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Abstract 
Non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids are some of the most 

widely prescribed drugs in the world and are commonly used to treat inflammatory 

disorders and the related effects (e.g. fever and pain), but also inflammation in chronic 

diseases such as rheumatoid arthritis and osteoarthritis. These molecules inhibit the 

formation of chemical mediators, responsible for the propagation of the inflammation 

cascade, through different mechanisms. 

However, some of these active ingredients are characterized by poor aqueous solubility, low 

bioavailability and poor stability. In order to overcome these limits, various strategies have 

been studied over the years such as the use of nanotechnology to produce drug delivery 

systems. 

In this thesis, different technological approaches have been developed to enhance delivery 

of poorly soluble drugs with anti-inflammatory activity, i.e., production of nanosuspensions 

(Part 1), liposomes and polymeric nanofibers (Part 2). 

Part 1 of this thesis investigates the potential of nanocrystals suspension for inhalation drug 

delivery for the treatment of pulmonary inflammatory conditions, such as chronic 

obstructive pulmonary disease (COPD) and chronic asthma.  

More in detail, Chapter 1 focuses on the ability of electronic nicotine delivery systems 

(ENDS) to deliver drug nanocrystals through the produced aerosol. A nanocrystal 

nanosuspension of beclomethasone dipropionate, a synthetic chlorinated corticosteroid 

diester commonly used by inhalation in the treatment of asthma and chronic obstructive 

pulmonary disease, was prepared with a wet media milling technique using Poloxamer 188 

as stabilizer. The obtained nanosuspension was thoroughly characterized by different 

techniques: transmission electron microscopy, photon correlation spectroscopy, X-ray 

powder diffractometry and Fourier transform infrared spectroscopy. The nanosuspension 

was then loaded in the cartomizer of the electronic cigarette and the produced aerosol was 

collected and analysed, confirming the presence of drug nanocrystals. The results of this 

study suggested the possible alternative use of ENDS as medical device for the delivery of 

poorly soluble drugs.  
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In Chapter 2, the combination of a conventional glucocorticoid drug and a natural active 

compound was studied. Curcumin has shown a potential extraordinary activity as an add-on 

ingredient in asthma treatment, due to its immunomodulatory and anti-inflammatory 

mechanism of action. However, its low water solubility and bioavailability lead to a poor 

therapeutic effect, which can be overcome by its formulation as nanocrystals. The aim of 

this study was to prepare a multicomponent formulation for the delivery of curcumin (CUR) 

and beclomethasone dipropionate (BDP) into the lungs as water-based nanosuspensions 

(NS). Single component formulations (CUR-NS, BDP-NS) and a multi-component formulation 

(CUR+BDP-NS) were prepared through a wet ball media milling technique, using P188 as a 

non-toxic stabilizer. Characterization was carried out in terms of size, size distribution, zeta 

potential, nanocrystals morphology and solid-state properties. Moreover, the inhalation 

delivery efficiency was studied with Next Generation Impactor (NGI, Apparatus E Ph. Eu). 

CUR-NS was optimized and showed a long-term stability and improved nanocrystals ap-

parent solubility. The three formulations exhibited a nanocrystal mean diameter in the range 

200-240 nm and a homogenous particle size distribution. Aggregation or sedimentation 

phenomena were not observed in the multicomponent formulation on 90 days storage at 

room temperature. Finally, the nebulization tests of the three samples showed optimal 

aerodynamic parameters and MMAD < 5 µm. 

In Part 2 of the thesis, a combination of two different technological approaches, namely 

liposomes and nanofibers, was used to improve the delivery of the poorly soluble drug 

simvastatin. Simvastatin, as part of the statins group, is mostly used for its lipid lowering 

effect. However, recent studies have highlighted the anti-inflammatory and 

immunomodulatory activity of the drug both in vitro and in vivo. At first, simvastatin was 

encapsulated in liposomes through the direct sonication methods. In order to avoid 

degradation phenomena, increasing amounts of antioxidant were used for the preparation 

of the samples. The different formulations were characterized in terms of size, size 

distribution, zeta potential, drug content and encapsulation efficiency. Once the liposomal 

formulations had been optimized, three formulations were chosen for the preparation of 

the polymeric solutions. Nanofibers were prepared through a green electrospinning 

technique and their morphology was investigated using scanning and transmission electron 

microscopy. The three different liposomes-composite nanofibrous systems were 
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characterized for drug content and entrapment efficiency, drug release (both in sink and 

non-sink conditions), protection of the active compound by the antioxidant. Moreover, the 

innovative Multi-Angle Dynamic Light Scattering Technology (MADLS) was used to 

investigate the release of liposomes from the nanofibrous mats. Finally, in vitro tests were 

carried out to study the cytotoxicity of the different formulations on human keratinocytes 

their ability to inhibit lymphocytes proliferation.  
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General introduction 

1 The Inflammatory process 

Inflammation is a physiological process activated as a response against infectious agents or 

injurious insults. The early phase involves the so-called acute inflammation, whose final 

point is usually a positive resolution. Nevertheless, it might become prolonged or chronic 

and thus, promote or aggravate existing disease conditions, such as asthma, atherosclerosis 

and cancer [1]. The typical signals of tissue inflammation were already documented by 

Celsus in the 1st century AD as rubor (redness), tumor (swelling), calor (heat) and dolor (pain) 

[2]. This complex mechanism involves  activation of immune cells and release of chemical 

mediators, aimed at removing the trigger insult, isolating the affected area and commencing 

the restoration and healing of the tissue integrity and functionality [1], [3].   

 

Figure 1. Schematic representation of the acute inflammation process [4].  
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The first steps are carried out by the cells of the innate and adaptive immune systems, which 

recognize through the pattern-recognition receptors (PRRs) the pathogen-associated 

molecular patterns (PAMPs) of infecting microorganisms or the danger-associated 

molecular patterns (DAMPs) deriving from any cellular damage [5]. Their stimulation leads 

to activation of transmitting signals to the nucleus with a consequential initiation of 

transcriptional mechanisms and production of proinflammatory cytokines and chemokines 

[6], [7]. A large amount of transcriptions factors play a key-role in the induction of 

inflammatory genes. Among the others, Nf-κB is one of the most studied and is also believed 

to have a relevant importance in the progression of chronic inflammatory diseases, such as 

bronchial asthma [5], [8].  

Once the trigger stimulus has been sensed and the chemotactic molecules have been 

released, time-dependent progression of phagocytic cells infiltration to the tissue proceeds 

via diapedesis, primarily with neutrophils and secondly with monocytes. These 

polymorphonuclear (PMN) cells are attracted from postcapillary venules to the site of 

inflammation by the presence not only of the endogenous chemokines and cytokines, but 

also of the exogenous chemoattractants released by the invading microorganisms [4]. The 

chemotactic stimuli bring about an upregulation of the cell surface receptors and the 

activation of a group of cell surface molecules. Simultaneously, the expression of selectin 

molecules on the surface of endothelial cells (L-, P-, and E-selectins) and integrin molecules 

on the neutrophils are upregulated, aiding the immobilization of the PMN and the 

attachment to the surface of the vascular endothelium. The interactions of the integrins with 

the cell adhesion molecules (CAMs) lead to the extravasation of neutrophils and monocytes 

in the injured tissue area. Once the monocytes infiltrate in the tissue, they differentiate into 

macrophages and dendritic cells, which act together with neutrophils as the major 

protagonists in propagating the inflammatory response [1], [9]. Nonetheless, many others 

cell types are implicated in the execution of the process, such as mast cells and lymphocytes, 

which release several chemokines responsible of enhancing the vascular endothelial 

permeability and the recruitment of other inflammatory cells [2], [5], [10].    
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1.1  Chemical mediators of Inflammation 

During the complex and interconnected mechanisms of inflammation, a large amount of 

chemical substances is involved in the control of the whole process, to prevent further 

damage and promote healing and restoration of the tissue. These chemical messengers 

might include exogenous substances (such as bacterial products and toxins), and 

endogenous substances, which are released in the human body [11]. The latter can be 

identified as inflammatory mediators: molecules that induce vasodilation, enhance blood 

flow and vessel permeability, and promote emigration of inflammatory cells from the 

vessels. Whilst some mediators are preformed and gathered in granules (histamine, 

serotonin), some others are produced ex novo by the cells. In particular, peptide (kinins) and 

lipid mediators (eicosanoids) are obtained through multi-step enzymatic reactions when 

these cells are activated [11], [12].  

Among the various chemicals, some are identified as vasoactive mediators, such as 

histamine, serotonin, and bradykinin [13]. Histamine (β-Imidazolylethylamine), a vasoactive 

amine produced by mast cells and basophil leukocytes, determines an increase in vascular 

permeability, chemokinesis, mucus production and smooth muscle contraction and plays a 

relevant role in allergic inflammatory reactions. Serotonin (5-Hydroxytryptamine), another 

amine with vascular effects, is produced through tryptophan metabolism by mast cells and 

platelets and is mostly known for its role as neurotransmitter. Bradykinin is a nonapeptide 

hormone created from plasma Kinin–Kallikrein system, showing not only vascular effects, 

but also stimulation of pain receptors and swelling [14]–[16].  

Particular importance is given to the role played by cytokines. Cytokines are small proteins 

released from the focus of inflammation with some peculiar actions on the modulation of 

the process and the communication between inflammatory cells. They are often produced 

through a self-perpetuating mechanism, with one cytokine stimulating the target cells to 

produce more cytokines. These molecules can have an effect on the same cells that secrete 

them (autocrine action), on nearby cells (paracrine action), and rarely on distant cells 

(endocrine action). Furthermore, they can act synergistically or antagonistically with other 

cytokines or other classes of mediators. Cytokines classification can be made according to 

their cells-producer: lymphokine (produced by lymphocytes), monokine (from monocytes) 
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and interleukin (made by leukocytes and acting on other leukocytes) [17], [18]. Eighteen 

cytokines are part of the interleukin (IL) subgroup, whereas some others have maintained 

their biological activity-name, such as tumor necrosis factor (TNF). Furthermore, their role 

on the inflammation leads to categorization on proinflammatory cytokines, which promote 

inflammation, and anti-inflammatory cytokines, which suppress the activity of the 

proinflammatory ones. Among the first group, IL-1, TNF- α, and IFN- γ are potent activators 

of the process, whereas IL-4, IL-6, IL-10, IL-11, and IL-13 are part of the second group [19], 

[20].  

Chemokines, one particular subgroup of low molecular weight cytokines, are known to 

induce chemotaxis. They show a predominant chemoattractant function, activating the 

migration of leukocytes and their production is commonly accomplished by monocytes, 

macrophages or epithelial, endothelial, and fibroblastic cells after their stimulation by 

proinflammatory cytokines or bacterial lipopolysaccharides (LPS) [21], [22]. 

Additionally, lipid compounds represent another interesting class of mediators. Among 

them, the platelet-activating factor (PAF) is an ether-linked phospholipid produced by 

basophils, neutrophils monocytes and macrophages, responsible of platelet and neutrophils 

activation, increase of vascular permeability and smooth muscle contraction [11], [12]. As a 

matter of fact, the major lipid mediators playing a major role in regulating the inflammatory 

cascade are the metabolites of the arachidonic acid (AA), also known as eicosanoids (Figure 

2). Cellular levels of AA are usually regulated by a multitude of enzymes, that keep it 

esterified unless some stimulation induces the mobilization by phospholipase A2 (PLA2). 

According to the stimulus and the type of cell involved, different pathways might be induced. 

In particular, the cyclooxygenase (COX) and the lipoxygenase (LOX) pathways are the most 

important in the inflammatory process [13], [23].  
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Figure 2. Schematic representation of the arachidonic acid metabolic pathway [24]. COX= cyclooxygenase, LOX= 
lipoxygenase, HPETE= hydroperoxyeicosatetraenoic acid. 

Following the prostaglandin pathway, AA is metabolized by most cells in our body to an 

intermediate prostaglandin PGH2, by prostaglandin H synthase (PGHS; also known as COX). 

There are at least two isoforms of COX: basal and constitutive prostaglandin synthesis might 

be attributed to COX-1, whereas COX-2 is induced in inflammatory conditions [25]. 

Moreover, COX-3 is a splice variant of COX-1 that has been identified with a higher 

expression in microvessels of the brain and heart [26], [27]. PGH2 is then converted into 

several active molecules by enzymatically-catalysed reactions. Particularly, prostaglandin 

synthase leads to the production of PGD2, PGE2, PGA2 and PGF2α, whereas prostacyclin 

synthase generates PGI2, and thromboxane synthase of TXA2 and TXB2. These mediators 

act producing sensations of pruritus and pain, fever, increased vascular permeability, 

modulation of platelet aggregation and degranulation and smooth muscle contraction [12], 

[16], [28].  

As concerns the lipoxygenase pathway, leukotrienes are produced preponderantly in 

inflammatory cells like polymorphonuclear leukocytes, macrophages, and mast cells. AA is 

transformed by 5-lipoxygenase (5-LOX) to the epoxide LTA4 in a multi-step reaction. LTA4 

transformation can then undergo through different mechanisms (hydrolysis, conjugation 

with glutathione, or transcellular metabolism) to generate active eicosanoids (LTB4, LTC4, 
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LTD4 and LTE4) or lipoxins (LXA4, LXB4). These molecules have a wide spectrum of biological 

effects: from pro-inflammatory activity of the leukotrienes, to the anti-inflammatory action 

of the lipoxins [25], [29], [30]. 
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2 Anti-inflammatory drugs 

The use of extracts of salicylate-containing plants, for the treatment of fever, pain and 

inflammatory conditions, represents the origin of anti-inflammatory analgesic drugs. In the 

early 19th century, the active salicylate components were isolated and in the mid-late 19th 

century, salicylic and acetylsalicylic acids were synthesized for the first time in Europe. The 

latter has then been commercialised by Bayer AG as Aspirin™ over 100 years ago [31]. Soon 

after, other drugs having similar actions to aspirin were discovered. 

2.1 Non-steroidal anti-inflammatory drugs (NSAIDs) 

Aspirin can be recognised as the progenitor of what are known as the non-steroidal anti-

inflammatory drugs (NSAIDs), followed by phenylbutazone in 1946 (by JR Geigy, Basel, 

Switzerland) and indomethacin in the 1960’s (by Merck & Co, Rahway, NJ, USA). In the 

1960’s, Ibuprofen was the second NSAID approved as over-the-counter or OTC NSAID (other 

than aspirin). After its discovery and commercialisation, several pharmaceutical companies 

implemented the development of NSAIDs with a variety of chemical and biological 

properties [32]. Nowadays, diclofenac and ibuprofen are the most widely used NSAIDs, with 

ibuprofen-based NSAIDs representing the most typical OTC NSAID used on an as-needed 

basis [33]. 

NSAIDs act via inhibition of prostanoid biosynthesis, through their activity on the COX 

enzymes: COX-1 and COX-2. As already mentioned, the two isoforms undertake different 

functions and evidence suggests that the therapeutic effects of NSAIDs largely result from 

COX-2 inhibition at inflammation sites, whereas side effects - particularly gastrointestinal 

side effects - are mostly due to the inhibition of COX-1 [34]. 

Different criteria can be used to classify NSAIDs, such as chemical classes, pharmacological 

properties, and COX selectivity. As concerns their structure, they are generally chemically 

similar and behave as moderately lipid-soluble weak acids. Selectivity of the NSAIDs is 

determined by their affinity as inhibitor of COX-1 and COX-2, ranging from (i) weak inhibitors 

of COX-1 and COX-2, (ii) poorly selective full inhibitors of both isoforms, (iii) preferential 

selectivity towards COX-2, and (iv) exceptional selectivity towards COX-2 [35].  
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The latter, also called COXIBs, provide the same pharmacological effects and reduced or 

absent gastrointestinal toxicity due to diminished or none inhibition of COX-1. Nevertheless, 

evidence suggests a significantly increased risk of cardiovascular side effects most probably 

due to the inhibition of COX-2 dependent PGI2 [36]. 

 

Figure 3. Chemical Classification of the NSAIDs [32]. 

