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THESIS ABSTRACT 

Hyaluronic acid (HA) is widely used in pharmaceutics, medicine and cosmetics, as it is 

biocompatible, biodegradable, mucoadhesive, moisturizer, viscoelastic and biologically 

active.  To slow down its degradation rate and implement its bioactivity, HA can be 

chemically modified to develop a number of costumized and more performing derivatives 

tailored for different applications. The aim of the present PhD thesis was to investigate the 

possible pharmaceutical and dermatologic/cosmetic applications of the novel urea-crosslinked 

hyaluronic acid (HA-CL). First, an in vitro preliminary study showed the safety and the re-

ephitelialization efficacy of two prototypes of HA-CL eye drops, which could represent 

promising treatments of keratoconjunctivitis sicca. Secondly, HA-CL actual potentiality to 

prepare microspheres (MS) for sodium ascorbyl phosphate (SAP) dermal delivery was 

explored: a physico-chemical study displayed greater encapsulation efficiency and release 

properties for HA-CL – SAP MS compared to native HA – SAP MS (reference formulation). 

Then, in an in vitro study on pulmonary Calu-3 cells, the combination HA-CL - SAP showed 

greater anti-inflammatory, antioxidant and wound healing properties compared to the 

combination native HA – SAP, the single HA-CL, HA and SAP.  This would support its 

possible use as co-adjuvant treatment of lung inflammatory diseases and encouraged the 

development and characterization of an inhalable dry powder formulation obtained by co-

spray-drying of HA-CL and SAP. Finally, a freeze-dried powder formulation of HA-CL and 

SAP was prepared and showed its suitability for nasal delivery in terms of physico-chemical 

properties, in vitro aerosolization performance and bioactivity on RPMI 2650 nasal cells and 

brushed nasal epithelial cells. Overall, all these research works proved that the novel HA-CL 

could have interesting applications, improved the knowdledge on this polymer and opened 

encouraging perspectives for future studies. 

Keywords: anti-inflammatory; anti-oxidant; dermal application; dry powder; eye drops; 

hyaluronic acid; lung delivery; microspheres; nasal delivery; ophtalmic application; re-

epithelializing; sodium ascorbyl phosphate; urea-crosslinked hyaluronic acid. 
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RIASSUNTO DELLA TESI 

L’acido ialuronico (AI) è ampiamente usato in ambito farmaceutico, medico e cosmetico, in 

quanto è biocompatibile, biodegradabile, mucoadesivo, idratante, viscoelastico e 

biologicamente attivo. Per rallentarne la velocità di degradazione ed implementarne la 

bioattività, si può modificare chimicamente l’AI, sviluppando così derivati più performanti e 

adatti a diverse applicazioni. Lo scopo della presente tesi di dottorato è stato studiare le 

possibili applicazioni farmaceutiche e dermatologiche/cosmetiche del nuovo acido ialuronico 

crosslinkato con urea (AI-CL). Innanzitutto, uno studio preliminare in vitro ha mostato la 

sicurezza e l’attività riepitelizzante di due prototipi di gocce oculari di AI-CL, che potrebbero 

rappresentare promettenti trattamenti per la cheratocongiuntivite secca. In secondo luogo, è 

stata esplorata la possibilità di preparare microsfere (MS) di AI-CL per il rilascio dermico di 

sodio ascorbyl fosfato (SAF): uno studio fisico-chimico ha mostrato una più elevata efficienza 

di incapsulazione e migliori proprietà di rilascio per le MS di AI-CL e SAF, rispetto alle MS 

di AI nativo e SAF (formulazione controllo). Successivamente, in uno studio in vitro su 

cellule polmonari Calu-3, la combinazione AI-CL – SAF ha mostato migliori proprietà 

antinfiammatorie, antiossidanti e cicatrizzanti rispetto alla combinazione AI – SAP, e ai 

singoli AI-CL, AI e SAF. Questo supporterebbe il suo possibile utilizzo come trattamento 

coadiuvante per i disturbi infiammatori polmonari, e ha incoraggiato lo sviluppo e la 

caratterizzazione di una formulazione costituita da una polvere secca inalabile ottenuta per co-

spray-drying di AI-CL e SAF. Infine, è stata preparata un’altra formulazione a base di una 

polvere secca, ottenuta per liofilizzazione di AI-CL e SAF; essa è risultata adatta per uso 

nasale in termini di proprietà fisico-chimiche, performance aerodinamica in vitro e bioattività 

su cellule nasali RPMI 2650 e su cellule nasali epiteliali primarie. Nel complesso, questi 

lavori sperimentali hanno mostrato che il nuovo AI-CL può avere interessanti applicazioni, 

hanno ampliato le conoscenze relativamente all’AI-CL e hanno aperto incoraggianti 

prospettive per studi futuri. 

Parole chiave: acido ialuronico; acido ialuronico crosslinkato con urea; antinfiammatorio; 

antiossidante; applicazione dermica; applicazione oftalmica; colliri; microsfere; polvere 

secca; riepitelizzante; rilascio nasale; rilascio polmonare; sodio ascorbil fosfato 
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CHAPTER 1 
 

General introduction, aims of the study and structure of the thesis 
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1.1. General introduction and aims of the study 

As naturally-ubiquitous polymer, characterized by unique biological and physico-

chemical properties, hyaluronic acid (HA) is relatively free from the risk of toxicity or 

immunogenicity and, therefore, has great clinical and commercial interest. Indeed, native HA 

can be used for a number of medical, pharmaceutical, cosmetic and dietary applications, 

which can also be extended through its chemical modifications –conjugation and crosslinking. 

Synthetic derivatives of HA are generally more performing polymers, which can satisfy 

specific demands and can be characterized by longer half-life. During the design of the more 

recent derivatives, particular attention has been paid to avoid the loss of native HA properties 

such as biocompatibility, biodegradability and mucoadhesivity (Fallacara et al., 2017a, 

2018a).  

The hyaluronan derivative object of the present thesis has been synthetized with this care, 

and is crosslinked with urea, a non-toxic biomolecule that can play its intrinsic activity once 

released from HA chains by degradation (Citernesi et al., 2015, WO/2015/007773 A1; 

Fallacara et al., 2017a). Due to the biocompatibility, the safety and the health effects of both 

urea and HA, urea-crosslinked hyaluronic acid (HA-CL) could represent a promising, 

versatile and multifunctional polymer with different possible uses. 

For this reason, even if HA-CL was developed for the aesthetic field, (Citernesi et al., 

2015, WO/2015/007773 A1; Fallacara et al., 2017a), the proprietor of its patent, I.R.A -

Istituto Ricerche Applicate S.r.l.- financially supported a PhD scholarship in Chemistry at the 

University of Ferrara, with the aim to investigate the possible pharmaceutical and 

dermatologic/cosmetic applications of HA-CL. This represented an interesting and valiant 

research target considering that, in the future, the possible uses of HA derivatives are 

expected to increase as hyaluronan polymers, among their numerous advantages, can be 

multifunctional molecules, playing not only as drug delivery system, but also as active 

ingredients. More precisely, the following PhD research objectives have been accomplished: 

- first of all, HA-CL was explored as possible treatment of dry eye syndrome. Hence, 

two different prototypes of HA-CL eye drops were formulated, characterized for their 

physico-chemical properties and tested for their stability and in vitro re-

epithelialization ability (Fallacara et al., 2017b);  

- secondly, HA-CL was investigated as dermal carrier of active ingredients. HA-CL 

microspheres were formulated and characterized for their physico-chemical 

properties, drug release profile and kinetic in comparison to native HA microspheres 

(Fallacara et al., 2018b);  

- third, HA-CL, singularly or in combination with sodium ascorbyl phosphate (SAP), 

was explored in vitro as adjunctive treatment of lung inflammatory diseases. The aim 

was to understand if the combination HA-CL – SAP had improved biological activity 

with respect to the combination native HA – SAP and to the single SAP, HA and 

HA-CL components (Fallacara et al., 2018c);  

- successively, an inhalable dry powder formulation consisting of co-spray-dried 

HA-CL and SAP was developed and evaluated with respect to a control formulation 

of co-spray-dried HA and SAP (Fallacara et al., submitted for publication);  
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- finally, a nasal freeze-dried powder containing HA-CL and SAP was formulated, 

characterized for its physico-chemical behaviour, in vitro cytotoxicity and bioactivity 

(Fallacara et al., 2019). 

All the above mentioned experimental work has been performed by the PhD Student 

Arianna Fallacara, under the supervision of the Professor Stefano Manfredini of the 

Department of Life Sciences and Biotechnology (SVeB) - University of Ferrara. Three 

different host facilities have guaranteed access to all the necessary instrumentations and 

resources: the SVeB Department of the University of Ferrara; the Woolcock Institute of 

Medical Research and Discipline of Pharmacology -Sydney Medical School, University of 

Sydney (collaboration with the Respiratory Technology Group coordinated by the Professors 

Daniela Traini and Paul M. Young); the Istituto Ricerche Applicate –I.R.A. S.r.l. 

(collaboration with the R&D Group coordinated by the Doctor Ugo Raffaello Citernesi). 

1.2. Structure of the thesis 

The following diagram outlines the content of the thesis chapters, aligning them to the 

PhD research program. Completion of the previously mentioned research objectives was 

accomplished by performing a set of experiments presented in chapter 4, 5, 6, 7 and 8, as 

described in the diagram. Moreover, chapter 1 is a general introduction on the thesis, its aims 

and structure; chapter 2 consists of an overview on HA; chapter 3 describes the synthesis and 

rheology of the patented HA-CL; finally, chapter 8 includes a general conclusion and suggests 

future perspectives relatively to the possible uses of HA-CL.  
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2.0. Preface 

Chapter 2 represents a general overview and an update regarding hyaluronic acid (HA): 

the key features of HA are described in terms of structure, physico-chemical and 

hydrodynamic properties, biology –occurrence, biosynthesis (by hyaluronan synthases), 

degradation (by hyaluronidases and oxidative stress), roles, mechanisms of action and 

receptors. Furthermore, both conventional and recently emerging methods developed for the 

industrial production of HA and its chemical derivatization are presented. Finally, the 

medical, pharmaceutical, cosmetic and dietary applications of HA and its derivatives are 

reviewed, reporting examples of HA-based products which are currently on the market or are 

undergoing further investigations. Therefore, the present chapter consents to critically 

approach the actual knowledge on HA and its state of art. 
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2.1. Abstract 

Since its first isolation in 1934, hyaluronic acid (HA) has been studied across a variety of 

research areas. This unbranched glycosaminoglycan consisting of repeating disaccharide units 

of N-acetyl-D-glucosamine and D-glucuronic acid is almost ubiquitous in humans and in other 

vertebrates. HA is involved in many key processes, including cell signaling, wound 

reparation, tissue regeneration, morphogenesis, matrix organization and pathobiology, and has 

unique physico-chemical properties, such as biocompatibility, biodegradability, 

mucoadhesivity, hygroscopicity and viscoelasticity. For these reasons, exogenous HA has 

been investigated as a drug delivery system and treatment in cancer, ophthalmology, 

arthrology, pneumology, rhinology, urology, aesthetic medicine and cosmetics. To improve 

and customize its properties and applications, HA can be subjected to chemical modifications: 

conjugation and crosslinking. The present review gives an overview regarding HA, describing 

its history, physico-chemical, structural and hydrodynamic properties and biology 

(occurrence, biosynthesis (by hyaluronan synthases), degradation (by hyaluronidases and 

oxidative stress), roles, mechanisms of action and receptors). Furthermore, both conventional 

and recently emerging methods developed for the industrial production of HA and its 

chemical derivatization are presented. Finally, the medical, pharmaceutical and cosmetic 

applications of HA and its derivatives are reviewed, reporting examples of HA-based 

products that currently are on the market or are undergoing  

further investigations. 

