with complete media (10% FBS – 4-17A) 

and reduced serum media (Optimem – 4-17B) for 24h. Cells were washed with PBS and 
incubated with fresh culture media. Then, the fluorescence of the cell layers, the transfection 
media (T media), and the PBS used to wash the cells (PBS wash) was measured by Promega 

Glomax fluorimeter (excitation wavelength 475 nm and emission band 500-550 nm). The 
amounts of chitosan-NPs were calculated by correlating the fluorescence values to the amount 
of chitosan-NPs using the calibration curves calculated in paragraph 3.4.2. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001.  Values are expressed as mean ± standard deviation. Technical 
replicates=6. Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for 

multiple comparisons). 
 
 
 

Cell monolayer fluorescence microscopy images gave visual confirmation of previous data 

(figure 4-18). Figures 4-18B and 4-18C show the cell monolayer after NPs incubation with 

complete media and Optimem, respectively. The difference in favour of the latter is clear. 

However, detecting the FITC signal on the cell monolayer does not necessarily mean that the 

NPs have been internalized in the ECs, rather they can be either inside cells or externally 

attached to cell membranes. To exclude the extracellular NPs, half of the samples were 

incubated with Trypan Blue after fluorescent fluorimeter measurement. Trypan Blue has two 

favourable qualities: it quenches fluorescent signals in the FITC wavelength and does not 

penetrate live cells [481]. Following a published protocol, cells were incubated with a solution 

of trypan blue in PBS (1.2 mg/mL) at 4°C for 30’. Then, the cell monolayer was washed trice with 

PBS, fixed, stained with DAPI, and then imaged. The small dots that can be seen in Figures 4-18E 

and 4-18F can only come from NPs inside live cells – magnified versions of the cell layers after 

Trypan Blue incubation are shown in figure 4-19. Noteworthy, I have used a 20x lens – the 

highest magnification in our laboratory’s microscope, and chitosan-NPs are on average almost 

1000-fold smaller than the scale bar, as measured by DLS. Thus, it is highly likely that I have not 
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been able to detect the fluorescence of all internalized NPs, since the microscope was not able 

to resolve the smallest ones.  

 

 

 
Figure 4-18: Fluorescent chitosan-NPs uptake images  

In blue are nuclei stained with DAPI and in green are the chitosan-NPs functionalized with FITC. 
Pictures were taken after the FITC-conjugated chitosan-NPs transfection. Then, part of them 

was incubated with Trypan Blue (protocol outlined in this paragraph). A and D) Control 
samples (no NPs incubation) with (A) and without (D) the incubation with Trypan Blue. B and E) 

Samples with NPs incubated in complete media with (B) and without (E) the incubation with 
Trypan Blue. C and F) Samples with NPs incubated in reduced serum media (Optimem) with (C) 

and without (F) the incubation with Trypan Blue. 
 

 

Figure 4-19 are 2 magnified fields of cells incubated with fluorescent NPs in normal culture 

media (4-19 A and B), and  2 magnified fields of cells incubated with fluorescent NPs in Optimem 

media (4-19 A and B). Pictures were taken after the application of the aforementioned Trypan 

Blue incubation protocol. Cells with at least one visible fluorescent NP around or on the nucleus 

were marked positive. Cells without any fluorescent NP around or on the nucleus fell in the 

negative group. Keeping in mind that only NPs inside live cells are not quenched by trypan blue 

(see above), this can be a metric that contributes to evaluate the chitosan-NPs ability to cross 

the plasma membrane, a necessary requisite of a good transfection vector. From each of the 3 

technical replicates for each condition, 5 random pictures (imaged at 20x) were analysed. The 

positive cells were 49.4±12.5% in samples incubated with normal culture media (figures 4-18E, 

magnified version in 4-19 A and B),  and 82.4±9.2% in samples incubated with Optimem (figures 

4-18F, magnified version in 4-19 C and D).          
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Figure 4-19: Magnified fluorescence images of EA.hy926 ECs after FITC-conjugated chitosan-
NPs uptake and Trypan Blue incubation.    

Pictures were taken after FITC-conjugated chitosan-NPs transfection and Trypan Blue 
incubation (protocol outlined in this paragraph). Cells with at least one visible fluorescent NP 

around or on the nucleus after incubation with Trypan Blue were counted positive (white 
arrows). Cells without any fluorescent NP around or on the nucleus fell in the negative group 

(yellow arrows). In the pictures, only the arrows of the smaller group are drawn for clarity 
purposes. A and B) Picture of cells incubated with fluorescent NPs in normal culture media 

(only positive cells pointed by white arrows). C and D) Picture of cells incubated with 
fluorescent NPs in Optimem media (only negative cells pointed by yellow arrows).  

 
 
 

4.3.3 MicroRNA loading efficiency of chitosan-NPs 

RT-qPCR is a very sensitive technique that allows the detection of minimal amounts of RNA. I 

have used this assay to measure microRNA during the development of my project. The ability to 

determine the quantity of microRNA incorporated in the NPs (loading efficiency) is crucial to the 

success of the project itself. Additionally, RT-qPCR will be used on transfected cells to correlate 

the amount of microRNA incubated in cell culture with the effect on cells. Section 4.3.3 is 

focused on the development of a protocol to assay microRNA loading efficiency on chitosan-

NPs. 
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4.3.3.1 RT-qPCR efficacy in detecting microRNA embedded in chitosan-NPs 

This experiment is designed to evaluate the precision of RT-qPCR in measuring the amount of 

microRNA encapsulated in chitosan-NPs. As aforementioned, I selected a non-human microRNA 

(cel-miR-39-3p) because I wanted to estimate the exact amount of microRNA uptaken by cells 

in following transfection experiments without the interference of endogenous production. This 

is not the case in this experiment, but I used cel-miR-39-3p here to give consistency to my work.  

In this experiment, I focused on testing different chitosan-NPs components to understand if any 

of them interferes with RT-qPCR. One may be the abundance of polysaccharides like chitosan. 

From the literature, polysaccharides-rich samples (e.g., plant samples) pose additional problems 

during the extraction phase [482]. Thus, I decided to test a CTAB-based extraction buffer, which 

is specific for polysaccharides-rich samples RNA extraction [483], as a possible alternative Qiazol 

– a phenol-based extraction buffer, which is included in the Qiagen RNA extraction kit (Qiagen, 

Netherlands). Also, a Norgen RNA extraction kit specific to plant samples was tested (Plant 

microRNA purification kit, Norgen, Canada). Moreover, chitosan-NPs are made of different 

materials in addition to chitosan: microRNA, TPP, and NaCl. Any of them, or even a combination 

of them, could be responsible for microRNA detection by RT-qPCR impairment. Therefore, I 

decided to analyse a series of intermediate solutions employed during chitosan-NPs fabrication, 

in addition to using different RNA extraction methods. The sample choice allowed me to break 

down the problem and increase the likelihood of identifying the responsible for a potential RT-

qPCR sensitivity decrease. Hence, I measured the cel-miR-39-3p levels of: 

 

• chitosan-NPs without encapsulated microRNA to understand if any NPs component could 

give microRNA-unspecific background signal.  

• NPs with encapsulated microRNA, which is the target of my investigation.  

• a microRNA dilution in RNAse-free water as a positive control. 

• a TPP and NaCl dilution in RNAse-free water at the same concentration used for NPs 

production to understand if these compounds can influence RT-qPCR giving false positives.  

• a solution of microRNA, NaCl, TPP identical to the solution loaded on the syringe during NPs 

production to understand if the interaction of these compounds (which are mixed around 

one hour before NPs production) could affect RT-qPCR. 

 

Each sample was divided into three and total RNA was extracted with the three different 

methods outlined before: Qiagen RNeasy micro kit, Qiagen RNeasy micro kit with CTAB-based 

extraction buffer instead of the manufacturer’s one, and the Norgen Plant microRNA Purification 
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Kit  (figure 4-20). Since samples did not include live cells, a spike-in microRNA was added 

immediately after the lysis buffer addition to replace the missing housekeeping microRNA – 25 

fmol/sample of hsa-miR-26a-5p. This allowed me to normalize RT-qPCR results on the amount 

of samples added, preventing potential dosage errors and losses; and also to identify possible 

Retro-Transcription and RT-qPCR malfunctions. 

 

 
Figure 4-20: RT-qPCR efficacy test experimental walkthrough 

Different solutions are prepared: Empty NPs (Empty-NPs), microRNA-loaded NPs (MiR-NPs), 
microRNA in RNAse-free water(MiR/water), TPP and NaCl in RNAse-free water (TPP/NaCl), and 
microRNA, TPP, and NaCl in RNAse-free water (MiR/TPP/NaCl). Then, the samples are split into 

three aliquots and the microRNA is extracted with either Qiagen RNeasy micro kit, Qiagen 
RNeasy micro kit with CTAB-based extraction buffer instead of the manufacturer’s one, or 

Norgen Plant microRNA Purification kit. Finally, the microRNA levels are analysed by RT-qPCR.  
 

 

The use of CTAB-based lysis buffer resulted in less microRNA extraction from all samples, both 

the spike-in and the target microRNA. In table 4-1, CT values and microRNA fold-change 

(normalized by the Qiagen kit values) of microRNA diluted in RNAse-free water – theoretically 

the easiest sample to extract – are shown. The CT values of samples extracted with CTAB-based 

buffer were sensibly higher. Since the spike-in is added just before RNA extraction, it is likely 

that the extraction with a CTAB-based buffer was less efficient. MicroRNA extracted with Plant 

microRNA Purification Kit from Norgen expression gave similar results. Both cel-mir-39-3p and 

hsa-miR-26a-5p (spike-in) CT values were higher compared with samples extracted with the 

Qiagen kit. As for CTAB-based buffer, this indicated less RNA extraction efficiency. Considering 

this, samples subjected to microRNA extraction with CTAB-based buffer and with Norgen Plant 

microRNA Purification Kit were excluded from the analysis. 
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Sample id Spyke-in CT number 
(hsa-miR-26a-5p) 

Target CT number 
(cel-mir-39-3p) 

microRNA fold change 
(ref Qiagen kit) 

 
Qiagen kit 

13.134 4.944  
1 13.157 4.835 

13.092 4.918 

 
Qiagen kit with CTAB 

buffer 

35.559 27.676  
0.822 35.318 27.665 

35.861 27.563 

 
Norgen kit 

33.662 25.633  
0.901 33.675 25.584 

33.879 25.771 

Table 4-1: RT-qPCR data of microRNA dilution (cel-miR-39-3p) in water extracted using 
different methods.  

MicroRNA was diluted in RNAse-free water and microRNA was extracted with three different 
kits: Qiagen RNeasy micro kit, Qiagen RNeasy micro kit with CTAB-based extraction buffer 

instead of the manufacturer’s one, and the Norgen Plant microRNA Purification Kit. CT values 
are shown to highlight the lower amount of both target and spike-in in the Qiagen kit with 

CTAB buffer and Norgen kit compared to the Qiagen kit used as per the manufacturer’s 
indication.  

 

 

The results of the samples isolated with Qiazol lysis buffer are displayed in figure 4-21 and are 

normalized by the microRNA signal found in the cel-miR-39-3p dilution in RNAse-free water. As 

expected, there was no trace of cel-miR-39-3p in the samples in which it has not been added 

(figure 4-21A) - TPP and NaCl dilution and chitosan-NPs without encapsulated microRNA. 

MiR/TPP/NaCl/water resulted in higher microRNA concentration, with a statistically relevant 

difference only with MiR/NPs (P=0.043 – figure 4-21B). The most relevant information was the 

low amount of microRNA detected in the NPs with encapsulated microRNA – around 24% of the 

initially added amount.  

 

 
Figure 4-21: Cel-miR-39-3p expression measured by RT-qPCR of different suspension 
A) microRNA diluted in RNAse-free water compared to samples without microRNA 

(TPP/NaCl/water and Empty NPs). B) microRNA diluted in RNAse-free water compared to 
samples with microRNA (miR/TPP/NaCl/water and miR/NPs). MiR/water is a microRNA dilution 
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in RNAse-free water, miR/TPP/NaCl/water and TPP/NaCl/water are solutions of NaCl, TPP 
(identical to the solution loaded on the syringe during NPs production) with and without 

microRNA. MiR/NPs is an NPs suspension with encapsulated microRNA. Empty NPs is an NPs 
suspension without encapsulated microRNA. Since the samples are not extracted from cell 

cultures or tissues, there is no other microRNA that could be taken as housekeeping to 
normalize the target data, hence 25 fmol/sample of hsa-miR-26a-5p was added as spike-in.  

*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as mean ± standard 
deviation. Technical replicates=3. Non-parametrical test performed (Kruskal-Wallis ranks test 

and Dunn’s test for multiple comparisons). 
 

 

From RT-qPCR raw data, I have also noticed that spike-in expression was also dimmed. Most 

likely, the presence of chitosan in suspension was causing problems to the RNA extraction, even 

if microRNA is not bound in NPs, as is the case of the spike-in (table 4-2). Thus, the effect of 

chitosan did not depend on whether microRNA was embedded in NPs or simply added after NPs 

production. However, it cannot be excluded that the problems were coming from RT-qPCR or 

retro-transcription.  

 

 

microRNA/water 
Spyke-in CT number 

Empty NPs 
Spyke-in CT number 

miR/NPs 
Spyke-in CT number 

13.134 18.934 21.978 

13.157 19.185 22.133 

13.092 18.962 22,243 

Table 4-2: Spike-in (hsa-miR-26a-5p) CT values of samples with chitosan.  
Samples were prepared as from protocol. Before total RNA extraction, the spike-in is added to 

the suspension (25 fmol/sample). Then, RNA is extracted with a Qiagen RNeasy micro kit.  
RT-qPCR spike-in CT values are higher in samples with chitosan - empty NPs and miR/NPs, 

which means that less microRNA has been detected in those samples.    
 

 

4.3.3.2 Extraction of non-embedded Micro-RNA  by centrifugation 

From the previous experiment, it is clear that detecting microRNA in chitosan-NPs by RT-qPCR 

presents hurdles. Measurement of non-embedded microRNA floating in the NPs suspension 

supernatant would have been a way to circumvent the problem. The centrifugation of the NPs 

suspension should concentrate NPs at the bottom of the container, and allow to measure the 

amount of microRNA in the NPs-free supernatant. To properly set a centrifugation routine, I 

would have needed the NPs and the media density. As mentioned in the methods section, it is 
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hard to device chitosan-NPs density from literature, so I had to use published protocols  [484]–

[486]– with NPs centrifuged at around 12000 x g for 30 minutes - and adapt them by attempts. 

Unfortunately, I was not able to pellet the NPs without crushing or aggregating them. Indeed, 

DLS analyses showed poor quality data. The DLS (Zetasizer Nano ZS, Malvern Panalytical, UK) 

output was “measurement error due to out-of-boundaries polydispersity”. That means that it 

was not possible to measure NPs sizes because of the presence of bodies with sizes in a range 

of several magnitudes. It is worth nothing the presence of eye-visible agglomerates, which were 

not present in pre-centrifuge samples, suggests that NPs have been excessively compressed and 

aggregated and/or broken. I also tried to apply very low accelerations for a longer time – 3000 

x g for 7 hours. The amount of chitosan in the supernatant was estimated by a colorimetric assay 

using a published protocol [487] - see paragraph 3.5.3. The colorimetric titration measures 

chitosan concentration in ppm. The chitosan amount initially added to chitosan-NPs preparation 

was 148 ppm. The theoretic concentration of a chitosan homogeneous solution at 148 ppm in 

the colorimetric solution is 29.6 ppm, since from protocol 1 mL of chitosan solution should be 

diluted in 5 mL. All results I got (5 samples) were above 15 ppm, which means that there was 

plenty of chitosan in the post-centrifugation supernatant, more than 50% of what would be 

present in a homogeneous chitosan solution. That means that more than 50% of chitosan used 

to produce NPs was still floating instead of being on the bottom of the vial. Assuming chitosan 

all NPs to have a narrow size distribution (from paragraph 3.2.2, I estimated them to have a 

diameter of 140±25nm), around 50% of NPs were floating in the supernatant. Thus, 

centrifugation at low speed was inefficient. The estimation of free-floating microRNA was 

difficult to carry out with a sensible share of NPs-bonded microRNA mixed with the amount of 

not-bonded microRNA I wished to estimate.    

 

 

4.3.3.3 Extraction of non-embedded Micro-RNA by dialysis 

Centrifugation did not allow to sediment NPs and collect NPs-free supernatant. The use of 

dialysis is an additional approach analyzed in this project. The idea was to get rid of free-

microRNA from the chitosan-NPs manufacturing solution. Then, microRNA would be extracted 

from NPs. Obviously, I must have an efficient method to quantify microRNA embedded in 

chitosan-NPs, which is not so easy given the issues I had with RT-qPCR efficiency. However, this 

issue is faced in the following experiments – section 4.3.3.4.x.   
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The dialysis principle is simple: two solutions are separated by a permeable membrane which 

allows passage of molecules under a certain size. Solutes or water are driven across the 

membrane by osmotic pressure. In my experiment, I poured the chitosan-NPs manufacturing 

solution into a dialysis bag which was fitted in a jar filled up with RNAse-free water. If the dialysis 

membrane is chosen properly, free microRNA should cross the membrane to end up in RNAse-

free water. Usually, a dialysis membrane MWCO should be 3-fold the bigger compound it is 

wished to pass freely through the membrane. I chose dialysis tubes with MWCO equal to 50 kDa, 

since micro-RNA Mw nears 9 kDa, and a single chain of chitosan polysaccharides has Mw≥ 50 

kDa. It should be almost impossible for chitosan-NPs (being 140±25nm large) to get across a 

membrane with MWCO 50 kDa. Indeed, a 100 nm pore diameter corresponds to an MWCO of 

several million [488]. 