2.2 Corticosteroids 

Another important drug class at the forefront for its anti-inflammatory and 

immunomodulatory activity is represented by corticosteroids. First discovered in 1940s, this 

class include a wide variety of compounds whose effects can generally be divided into two 

major categories: glucocorticoids, which play their effect on metabolism and inflammation, 

and mineralocorticoids, known as sodium and water levels regulators. Both activities might 

be provided by the same compound, and therefore glucocorticoids are carefully chosen for 

the intended treatment [37].  
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The anti-inflammatory properties of steroids have been attributed to three independent 

mechanisms: the induction of lipocortin-I, the induction of MAPK phosphatase 1, and the 

repression of transcription factors. Lipocortin-I interacts with and inhibits PLA2, preventing 

the release of AA and the production of eicosanoids. As concerns the glucocorticoid-induced 

MAPK phosphatase 1, it dephosphorylates and inactivates several kinases and enzymes 

involved in the diffusion of the signalling cascade. Moreover, these molecules act by blocking 

several transcription factors (AP-1 and NF-κB) that control the production of inflammatory 

mediators (IL-1, TNF-α, IL-2, IL-5, IFN-γ, I-CAM, V-CAM, E-selectin), and, most importantly, 

COX-2 synthesis [38]. 

Corticosteroids are ideal anti-inflammatory drugs, mostly used in case of sepsis or persistent 

inflammation conditions due to allergies, asthma or autoimmune diseases [39], [40]. 

However, their wide range spectrum activity might lead to plural side effects when used as 

chronic therapy in high doses: abnormalities of fat distribution, loss of muscle mass, 

osteoporosis, skin changes, cardiovascular complications, immunodeficiency, electrolyte 

imbalance, stimulation of appetite and consequent obesity [41]. 

2.3 New therapeutic approaches 

In the last decades, new revolutionary drugs have emerged for the treatment of complex 

inflammatory status, such as autoimmune diseases. As mentioned above, a sophisticated 

and interconnected system of chemical mediators are involved in the recruitment and 

activation of inflammatory and immune cells.  

Among the others, cytokines have been studied as therapeutic targets to control and 

ameliorate the progress of sever diseases (rheumatoid arthritis, psoriasis, osteoarthritis, 

inflammatory bowel disease, etc.). Most of the developed and already licensed drugs involve 

the cytokines TNFa, IL-6, and IL-1 [42]. Nevertheless, new approaches concerning different 

mechanisms and mediators are under study, such as the NF-κB, P38 and STAT1 pathways 

[43]–[45]. 
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3 Methods to improve the delivery of poorly aqueous soluble 
drugs 

NSAIDs and corticosteroids are the first line therapy for the management and treatment of 

inflammation and to get relief from pain. Although, a large part of these drugs is poorly-

water soluble, leading to reduced bioavailability and thus compromised therapeutic activity. 

The poor solubility is also a rate-limiting step in the absorption of locally administered drugs, 

bringing about a significant impediment in the rapid onset of action [46]. The different 

procedures to improve the aqueous solubility of anti-inflammatory compounds and to 

obtain desired therapeutic efficacy can exploit both chemical and physical modifications. 

The most used and known methods include prodrug design, pH modifications, formation of 

salts, micronization, use of surfactants and co-solvents, modification of the solid state, etc. 

[47], [48].  

Furthermore, in the last decades there has been an ever-growing attention in new 

technological approaches to overcome these limits [49]. In the first place, reduction of the 

size and production of nanocrystals suspension represent one of the simplest but more 

successful techniques [50], [51]. In the second place, lipid-based systems such as liposomes, 

solid lipid nanoparticles, nanoemulsions and self-emulsifying systems are often used as drug 

delivery systems [52]–[55]. Lastly, use of polymers might lead to the production of not only 

drug delivery systems such as polymeric nanoparticles and microneedle arrays, but also 

more complex structures like polymeric nanofibers, which might act as drug nanocarriers 

and tissue scaffolds [56]–[58]. 

3.1 Nanosuspensions 

Micronization has been widely applied for many years as a conventional method to 

formulate poorly soluble drugs. Through the jet milling or the colloid milling process, coarse 

drug powders are micronized to ultrafine powders, with an average drug crystal diameter of 

2-5 µm. The resulting increased surface area enhances the dissolution velocity, as described 

by the Noyes–Whitney equation [59], [60]. Nonetheless, compound characterised by a very 

poor saturation solubility, e.g. below the mg/mL level, micronization is not a satisfactory 

technique to obtain a high bioavailability. Thus, the subsequent phase is the nanosizing 



General introduction 

 

 19 

approach and in the 1990s, the production of nanocrystals became a new drug production 

technology. Nanocrystals are carrier-free nanoparticles of pure drug with a minimum of 

stabilizer (surfactants or polymers), characterized by an average diameter of 200-500 nm. 

They can be formulated as colloidal nanosuspension in water or non-water media, and the 

presence of the stabilizer is desired to avoid the particles to agglomerate and to ensure a 

stable system [50], [61].  

According to the Prandtl equation, the nanosizing process increases the dissolution velocity 

not only through the increased particle surface area, but also by the reduction of the 

diffusion layer thickness [62]. Moreover, nanocrystals might achieve higher bioavailability 

owing to the increased saturation solubility, not observed for the microparticles [63]. 

Nanocrystals might further be formulated as tablets, pellets, capsules, or be injected 

parenterally, due to the adequate small diameter and safe composition.  

Nanosizing methods can be divided into the bottom-up, in which the nanocrystals can be 

formed from the molecules, and the top-down methods, where the coarse powder is 

disintegrated to form the nanocrystals [59]. Additionally, a combination of the two 

techniques might be used. 
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Figure 4. Nanocrystals production methods [64] 

In the bottom-up methods, also called nanoprecipitation, the low water-soluble drugs are 

molecularly dissolved in a solvent (usually organic solvent) to form a supersaturated 

solution.  The variation in the solubility of the drug, induced by reduction of temperature, 

evaporation of the solvent or by mixing it with an antisolvent (usually water), results in 

nucleation and precipitation in the form of nanocrystals. In the antisolvent technique, the 

antisolvent is usually an aqueous solution with a stabilizer, to avoid aggregation phenomena 

and microparticle formation [65].  
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The top-down process is based on particle size reduction from micro-range to nanometer-

range through different wet milling techniques, such as ball media milling, microfluidization 

and high-pressure homogenization. In the early 1990s, the first wet media-based milling to 

obtain nanoparticles was certified with the trade name NanoCrystal® by the company Elan 

Pharma lnternational Ltd. Since then, the wet ball media milling (WBM) has been applied as 

reference technique in the production of pharmaceutical nanosuspensions [50]. The media 

milling beads are mixed in a becker or a roller plate or a mixer with a coarse aqueous 

suspension of the drug containing the stabilizer (polymer or surfactant). A combination of 

cleavage, abrasion and fractures, due to continuous powerful collisions between the beads 

and the drug particles, result in the reduction of the drug crystals size in the nanometer 

range [66]. This approach does not make use of aggressive solvents and is considered as the 

most versatile top-down process, appropriate for all poor soluble drugs and drugs insoluble 

in any solvent (“brick dust drugs”) [50], [67]. 

3.2 Liposomes 

Since the 1960s, several colloidal systems have been investigated for drug delivery and 

biomedical applications, such as vesicles, microemulsions, and lipid nanoparticles. Among 

them, liposomes are spherical vesicles of phospholipid bilayers with an interior aqueous 

core. First prepared by A.D. Bangham in the early 1960s, they can encapsulate molecules 

with different physicochemical properties. In particular, hydrophilic ingredients can be 

dissolved in the aqueous core, while lipophilic ingredients can incorporated into the lipid 

bilayers [48], [68]. They can be classified into several types according to their size and 

number of lamellae:  large unilamellar vesicles (LUVs) with a size > 100 nm, small unilamellar 

vesicles (SUVs) with a size ranging from 20 nm to 100 nm, and multilamellar vesicles (MLVs) 

with a size > 0.5 μm [69], [70]. 
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Figure 5. Structure of a conventional liposome [71]. 

Liposomes have been recognized as new drug delivery systems suitable for transporting 

drug molecules with several advantages. In fact, they provide active ingredient protection, 

modified pharmacokinetic and distribution, superior drug transport to target sites, and 

prolonged or controlled drug release. Moreover, due to their composition, they exhibit high 

biocompatibility, low toxicity and biodegradability [72]. 

Even though they can be prepared using different methods, the most used one is film 

hydration that was developed in 1965. This procedure is usually followed by sonication or 

extrusion, in order to reduce particle size and to obtain SUVs. Other techniques include  

reversed phase evaporation, solvent injection, dual asymmetric centrifugation, supercritical 

fluid [49], [73]. Most recently, direct sonication and microfluidic have gained a growing 

attention due to their production efficiency [74], [75]. 

Since their initial discovery, study and exploration in the field of vesicular carriers have 

considerably expanded. The classic composition of liposomes has evolved with the 

introduction of new additives. In 1992, highly deformable and elastic liposomes were for the 

first time created by Cevc and Blume (Transfersomes®). They can be classified as 

phospholipid-based vesicles with an additional component, usually a single-chain surfactant, 

named “edge activator” (EA). The EA  ̶  sodium cholate, sodium deoxycholate, or one of the 

Tween/Span series  ̶  makes the system more elastic and deformable with his large radius 
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chain curvature. Transfersomes are mostly studied for transdermal drug delivery, and the 

lipid film hydration method is usually the most used technique [52], [76]. 

In 2000, the introduction of high concentrations of ethanol (20-50%) into the phospholipid 

vesicle led to the formation of ethosomes. In contrast with the common thought that high 

amounts of alcohol might destroy the membrane structure, the integrity of the vesicles, 

their high stability up to one year of storage and the high encapsulation efficiency of actives 

with different physicochemical properties were demonstrated [72], [77]. 

As far as the vesicles stability is concerned, proliposomes have been investigated as an 

efficient alternative for drug delivery. In fact, the storage of aqueous liposomal dispersions 

might reveal product instability, which can be overcome by the transformation of the 

formulation into a dry product. Proliposomes can be described as dry powders able to form 

MLVs after hydration with water. Different techniques can be used to produce them: lipid 

film deposition method, lipid-drug matrix method, supercritical anti-solvent method, spray-

drying and lyophilization. Hydration with water immediately before use, or in vivo contact 

with physiological fluids, leads to the formation of liposomes with similar characteristics and 

uniform vesicle size than the conventional liposomes [78], [79].  

3.3 Nanofibers 

Nanofibers are polymeric nanostructured delivery systems, with several extraordinary 

properties. They consist of solid fibers with nanoscale diameter, high surface-to-volume 

ratio, porous structure, theoretically unlimited length and enhanced mechanical properties 

[80]. The increasing interest in pharmaceuticals and biomedicine is due to the possibility of 

combining the drug delivery activity with the ability to mimic biological microenvironments, 

support damaged tissues and stimulate tissue regeneration [81], [82]. As far as the structure 

is concerned, nanofibers can be classified as monolithic, core-shell and hollow fibers. The 

active ingredients can be incorporated into nanofibers in amorphous or crystalline form, or 

attached to its surface [83]. 

Nanofibers can be obtained using different methods such as melt blowing, phase separation, 

self-assembly, template melt extrusion, template synthesis, drawing, electrospinning, 

interfacial polymerization, and force-spinning [83], [84]. Electrospinning is the most 
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frequently used technique due to its versatility and simplicity [85]. Among its advantages, 

the possibility to control the morphology and load different therapeutics agents (e.g. drugs, 

proteins, DNA, growth factors) are the most remarkable [86]–[89].  

The electrospinning technique leads to the production of nanofibers through the use of a 

high voltage. Few essential elements are needed: a syringe fitted with a metal nozzle, a high 

voltage supply and a collector. The syringe is filled with the polymer solution and mounted 

on a pump, which provides a constant flow rate. A high voltage is applied at the tip of the 

capillary of the nozzle, resulting in an electric field which determines the formation of a 

conical shape, known as Taylor cone, from the pendant hemispherical polymer drop. When 

the electrical field reaches a critical value, at which the repulsive electrostatic force 

overcomes the surface tension of the liquid, a jet is ejected from the cone tip. The jet is 

exposed to bending instabilities and continuously lengthened and stretched towards the 

collector. Simultaneously, the solvent evaporates resulting in solid nanofibers deposited on 

the collector [90], [91]. 

Even though electrospinning seems to be very simple in terms of equipment and gives the 

impression of an easily controlled procedure, it is an extremely complex technique due to 

the different physics governing the process. The different parameters affecting the final 

outcome can be classified into three main categories: solution, ambient, and process 

parameters. The morphology of the obtained nanofibers is not only influenced by each 

parameter, but also by the interconnectivity among them [83], [92].  
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Figure 6. Schematic representation of the electrospinning setup and the parameters affecting the process. 

The solution parameters are determined by the choice of the solvent and the polymer 

characteristics and concentration, and affect some physics properties such as surface 

tension, viscosity and conductivity [83], [93].  Process parameters, such as flow rate and 

applied voltage, are often interconnected with the polymer solution properties. Higher 

voltage is required when the solution has a low conductivity, high surface tension and/or 

high viscosity. Moreover, flow rate and applied voltage should accurately be monitored in 

relation with the volatility of the solvent [94]–[96]. Temperature and relative humidity (RH) 

represent two important ambient parameters affecting the morphology of the final product, 

whose effects depend also on the properties of the polymer used. Hydrophobic polymers 

dissolved in organic solvents determine the formation of porous nanofibers in case of high 

values of RH. With aqueous polymer solutions, nanofibers morphology and properties are 

determined by proper values of RH. Low RH values result in rapid solvent evaporation, 

resulting in thicker nanofibers. With high RH values, the velocity of the evaporation is 

decreased, resulting in thinner nanofibers and gradually, in the formation of bead-on-a-

string morphology and a deposition of a wet polymer film [92]. 
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Aim 
Nanotechnology is a growing science undergoing outstanding development in various areas 

of medicine.  In the pharmaceutical field, it is widely used to overcome drug delivery and 

bioavailability issues and to improve efficacy, safety and patient compliance. The choice and 

composition of nano-based drug delivery systems is critical to guarantee high therapeutic 

performances. Applications of nanotechnology are widespread in the diagnosis and 

treatment of inflammatory diseases. 

 

Therefore, the aim of this thesis was to use nanotechnology to achieve: 

i. improved delivery of poorly water-soluble drugs,  

ii. co-delivery of more drugs for combination therapy, 

iii. local delivery of drugs in a cell- or tissue-specific manner through the combination 

of different nanotechnological approaches.  

 

To reach this purpose, different strategies were exploited. In Part 1, the production of 

nanocrystal suspensions through a wet ball media milling technique was used to improve 

the poor water solubility of anti-inflammatory drugs. In Chapter 1, the ability of an electronic 

cigarette to deliver the obtained nanosuspension and its possible application as an 

alternative inhalation medical device were then investigated. Whereas in Chapter 2, a 

multicomponent formulation with a corticosteroid and a natural adjuvant compound was 

developed, and studied for inhalation therapy. In Part 2 of the thesis, liposomes production 

through direct sonication method and polymeric nanofibers through a green electrospinning 

approach were investigated. A combination of the two nanotechnology techniques was used 

to produce a liposomes-nanofibrous composite scaffold for wound healing.  
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Part 1: Nanosuspension formulation for                
inhalation drug delivery  
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Chapter 1: Electronic cigarette as an alternative 
delivery system of a beclomethasone dipropionate 

nanosuspension 
The majority of this chapter has been directly copied or modified from International Journal 

of Pharmaceutics 2021, 596; https://doi.org/10.1016/j.ijpharm.2021.120293 “Delivery of 

beclomethasone dipropionate nanosuspensions with an electronic cigarette” by Casula, L., 

Sinico, C., Valenti, D., Pini, E., Pireddu, R., Schlich, M., Lai, F., Fadda, A.M. 