Keywords: biological activity; crosslinking; drug delivery; cosmetic; food-supplement; 

functionalization; hyaluronan applications; hyaluronan derivatives; hyaluronan synthases; 

hyaluronic acid; hyaluronidases; physico-chemical properties. 
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2.2. Introduction and historical background of HA 

Research on hyaluronic acid (HA) has expanded over more than one century.  

The first study that can be referred to regarding HA dates from 1880: the French scientist 

Portes observed that mucin from vitreous body was different from other mucoids in cornea 

and cartilage and called it “hyalomucine” (Boeriu et al., 2013). Nevertheless, only in 1934, 

Meyer and Palmer isolated from bovine vitreous humor a new polysaccharide containing an 

amino sugar and a uronic acid and named it HA, from “hyaloid” (vitreous) and “uronic acid” 

(Meyer and Palmer, 1934). During the 1930s and 1950s, HA was isolated also from human 

umbilical cord, rooster comb and streptococci (Boas, 1949; Kendall et al., 1937).  

The physico-chemical properties of HA were widely studied from the 1940s (Blumberg 

et al., 1958; Fletcher et al., 1955; Kaye and Stacey, 1950; Meyer, 1948; Varga, 1955), and its 

chemical structure was solved in 1954 by Meyer and Weissmann (Weissmann and Meyer, 

1934). During the second half of the Twentieth Century, the progressive understanding of 

HA’s biological roles (Meyer, 1947; Ogston and Stanier, 1953; Pinkus and Perry, 1953) 

determined an increasing interest in its production and development as a medical product for a 

number of clinical applications. Hence, the extraction processes from animal tissues were 

progressively optimized, but still carried several problems of purification from unwanted 

contaminants (i.e., microorganisms, proteins). The first studies on HA production through 

bacterial fermentation and chemical synthesis were carried out before the 1970s (Boeriu et al., 

2013).  

The first pharmaceutical-grade HA was produced in 1979 by Balazs, who developed an 

efficient method to extract and purify the polymer from rooster combs and human umbilical  

cords (Balazs, US4141973, 1979). Balazs’ procedure set the basis for the industrial 

production of HA (Balazs, US4141973, 1979). Since the early 1980s, HA has been widely 

investigated as a raw material to develop intraocular lenses for implantation, becoming a 

major product in ophthalmology for its safety and protective effect on corneal endothelium 

(Binkhorst, 1980, 1981; Graue et al., 1980; Kanski, 1975; Miller and Stegmann, 1980; 

Percival, 1981, 1985; Regnault and Bregeat, 1974). Additionally, HA was found to be 

beneficial also for the treatment of joint (Auer et al., 1980; Dougados et al., 1993; Jones et al., 

1995; Leardini et al., 1988; Namiki et al., 1982) and skin diseases (Juhlin, 1997; Pavicic et al., 

2011), for wound healing (Abatangelo et al., 1983; Doillon and Silver, 1986; Hellström and 

Laurent, 1987; King et al., 1991) and for soft tissue augmentation (Duranti et al., 1998; Lin et 

al., 1994). Since the late 1980s, HA has also been used to formulate drug delivery systems 

(Camber and Edman, 1989; Benedetti et al., 1990; Lim et al., 2000; Moreira et al., 1991; 

Morimoto et al., 1991; Yerushalmi et al., 1994), and efforts continue still to today to develop 

HA-based vehicles to improve therapeutic efficacy (Egbu et al., 2018; El Kechai et al., 2016, 

2017; Xie et al, 2011). During the 1990s and 2000s, particular attention was paid to 

identifying and characterizing the enzymes involved in HA metabolism, as well as developing 

bacterial fermentation techniques to produce HA with controlled size and polydispersity 

(Boeriu et al., 2013). Nowadays, HA represents a key molecule in a variety of medical, 

pharmaceutical, nutritional and cosmetic applications. For this reason, HA is still widely 

studied to elucidate its biosynthetic pathways and molecular biology, to optimize its 

biotechnological production, to synthesize derivatives with improved properties and to 

optimize and implement its therapeutic and aesthetic uses (Adamia et al., 2005, 2013; Boeriu 



 14 

et al., 2013; Cyphert et al., 2015; De Oliveira et al., 2016; Ebid et al., 2014; Egbu et al., 2018; 

El Kechai et al., 2016, 2017; Fallacara et al., 2017a, b; Gao et al., 2008; Heldin et al., 2018; 

Knopf-Marques et al., 2016; Larrañeta et al., 2018; Mattheolabakis et al., 2015; Supp et al., 

2014). 

Considering the great interest in HA from different fields and the fast growing number of 

studies, the present chapter provides a comprehensive overview regarding HA and its 

potentialities, giving a concise update on the latest progress. As an example, a search on the 

most common public databases (i.e. Pubmed, Scopus, Isi Web of Science, ScienceDirect, 

Google Scholar, ResearchGate and Patent Data Base Questel) with the keyword “hyaluron*”, 

gave a total of 161,863 hits: 142,575 papers and 19,288 patents. This huge amount of data is 

continuously growing. Thus, with the aim to give a clearer picture about where researches and 

applications in the field are going, the present chapter starts with an update of HA’s physico-

chemical, structural and hydrodynamic properties and proceeds with the discussion of HA 

biology: occurrence, biosynthesis (by hyaluronan synthases), degradation (by hyaluronidases 

and oxidative stress), roles, mechanisms of action and receptors. Furthermore, both 

conventional and recently-emerging methods developed for the industrial production of HA 

and its chemical derivatization are described. Finally, the medical, pharmaceutical, cosmetic 

and dietary applications of HA and its derivatives are reviewed, reporting examples of HA-

based products that currently are on the market or are undergoing further investigations. 

Literature search: the Cochrane Controlled Trials Register (Central), Medline, EMBase 

and Cinahl from inception to November 2006 were consulted using truncated variations of 

preparation names, including brand names combined with truncated variations of terms 

related to osteoarthritis, all as text. No methodologic filter for controlled clinical trials was 

applied (the exact search strategy is available from the authors). Relevant articles into the 

Science Citation Index were entered to retrieve reports that have cited these articles, manually 

searched conference proceedings and textbooks, screened reference lists of all obtained 

articles and checked the proceedings of the U.S. Food and Drug Administration advisory 

panel related to relevant approval applications.  

2.3. Physico-chemical, structural and hydrodynamic properties of HA 

HA is a natural and unbranched polymer belonging to a group of heteropolysaccharides 

named glycosaminoglycans (GAGs), which are diffused in the epithelial, connective and 

nervous tissues of vertebrates (Fraser et al., 1997; Girish and Kemparaju, 2007; Knopf-

Marques et al., 2016). All the GAGs (i.e. HA, chondroitin sulfate, dermatan sulfate, keratin 

sulfate, heparin sulfate and heparin) are characterized by the same basic structure consisting 

of disaccharide units of an amino sugar (N-acetyl-galactosamine or N-acetyl-glucosamine) 

and an uronic sugar (glucuronic acid, iduronic acid or galactose). However, HA differs as it is 

not sulfated and it is not synthesized by Golgi enzymes in association with proteins (Fraser et 

al., 1997; Girish and Kemparaju, 2007; Knopf-Marques et al., 2016). Indeed, HA is produced 

at the inner face of the plasma membrane without any covalent bond to a protein core. 

Additionally, HA can reach a very high molecular weight (HMW, 10
8
 Da), while the other 

GAGs are relatively smaller in size (<5 × 10
4
 Da, usually 1.5–2 × 10

4
 Da) (Fraser et al., 1997; 

Girish and Kemparaju, 2007;  Knopf-Marques et al., 2016). 
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The primary structure of HA is a linear chain containing repeating disaccharide units 

linked by ß-1,4-glycosidic bonds. Each disaccharide consists of N-acetyl-D-glucosamine and 

D-glucuronic acid connected by ß 1,3-glycosidic bonds (Figure 2.1) (Laurent and Fraser, 

1992; Weissmann and Meyer, 1934). When both the monosaccharides are in the ß 

configuration, a very energetically-stable structure is formed, as each bulky functional group 

(hydroxyl, carboxyl, acetamido, anomeric carbon) is in the sterically-favorable equatorial 

position, while each small hydrogen atom occupies the less energetically-favorable axial 

position (Hascall and Laurent, 1997). Thus, the free rotation around the glycosidic bonds of 

HA backbone is limited, resulting in a rigid conformation where hydrophobic patches (CH 

groups) are alternated with polar groups (Scott, 1989; Scott et al., 1991), which are linked by 

intra- and inter-molecular hydrogen bonds (H-bonds) (Figure 2.1) (Scott and Heatley, 1999). 

At physiological pH, each carboxyl group has an anionic charge, which can be balanced with 

a mobile cation such as Na
+
, K

+
, Ca

2+
 and Mg

2+
. Hence, in aqueous solution, HA is negatively 

charged and forms salts generally referred to as hyaluronan or hyaluronate (Balazs et al., 

1986; Laurent, 1989), which are highly hydrophilic and, consequently, surrounded by water 

molecules. More precisely, as displayed in Figure 2.1, water molecules link HA carboxyl and 

acetamido groups with H-bonds that stabilize the secondary structure of the biopolymer, 

described as a single-strand left-handed helix with two disaccharide residues per turn (two-

fold helix) (Heatley and Scott, 1988). In aqueous solution, HA two-fold helices form 

duplexes, i.e., a ß-sheet tertiary structure, due to hydrophobic interactions and inter-molecular 

H-bonds, which enable the aggregation of polymeric chains with the formation of an extended 

meshwork (Scott et al., 1991; Scott and Heatley, 1999).  