In the first experiment, dialysis was applied to a solution of microRNA (cel-miR-39-3p), NaCl, and 

TPP, identical to the solution loaded on the syringe during NPs production; NPs without 

encapsulated microRNA; and NPs with encapsulated microRNA. In figure 4-22, it comes manifest 

that there was no microRNA decrease after dialysis. Disappointingly, the microRNA amount did 

not diminish in the dialyzed samples, even when simply diluted in water (figure 4-22A). These 

results pose severe doubts about the efficacy of dialysis in separating non-encapsulated 

microRNA from the encapsulated one.     

  

 
Figure 4-22: Cel-miR-39-3p expression measured by RT-qPCR before and after dialysis 

 The dialysis membrane had MWCO equal to 50 kDa. A) Mix of microRNA, TPP, and NaCl in 
water. This mix is identical to the solution loaded on the syringe during NPs production; B) 

Empty NPs is an NPs suspension without encapsulated microRNA, and C) MiR/NPs is an NPs 
suspension with encapsulated microRNA. The samples were analysed before and after dialysis. 
Since the sample is not derived from cellular, there is no other microRNA that could be taken 
as housekeeping to normalize the target data, hence 25 fmol/sample of hsa-miR-26a-5p was 

added as spike-in. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as 
mean ± standard deviation. Technical replicates=3. Non-parametrical test performed (Mann-

Whitney). 
 

 

I hypothesized that either the dialysis membrane MWCO was not large enough, or the dialysis 

was too short. Therefore, I repeated the dialysis experiment using a simple microRNA dilution 
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in RNAse-free water to assess the dialysis membrane compatibility with microRNA. In this 

experiment, I chose two different dialysis tubes with MWCO of 140 and 300 kDa – among the 

largest pore sizes on the market. Considering the microRNA size, the Mw of cel-miR-39-3p 

synthetized by Eurofins is around 9.3 kDa, an MWCO of 300 kDa should be 20-fold larger than 

needed.  

Figure 4-23 clearly shows dialysis is not appropriate to pursue my aim. Indeed, microRNA 

concentration remained stable after 8h and 24h of dialysis with the 140 kDa MWCO dialysis 

membrane, if not slightly rising (figure 4-23A). When using a 300 kDa MWCO dialysis membrane, 

the microRNA concentration nearly doubles after 8h and goes down to around 79.7±1.6% of the 

initial amount after 24h (figure 4-23B). Given these results, dialysis was deemed not suitable to 

separate free microRNA for chitosan-NPs and abandoned.          

 

 

Figure 4-23: Water-diluted Cel-miR-39-3p expression measured by RT-qPCR before and after 
dialysis  

A) miR/water – MWCO 140kDa shows data about a microRNA dilution in RNAse-free water 
dialysed in dialysis bags with MWCO of 140 kDa for either 8 or 24 h; B) miR/water – MWCO 
300kDa shows data about a microRNA dilution in RNAse-free water dialysed in dialysis bags 

with MWCO of 300 kDa for either 8 or 24 h. Samples are compared with no-dialysis controls. 
Since the sample is not derived from cellular, there is no other microRNA that could be taken 
as housekeeping to normalize the target data, hence 25 fmol/sample of hsa-miR-26a-5p was 

added as spike-in. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as 
mean ± standard deviation. Technical replicates=3. Non-parametrical test performed (Kruskal-

Wallis ranks test and Dunn’s test for multiple comparisons). 
 

 

4.3.3.4 Chitosan enzymatic digestion 

Since I could not optimize an assay to detect microRNA not embedded in the chitosan-NPs 

suspension, I focused on finding a way to extract and detect a significant fraction of NPs-

embedded microRNA, larger than the one previously obtained, which was around 24% - see 
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paragraph 4.3.3.1. Chitosan digestion (using the specific enzyme chitosanase) before the RNA 

extraction should allow a more efficient microRNA detection [346]. 

N/P is the ratio between TPP and microRNA phosphate groups (P) and chitosan amine groups 

(N). N/P and weight ratio between components are inversely proportional – see chitosan-NPs 

production in Materials and Methods for details. Usually, a higher N/P grants more protection 

to microRNA, since it is bound to chitosan more strongly [489]–[491]. MicroRNA negative 

phosphate groups offer a marginal contribution to the strength of NPs electrostatic bonds 

because their number is negligible compared to TPP ones. Therefore, microRNA concentration 

in chitosan-NPs and N/P is assumed to be independent. In other words, N/P can be changed 

independently from microRNA concentration. These two observations gave me leverage to 

increase microRNA protection without the limitation of sticking to the desired microRNA 

concentration in NPs. In the foreseeable event that microRNA would need protection 

enhancement, I included NPs formulations with a higher chitosan/TPP weight ratio - 17.5 

(N/P=10).  

Following the literature, I decided to compare two different chitosanase concentrations for 

chitosan enzymatic digestion, 0.7 and 7 U per mg of chitosan [346], [425], [426].  

Chitosanase effectively made microRNA available for RT-qPCR (figure 4-24). The microRNA 

concentration read was 9.45±1% (Ch/TPP=7) and 10.4±3.6% (Ch/TPP=17.5) in non-digested 

samples, which increased to 61.1±5.6% (Ch/TPP=7) and 74.4±5.5% (Ch/TPP=17.5) in samples 

digested with 0.7U/mg of chitosan (P=0.0082 and P=0.0011, respectively). Data are normalized 

by the same microRNA amount in RNAse-free water. Chitosanase concentration increase did not 

increase the amount of detected microRNA. The chitosanase digestion was accomplished at the 

best of its potential because a 10-fold increase in enzyme concentration did not statistically 

increase microRNA estimation – no difference in samples prepared with Ch/TPP=7 and an actual 

decrease in samples prepared with Ch/TPP=17.5 (P=0.0295). A concentration of 0.7 U of 

chitosanase per mg of chitosan was enough to digest NPs produced with both protocols. The 

result of this experiment convinced me to apply chitosanase digestion before RNA extraction 

from chitosan-NPs.   
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Figure 4-24: Cel-miR-39-3p expression measured by RT-qPCR after chitosan enzymatic 

digestion. 
Cel-miR-39-3p levels were measured in samples of microRNA-embedded chitosan-NPs 

produced with two different Chitosan/TPP weight ratios, 7 and 17.5. After production, NPs 
were digested with 0.7 or 7 U of chitosanase per mg of chitosan, and assayed by RT-qPCR. 

Since the sample is not derived from cellular, there is no other microRNA that could be taken 
as housekeeping to normalize the target values, hence 25 fmol/sample of hsa-miR-26a-5p was 
added as spike-in. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as 
mean ± standard deviation. Technical replicates=4. Non-parametrical test performed (Kruskal-

Wallis ranks test and Dunn’s test for multiple comparisons). 
 
       

4.3.3.4.1 FBS nuclease inhibitor test 

Following the failure in estimating the chitosan-NPs microRNA loading efficiency, the focus 

moved to estimate the amount of protected microRNA – namely the survived microRNA after 

incubation of microRNA-loaded chitosan-NPs in 10% FBS for one hour. However, FBS nucleases 

should be neutralized after 1-hour FBS exposition and before chitosan digestion by chitosanase 

– demonstrated in the previous paragraph. If FBS nucleases are not blocked before NPs 

digestion, all microRNA freed from within NPs would be degraded as soon as it gets in contact 

with the FBS solution. RNAse inhibitor could help in that regard.  

In this experiment, I incubated a microRNA (Cel-miR-39-3p) dilution in RNAse-free water with 

10% v/v FBS for 1h. Before FBS addition, I added RNAse inhibitor to half samples and performed 

RT-qPCR after incubation. The control was a simple microRNA dilution in RNAse-free water. 

Figure 4-25 shows experimental results. There was a striking difference between samples 

incubated with 10% FBS only and the other conditions (P<0.0001). The RNAse inhibitor was able 

to preserve the microRNA from degradation by FBS nuclease, not fully though. The microRNA 

concentration in samples that received RNAse inhibitor was 77.1±3% of control. Therefore, I 
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added RNase inhibitor in the next experiments which involved miRNA-NPs enzymatic digestion 

after FBS incubation.   

 

 
Figure 4-25: Cel-miR-39-3p expression measured by RT-qPCR after 10% FBS incubation 

with/without RNAse inhibitor 
RT-qPCR readings were normalized by control (miR/water). MiR/water is a microRNA dilution 
in RNAse-free water, 10% FBS is the same amount of microRNA of miR/water incubated with 

10% v/v FBS for 1h, 10% FBS/inhibitor is the same amount of microRNA of miR/water with the 
addition of 1 U/μL of RNAse inhibitor and incubated with 10% v/v FBS for 1h. The samples 
were incubated for 1h at RT and then analysed through RT-qPCR. Since the sample is not 
derived from cellular, there is no other microRNA that could be taken as housekeeping to 

normalize the target data, hence 25 fmol/sample of hsa-miR-26a-5p was added as spike-in. 
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as mean ± standard 
deviation. Technical replicates=5. Non-parametrical test performed (Kruskal-Wallis ranks test 

and Dunn’s test for multiple comparisons). 
 
 

4.3.3.4.2 MicroRNA extraction from chitosan-NPs using chitosanase and nuclease 

inhibitor 

In the light of previous experiments, I combined chitosanase with the RNAse inhibitor to obtain 

the most precise estimation of preserved microRNA from NPs incubated with 10% v/v FBS in this 

experiment. The experiment was split into two parts. Initially, I focused on understanding the 

impact of the digestion process on microRNA. Then, I estimated the amount of microRNA left 

after miRNA-NPs have been incubated with 10% FBS for one hour at RT. I also included an NPs 

formulation with a higher chitosan/TPP weight ratio - 17.5 (N/P=10) as I did before – paragraph 

4.3.3.4. This let me understand if there was better microRNA protection with the increase of 

chitosan in the NPs formulation.  

The outcomes of the first part are outlined in figure 4-26A. The digestion process (sample 

incubation with Chitosanase and RNAse inhibitor for four hours at 37°C – right column of graph 
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4-26A) did not affect the levels of detectable microRNA. The microRNA amount detected in the 

miRNA solution in RNAse-free water after four hours at 37°C (miR/water 4h-37°C) was aligned 

with control, which is the same amount of miRNA solution in RNAse-free water analyzed by RT-

qPCR as soon as it was mixed (miR/water).  

 

 

 
Figure 4-26: Cel-miR-39-3p expression measured by RT-qPCR after 10% FBS incubation 

applying the digestion protocol completely 
A) microRNA in RNAse-free water solutions which readily underwent RT-qPCR (miR/water) or 

underwent RT-qPCR after four hours at 37°C (miR/water 4h-37°C) or underwent RT-qPCR after 
receiving chitosanase and RNA inhibitor and incubated at 37°C for four hours (miR/water 

chase/inhib 4h-37°C). B) microRNA-embedded NPs which received no further treatment (no 
treatment) or incubated with chitosanase and RNAse-inhibitor for four hours at 37°C 

(ChAse/Inhibitor) or incubated with chitosanase for four hours at 37°C following one-hour 
incubation in 10% FBS at RT (FBS/ChAse) or incubated with chitosanase and RNAse inhibitor for 
four hours at 37°C following one-hour incubation in 10% FBS at RT (FBS/ChAse). All microRNA 
levels are normalized by the same amount of microRNA in RNAse-free water solution samples 

(not shown). Since the sample is not derived from cellular, there is no other microRNA that 
could be taken as housekeeping to normalize the target data, hence 25 fmol/sample of hsa-

miR-26a-5p was added as spike-in*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values 
are expressed as mean ± standard deviation. Technical replicates=6. Non-parametrical test 

performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 
 

 

Figure 4-26B shows the microRNA concentration of NPs suspensions after different protocols; 

microRNA levels are normalized by the same amount of miRNA solution in RNAse-free water 

(not shown). Statistical significance is not indicated in the graph since it would have been too 

crowded. No statistical differences were observed between the two Chitosan/TPP weight ratios 

which underwent the same procedure. Hence, the following analysis is limited to samples in 

different conditions. The no-treatment samples are miRNA-NPs suspensions analyzed by RT-

qPCR after no additional treatments: the detected microRNA was 23.2±13.1% of the, while after 

complete digestion (ChAse/Inhibitor) the microRNA level was 78.3±10.1%  - P<0.0001 with 

FBS/ChAse and P=0.008 with FBS/ChAse/inh. FBS/ChAse stands for the samples incubated with 

10% FBS and then digested with chitosanase without the addition of RNAse inhibitor. As from 
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the hypothesis, the absence of RNAse inhibitor allowed FBS nucleases to degrade all microRNA 

freed by NP digestion, leaving no detectable traces - P<0.0001 with ChAse/Inhibitor, P=0.0087 

with no treatment samples, and no statistical difference with FBS/ChAse/inh. ChAse/Inhibitor 

are samples digested with chitosanase in presence of RNAse inhibitor. They display the 

maximum amount of microRNA detectable by RT-qPCR from these chitosan-NPs using this 

extraction method – 78.3±10.1%. Indeed, chitosanase degrades chitosan, whereas microRNA 

receives the maximum protection thanks to the incubation of RNAse inhibitor and the absence 

of RNAses since no FBS was incubated.  

 FBS/ChAse/inh identifies NPs incubated with 10% FBS for one hour and digested with 

chitosanase in the presence of RNAse inhibitor. These samples underwent complete digestion 

and the microRNA released from NPs was protected from FBS RNAse by the RNAse inhibitor. 

Eventually, the detected microRNA was the preserved amount after one-hour incubation with 

FBS nucleases. It is the value I would like to be as high as possible, as it measures the amount of 

microRNA that could be transfected to cells. Unfortunately, the remaining microRNA amount 

was not satisfying since it was only 3.2±0.62%. Besides, no statistical difference was observed 

with FBS/ChAse procedure, in which no microRNA was found.  

 

 

4.3.3.5 Chitosan-NPs optimization: microRNA and chitosan concentration 

variation 

In the previous experiment, I verified that only 3.2±0.62% of the original microRNA amount 

loaded in chitosan-NPs remains after 1-hour exposition to FBS nucleases. This experiment was 

designed to understand if increasing chitosan concentration in NPs composition allows a higher 

amount of microRNA to withstand RNAse degradation. In the second part, I also varied the 

microRNA concentration to understand if degraded microRNA is proportional to the microRNA 

added during NPs manufacturing, and if adding more microRNAs can be beneficial for 

transfection.  

The chitosan-NPs manufacturing protocol requires the addition of NaCl as an adjuvant of NPs 

formation. However, NaCl splits into Na+ and Cl- ions in water solution. Free-floating ions could 

bind to their counterparts: microRNA negative charges and chitosan positive charges. This could 

prevent microRNA and chitosan from attracting each other and generating well-packed 

microRNA-loaded chitosan-NPs. Therefore, I avoided adding NaCl to produce NPs for this 

experiment to see if this idea had some grounds.   
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I used to produce NPs with N/P=4 which is equal to Chitosan/TPP weight ratio equal to 7. In this 

experiment, I also tested N/P=10 (chitosan/TPP=17.5 w/w), and N/P=30 (chitosan/TPP=52.6 

w/w). 

 
Figure 4-27: Cel-miR-39-3p expression measured by RT-qPCR of chitosan-NPs produced with 

different chitosan concentrations. 
Cel-miR-39-3p concentrations measured by RT-qPCR. Ch/TPP=7 are microRNA-loaded 
chitosan-NPs produced with chitosan/TPP=7 w/w, Ch/TPP=17.5 are microRNA-loaded 

chitosan-NPs produced with chitosan/TPP =17.5 w/w, Ch/TPP=52.6 are microRNA-loaded 
chitosan-NPs produced with chitosan/TPP =52.6 w/w. MicroRNA was extracted right after 

production from the before FBS incubation samples. Instead, microRNA was extracted after 
incubation with 10% FBS for 1h from the after FBS incubation samples. The microRNA levels 
are normalized by miR/water samples (not shown). a) microRNA levels of samples produced 

with Ch/TPP=7 w/w before and after 10% FBS incubation. b) microRNA levels of samples 
produced with Ch/TPP=17.5 w/w before and after 10% FBS incubation. c) microRNA levels of 
samples produced with Ch/TPP=52.6 w/w before and after 10% FBS incubation. d) microRNA 
levels of samples (all tested weight ratios) before 10% FBS incubation. e) microRNA levels of 
samples (all tested weight ratios) after 10% FBS incubation. Since the sample is not derived 
from cellular, there is no other microRNA that could be taken as housekeeping to normalize 
the target data, hence 25 fmol/sample of hsa-miR-26a-5p was added as spike-in. *P<0.05, 

**P<0.01, ***P<0.001, and ****P<0.0001.  Values are expressed as mean ± standard 
deviation. Technical replicates=6. Non-parametrical test performed (Kruskal-Wallis ranks test 

and Dunn’s test for multiple comparisons). 
 

 

After incubation with 10% FBS at RT for one hour, there was no statistical difference between 

the three different Chitosan/TPP w/w in their detectable microRNA amount (figure 4-27e). The 

microRNA levels were around 18.3±3%. That means that higher chitosan concentration does not 

enhance microRNA protection from FBS nucleases. The absence of NaCl addition during NPs 

fabrication seems responsible for the increase of detected microRNA from around 3% to 18%, 

as it is the only parameter changed in the Ch/TPP=7 w/w samples. The effect of the FBS 
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incubation is still well present and statistically significant (figures 4.27a, b, and c)– P<0.0001 for 

NPs produced with Ch/TPP= 7 w/w, P=0.007 for NPs produced with Ch/TPP= 17.5 w/w, P=0.004 

for NPs produced with Ch/TPP= 52.6 w/w. Pre-FBS exposition microRNA levels were higher in  

Ch/TPP= 17.5 samples than in Ch/TPP= 7 ones (P=0.0462).   