 

1 Introduction 

Electronic nicotine delivery systems (ENDS) − commonly called electronic cigarettes, or E-

cigarettes − are marketed as aerosol producing devices for the delivery of tobacco-free 

nicotine, usually in propylene glycol or glycerine solutions. The main components are an 

aerosol generator with a heating element (‘atomiser’), a liquid storage area (‘cartridge’), a 

flow sensor (in some devices), and a re-chargeable battery. Atomizer and cartridge are often 

combined together to form a ‘cartomizer’[97]. Since e-cigarettes were developed with the 

aim of mimicking the action of smoking, their design and the vapour production remind of 

traditional cigarettes. In order to activate the heating element, the button placed on the 

surface of the atomiser has to be pressed. The aerosol is then produced from the liquid in 

the cartridge (e-liquid) and delivered upon inhalation. The E-liquid can be easily refilled after 

consumption, and its composition can slightly differ on the propylene glycol-glycerine ratio. 

[98].  

Since tobacco smoke or combustion are not involved, e-cigarettes appear to be safer than 

conventional cigarettes. However, various toxic and carcinogenic substances have been 

found in ENDS vapours and components [99]. In particular, metal and silicate particles – 

including nanoparticles – have been found in cartomizer fluid and aerosol produced by some 

e-cigarettes made of low-quality materials. Diameter of these nanoparticles was in the range 

of 10-1000 nm, showing the ability of the e-cigarette aerosol to deliver nanosized material 

[100]. Nevertheless, the level of carcinogen biomarkers and toxicants has been proven to be 

lower when switching from conventional cigarette to e-cigarette [101]–[103]. 
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The Tobacco Products Directive 2014/40/EU (TPD)  introduced new rules for nicotine-

containing electronic cigarettes and became applicable in EU countries in May 2016. 

However, the TDP does not apply to those e-cigarettes and refill liquids that are authorised 

as medicines, including nicotine-free vaping devices [104]. In fact, there has been an 

increasing interest in the scientific community in the alternative applications of ENDS to 

deliver different substances. At first, illegal drug vaping has been widely reported [105], 

[106]. Afterwards, various studies focused on cannabis delivery – cannavaping −  have been 

carried out [107]–[110]. These studies highlighted the versatility of this device and its 

possible use for therapeutic purposes. Purchez et al. studied the ability of a high-power 

ENDS to deliver bronchodilators for pulmonary disease treatment. Their results showed the 

capacity of the device to generate submicron carrier-droplets containing drug molecules 

dissolved in the e-liquid [111]. In all these studies, the delivered drugs are soluble in the e-

liquid. However, most of the newly developed drugs are poorly hydrosoluble and their 

bioavailability is limited by their slow dissolution rate. Therefore, their formulation is still 

challenging, and research has been testing several new approaches and alternative 

administration routes. Drug nanonization or the use of nanocarriers have already shown 

their potential in improving bioavailability of drugs classified in class II and class IV of the 

Biopharmaceutics Classification System (BCS), whose principles can partly be transposed on 

pulmonary-delivered drugs, taking into consideration the effect of the complex physiology 

of the respiratory system [112], [113]. Therefore, it is worthy of investigation the capability 

of ENDS to deliver nanoparticles, i.e., both drug nanocrystals and drug loaded nanocarriers. 

Nanocrystals are nanoparticles of pure drug without any matrix material with an average 

diameter below 1 µm (typically in the range of 200-500 nm). The drug nanocrystals can be 

suspended in an outer liquid phase, usually composed of water and/or water-miscible 

solvents and stabilized using an ionic or non-ionic surfactant or polymers, to obtain a 

nanosuspension. The reduction of the drug crystal mean diameter below 1 µm dramatically 

increases the particle surface area and decreases the diffusion layer thickness if compared 

to coarse and micronized drug, as described by the Prandtl equation, thus, speeding up the 

dissolution rate [62]. In addition, nanocrystals are characterized by an enhanced saturation 

solubility, according to the Freundlich– Ostwald equation [63]. Moreover, nanosuspensions 

have shown to be suitable to formulate poorly soluble drugs for lung delivery and to have 

http://ec.europa.eu/health/tobacco/docs/dir_201440_en.pdf
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superior pharmacokinetics properties when compared to solutions or coarse suspensions of 

the same drug [114]–[119].  

Since the presence of metal and silicate (nano)particles in the aerosol produced by e-

cigarettes has been demonstrated, the aim of the present work was to investigate the ability 

of the ENDS-aerosol to deliver nanocrystals of poorly water-soluble drugs. Beclomethasone 

dipropionate (BDP) was chosen as a model drug for its well-known effect on the treatment 

of asthma and chronic obstructive pulmonary disease (COPD) [120]–[122].  

BDP nanosuspensions were prepared by a top down - media milling method. 

Characterization of the nanosuspensions was carried out via different techniques: Dynamic 

Light Scattering (DLS), transmission electron microscopy (TEM), differential scanning 

calorimetry (DSC), X-ray powder diffractometry (XRPD) and Fourier transform infrared (FTIR) 

spectroscopy. In addition, solubility studies and vaping tests were performed.  
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2 Materials and Methods 

2.1 Materials 

Beclomethasone dipropionate and Kolliphor P188 (Poloxamer 188, P188) were obtained 

from Sigma Aldrich (Italy). Vegetable glycerol and propylene glycol were purchased from 

Galeno srl (Italy). All the other products were of analytical grade.  

2.2 Preparation of BDP nanosuspension 

The nanosuspensions were prepared using a wet ball media milling technique. BDP was 

dispersed in a Poloxamer 188 (P188) water solution using an Ultra Turrax T25 basic for 6 min 

at 8000 rpm. Nanosuspensions were prepared using a 2:1 (w/w) BDP:P188 ratio. This coarse 

suspension was divided in 1.5 ml conical microtubes containing about 0.4 g of 0.1-0.2 mm 

yttrium-stabilized zirconia-silica beads (Silibeads® Typ ZY Sigmund Lindner, Germany). The 

microtubes were oscillated at 3000 rpm for 150 minutes using a beads-milling cell disruptor 

equipment (Disruptor Genie®, Scientific Industries, USA). The obtained nanosuspensions of 

each microtubes were gathered and then separated from the milling beads by sieving. In the 

preliminary studies, the nanosuspensions were prepared directly in the conical microtubes, 

without any preliminary homogenisation with the Ultra Turrax, in order to evaluate the 

optimum milling time. The formulation had a final concentration of 1% BDP and 0.5% P188.  

2.3 Particle size analysis 

Average diameter and polydispersity index (PDI, as a measure of the size distribution width) 

of the samples were determined by Dynamic Light Scattering (DLS) using a Zetasizer nano 

(Malvern Instrument, Worcestershire, United Kingdom). Samples were backscattered by a 

helium–neon laser (633 nm) at an angle of 173° and a constant temperature of 25°C. Zeta 

potential was estimated using the Zetasizer nano by means of the M3-PALS (Phase Analysis 

Light Scattering) technique. Just before the analysis, nanosuspensions were diluted with 

distilled water. Furthermore, a medium-term stability study of the BDP nanosuspension 

stored at room temperature was performed by monitoring average size, polydispersity 

index, and zeta potential for 30 days. The nanosuspensions were visually inspected before 
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every DLS measurement to check the absence of large precipitated aggregates or phase 

separation. All the measurements were made in triplicate. 

2.4 Lyophilization of BDP nanosuspension  

BDP nanosuspensions (1 mL samples) were frozen at -80 °C and then freeze dried for 24 h 

at -86 °C and 0 mmTorr, using an FDU-8606 Freeze Dryer (Operon Co, Korea). 

2.5 Preparation of Poloxamer 188/BDP physical mixture 

Drug physical mixtures were prepared by blending Poloxamer 188/BDP in an agata mortar 

until a homogeneous mixture was obtained. The same ratio of drug/surfactant (2:1, w/w) of 

the nanosuspension was used. 

2.6 Solubility studies 

BDP solubility in a home-made e-cigarette liquid (water:vegetable glycerol:propylene 

glycol=20:40:40 w/w ) was measured for the BDP bulk, freeze dried BDP nanocrystals and 

the Poloxamer 188/BDP physical mixture. The formulations (n = 3) were kept under constant 

stirring for 48 h at room temperature. Samples were withdrawn and centrifuged at 12,000 

rpm for 60 min; the supernatant was centrifuged again at 12,000 rpm for 60 min. Then, 0.2 

ml of the clear supernatant were diluted with methanol and analysed by HPLC for BDP 

content. 

2.7 HPLC analysis 

Quantitative determination of BDP was performed by HPLC using a liquid chromatograph 

Alliance 2690 (Waters Corp, Milford, MA) equipped with a photodiode array detector and a 

computer integrating apparatus (Empower 3). Analyses were performed at 240 nm with a 

X-Select C18 column (3.5 µm, 4.6 mm × 100 mm, Waters). The mobile phase was a mixture 

of acetonitrile, water and acetic acid (68.45:31.5:0.05, v/v), delivered at a flow rate of 1 

mL/min. Samples (10µL) were injected using an auto sampler. The stock standard solution 

of BDP was prepared by dissolving the drug in methanol and stored at 4 °C. A standard 

calibration curve (peak area of BDP vs. known drug concentration) was built up by using 

standard solutions prepared by dilution of the stock standard solution with the mobile 
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phase. Calibration graphs were plotted according to the linear regression analysis, which 

gave a correlation coefficient value (R2) of 0.999. The BDP retention time was 4.15 min. The 

limit of detection was 0.5 ng while the limit of quantification was 2 ng. Sample preparation 

and analyses were performed at room temperature.   

2.8 Preparation of the e-vaping liquid. 

Freeze-dried BDP nanocrystals were dispersed in 200 µL of water, vortexed and made up to 

1 mL with a previously prepared solution of vegetable glycerol:propylene glycol (50:50 

(w/w)). The final composition of the obtained e-liquid was water:vegetable 

glycerol:propylene glycol=20:40:40 (w/w). The same procedure was used in case of the 

vaping tests performed with BDP coarse powder, instead of freeze-dried BDP nanocrystals. 

2.9 E-cigarette vaping test 

The e-vaping liquid was loaded in the SMOK® QBOX (SmokTech, China) e-cigarette, 

equipped with a V8-Baby M2 0.25 Ω Dual Coil. The device was fully charged before every 

vaping test, and the battery level was never lower than 50% during the experiments. A 

syringe was connected to the atomizer through a plastic tube. The simultaneous activation 

of the e-cigarette and the retraction of the plunger led to the production of aerosol, which 

was gradually expelled in a vial immersed in an ice bath for the condensation of the 

aerosol. The aerosol production was carried out according to the following parameters: 60 

mL syringe, 4.0 ± 0.3 seconds-puff, interpuff pause of 30 seconds. The obtained samples 

were analysed by TEM, DLS and HPLC.  

2.10 Transmission electron microscopy  

BDP coarse powder, freshly prepared nanosuspensions and condensed aerosol were 

analysed through transmission electron microscopy (TEM) in order to investigate the 

presence of crystals and their morphology. After depositing on carbon-coated copper grids 

(200 mesh), drug crystals were viewed using a JEOL JEM 1400 Plus (CeSAR, Centro Servizi 

d’Ateneo per la Ricerca, University of Cagliari), with an accelerating voltage of 120 kV in 

Bright-field mode.  
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2.11 X-ray powder diffractometry  

BDP raw powder, P188 raw powder, physical mixture of P188 and BDP and freeze-dried 

BDP nanocrystals were investigated by X-ray Powder Diffraction (XRPD). The XRPD patterns 

were collected with a Rigaku MiniFlex diffractometer, operating at 30 kV and at 15 mA, 

using, the Cu Kα line at 1.54056 Å as radiation source. Each sample was analysed from 3 to 

60 2θ, in steps of 0.02, using a scan step time of 2.00 seconds. The results were then 

obtained as peak height (intensity) versus 2θ. 

2.12 Fourier transform infrared spectroscopy (FTIR)  

FT-IR spectra of BDP raw powder, P188 raw powder, physical mixture of P188 and BDP and 

freeze-dried BDP nanocrystals were collected using the Spectrum One Perkin Elmer (MA, 

USA) FT-IR Spectrometer in the spectral region between 4000 and 600 cm-1, and analyzed 

by transmittance technique with 32 scans and 4 cm-1 resolution. Samples were mixed in a 

mortar with KBr (1:100) and pressed by a hydraulic press (10 tons) into small tablets.  
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3 Results and discussion 

3.1 Preparation and characterization of BDP nanosuspension 

BDP nanosuspension were successfully prepared through a wet media milling technique. 

P188 - chosen as stabilizer - is a non-ionic linear low toxic copolymer, which is used in many 

commercially available products [123]. The average diameter and PDI modifications as a 

function of milling time were preliminarily studied (Figure 1). 

 

 
Figure 1. Milling process optimization of BDP nanosuspension as a function of minutes of milling, measured using DLS 
(average diameter and PDI, mean ± SD; n=3). 

In the first 10 cycles (corresponding to 100 minutes of milling), a significant decrease of the 

mean particle size and PDI was observed. The particle sized reduction slowed down during 

the last cycles, leading to a final average diameter of approximately 161 nm and a PDI of 

0.09 at 180 minutes of milling. In light of these results, we decided to prepare 

nanosuspensions using a preliminary homogenization with the Ultra Turrax, followed by 150 

minutes of milling corresponding to 15 cycles. The composition and physico-chemical data 

relative to the lead formulation are presented in Table 1. The chosen protocol led to an 

average diameter of approximately 168 and a PDI of 0.09. 
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Table 1. Average diameter, polydispersity index (PDI) and Zeta potential of freshly prepared BDP nanosuspension. 

Active 
ingredient 

Stabilizer 
Properties 

Average diameter (nm) PDI Zeta potential (mV) 

BDP P188 168 ± 5  0.090 ±0.048 -25.65 ± 2.33 
1% (w/w) 0.5% (w/w)       

 

Average size, PDI and Zeta-potential were evaluated over a period of 30 days, for a medium-

term stability study (Figure 2). As it can be seen in the graphs, an increase in size of ~30% 

was observed during the 30 days of storage. However, a low mean diameter (229 nm) and 

low PDI (0.261) were maintained, indicating a fairly narrow size distribution [124]. The zeta 

potential value was highly negative at the end of the stability test (-27.4 mV). 



Part 1: Chapter 1 

 

 37 

 
Figure 2. Average diameter (nm), Zeta Potential (mV) and polydispersity index (PDI) of BDP nanosuspension over 30 
days of storage at room temperature. Values are presented as mean values ± standard deviation (n = 3). 

The morphological changes of BDP crystals after the milling process were evaluated by TEM 

imaging (Figure 3). 
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Figure 3. TEM micrographs of BDP raw powder (a-b) and BDP aqueous nanosuspension (c-d).  

As can be seen in the TEM micrographs, the milling process modified both the shape and 

size of BDP crystals. In fact, the high shear forces generated during the process by the 

collision of the drug crystals and the milling beads – and of the drug crystals themselves – 

provide the appropriate energy to reduce their size below one micron. BDP nanocrystals 

(Figure 3c-d) presented a regular and elongated shape, with a homogenous particle size 

distribution, in accordance with DLS analysis.  

As can be seen by the scale bar of the nanosuspension micrographs (Figure 3c-d), the 

nanocrystals diameter is lower than the value obtained by DLS analysis. This result is in 

accordance with the literature data [125]–[128], and can be explained by the ability of DLS 

to measure the hydrodynamic diameter of hydrated particles which is also influenced by all 

substances adsorbed on the surface of the nanocrystals (hydration layer, polymer shell or 

surfactants). Thus, it always results larger than the dry particle diameter obtained with TEM 

or SEM, that measure the geometrical size [129], [130]. 
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XRPD analysis was used to assess the crystallinity of the samples. Commercial BDP showed 

a crystalline profile with a low intensity signal at 8.5 2ϑ (deg), absent in the physical mixture, 

which increased in the NS diffractogram confirming the BDP hydration.  However, NS 

analysis evidenced the presence of the signal at 18.4 2θ (Figure 4d), characteristic of the 

anhydrous BDP [131], suggesting the presence of anhydrous and hydrated BDP in the 

formulation. Physical mixture and NS still maintained the crystalline profile. 
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Figure 4 . XRPD analysis of BDP raw powder (a), P188 raw powder (b),  physical mixture of P188 and BDP (c) and freeze-
dried BDP nanocrystals (d). 
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Figure 5. FT-IR analysis of BDP raw powder (a), P188 raw powder (b), physical mixture of P188 and BDP (c) and freeze-
dried BDP nanocrystals (d). 