 

Figure 2.1. Chemical structures of HA disaccharide unit (A) and HA tetrasaccharide unit where the 

hydrophilic functional groups and the hydrophobic moieties are respectively evidenced in blue and 

yellow, while the hydrogen bonds are represented by green dashed lines (B). 



 16 

The establishment of this network depends on HA molecular weight (MW) and 

concentration; for example, HMW native HA (>10
6
 Da) forms an extended network even at a 

very low concentration of 1 µg/mL (Scott et al., 1991, 1992). With increasing MW and 

concentration, HA networks are strengthened, and consequently, HA solutions display 

progressively increased viscosity and viscoelasticity (Kobayashi et al., 1994). Since 

hyaluronan is a polyelectrolyte (Cleland, 1968), its rheological properties in aqueous solutions 

are influenced also by ionic strength, pH and temperature (Knopf-Marques et al., 2016; 

Kobayashi et al., 1994; Balazs et al., 1974): as these factors increase, HA viscosity declines 

markedly, suggesting a weakening of the interactions among the polymer chains (Rwei et al., 

2008). In particular, HA is highly sensitive to pH alterations: in acidic and alkaline 

environments, a critical balance between repulsive and attractive forces occurs (Lapcìk et al., 

1998) and when the pH is lower than four or higher than 11, HA is degraded by hydrolysis 

(Maleki et al., 2008). In alkaline conditions, this effect is more pronounced, due to the 

disruption of H bonds, which take part in the structural organization of HA chains (Ghosh et 

al., 1993; Lapcìk et al., 1998; Morris et al., 1980). Therefore, both the structural properties 

and the polyelectrolyte character of HA determine its rheological profile (Gura et al., 1998; 

Rwei et al., 2008; Pisárčik et al., 1995; Scott and Heatley, 1999). HA solutions are 

characterized by a non-Newtonian, shear-thinning and viscoelastic behavior. The shear-

thinning (or pseudoplastic) profile of HA is due to the breakdown of the inter-molecular 

hydrogen bonds and hydrophobic interactions under increasing shear rates: HA chains deform 

and align in the streamlines of flow, and this results in a viscosity decrease (Lapcìk et al., 

1998; Pisárčik et al., 1995) (Figure 2.2.).  

 

Figure 2.2. Shear-thinning and non-thixotropic behavior of 0.5% HA solution (2 MDa) analyzed using 

the rotational rheometer AR2000 (TA instruments, New Castle, DE, USA), connected to the Rheology 

Advantage software (Version V7.20) and equipped with an aluminium cone/plate geometry (diameter 

40 mm, angle 2°, 64-μm truncation). The viscosity decreases in response to gradual increases of the 

shear rate over time (upward ramp), and then, the viscosity increases in response to gradual decreases 

of the shear rate over time (downward ramp). The initial viscosity is recovered through the same 

intermediate states of the breakdown process: the breakdown of the polymeric network is transient and 

reversible, and therefore, the original structure of HA is recovered. 
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Additionally, HA solutions are non-thixotropic: as the shear rate decreases and ends, they 

recover their original structure and viscosity proceeding through the same intermediate states 

of the breakdown process (Rwei et al., 2008) (Figure 2.2.). Hence, the breakdown of the 

polymeric network is transient and reversible. This unique rheological behavior is peculiar 

and extremely important, as it determines many physiological roles and pharmaceutical, 

medical, food and cosmetic applications of hyaluronan. 

2.4. Biology of HA 

2.4.1. HA occurrence in living organism and diffusion in the human body 

Hyaluronan is widely diffused in nature: it is present in humans, animals, such as, rabbits, 

bovines, roosters, bacteria, such as Streptococcus equi, Streptococcus zooepidermicus, 

Streptococcus equisimilis, Streptococcus pyogenes, Streptococcus uberis, Pasteurella 

multocida (Balazs et al., 1993; DeAngelis et al., 1998; De Oliveira et al., 2016; Schiraldi et 

al., 2010), algae, such as the green algae Chlorella sp. infected by the Chlorovirus 

(DeAngelis, 1999; De Oliveira et al., 2016), yeasts, such as Cryptococcus neoformans (De 

Oliveira et al., 2016), and mollusks (Volpi and Maccari, 2003). However, it is not found in 

fungi, plants and insects (Kogan et al., 2007). 

In the human body, the total content of HA is about 15 g for a 70-kg adult (Volpi et al., 

2009). HA is prevalently distributed around cells, where it forms a pericellular coating, and in 

the extracellular matrix (ECM) of connective tissues (Laurent and Fraser, 1992; Schiraldi et 

al., 2010). Approximately 50% of the total HA resides in the skin, both in the dermis and the 

epidermis (Schiraldi et al., 2010). Synovial joint fluid and eye vitreous body, being mainly 

composed of ECM, contain important amounts of hyaluronan: 3–4 mg/mL and 0.1 mg/mL 

(wet weight), respectively (Laurent and Fraser, 1992; Schiraldi et al., 2010). Moreover, HA is 

also abundant in the umbilical cord (4 mg/mL), where it represents the major component of 

Wharton’s jelly together with chondroitin sulfate (Robert et al., 2010; Sobolewski et al., 

1997). The turnover of HA is fast (5 g/day) and is finely regulated through enzymatic 

synthesis and degradation (Volpi et al., 2009).  

2.4.2.  HA synthesis in the human body 

In the human body, HA is synthesized as a free linear polymer by three transmembrane 

glycosyltransferase isoenzymes named hyaluronan synthases, HAS: HAS1, HAS2 and HAS3, 

whose catalytic sites are located on the inner face of the plasma membrane. HA growing 

chains are extruded onto the cell surface or into the ECM through the plasma membrane and 

HAS protein complexes (Itano and Kimata, 2002; Weigel et al., 1997) (Figure 2.3). The three 

HAS isoforms share the 50–71% of their amino acid sequences (55% HAS1/HAS2, 57% 

HAS1/HAS3, 71% HAS2/HAS3), and indeed, they are all characterized by seven membrane-

spanning regions and a central cytoplasmic domain (Heldin et al., 2018; Volpi et al., 2009; 

Weigel et al., 1997). However, HAS gene sequences are located on different chromosomes 

(hCh19-HAS1, hCh8-HAS2 and hCh16-HAS3) (Itano et al., 1999; Spicer and McDonald, 

1998), and the expression and the activity of HAS isoforms are controlled by growth factors, 

cytokines and other proteins such as kinases in different fashions, which appear cell and tissue 
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specific (Heldin et al., 2018; Itano and Kimata, 2002; Jiang et al., 2007; Vigetti et al., 2014a). 

Hence, the three HAS genes may respond differently to transcriptional signals: for example, 

in human fibroblasts like synoviocytes, transforming growth factor ß upregulates HAS1 

expression, but downregulates HAS3 expression (Stuhlmeier and Pollascheck, 2004). 

Moreover, HAS biochemical and synthetic properties are different: HAS1 is the least active 

isoenzyme and produces HMW hyaluronan (from 2 × 10
5
 to 2 × 10

6
 Da). HAS2 is more 

active and synthesizes HA chains greater than 2 × 10
6
 Da. It represents the main hyaluronan 

synthetic enzyme in normal adult cells, and its activity is finely regulated (Vigetti et al., 

2014b). HAS2 also regulates the developmental and reparation processes of tissue growth, 

and it may be involved in inflammation, cancer, pulmonary fibrosis and keloid scarring (Li et 

al., 2016; Supp et al., 2014; Volpi et al., 2009; Zhang et al, 2016a, b). HAS3 is the most active 

isoenzyme and produces HA molecules with MW lower than 3 × 10
5
 Da (Girish and 

Kemparaju, 2007).  

Dysregulation and misregulation of HAS genes’ expression result in abnormal production 

of HA and, therefore, in increased risk of pathological events, altered cell responses to injury 

and aberrant biological processes such as malignant transformation and metastasis (Adamia et 

al., 2005, 2013; Heldin et al., 2018; Toole, 2004).  

Even if the exact regulation mechanisms and functions of each HAS isoenzyme have not 

been fully elucidated yet (Vigetti et al., 2014b), all the aforementioned studies suggest that 

HAS are critical mediators of physiological and pathological processes, as they are involved 

in development, injury and disease.  

 

Figure 2.3. Schematic diagram showing HA key steps from its synthesis to its degradation. 

2.4.3. HA degradation in the human body 

HA degradation in the human body is accomplished by two different mechanisms: one is 

specific, mediated by enzymes (hyaluronidases (HYAL)), while the other is nonspecific, 
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determined by oxidative damage due to reactive oxygen species (ROS) (Figure 2.3.). 

Together, HYAL and ROS locally degrade roughly 30% of the 15 g HA present in the human 

body. The remaining 70% is catabolized systemically: hyaluronan is mostly transported by 

the lymph to the lymph nodes, where it is internalized and catabolized by the endothelial cells 

of the lymphatic vessels. Additionally, a small part of HA is carried to the bloodstream and 

degraded by liver endothelial cells (Heldin et al., 2018). 

HYAL have a pivotal regulatory function in the metabolism of hyaluronan. These 

enzymes predominantly degrade HA, even if they are able to catabolize also chondroitin 

sulfate and chondroitin (Stern and Jedrzejas, 2006). Randomly cleaving the β-N-acetyl-D-

glucosaminidic linkages (β-1,4 glycosidic bonds) of HA chains, HYAL are classified as 

endoglycosidases. In the human genome, six HYAL gene sequences have been identified in 

two linked triplets: HYAL 1, HYAL 2, HYAL 3 genes, clustered on chromosome 3p21.3; 

HYAL-4 and PH20/SPAM1 genes, similarly located on chromosome 7p31.3, together with 

HYAL-P1 pseudogene (Csoka et al., 2001). HYAL have a consistent amino acid sequence in 

common: in particular, HYAL 1, HYAL 2, HYAL 3, HYAL 4 and PH20/SPAM1 share about 

40% of their identity (Stern and Jedrzejas, 2006). The expression of HYAL appears tissue 

specific. Nowadays, much is still unknown about HYAL activity, functions and 

posttranslational processing. HYAL-1, HYAL 2 and PH20/SPAM1 are the most characterized 

human HYAL. Both HYAL-1 and HYAL 2 have an optimal activity at acidic pH (≤4) 

(Lepperdinger et al., 1998; Lokeshwar et al., 2001) and are highly expressed in human 

somatic tissues (Csoka et al., 2001). HYAL 1 was the first human HYAL to be isolated: it was 

purified from serum (60 ng/mL) (Frost et al., 1997) and, successively, from urine (Csoka et 

al., 1997). HYAL 1 was found to regulate cell cycle progression and apoptosis: it is the main 

HYAL expressed in cancers, and therefore, it may regulate tumor growth and angiogenesis 

(Stern, 2008). HYAL 1 works together with HYAL 2 to degrade HA, possibly according to 

the following mechanism, which is still the object of study. HYAL 2 is anchored on the 

external side of the cell surface: here, it cleaves into oligosaccharides (approximately 25 

disaccharide units, 2 × 10
4
 Da) and the extracellular HMW HA (≥10

6
 Da), which is linked to 

its receptor cluster of differentiation-44 (CD44). These intermediate fragments are 

internalized, transported first to endosomes and then to lysosomes, where they are degraded 

into tetrasaccharide units (800 Da) by HYAL-1 (Cyphert et al., 2015). Differently from 

HYAL-1 and HYAL-2, PH20/SPAM1 shows not only endoglycosidase activity both at acidic 

and neutral pH, but also a role in fertilization (Cherr et al., 2001). Hence, PH20/SPAM1 is 

unique among HYAL, as it behaves as a multifunctional enzyme. 