 

 
Figure 4-28: Cel-miR-39-3p expression measured by RT-qPCR of chitosan-NPs produced with 

different microRNA concentrations 
 MiR conc 1x is microRNA-loaded chitosan-NPs produced with microRNA concentration=952.24 

nM, miR conc 2x is microRNA-loaded chitosan-NPs produced with microRNA 
concentration=1.9 μM, miR conc 5x is microRNA-loaded chitosan-NPs produced with 

microRNA concentration=4.76 μM. MicroRNA was extracted right after production from the 
before FBS incubation samples. Instead, microRNA was extracted after incubation with 10% 
FBS for 1h from the after FBS incubation samples. The microRNA levels are normalized by 
miR/water samples (not shown). a) microRNA levels of samples loaded with a microRNA 
concentration of 952.24 nM before and after 10% FBS incubation. b) microRNA levels of 

samples loaded with a microRNA concentration of 1.9 μM before and after 10% FBS 
incubation. c) microRNA levels of samples loaded with a microRNA concentration of 4.76 μM 

before and after 10% FBS incubation. d) microRNA levels of samples (all tested microRNA 
concentrations) before 10% FBS incubation. e) microRNA levels of samples (all tested 

microRNA concentrations) after 10% FBS incubation. Since the sample is not derived from 
cellular, there is no other microRNA that could be taken as housekeeping to normalize the 

target data, hence 25 fmol/sample of hsa-miR-26a-5p was added as spike-in. *P<0.05, 
**P<0.01, ***P<0.001, and ****P<0.0001.  Values are expressed as mean ± standard 

deviation. Technical replicates=6. Non-parametrical test performed (Kruskal-Wallis ranks test 
and Dunn’s test for multiple comparisons). 

 
 

In the second part of the experiment, I increased the microRNA amount from the usual 952.24 

nM (1x) to 1.9 μM (2x) and 4.76 μM (5x). 952.24 nM is the microRNA concentration in the initial 

mix (microRNA and TPP in RNAse-free water) that is then added to the chitosan suspension to 
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produce chitosan-NPs. Eventually, the concentration would be 25 nM during transfection to cells 

(see Materials and Methods). I applied microRNA concentration increments to understand if 

chitosan-NPs can retain more microRNA than 30 nM after FBS incubation; 30 nM is the 3.2% of 

952.24 nM (1x), which is the concentration of extracted microRNA from NPs after exposure to 

FBS nucleases for one hour - i.e. the amount measured in the previous experiment. 

As for chitosan variation, the effect of the FBS incubation on NPs loaded with different amounts 

of microRNA is evident and statistically significant (figures 4.28a, b, and c) – P<0.0001 for miR 

conc 1x, P<0.0001 for miR conc 2x, and P=0.0016 for miR conc 5x. Samples analyzed before the 

FBS exposition showed almost a doubling of detected microRNA between miR conc 1x and miR 

conc 2x, in line with the respective added amounts (P=0.0028 - figure 4-28d). Disappointingly, 

MiR conc 5x did not show the 5-fold microRNA amount detected in miR conc 1x as I was 

expecting. Perhaps, NPs could not host more microRNA. Most importantly, it appears that the 

microRNA concentrations after FBS treatment were equal in all three formulations (figure 3-

26e). Although I have added 2-fold and 5-fold the usual microRNA quantity during NPs 

fabrication, the after-treatment amount was always around 30 nM. That means that only 

3.68±3% and 5.78±1.1% of initially added microRNA in miR conc 2x and miR conc 5x survived 

nucleases.  MicroRNA amounts left after exposure to FBS were aligned with what was found in 

samples with lower initial microRNA concentrations.  

 

 

4.3.4 Chitosan-NPs transfection efficiency on Aortic Endothelial Cells 

The optimized chitosan-NPs production protocol I developed consisted of a mix of 0.89mL of 

TPP (0.1 mg/mL) and miRNA (952.24 nM) in RNAse-free water loaded in a syringe. The solution 

is dropped in a 15 mL glass tube (filled up with 2.49 mL of chitosan (0.25 mg/mL) in RNAse-free 

water and adjusted to pH=5.5 with acetic acid) at a fixed flow (0.2 mL/min) by a syringe pump. 

The tube sits on a hotplate stirrer that keeps it in constant stirring (1400 rpm) at 37°C.  The N/P 

is equal to 10 (chitosan/TPP=17.5 w/w) – see previous paragraphs, and paragraph 4.3.2.1.  

Here, I tested the chitosan-NPs transfection efficiency. I used primary aortic ECs (HAoECs) to 

prevent concerns about the translationality of my work – see paragraph 2.2 for the motivation. 

As it is broadly used as a microRNA non-viral vector, Lipofectamine RNAiMAX was chosen as a 

benchmark for the transfection efficiency of chitosan-NPs. All transfected cells underwent the 

Lipofectamine RNAiMAX transfection protocol – outlined in paragraph 3.2.5, which consists of 

five hours of incubation of microRNA-vector suspension in reduced serum media - Optimem. 
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Chitosan-NPs were produced with N/P=10. Since the collected samples included endogenous 

cellular microRNA, there was no need for spike-in addition for CT values normalization this time. 

U6 snRNA was used as housekeeping microRNA.  

Regrettably, the results are clearly showing that cel-miR-39-3p was not transfected using 

chitosan-NPs as a transfection vector (figure 4-29). MiR39-NPs samples have 0.3±0.3% cel-miR-

39-3p amount of lipofectamine samples (P=0.0009), which means almost nothing. In addition, 

the same samples' miR39-NPs values are aligned with values from empty NPs (empty-NPs) and 

NPs loaded with scramble microRNA (scramble-NPs) – a random and non-significant microRNA 

sequence, which was not added with cel-miR-39-3p whatsoever. Given these results, it was clear 

that the NPs that I designed are not suitable for microRNA transfection to HAoECs. 

 

 
Figure 4-29: Cel-miR-39-3p levels in transfected HAoECs measured by RT-qPCR 

 Cells were transfected by applying the Lipofectamine transfection protocol. Total RNA 
extraction and RT-qPCR analysis were carried out 64 hours after transfection – 16h overnight 
recovery plus 2 days as recommended by the manufacturer. Readings were normalized by the 

lipofectamine samples value. Lipofectamine is samples transfected with commercial 
lipofectamine RNAiMAX, miR39-NPs are samples transfected with cel-miR-39-3p-loaded 

chitosan-NPs, scramble-NPs are samples transfected with scramble microRNA-loaded chitosan-
NPs, empty-NPs are samples transfected with no microRNA loaded in chitosan-NPs. 

Lipofectamine, miR39-NPs, and scramble-NPs samples contained an equal microRNA amount – 
25 nM. As samples come from cell monolayers and U6 snRNA was used as housekeeping 

microRNA. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are expressed as mean 
± standard deviation. Technical replicates=6. Non-parametrical test performed (Kruskal-Wallis 

ranks test and Dunn’s test for multiple comparisons). 
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4.3.5 Contingency plan to select a non-viral vector for microRNA transfection 

In this section, the additional materials (PEI, PEI-g-PEI, PLGA, TMC) were considered as potential 

microRNA non-viral vectors, after chitosan-NPs failure. Then, proliferation, migration, and 

viability were tested on hsa-miR-132-3p-trasfected cells to assay changes inducted by its 

transfection. In addition, potential hsa-mir-132-3p mRNA targets expression levels were 

measured to asses the downregulation effect of the transfected microRNA.  

     

 

4.3.5.1 Polyethylenimine-NPs transfection efficiency 

In this experiment, PEI is tested as a potential microRNA transfection vector to HAoECs. PEI is 

cytotoxic at high concentrations [323], [324]. However, PEI concentration in transfection media 

is proportional to the weight of genetic material to transfect through the N/P ratio. Since 

microRNA is way smaller than long ncRNA or plasmid DNA, a fixed molar concentration means 

way fewer phosphates in case microRNA is administered. Therefore, less PEI amount is needed 

to achieve the required N/P. Human Embryonic Kidney 293 Cells – a cell type frequently used 

for cell transfection experiments, maintain >85% viability when incubated with up to 25 μg/mL 

of PEI [325]. As I add a microRNA concentration of 25nM in my experiments, the incubated PEI 

concentrations were 211 ng/mL and 423 ng/mL to achieve N/P=10 and N/P=20, respectively – 

850-fold less than the toxicity threshold just mentioned. Thus, there should not have been 

cytotoxicity – see paragraphs 1.5.5 and 3.4.3 for details.  

PEI-NPs fabrication and transfection were conducted as outlined in the material and methods 

section. U6 snRNA was used as housekeeping microRNA. As expected, PEI-NPs were extremely 

efficient in transfecting microRNA (figure 4-30). PEI-NPs were 70±14% (N/P=10) and 160±35% 

(N/P=20) more efficient than lipofectamine – P=0.0029 and P<0.0001, respectively. From these 

results, PEI seems a good candidate for microRNA transfection.         
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Figure 4-30: Cel-miR-39-3p expression of PEI-NPs-transfected HAoECs measured by RT-qPCR 
Cel-miR-39-3p levels from cell monolayer samples transfected with different vectors. RT-qPCR 

readings were normalized by lipofectamine value. No transfection are samples that did not 
undergo any transfection, lipofectamine are samples transfected with commercial 

lipofectamine RNAiMAX, PEI N/P=10 are samples transfected with cel-miR-39-3p-loaded PEI-
NPs at an N/P=10, PEI N/P=20 are samples transfected with cel-miR-39-3p-loaded PEI-NPs at 

an N/P=20. All samples contained an equal microRNA amount – 25 nM, except for no 
transfection samples. As samples come from cell monolayers and U6 snRNA was used as 
housekeeping microRNA. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are 

expressed as mean ± standard deviation. Technical replicates=6. Non-parametrical test 
performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 

 

 

4.3.5.2 PLGA-NPs manufacturing 

PLGA-NPs development is part of the contingency plan to select a suitable non-viral vector for 

microRNA transfection. I considered PLGA-NPs as an alternative to PEI-NPs in the event that 

PEI’s cytotoxicity, or its water-solubility, may be hampering microRNA transfection from the 

microRNA-functionalized scaffold. 

First trials on empty-NPs – no microRNA embedded, have given morphologically satisfying 

results (figure 4-31). Three technical replicates were prepared and imaged by TEM. From each 

replicate, 5 random fields were captured and the NPs’ diameter was measured. NPs diameter is 

17.6±5.3 nm, and their rounded shape suggests particles have properly hardened. NPs size is 

way underneath 200nm; the threshold I do not want to go above because it makes cellular 

uptake more difficult and less likely [432]–[434]. Since the tested NPs were empty, I am 

expecting microRNA-loaded NPs to be bigger, but not to a great extent. PLGA-NPs fabrication 

outcomes were satisfying enough to make a transfection trial. 
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Figure 4-31: PLGA-NPs characterization 

TEM picture of PLGA-NPs (rounded clear spots). Technical replicates=3. 
 

 

4.3.5.3 PEI-g-PEG and TMC based NPs transfection efficiency 

As done for PLGA-NPs, I tested PEI-g-PEG and TMC as potential candidates for microRNA 

transfection – see paragraph 1.5.5 for the description of the material and use in gene delivery 

examples.  

As outlined in Material and Methods, the NPs production protocol using both PEI-g-PEG and 

TMC consists in simply mixing the proper amount of reagents in RNAse-free water. As no buffer 

exchange or washing is employed between fabrication and cell transfection phases, the final 

concentrations are easily calculated from the initial amounts mixed. The reagents amounts 

derive from the N/P number since even in this case the force which should keep NPs together is 

electrostatic. MicroRNA final concentration for transfection was set to 25 nM (this concentration 

is motivated in paragraph 2.2.5). HAoECs were transfected following Lipofectamine RNAiMAX 

transfection protocol - paragraph 3.2.5. The amount of TMC required was 1.75 μg/mL for N/P=5,  

3.5 μg/mL for N/P=10, and 7.01 μg/mL for N/P=20; while 347 ng/mL for N/P=5,  694 ng/mL for 

N/P=10, and  1.388 μg/mL for N/P=20 are required for PEI-g-PEG NPs. 
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Figure 4-32: Cel-miR-39-3p expression of TMC-NPs-transfected HAoECs measured by RT-qPCR 
RT-qPCR readings were normalized by lipofectamine value. No transfection are HAoECs which 

did not undergo any transfection, lipofectamine are HAoECs transfected with commercial 
lipofectamine RNAiMAX, TMC N/P=5 are HAoECs transfected with cel-miR-39-3p-loaded TMC-

NPs at N/P=5, TMC N/P=10 are HAoECs transfected with cel-miR-39-3p-loaded TMC-NPs at  
N/P=10, TMC N/P=20 are HAoECs transfected with cel-miR-39-3p-loaded TMC-NPs at  N/P=20. 

All samples contained an equal microRNA amount – 25 nM, except for no transfection 
samples. U6 snRNA was used as housekeeping microRNA. *P<0.05, **P<0.01, ***P<0.001, and 

****P<0.0001.  Values are expressed as mean ± standard deviation. Technical replicates=3. 
Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for multiple 

comparisons). 
 

 

TMC-aided transfection did not work (figure 4-32). The average fold-change went from 

0.055±0.052% for TMC N/P=5 to 0.049±0.02% for TMC N/P=20. There was no statistically 

significant difference between TMC samples and control – i.e. no transfection.  

 

 
Figure 4-33: Cel-miR-39-3p expression of PEI-g-PEG NPs-transfected HAoECs measured by RT-

qPCR (1) 
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RT-qPCR readings were normalized by lipofectamine value. No transfection are HAoECs that 
did not undergo any transfection, lipofectamine are HAoECs transfected with commercial 

lipofectamine RNAiMAX, PEI-g-PEG N/P=5 are HAoECs transfected with cel-miR-39-3p-loaded 
PEI-g-PEG at  N/P=5, PEI-g-PEG N/P=10 are HAoECs transfected with cel-miR-39-3p-loaded PEI-
g-PEG at  N/P=10, PEI-g-PEG N/P=20 are HAoECs transfected with cel-miR-39-3p-loaded PEI-g-

PEG at  N/P=20. All samples contained an equal microRNA amount – 25 nM, except for no 
transfection samples. U6 snRNA was used as housekeeping microRNA. *P<0.05, **P<0.01, 

***P<0.001, and ****P<0.0001.  Values are expressed as mean ± standard deviation. Technical 
replicates=3. Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for 

multiple comparisons). 
 

 

PEG-g-PEI-based transfection gave mixed results (figure 4-33). PEI-g-PEG N/P=5 and PEI-g-PEG 

N/P=10 cel-mir-39-3p expression levels were not different from no transfection samples, but 

PEI-g-PEG N/P=20 showed sensibly higher expression levels (P=0.002) - 28±6% of lipofectamine 

expression. However, PEI-g-PEG N/P=20 resulted in less than a third of lipofectamine expression 

levels. 

 

 
Figure 4-34: Cel-miR-39-3p expression of PEI-g-PEG-NPs-transfected HAoECs measured by RT-

qPCR (2) 
RT-qPCR readings were normalized by lipofectamine value. No transfection are HAoECs that 

did not undergo any transfection, lipofectamine is HAoECs transfected with commercial 
lipofectamine RNAiMAX, PEI-g-PEG N/P=50 are HAoECs transfected with cel-miR-39-3p-loaded 
PEI-g-PEG at  N/P=50, PEI-g-PEG N/P=100 are HAoECs transfected with cel-miR-39-3p-loaded 

PEI-g-PEG at  N/P=100, PEI-g-PEG N/P=200 are HAoECs transfected with cel-miR-39-3p-loaded 
PEI-g-PEG at  N/P=200. All samples contained an equal microRNA amount – 25 nM, except for 
no transfection samples. U6 snRNA was used as housekeeping microRNA. *P<0.05, **P<0.01, 

***P<0.001, and ****P<0.0001.  Values are expressed as mean ± standard deviation. Technical 
replicates=6. Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for 

multiple comparisons). 
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I repeated the PEI-g-PEG-based transfection experiment to understand if increasing N/P could 

benefit transfected microRNA expression levels. PEI-g-PEG N/P=50 and PEI-g-PEG N/P=100 cel-

mir-39-3p expression levels were aligned to lipofectamine samples (figure 4-34). Moreover, PEI-

g-PEG N/P=200 outperformed lipofectamine samples expressing by 2-fold (P<0.0001). However, 

cytotoxicity concerns arose after transfection with high amounts of PEI-g-PEG. Optical 

microscope pictures show gaps on cell monolayer in cells transfected with PEI-g-PEG at N/P=100 

and N/P=200 (figure 4-35C and D). Also, there is an increase of rounded-shaped cells in those 

samples, a sign of poor cell health.  