The infrared spectrum (Figure 5) of commercial BDP shows the broad O-H stretching at 3562 

cm-1, the sharp peak of ester carbonyl group at 1754 cm-1, at 1729 and 1659 cm-1 the bands 

of the conjugated and non-conjugated carbonyl groups, respectively, at 1615 cm-1 the 

carbon double bond stretching, and at 1187 cm-1 the C-O peak. The physical mixture 

spectrum contains the superimposed spectra of each component, in fact in addition to BDP 

bands, some typical P188 signals due to CH2 bending (1466 cm-1), in plane O-H bending 

(1343 cm−1) and C-O stretchings (1112-1108 cm-1) are recognizable. These results suggest 

that there are no interactions between them. However, the nanosuspension infrared 

spectrum evidenced the hydration of BDP. In fact, according with literature data for BDP 

solvates [132], NS spectrum exhibited a large decrease in intensity of BDP C=O (ester) band 

at 1753 cm-1, the shift of the carbonyl bands at 1665 and 1631 cm−1, and the appearance of 

a peak at 1712 cm-1 due to hydrogen bonding between the hydroxyl hydrogen of water and 

the carbonyl groups of the BDP moiety. Furthermore, peaks attributable to water hydroxyl 

groups appeared at 3562 and 3508 cm−1. 

 

The saturation solubility of the freeze-dried nanocrystals, the BDP bulk powder and the 

Poloxamer 188/BDP physical mixture was measured at 25°C in the home-made e-liquid 
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(water:glycerol:propylene glycol). The physical mixture was prepared maintaining the same 

surfactant:drug ratio (1:2, w:w).  

 
Figure 6. Saturation solubility (mg/mL) of the BDP bulk powder (BDP BULK), physical mixture of P188 and BDP 
(PHYSICAL MIXTURE) and freeze-dried BDP nanocrystals (NS BDP) in the e-liquid; (mean ± SD, n = 3). 

As shown in the Figure 6, the solubility of BDP was found to be 96.33 ± 1.80 µg/mL for the 

bulk powder drug, which slightly increased to 105.73 ± 1.36 µg/mL with the addition of the 

surfactant P188 (physical mixture). However, the formation of nanocrystals led to an 

increase of approximately 80% of the bulk powder solubility, reaching a value of 175.67 ± 

1.11 µg/mL. Therefore, these results are in accordance with the Freundlich-Ostwald 

equation and the drug solubility is enhanced not only by the action of the surfactant, but 

also by the nanosizing of the particles [63]. 

3.2 E-Cigarette vaping test 

BDP nanosuspensions were frozen and then freeze-dried for 24 hours. The obtained 

nanocrystals were resuspended in the vehicle (water, glycerol and propylene glycol) to 

prepare the nanosuspensions-containing E-liquid, which was analysed through DLS and TEM, 

in order to verify if the properties of the nanocrystals had changed.  

As shown in the Table 2, the average diameter of the nanocrystals slightly increased after 

lyophilization and dispersion in the vehicle. This can be correlated, not only to the different 
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nature of the vehicle – only water in the first case, water:glycerol:propylene glycol in the 

second one – but also to the lyophilization process itself, that might modify the morphology 

of the nanocrystals and promote nanocrystal aggregation. The nanosuspensions-containing 

E-liquid was then loaded in the SMOK® QBOX (SmokTech, China) e-cigarette and the vaping 

act was simulated. The analysis of the condensed vapour obtained by the test with DLS 

revealed the presence of nanoparticles – supposedly BDP nanocrystals – with an average 

diameter of 210 nm, a value comparable to the mean diameter of the freeze-dried 

nanocrystals dispersed in the vehicle (230 nm). However, the PDI value of the nanoparticles 

found in the condensed vapour (0.187) was smaller than that of the freeze-dried 

nanocrystals in the vehicle 0.234. This behaviour could be explained by the ability of the 

vapour to transport preferably the smallest nanocrystals, thus decreasing the width of the 

dimensional population (the PDI value). Furthermore, the high temperature reached in the 

E-cigarette might lead to a partial fusion of the BDP nanoparticles followed by a re-

crystallisation in crystals with a smaller diameter.  

 

Table 2. Average diameter, polydispersity index (PDI) of freshly prepared BDP nanosuspension, freeze-dried BDP 
nanocrystals dispersed in the E-cigarette liquid and BDP nanocrystals in the condensed aerosol of the vaping test; 
(n=3). 

 
Average diameter (nm) PDI 

Freshly prepared  
nanosuspensions 

165 ± 4 0.125 ±0.037 

Freeze-dried Nanocrystals  
dispersed in the E-liquid 

231 ± 1 0.234 ±0.019 

Nanocrystals in  
the condensed aerosol   

211 ± 4 0.187 ±0.020 

 

 

The nanosuspensions-containing E-liquid and the condensed aerosol of the vaping test were 

studied through TEM analysis. As shown in the micrographs, the morphology of the 

nanocrystals in the E-liquid (Figure 7a-b) slightly changed if compared to the starting 

nanosuspensions prepared in water (Figure 3c-d). Moreover, the presence of the 
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nanocrystals in the condensed vapours was revealed by the TEM images, confirming the 

ability of the E-cigarette to transport the nanoparticles.  

 
Figure 7. TEM micrographs of freeze-dried BDP nanocrystal dispersed in the e-liquid (a-b) and nanocrystals found in 
the condensed aerosol of the vaping test (c-d).  

In order to verify the hypothesis of the BDP nature of these nanocrystals, the collected 

samples were diluted with methanol and the obtained solutions were analysed through 

HPLC. The obtained chromatogram showed the characteristic peak of the drug, eluting at 

4.15 min and absorbing at 240 nm. 

BDP raw powder was also dispersed in the E-cigarette vehicle and the obtained E-liquid was 

used for further vaping tests. The total drug amount (BDP in solution and the suspended 

(nano)crystals) in the condensed aerosol obtained by vaping E-liquid containing freeze-dried 

BDP nanosuspensions or BDP raw powder was compared to their solubility values (Figure 8).  
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Figure 8. Comparison between BDP solubility values and total BDP amount in the condensed vapour obtained vaping 
E-liquid containing BDP raw powder (right) or BDP nanosuspensions (left); (n=3).  

As shown in the Figure 8, for both nanocrystals and bulk BDP crystals, the total drug amount 

(BDP in solution and suspended nanocrystals or bulk crystal) in the condensed aerosol is 

more than two-fold higher than its solubility value at 25°C. This might be partly explained by 

the high temperatures reached in the vicinity of the electrodes, which might lead to an 

increase of the drug solubility. Therefore, the produced vapour is capable of transporting 

more drug, and thus explaining the higher total drug amount in the condensed vapour, 

compared to the expected values according to its solubility at 25 °C.  

On the other hand, as can be seen by the comparison in the Figure 8, the amount of drug 

transported by the vapours is higher when the nanosuspension-loaded E-liquid is used 

instead of the raw powder loaded E-liquid, demonstrating the advantage of using 

nanocrystals. This data not only confirms that ENDS aerosol is able to transport BDP 

molecules dissolved in the e-vehicle but demonstrates that also suspended BDP 

(nano)crystals are delivered.  

In fact, the analysis of the condensed samples through TEM micrographs prove the presence 

of drug nanocrystals, as can be seen in the Figure 7c-d, whose morphology and diameter 

resemble those of the nanocrystals dispersed in the e-liquid (Figure 7a-b).  
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4 Conclusion 

In this study, a BDP nanosuspension was successfully prepared and characterized. The 

resulting nanocrystals were small in size and homogeneously dispersed, showing an 

increased solubility compared to the bulk drug. Overall results obtained by the vaping test 

demonstrated the presence of drug nanocrystals in the produced aerosol. Although we 

cannot exclude that new particles are formed in the heating chamber, the structural 

similarity assessed by DLS and TEM suggests that the original BDP nanocrystals were 

transported by the aerosol. Thus, the ability of ENDS to deliver nanocrystals was confirmed, 

drawing attention to its possible alternative use as a medical device for poorly soluble drugs.  

ENDS have nowadays become common all around the world, due to the proven benefits and 

less toxicity compared to traditional cigarette smoking [133], [134]. The largest number of 

adults declare to use ENDS to help them stop smoking [135], and a significant part claimed 

to have satisfactorily stopped [136]. Therefore, using e-cigarettes with bronchodilators or 

corticosteroids nanosuspensions – such as BDP – might be advantageous in the treatment 

of COPD in those patients that are chronic smokers in pursuit of a stop-smoking aid [137]. 

The use of e-cigarette rather than another inhaler device for therapy administration might 

not only play a key role on the smoking habit cessation, but also ensure better compliance 

therapy. In fact, patients with chronic respiratory conditions have frequently shown to 

achieve negative treatment outcomes, linked to inadequate adherence and poor 

compliance to prescribed therapy [138]. It is well documented that an effective inhaler 

technique, which is required to assess an adequate adherence to inhaled medications, is 

often lacking in many patients, due to scarcity of training or necessary abilities [139], [140]. 

Hence, owing to the easy operations needed for the activation and the handheld and 

portable structure, ENDS might represent an inexpensive and simple medical device for the 

inhalation therapy. All things considered, the eventual regulation of electronic cigarettes as 

medical device would require an evaluation in terms of quality, safety and efficacy [141]. 

Consequently, further studies will be needed to assure the drug delivery potential of the 

device and the appropriate drug dosing.  
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Chapter 2: Curcumin and Beclomethasone 
Dipropionate Multicomponent Nanosuspension for 

the Treatment of Bronchial Asthma  
The majority of this chapter has been directly copied or modified from Pharmaceutics 2021, 

1300; https://doi.org/10.3390/pharmaceutics13081300 “Pulmonary Delivery of Curcumin 

and Beclomethasone Dipropionate in a Multicomponent Nanosuspension for the Treatment 

of Bronchial Asthma” by Casula, L., Lai, F., Pini, E., Valenti, D., Sinico, C., Cardia, M.C., 

Marceddu, S., Ailuno, G., Fadda, A.M. 

 

1  Introduction 

Bronchial asthma is a chronic inflammatory disease, characterized by a complex interplay of 

airway inflammation and hyper-responsiveness, reversible airway obstruction, mucus 

hypersecretion and pulmonary edema. The main common symptoms include cough, chest 

tightness, dyspnea and wheezing [142], [143]. The well-known ‘umbrella’ asthma diagnosis 

helps to describe the heterogeneity of the disease and to identify the involved endotypes 

and phenotypes [144]. In particular, the prevalent phenotypes can be classified as: early-

onset allergic, late-onset eosinophilic, exercise-induced, obesity-related and neutrophilic 

[145]. As regards the pathogenesis of asthma, the disease development is associated with 

the expression of several transcription factors and in particular the Nuclear Factor- κB (NF-

κB), [8]. Medications for the long-term treatment of asthma can be classified into: (i) 

controller medications, to control the symptoms and reduce exacerbations, (ii) 

reliever/rescue medications, to provide an immediate relief of breakthrough symptoms, and 

(iii) add-on therapies for patients with severe asthma. Treatment includes inhaled 

corticosteroids (CS), long-acting beta2-agonist (LABA), leukotriene receptor antagonist 

(LTRA), oral corticosteroids (OCS) and short-acting beta2-agonist (SABA) [146]. In the recent 

years, an increasing interest in complementary and alternative treatments in asthma 

patients has been shown. Natural extracts, also known as herbal medicinal products, are the 

most used complementary products or health-promoting agents, due to their health 

benefits and reduced side effects [147]. Among others, curcumin, a polyphenol extracted 
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from the rhizome of Curcuma longa, has shown a potential therapeutic value and promising 

pharmacological activities in a variety of chronic diseases, including bronchial asthma [148]. 

Its antioxidant and anti-inflammatory activities act synergically to stop the inflammatory 

process. In particular, curcumin ability to attenuate airway inflammation seems to be due to 

the inhibition of NF-kB in the asthmatic lung tissue, which is highly involved in the 

pathogenesis of the disease [149], [150]. Moreover, levels of pro-inflammatory and pro-

fibrotic cytokines, chemokines and heat shock proteins were found to be reduced by the 

polyphenol action, whereas aquaporin expression increased, leading to reduction of 

pulmonary oedema [151]. However, the low aqueous solubility is limiting for its potential 

therapeutic applications. A possible strategy to improve the pulmonary delivery of curcumin 

might be its administration as nanocrystals [152]. Nanocrystals suspensions are 

nanoparticles of pure drug without any matrix material, suspended in an outer liquid phase, 

usually composed of water and/or water-miscible solvents, and stabilized using an ionic or 

non-ionic surfactant or polymers [50]. The drug nanocrystals average diameter is below 1 

µm (typically in the range of 200-500 nm). Due to the increased particle surface area and 

the decreased diffusion layer thickness (compared to coarse and micronized drugs), the 

dissolution rate is sped up, as described by the Prandtl equation [62]. The Freundlich–

Ostwald equation shows that nanocrystals are also characterized by an enhanced saturation 

solubility [63]. Furthermore, poorly soluble drugs for lung delivery have shown to have 

superior pharmacokinetics properties when formulated as nanocrystals, compared to 

solutions or coarse suspensions of the same drug [114]–[119]. Therefore, the aim of our 

work was to formulate a multi-component nanocrystal suspension for the inhalation 

therapy, composed of beclomethasone dipropionate – corticosteroid agent, well-known for 

its activity to reduce the symptoms [120], [146] – and curcumin as natural complementary 

agent. At first, curcumin nanosuspension (CUR-NS) was prepared by a top down - media 

milling method [153]. The multi component nanosuspension (CUR+BDP-NS) was then 

prepared using a beclomethasone dipropionate nanosuspension (BDP-NS) studied in our 

previous work [154]. Characterization of the nanosuspensions was carried out via different 

techniques: dynamic light scattering (DLS), scanning electron microscopy (SEM), differential 

scanning calorimetry (DSC), X-ray powder diffractometry (XRPD) and Attenuated Total 

Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy. Finally, nebulization tests 
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with Next Generation Impactor (NGI, Apparatus E Ph. Eu) were carried out to study the 

aerodynamic properties of the obtained formulations.  
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2 Materials and Methods 

2.1 Materials 

Beclomethasone dipropionate, curcumin, Kolliphor P188 (Poloxamer 188, P188) were 

obtained from Sigma Aldrich (Italy). All the other products were of analytical grade. 

2.2 Preparation of nanosuspension 

 
The nanosuspensions were prepared through a wet ball media milling technique, using a 2:1 

(w/w) drug:stabilizer ratio. The drug was dispersed in a (0.5 and 1%, w/w) Poloxamer 188 

(P188) water solution using an Ultra Turrax T25 basic (IKA, Werke) for 6 min at 8000 rpm. 

This coarse suspension was divided in 1.5 ml conical microtubes containing about 0.4 g of 

0.1-0.2 mm yttrium-stabilized zirconia-silica beads (Silibeads® Typ ZY Sigmund Lindner, 

Germany). For the CUR-NS, the microtubes were oscillated at 3000 rpm for 70 minutes using 

a beads-milling cell disruptor equipment (Disruptor Genie®, Scientific Industries, USA). The 

obtained nanosuspensions of each microtube were gathered and then separated from the 

milling beads by sieving. As concerns the BDP-NS, the formulation was prepared as 

previously reported [154]. The procedure was the same as for the CUR-NS, and the 

oscillation time of the microtubes at 3000 rpm was 150 minutes. The formulations had a 

final concentration of 1% (w/w) active compound (CUR or BDP) and 0.5% (w/w) P188. 