HMW hyaluronan can also be naturally degraded in the organism by ROS, including 

superoxide, hydrogen peroxide, nitric oxide, peroxynitrite and hypohalous acids, which are 

massively produced during inflammatory responses, tissue injury and tumorigenesis (Girish 

and Kemparaju, 2007; Soltés et al., 2006). The depolymerization of HA occurs through 

mechanisms of the reaction that are dependent on the ROS species, but always involve the 

scission of the glycosidic linkages (Volpi et al., 2009). Studies have shown that oxidation-

related inflammatory processes, determining HA fragmentation, can increase the risk of injury 

in the airways and determine loss of viscosity in synovial fluid, with consequent cartilage 

degeneration, joint stiffness and pain (Monzon et al., 2010; Schiller et al., 1995, 2003). ROS-

induced degradation of HA might suggest why its antioxidant activity is one of its possible 
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roles in reducing inflammation; however, so far, this biological function of HA has only been 

hypothesized, as it is not sufficiently supported by experimental data.  

Due to these degradation mechanisms, which continuously occur in vivo, it has been 

estimated that the half-life of HA in the skin is about 24 h, in the eye 24–36 h, in the cartilage 

1–3 weeks and in the vitreous humor 70 days (Schiraldi et al., 2010). 

2.4.4. Biological roles of HA in relation to its MW  

The equilibrium between HA synthesis and degradation plays a pivotal regulatory 

function in the human body, as it determines not only the amount, but also the MW of 

hyaluronan. Molecular mass and circumstances of synthesis/degradation are the key factors 

defining HA’s biological actions (Cyphert et al., 2015; Heldin et al., 2018; Toole, 2004). 

Indeed, high molecular weight (HMW) and low molecular weight (LMW) hyaluronan can 

even display opposite effects (Cyphert et al., 2015; Girish and Kemparaju, 2007) and when 

they are simultaneously present in a specific tissue, they can exert actions different from the 

simple sum of those of their separate size-related effects (Cyphert et al., 2015). 

Extracellular HMW HA (≥10
6
 Da) is anti-angiogenic, as it is able to inhibit endothelial 

cell growth (Cyphert et al., 2015; Girish and Kemparaju, 2007; Jiang et al., 2011). 

Additionally, due its viscoelasticity, it acts as a lubricating agent in the synovial joint fluid, 

thus protecting the articular cartilage (Tamer, 2013). HMW HA has also important and 

beneficial roles in inflammation, tissue injury and repair, wound healing and 

immunosuppression: it binds fibrinogen and controls the recruitment of inflammatory cells, 

the levels of inflammatory cytokines and the migration of stem cells (Girish and Kemparaju, 

2007; Jiang et al., 2007, 2011).  

During some environmental and pathological conditions, such as asthma, pulmonary 

fibrosis and hypertension, chronic obstructive pulmonary disease and rheumatoid arthritis, 

HMW HA is cleaved into LMW HA (2 × 10
4
–10

6
 Da), which has been shown to possess pro-

inflammatory and pro-angiogenic activities (Cyphert et al., 2015; Toole, 2004). Indeed, LMW 

hyaluronan is able to stimulate the production of proinflammatory cytokines, chemokines and 

growth factors (Cyphert et al., 2015) and to promote ECM remodeling (Heldin et al., 2018). 

Moreover, LMW HA can also induce tumor progression, exerting its influence on cells 

(Cyphert et al., 2015; Wu et al., 2015) and provoking ECM remodeling.  

Both anti- and pro-inflammatory properties have been displayed by oHA and HA 

fragments (≤ 2 × 10
4
 Da), depending on cell type and disease. Certain studies have shown that 

oHA are able to reduce Toll-like receptors (TLRs)-mediated inflammation (Kim et al., 2013), 

inhibit HA-CD44 activation of kinases (Misra et al., 2006) and retard the growth of tumors 

(Toole et al., 2008). However, oHA have been also found to promote inflammation in 

synovial fibroblasts (Campo et al., 2013), stimulate cell adhesion (Yang et al., 2012) and 

enhance angiogenesis during wound healing (Gao et al., 2008). 

Therefore, HA is clearly a key molecule involved in a number of physiological and 

pathological processes. However, despite the intensive studies carried out so far, still little is 

known about HA’s biological roles, the factors determining HA accumulation in transformed 

connective tissues and the consequent cancer progression, and much less is known about their 

dependence on hyaluronan molecular size and localization (intra- or extra-cellular). Further 
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researches focusing on HA molecular biology and mechanisms of action are necessary to 

clarify all these aspects and may facilitate the development of novel HA-based therapies. 

2.4.5. Mechanisms of action of HA 

HA performs its biological actions (Section 3.4.) according to two basic mechanisms: it 

can act as a passive structural molecule and as a signaling molecule. Both of these 

mechanisms of action have been shown to be size-dependent (Cyphert et al., 2015; Volpi et 

al., 2009). 

The passive mechanism is related to the physico-chemical properties of HMW HA. Due 

to its macromolecular size, marked hygroscopicity and viscoelasticity, HA is able to modulate 

tissue hydration, osmotic balance and the physical properties of ECM, structuring a hydrated 

and stable extracellular space where cells, collagen, elastin fibers and other ECM components 

are 

firmly maintained (Fraser et al., 1997; Robert et al., 2010; Volpi et al., 2009).  

HA also acts as a signaling molecule by interacting with its binding proteins. Depending 

on HA MW, location and on cell-specific factors (receptor expression, signaling pathways 

and cell cycle), the binding between HA and its proteins determines opposite actions: pro- and  

anti-inflammatory activities, promotion and inhibition of cell migration, activation and 

blockage of cell division and differentiation. All the factors that determine HA activities as a 

signaling molecule could be related: MW may influence HA uptake by cells and may affect 

receptor affinity. Additionally, receptor complexes may cluster differently depending on HA 

MW (Cyphert et al., 2015).  

HA binding proteins can be distinguished into HA-binding proteoglycans (extracellular 

or matrix hyaloadherins) and HA cell surface receptors (cellular hyaloadherins) (Cyphert et 

al., 2015). HA has shown two different molecular mechanisms of interaction with its 

hyaloadherins. First, HA can interact in an autocrine fashion with its receptors on the same 

cell (Girish and Kemparaju, 2007). Second, it can behave as a paracrine substance, which 

binds its receptors on neighboring cells and thus activates different intracellular signal 

cascades. If HA has an HMW, a single chain can interact simultaneously with several cell 

surface receptors and can bind multiple proteoglycans. These structures, in turn, can aggregate 

with additional ECM proteins to form complexes, which can be linked to the cell surface 

through HA receptors (Girish and Kemparaju, 2007; Toole, 2004). Hence, HA acts as a 

scaffold that stabilizes the ECM structure not only through its passive structural action, but 

also through its active interaction with several extracellular hyaloadherins, such as aggrecan 

(prominent in the cartilage), neurocan and brevican (prominent in the central nervous system) 

and versican (present in different soft tissues) (Girish and Kemparaju, 2007). For these 

reasons, pericellular HA is involved in the preservation of the structure and functionality of 

connective tissues, as well as in their protection from environmental factors (Robert et al., 

2010). 
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2.4.5.1. HA cell surface receptors 

HA interactions with its cell surface receptors mediate three biological processes: signal 

transduction, formation of pericellular coats and receptor-mediated internalization (Girish and 

Kemparaju, 2007). The present subsection describes HA cell surface receptors and the 

biological actions that they control when linked by HA (Figure 2.4.). 

The principal receptor for HA is CD44, which is a multifunctional transmembrane 

glycoprotein. It is expressed in many isoforms diffused in almost all human cell types. CD44 

can interact not only with HA, but also with different growth factors, cytokines and 

extracellular matrix proteins as fibronectin (Vigetti et al., 2014b). CD44 intracellular domain 

interacts with cytoskeleton; hence, when its extracellular domain binds ECM hyaluronan, a 

link between the cytoskeletal structures and the biopolymer is created (Knopf-Marques et al., 

2016). HA-CD44 interaction is involved in a variety of intracellular signaling pathways that 

control cell biological processes: receptor-mediated hyaluronan internalization/degradation, 

angiogenesis, cell migration, proliferation, aggregation and adhesion to ECM components 

(Cyphert et al., 2015; Girish and Kemparaju, 2007; Knopf-Marques et al., 2016; Toole, 2004; 

Turley et al., 2002). Hence, CD44 plays a critical role in inflammation and wound healing 

(Knopf-Marques et al., 2016; Vigetti et al., 2014b). However, abnormal activation of HA-

CD44 signaling cascades, as well as overexpression and upregulation of CD44 (due to pro-

inflammatory cytokines such as  

interleukin-1, and growth factors such as epidermal growth factors) can result into 

development of pathological lesions and malignant transformation (Girish and Kemparaju, 

2007; Toole, 2004). Indeed, CD44 is overexpressed in many solid tumors, such as pancreatic, 

breast and lung cancer (Mattheolabakis et al., 2015).  

 

Figure 2.4. Summary of HA cell surface receptors and of the actions that they control when linked by 

HA. 
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The receptor for HA-mediated cell motility (RHAMM) is also known as CD168, and it 

was the first isolated cellular hyaloadherin. It exists in several isoforms, which can be present 

not only in the cell membrane, but also in the cytoplasm and in the nucleus (Vigetti et al., 

2014b). When liked by HA, cell surface RHAMM mediates and promotes cell migration, 

while intracellular RHAMM modulates the cell cycle, the formation and the integrity of 

mitotic spindle (Girish and Kemparaju, 2007; Knopf-Marques et al., 2016). Interactions of 

HA with RHAMM play important roles in inflammation and tissue repair, by triggering a 

variety of signaling pathways and thus controlling cells such as macrophages and fibroblasts 

(Vigetti et al., 2014b).  