 

 
Figure 4-35: Optical microscope pictures of cel-mir-39-3p transfected ECs with PEI-g-PEG 

vector at high concentration 
Cells are seeded in 96 well plates, cultured up to 80% confluence, and samples transfected 

with different vectors. After 24h, pictures of samples were taken to roughly evaluate the cells' 
health status. A) Control - no transfection, B) cells transfected with Lipofectamine RNAiMAX, C) 

cells transfected with PEI-g-PEG NPs at N/P=100, D) cells transfected with PEI-g-PEG NPs at 
N/P=200. 
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4.3.5.4 Proliferation, migration, and viability of cells transfected with hsa-miR-

132-3p loaded PEI-NPs 

Once PEI-NPs transfection efficiency was verified, it was important to understand if hsa-miR-

132-3p transfected to HAoECs had a similar effect using PEI-NPs or Lipofectamine RNAiMAX (see 

paragraph 4.2) as a vector – i.e. enhanced proliferation and migration as previously shown. In 

this experiment, hsa-miR-132-3p is compared with scramble microRNA - a microRNA sequence 

with the weakest (or no) match with any mRNA in the mRNA pool of homo sapiens, to separate 

the potential effects of the vector and the specific microRNA. I have also included membrane 

integrity (also known as LDH assay) and live & dead assay to investigate possible PEI-NPs 

cytotoxicity – see paragraphs 2.2, 3.2.6, and 3.2.7 for details. Following the PEI-NPs transfection 

efficiency test in paragraph 4.3.5.1, two PEI concentrations were tested, N/P=10 and N/P=20.   

MicroRNA transfection was effective (figure 4-36). Hsa-miR-132-3p-transfected cells using PEI-

NPs overexpressed it.  

 

 
Figure 4-36: Hsa-miR-132-3p expression of PEI-NPs-transfected HAoECs  

RNA was extracted 48h past transfection recovery time. RT-qPCR readings were normalized by 
the NP10 miR-132 level. From the left: Control – no transfection, NP10 mir-132 are HAoECs 

transfected with hsa-miR-132-3p-loaded PEI-NPs at  N/P=10, NP20 mir-132 are HAoECs 
transfected with hsa-miR-132-3p-loaded PEI-NPs at  N/P=20, NP10 scramble are HAoECs 

transfected with scramble-microRNA-loaded PEI-NPs at  N/P=10, NP20 scramble are HAoECs 
transfected with scramble-microRNA-loaded PEI-NPs at  N/P=20. All samples contained an 

equal microRNA amount – 25 nM, except for no transfection samples. U6 snRNA was used as 
housekeeping microRNA. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are 

expressed as mean ± standard deviation. Technical replicates=3. Non-parametrical test 
performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 
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Live & dead assay did not show significantly lower viability for PEI-NPs-treated cells. Cells were 

cultured in 96 well plates, with 6 technical replicates for each condition. From each replicate, 5 

random fields were imaged, and live, dead, and total cells were counted. The total cell number 

per replicate is variable but never below 900 cells. Dead cells were below 6% in all samples for 

both time points: 24 and 48 hours (figure 4-37A and B).  

 

 
Figure 4-37: Percentage of dead hsa-miR-132-3p-transfected HAoECs 

Percentage of dead cells 24 (A) and 48 (B) hours past transfection recovery time. From the left 
of each graph: Control  (no treatment) , HAoECs transfected with 25 nM of hsa-miR-132-3p 

loaded on PEI-NPs at N/P=10 – NP10 mir-132,  HAoECs transfected with 25 nM of hsa-miR-132-
3p loaded on PEI-NPs at N/P=20 – NP20 mir-132, HAoECs transfected with 25 nM of scramble 
microRNA loaded on PEI-NPs at N/P=10 – NP10 scramble, HAoECs transfected with 25 nM of 
scramble microRNA loaded on PEI-NPs at N/P=20 – NP20 scramble. Cells were cultured in 96 
well plates. From each replicate, 5 random fields were imaged, and live, dead, and total cells 
were counted. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are expressed as 

mean ± standard deviation. Technical replicates=6. Non-parametrical test performed (Kruskal-
Wallis ranks test and Dunn’s test for multiple comparisons). 

 

 

Also, the membrane integrity assay did not highlight any membrane damage problems (figure 

4-38). All treatments' cytotoxicity was around zero.  
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Figure 4-38: Cytotoxicity percentage of hsa-miR-132-3p-transfected HAoECs 

The assay was performed 24h and 48h past transfection recovery time. From the left of each 
graph: Control  (no treatment), HAoECs transfected with 25 nM of hsa-miR-132-3p loaded on 

PEI-NPs at N/P=10 – NP10 mir-132,  HAoECs transfected with 25 nM of hsa-miR-132-3p loaded 
on PEI-NPs at N/P=20 – NP20 mir-132, HAoECs transfected with 25 nM of scramble microRNA 
loaded on PEI-NPs at N/P=10 – NP10 scramble, HAoECs transfected with 25 nM of scramble 

microRNA loaded on PEI-NPs at N/P=20 – NP20 scramble, spontaneous LDH release, and 
maximum LDH release (see Materials and Methods). *P<0.05, **P<0.01, ***P<0.001, and 

****P<0.0001.  Values are expressed as mean ± standard deviation. Technical replicates=6. 
Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for multiple 

comparisons). 
 

 
 

Concerning the functional assays (proliferation and migration), the situation does not appear 

clear. At both time points, cells from the control seemed to migrate less than any other sample 

(figure 4-39A and B). Surprisingly, cells that received scramble microRNA were the fastest ones. 

I have no explanation for that behaviour, only that scramble microRNA could have had an 

unexpected interference effect on cells' RNA expression. A similar pattern was noticeable in the 

proliferation assay, only that now there was a single statistically significant difference 

(P=0.0141): cells transfected with 25 nM of scramble microRNA loaded on PEI-NPs at N/P=20 at 

48 hours (figure 4-40A and B). 
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Figure 4-39: Migration inclination of hsa-miR-132-3p-transfected HAoECs 

Percentage of the open wound at 6 (A) and 14 (B) hours. The assay was initiated 48h past 
transfection recovery time. From the left of each graph: Control  (no treatment) , HAoECs 
transfected with 25 nM of hsa-miR-132-3p loaded on PEI-NPs at N/P=10 – NP10 mir-132,  

HAoECs transfected with 25 nM of hsa-miR-132-3p loaded on PEI-NPs at N/P=20 – NP20 mir-
132, HAoECs transfected with 25 nM of scramble microRNA loaded on PEI-NPs at N/P=10 – 

NP10 scramble, HAoECs transfected with 25 nM of scramble microRNA loaded on PEI-NPs at 
N/P=20 – NP20 scramble. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.  Values are 

expressed as mean ± standard deviation. Technical replicates=6. Non-parametrical test 
performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 

 
 

 
Figure 4-40: Proliferating percentage of hsa-miR-132-3p-transfected HAoECs 

Percentage of proliferating at 24 (A) and 48 (B) hours. The assay was initiated 48h past 
transfection recovery time. From the left of each graph: Control  (no treatment) , HAoECs 
transfected with 25 nM of hsa-miR-132-3p loaded on PEI-NPs at N/P=10 – NP10 mir-132,  

HAoECs transfected with 25 nM of hsa-miR-132-3p loaded on PEI-NPs at N/P=20 – NP20 mir-
132, HAoECs transfected with 25 nM of scramble microRNA loaded on PEI-NPs at N/P=10 – 

NP10 scramble, HAoECs transfected with 25 nM of scramble microRNA loaded on PEI-NPs at 
N/P=20 – NP20 scramble. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are 
expressed as mean ± standard deviation. Technical replicates=6. Non-parametrical test 

performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 
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In the light of such unexpected results from the functional assays, I repeated the experiment 

using a different scramble microRNA from Qiagen to understand if the scramble microRNA 

(Thermo Fisher) used in the previous experiment had a specific effect. Moreover, I decided to 

compare PEI-NPs vectors with Lipofectamine. I have previously demonstrated that the 

Lipofectamine-hsa-miR-132-3p complex enhances migration and proliferation. In this 

experiment, I wanted to understand if the PEI-based vector had a comparable effect. Thus, I 

added Lipofectamine-transfected samples for a direct comparison in the same experiment. A 

sample incubated with an equal amount of PEI to the one used for PEI-NPs was also included to 

investigate the potential effects of the vector material.   

As before, I analysed microRNA expression and I verified that the transfection took place, as 

overexpressed hsa-mir-132-3p levels in hsa-mir-132-3p-transfected cells show (figure 4-41).  

 

 
Figure 4-41: Hsa-miR-132-3p expression of HAoECs transfected with different vectors  

RT-qPCR readings were normalized by Lipo miR-132 level. RNA was extracted 48h past 
transfection recovery time. From the left: Control – no transfection, PEI only are HAoECs 

incubate with PEI without any microRNA, Lipo scramble are HAoECs transfected with scramble-
microRNA-loaded Lipofectamine, Lipo miR132 are HAoECs transfected with hsa-miR-132-3p-
loaded Lipofectamine, PEI scramble are HAoECs transfected with scramble-microRNA-loaded 

PEI-NPs at N/P=10, PEI mir132 are HAoECs transfected with hsa-miR-132-3p-loaded PEI-NPs at  
N/P=10. All samples contained an equal microRNA amount – 25 nM, except for no transfection 
samples. U6 snRNA was used as housekeeping microRNA. *P<0.05, **P<0.01, ***P<0.001 and 

****P<0.0001.  Values are expressed as mean ± standard deviation. Technical replicates=3. 
Non-parametrical test performed (Kruskal-Wallis ranks test and Dunn’s test for multiple 

comparisons). 
 

It seemed PEI-NPs/hsa-miR-132-3p-transfected cells were the only samples having a faster 

migration at the first time point (8h) (figure 4-42A), but only compared to cells incubated with 

PEI (P=0.0204) and lipofectamine/scramble microRNA (P=0.005). There is no statistically 

significant difference between PEI-NPs/hsa-miR-132-3p-transfected cells and non-transfected 

cells (control). At 17 hours, the control cells are slower compared with PEI scramble and PEI 
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mir132 (P=0.008 and P=0.003, respectively - figure 4-42B). Also, Lipo miR132 seems to be 

migrating faster than control, but there is no statical significance. While it would be easy to 

conclude that hsa-miR-132-3p enhances migration, it is hard to understand why samples 

transfected with scramble-microRNA-loaded PEI-NPs are also moving faster. Hence, scramble 

itself should not be responsible for increased migration - Lipo scramble samples did not show 

increased mobility, nor PEI only did. Therefore, it is the combined effect of PEI with a random 

microRNA that seems to increase the cells’ migratory attitude.   

On the other hand, proliferation assay outcomes were clearer. Samples transfected with hsa-

miR-132-3p-loaded Lipofectamine were proliferating around 20% more than any other samples 

at all time points (figure 4-43). Data variance, low replicates number, and the use of a non-

parametric statistical method do not allow a statistically significant difference to emerge at 24h 

(figure 4-43A). At 48h, data variability is reduced and Lipo miR132 has statistically confirmed 

increased proliferation (P=0.0259 – figure 4-43B). PEI-transfected cells (PEI scramble and PEI 

mir132) had performances aligned with control samples.  

These results, especially the proliferation ones, showed a potential problem with PEI-NPs 

transfection. It has been shown  - in this paragraph and in 3.5 - that hsa-mir-132-3p transfected 

with lipofectamine enhances HAoECs proliferation and migration (only in experiments discussed 

in paragraph 3.5). When lipofectamine is substituted for PEI, these enhancements are lost.  

 

 
Figure 4-42: Migration inclination of hsa-miR-132-3p-transfected HAoECs using different 

vectors 
Percentage of the open wound at 6 (A) and 14 (B) hours. The assay was initiated 48h past 

transfection recovery time. From the left of each graph: Control – no transfection, PEI only are 
HAoECs incubate with PEI without any microRNA, Lipo scramble are HAoECs transfected with 

scramble-microRNA-loaded Lipofectamine, Lipo miR132 are HAoECs transfected with hsa-miR-
132-3p-loaded Lipofectamine, PEI scramble are HAoECs transfected with scramble-microRNA-

loaded PEI-NPs at N/P=10, PEI mir132 are HAoECs transfected with hsa-miR-132-3p-loaded 
PEI-NPs at  N/P=10*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed as 
mean ± standard deviation. Technical replicates=3. Non-parametrical test performed (Kruskal-

Wallis ranks test and Dunn’s test for multiple comparisons). 
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Figure 4-43: Proliferating percentage of hsa-miR-132-3p-transfected HAoECs using different 

vectors 
Percentage of proliferating at 24 (A) and 48 (B) hours. The assay was initiated 48h past 

transfection recovery time. From the left of each graph: Control – no transfection, PEI only are 
HAoECs incubate with PEI without any microRNA, Lipo scramble are HAoECs transfected with 

scramble-microRNA-loaded Lipofectamine, Lipo miR132 are HAoECs transfected with hsa-miR-
132-3p-loaded Lipofectamine, PEI scramble are HAoECs transfected with scramble-microRNA-

loaded PEI-NPs at  N/P=10, PEI mir132 are HAoECs transfected with hsa-miR-132-3p-loaded 
PEI-NPs at  N/P=10. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are expressed 

as mean ± standard deviation. Technical replicates=3. Non-parametrical test performed 
(Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 

 

 

4.3.5.5 Regulation of hsa-miR132-3p targets 

Proliferation and migration assays on hsa-miR-132-3p-transfected HAoECs showed that 

proliferation was enhanced only when Lipofectamine was employed as a transfection vector, 

but not when PEI was employed. To investigate this discrepancy, it was decided to measure 

expression levels of hsa-miR132-3p gene targets involved in cell proliferation and migration. 

Based on published work and bioinformatic analysis performed by a collaborator (Dr. Andrea 

Caporali, University of Edinburgh, UK) (see paragraph 3.3.5),  we selected a genes panel: 

 

• RAS p21 protein activator 1 (RASA1). It was shown that hsa-miR-132-3p downregulates 

RASA1 expression and increases endothelial proliferation [492]–[494] 

• RB transcriptional corepressor 1 (RB1): this gene encodes for a negative regulator of cell 

cycle protein. Its inhibition facilitates cell cycle progression [495] 

• Paxillin (PXN) is a cell focal adhesion component. The PAK-paxillin signal pathway is involved 

in the regulation of cell protrusion and migration [496] 

• Sprouty-related EVH1 domain containing 1 (SPRED1) is a negative regulator of MAP kinase 

signalling. If repressed, SPRED1 allows intracellular transmission of angiogenic signals 

coming from VEGF and FGF and enhances HUVECs' migratory activity [497]. 
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• Cyclin-dependent kinase inhibitor 1A (CDKN1A). When suppressed, EC proliferation, 

migration, and tube formation are enhanced [498] 

 

Bioinformatics analysis predicted binding regions for hsa-miR132-3p for mRNA encoding these 

proteins. UBC was used as the housekeeping gene. The gene expression analysis was carried out 

on previous experiment samples. The bioinformatics prediction was fairly accurate, only 

CDKN1A did not show any statistically significant difference between hsa-miR132-3p and 

scramble transfected samples (figure 4-44) when Lipofectamine was the transfection vector.  

 

 

Figure 4-44: Hsa-miR-132-3p-target genes panel expression by hsa-miR-132-3p- and scramble 
microRNA-transfected HAoECs with Lipofectamine. 

Cells were transfected using Lipofectamine RNAiMAX. Each graph compares a single gene 
expression (name on the title) from HAoECs transfected either with hsa-miR-132-3p or 

scramble microRNA. A: PXN, B: RB1, C: CDKN1A, D: SPRED1, and E: RASA1. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001.  Values are expressed as mean ± standard deviation. Technical 

replicates=6 Non-parametrical test performed (Mann-Whitney). 
 

 

Regrettably, this experiment showed the ineffectiveness of the PEI-NPs vector on 

downregulating target genes (figure 4-45). RNA interference effect on transfected HAoECs using 

PEI was not sufficient to give a statistically significant difference between scramble- and hsa-

miR-132-3p-transfected samples.  
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Figure 4-45: Hsa-miR-132-3p-target genes panel expression by hsa-miR-132-3p- and scramble-
transfected HAoECs with PEI. 

Cells were transfected using PEI-NPs. Each graph compares a single gene expression (name on 
the title) from HAoECs transfected either with hsa-miR-132-3p or scramble microRNA. A: PXN, 

B: RB1, C: CDKN1A, D: SPRED1, and E: RASA1. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001.  Values are expressed as mean ± standard deviation. Technical replicates=6 

Non-parametrical test performed (Mann-Whitney). 
 

 

The gene regulation outcomes match with the proliferation and migrations assays obtained in 

the previous paragraph. The absence of downregulation of genes that reduce migration and 

proliferation speed by PEI-mediated transfection is likely a cause of no downstream effect – i.e. 

the lack of migration and proliferation acceleration in PEI-mediated hsa-mir-132-3p-transfected 

HAoECs. On the other hand, hsa-miR-132-3p-transfected HAoECs using Lipofectamine showed 

downregulation of genes that are known to slow down migration and proliferation.  

 
 

4.4 MicroRNA-functionalized scaffold fabrication and preliminary tests 

In the following paragraphs, I describe the optimization of the scaffold manufacturing process 

and composition (figure 4.46). Then, the release of microRNA embedded in the scaffold is tested. 

Finally, HAoECs are seeded on the microRNA-functionalized, and their uptake of the microRNA 

released by the scaffold is assayed.  
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Figure 4-46: Tri-layered microRNA-functionalized scaffold for valve regeneration designed in 

this project 
The illustration describes the scaffold design concept. The PCL-based core layer should provide 
the mechanical and durability requirements for the implantation of the scaffold in the valvular 
position.  The GL coatings integrate the microRNA-vector complexes, which are released as the 

GL degrades.  
 

 

4.4.1 Fabrication of a valve shaped collector for electrospinning 

One of my project aims was to investigate the possibility to manufacture a valve-shaped scaffold 

directly during the electrospinning phase, without committing the surgeon to create a valve on 

the surgical theatre from flat sheets. To do so, I had to build an electrospinning collector with a 

valve shape, so that the scaffold will take its final morphology as the fibers are laid on the 

collector.  