2.3 Particle size analysis 

Average diameter and polydispersity index (PDI, as a measure of the size distribution width) 

of the samples were determined by Dynamic Light Scattering (DLS) using a Zetasizer nano 

(Malvern Instrument, Worcestershire, United Kingdom). Samples were backscattered by a 

helium–neon laser (633 nm) at an angle of 173° and a constant temperature of 25°C. Zeta 

potential was estimated using the Zetasizer nano by means of the M3-PALS (Phase Analysis 

Light Scattering) technique. Just before the analysis, nanosuspensions were diluted with 

distilled water. Furthermore, a medium-term stability study of the CUR nanosuspension 

stored at room temperature was performed by monitoring average size, polydispersity 

index, and zeta potential for 90 days. All the measurements were made in triplicate. 
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2.4 Scanning electron microscopy 

In order to investigate the (nano)crystals morphology, CUR raw powder and CUR-NS were 

analysed through a Zeiss ESEM EVO LS 10 (Germany) environmental scanning electron 

microscope (SEM), operating at 20 KV in high vacuum modality with secondary electron 

detector (SEI). For the CUR raw powder, the sample was mounted on an aluminium stub 

with carbon adhesive discs and coated with gold in an Agar Automatic Sputter Coater B7341. 

As regards the CUR-NS, a drop of the sample was firstly placed on a glass slide and air dried, 

and then mounted on the stub following the procedure stated above. 

2.5 Solubility studies 

CUR apparent solubility in water was measured for the CUR bulk powder, CUR-NS and the 

CUR/P188 physical mixture with the same drug:surfactant ratio. The formulations (n = 3) 

were kept under constant stirring for 72 h at 37°C. Samples were withdrawn and centrifuged 

at 21,380 G  for 60 min; the supernatant was centrifuged again at 21,380 G for 60 min. Then, 

a known amount of the clear supernatant was withdrawn and diluted with methanol for the 

HPLC analysis. 

2.6 Solid state characterization 

CUR, BDP, P188, physical mixtures of CUR:P188 and BDP:P188 in amounts equivalent to the 

ratios present in the formulations, and the two single-component formulations (CUR-NS and 

BDP-NS) were investigated by using different technologies such as DSC, XRPD, and ATR-FTIR 

spectroscopy. 

In order to obtain the powder samples, CUR-NS and BDP-NS were frozen at -80 °C and then 

freeze dried for 24 h at -86 °C and 0 mTorr, using an FDU-8606 Freeze Dryer (Operon Co, 

Korea). 

DSC analysis (Perkin Elmer DSC 6 Waltham, MA, USA) was used to characterize the thermal 

behaviour of the different components used for the formulations. Samples were 

hermetically sealed in an aluminium pan and heated at a speed of 10 °C/min in the range 

between 30 and 220°C. Inert atmosphere was maintained by purging nitrogen at a flow rate 

of 10 mL/min. A control empty pan subjected to the same heating conditions was used as a 

reference. 
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ATR-FT-IR spectra were acquired with a Perkin Elmer Spectrum One FT-IR (Perkin Elmer, 

Waltham, MA, USA), equipped with a Perkin Elmer Universal ATR sampling accessory 

consisting of a diamond crystal. Analyses were performed in a spectral region between 4000 

and 650 cm-1 and analysed by transmittance technique with 32 scansions and 4 cm-1 

resolution. 

XRPD patterns were collected with a Rigaku MiniFlex diffractometer, operating at 30 kV and 

at 15 mA, with Cu Kα radiation (1.54056 Å) in the range from 3 to 60 2θ, in steps of 0.02, 

using a scan step time of 2.00 seconds. The results were then obtained as peak height 

(intensity) versus 2θ. 

2.7 Preparation of nanosuspension 

CUR-NS and BDP-NS were prepared as described above (2.2). The multicomponent 

nanosuspension (CUR+BDP-NS) was prepared right before the nebulization test by mixing 

equal parts of CUR-NS and BDP-NS. The formulation was adequately vortexed and then 

visually inspected to check the absence of large precipitated aggregates or phase separation. 

Finally, particle size analysis was carried out by DLS. 

2.8 Nebulization and aerodynamic behaviour of nanosuspensions 

CUR-NS, BDP-NS and CUR+BDP-NS were nebulized using a Pari SX® air jet nebulizer attached 

to a Pari TurboBoy® compressor (Pari GmnH, Starnberg, Germany) and connected to the 

Next Generation Impactor (NGI, Apparatus E, Eur. Ph 10th ed., Copley Scientific Ltd., 

Nottingham, United Kingdom). All the parts of the NGI were washed in methanol and 

allowed to dry. The collection plates were not sprayed with silicone fluid in accordance with 

the European Pharmaceutical Aerosol Group (EPAG) recommendations [155]. Pre-

separator, which is mostly indicated for dry powder inhalers to separate very large particles 

and avoid blockage of NGI stages, was not used during this study.  

The formulation (2 ml) was placed in the nebulizer and aerosolized to dryness directly into 

the throat of the NGI, using a flow rate of 15 L/min [156]. At the end of the experiment, the 

drug amount deposited in each stage of the impactor and the residual (undelivered) was 

collected, using methanol, in a glass vial, properly diluted and analysed by HPLC. The 

following nebulization parameters were evaluated: (1) the Emitted Dose (ED%), calculated 
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as the percentage of drug recovered in the NGI versus the amount of drug placed in the 

nebulizer; (2) the Fine Particle Dose (FPD), which represents the amount of drug contained 

in droplets of size less than 5 μm; and (3) the Fine Particle Fraction (FPF%), calculated as 

percentage of FPD versus the amount of drug recovered in the NGI.  

The cumulative amount of drug-containing droplets with a diameter lower than the stated 

size of each stage was plotted as a percentage of the recovered drug versus the cut-off 

diameter, not including the mass deposited in the induction port due to the unavailability of 

a precise upper size limit for particles deposited in this section [157]. Finally, the Mass 

median aerodynamic diameter (MMAD) of the particles was extrapolated from the graph 

according to the Eur. Ph. 10th ed., and the geometric standard deviation (GSD) value was 

calculated. 

2.9 HPLC analysis 

Quantitative determination of BDP and CUR was performed by HPLC using a liquid 

chromatograph Alliance 2690 (Waters Corp, Milford, MA) equipped with a photodiode array 

detector and a computer integrating apparatus (Empower 3). Analyses were performed with 

a Sunfire C18 column (3.5 µm, 4.6 mm × 150 mm, Waters). The mobile phase was a mixture 

of acetonitrile, water and acetic acid (95:4.84:0.16 v/v), delivered at a flow rate of 0.5 

mL/min. Samples (10µL) were injected using an auto sampler. CUR was revealed at 421 nm, 

whereas BDP at 240 nm. The stock standard solutions of CUR and BDP were prepared by 

dissolving the drug in methanol and stored at 4 °C. A standard calibration curve (peak area 

of CUR/BDP vs. known drug concentration) was built up by using standard solutions 

prepared by dilution of the stock standard solution with the mobile phase. Calibration 

graphs were plotted according to the linear regression analysis, which gave a correlation 

coefficient value (R2) of 0.999. The described HPLC method was also used to quantify the 

drug in the obtained nanosuspensions and to evaluate the presence of any degradation 

products. The limit of quantification was 1 ng/µL for CUR and 0.5 ng/µL for BDP, while the 

limit of detection was 0.2 ng/µL for both compounds. Sample preparation and analyses were 

performed at room temperature.   

2.10 Statistical analysis of data 
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Results are expressed as the mean ± SD. Multiple comparisons of means (one-way ANOVA) 

were used to substantiate statistical differences between groups, while Student’s t-test was 

used to compare two samples. Data analysis was carried out with the software package 

XLStatistic for Microsoft Excel. Significance was tested at 0.05 level of probability (p).  
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3 Results and Discussion 

3.1 Preparation and characterization of nanosuspension 

A preliminary study was carried out to optimize the protocol for the CUR-NS preparation 

through the wet ball media milling technique. Two parameters were investigated, namely 

the stabilizer concentration and the milling time. CUR concentration was fixed at 1% (w/w), 

whereas two concentrations of the stabiliser P188 were studied: 0.5 and 1 % (w/w). The two 

formulations were milled for 60, 70, 80, and 90 minutes. Average diameter, PDI and zeta 

potential as a function of the milling time are shown in Figure 1.  

 

 
Figure 1. Average diameter (nm), PDI and Zeta Potential (mV) as a function of milling time (minutes) for the 
formulation with 1% (w/w) CUR and 0.5% (w/w) P188, and with 1% (w/w) CUR and 1% (w/w) P188. (n=3; mean ± 
SD). 

Both formulations showed a significant decrease in the nanocrystal average diameter by 

increasing the milling time from 60 to 70 minutes. As highlighted in Figure 1, also the PDI 
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value improved for formulation with 0.5% P188, decreasing from 0.34 to 0.23. On the other 

hand, by increasing the milling time from 70 to 90 minutes, the variation of the nanocrystal 

dimensional properties was less pronounced. It is worth to notice that after all the milling 

protocols, the zeta potential values were maintained at approximately -30 mV, 

representative of promising formulation stability. However, as can be seen in the Figure 1, 

when the 1:1 drug:surfactant ratio (w/w) was used, the PDI never decreased to values less 

than approximately 0.30, even after 90 minutes of milling. Therefore, the formulation 

containing 1% CUR and 0.5% P188 obtained after 70 minutes of milling (CUR-NS) was 

selected for further studies. 

CUR solubility studies were performed in water at 37 °C to evaluate the properties of 

nanocrystal CUR-NS in comparison with CUR raw powder and the physical mixture. The raw 

drug powder showed an apparent solubility of 0.97 ± 0.1 µg/mL, which increased 38-fold in 

the physical mixture with the P188 (38.10± 1.2 µg/mL). After the nanosizing process, the 

CUR nanocrystal apparent solubility increased further (53.08 ± 1.7 µg/mL). Consequently, 

preparation of nanocrystals stabilised by P188, allowed us to improve CUR apparent 

solubility by approximately 54-fold in comparison with the raw material, in accordance with 

the Freundlich-Ostwald equation [63]. 

These results suggest that drug formulated as nanocrystals would improve therapeutic 

efficacy. However, it is worth to highlight that, depending on the drug characteristic, 

increased biological medium concentration can also lead to more toxic effects. As widely 

reported in literature, very challenging safety issues need to be addressed [158], [159]. 

Indeed, many factors influence nanosuspension safety in drug delivery, such as particle 

surface area, formulation, external environment, and temperature. Moreover, most 

nanosuspension drug delivery studies were carried out in animal models instead of in 

humans, therefore full knowledge of them is still limited [160]. 

The evaluation of the morphological changes of CUR crystals after the milling process was 

carried out by ESEM (Figure 2). 
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Figure 2. ESEM micrographs of CUR raw powder (a) and CUR-NS (b). 

 
As it can be seen in the ESEM micrographs, the milling process modified both shape and size 

of the CUR crystals. The considerable amount of energy required to reduce the nanocrystal 

size below one micron is provided during the milling process by the collision of the drug 

crystals and the milling beads – and of the drug crystals themselves – that generate high 

shear forces. Before the milling, Figure 2a, the raw drug material appears to have large 

crystals with irregular elongated shape while, after the milling with the stabilizer, as shown 

in Figure 2b, CUR nanocrystals show a regular and rounded shape, with a homogenous 

particle size distribution, in accordance with DLS analysis.  

The stability of the obtained CUR-NS was evaluated by monitoring size distribution and zeta-

potential over a period of 90 days at room temperature (Figure 3).  
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Figure 3. Average diameter (nm), polydispersity index (PDI) and Zeta Potential (mV) of CUR-NS over 90 days of 
storage at room temperature. (n=5; mean ± SD). 

Size distribution study revealed a long-term stability of the CUR-NS. Indeed, the mean 

diameter did not vary appreciably during the 90 days on storage showing an average 

diameter of 202 nm in the day 1 and of 205 nm in day 90. Furthermore, the PDI was almost 

constant and below 0.25, confirming the stability of the formulation since the retention of 

the homogeneous size distribution on storage [124]. Moreover, the zeta potential value was 

almost constant during the stability test (approximately -30 mV). Finally, HPLC analysis 

revealed no decomposition and the absence of degradation products in the obtained 

chromatograms. 

 

The final multicomponent nanosuspension (CUR+BDP-NS) was obtained by mixing CUR-NS 

with BDP-NS, which was prepared according to the previously reported procedure [21] with 

a 1% (w/w) BDP concentration and 0.5% (w/w) P188. BDP nanocrystals exhibited a mean 
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diameter of approximately 240 nm, with a low PDI (0.24) indicating a well-dispersed colloidal 

dispersion. 

Solid state characterization of CUR-NS, BDP-NS and their components as raw material and 

physical mixture was carried out by DSC, ATR-FTIR and XRPD. 

3.2 DSC analysis 

To evaluate the possible interactions between the active ingredients and the stabilizer in the 

preparation, thermal analysis was performed; results are expressed as onset temperature. 

CUR thermogram revealed the presence of an endothermic peak at 165.05 °C, while P188 

at 53.71°C, which implies that both are in the crystalline state. In the physical mixture, both 

the sharp endothermic peak of the stabilizer and the broad CUR peak, showed less intensity 

and a shift towards lower temperatures, (47.96 °C and 147.35 °C, respectively) compared to 

the component melting points, suggesting a molecular dispersion of CUR in P188. This trend 

became even more evident in the optimized formulation, thus, suggesting that the CUR 

existed in a less crystalline state. 

As it concerns BDP-NS and its components, the BDP thermal behaviour revealed an 

endothermic peak at 212.09 °C followed by an exothermic event, thus, indicating that the 

recrystallized BDP undergoes a melting process followed by chemical degradation. 

Furthermore, in BDP-NS thermogram an endothermic event between 60 and 90 °C is visible, 

suggesting the formation of hydrate BDP, as reported in literature [161], [162]. 

The melting peak of P188 was at an onset temperature of 53.71 °C. Physical mixture and 

nanosuspension thermograms showed some similarities, in fact, the melting peaks were all 

present but drifted, and with a sharp decrease in the BDP peak intensity, implying that no 

amorphous forms were produced during the preparation process. 

3.3 ATR-FTIR analysis 

ATR spectroscopy was carried out to further elucidate the interactions between the active 

compounds and P188 in the solid state. These interactions are detected by any changes in 

the position or disappearance of a characteristic vibration or stretching region of the 

compounds.  
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Figure 4. ATR-FTIR analysis of (A) CUR formulation and its components: raw powder (a), P188 (b). physical mixture of 
CUR+P188 (c), CUR-NS (d); and (B) BDP formulation and its components: raw powder (e), physical mixture of 
BDP+P188 (f) and BDP-NS (g). 

The ATR spectrum of CUR (Figure 4A) exhibited a sharp peak at 3509 and a broad one at 

3326 cm-1 attributed to phenolic OH stretching. Furthermore, it can be observed a peak at 

1626 cm-1  owing to the carbonyl in CUR, consistent with the formation of a keto-enol 

tautomer, at 1602 and 1510 cm-1  the bands of the strong vibrations of C==C and C=O 

stretching, while at 1274 cm-1 the C- O peak of enol.  At 1027 cm-1 the C -O- C peak was 

visible, while at 962 cm-1 and 810 cm-1 the trans-C-H vibration of the unsaturated chain and 

the C-H vibration of aromatic ring, respectively, were clearly shown. Finally, the 

characteristic absorption peaks of P188 around 3600, 2881, and 1099 cm−1 were attributed 

to O-H, C–H, and C–O–C stretching vibrations. The spectrum of the physical mixture was the 

combination of CUR and P188. These results clearly demonstrated that no interactions 

occurred between the physically mixed CUR and P188. The spectra of CUR-NS exhibited the 

same peak position of raw CUR demonstrating that the addition of the stabilizer and physical 

process would not affect its molecular structure. 