Hyaluronan receptor for endocytosis (HARE) was initially isolated from endothelial cells 

in the liver, lymph nodes and spleen and successively found also in endothelial cells of eye, 

brain, kidney and heart (Vigetti et al., 2014b). It is able to bind not only HA, but also other 

GAGs, with the exception of keratin sulfate, heparin sulfate and heparin. It is involved in the 

clearance of GAGs from circulation (Vigetti et al., 2014b).  

Furthermore, lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1, a HA-binding 

protein expressed in lymph vascular endothelium and macrophages) controls HA turnover by 

mediating its adsorption from tissues to the lymph (Girish and Kemparaju, 2007; Vigetti et 

al., 2014b). In this way, LYVE1 is involved in the regulation of tissue hydration and their 

biomechanical properties (Knopf-Marques et al., 2016; Vigetti et al., 2014b). Additionally, 

LYVE1 forms complexes with growth factors, prostaglandins and other tissue mediators, 

which are implicated in the regulation of lymphangiogenesis and intercellular adhesion 

(Knopf-Marques et al., 2016; Vigetti et al., 2014b).  

Finally, HA is involved in the regulation of the activity of TLRs that, recognizing 

bacterial lipopolysaccharides and lipopeptides, are able to initiate the innate immune response 

(Vigetti et al., 2014b). Two possible mechanisms have been proposed to explain how HA can 

influence TLRs. According to the first theory, LMW hyaluronan acts as an agonist for TLR2 

and TLR4, thus provoking an inflammatory reaction (Cyphert et al., 2015; Jiang et al., 2011). 

On the contrary, according to the second theory, hyaluronan does not bind to TLRs, but it is 

able to regulate TLRs interactions with their ligands through the pericellular jelly barrier that 

it forms (Ebid et al., 2014). Indeed, in physiological conditions, HMW HA creates a dense 

and viscous protective coat around the cells, thus covering surface receptors such as TLRs 

and limiting their interactions with ligands. During inflammation, an imbalance between HA 

synthesis and degradation occurs, and this alters the thickness and the viscosity of HA 

pericellular barrier (Ebid et al., 2014). More precisely, HA is rapidly degraded due to pH 

reduction, ROS increase and the possible presence of pathogens producing HYAL (Knopf-

Marques et al., 2016; Soltés et al., 2006). Hence, HA MW decreases, reducing the polymer 

water binding ability and the thickness and the viscosity of its pericellular shield (Ebid et al., 

2014). This results in an increased accessibility of the cell receptors to their ligands, in the 

initiation of the innate immune response and in the enhancement of the inflammatory reaction 

(Ebid et al., 2014). For this reason, HA can also be involved in the pathogenesis of diseases 

sustained by immunological processes (Knopf-Marques et al., 2016).  
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2.5. Industrial production of HA 

The plethora of activities of a food-contained molecule has raised important interest for 

public health: the global market of HA was USD 7.2 billion in 2016, and it is expected to 

reach a value of USD 15.4 billion by 2025 (Research, 2018). Indeed, hyaluronan is gaining an 

exponentially growing interest for many pharmaceutical, medical, food and cosmetic 

applications, due to its important activities—anti-inflammatory, wound healing and 

immunosuppressive—and its numerous and incomparable biological and physico-chemical 

properties, such as biocompatibility, biodegradability,  

non-immunogenicity, mucoadhesivity, hygroscopicity, viscoelasticity and lubricity. Hence, 

there is a strong interest in optimizing HA production processes to obtain products that fulfill 

high quality standards and are characterized by great yield and accessible costs. Both the 

source and the purification process co-occur to determine the characteristics of the produced 

HA in terms of purity, MW, yield and cost (Rangaswamy and Jain, 2008; Shiedlin et al., 

2004). Therefore, producing high quality HA with high yield and less costly methods 

represents one of the biggest challenges in the field of hyaluronan  

applied research. 

The first production process applied at an industrial scale consisted of HA extraction 

from animal sources, such as bovine vitreous and rooster combs (De Oliveira et al., 2016; 

Knopf-Marques et al., 2016) (Shiedlin et al., 2004). Despite the extraction protocols being 

improved over the years, this methodology was always hampered by several technical 

limitations, which led to the production of highly polydispersed HA (MW ≥ 10
6
 Da) with a 

low yield (Boeriu et al., 2013; Knopf-Marques et al., 2016). This was due to the polymer 

intrinsic polydispersity, its low concentration in tissues and its uncontrolled degradation 

caused by the endogenous HYAL and the harsh isolation conditions (De Oliveira et al., 2016; 

Knopf-Marques et al., 2016). Additional disadvantages of animal-derived HA were 

represented by the risk of biological contamination—the presence of proteins, nucleic acids 

and viruses—and by the high purification costs (De Oliveira et al., 2016; Knopf-Marques et 

al., 2016; Shiedlin et al., 2004). Therefore, alternative methodologies for the industrial 

production of HA have been developed. 

Currently, commercial hyaluronan is principally produced with biotechnology (microbial 

fermentation). Microorganism-derived HA is biocompatible with the human body because the 

HA structure is highly conserved among the different species (Boeriu et al., 2013; De Oliveira 

et al., 2016). Streptococci strains A and C were the first bacteria used for HA production, and 

nowadays, many commercial products are derived from Streptococcus equi (such as 

Restylane
®
 by Q-med AB and Juvederm

®
 by Allergan). Optimum bacterial culture conditions 

to obtain HMW HA (3.5–3.9 × 10
6
 Da) have been determined at 37 °C, pH 7, in the presence 

of lactose or sucrose (Kim et al., 1996; Rangaswamy and Jain, 2008). Hyaluronan yield has 

been optimized up to 6–7 g/L, which is the upper technical limit of the process due to mass 

transfer limitation caused by the high viscosity of the fermentation broth (Boeriu et al., 2013). 

As streptococci genera include several human pathogens, an accurate and expensive 

purification of the produced HA is necessary (De Oliveira et al., 2016; Knopf-Marques et al., 

2016). Hence, other microorganisms have been and are currently investigated to synthesize 

HA. An ideal microorganism for HA biosynthesis should be generally regarded as safe 

(GRAS), not secrete any toxins and be able to produce at least 10
6
 Da HA, as the polymer 
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quality and market value increase with its purity and MW, which affect rheological and 

biological properties and define suitable applications (De Oliveira et al., 2016; Liu et al., 

2011). Since the natural hyaluronan-producing organisms are mostly pathogenic, metabolic 

engineering currently represents an interesting opportunity to obtain HA from non-

pathogenic, GRAS microorganisms. Endotoxin-free HA has already been synthesized by 

recombinant hosts including Lactococcus lactis (Kaur and Jayaraman, 2016), Bacillus subtilis 

(Chien and Lee, 2007), Escherichia coli (Yu and Stephanopoulos, 2008) and 

Corynebacterium glutamicum (Cheng et al., 2016). However, up to now, there has been no 

heterologous bacterial host producing as much HA as the natural ones. Hence, there is an 

increasing effort to find an ideal bioreactor for HA production: in addition to bacteria, also 

eukaryotic organisms such as yeasts, like Saccharomyces cerevisiae (DeAngelis and 

Achyuthan, 1996) and Pichia pastoris (Jeong et al., 2014), and plant cell cultures, like 

transformed tobacco-cultured cells (Rakkhumkaew et al., 2013), have been explored in the 

last few years.  

Finally, to obtain HA of defined MW and narrow polydispersity, other approaches have 

been used. For example, to produce monodisperse oHA, chemoenzymatic synthesis has been  

performed (DeAngelis, 2008). This technique has successfully led to a product 

commercialized under the name Select HA™ (Hyalose LLC), characterized by a low 

polydispersity index value. Moreover, other studies have shown the possibility to prepare HA 

monodisperse fragments by controlling the degradation of HMW hyaluronan using different 

methods, including acidic, alkaline, ultrasonic and thermal degradation (Stern et al., 2007). 

2.6. Synthetic modifications of HA 

HA has several interesting medical, pharmaceutical, food and cosmetic uses in its  

naturally-occurring linear form. However, chemical modifications of the HA structure 

represent a strategy to extend the possible applications of the polymer, obtaining better 

performing products that can satisfy specific demands and can be characterized by a longer 

half-life. During the design of novel synthetic derivatives, particular attention is paid to 

avoiding the loss of native HA properties such as biocompatibility, biodegradability and 

mucoadhesivity (Knopf-Marques et al., 2016).  

2.6.1. General introduction of the chemical approaches to modify HA 

HA chemical modifications mainly involve two functional sites of the biopolymer: the 

hydroxyl (probably the primary alcoholic function of the N-acetyl D glucosamine) and the 

carboxyl groups. Furthermore, synthetic modifications can be performed after the 

deacetylation of HA N-acetyl groups, a strategy that allows one to recover amino 

functionalities (Schanté et al., 2011). All these functional groups of HA can be modified 

through two techniques, which are based on the same chemical reactions, but lead to different 

products: conjugation and crosslinking (Figure 2.5.). Conjugation consists of grafting a 

monofunctional molecule onto one HA chain by a single covalent bond, while crosslinking 

employs polyfunctional compounds to link together different chains of native or conjugated 

HA by two or more covalent bonds (Schanté et al., 2011). Crosslinked hyaluronan can be 

prepared from native HA (direct crosslinking) (Fallacara et al., 2017a, b; Malson and 
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Lindqvist, 1986) or from its conjugates (see below). Conjugation and crosslinking are 

generally performed for different purposes. Conjugation permits crosslinking with a variety of 

molecules; to obtain carrier systems with improved drug delivery properties with respect to 

native HA; to develop pro-drugs by covalently linking active molecules to HA (Schanté et al., 

2011). On the other hand, crosslinking is normally intended to improve the mechanical, 

rheological and swelling properties of HA and to reduce its degradation rate, in order to 

develop derivatives with a longer residence time in the site of application and greater release 

properties (Collins and Birkinshaw, 2008; Fallacara et al., 2017a; Shimojo et al., 2015). A 

recent trend is to conjugate and crosslink HA chains using bioactive molecules in order to 

develop derivatives with improved and customized activities (Fallacara et al., 2017a) for a 

variety of applications in medicine, aesthetics and bioengineering, including cell and 

molecule delivery, tissue engineering and the development of scaffolds (Bowman et al., 2018; 

Fallacara et al., 2017a, b; Gelardi et al., 2013a, b; Kaur et al., 2006; Knopf-Marques et al., 

2016; Nobile et al., 2014).  

A number of synthetic approaches have been developed to produce conjugated or  

crosslinked hyaluronan (Schanté et al., 2011).  