The final collector would be fabricated from 3D models of bioprosthetic valves or patients from 

CT scans. The 3D image is imported in a 3D design software (Autodesk Fusion 360, USA). In this 

phase, the model is adapted to the 3D printer that will print the model. Then, the model is 3D 

printed in polylactic acid. The electrospinning needs a conductive collector on which it attracts 

the polymer fibers, but the printed model is made of PLA - a non-conductive polymer. Therefore, 

chemical electroplating was employed to create a metal coating on the surface on which the 

scaffold should be laid on (see paragraph 2.6.2.1). In this project, the scaffold deposition surface 

was provided with a copper coating. The production pipeline was tested using a 3D model of the 

aortic valve found on the internet (figure 4-47). Electrospinning trials on the so-made collectors 

were carried out applying the scaffold production protocol adopted in this project - see 

paragraph 2.6.3. Unfortunately, the electrospun nanofibers used to stick firmly on the collector 

and it was not possible to remove the scaffold without tearing it. I sought help from Chemistry 

and Engineering Departments at the University of Bristol, but nobody was able to help. 

Therefore, this approach was abandoned in favor of the production of a simpler flat sheet 

scaffold in order to complete the project on time. Like other materials employed in 
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cardiovascular surgery, scaffold sheets can be sewed in the required shape before surgery, even 

by surgeons in the surgical theatre.        

 

 
Figure 4-47: A 3D printed leaflet model with copper plating that makes it suitable as an 

electrospinning collector. 
 

 

4.4.2 Scaffold fabrication protocol 

Initially, preliminary scaffold production protocol tuning was carried out.  

For the coating layers tests were performed using a solution of GL dissolved in different solvents 

mixtures of distilled water and NMP – see paragraph 2.3. GL concentration was kept fixed to 

15% (w/v), and the crosslinker GPTMS (200 μL/g of added gelatin) was added 1h before 

electrospinning. The solution was then stirred at 37 °C for 60 min. The distance between the 

needle tip and the collector was fixed to 20 cm, and the parameters to tune were:  

 

• Voltage: 7, 10, 13, and 15 kV 

• Feed/Flow rate: 1 and 0.5 ml/h 

• NMP/water v/v ratio: 50/50, 60/40, and 70/30 

 

 

Since the NMP boiling point is at 202°C under atmospheric pressure, the scaffold was dried 

under a pressure of 5.5x10-3 mbar and a temperature of 37°C in a custom-made vacuum oven 

for 48h.  
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SEM images indicate that NMP is a good solvent to produce GL nanofibers. Fibers' diameter and 

pore size tend to increase with the growth of NMP proportion in the solvent mix (figure 4-48D 

and E). The 70:30 v/v NMP/water proportion creates deformed fibers with beads and large clots 

of fused fibers. The final protocol (table 4-3) was: 50:50 NMP/dH2O, a voltage of 15kV, and a 

flow rate of 1ml/hr, which produces well-defined and thin fibers (figure 4-48A). The resultant GL 

nanofibers had an average diameter of 336.7±56.4nm and an average pore dimension of 

290±23nm (figures 4-48D and E).  

 

 

Figure 4-48: Sem imaging and characterization of the electrospun scaffold 
A-C) SEM pictures of the GL nanofibers produced with a solvent mix at different NMP-water 

v/v ratios. D-E) Graphs showing nanofiber diameters and porosity. F) SEM picture of the triple 
layer of GL-PCL-GL electrospun scaffold.  

 

 

After the design of the GL nanofibers layer manufacturing process, I focused on creating a three-

layered scaffold GL-PCL-GL (figure 4-48F). I have verified that the overall PCL-GL scaffold 

thickness is 369±131 μm, which is in line with the measured leaflet thickness (460 μm) of a 

bovine pericardium-based commercial bioprosthetic valve (PERI-GUARD SUPPLE, Bovine 

Pericardium with Apex processing).  

 

Protocol 
# 

Materials Voltage Flow 
rate 

Additional 
Features 

Outcome 

1 GL 15% w/v in 
NMP/water (50/50 v/v) 

15 kV 
 

1 mL/h  Good spinnability 
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2 Core: PCL 10% w/v in 
chloroform 

Coating: GL 15% w/v in 
NMP/water (50/50) 

15 kV 1 mL/h  Good spinnability 
 

Table 4-3: Tested electrospinning protocols (1) 
In line 1 are the parameters of the optimal GL layer fabrication protocol. In line 2 are the 

parameters of the optimal PCL layer fabrication protocol. GL: gelatin, NMP: N-
Methylpyrrolidone, PCL: Polycaprolactone. 

 

 

4.4.2.1 Mandatory changes in the gelatin coating fabrication: Gelatin in water 

only 

After the calibration, it appeared that the GL layer was soft and easy to dissolve in water. After 

2 scaffold fabrication repetitions, the problem was still present (table 4-4, Protocol 2). I did not 

have this problem when I used water/acetic acid 40/60 v/v as a solvent. Thus, the hypothesis 

was that NMP was interfering with the GL crosslinker – GPTMS. It was decided that the GL layer 

would have been produced with water only as solvent  To allow it, the electrospinning chamber 

was fitted with a custom-made temperature and humidity control system – see paragraph 

3.6.2.3. The temperature must be kept above 35°C to have GL in the liquid state. To avoid GL 

drying around the needle tip hampering the electrospinning, relative humidity must also be 

controlled and kept between 50 and 70% (Table 4-4, Protocol 3) [224].  

 

Protocol 
# 

Materials Voltage Flow 
rate 

Additional 
Features 

Outcome 

1 GL 15% w/v in 
NMP/water (50/50, 
60/40, or 70/30 v/V) 

7, 10, 13, 
or 15 kV 

 

1 or 0.5 
mL/h 

 Good spinnability 
 

2 Core: PCL 10% w/v in 
chloroform 

Coating: GL 15% w/v in 
NMP/water (50/50) 

15 kV 1 mL/h  Good spinnability 
The gelatin layer 
dissolves upon 

scaffold wetting 

3 GL 10 or 15% w/v in 
water 

15 kV 1 or 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-

70% 

Good Spinnability 
No issues in the 
fabrication stage 

Table 4-4: Tested electrospinning protocols (2) 
In red: previously developed protocol with its problems outlined in the Outcome column and 

discussed in the paragraph. In green: the newly developed protocol that allows the 
electrospinning of GL coatings with only water as the solvent. GL: gelatin, NMP: N-

Methylpyrrolidone, PCL: Polycaprolactone. 
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4.4.2.2 Mandatory changes in the PCL core fabrication: PCL/GL blend in TFE 

The scaffold as designed so far - PCL core and GL form water-only solution coating – suffered 

from delamination. PCL layer was detaching from the GL one in wet conditions (figure 4-49A). 

This is likely due to the different properties of GL and PCL – see paragraphs 2.3 and 5.4. PCL 

tends to minimize its contact with water, and it wraps around itself when it is in water (figure 3-

50D). On the other hand, GL fibers swell as soon as they get in contact with water, they become 

thicker and much more packed. In the SEM pictures, it is possible to note that the fibers are 

thicker, and the pores are hardly visible (and fewer) in the wet electrospun GL mat (figure 4-49B 

and C). This causes a dimension rearrangement at the macro scale – lateral length -14,8% and 

thickness +90,8% [499]. I could not take SEM images of wet PCL. However, PCL does not change 

its macroscopic dimensions. This different behavior may be the cause of the delamination. To 

avoid it, the scaffold manufacturing protocol was changed. After literature research, I tested a 

GL/PCL blend in TFE to create a hydrophilic core layer [412], [413].  The electrospinning set-up 

remained the as used before. The changes were all in the material solution: 

 

• GL in TFE 10% w/v. 

• PCL in TFE 10% w/v. 

• The above solutions are mixed with a ratio of 70% PCL solution and 30% GL solution. 

• 0.2% v/v of acetic acid is added to the final solution to enhance miscibility. 

 

As stated in paragraph 3.7.2, the scaffold was left in the vacuum oven for 48h after the 

electrospinning. Eventually, I obtained a hydrophilic core layer (PCL/GL blend) with similar 

behavior to the GL-only layer in wet conditions (figure 4-49E). With these last adjustments (Table 

4-5), the tri-layer scaffold was not affected by delamination anymore (figure 4-49F).  
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Figure 4-49: Outcomes of the initial and the adjusted scaffold production protocols 

(A) PCL core and GL coating original scaffold delamination, (B) SEM image of dry GL-only 
electrospun scaffold, (C) SEM image of wet GL electrospun scaffold, (D) PCL-only electrospun 
scaffold in water, (E) PCL/GL blend core layer in water, (F) Complete tri-layer scaffold (GL in 

water – PCL/GL blend in TFE – GL in water) in water.  
 

 

Protocol 
# 

Materials Voltage Flow 
rate 

Additional 
Features 

Outcome 

1 GL 15% w/v in 
NMP/water (50/50, 
60/40, or 70/30 v/V) 

7, 10, 13, 
or 15 kV 

 

1 or 0.5 
mL/h 

 Good spinnability 
 

2 Core: PCL 10% w/v in 
chloroform 

Coating: GL 15% w/v in 
NMP/water (50/50) 

15 kV 1 mL/h  Good spinnability 
Impaired GPTMS 

crosslinking 

3 GL 10 or 15% w/v in 
water 

15 kV 1 or 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-

70% 

Good Spinnability 

4 Core: PCL 10% w/v in 
chloroform 

Coating: GL 10% w/v in 
water 

15 kV 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-

70% 
(GL layer only) 

Good Spinnability 
Delamination 

5 PCL/GL (70/30) 10% w/v 
in TFE 

15 kV 0.5 
mL/h 

 Good spinnability 
Hydrophilic mat 

6 Core: PCL/GL (70/30) 
10% w/v in TFE 

Coating: GL 10% w/v in 
water 

15 kV 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-

70% 
(GL layer only) 

Good spinnability 
No delamination 

 

Table 4-5: Tested electrospinning protocols (3) 
In red: previously developed protocol with its problems outlined in the Outcome column. In 

green: the newly developed protocol that mends the previous issue. GL: gelatin, NMP: N-
Methylpyrrolidone, PCL: Polycaprolactone, TFE: 2,2,2-trifluoroethanol. 
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4.4.3 Encapsulation of chitosan NPs in gelatin scaffold  

To give visual proof of NPs embedding in the scaffold, scaffolds with fluorescent chitosan-NPs 

were fabricated. The amount of embedded NPs was the same used for transfection with 

microRNA-vector complex suspended in culture media. For the scaffold manufacturing, the NPs 

preparation solution was added to dissolve the GL instead of pure distilled water. The solvent of 

the NPs production solution is essentially water with traces of unreacted reagents from the NPs 

fabrication process. Therefore, the scaffold fabrication procedure was unaltered.     

The result was a nanofibers mat with visible spherical bodies. The SEM picture (figure 4-50B) 

shows some spherical structures (within yellow circles), which are not present in the GL 

nanofibers mat without NPs incorporation (negative control - figure 4-50A). Obviously, SEM does 

not allow to look into the fibers’ bulk, but only the surfaces. Thus, it is not possible to understand 

the proportion of NPs embedded inside the fibers.  

Examining the fluoresce pictures, the FITC signal – supposed to come from the fluorescent NPs 

- appears in a dotted pattern distributed throughout the scaffold (figure 4-50D), while it is 

completely absent in the negative control image (figure 4-50C). Even in this case, it is hard to 

discriminate which NPs are inside the fibers or on the surface. However, this experiment 

confirms that NPs were immobilized on the scaffold. 

 

 
Figure 4-50: SEM and fluorescence images of chitosan-NPs-functionalized and non-

functionalized scaffolds  
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A-B) SEM pictures of GL nanofibers without (A) and with (B) embedded chitosan NPs (within 
yellow circles). C-D) Fluorescent images of GL scaffold without fluorescent NPs (C) and with 

fluorescent NPs (D). NPs were fabricated using FITC-conjugated NPs. Then the fluorescent NPs 
suspension was used to dissolve GL for the electrospinning solution. 

 

 

4.4.4 MicroRNA release from the functionalized scaffold 

In this experiment, a microRNA release curve from a functionalized scaffold was drawn to 

understand the dosage dynamics of microRNA to cells seeded on the scaffold. Lipofectamine 

will be the microRNA vector. 

The embedded microRNA is functionalized with Cy5 (cel-miR-39-3p-Cy5), thus the release curve 

was drawn using a fluorimeter (Promega Glomax), λex= 627nm and λem= 660nm. I realized a 

calibration curve to associate the microRNA amount in solution to the measured RFU (figure 4-

51A). To draw the release curve, scaffold strips were incubated with PBS in an incubator, PBS 

was collected, and fluorescence was measured by fluorimeter, while the scaffold was incubated 

with fresh PBS. I added 3.75 pmol (26.25 ng) of microRNA for each cm2 of seeded surface, which 

is equal to microRNA incubated in culture media for the same surface during a standard 

transfection. That is the same amount I should embed in the scaffold to have the amount of 

microRNA per cell of a standard transfection. The difference is that the scaffold will release 

microRNA during its GL layer degradation - 18 days, not in a single bolus incubation. Hence, I 

decided to add 2-fold the amount incubated usually based on the following considerations. A GL 

scaffold degrades in around 18 days, which means that I should get 52 ng/18=3ng of released 

microRNA each day, assuming a constant release, which is the most sensible hypothesis for the 

first trial. That means that every three days the scaffold should lose 9 ng of microRNA. 

Calibration data show around 10-fold RFU units between 0.1 ng (smallest data point) and 10 ng. 

Therefore, I want to have a 10% sensitivity of the microRNA amount that the scaffold should 

theoretically release.      
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Figure 4-51: MicroRNA release curve 

(A) Calibration curve of Cy5-functionalized cel-miR-39-3p drawn adding known amounts of 
microRNA, and read by a fluorimeter with the following parameters: λex= 627nm and λem= 

660nm. (B) Scaffold cumulative release is expressed in the percentage of the total released 
microRNA. Values are expressed as mean ± standard deviation. Technical replicates=3. 

 

 

Results show an initial burst release of some 40% in the first three days, and definitely not a 

linear curve (figure 4-51B). Then, microRNA loss diminishes each time point: 30% between the 

3rd and 6th day, 12% between the 6th and 9th day, 8% between the 9th and 12th day, 5% between 

the 12th and 15th day, and 2% between the 15th and 18th day. Data suggest that the majority of 

microRNA was on the surface or nearby as it was released in the early stages of gelatin 

degradation. 

 

 

4.4.5 Cell detachment from scaffold 

Cells seeded on the microRNA-functionalized scaffold need to be detached before verifying if 

the transfection was successful by RT-qPCR. It is important to detach a sufficient number of cells 

from the scaffold to then extract enough RNA for RT-qPCR analysis. Thus, several cell 

detachments protocols were tested on blank scaffolds prior to seeding cells on microRNA-

functionalized scaffolds.  

I tested different dislodging agents: Trypsin, Accutase, and TrypLE. These agents are usually in 

combination with EDTA. Its role is to chelate Ca2+ and Mg2+, which facilitates cell adhesion on a 

substrate [415]. The scaffold can absorb substantial amounts of Ca2+ and Mg2+ and release them 

during displacing agents incubation. Hence, I decided to include an initial step consisting of the 

incubation of an EDTA solution. The tested dislodging protocols were: 
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• Scaffold incubation with 4mM EDTA in PBS for 5 minutes at 37°C on a plate shaker, followed 

by incubation with TrypLE for 10 minutes or 1h at 37°C on a plate shaker (TrypLE 10 min or 

TrypLE 1h in the results graph 4-52). 

• Scaffold incubation with 4mM EDTA in PBS for 5 minutes at 37°C on a plate shaker, followed 

by incubation with Accutase for 10 minutes or 1h at 37°C on a plate shaker (Accutase 10 min 

or Accutase 1h in the results graph 4-52). 

• Scaffold incubation with 4mM EDTA in PBS for 5 minutes at 37°C on a plate shaker, followed 

by incubation with Trypsin-EDTA for 5 minutes or 15 at 37°C on a plate shaker (Trypsin 5 min 

or Trypsin 15 min in the results graph 4-52). 

 

EDTA solution was used to wash cellularized scaffold and discarded since there were no cells 

suspended. Then, the scaffold was incubated with a dislodging enzyme. This solution is supposed 

to contain cells after incubation. Cells were seeded at a density of 15,000 cells/cm2 with a 

growing surface of 3.9 cm2. After 3 days, cells were detached.  

 

 
Figure 4-52: Dislodged HAoECs from the seeded scaffold using different detaching protocols 
A) Total detached cells, B) Alive cells percentage of detached cells (checked with Trypan Blue 
staining). 15,000 cells/cm2 were seeded on a growing surface of 3.9 cm2 and detached after 3 
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days. From the left (in both graphs): cells detached after incubation with TripLE for 10 minutes, 
cells detached after incubation with TripLE for 1 hour, cells detached after incubation with 

Accutase for 10 minutes, cells detached after incubation with Accutase for 1 hour, cells 
detached after incubation with Trypsin for 5 minutes, cells detached after incubation with 

Trypsin for 15 minutes. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are 
expressed as mean ± standard deviation. Technical replicates=3. Non-parametrical test 

performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 
 

 

Results are displayed in figure 4-52. The highest number of extracted cells was from TrypLE 1h 

samples – 40529±2135 (figure 4-52A). Statistically significant difference is only with Trypsin 5 

min (P<0.001) and Accutase 10 min (P=0.0207). The numbers of extracted cells are less than the 

initially seeded ones – 60000 per sample. Noteworthy, the counting method (manual count of 

cells with Neubauer chamber) is prone to errors when cell number is low. Since all samples have 

been counted with the same method, similar errors apply to each sample. There is no statistically 

justified difference in the analysis of the percentage of survived cells among the extracted ones. 