The ATR spectrum of BDP (Figure 4B) showed the O-H free and associated vibrations at 3559 

and 3280 cm-1, the ester carbonyl stretching at 1753, the conjugated and non-conjugated 

C=O stretching bands at 1727 and 1658 cm-1, respectively. The C=C stretching was at 1615 

and 1608 cm-1, and the C-O bands at 1186 cm-1. The characteristic absorption peaks of P188 

at 3500, 2881, and 1099 cm−1 were attributed to O-H, C–H, and C–O–C stretching 

vibrations, respectively. In the physical mixture spectrum, bands of both raw materials were 

visible, no absence of any functional peaks or addition of new peaks, thus, revealing that 

there is no significant chemical interaction between the drug and P188. In the 
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nanosuspension spectrum, as reported in our previous article [21], the COO peak, the C=O 

and C=C stretchings at 1711, 1663 and 1631 respectively disappeared while a peak at 1712 

cm-1 appeared, suggesting that the BDP carbonyl group is involved in a hydrogen bond with 

water. The presence of water was also confirmed by the increase of peak intensities at 3562 

and 3508 cm-1, confirming the presence of BDP as monohydrate. 

3.4 XRPD analysis 

The crystalline state of the active ingredients in nanosuspensions was estimated by a XRPD 

study.  

 
Figure 5. XRPD analysis of (A) CUR formulation and its components: raw powder (a), P188 (b). physical mixture of 
CUR+P188 (c), CUR-NS (d); and (B) BDP formulation and its components: raw powder (e), physical mixture of 
BDP+P188 (f) and BDP-NS (g). 

The diffraction patterns of CUR (Figure 5A) showed intense sharp peaks at 8.8, 12.1, 14.4, 

17.2, 18.08, 19.36, 21.08, 21.66, 23.32, 24.46, 25.48, 27.28 and 28.10 2ϑ (deg), while P188 

at 19.32 and 23.48 2ϑ (deg) implying the crystalline structure of the both raw materials. The 

physical mixture and the nanosuspension profiles were very similar; reflection peaks of the 

raw materials were still present indicating that CUR partially retained its crystallinity in the 

formulation.  

To confirm the crystalline nature of BDP nanosuspension, X-ray diffraction analysis was 

performed (Figure 5B). BDP and P188 have crystalline profiles. The XRPD analysis of BDP 

showed a pattern with sharp and intense peaks at 9.54, 11.28, 14.44 and 20.06 2θ (deg) 

values, P188 at 19.32 and 23.48 2ϑ (deg). The physical mixture pattern indicated that the 

crystalline structure remained unchanged; the characteristic peaks of the drug were still 
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present, even if their intensities were attenuated due to the lower drug content. The 

optimized NS retained the crystalline profile, but the increased intensity of the peaks at 8.5° 

and 12 2ϑ (deg) suggested the presence of BDP monohydrate, thus supporting ATR and DSC 

results.  

3.5 Preparation of the multicomponent nanosuspension 

After the optimization and characterization of the two single-component nanosuspensions, 

CUR+BDP-NS was prepared by mixing equal amounts of CUR-NS and BDP-NS right before 

the nebulization test. The composition of the obtained formulation is indicated in the Table 

1. A preliminary visual inspection revealed the absence of macroscopic precipitated 

aggregates or phase separation. This information was also confirmed by DLS analysis. 

Indeed, the nanocrystals average diameter of the CUR+BDP-NS (221nm) did not differ 

appreciably from CUR-NS (202 nm) and BDP-NS (241 nm.) Furthermore, the PDI maintained 

a value of approximately 0.25. 

Table 1. Composition of the two single-component (CUR-NS, BDP-NS) and the multicomponent formulation 
(CUR+BDP-NS) and their dimensional properties expressed as average diameter (nm) and polydispersity index (PDI). 
(n=3; mean ± SD). 

 
Composition Dimensional Analysis 

 Curcumin  
(% w/w) 

Beclomethasone  
dipropionate  

(% w/w) 

P188  
(% w/w) 

Average  

diameter (nm) 
PDI 

CUR-NS 1 - 0.5 202 ± 5 0.23 ± 0.02 

BDP-NS - 1 0.5 241 ± 2 0.24 ± 0.01 

CUR+BDP-NS 0.5 0.5 0.5 221 ± 7 0.25 ± 0.02 
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3.6 Nebulization test 

 
To evaluate the drug deposition and determine the aerodynamic parameters, samples (CUR-

NS, BDP-NS, CUR+BDP-NS) were nebulized using the PariSX® air jet nebulizer connected to 

the NGI. It is well known that nebulizers might generate aerosol particles with different 

aerodynamic diameters. In particular, only those characterized by a MMAD value in the 

range 5 – 0.5 µm are believed to deposit on the lungs [163]. Operating with a flow rate of 

15 L/min, the overall range of the impactor is 0.98–14.1 µm. Notably, four stages have cut 

sizes in the range of 0.5–5.0 µm aerodynamic diameter, and a fifth stage only slightly larger 

than the upper limit [156]. Nebulization time to dryness, which is the time required to 

complete cessation of aerosol formation, was shown to be 10 minutes.  

The percentage of drug deposited in each stage of the impactor was very similar for all the 

formulations, as shown in the Figure 6. 
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Figure 6. Deposition of CUR and BDP in the different stages of the NGI after nebulization with a flow rate of 15 L/min, 
for the single-component formulations (CUR-NS and BDP-NS), and the multicomponent formulation (CUR+BDP-NS). 
(n=3; mean ± SD). 
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Approximately 5 – 7% of the generated aerosol particles tend to deposit on the induction 

port (throat), thus showing their inability to reach the deeper stages. However, the majority 

of the drug was found to be in the intermediate/middle stages (3 – 5). Interestingly, 

approximately 6-7% of the droplets is able to reach the MOC stage, showing an aerodynamic 

diameter < 0.98 µm, and thus the ability to hypothetically deposit on the alveolar region of 

the lungs. To better evaluate the nanosuspension behaviour during the nebulization 

process, the aerodynamic parameters were analysed for each formulation (Table 2). In the 

case of CUR+BDP-NS, values were calculated separately for each active ingredient. 

Table 2. Aerodynamic parameters of the three tested formulations: Emitted dose (ED), Fine Particle Dose (FPD), Fine 
Particle Fraction (FPF), Mass Median Aerodinamic Diameter (MMAD) and Geometric Standard Deviation (GSD). (n=3; 
mean ± SD).§ Data are not statistically different (p>0.05). 

 
  CUR+BDP-NS   

 
CUR-NS CUR BDP BDP-NS 

ED% 57.0 ± 0.9 81.9 ± 1.1 83.4 ± 3.7 65.5 ± 4.9 

FPD (mg) 7.8 ± 0.3 6.8 ± 0.8 6.1 ± 0.1 7.6 ± 0.2 

FPF (%) 60.3 ± 1.9 § 64.7 ± 4.0 § 62.7 ± 0.5 § 68.1 ± 7.2 § 

MMAD (µm) 4.1 ± 0.1 3.4 ± 0.6 3.8 ± 0.1 3.7 ± 0.2 

GSD 2.6 ± 0.1 3.1 ± 0.4 2.9 ± 0.1 2.6 ± 0.1 

 
As can be seen, the Emitted Dose (ED) for CUR-NS and BDP-NS reached a value of 57% and 

65.5%., respectively. It is interesting to highlight that this value increases more than 80% in 

the case of the multicomponent formulation, thus, demonstrating that more than 80% of 

the formulation loaded in the nebulizer may be properly delivered to the patient. Results 

showed that the mean FPF% value for the CUR in the multicomponent nanosuspension was 

higher than that in the CUR-NS while the opposite was for the BDP. However, statistical 

analysis revealed that these differences are not significant (p>0.05). 

Finally, all the nebulized formulations showed a MMAD <5 µm, a mandatory condition for 

the droplets to be able to reach the deeper parts of the respiratory system, and therefore 

to carry out their therapeutic action at the site of inflammation.  
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4 Conclusion 

In this study, a CUR nanosuspension was optimized and characterized. The resulting 

nanocrystals were small in size and homogeneously dispersed, showing an increased 

solubility compared to the bulk drug. Furthermore, the BDP-NS was successfully prepared 

as reported previously [154], and used for the preparation of the multicomponent 

nanosuspension, containing CUR and BDP nanocrystals. The obtained formulation showed a 

narrow distribution and the absence of aggregation phenomena. In vitro nebulization tests 

were carried out and highlighted that all prepared formulations, especially CUR+BDP-NS, 

had high values of ED% and MMAD < 5 µm.  

In conclusion, the obtained multicomponent nanosuspension has shown optimal 

dimensional properties and aerodynamic parameters, suggesting a correct and efficient 

delivery of the formulation in the deeper lung regions.  

Owing to the improved solubility of the active ingredients formulated as nanocrystals, our 

formulation represents a promising lung delivery system which can improve the course of 

the asthmatic inflammation. 
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Part 2: Development of electrospun nanofibers with 

simvastatin loaded liposomes for wound healing 

The work described in this chapter was carried out at the Department of Pharmaceutical 

Technology, Faculty of Pharmacy, University of Ljubljana under the supervision of Professor 

Julijana Kristl and Assistant Professor Špela Zupančič, and the home mentorship of Professor 

Anna Maria Fadda. The results presented in this chapter will be the content of common 

publication. 

1 Introduction 

The wound can be described as a discontinuity of the normal anatomic structure of the 

tissue due to an exogenous laceration on the skin, which might be caused by a thermal, 

physical, mechanical or electrical trauma. In general, wounds can be classified according to 

the depth of the damage as: superficial, involving only the epidermis and the papillary 

dermis, partial thickness or deep dermal, and full thickness wounds. Wound healing is an 

incredibly complex process, which depends on an elaborated interaction of highly controlled 

mechanisms and chemical mediators to re-establish the tissue structure and functionality 

[164], [165]. There are four wound healing stages: haemostasis, inflammation, proliferation 

and remodelling. Several inflammatory cells are involved in this process and, among the 

others, macrophages and fibroblasts are the most important ones for their phagocytose 

action, stimulation of granulation tissue formation, cell proliferation and structural elements 

restoration. The last phase, the remodelling process, might take weeks to years and, the 

mature scar strength might be about 80% of the normal skin [166]. Although the skin exhibits 

rapid self-regenerative capacity with no to minimal scarring in case of acute wounds, the 

chronic wounds healing takes months to show progress and it shows thus susceptible to 

external attack such as bacterial infections. Therefore, an appropriate wound care and 

dressing is often needed to provide a physical barrier, to avoid infections or contaminations, 

and to form a controlled environment that aids and accelerates wound healing [164], [167].  
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Several nanomaterial-based systems have been introduced into the area of wound healing 

and skin regeneration. As a result of innovative and outstanding development of 

nanotechnology, they offer unique properties with respect to conventional wound care 

products. These systems have shown to be non-toxic, biocompatible and to create a 

favourable moist environment to facilitate the wound healing process. Furthermore, they 

can incorporate bioactive molecules, protecting drugs from degradation and providing a 

sustained drug release when desired [168], [169].  

Among them, electrospun polymeric nanofibers have been recognized as efficient systems 

to promote skin regeneration [170]–[172]. Nanofibers can be described as solid fibers with 

various outstanding nanoscale features, such as a high surface-to-volume ratio, a porous 

structure, and a theoretically unlimited length. Owing to their morphological similarity with 

the extracellular matrix, combined with their mechanical performance and flexibility, they 

provide structural support to the damaged tissues and improve cell growth and proliferation 

[91]. The interconnected fibrous structure ensures gas exchange, nutrient supply, and 

control of fluid loss, maintaining a moist environment that avoids dehydration of the wound 

and augment angiogenesis and collagen synthesis. Moreover, systems composed of a wide 

range of synthetic and nature-derived polymers can reduce scar formation, since 

biodegradation of fibers offer a desirable roadmap for tissue reconstruction [173], [174]. 

Preparation of nanofibrous scaffolds can be adapted for a specific area of the body, and 

several active ingredients can be incorporated to facilitate the healing process and improve 

the patients compliance [173], such as anti-inflammatory agents, anaesthetics, antimicrobial 

agents or growth factors  [58], [175]–[177].  

In the midst of the numerous active pharmaceutical ingredients used for wound treatment, 

recent studies have shown the remarkable effects of simvastatin (SIM) as anti-inflammatory 

and immunomodulatory agents [178]–[181]. SIM is part of the lipid-lowering statin drugs, 

which are well known as 3-hydroxy-3-methyl-gutaryl coenzyme A (HMG-CoA) reductase 

inhibitors. As concerns the anti-inflammatory activity, statins have exhibited (i) a reduction 

in the endothelial adhesion by decreasing the levels of nitric oxide and intercellular adhesion 

molecules, (ii) an interference with the recruitment of mononuclear cells by reducing the 

expression or the activation of various chemoattractant cytokines (MCP-1, IL-8), nuclear 

factor-kB (NF-kB), proinflammatory enzymes (COX-2), tissue factors (TF) and plasminogen 
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activator inhibitor-1 (PAI-1) and (iii) a reduction in inflammatory serum markers such as high-

sensivity C-reactive proteins (hs-CRP), E-selectin, matrix metalloproteinases (MMPs), tumor 

necrosis factor- α (TNF-α), IL-1β. Regarding the immunomodulatory activity, they have 

shown a suppression of proliferation of natural killer cell activity, an inhibition of the 

expression of major histocompatibility class II (MHC II) antigens by macrophages and 

endothelial cells (required for the antigen presentation and T-cell activation (Th1 and Th2)), 

which results in a reduction of the activation of several anti-inflammatory cytokines [182]–

[185].  Moreover, SIM demonstrated a surprising antimicrobial activity and remarkable 

therapeutic effects on the healing of infected skin wounds [186]–[188].  

The aim of this work was to produce a SIM-loaded biocompatible nanofibrous scaffold for 

wound healing purpose. Due to the low aqueous solubility of SIM [189], the drug was in first 

step incorporated in liposomes with different concentrations of butylated hydroxyanisole 

(BHA), which can as an antioxidant prevent SIM degradation as shown in previous study 

[190]. In the next step, the nanofibrous scaffolds were obtained through the green 

electrospinning technique from the liposomal dispersions where alginate and poly(ethylene) 

oxide (PEO) were dissolved in mass ratio 80:20. Alginate was chosen as biopolymer due to 

its appropriate properties, such as biocompatibility and non-toxicity. The nanofibrous were 

characterised in terms of morphology investigation, drug content and entrapment 

efficiency, release studies and chemical stability. Finally, in vitro cell tests were carried out 

to evaluate the cytotoxicity and the immunomodulatory activity of the formulations. The 

combination of two nanocarrier technologies – liposomes and nanofibers – used in this work 

to produce liposome-scaffold composite systems represent a promising approach for more 

suitable clinical applications, merging the excellent biocompatibility, controlled release and 

mechanical properties.  
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2 Materials and Methods 

2.1 Materials 

SIM and butylated hydroxyanisole (BHA) were of pharmaceutical grade and a supplied by 

Krka d.d.. Phosphatidylcholine (Phospolipon 90G) was a gift from Phospholipid GmbH 

(Germany). Sodium alginate (Mw, 1.38 × 105 g/mol [138 kDa]; Protanal LF 10/60) was from 

FMC BioPolymer (Haugesund, Norway), and was defined by the manufacturer as 65%–75% 

α-l-guluronate and 25%–35% β-d-mannuronate. PEO (MW = 2 MDa) was purchased from 

Sigma-Aldrich, (Steinheim, Germany). Water was purified with a Milli-Q system with a 

0.22 μm Millipak 40 filter (Millipore, Ireland). All the chemicals were used as received, 

without any further purification or change.  

2.2 Liposome preparation and characterization 

The different components of the formulations were weighed in a glass vial and hydrated 

with 5 mL of water to obtain liposomes. The dispersions were immediately sonicated (5 sec 

on, 2 sec off, 2.20 min 3 cycles, 40% amplitude) with a high intensity ultrasonic processor 

(Cole-Parmer, USA). The composition of the samples is reported in Table 1 and the 

nomenclature was made by taking into consideration BHA concentration (mg/mL). 

Additional samples were prepared and used only as control for the in vitro tests (section 

2.11) with the same concentration of P90G without SIM (EMPTY-LIPO) and without SIM and 

with 1.2 mg/mL of BHA (1.2-BHA LIPO). 

Table 1. Composition of the vesicular formulation. 