 

Figure 2.5. Chemical modifications of HA: conjugation and crosslinking (A). HA forms used for 

pharmaceutical, medical, food and cosmetic applications: native, conjugated and crosslinked (B). 
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Generally, HA is chemically modified in the liquid phase. Since it is hydrophilic, several 

reactions are performed in aqueous media also from its conjugates (Bulpitt and Aeschlimann, 

1999; Lim et al., 2018; Maleki et al., 2007): however, they are pH dependent and, therefore, 

require acidic or alkaline conditions, which if too strong, can determine HA degradation 

(Maleki et al., 2007, 2008). Other synthetic methods, involving the use of reagents sensitive 

to hydrolysis, are performed in anhydrous organic solvents such as dimethylsulfoxide 

(DMSO) (Bulpitt and Aeschlimann, 1999) or dimethylformamide (DMF) (Magnani et al., 

2000). These approaches necessarily introduce a preparation step to convert native HA into 

tetrabutylammonium (TBA) salt, soluble in organic ambient (Magnani et al., 2000): this 

increases the reaction time and cost, as well as the chances of HA chain fragmentation due to 

physico-chemical treatments. Additionally, when HA modifications take place in organic 

solvents, longer final purification processes are necessary (Schanté et al., 2011). The basic and 

classic chemistry that underlies the possible modifications of HA functional groups in the liquid 

phase is overviewed in the following Sections 5.2–5.4. 

Since HA derivatives of high quality and purity are necessary to develop injectable 

products, implantable scaffolds, drug delivery systems and 3D hydrogel matrices 

encapsulating living cells, techniques for efficient, low-cost and safe modification of HA are 

continuously being explored (Knopf-Marques et al., 2016; Lim et al., 2018; Sigen et al., 

2018). Hence, in the last few years, several efforts have been made to introduce one-pot 

reactions that preferably proceed in an aqueous environment, under mild and, possibly, 

environmentally-friendly conditions, without the use of toxic catalysts and reagents (Lim et 

al., 2018; Sigen et al., 2018). Additionally, alternative approaches to efficiently modify HA 

have been introduced: solvent-free methods, i.e., reactions in solid phase (Larrañeta et al., 

2018), “click chemistry” syntheses, which are simple and chemoselective, proceeding with 

fast kinetics in an aqueous environment, under mild conditions, leading to quantitative yields, 

without appreciable amounts of side products, i.e., the thiol-ene reaction (Felgueiras et al., 

2017), the Dies–Alder cycloaddition (Smith et al., 2018) and the azide-alkyne cycloaddition 

(Fu et al., 2017); in situ crosslinking of functionalized HA through air oxidation (Shu et al., 

2002); photo-crosslinking of functionalized HA in the presence of photosensitizers (Bencherif 

et al., 2008; Donnelly et al., 2017).  

2.6.2. Modification of HA hydroxyl groups 

By modifying HA’s hydroxyl groups, the carboxyl groups remain unchanged, thus 

preserving HA’s natural recognition by its degradative enzymes (Schanté et al., 2011). Over 

the years, different derivatives of HA (ethers, hemiacetals, esters and carbamates) have been 

produced through reactions that occur between the polymeric hydroxyl groups and mono- or 

bi-functional agents.  

Epoxides and bisepoxides like butanediol-diglycidyl ether (BDDE) (Malson and 

Lindqvist, 1986), ethylene glycol-diglycidyl ether, polyglycerol polyglycidyl ether (Yui et al., 

1992), epichlorohydrin and 1,2,7,8 diepoxyoctane (Zhao, 2000) have been widely used to 

synthesize ether derivatives of hyaluronan in alkaline aqueous solution. Currently, HA-BDDE 

ether represents one of the most marketed HA derivative: it can be obtained through simple 

synthetic procedures in an aqueous environment, and it is degraded into non-cytotoxic 

fragments (Schanté et al., 2011). Other efficient methods to form ether derivatives of HA 
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involve the use of divinyl sulfone (Collins and Birkinshaw, 2007) or ethylene sulfide (Serban 

et al., 2008) in basic water.  

Many studies showed that hemiacetal bonds can be formed between the hydroxyl groups 

of HA and glutaraldehyde in an acetone-water medium. Since glutaraldehyde is toxic, 

particular handling is required during the reaction and purification of the final product 

(Crescenzi et al., 2003; Tomihata and Ikada, 1997). 

The hydroxyl groups of HA can be also esterified by reacting with octenyl succinic  

anhydride (Toemmeraas and Eenschooten, 2007) or methacrylic anhydride (Seidlits et al., 

2010) under alkaline conditions. Alternatively, HA can be converted into a DMSO-soluble 

salt, which can undergo esterification with activated compounds such as acyl-chloride 

carboxylates (Pravata et al., 2008).  

Finally, the activation of HA hydroxyl groups to cyanate esters, and the subsequent 

reaction in basic water with amines, allows one to synthesize carbamate derivatives with high 

degrees of substitution, in a reaction time of only 1 h (Mlcochovà et al., 2006). 

2.6.3. Modification of HA carboxyl groups 

Strategies for the derivatization of HA also involve esterification and amidation, which 

can be performed after the activation of the polymeric carboxyl groups using different 

reagents. By modifying HA’s carboxyl groups, derivatives more stable to HYAL degradation 

can be synthesized: hence, if a drug is conjugated on the carboxyl groups of HA, a slow drug 

release may occur (Schanté et al., 2011). 

Esterification can be performed by alkylation of HA carboxyl groups using alkyl halides 

(Della Valle and Romeo, 1989) or tosylate activation (Huin-Amargier et al., 2006). Moreover, 

HA esters can be synthesized using diazomethane as the activator of the carboxyl groups 

(Hirano et al., 2005). All these reactions proceed in DMSO from the TBA salt of HA. 

Alternatively, HA can undergo esterification also in water using epoxides such as glycidyl 

methacrylate and excess trimethylamine as a catalyst (Prata et al., 2010). The conversion of 

HA carboxyl groups into less hydrophilic esters represents a strategy to decrease the water 

solubility of HA, with the aim to reduce its susceptibility to HYAL degradation and enhance 

its in situ permanence time (Knopf-Marques et al., 2016). A well-known biopolymer 

synthesized to this end is HA benzyl ester (HYAFF 11), the properties of which are finely 

regulated by its degree of functionalization (Benedetti et al., 1990, 1993).  

Amidation represents a further approach to modify HA: over the years, several synthetic 

procedures have been developed. However, some of these present important drawbacks: for 

example, Ugi condensation (useful to crosslink HA chains through diamide linkages) requires 

a strongly acidic pH (3), the use of formaldehyde, which is carcinogenic, and cyclohexyl 

isocyanide, which determines a pending undesired cyclohexyl group in the final product 

(Crescenzi et al., 2003; Maleki et al., 2007). HA amidation with 1,1′-carbonyldiimidazole 

(Bellini and Topai, 2000) or 2-chloro-1-methylpyridinium iodide (Magnani et al., 2000) as 

activating agents are performed in DMSO and DMF, respectively: hence, HA conversion into 

TBA salt and longer purification steps are needed. On the contrary, other methods are based 

on reaction conditions that meet the modification requirements for HA. Particularly efficient 

is the activation of HA carboxyl groups by carbodiimide (i.e., N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride) (EDC) and co-activators such are N-hydroxysuccinimide 
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(NHS) or 1-hydroxybenzotriazole in water: proceeding under mild conditions, this reaction 

does not lead to HA chains’ cleavage, and it is suitable also for the derivatization with 

biopolymers easily susceptible to denaturation, such as protein or peptides (Bulpitt and 

Aeschlimann, 1999; Kaczmarek et al., 2018; Kirk et al., 2013). Another promising method to 

synthesize HA derivatives with high grafting yields, in mild conditions, is based on  

triazine-activated amidation, typically performed with 2-chloro-dimethoxy-1,3,5-triazine 

(Bergman et al., 2007) or (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

(DMTMM) (D’Este et al., 2014). A recent study made a systematic comparison of EDC/NHS 

and DMTMM activation chemistry for modifying HA via amide formation in water (D’Este 

et al., 2014). The results showed that DMTMM is more efficient than EDC/NHS for ligation 

of amines to HA and does not require accurate pH control during the reaction to be effective 

(D’Este et al., 2014). Using these mild conditions of amidation, it is possible to synthesize 

highly hydrophilic and biocompatible derivatives, such as urea-crosslinked HA, which has 

already shown interesting applications in the ophthalmic and aesthetics field (Fallacara et al., 

2017a, b).  

2.6.4. Modification of HA N-acetyl groups 

The deacetylation of the N-acetyl groups of HA recovers amino functionalities, which can 

then react with activated acids using the same amidation methods described above. However, 

this approach is not frequently used to synthesize HA derivatives for two main reasons: first 

of all, even the mildest deacetylation techniques have been shown to induce chain 

fragmentation (Bellini and Topai, 2000; Bulpitt and Aeschlimann, 1999; Crescenzi et al., 

2002). Moreover, the deacetylation is a strong structural modification, which could 

importantly change the unique biological properties typical of native HA: indeed, it has been 

recently found that it reduces the interactions with the receptor CD44 (Bhattacharya et al., 

2017). 

2.7. Applications of HA and its derivatives 

Due to their unique biological and physico-chemical properties and to their safety profile, 

native HA and many of its derivatives represent interesting biomaterials for a variety of 

medical, pharmaceutical, food and cosmetic applications (Figure 2.6). Some HA-based 

products are already on the market and/or have already a consolidated clinical practice, while 

others are currently undergoing further investigations to confirm their effectiveness. Since the 

literature concerning HA derivatives and their applications is very extensive, only some 

examples are reported hereafter. 
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Figure 2.6. Medical, pharmaceutical, cosmetic and dietary applications of HA and its derivatives. 

2.7.1. Drug delivery systems 

HA and its derivatives of synthesis represent useful and emerging tools to improve drug 

delivery. They have been used alone or in combination with other substances to develop pro-

drugs, surface-modified liposomes, nanoparticles, microparticles, hydrogel and other drug 

carriers. All these delivery systems are undergoing a continuous optimization as they are the 

object of intensive research. However, the industrialization and extensive clinical application 

of HA and its derivatives as drug carriers still have a long way to go, as many scientific 

studies are only at an in vitro experimental stage. 