However, TrypLE 1h comes first in this metric as well – 91.95±6.30%.  

Calcein staining on a sample treated with TrypLE for 1 hour shows that there are just a few cells 

after the detachment (figure 4-53). In terms of RNA yield, putting together three samples I 

obtained 30 ng of RNA each μL, sufficient for RT-PCR analysis. Thus, the best performing 

detaching protocol for future experiments is: incubation of the scaffold with 4mM EDTA in PBS 

for 5 minutes at 37°C on a plate shaker, followed by incubation with TrypLE for 1h at 37°C on a 

plate shaker. 

 

 
Figure 4-53: Fluorescence images of the seeded scaffold before and after the application of the 

dislodging protocol 
HAoECs were seeded on the scaffold. Then, cells were stained with Calcein before (A) and after 

(B) applying the TrypLE detachment protocol (4mM EDTA in PBS for 5 minutes, followed by 
incubation with TrypLE for 10 minutes or 1h at 37°C on a plate shaker).  
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4.4.6 MicroRNA transfection to ECs by microRNA-functionalized scaffold  

The last experiment of this project consisted of transfecting microRNA to HAoECs using the 

microRNA-functionalized scaffold designed in this project (protocol on table 4-6).  

 

Protocol 
# 

Materials Voltage Flow 
rate 

Additional 
Features 

Outcome 

1 GL 15% w/v in 
NMP/water (50/50, 
60/40, or 70/30 v/V) 

7, 10, 
13, or 
15 kV 

 

1 or 0.5 
mL/h 

 Good spinnability 
 

2 Core: PCL 10% w/v in 
chloroform 

Coating: GL 15% w/v in 
NMP/water (50/50) 

15 kV 1 mL/h  Good spinnability 
Impaired GPTMS 

crosslinking 

3 GL 10 or 15% w/v in 
water 

15 kV 1 or 0.5 
mL/h 

Heating: 35°C 
r. Humidity: 50-

70% 

Good Spinnability 

4 Core: PCL 10% w/v in 
chloroform 

Coating: GL 10% w/v in 
water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-

70%(GL layer only) 

Good Spinnability 
Delamination 

5 PCL/GL (70/30) 10% 
w/v in TFE 

15 kV 0.5 mL/h  Good spinnability 
Hydrophilic mat 

6 Core: PCL/GL (70/30) 
10% w/v in TFE 

Coating: GL 10% w/v in 
water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-

70% 
(GL layer only) 

Good spinnability 
No delamination 

 

7 Core: PCL/GL (70/30) 
10% w/v in TFE 

Coating: GL 10% w/v in 
water 

15 kV 0.5 mL/h Heating: 35°C 
r. Humidity: 50-

70% 
(GL layer only) 

microRNA-vector 
in GL layer 

Cells transfected 
with microRNA on 

the scaffold 

Table 4-6: Tested electrospinning protocols (4-FINAL) 
In yellow: the definitive protocol to produce the microRNA-functionalized scaffold for heart 

valve regeneration. GL: gelatin, NMP: N-Methylpyrrolidone, PCL: Polycaprolactone, TFE: 2,2,2-
trifluoroethanol. 
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Cells were seeded at 10,000 cells/cm2 (recommended by Promocell – the HAoECs provider) on 

a growing surface of 5.8 cm2. After three and six days, I applied the detachment protocol 

previously optimized:  incubation with 4mM EDTA in PBS for 5 minutes at 37°C on a plate shaker, 

followed by incubation with TrypLE for 1h at 37°C on a plate shaker. Total RNA was extracted 

and analyzed by RT-qPCR. Cel-miR-39-3p expression is noticeable in all microRNA extract from 

cells seeded on the cel-miR-39-3p functionalized scaffold (figure 4-54). However, variability was 

quite high, so much so that a statically significant difference is achieved only for cells collected 

after 6 days on a cel-mirR-39-3p functionalized scaffold compared to control – cells seeded on 

scaffolds without embedded cel-mir-39-3p. This shows that microRNA is released by the scaffold 

and picked up by the cells seeded on top of it.  

 

 
Figure 4-54: Cel-miR-39-3p expression levels of HAoECs seeded on the cel-miR-39-3p-

functionalized scaffold. 
RT-qPCR readings were normalized by control samples. From the left: control – no 

transfection, miR39 3days are samples in which cells were seeded on a cel-mirR-39-3p-
functionalized scaffold and collected three days after seeding, miR39 6days are samples in 
which cells were seeded on a cel-mirR-39-3p-functionalized scaffold and collected six days 
after seeding. The total RNA was extracted from the detached HAoECs and analysed by RT-

qPCR to find cel-miR-39-3p. As samples come from cell monolayers and U6 snRNA was used as 
housekeeping microRNA. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  Values are 
expressed as mean ± standard deviation. Technical replicates=3. Non-parametrical test 

performed (Kruskal-Wallis ranks test and Dunn’s test for multiple comparisons). 
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5 Final discussion 

The main issues of currently available aortic valve prosthesis are thrombogenicity, progressive 

degeneration, and immunogenicity [500][501]. Many of these problems are triggered by the 

initial interaction between the blood and the prosthesis surface. So far, no better valve 

prosthesis surface than an ECs lining was discovered despite several signs of progress in material 

finishing [373][375]. The hurdles of an in-vitro valve regeneration convinced researchers to 

adopt a simpler acellular approach. In-situ tissue engineering research is focused on the design 

of heart valve constructs able to guide the regeneration of native-like valves inside the 

recipient’s body. The newly formed valve should possess all the native valves’ functions, 

including not being thrombogenic and being able to repair and remodel itself [148]. 

Decellularized valves may struggle to be endothelialized without biochemical functionalization 

[502][503]. Moreover, recellularization results obtained in animal models may not be repeatable 

in clinical practice [504]. Given the usual thrombogenicity of prosthetic surfaces, ECs should 

form a continuous coating in less time possible. To achieve this, different types of scaffold 

functionalization were proposed, such as antibodies [505] and growth factors [506]. MicroRNA 

has great therapeutic potential and can influence all aspects of cell function, including the ones 

concerning regenerative medicine, like proliferation, migration, differentiation, protein 

synthesis, and others. 

This thesis was focused on the design of a microRNA-functionalized scaffold for aortic valve 

regeneration. The project considered three main aspects to develop: 

 

• The fabrication of a non-cellularized scaffold able to support in-situ aortic valve regeneration 

and release a therapeutic microRNA to colonize cells at the same time. 

• The selection of a microRNA able to stimulate the formation of an endothelial lining on the 

scaffold. 

• The selection of a vector suitable for delivery of a functional microRNA to aortic ECs. 

 

 

5.1 Micro-132 regenerative potential  

Hsa-miR-132-3p transfection to aortic valve ECs should favor scaffold endothelialization. If the 

implanted scaffold will locally release hsa-miR-132-3p in the injury site, colonizing cells should 

receive a proliferation and migration boost; so that the endothelialization may be quicker. 
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Correlation between ECs’ migration and proliferation enhancement and hsa-miR-132-3p 

transfection was already reported [277] [278]. Accordingly, I observed a doubling of proliferative 

cells after the microRNA transfection. Also, migration was enhanced – paragraph 4.2.  

I investigated proliferation- and migration-correlated gene expression – paragraph 4.3.5.5. The 

RASA1 downregulation was shown to increase ECs’ proliferation [278]. Moreover, our group 

demonstrated that the implantation of hsa-miR-132-3p-secreting cells stimulated ECs’ 

proliferation and migration and downregulated RASA1 [277]. Bioinformatics prediction 

identified other hsa-miR-132-3p target genes involved in migration and proliferation. Paxillin is 

a cell focal adhesion component involved in the migration of ECs [280]. Paxillin gene 

downregulation is correlated with the reduction of proliferation and migration in cancer cells 

[507]. SPRED1 allows intracellular transmission of angiogenic signals coming from VEGF and FGF 

and enhances HUVECs' migratory activity [281]. RB1 reduces cell proliferation in tumor cells 

[279]. Its inhibition facilitates cell cycle progression. To the best of my knowledge, this gene has 

not been reported to influence ECs’ proliferation and migration so far. 

All the aforementioned genes were downregulated by hsa-miR-132-3p transfection to aortic ECs 

while their proliferation and migration inclinations were higher than the control. Bioinformatics 

analysis also suggested that CDKN1A could be a target of hsa-miR-132-3p. When it is suppressed, 

angiogenesis is increased, and ECs’ proliferation, migration, and tube formation are enhanced 

[508]. However, I did not observe its regulation after HAoECs were transfected with hsa-miR-

132-3p.   

In addition, research in our laboratory has shown that microRNA-132 has a role in contrasting 

calcification [282]. Indeed, microRNA-132 reduces the expression of osteoblast markers [283]. 

This is not relevant to valve endothelialization. However, native and bioprosthetic valves are 

subjected to calcification and the protection from calcification could be beneficial to the newly 

regenerated valve.    

Hsa-miR-132-3p is a good candidate to enhance in-situ endothelialization and to protect the 

implant from calcification. Clearly, has-miR-132-3p is not the only microRNA studied to enhance 

endothelialization. MicroRNA-126 seems promising and tissue-engineered constructs 

functionalized with it have already been tested.  Wen et al. realized an in-situ vascular 

regeneration application that promoted endothelialization and nitric oxide synthesis by local 

transfection of microRNA-126, which downregulates Sprouty-related EVH1 domain-containing 

protein 1 [509]. Zhou et al. produced another vascular scaffold that exploited the regulatory 

mechanisms; they demonstrated that prolonged release of microRNA-126 was highly beneficial 

for ECs proliferation [510]. There is a lack of re-endothelialization publication specific to the 
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valve tissue in which microRNAs were employed. Nevertheless, inspiration can be provided 

mainly from the abundant number of vascular regenerative studies. The environment is far from 

similar, and the ECs are not the same, but they share similarities. 

 

 

5.2 Selection of a microRNA vector compatible with scaffold embedding   

MicroRNA influences cell expression via RNA interference at the post-transcriptional level, 

reducing or repressing the translation of mRNA with perfectly or partially complementary 

sequences [511]. To do so, microRNA must enter the cytoplasm in an intact and functional state. 

However, all RNA types are prone to enzymatic degradation by ubiquitous RNA-specific and 

generic nucleases [512], [513]. Unmodified short interfering RNA has an average half-life of 20 

min in serum [289]. My experiments confirmed the total microRNA degradation after one-hour 

incubation in 10% FBS.  10% FBS is the usual concentration added to culture media during in-

vitro work. FBS is an animal-derived blood extract that contains a physiological mix of nucleases. 

I am not sure if culture media nucleases concentration and composition are equal to the human 

organism’s concentrations. However, it was shown that nucleic acid digestion is 2-fold quicker 

in in-vivo setups than in in-vitro cultures, reinforcing the need of protecting genetic material for 

an effective administration [467], [468]. The media composition was optimized for in-vitro 

culture, which is the benchmark for this study which is at the proof-of-concept stage; thus the 

application of in-vitro models is compulsory. In a potential follow-up, an animal model (with its 

characteristics in terms of nuclease degradation dynamics) may be employed, but that is not the 

aim of this project. In addition, naked-microRNA has a reduced capacity to cross the plasma 

membrane due to its excessive size and its negative polarity. The cell membrane is negatively 

charged as well, hence it naturally repels RNA sequences [287]. The selection of a safe and 

efficient vector for microRNA delivery in the cytoplasm is a prerequisite for the application of 

RNA interference in clinical practice.  

Chitosan was repeatedly proven to be suitable for short ncRNA delivery. Liu et al. demonstrated 

a knockdown of enhanced green fluorescent protein expression between 45% and 65% with 

chitosan NPs [343]. This data was in accordance with Howard et al. who reached almost 78% of 

knockout in human lung carcinoma cells [345]. Also, chitosan has low cytotoxicity [514], [515]. 

Chitosan-NPs were used to transfect microRNA and plasmid RNA [516][517]. Regarding the 

specific application of this project, chitosan was particularly attractive since is soluble only in 

acidic solutions. MicroRNA-NPs were supposed to be embedded in the scaffold for heart valve 
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regeneration. This entailed that the NPs were to be added to water-based solutions used to 

produce the scaffold itself. As long as the solution was having a neutral pH (as was planned), the 

likelihood of chitosan-NPs dissolution and microRNA release during the scaffold production was 

reduced. These reasons were behind the decision not to use polyethyleneimine in the first place. 

Indeed, it raised cytotoxicity concerns and it is water-soluble [325][323].   

 

 

5.2.1 Optimization of the chitosan vector fabrication protocol  

Chitosan-NPs production is realized with just a single mixing passage, with no need for specific 

chemical expertise and machines. Optimization of a chitosan-NPs production protocol is 

relatively simple. The NPs’ physical properties can be changed by variating their composing 

material, concentrations, and relative ratios. The results of formula optimization often lead to 

the creation of NPs with a diameter smaller than 500 nm [343][345][518]. The transfection 

suitability of such-sized NPs has a cytological motivation. Cell types that do not possess 

phagocytosis capacity (the main cell types with phagocytic ability are macrophages, monocytes, 

and osteoclasts) struggle to internalize particles larger than 500 nm [432], [519]. Also, the 

smaller are the NPs, the more likely is the NPs' internalization because more cell endocytic 

pathways are available, like macropinocytosis, clathrin-mediated endocytosis, caveolae-

mediated endocytosis, and clathrin- and caveolae-independent endocytosis [520]–[523]. All 

these endocytic pathways are available in endothelial cells [385], [387]–[392], [521], whereas 

no phagocytosis activity has been observed by them, to the best of my knowledge.    

I used Sigma low molecular weight chitosan. The material was successfully employed in short 

ncRNA transfection, and it allows the production of properly sized NPs – around 200 nm or 350 

nm [343][345]. I attempted the optimization of the NPs production protocol, starting from an 

initial formula and variating one parameter at a time.  I considered four parameters to be tuned: 

chitosan concentration, TPP concentration, chitosan-TPP mass ratio, and NaCl concentration. 

Generally, the reduction of chitosan concentration is correlated with NPs’ size reduction [524], 

which was confirmed in my study. Indeed, the lowest chitosan concentration (0.25 mg/mL) gave 

the smallest NPs (640±25nm). I then fixed the chitosan concentration at 0.25 mg/mL and 

changed the other three parameters sequentially to obtain the smallest particles possible. The 

TPP concentration had the same trend as the chitosan concentration. The lowest one (0.1 

mg/mL) produced the smallest NPs (466±37 nm). The variation of the chitosan-TPP mass ratio 

showed a size minimum at the intermediate ratio of 7. Ràzga et al. confirmed that the smallest 
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particles were measured at chitosan/TPP=7 w/w [525].  Also, Antoniou et al. found the NPs’ 

minimal size at ratios of 6 and 9. The balance of electrostatic attraction and steric hindrance may 

have an optimal equilibrium point at chitosan/TPP=7 w/w that results in the most compact 

structure [526]. Finally, I analyzed the effect of NaCl. Using a NaCl concentration of 50 mM, I 

reached the smallest NPs diameter I ever produced (140±25 nm). The tested concentrations 

went from 0 mM to 150 mM, which corresponded to NPs’ sizes from 140 nm to over 300 nm. 

Ràzga et al. found a difference of just 30 nm for the same range of NaCl concentration tested, 

while Antoniou et al. registered a size increment of around 30% when the NaCl concentration 

went from 8.6 mM to 25.8 mM. Both studies are in substantial discordance with my results since 

I found much higher size variability and I identified the NPs’ minimum size at a much higher 

sodium concentration than the other two studies. Other production parameters could have 

been tuned (stirring speed, rate of TPP/microRNA addiction to the chitosan solution, chitosan 

solution pH), and would have been, if an NPs’ diameter of around 200nm would have not been 

reached tuning the four parameters initially chosen. However, it was also important to consider 

the general picture. This project is not focused on the description of chitosan-NPs, and how 

different production parameters can influence their features. Chitosan NPs should be functional 

to reach the final aim: the development of a microRNA-functionalized scaffold for heart valve 

regeneration.  Thus, the chitosan-NPs production protocol optimization aimed to produce NPs 

with satisfying and literature-backend characteristics - an NPs’ diameter around 200nm – and it 

was limited to that.  

Chitosan-NPs produced with the optimized protocol were measured by DLS and TEM. A relevant 

diameter difference was observed: 140±25 nm by DLS, and between 12nm and 20 nm by TEM. 

The discrepancy between the two measuring methods can be explained by the different 

conditions of the NPs at the measurement time. The transmission electron microscope 

measures the NPs after they have been exsiccated and coated with carbon. As additional proof 

of actual NPs formation, backscattered x-rays analysis determined a spheroid-like topological 

distribution of the NPs’ crosslinker – the TPP.  

 

 

5.2.2 In-vitro biological characterization of the chitosan vector: cytotoxicity, 

proliferation, and uptake 

The strong point of chitosan is its biocompatibility and lack of toxicity. Oral administration to 

mice did not elicit any adverse effect up to 100 mg/kg [336]. To verify this in my application, I 
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tested the effect of chitosan-NPs administration in terms of cytotoxicity and potential 

proliferation impairment. The scope of the microRNA functionalization of the scaffold is to 

improve the scaffold endothelialization. Hence, I needed to be sure that the transfection vector 

was not having a negative effect on two of the most important cell properties for successful 

colonization: viability and proliferation. I compared chitosan-NPs with a commercial microRNA 

transfection agent (Invitrogen Lipofectamine RNAiMAX). At first, I did not include any microRNA. 

The cells used in this experiment were the commercial immortalized ECs (EA.hy926). 