SAMPLE 
COMPOSITION 

P90G (mg) SIM (mg) BHA (mg) H2O (mL) 

0-BHA SIM LIPO 500 100 0 5 

0.3-BHA SIM LIPO 500 100 1.5 5 

0.6-BHA SIM LIPO 500 100 3 5 

0.9-BHA SIM LIPO 500 100 4.5 5 

1.2-BHA SIM LIPO 500 100 6 5 
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The average diameter and polydispersity index (P.I., a measure of the width of size 

distribution) of the vesicles were determined by Dynamic Light scattering (DLS) using a 

Zetasizer Ultra (Malvern Instrument, UK). Samples were backscattered by a helium-neon 

laser (633 nm) at 174.7° and a constant temperature of 25 °C. Zeta potential was estimated 

using the Zetasizer Ultra by means of the M3-PALS (Mixed Mode Measurement-Phase 

Analysis Light Scattering) technique, which measures the particle electrophoretic mobility.  

To evaluate the effective drug concentration and the encapsulation efficiency of the 

liposomal formulations, the samples were filtered with 0.45 μm filters to remove 

undissolved drug particles. The filtered samples were then ultracentifuged for 2 h at 100,000 

g (Ultracentrifuge Sorvall WX100, Thermo Scientific, USA) to separate the liposomes from 

the free drug. All the obtained samples (non-filtrated, filtrated and centrifuged samples) 

were diluted and analized with UPLC. The encapsulation efficiency (EE) was calculated as 

follows: 

 

𝐸𝐸𝐸𝐸(%) =  
𝑆𝑆𝑆𝑆𝑆𝑆 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓) − 𝑆𝑆𝑆𝑆𝑆𝑆 (𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓)

𝑆𝑆𝑆𝑆𝑆𝑆 (𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓)
 

 

2.3 UPLC analysis 

All the samples were analyzed using an UPLC method described by Pohlen et al. [191]. SIM 

was determined by the chromatographic system Acquity UPLC (Waters Corp., USA). A UV–

VIS photodiode array (PDA) module equipped with a high sensitivity flow cell was used for 

detection. The column used was a reverse phase column Acquity UPLC BEH C18 1.7 µm; 

2.1 × 100 mm (Waters Corp., USA). A gradient elution was used containing mobile 

phase A (water, containing 0.1% formic acid and 10% acetonitrile) and mobile 

phase B (98% acetonitrile, 2% water). The gradient method was the following: start at 

50:50 (A:B); 0 – 6 min, 50:50 – 40:60; 6 – 7 min, 40:60; 7 – 8 min, 40:60 – 50:50; 8 – 10 min, 

50:50. The flow rate was set at 0.3 mL/min and the column temperature was kept at 45 °C. 

The auto-sampler temperature was set at 10 °C. The injection volume was 5 µL and the run 

time was 10 min. SIM was detected at the wavelength of 238 nm.  

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acetonitrile
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dihydrotachysterol
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2.4 Electrospinning of nanofibers mats 

The polymeric solutions were prepared at a total polymer concentration of 3.75% (w/w) by 

dissolving sodium alginate and PEO (weight ratio 80:20) in water – in case of the empty 

nanofibers (EMPTY-NF) – or using three chosen liposomal dispersions (0, 0.6 and 1.2 -BHA 

SIM LIPO) to obtain liposomes-loaded nanofibers, respectively: 0-BHA SIM LIPO-NF, 0.6-BHA 

SIM LIPO-NF and 1.2-BHA SIM LIPO-NF). The solutions were left stirring overnight at room 

temperature and then placed in a plastic syringe, fixed into the electrospinning machine 

(Fluidnatek LE100; BioInicia SL, Valencia, Spain). The flow rate of the electrospinning solution 

was 600 ± 200 µL and the applied voltage was 22 ± 2 kV. In case of the solutions with BHA, 

an additional negative voltage of -5 ± 2 kV was applied on the collector.  The distance 

between the needle and the grounded flat collector was 15 cm, and a cycling option in the 

y axis (100-200 mm, speed 8 mm/s) was used to obtain a homogeneous nanofiber mat. The 

whole process was carried out in a climatic chamber with a controlled environment of 37 ± 

0.5 °C and 15% ± 2% relative humidity. 

2.5 Electron microscopy analysis  

The morphology of the electrospun products was evaluated using scanning electron 

microscopy (SEM). Samples were fixed with double sided adhesive and conductive tape onto 

metallic stubs. The morphology of the samples was observed using high resolution SEM (235 

Supra 35VP-24-13; Carl Zeiss, Jena, Germany) operated at the increasing voltage of 1 kV at 

different magnifications. The average diameter (d) and its standard deviation (SD) were 

determined measuring at least 50 nanofibers randomly selected using the Image J 1.53e 

software (NHI, USA). 

2.6 Determination of the drug content in the nanofibers  

A known amount of sample (about 5 mg) was put in 5 mL of water and then put in an 

ultrasonic bath to allow the complete dissolution of the nanofiber mat. The obtained 

solution was diluted with methanol and then analyzed with UPLC. The drug loading (DL) in 

the nanofibers was determined according to the following equation: 
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𝐷𝐷𝐷𝐷 (%) =  
𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠 𝑜𝑜𝑓𝑓 𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 𝑆𝑆𝑆𝑆𝑆𝑆

𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠 𝑜𝑜𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠 𝑓𝑓𝑠𝑠𝑓𝑓 𝑠𝑠𝑜𝑜𝑓𝑓𝑝𝑝𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠 + 𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠 𝑜𝑜𝑓𝑓 𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 𝑆𝑆𝑆𝑆𝑆𝑆
 𝑥𝑥 100% 

 

The drug entrapment efficiency (DEE) was calculated according to the ratio of the 

experimental to the theoretical drug content in the nanofibers: 

 

𝐷𝐷𝐸𝐸𝐸𝐸 (%) =  
𝑓𝑓𝑥𝑥𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 𝐷𝐷𝐷𝐷
𝑓𝑓ℎ𝑓𝑓𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓 𝐷𝐷𝐷𝐷

 𝑥𝑥 100% 

 

2.7 Solubility studies 

Prior drug release studies, SIM solubility in the buffer solutions was investigated. The 

phosphate buffer solution was prepared by dissolving 3.39 g of NaH2PO4•H2O and 10.70 g 

of anhydrous Na2HPO4 in water. The pH was then adjusted to 7.4 and the solution was made 

up to 1 L with water. To perform the sink conditions experiments, 0.2% (w/v) sodium dodecyl 

sulphate (SDS) was added to the phosphate buffer. For the solubility study, an excess 

amount of drug powder was added to both buffers. The vials were shaken at 150 rpm at 37 

°C, and after 48 h, 2 mL were taken, immediately filtered through a 0.22 μm syringe filter, 

diluted and analyzed using UPLC. 

2.8 Release studies 

SIM release studies were performed under sink and non-sink conditions using phosphate 

buffer with SDS and phosphate buffer, respectively, as release medium described in the 

section 2.6. Nanofibers mats of approximately 10 mg were immersed in 15 mL of release 

medium. The glass vials were shaken at 150 rpm at 37 °C throughout the test. At 

predetermined time points, 0.5 mL medium was withdrawn and replenished with fresh 

medium for the sink conditions test, whereas 2 mL of medium were withdrawn without 

replenishment for the non-sink conditions test. The samples were immediately filtered, 

diluted and analyzed using UPLC. The release was calculated as follows: 

 

𝐷𝐷𝑓𝑓𝑠𝑠𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓 (%) =  
𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓 (µ𝐷𝐷)

𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷 𝑓𝑓𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷 (%) × 𝑁𝑁𝑁𝑁 𝑠𝑠𝑓𝑓𝑠𝑠𝑠𝑠 (𝑠𝑠𝐷𝐷) × 1000
× 100 % 
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2.9 Investigation of the liposome formation after nanofibers dissolution  

Zetasizer Ultra (Malvern Instrument, UK) was used to investigate the formation of liposomes 

after dissolution of the nanofibrous samples through the Multi Angle Dynamic Light 

Scattering (MADLS®) and the Particle Concentration technique following the manufacturer’s 

instructions [192], [193]. To this purpose, EMPTY-NF of approximately 1.22 mg (which 

correspond to the same mass of polymers in 5 mg of LIPO-NF) were dissolved in 5 mL of 

water and analysed using a backscatter analysis, in order to evaluate the dispersant 

scattering count rate. The three LIPO-NF samples were then dissolved in water and analysed 

through the coupled MADLS®-Particle Concentration technique, setting the obtained 

dispersant scattering count rate as background scattering. The instrument automatically 

removes the dispersant-background scattering contribution and measures the particle size 

distribution using MADLS® with the detection angles of 12.8, 90.0, 174.7°.   

2.10 Stability study 

The prepared nanofibrous scaffolds (with and without BHA) were stored for one month at 

room conditions (25 °C, 30% RH) and for 20 days in a humidity chamber (40 °C, 75% RH) to 

simulate accelerated conditions [190]. After this period, the samples were then analyzed as 

described in the section 2.6 to evaluate the drug chemical stability. The degradation rate in 

the samples was calculated as the relative content of SIM as described:  

𝐷𝐷𝑓𝑓𝑠𝑠𝐷𝐷 𝑒𝑒𝑜𝑜𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓 (%) =  
𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷 𝑒𝑒𝑜𝑜𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓 (𝑓𝑓 = 𝑠𝑠)
𝑓𝑓𝑓𝑓𝑠𝑠𝐷𝐷 𝑒𝑒𝑜𝑜𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓 (𝑓𝑓 = 0)

× 100 % 

2.11 In vitro cell tests 

Different formulations with SIM and without it were tested on cells to determine the effect 

of each component and formulations, which were: SIM, BHA, physical mixture of the 

ingredients (SIM-BHA mix), EMPTY-LIPO, 0-BHA SIM LIPO, 1.2-BHA LIPO, 1.2-BHA SIM LIPO, 

EMPTY-NF, 0-BHA SIM LIPO-NF, 1.2-BHA SIM LIPO-NF. Due to insolubility of SIM 0.2 % of 

DMSO was added to solubilize the highest concentrations of simvastatin. The nanofiber 
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samples were weighed and then dissolved in vials filled with 50 % FBS serum in DMEM and 

after disintegration the liquid was sampled and diluted to be added to the test wells. 

 

Cytotoxicity study 

Human keratinocyte (HaCat) cells were seeded at a density of 5,000 cells per well in a 96-

well tissue culture plate (TPP, CH) in DMEM media and incubated overnight at 37 °C to 

facilitate adherence. Then cells were treated with SIM formulations at different 

concentrations 0, 0.4, 4, 40 and 400 µg/ml (the amount of empty formulations were the 

same as in formulations with SIM) 72 h and 0,2 % of DMSO was added. After incubation MTS 

assay reagent, 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) (Promega, Madison, WI, USA) was added. After 4 h of incubation at 37 °C, 

absorbance was measured using microplate reader (Agilent BioTek Synergy H4, CA, USA). 

Viability of treated cells was calculated relative to the untreated cells. 

Keratinocyte proliferation assay 

The proliferation of keratinocytes was measured the same as cytotoxicity study but multiple 

timepoints were introduced. The proliferation was measured at 40 µg/ml in final solution at 

24 h, 48 h and 72 h using the same protocol as above.  

Lymphocyte proliferation inhibition assay 

Lymphocytes in 96-well plates were treated with different formulations in two parallels with 

phytohemagglutinin (PHA) a polyclonal lymphocyte activator and without PHA and then 

cultured for 72 h at 37 °C in a 5% CO2 incubator. Ten microliters of the MTS solution were 

added to each well, and the plates were incubated for another 4 h. The absorbance at 490 

nm was measured using a microplate reader (Agilent BioTek Synergy H4, CA, USA). The 

proliferation inhibition was calculated with the equation:  

 

% Proliferation Inhibition =
Mean ODPositive Control −  Mean ODPositive Control + Formulation 

Mean ODPositive Control −  Mean ODUntreated Cells 
× 100% 

2.12 Statistical analysis 

All of the experiments were performed at least in triplicate and data are presented as 

means ± SD. Multiple comparisons of means (one-way ANOVA, post-hoc Tukey HSD) were 

used to substantiate statistical differences between groups, while Student’s t-test was used 
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to compare two samples. Data analysis was carried out with the software package XLStatistic 

for Microsoft Excel. Significance was tested at 0.05 level of probability (p). 

Release profiles from the nanofiber mats were compared using the statistically derived 

mathematical parameter known as the similarity factor (f2): 

 

𝑓𝑓2 = 50 × log ��1 +
1
𝑠𝑠

 �(𝑆𝑆1𝑡𝑡 − 𝑆𝑆2𝑡𝑡)2
𝑛𝑛

𝑡𝑡=1

�
−0.5

× 100)� 

 

where n is the number of time points, S1t is the released percentage of drug in sample 1, and 

S2t is the released percentage of drug in sample 2, at time t. Evaluation of the release profiles 

was performed using the exacted same time points and was concluded at the first sampling 

time where the drug release was ≥ 85%. As highlighted by the US Food and Drug 

Administration and the European Medicines Agency, when the f2 value is between 50 and 

100 the sameness or equivalence of the two curves is confirmed [194], [195].  
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3 Results and discussion 

3.1 Optimization of the liposomal formulations 

To develop the optimal liposomal formulation with high SIM loading and content and small 

size of liposomes, different formulations with increasing concentrations of SIM and soy 

phosphatidylcholine were prepared in a preliminary study (data not shown). Liposomes with 

concentration of 100 mg/mL P90G and 20 mg/mL SIM resulted to be the most promising 

formulation with average diameter of 65.1 ± 0.8 nm, zeta potential of -14 ± 3 mV and very 

high encapsulation efficiency of 96 ± 5 % (Table 2). Since SIM concentration in dispersion 

was near the theoretical one (20 mg/mL), none or minimal drug degradation occurred during 

the sonication process.  

To prevent oxidative degradation of SIM, formulations with fixed concentration of 

phospholipid and SIM, and increasing concentration of BHA were prepared. BHA is a 

synthetic antioxidant commonly added to food, cosmetics, and other products to prevent 

oxidative degradation [190], [196]. Increasing the antioxidant concentration leads to a slight 

increase of the average diameter of the obtained vesicles, ranging from 65.09 nm (0 mg/mL 

BHA) to 105.87 nm (1.2 mg/mL BHA). Nevertheless, even the formulation with the higher 

amount of BHA was characterized by a narrow size distribution. All the formulations showed 

negative zeta potential and high values of encapsulation efficiency, which became lower as 

the concentration of the antioxidant was augmented. 
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Table 2. Characterization of the different liposomal formulations. 

sample 
Average 
diameter  

(nm) 
PDI ZP (mV) EE (%) 

 

0-BHA SIM LIPO 65.1 ± 0.8 0.19 ± 0.01 -14 ± 3 96 ± 5  

0.3-BHA SIM LIPO 73.6 ± 4.0 0.16 ± 0.01 -16 ± 1 88 ± 3  

0.6-BHA SIM LIPO 77.9 ± 1.2 0.16 ± 0.01 -18 ± 1 88 ± 5  

0.9-BHA SIM LIPO 86.4 ± 4.6 0.18 ± 0.01 -21 ± 2 82 ± 5  

1.2-BHA SIM LIPO 105.9 ± 4.4 0.17 ± 0.01 -18 ± 3 80 ± 4  

 

3.2 Optimization of the nanofibrous scaffolds 

Alginate was chosen as biopolymer due to its appropriate properties, such as 

biocompatibility and non-toxicity. Moreover, dry alginate dressings are able to absorb 

wound fluids and form a gel-like system that can maintain a physiologically moist 

environment, reduce bacterial contaminations and facilitate the granulation tissue 

formation and a rapid re-epithelialization [174], [197]. Since its electrospinning is 

challenging, due to its polyelectrolyte nature and chain conformation characteristics [198], 

[199], a blend polymer solution of alginate and PEO was used.  