The conjugation of active ingredients to HA is intended to develop pro-drugs with 

improved physico-chemical properties, stability and therapeutic efficacy compared to free 

drugs. Considering that hyaluronan has several biological functions, HA-drug conjugates can 

exert their activities as such. Alternatively, their therapeutic actions are accomplished when 

the drugs are released, i.e., when the covalent bonds, which link drugs and HA, are broken 

down in the organism, ideally at the specific target sites. A variety of active ingredients can be 

conjugated to HA for topical or systemic uses. For example, HA can be conjugated with 

antidiabetic peptides such as exendin 4: this derivative shows a prolonged half-life, a 

protracted hypoglycemic effect and improved insulinotropic activity compared to the free 

exendin 4 in type 2 diabetic mice (Kong et al., 2010). However, since HA has a short half-life 

in the blood, the majority of HA-drug conjugates have been developed for local, i.e., 

intraarticular, intratumoral, subcutaneous, intravesical and intraperitoneal, rather than 

systemic administration (Mero and Campisi, 2014). For instance, a variety of anti-

inflammatory drugs, including hydrocortisone, prednisone, prednisolone and dexamethasone, 

have been conjugated to HA and investigated for intraarticular therapy of arthritis (Della 
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Valle and Romeo, 1989). Furthermore, a recent study has displayed the potential of an 

emulsion containing a novel HA-P40 conjugate to treat a mouse model of dermatitis induced 

by oxazolone (Mangano et al., 2017). P40 is a particulate fragment isolated from 

Corynebacterium granulosum (actually known as Propionibacterium acnes), which has 

immunomodulatory, antibacterial, antiviral and antitumor properties. The conjugation of P40 

to HA successfully prevents its systemic absorption and, therefore, improves its topical 

therapeutic effect (Mangano et al., 2017). Other research has shown that conjugation of 

curcumin with HA represents a strategy to enhance the water solubility and stability of 

curcumin (Manju and Sreenivasan, 2011). Moreover, the HA-curcumin conjugate displays 

improved healing properties compared to free curcumin and free HA, both in vitro (wound 

model of human keratinocytes) and in vivo (wound model of diabetic mouse). Hence, HA-

conjugated curcumin may be useful to treat diabetic wounds (Sharma et al., 2018). Finally, 

the most promising and thoroughly studied conjugations of active ingredients to HA involve 

antitumoral agents, which can be strategically carried to malignant cells by hyaluronan, as 

explained in Section 6.2 (Chen et al., 2018; Mero and Campisi, 2014).  

HA can also be conjugated to phospholipids in order to develop surface-modified 

liposomes: the chemical modification can be performed prior to liposome formulation 

(Nguyen et al., 2017) or after, on the outside shell (Hayward et al., 2016; Han et al., 2016). 

Moreover, HA can also be non-covalently linked on the liposome surface: indeed, liposomes 

can be covered by HA through ionic interaction mechanism (Chi et al., 2017; Negi et al., 

2015) or the simple lipid film hydration technique (Moustafa et al., 2017). HA-modified 

liposomes appear to be promising carriers, as they have been shown to enhance the stability of 

drugs in the bloodstream, prolong their half-life, reduce their systemic toxicity (Han et al., 

2016), enhance their tissue permeability, sustain their prolonged release (Moustafa et al., 

2017) and ameliorate their therapeutic effects through synergistic actions (Manconi et al., 

2017). HA-coated liposomes could improve the safety and the efficacy of antitumoral 

therapies: they appear proficient in mediating site-specific delivery of siRNA (Leite 

Nascimento et al., 2016) and anticancer drugs such as doxorubicin (Hayward et al., 2016), 

gemcitabine (Han et al., 2016), imatinib mesylate (Negi et al., 2015) and docetaxel (Nguyen 

et al., 2017), via CD44 cell receptors. Additionally, HA-surface-modified liposomes have 

been investigated as delivery systems also in ophthalmology (Moustafa et al., 2017), 

pneumology (Manconi et al., 2017) and topical treatment of wounds and burns (Yerushalmi et 

al., 1994).  

Another promising type of drug delivery system, which can be formulated with HA and 

its derivatives of synthesis, is represented by nanoparticles. Hyaluronan can be a constituent 

element of nanoparticles (Maudens et al., 2018; Kim et al., 2013), but can also be used to 

cover nanoparticles, in order to improve the targeting efficiency and the therapeutic action of 

the encapsulated drugs (Pandey et al., 2018). HA-nanoparticles are being investigated for a 

number of administration routes and customized applications: for example, HA-Flt1 peptide 

conjugate nanoparticles might represent a next-generation pulmonary delivery carrier for 

dexamethasone in the management of asthma (Kim et al., 2013), while chitosan nanoparticles 

coated with HA and containing betamethasone valerate have displayed a great potential for 

the topical treatment of atopic dermatitis (Pandey et al., 2018). Hyaluronan nanoparticles 

included in polymeric films have shown potential as innovative therapeutic system for the 

prolonged release of vitamin E for the management of skin wounds (Pereira et al., 2016). 
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Moreover, the HA-poly(N-isopropylacrylamide) conjugate appears to be a promising 

candidate to treat osteoarthritis: once injected subcutaneously or intra-articularly, it 

spontaneously forms biocompatible nanoparticles able to control inflammation with a long-

lasting action (Maudens et al., 2018) . Finally, other HA surface-modified nanoparticles have 

been investigated for cancer-targeted therapies (Cho et al., 2011; Parashar et al., 2018; Wang 

et al., 2017). 

Additionally, over the years, HA microspheres and microparticles have been explored as 

formulations to improve the biomucoadhesive property and the drug release profile and to 

ameliorate the texturing feeling in the case of dermal formulations. For example, it has been 

shown that spray-dried HA microspheres allow favorable ofloxacin delivery to the lung via 

inhalation, determining a superior pharmacological effect compared to free ofloxacin and to 

other routes of ofloxacin administration (Hwang et al., 2008). Similarly, inhaled HA 

microparticles have displayed prolonged pulmonary retention of salbutamol sulfate and 

reduced systemic exposure and side effects in a rat model (Li et al., 2017). HA microspheres 

have been evaluated also as possible materials for bone supplementation: indeed, they could 

be introduced in mineral bone cements to extend the release of active compounds (Fatnassi et 

al., 2014). A recent work has shown the potential of caffeine-loaded HA microparticles 

dispersed in a lecithin organogel as a dermal formulation for the long-term treatment of 

cellulite: this drug delivery system is not only effective at repairing cellulite tissue damage, 

but has also an intrinsic moisturizing action (Simsolo et al., 2018). Besides the microparticles 

prepared from native HA, the scientific literature also describes microspheres formulated 

from HA derivatives of synthesis such as hyaluronan benzyl esters (Esposito et al., 2005) and 

divinyl sulfone-crosslinked hyaluronan (Shimojo et al., 2015) as topical drug delivery 

systems. 

Finally, hydrogels prepared from linear HA and its chemical derivatives are 3D 

polymeric networks, which can be well-suited systems for topical delivery of cells (Koivusalo 

et al., 2018) and many active ingredients, such as anti-inflammatories (El Kechai et al., 2016), 

anti-bacterials (Luo et al., 2000), antibodies and proteins in general (Egbu et al., 2018). To 

implement the mechanical and release properties, HA hydrogels can incorporate 

thermoresponsive polymers (Egbu et al., 2018) or other drug carriers such as liposomes (El 

Kechai et al., 2016, 2017). Up to now, HA hydrogels have shown a great potential for 

intraocular (Egbu et al., 2018; Koivusalo et al., 2018), intratympanic (El Kechai et al., 2016),  

intraarticular (Kroin et al., 2016) and dermal delivery (Pirard et al., 2005). A topical 2.5% HA 

hydrogel containing 3% diclofenac has been commercialized for the treatment of actinic 

keratosis under the tradename of Solaraze
®

 (Pharmaderm) in Europe, USA and Canada 

(Pirard et al., 2005).  

2.7.2. Cancer therapy 

It has been shown that the receptor CD44 is overexpressed in a variety of tumor cells, 

which consequently, display an increase of HA binding and internalization (Gao et al., 2015; 

Knopf-Marques et al., 2016; Mattheolabakis et al., 2015). Hence, the receptor CD44 has been 

identified as a potential target in cancer therapy, and hyaluronan, its primary ligand, has been 

recognized as a powerful tool to develop targeted therapies (Mattheolabakis et al., 2015; 

Parashar et al., 2018). Many research works have shown that HA can act as a drug carrier and 
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targeting agent at the same time, under the form of polymer-antitumoral conjugates or 

delivery systems encapsulating anticancer drugs (Mero and Campisi, 2014). Additionally, 

hyaluronan can be employed to design surface-modified nanoparticles (Cho et al., 2011; 

Parashar et al., 2018; Wang et al., 2017) or liposomes (Chi et al., 2017; Han et al., 2016; 

Hayward et al., 2016; Negi et al., 2015; Nguyen et al., 2017). After CD44 receptor-mediated 

cell internalization, all these HA derivatives are hydrolyzed by intracellular enzymes, and 

therefore, drugs are released inside the cancer target cells (Mero and Campisi, 2014). This 

should improve the pharmacokinetic profile and the delivery process of many anticancer 

drugs, overcoming the limitations that reduce their clinical potential, such as low solubility, 

short in vivo half-life, lack of discrimination between healthy and malignant tissues, 

consequent off-target accumulation and side effects (Mattheolabakis et al., 2015; Mero and 

Campisi, 2014). Up to now, there are no HA-antitumoral conjugates and anticancer loaded 

carriers of HA on the market; however, the promising results of many research works and 

clinical trials outline their potential and encourage further studies (Mattheolabakis et al., 

2015; Mero and Campisi, 2014). For example, it has been shown that HA-modified 

polycaprolactone nanoparticles encapsulating naringenin enhance drug uptake by cancer cells 

in vitro and inhibit tumor growth in rat with urethane-induced lung cancer (Parashar et al., 

2018). Additionally,  

HA-coated chitosan nanoparticles have been found to promote 5-fluorouracil delivery into 

tumor cells that overexpress the CD44 receptor (Wang et al., 2017). Further studies have 

displayed that a novel unsaturated derivative of HA (Buffa et al., 2017) and different types of 

HA-paclitaxel conjugates (Chen et al., 2018; Mero and Campisi, 2014) have a great potential 

as anticancer therapies. 

2.7.3. Wound treatment 

As previously explained (Section 3.4.), endogenous HA sustains wound healing and  

re-epithelialization processes thanks to several actions including the promotion of fibroblast 

proliferation, migration and adhesion to the wound site, as well as the stimulation of collagen 

production (Aya and Stern, 2014). For this reason, HA is used in topical formulations (such as 

Connettivina
®
 by Fidia) to treat skin irritations and wounds such as abrasions, post-surgical 

incisions, metabolic and vascular ulcers and burns (Aya and Stern, 2014; Neuman et al., 2015; 

Rueda Lopéx et al., 2005; Schiraldi et al., 2010; Tagliagambe et al., 2017). Currently, HA 

derivatives (Kirk et al., 2013; Li et al., 2018; Sharma et al., 2018; Shi et al., 2018) and HA-

based wound dressings, films or hydrogels enriched with other therapeutic agents (Berce et 

al., 2018; Sanad and Abdel-Bar, 2017) are being evaluated in order to understand if the 

cicatrization process could be further enhanced. The wound healing properties of HA and its 

derivatives are being explored not only in dermatology, but also in other medical fields such 

as ophthalmology (Fallacara et al., 2017b; Wirostko et al., 2014), otolaryngology (Kaur et al., 

2006), rhinology (Cassano et al., 2016) and odontology (Dahiya and Kamal, 2013).  