Lipofectamine was incubated following the manufacturer’s protocol, while chitosan-NPs were 

tested at different concentrations. I fixed the minimum chitosan-NPs concentration in line with 

published studies [527][346][345]. The other concentrations were around 5 and 10-fold the 

lower NPs concentration to investigate the cytotoxicity threshold. Only the highest dosage 

caused significant viability reduction – around 10%.  Published data showed significant 

cytotoxicity at around 5 and 10-fold the maximum concentration that I tested [527][346]. The 

threshold discrepancy may be due to the different types of cells used. Regarding proliferation 

trends, only Lipofectamine limited it by almost 36%. Samples incubated with Lipofectamine had 

lower cell density. The reason for that is unclear, and it was impossible to investigate it due to 

time and funding limitations. 

I then tested if the incorporation of a microRNA in non-toxic and non-antiproliferative chitosan-

NPs could worsen the NPs’ properties. In terms of viability, I observed the only sample under 

80% viability was the one administered with microRNA at 10 nM combined with Lipofectamine. 

Also, the proliferation reduction was observed only on Lipofectamine-transfected samples. 

Research reported Lipofectamine cytotoxicity and proliferation impairment on coronary arterial 

ECs [528], mesenchymal stem cells [529], and embryonic stem cell-derived ECs [530]. In my 

experiments, chitosan proved to be a biocompatible transfection vector.  

I finally tested the chitosan-NPs uptake potential. I synthesized FITC-conjugated chitosan to 

make NPs visible under a fluorescence microscope. I calculated that one or more chitosan-NP 

was inside 82.4±9.2% of cells. This was a satisfying percentage of positive cells, aligned with or 

outperforming other non-viral vectors [531]. In terms of the amount of uptaken NPs, some 

vectors do better, like pullulan[532].  Serum present in culture media and blood, which would 

wet the construct I am designing in its final location, can constitute an issue. Indeed, transfected 

cells go down to 49.4±12.5% in media with 10% of FBS. A high number of chitosan-NPs was found 

in the culture media and in PBS used to wash cells at the end of the transfection. It is notorious 

that serum proteins tend to aggregate NPs into micrometric agglomerates, which then cannot 

enter the cells [533] [534]. This is not limited to chitosan-NPs, Lipofectamine is affected as well 
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[535] [536]. However, microRNA-NPs will be anchored on the scaffold in the final scaffold. Once 

released from it, they should not travel far to meet a cell to transfect, hence their likelihood to 

meet proteins and other particulates to aggregate with may be reduced.    

 

 

5.2.3 Chitosan vector microRNA loading and transfection efficiency  

Knowing the amount of loaded microRNA in the NPs is essential. Any transfection protocol 

requires incubating a precise amount of microRNA with cells, which will be then correlated with 

its effect on cell function and expression [537][538]. 

RT-qPCR is an extremely sensitive technique that allows the detection of minimal amounts of 

RNA. It could have been a suitable way to measure the microRNA amount embedded in the 

chitosan-NPs [539]. However, chitosan causes problems either during total RNA extraction or 

the RT-qPCR stage. Polysaccharides (like chitosan) are abundant in plant samples, and they cause 

issues with RNA extraction [540][541]. To amend the problem, RNA extraction kits were 

specifically designed for polysaccharides-rich samples. There are also specific extraction buffers 

designed for such samples, like CTAB-based buffers [542]. I tested both, but they were not 

beneficial for microRNA amount estimation in chitosan-NPs. The total RNA yield was less than 

the yield from the same samples extracted with the general-purpose Qiagen RNeasy micro kit. 

Disappointingly, even the most efficient method could extract only a small fraction of the 

microRNA embedded in the chitosan-NPs – around 24%. 

In several publications, microRNA loading efficiency is calculated by measuring the amount of 

free-floating microRNA in the supernatant after NPs suspension centrifugation [543][544]. I tried 

to separate chitosan-NPs from free microRNA by centrifugation. However, I could not isolate 

chitosan-NPs on a tube bottom without breaking them. In that condition, part of the measured 

microRNA could have come from broken NPs. On the other hand, very slow centrifugation 

speeds left NPs floating in suspension. I basically could not find the right centrifugation speed to 

concentrate all chitosan-NPs on the vial bottom without crushing them. Chitosan-NPs are highly 

hydrated nanogels, thus they may be too soft to withstand the impact with the tube bottom 

surface during centrifugation. Hence, I tested a less mechanically stressful method to separate 

embedded from non-embedded microRNA, the dialysis. It is often used to separate compounds 

in a very gentle way [545][546]. The osmotic pressure is the only driver of the separation. 

Unfortunately, I realized that microRNA could not cross the dialysis membrane, although its 

pores were designed to allow membrane crossing by 30-fold larger compounds. Although 
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dialysis has been used to prepare NPs for short ncRNA delivery [547]–[549], it gave utterly 

unsatisfying results in my experiments. The causes of the failure are not clear to me. The 

microRNA size compared to the membrane MWCO is not the issue; the dialysis membrane pores 

were sufficiently large in theory. Given these results, I abandoned the use of dialysis membranes 

to estimate the amount of embedded microRNA.  

As just discussed, I could not optimize a protocol to assay chitosan-NPs microRNA loading 

efficiency. As initially mentioned, free microRNA degrades within minutes if incubate with 

serum. Hence, instead of separating embedded from non-embedded microRNA, I exposed the 

microRNA-loaded NPs to a serum solution for 1h. Usually, transfecting agents manufacturers 

indicate a transfection time of no less than 4 hours. Thus, I assumed that the microRNA that 

does not withstand 1 hour in contact with serum nucleases is not likely to be transfected in cells. 

Thus, the amount of remaining microRNA is an approximate estimation of the microRNA that 

cells could internalize during the transfection. Still, RT-qPCR sensitivity was impaired by the 

presence of chitosan in the samples – see above. The selective enzymatic digestion of chitosan 

with chitosanase could have helped to increase RT-qPCR sensitivity when analyzing samples with 

chitosan, as shown in published works [424]–[426]. Chitosan enzymatic digestion by chitosanase 

allowed to raise the amount of extracted microRNA out of chitosan-NPs samples from 24% to 

75%. Nevertheless, estimation of chitosan-NPs-loaded microRNA amount after exposition to FBS 

was still not possible. All microRNA freed from within chitosan-NPs by chitosanase would have 

been degraded as soon as it was getting in contact with the serum in the suspension. To avoid 

this, the final experimental protocol included the presence of an RNAse inhibitor during the 

chitosan digestion. After verifying that the RNAse inhibitor was not hindering the chitosanase 

activity, I finally managed to develop a protocol to estimate the quantity of microRNA that could 

reasonably be uptaken by cells when microRNA-loaded chitosan-NPs were administered. This 

was not an exact measurement of all microRNA complexed with chitosan, but an evaluation of 

the amount of microRNA that was receiving enough protection to be safely transfected to cells. 

The result of this measured with this protocol was not satisfying, though. Just 3% of initially 

embedded microRNA survived a 1-hour incubation with serum. Such a low amount would mean 

that 97% of expensive microRNA would be degraded and not achieve its target. In addition to 

the enormous waste of expensive material, the remaining microRNA may have not been enough 

to achieve a therapeutic effect. There are several studies showing microRNA-loading efficiency 

above 80% [550][551][552]. Thus, I tried to improve the chitosan-NPs loading efficiency by 

changing the chitosan and microRNA concentration, but I did not get improvements. The 

increase of chitosan concentration during the NPs production did not improve the microRNA 
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protection against FBS nucleases, nor increasing the microRNA initial amount resulted in a 

higher quantity of microRNA surviving FBS exposition. Perhaps, loading saturation - maximum 

microRNA that can be uploaded into NPs – was reached. The only beneficial modification was 

the elimination of the NaCl addition during the NPs fabrication. The increase of microRNA 

loading from 3% to around 18% reinforced my suspicion that NaCl ions were reducing the 

electrostatic attraction between chitosan and microRNA, although NaCl is used in published NPs 

fabrication protocols to reduce NPs’ dimension variability [553]–[555]. 

Despite all the optimization work done and the promising literature, my experiments revealed 

that chitosan-NPs were not able to transfect microRNA to aortic ECs. I found no traces of the 

embedded microRNA in the RNA extract from the transfected cells. Chitosan may be still a good 

candidate for microRNA transfection with some modification. Nevertheless, given the 

scholarship remaining time and the ambitious objective of this project, I had to look for a 

different transfection vector and abandon chitosan.      

 

 

5.3 Selection of alternative transfection vectors 

As briefly outlined at the beginning of the discussion, many are the transfection vectors used in 

medical research. Chitosan was chosen because of its high biocompatibility, non-solubility at 

neutral pH, and good transfection performance reported in the literature. TMC is a chitosan 

derivative. The main difference between the two is that TMC is constantly positively charged 

and its charge does not depend on the environmental pH, as for chitosan. This may help to create 

a more stable bond with the microRNA [556]. TMC showed transfection potential when 

combined with pDNA [557] and siRNA [558]. However, it did not transfect microRNA to aortic 

ECs during my screening tests. Noteworthy, ECs are not the simplest cell type to transfect. 

Several publications report low transfection efficiency with non-viral vectors [559][560][561]. 

PEI was one of the first and most used transfection vectors. It also inspired commercial 

transfection agents such as JetPEI (Polyplus, France)  [316]. The PEI's ability to permeabilize cell 

membranes could be the cause of its alleged cytotoxicity [562][563]. Despite its toxicity, the PEI's 

ability to transfect genetic material was not overlooked. Indeed, countless PEI derivatives were 

developed to exploit its transfection ability and try to mitigate its cytotoxicity [564] [565]. PEI-g-

PEG was realized expressively to amend PEI cytotoxicity and increase its systemic circulation 

time [566][567]. PEI-g-PEG showed transfection potential in my experiments. However, the 

levels of transfected microRNA were not stable. PEI-g-PEG was more transfection efficient at 
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high concentrations. Noteworthy, the cell monolayers did not look healthy, gaps and round-

shaped cells (a sign of poor cell health) were more frequent as PEI-g-PEG was increased. As 

outlined in the following paragraph, PEI showed higher transfection efficiency and no 

cytotoxicity in the concentration employed. Considering the limited time, I could not carry on 

with all the tested transfection materials to the next stages of the project. Thus, I choose the 

most performant, the PEI. 

 

 

5.3.1 PEI as transfection vector 

PEI is extremely transfection-efficient [568][569]. In my experiments it outperformed 

Lipofectamine by 2- to 3-fold, depending on the concentration. The PEI cytotoxicity threshold is 

extensively debated in the literature and it depends on different circumstances [570]. 

Regrettably, PEI cytotoxicity is positively correlated with its transfection efficiency, as it seems 

to be correlated with the charge density which is also the reason for its good transfection. 

Wagner et al. fixed the threshold at 360 μg/mL-1 [571][572][325]. However, the amount 

employed in my experiments was 423 ng/mL at most - around 850-fold less. Since membrane 

permeabilization is a reason for PEI toxicity, I assayed potential membrane damages with an LDH 

assay. I noticed that there was no lactate leakage in samples treated with PEI or Lipofectamine, 

nor viability decreased. Fisher et al. found a relevant amount of LDH in culture media after 

fibroblasts were incubated with 10 μg/mL [573]. Hall et al. showed some LDH leakage when 

branched-PEI with an Mw of 25 kDa (the same used in my experiments) was incubated with lung 

cancer cells at a concentration of 2 μg/mL [574].  In both cases, PEI was not complexed with any 

genetic material, a state in which PEI is more cytotoxic [575]. Since I have used lower 

concentrations of PEI-microRNA complexes, which makes PEI less cytotoxic, my LDH assay data 

are reasonable. Also, no issues were noticed in the viability assay, viable cells were always equal 

to or more than 94%.  Safety-wise the PEI-NPs did not seem to cause any concern. Highly likely, 

the limited amount used contributed to PEI tolerability. PLGA and PEI-g-PEG especially seemed 

promising as microRNA vectors, but a choice was mandatory as carrying forward all these 

materials in parallel was not feasible. Therefore, PEI was prioritized given its superior 

transfection efficacy. 
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5.3.2 Regenerative potential of the PEI-microRNA complex  

After having proved the transfection potential of PEI-NPs, its functional effects were tested. 

Repeated trials gave unexpected results. Cell migration seemed faster when microRNA negative 

control was embedded in PEI-NPs. Also, proliferative cells had the same trend. The suspect of 

an unspecific effect of the microRNA negative control made me repeat the experiment with an 

additional negative control from a different manufacturer. The proliferation assay has clearly 

shown that only the lipofectamine-has-miR-132-3p complex had an enhancing effect, while 

migration assay results were inconclusive. Enhanced cell migration of PEI transfected samples 

and lipofectamine-has-miR-132-3p appeared only at the latest time point. The possible effect of 

the PEI material only was considered as well. However, PEI material only did not have any 

functional effect. In the light of these results, I tested gene regulation and I discovered none of 

the considered genes were downregulated in samples transfected with PEI-has-miR-132-3p. The 

gene regulation outcomes matched with the proliferation and migrations assays. The absence 

of downregulation of genes that reduce migration and proliferation speed by PEI-mediated 

transfection is likely a cause of no downstream effect – i.e. the lack of migration and proliferation 

acceleration in PEI-mediated hsa-mir-132-3p-transfected HAoECs. On the other hand, hsa-miR-

132-3p-transfected HAoECs using Lipofectamine showed downregulation of genes that are 

known to slow down migration and proliferation. This observation at the translational level 

matches with the cell proliferation enhancement (functional level). I could not conclude the 

same for migration. MicroRNA transfection to HAoECs with PEI (both scramble and microRNA-

132) resulted in faster migration compared with control. I could not give a reasonable 

justification for this. The enhanced migration could not be ascribed to the PEI material only, 

since HAoECs incubate with PEI and no microRNA did not have the same behaviour. Effective 

transfection of short non-coding microRNA by branched-PEI 25 kDa (used in this study) at 

polyethylenimine/RNA ratios similar to the ones employed in this study was already 

demonstrated [325] [318]. The silencing potential of the branched-PEI 25 kDa vector (used in 

this study) was also demonstrated in mesenchymal stem cells [324],  neuroblastoma cells [318], 

and cervical cancer (HeLa cells) [576]. A specific characteristic of aortic ECs may be behind my 

negative results in the use of PEI, which are in contrast with published works.  

Eventually, the only vector able to actuate gene silencing among the ones I tested was the 

Lipofectamine. That was the vector I utilized to functionalize the scaffold under development 

with microRNA, although it is expensive and its claimed cytotoxicity is stopping clinical use [577].       
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5.4 MicroRNA-bearing scaffold design 

After testing different materials, it became clear that the only vector enabling microRNA to 

regulate gene expression in HAoECs was the commercial Lipofectamine RNAiMAX. The use of 

lipofectamine as a vector for the microRNA integration in the scaffold was dictated by the failure 

to regulate gene expression by RNA interference by the other tested vectors. Despite those 

vectors being previously proven to be working – see paragraph 1.5.5, the specificity of my 

application and/or my inexperience made Lipofectamine the only choice. It is not the best 

solution because it is an extremely expensive material (producing a 36 cm2 of scaffold requires 

some £150 of lipofectamine), and its cytotoxicity [578]–[580], even though there are studies 

supporting the low cytotoxicity of Lipofectamine thesis [581], [582]. 

A general indication to support tissue regeneration is to create scaffolds with a high surface-

volume ratio, highly porous, and interconnected pores. Electrospinning can produce construct 

with these characteristics made of several materials. Its mild process conditions (no extreme 

temperature or pressures) allow integration of different biomolecules, provided their 

compatibility with the production solvents [583]. Electrospun tissue-engineered valve 

substitutes were just proven to be feasible in animal models  [584].  

A key part of regenerative tissue engineering is that, eventually, no exogenous material remains, 

only autologously generated tissues. GL is biodegradable and possesses anchoring peptides like 

the RGD sequence which is recognized by cell integrins. Its suitability for tissue engineering does 

not surprise, since GL is the product of collagen denaturation, the most abundant protein in the 

body. GL is less antigenic than collagen, thus suitable for tissue engineering [585][586].  The 

scaffold I designed is constituted of three layers: 2 GL coatings and a core layer of blended 

PCL/GL. GL was crosslinked by GPTMS, which increases its duration in wet environments. 

Initially, the GL was dissolved in an NMP/water mixture to maintain the solution in the liquid 

state at RT and neutral pH – see paragraph 2.3.  The use of NMP posed an additional issue. NMP 

is toxic so it must be removed from the scaffold after the electrospinning. However, its boiling 

point is at 202°C under atmospheric pressure, meaning it does not evaporate. Using a pressure-

temperature nomograph, it is possible to see that the NMP boiling point is 0°C at 293 mbar. 

Thus, it was mandatory to dry the scaffold in a custom-made vacuum oven – see paragraph 

3.6.2.2. Chemical analysis should have been carried out to measure potential residues of NMP 

after the solvent evaporation. However, time and costs limitations did not allow me to do so. 