A preliminary study was carried out to investigate the optimal solution parameters for the 

production of EMPTY-NF. Different polymer concentrations were prepared, namely 3, 3.25, 

3.5, 3.75, 4 % (w/w), whereas the alginate/ PEO ratio was kept constant at 80:20 [200]. The 

electrospinning solutions with a total polymer concentration of 3 and 4% (w/w) were 

respectively not enough viscous, and too viscous to be electrospun. In the first case, the 

polymer solution was constantly dripping on the collector, with high jet instability that led 

to unsolidified polymer aggregates on the collector. In the second case, solidification of the 

polymer at the end of the nozzle occurred, preventing the Taylor cone formation and the 

consequent nanofibers production. SEM images (data not shown) revealed lower defects 
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and higher homogeneity of the sample obtained with the 3.75% (w/w) dispersion, which was 

then chosen to prepare the drug loaded nanofibers.  

Since all the liposomal formulations exhibited promising characteristics, three of them were 

selected for the preparation of the polymeric solutions for electrospinning, namely 0, 0.6 

and 1.2 -BHA SIM LIPO. The electrospinning of LIPO-NF resulted to be more challenging than 

the EMPTY-NF, and in case of the samples with the antioxidant (0.6-BHA SIM LIPO-NF and 

1.2-BHA SIM LIPO-NF) an additional negative voltage on the collector was required to obtain 

an optimal Taylor cone and to maintain a stable process.  

3.3 Characterisation of the nanofibrous scaffolds 

Importantly, nanofibers were prepared by green electrospinning, which is a technique 

employed for the fabrication of biomaterials for tissue engineering and regenerative 

medicine, to reduce the drawbacks of organic solvents use, such as environmental safety 

and human toxicity issues due to residual solvents impurities [201], [202]. 

SEM micrographs of EMPTY-NF (Figure 1a) showed smooth and beadless nanofibers with a 

homogeneous morphology and an average diameter of 159.8 ± 25.2 nm. In contrast, when 

the liposomal dispersions were used (instead of water) as vehicle for the polymeric solutions 

preparation, the LIPO-NF (Figure 1b-d) appeared with a widen and irregular shape, with 

some areas of fusion between the single fibers. This might be due to the presence of the 

phospholipid itself and of liposomes incorporated in the fibers structure, as highlighted with 

white arrows in the Figure 1d, which also affected the nanofibers diameter distribution. 

Likewise, this particular structure was observed by Mickova et al., where liposomes were 

incorporated in core-shell nanofibers of PCL/PVA [203]. The average nanofiber diameter of 

0-BHA SIM LIPO-NF was found to be 273.3 ± 64.6. However, the addition of BHA further 

increased the nanofiber diameter to 315.4 ±79.0 nm for the 0.6-BHA SIM LIPO-NF, and 311.6 

±88.5 nm for the 1.2-BHA SIM LIPO-NF (Table 3). 
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Figure 1. SEM images (LEFT) and diameter distribution (RIGHT) of 3.75% (w/w) alginate/PEO nanofibers as: a) EMPTY-
NF, b) 0-BHA SIM LIPO-NF, c) 0.6-BHA SIM LIPO-NF, d) 1.2-BHA SIM LIPO-NF. White arrows represent the liposomes 
incorporated in the nanofibers. 

The nanofibers were composed of theoretically 62.9 % of P90G, 24.5 % of polymers and 

12.6% of SIM, presenting a very high content of both, phospholipids and drug. The 

experimental DL was slightly lower than the theoretical one and all the three formulations 

reached a drug entrapment efficiency of approximately 80% (Table 3). In particular, the BHA-
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loaded samples showed average values slightly lower than the 0-BHA SIM LIPO-NF. However, 

statistical analysis revealed no significance difference among the results obtained with the 

three samples. 

Table 3. Characterization of the nanofibrous samples in terms of nanofiber diameter (nm), drug loading (% w/w), and 
entrapment efficiency (%). Each symbol (*, §) indicates couple of values statistically different. 

 nanofiber 
diameter (nm) DL (% (w/w)) DEE (%) 

EMPTY-NF 159.8 ± 25.2 - - 

0-BHA SIM LIPO-NF 273.3 ± 64.6 * § 10.61 ± 0.28 83.6 ± 2.4 

0.6-BHA SIM LIPO-NF 315.4 ±79.0 * 10.38 ± 0.45 80.9 ± 3.5 

1.2-BHA SIM LIPO-NF 311.6 ±88.5 § 10.41 ± 0.27 81.3 ± 2.0 

 

3.4 Release tests 

SIM release from the nanofibrous scaffolds was evaluated under sink and non-sink 

conditions. The European Pharmacopoeia defines the sink conditions as a volume of release 

medium that is at least 3-10 times greater than the saturation volume [204]. SIM solubility 

in phosphate buffer 7.4 (non-sink release medium) was found to be 22.56 ± 1.72 µg/mL, 

whereas in phosphate buffer 7.4 + 0.2 % (w/v) (sink release medium), it was 717.69 ± 11.54 

µg/mL. The highest theoretical SIM concentration achievable in release medium was 70 

µg/mL in both cases, therefore, both release conditions were achieved. The release profiles 

of the three formulations are shown in the Figure 2. 
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Figure 2. Release profiles of the three drug-loaded liposomes nanofibers under a) sink conditions expressed as % of 
SIM released over time, and b) non-sink conditions expressed as SIM concentration.  

0-BHA SIM LIPO-NF and 0.6-BHA SIM LIPO-NF showed a similar release profile under sink 

conditions, releasing approximately 50% SIM between 5 and 6 h, and reaching 100% of 

released drug after 24 h. On the other hand, 1.2-BHA SIM LIPO-NF exhibited a faster release 

with almost 70% SIM released after 1 h. As concerns the non-sink conditions, 0-BHA SIM 

LIPO-NF displayed a higher SIM release than the other two samples, reaching an average 

concentration of 28.5 ± 5.5 (µg/ml) after 48 h, which was not statistically different from the 

saturation solubility value. On the other hand, BHA seems to decrease SIM solubility in the 

BHA-loaded samples, where after 48 h the concentration was 14.7 ± 3.2 and 13.4 ± 1.1 

µg/ml, for 0.6-BHA SIM LIPO-NF and 1.2-BHA SIM LIPO-NF respectively. A similar result was 

highlighted by Zorec et al., where BHA decreased SIM solubility in PVP nanoparticles [190].  

To better understand the release profiles and to compare the different samples, the 

similarity factor (f2) was calculated (Table 4). The similarity factor is described as a 
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logarithmic reciprocal square root transformation of one plus the mean squared (the 

average sum of squares) differences of drug percent dissolved between the test and the 

reference products, or two test products. It can vary between 0 and 100 and values higher 

than 50 reveal similarity of the release profiles. The analysis confirmed the similarity of SIM 

release in sink conditions from 0-BHA SIM LIPO-NF and 0.6-BHA SIM LIPO-NF, showing a f2 

value of 50. Moreover, a similar profile was also highlighted between 0.6-BHA SIM LIPO-NF 

and 1.2-BHA SIM LIPO-NF under non-sink conditions, with a f2 value of 77. 

 

Table 4. Similarity factor (f2) of the release profiles of the three formulations under sink and non-sink conditions. 

f2 

0-BHA SIM LIPO-NF 0-BHA SIM LIPO-NF 0.6-BHA SIM LIPO-NF 

vs vs vs 

0.6-BHA SIM LIPO-NF 1.2-BHA SIM LIPO-NF 1.2-BHA SIM LIPO-NF 

sink conditions 50 19 24 

non-sink conditions 45 45 77 

 

3.5 Investigation of the liposome formation after nanofibers dissolution  

As highlighted by the SEM micrographs, some spheres-like systems were observed in the 

nanofibers structures, allegedly SIM liposomes. To confirm our hypothesis, the innovative 

Particle Concentration technique coupled with MADLS® was used. MADLS® is a high-

resolution technique that works by combining scattering information from multiple angles 

(backscatter, side scatter and forward scatter), providing a better insight in the particle size 

distribution of the sample. Particle concentration can be considered as an extension of 

MADLS® to give the total particle concentration and the particle concentration of each size 

population [192], [205] and thus, it has gained remarkable importance in the 

characterization of micro and nano-sized systems [206]–[213]. Prior to the experiments, 

EMPTY-NF were dissolved in water to obtain the background dispersant scattering value. 

The LIPO-NF samples were then dissolved and analysed. The results are shown in the Table 

5. 
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Table 5. MADLS and particle concentration results of the dissolved LIPO-NF samples. 

  

MADLS  particle concentration 
(particle/mL) 

Peak 1 (nm)/ 
 % intensity 

Peak 2 (nm)/ 
 % intensity Peak 1 Peak 2 

0-BHA SIM 
LIPO-NF 135.6/44.5 ± 7.2 432.2/39.0 ± 11.8 1.24E+12 2.46E+10 

0.6-BHA SIM 
LIPO-NF 154.2/44.6 ± 12.0 438.0/45.7 ± 5.2 3.17E+10 1.31E+11 

1.2-BHA SIM 
LIPO-NF 141.2/33.2 ± 6.6 436.3/48.8 ± 6.4 1.11E+09 2.12E+12 

 

As it can be seen by the analysis, two main size populations were formed highlighted. One 

is characterized by an average diameter of approximately 430 nm, whereas the other varies 

between 135 and 154 nm. The % intensity of the two peaks slightly varies, showing none or 

low predominance of one population over the other one. From these results, it can be 

hypothesised the formation of two populations of liposomes after nanofibers dissolution. 

3.6 Chemical stability of SIM in the nanofibrous scaffolds 

SIM is well known as unstable molecule for its oxidative degradation, hence antioxidants 

ingredients have often been used in different formulations to prevent or reduce this process 

[190], [196], [214]. To this purpose, the chemical stability of SIM in the different nanofibrous 

formulations with increasing concentration of BHA was evaluated (Figure 3).  



Part 2 

 

 84 

 
Figure 3. SIM relative content for the three nanofibrous formulations expressed as relative drug content of after 
production and after one month at room conditions, or 20 days at accelerated conditions.  

The three formulations were exposed to room temperature with low humidity on one hand, 

and to accelerated stability conditions on the other. SIM degradation was observed in the 0-

BHA SIM LIPO-NF in both room and accelerated conditions, and the relative drug content 

was respectively 58.4% and 88.8%. However, as shown by the standard deviation, there was 

a high variability among replicates. On the other hand, BHA acts by protecting the active 

ingredient from degradation in both samples – 0.6-BHA SIM LIPO-NF and 1.2-BHA SIM LIPO-

NF – where the average relative drug content is maintained at values of approximately 100% 

for all the replicates (low standard deviation).  

3.7 In Vitro tests 

Safety of the formulations in mammalian cells was evaluated against human keratinocyte 

cells (HaCat) by MTS assay. The formulations did not show any toxicity up to 40 µg/ml of 

simvastatin. The results on Figure 4a demonstrate that half maximal inhibitory 

concentrations (IC50) are: EMPTY-LIPO ~ 1998 μg/ml; 0-BHA SIM LIPO ~ 47.16 μg/ml; 1.2-

BHA SIM LIPO ~ 9.48 μg/ml; 0-BHA SIM LIPO-NF ~ 322,7 μg/ml and 1.2-BHA SIM LIPO-NF ~ 

392,1 μg/ml required to inhibit 50% of HaCat cells.  

Proliferation induction of keratinocytes by final formulations (40 µg/ml of SIM in 

formulations 0-BHA SIM LIPO-NF and 1.2-BHA SIM LIPO-NF) was subtle and not consistent 

through different time points shown on Figure 4b. A statistically significant increase in 
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proliferation can be seen at 24 h in formulation 1.2-BHA SIM LIPO-NF, but the trend does 

not continue in the next timepoints. The same is true for formulation 0-BHA SIM LIPO-NF 

only the value is increased at 72 h but not before.  

 

Figure 4. Keratinocyte a) LC50 curves and b) proliferation with different formulations. 

SIM alone and incorporated in different formulations has proven to inhibit lymphocyte 

proliferation in a PHA stimulated environment Figure 5. The largest inhibition effect can be 

seen in the liposomal formulation 1.2-BHA SIM LIPO: 445.12 % compared to the control 

sample. Some inhibition can be observed in EMPTY-LIPO and 1.2-BHA LIPO, but it is 

significantly lower than the SIM-loaded liposomal formulations. As concerns the nanofibrous 

formulations, it is clear that EMPTY-NF does not significantly decrease lymphocyte 

proliferation, whereas the inhibition provided by 0-BHA SIM LIPO-NF and 1.2-BHA LIPO-NF 

is 356.50 % and 315.85 % respectively.  

a b
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Figure 5. Lymphocyte proliferation inhibition after 72h with different formulations. 
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4 Conclusion  

In this study, different SIM-loaded liposomal formulations with increasing concentrations of 

the antioxidant compound BHA were successfully prepared and characterized. The resulting 

phospholipid vesicles were small in size and homogeneously dispersed, showing high values 

of EE%. Using three selected SIM-loaded liposomal formulations, with 0, 0.6 and 1.2 mg/mL 

BHA respectively, liposome-scaffold composite systems were efficiently produced using a 

green electrospinning technique. The obtained nanofibrous samples, made of alginate/PEO, 

showed an average diameter ranging from 273 to 311 nm, in the different samples. Release 

studies in sink conditions showed a faster release rate for the formulation with the higher 

concentration of antioxidant, and a slower and similar release for the two other 

formulations. SEM images showed embedded liposomes in the nanofibers structure and 

their release after nanofibers dissolution was confirmed through MADLS® analysis, showing 

two main size population of approximately 144 ± 10 and 436 ± 2 nm. In vitro tests revealed 

that the formulations were not cytotoxic on human keratinocyte cells and were able to 

inhibit lymphocyte proliferation in a PHA stimulated environment. The overall results 

showed that the combination of the two nanotechnological approaches led to the 

production of biocompatible and more functional scaffolds, optimal as dressing systems for 

chronic wound healing. In fact, drug incorporation in liposomes allows a high content of SIM 

in the nanofibrous system, avoiding the use of organic solvents, and the morphology of 

nanofibers themselves provides the desired mechanical support. Moreover, it is reasonable 

to believe that the liposomes-embedded nanofibrous scaffolds helps drug retain a certain 

concentration in situ for a longer period than with liposomes local application alone.  

 
  



Part 2 

 

 88 

General conclusions 
 Anti-inflammatory drugs are widely used for pain management and inflammation 

resolution. However, a large number of these drugs are characterized by poor water 

solubility which can lead to low bioavailability and suboptimal drug delivery. Therefore, in 

this thesis different nanotechnological approaches were investigated to overcome the drug 

delivery limits of conventional formulations.  

Part 1 target was the production of nanosuspension for inhalation drug delivery for the 

treatment of pulmonary inflammatory conditions. In the two chapters of this part, 

nanocrystals suspensions were efficiently prepared with a wet media milling technique and 

the resulting nanocrystals were small in size and homogeneously dispersed, showing an 

increased solubility compared to the bulk drug. In Chapter 1, the ability an electronic 

cigarette to deliver drug nanocrystals with the produced aerosol of was confirmed through 

TEM, DLS and HPLC results, highlighting the opportunity of using it as an alternative medical 

device for poorly soluble drugs. This section presents the first report (to the best of our 

knowledge) of a combined use of a commercial ENDS with a nanosuspension formulation. 

In Chapter 2, a multicomponent nanosuspension of a conventional glucocorticoid drug and 

a natural active compound as adjuvant showed optimal aerodynamic parameters, proving 

to be a promising formulation for an efficient delivery in the deeper lung regions.  

In Part 2 of the thesis, a liposomes-nanofibrous composite scaffold was developed by 

combining two different technological approaches, namely liposomes and nanofibers. 

Liposomes with high values of encapsulation efficiency, prepared using a direct sonication 

method, allowed the production of more functional scaffolds through a green 

electrospinning technique. The obtained composite samples revealed optimal release 

profiles, in vitro biocompatibility and immunomodulatory activity. 

The different approaches investigated in the two parts of this thesis highlight the great 

versatility of the nano-based drug delivery systems, which can be efficiently used to improve 

drug bioavailability, safety and patient compliance, guaranteeing excellent therapeutic 

performances.  
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