Therefore, I add to rely on the goodness of published protocols at this stage [458]–[461]. The 

use of GL electrospun mat as a tissue engineering support was previously tested, and good cell 

colonisation was achieved [587]. Pore size was always well below average cell diameter – around 
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10 μm. However, I cannot exclude that cells would penetrate the scaffold as its colonization 

progresses. Long-term in-vivo experiments could be carried out to observe the dynamic of 

colonization in future developments of this project. Unfortunately, the scaffold’s GL layer 

fabricated from a solution in NMP/water was not crosslinking. In my experience with GPTMS-

crosslinked GL scaffolds, I did not have this problem when I used water/acetic acid 40/60 v/v or 

water only as a solvent. Thus, I hypothesized that NMP was interfering with the crosslinking of 

GL by GPTMS. I tried to verify my hypothesis in the literature, but I could not find examples of 

GPTMS-crosslinked gelatin scaffolds produced using NMP as a solvent. I only found examples 

with water/acetic acid mixes [588]. All non-experimented (or not reported) solvents could have 

unexpected interactions with GPTMS. That could have dragged me into an endless series of 

trials, so I decided that the GL layer would have been produced with water only as a solvent 

[589]. However, the issue that convinced me to avoid using water only in the first place was 

again blocking my path towards completing the project: water cannot keep GL in the liquid state 

at RT. The solution was to fit the electrospinning system with a climate control device that 

regulates temperature and relative humidity. The temperature must be kept above 35°C to have 

the GL solution in a liquid state. Moreover, when the electrospinning cabinet is heated up, the 

humidity decreases dramatically, and the GL dries on the needle tip. This creates a clot and 

prevents electrospinning. Thus, relative humidity must be kept under control. In my 

experiments, electrospinning is possible between 50 and 70% of relative humidity. As 

NMP/water was substituted with water only, the GL crosslinking by GPTMS was restored.  

The NPs were localized on the GL layer by SEM and fluorescence microscopy. In SEM imaging, 

scaffolds with microRNA-vector complexes embedded in the GL layer showed bulging spheroids 

which were absent in scaffolds without microRNA-vector complexes. Additionally, NPs were 

functionalized with FITC before being added to the GL solution for scaffold production. 

Fluorescence functionalization of NPs has been already employed to determine whether NPs 

were embedded in electrospun scaffolds [590]. As a result, the scaffold with FITC-NPs showed a 

dotted fluorescent pattern distribution that can be ascribed to the embedding of fluorescent 

NPs. These assays cannot measure the fraction of NPs embedded inside the GL fibers and the 

one adsorbed on the fibers’ surface. However, it has been shown that the NPs are integrated 

with the scaffold.         

PCL mechanical properties and durability were considered by several research groups involved 

in valve regeneration [591][592][593]. It seemed to be a good candidate as a support material 

because of its mechanical support layer, biocompatibility, and durability [403]–[405]. In 

particular, its degradation time is between 2 and 4 years [406], the time during which the host 
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organism should regenerate the explanted valve. PCL’s hydrophobicity reduces cell colonization, 

thus it is often used in combination with a hydrophilic material [594]. In this project, I blended 

it with GL. That resulted mandatory because the scaffold produced with the initial formulation 

– pure PCL core and GL coatings - was delaminating. PCL layer was separating from the GL one 

in wet conditions. That is likely due to GL’s and PCL's different nature. PCL is hydrophobic while 

GL is hydrophilic. PCL tends to minimize its contact with water, while the GL layer swells as soon 

as it gets in contact with water. The GL mat microscopical aspect changes dramatically in wet 

conditions. As from SEM analysis, GL fibers become thicker and the mat pores almost disappear. 

Macroscopically, the contact with a water-based solution causes a dimensional rearrangement, 

the lateral dimensions are reduced by 14,8%, and the thickness increases by 90,8% [499]. It was 

not possible to perform SEM imaging of wet the PCL layer. However, it does not change its 

macroscopic dimensions. This different behavior in wet conditions may be the cause of the 

delamination. Since the bond between the materials is already weak because of the materials' 

different nature, the two opposite forces that kick in when the scaffold gets in contact with 

water may be sufficient to cause delamination. Delamination risk is not acceptable for heart 

valve scaffolds; thus, the scaffold manufacturing protocol was changed. After literature 

research, a GL/PCL blend in TFE - one of the few solvents of both materials - was tested. As GL 

is constituting the scaffold coating, a GL fraction in the core layer may improve the bond 

between the layers. Moreover, the PCL/GL blend is hydrophilic, and this reduced the difference 

in reaction to wet conditions of the scaffold layers [412], [413].  Eventually, this scaffold 

formulation did not suffer from delamination. Moreover, the addition of GL to the core layer 

may make it more suitable for cell colonization, in the event of cell penetration in the scaffold 

bulk.  

The approach adopted to design this scaffold allowed two requirements to be decoupled: 

providing the scaffold with enough durability to allow the regeneration of the valve tissue, and 

embedding the microRNA in a material with sufficient degradation speed to allow the 

substantial release of microRNA for therapeutic purposes. Also, it should be possible to tune the 

microRNA-functionalized layer’s degradation speed without concerning about general scaffold 

failure. Regrettably, I was not able to carry out mechanical tests on the scaffold due to time 

limitations, but several studies affirm that the use of PCL nears the scaffold's mechanical 

properties to the native valve’s ones. Ravishankar et al. produced an electrospun blend of PCL 

and GL embedded in a glycosaminoglycan hydrogel to resemble the heart valve microstructure. 

They reached native valve-like mechanical properties together with a favorable environment for 

VICs [595].  
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The production of a pre-formed substitute could ease surgeons' job. Also, the combination of 

medical images and 3d-printing technologies can allow the personalization of a valve prosthesis 

avoiding possible mismatch of standardized prostheses [410][596][597]. In my project, I 

developed a pipeline that starts from a 3d model and reaches the deposition of the scaffold 

material on the 3d model-shaped physical collector. The development was interrupted by a 

technical problem - the need for an unstick surface for the collector. However, the project may 

be resumed with the help of a multidisciplinary team with chemistry expertise.      

The microRNA-vector complex should be released to colonizing cells while the GL layer is 

degraded. Published work can be divided into two categories in this regard: studies in which the 

microRNA is adsorbed on the scaffold surface, and studies in which the microRNA is included 

inside the scaffold material. The former offers a microRNA released concentrated in the first 

period after the scaffold implantation; while the latter provides a more gradual release, which 

follows the scaffold degradation [377]. Considering the GL durability, I found the incorporation 

of the microRNA in the GL more appropriate. GL crosslinked with GPTMS degrades in around 18-

21 days [400]. As the scaffold is implanted, the GL layer will degrade and microRNA-vector 

complexes will be released, becoming available to nearby cells. Hence, the microRNA 

administration could last the whole degradation period, promoting endothelialization for a 

prolonged time. Once microRNA is depleted, cells should return to their normal gene expression 

pattern, as microRNA-driven RNAi is transient [598]. Theoretically, this is desirable in tissue 

engineering as the final goal is to restore a patient’s tissue or organ, which eventually should 

acquire a state of physiological function. Therefore, gene expression should not be permanently 

altered. In the second instance, the scaffold is not fully colonized as soon as it is implanted. 

Therefore, if the microRNA was just adsorbed on the surface, it may be depleted before a 

substantial number of cells could reach all the areas of the scaffold. Finally, serum nucleases are 

aggressive toward microRNA. Thus, microRNA would be degraded soon even if protected by a 

vector. Vectors are able to protect the microRNA for a limited time[599][600]. In the case of 

microRNA incorporation in the material bulk, the microRNA-vector complexes would be 

attacked by nucleases only when GL above them is degraded, i.e. days later depending on the 

complexes' position within the fibers. Zhou et al. incorporated the microRNA in the scaffold 

material, obtaining a sustained release for 56 days. The EC-covered scaffold surface was double 

in the microRNA-functionalized scaffold compared with the non-microRNA-functionalized one 

at 8 weeks [377].  

Cell detachment from scaffolds is a non-standardized task; instead, it needs to be optimized 

according to the specific scaffold and cell type in use. To find a detachment protocol that yielded 
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enough cells for RT-qPCR analysis of RNA, I tested different dislodging agents and found that 

TrypLE combined with a pre-incubation with EDTA gave the best result. Pre-incubation with 

EDTA has the role of chelate Ca2+ and Mg2+ which are essential for cell adhesion. Since a porous 

electrospun scaffold can absorb relevant amounts of them, EDTA pre-incubation facilitated the 

duty of the dislodging enzymes. For every three replicates, 30 ng of RNA/μL was extracted, which 

was sufficient for RT-PCR analysis. From my experience with cellularized scaffolds, it is a fair 

amount. Obviously, it is possible to increment the extracted RNA using a larger scaffold, but I 

had to consider that microRNA-functionalized scaffolds are quite expensive, and I preferred to 

preserve my resources to repeat the experiment if needed. 

In this work, the microRNA embedded in the scaffold (cel-miR-39-3p) was found on HAoECs cells 

3 and 6 days after seeding. A longer cell incubation was not possible due to time limitations, but 

microRNA release data suggest that transfection could carry on for several more days. I observed 

microRNA release for up to 18 days in my release study. The release curve was far from linear. 

There was an initial burst of some 40% in the first three days. This may be an indication that a 

large part of microRNA was located on the surface or nearby it. Noteworthy, cells were cultured 

in standard culture media during the whole culture time. That means that cells underwent a 

prolonged microRNA transfection without perturbation of their environment. Typical 

transfection stresses, such as frequent media changes and lack of essential nutrients because of 

reduced serum media needed during transfection were avoided. Also, it is possible to study the 

effects of prolonged microRNA administration using this platform. A lipofectamine-

functionalized scaffold has been already proposed. Chin et al. developed a PCL electrospun 

scaffold with lipofectamine-based complexes adsorbed on the surface achieving transfection 

[601]. Similarly, Chooi et al. produced their scaffold with Lipofectamine-siRNA adsorbed on the 

surface, reaching higher cell differentiation compared with the control [602]. 
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6 Study limitations and future prospective 

This project was focused on the design of a microRNA-functionalized scaffold for aortic valve 

regeneration. 

As a general consideration, I must acknowledge that the number of replicates in each 

experiment was low. This was due to the complexity of the project which determined a constant 

struggle against time from the beginning. The idea was to add repetitions once a good part of 

the project would have been completed within an acceptable time. Unfortunately, this never 

happened, thus I limited the experimental replicates in the effort to complete the project. 

However, this is definitely one of the weakest points of this project that should be mended in 

the future. 

The first study’s problem arose with the difficulties found in selecting a proper vector for the 

application. Chitosan-NPs were supposed to be the vector of choice thanks to their 

biocompatibility, transfection efficacy, and water-insolubility. The latter specification is 

connected to the scaffold fabrication, which needed vector-microRNA complexes that do not 

dissolve in water solution. From the safety point of view, chitosan fulfilled the requirements. 

However, the chitosan loading efficiency was low, and, eventually, it was not able to transfect 

microRNA to HAoECs. My inexperience in non-viral vector production may have been the cause 

of the negative transfection outcomes with vectors approved in the literature. The search for a 

suitable transfection vector slowed down the whole project. After the tests I conducted, only 

the Lipofectamine turned out to be acceptable, as it was the only one able to allow the microRNA 

to regulate its target genes. Lipofectamine has been employed for scaffold functionalization in 

a few publications [601] [602]. So far, it is deemed too toxic for clinical application, and 

lipofectamine’s commercial price is so high that may shy off scientists focused on the 

development of scaffolds with RNA interference ability. The reduction of economic costs is also 

essential for the healthcare system. Thus, the use of cheaper vectors is important for the 

transition of such a product to clinical application.  There is intense research on lipid-based non-

viral vectors. In futures developments, the test of non-patented liposome formulations may 

represent a valid solution. Positively charged phospholipids are extensively employed in 

experimental formulations of liposomes as they can hold genetic material by electrostatic 

attraction. Also, their charge and lipid nature facilitate the plasma membrane crossing [603]. 

However, the release of microRNA in the cytoplasm may be hampered due to the difficulty to 

overcome the lipid-RNA electrostatic attraction. For this reason, positively charged 

phospholipids are usually combined with ionizable lipids. These compounds help the formation 
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of microRNA-lipid complexes as they are positively charged at acidic pH. Their overall charge 

becomes neutral at physiological pH, facilitating the microRNA release and action [604]. 

Interesting results have been achieved on the use of these materials as non-viral vectors, and 

they may be suitable for integration in the scaffold designed in this project. Obviously, the 

employment of non-ready-to-use vectors will require appropriate chemical expertise. 

Moreover, the vector could be designed to target ECs, using specific antigens for instance. 

Poly(lactide-co-glycolide)-based and lipid-based vectors can be modified and shown to acquire 

target specificity. For instance, vectors functionalized with the REDV peptides are almost 

exclusively uptaken by ECs [484][273], [605].  

After a few problems with the scaffold design, I found a good solution to create a material with 

theoretically good mechanical properties and the ability to administer microRNA. However, I 

was not able to perform mechanical tests to verify that the construct mechanical properties are 

similar to the native-valve ones. I can only rely on published data that show that similar scaffolds 

have suitable mechanical properties [591][593]. Single and biaxial tensile tests, and durability 

tests must be done to provide a mechanical characterization of the scaffold [606]. The use of 

pulse duplicators and high-frequency durability test machines will be a mandatory step for the 

development of this product. If the PCL/GL layer will not provide the scaffold with the 

mechanical requirements,  blends with other materials could be explored. PGS, collagen, and 

PLLA are some of the materials used to blend with PCL for scaffold fabrication [607]–[609]. 

Otherwise, PCL could be substituted with materials with superior performances, such as 

polyurethanes (PU and PEUU), which have already proven to possess good mechanical 

properties and resistance to cyclic stress [610]–[613].  

It is important to verify if hsa-mir-132-3p incorporated in the scaffold can downregulate the 

selected genes and enhance cell proliferation as shown after a common transfection on a cell 

monolayer. This is perhaps the most important test to demonstrate the feasibility of this proof 

of concept. This test should be done on cells cultured on the scaffold in static and dynamic 

conditions. Dynamic culture testing in a bioreactor is important to understand if cells could be 

transfected by the microRNA-functionalized scaffold in an environment where the vector-

microRNA complexes are washed away as soon as they completely detach from the scaffold. 

Other microRNAs have been shown to stimulate ECs’ proliferation, such as microRNA-126 [377]. 

They could substitute hsa-mir-132-3p or be combined with it in an effort to speed up the 

endothelialization of the scaffold. The addition of VEGF may multiply the effect of microRNA-

132 transfection [614].  
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The microRNA release study suggested that a large part of microRNA-vector complexes were on 

the GL fibers’ surface or close to it. A study on the complexes distribution within the GL fibers 

should be carried out. Specific expertise on how to image the bulk of a single fiber should be 

sought beforehand. If the complexes distribution within the fibers required to be correct, coaxial 

electrospinning may represent the solution. Coaxial electrospinning allows the creation of 

nanofibers out of a fluid stream that is constituted by 2, 3, or even 4 separated solutions 

arranged in a coaxial fashion. Determined aliquots of microRNA would be confined in each 

fiber’s layer. The microRNA release dynamic could be modified by allocating fractions of the 

total embedded microRNA closer or farther from the fibers’ surface.      

Whether in the construct developed in this project or as a coating of an already existing valve 

prosthesis (e.g. bioprostheses), functionalization with microRNA may help construct 

endothelialization speed and outcome, minimizing the risk of degenerative immune reactions 

and thromboembolism. Therefore, the possibility of coating valves currently employed in 

medical practice with a microRNA-functionalized GL layer should be explored. 

In-vivo experiments in animal models would be important to observe the construct evolution, 

potential degeneration, and if microRNA functionalization increases the speed and outcome of 

the scaffold endothelialization. Leaflet thickening and degeneration are common issues in 

tissue-engineered valves and bioprostheses. Hence, in-vivo experiments should investigate if 

this construct is subjected to them as well. If so, the scaffold functionalization could be enriched 

and modified by combining different microRNA, siRNA, and growth factors. The 

functionalization could be layered to stimulate the formation of an EC lining on the surface, and 

the development of a VIC population in the scaffold bulk. Through the stimulation of the 

endothelial-to-mesenchymal transition with biochemical cues, like transforming growth factor-

β [615], ECs and endothelial progenitor cells could acquire the VIC phenotype. The interstitial 

cells would develop a proper valvular microstructure and will maintain it. Also, the scaffold 

composition can be modified to avoid degeneration since it was shown that the VICs’ phenotype 

is influenced by the matrix properties, e.g. the stiffness [616][617]. 
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7 Conclusive remarks 

This study aimed to create a tissue engineering-inspired solution for aortic valve regeneration 

since the current solutions are flawed. MicroRNA characteristics, such as transient transfection 

and the ability to influence theoretically all aspects of cell function make it ideal for regenerative 

medicine applications. Non-viral vectors have cargo capacity that allows them to carry high 

amounts of combinations of microRNA, growth factors, and drug molecules. Moreover, they can 

be limited to a specific body district and they can be functionalized to target specific receptors. 

Scaffolds for regenerative medicine are biodegradable constructs implanted in the target 

location, it can bear therapeutic molecules while supporting regeneration. These three elements 

could join to create the next generation of regenerative supports. In this project, I focused on 

the creation of a microRNA-functionalized scaffold able to stimulate the formation of an 

endothelial lining. Several unexpected obstacles prevented me to arrive where I programmed. 

The vector is not ideal to be integrated into this application, the scaffold's mechanical properties 

were not tested, and the scaffold's ability to stimulate endothelialization was not tested either. 

However, the feasibility of the product had an initial demonstration with the sustained 

transfection of microRNA to colonizing cells for up to 6 days. The scaffold’s coating layer 

degradation releases the microRNA as expected and seeded cells picked it up. Longer studies in 

static and dynamic culture are required to establish the maximum duration of the microRNA 

administration, the effect on the scaffold endothelialization, and the scaffold's ability to 

maintain the required mechanical properties. The recently published studies confirmed the 

advantages that this type of regenerative support may provide compared to a passive scaffold. 

The product presents a high degree of complexity; different requirements and constraints 

intersect in a single device. Therefore, the future development and validation of this construct 

will require more work from a large team of collaborators with different expertise. However, the 

feasibility of this approach could open a new line of research consisting of the use of RNA 

interference in a local and sustained fashion as a potential tool to go beyond the limits of current 

therapeutical approaches.    
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