2.7.4. Ophthalmologic surgery and ophthalmology 

HA is a natural component of the human eye: it has been found in vitreous body, lacrimal 

gland, corneal epithelium and conjunctiva and tear fluid (Fallacara et al., 2017b). Therefore, 
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ophthalmic products based on HA are fully biocompatible and do not trigger foreign body 

reactions (Schanté et al., 2011).  

HA solutions are the most used viscosurgical devices to protect and lubricate the delicate 

eye tissues, replace lost vitreous fluid and provide space for manipulation during ophthalmic 

interventions (Neumayer et al., 2008). Indeed, the viscosity of HA permits keeping the tissues 

in place, reducing the risk of displacement, which can potentially compromise both the 

surgery and the repairing process (Knopf-Marques et al., 2016). The first ophthalmic 

viscosurgical device containing HA was approved by the FDA in 1980 and is still marketed 

under the trademark Healon
®
 (Abbott). 

Moreover, HA is the active ingredient of many eye drops, such as DropStar
®

 by Bracco 

and Lubristil
®
 by Eyelab, which, hydrating the ocular surface and improving the quality of 

vision, are the mainstay to treat diseases such as dry eye syndrome and are useful at 

increasing the comfortability of contact lenses (Carracedo et al., 2017; Fallacara et al., 2017b; 

Vandermeer et al., 2018). Many studies have proven the safety and the efficacy of native HA 

solutions as artificial tears (Aragona et al., 2002; Ho et al., 2013; Johnson et al., 2006; 

Vandermeer et al., 2018). More recently, also novel derivatives of hyaluronan with improved 

mechanical and biological properties are being investigated to formulate eye drops with 

enhanced ocular residence times. For example, promising preliminary results have been 

obtained with solutions of HA-cysteine ethyl ester (Laffleur and Dachs, 2015) and urea-

crosslinked HA (HA-CL) (Fallacara et al., 2017b).  

2.7.5. Arthrology 

HA is one of the major lubricating agents of the ECM of synovial joint fluid: due to its 

viscoelasticity, it absorbs mechanical impacts and avoids friction between the  

bone-ends (Laurent and Fraser, 1992; Schiraldi et al., 2010; Tamer, 2013). When the synovial 

fluid is reduced or inflamed, and the HA level decreases, disorders such as rheumatoid 

arthritis and osteoarthritis occur. Viscosupplementation represents an approach to treat and 

slow down the progression of these conditions: intraarticular injections of HMW HA, such as 

Supartz FX
®

 by Bioventus and Hyalgan
®

 by Fidia, allow maximizing the topical effect and 

the reduction of pain, as well as minimizing systemic adverse effects (Bowman et al., 2018).  

Locally-injected HA has been shown to provide long-term clinical benefits, suggesting that it 

acts with more than one mechanism (Bowman et al., 2018; Ghosh and Guidolin, 2002), as the 

restoration of synovial fluid viscoelasticity is only temporary because HA is degraded within 

24 h (Brown et al., 1991). Hence, the therapeutic effect of HA intra-articular injection appears 

prevalently due to biological activities: induction of the synthesis of new HA in synovial 

cells, stimulation of chondrocyte proliferation and resulting reduction of cartilage degradation 

(Bowman et al., 2018; Ghosh and Guidolin, 2002; Greenberg et al., 2006). In order to 

increase the half-life after injection and, consequently, the therapeutic efficacy, crosslinked 

HA derivatives have been investigated and introduced on the market (such as Synvisc
®

 by 

Genzyme) as viscosupplementation agents (Bowman et al., 2018; Sun et al., 2017). 
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2.7.6. Rhinology and pneumology 

Endogenous HMW HA plays a pivotal role in the homeostasis of the upper and the lower 

airways: it is an important component of the normal airway secretions, exerts anti-

inflammatory and anti-angiogenic actions, promotes cell survival and mucociliary clearance, 

organizes extracellular matrix, stabilizes connective tissues, sustains healing processes and 

regulates tissues hydration (Garantziotis et al., 2016; Gelardi et al., 2013b; Gerdin and 

H llgren, 1997; Monzon et al., 2006). Hence, exogenous HMW HA represents a promising 

therapeutic agent for the treatment of nasal and lung diseases that involve inflammation, 

oxidative stress and epithelial remodeling, such as allergic and non-allergic rhinitis, asthma, 

chronic obstructive pulmonary disease and cystic fibrosis (Furnari et al., 2012; Garantziotis et 

al., 2016; Gavina et al., 2013; Gelardi et al., 2013a; Petrigni and Allegra, 2006; Turino et al., 

2017). Examples of marketed formulations containing HA to treat respiratory diseases are 

Ialoclean
®
 (Farma-Derma), a nasal spray to treat nasal dryness and rhinitis and to promote 

nasal wound healing, Hyaneb
®

 (Chiesi Farmaceutici), a hypertonic saline solution containing 

HA to hydrate and reduce mucus viscosity in cystic fibrosis patients (Nenna et al., 2011), and 

Yabro
®
 (Ibsa Farmaceutici), a high viscosity nebulizer solution of HA to treat bronchial 

hyper-reactivity (Gelardi et al., 2013a). 

2.7.7. Urology 

Recently, the possible therapeutic uses of HA in urology have been explored. Preliminary 

evidence has shown that intravesical HA, administered alone or in combination with 

chondroitin sulfate or alpha blockers, could be able to reduce the recurrence of urinary tract 

infections such as bacterial cystitis, to alleviate the symptoms of these diseases and to protect 

the mucosa of urinary bladder (Goddard and Janssen, 2017; Ząbkowski et al., 2015). 

However, further clinical studies are necessary to confirm the effectiveness of HA treatment 

in urology.  

2.7.8.  Soft tissue regeneration 

HA skin content decreases with aging, and the most visible effects are the loss of facial 

skin hydration, elasticity and volume, which are responsible for wrinkles (Robert et al., 2010). 

Over the last few years, HA has been widely used as a biomaterial to develop dermal fillers 

(DFs), which are class III medical devices that, injected into or under the skin, restore lost 

volumes and correct facial imperfections such as wrinkles or scars (Fallacara et al., 2017a). 

Being characterized by most of the properties that an ideal DF should have—

biocompatibility, biodegradability, viscoelasticity, safety, versatility—HA DFs have become 

the most popular agents for viscoaugmentation, i.e., for soft tissue contouring and volumizing 

(Fallacara et al., 2017a). Indeed, according to data from the American Society of Plastic 

Surgeons (ASPS), in 2017, out of a total of 2,691,265 treatments with soft tissue fillers, 

2,091,476 were performed with HA DFs (American Society of Plastic Surgeons, 2017). One 

of the reasons for this success resides in the reversibility of the HA DF effect: they correct 

wrinkles in a reversible manner, as a hypothetical medical error or complication can be 

remedied through the injection of HYAL (Vitrase
®
, ISTA Pharmaceuticals; Hylenex

®
, 
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Halozyme Therapeutics) (Fallacara et al., 2017a). The duration of the corrective effect of HA 

DFs varies between three and 24 months, depending prevalently on HA concentration, 

crosslinking (degree and type), the treated area and the individual (Fallacara et al., 2017a; 

Muhn et al., 2012). For example, Hylaform
®

 (Genzyme Biosurgery) contains 4.5–6 mg/mL 

HA crosslinked with divinyl sulfone (20% degree), and its effect lasts 3–4 months, while the 

Juvederm
®
 DFs family (Allergan) contains 18–30 mg/mL HA crosslinked with 9–11% 

BDDE, and its effect lasts 6–24 months (Fallacara et al., 2017a). Finally, DFs that combine 

BTX-A and HA have been developed to ensure an optimal correction even in patients with 

extremely deep wrinkles (Fallacara et al., 2017a). 

2.7.9. Cosmetics 

HA represents a moisturizing active ingredient widely used in cosmetic formulations 

(gels, emulsions or serums) to restore the physiological microenvironment typical of youthful 

skin.  

HA-based cosmetics such as Fillerina
®

 (Labo Cosprophar Suisse) claims to restore skin 

hydration and elasticity: this is reported to exert an anti-wrinkle effect, although no rigorous 

scientific proof is able to fully substantiate this claim (Janiš et al., 2017; Nobile et al. 2014; 

Schiraldi et al., 2010). It has to be considered that HA’s hydrating effect largely depends on 

its MW, and its longevity depends on HA stability to hyaluronidases. Indeed, HMW HA 

mainly works as a film-forming polymer: it reduces water evaporation, with an occlusive-like 

action. On the other hand, medium MW and LMW HA mainly work by binding moisture 

from the environment, do to their high hygroscopicity (Janiš et al., 2017; Nobile et al. 2014). 

In some cases, this capacity may reverse HA’s expected hydrating activity as at a high 

concentration, HA may even extract humidity from the skin. Furthermore, also sunscreens 

containing hyaluronan may contribute to maintaining a youthful skin, protecting it against the 

harmful effects of ultraviolet irradiation, due to the possible free radical scavenging properties 

of HA (Hašová et al., 2011; Trommer et al., 2003). The same capability has been 

demonstrated by dietary intake of HA (Section 6.10). 

2.7.10. Dietary 

HA can also represent an interesting ingredient in enriched food and food supplements: it 

has gained the unofficial designation as a nutri-cosmetic because of its capability to improve 

skin appearance (Drealos, 2010). For a long time, the fact that HA can cross in its “intact” 

form the intestinal barrier has been debated; recently, a few studies have appeared in the 

literature to highlight this question. Kimura et al. have evaluated the degradation and 

absorption of HA (300 KDa and 2 KDa) after oral ingestion in rats, demonstrating intestinal 

degradation to oligosaccharides, which are subsequently absorbed in the large intestine, 

translocated into the blood and distributed in the skin (Kimura et al., 2016). Orally-ingested 

LMW HA has shown the opposite effects: some studies have reported inflammatory 

properties with the activation of the immune response (Zgheib et al., 2014), while other 

research has highlighted the efficacy in reducing knee joint pain without inflammation (Sato 

and Iwaso, 2009). Nowadays, the mechanisms at the base of these different actions of LMW 

ingested HA remain still unclear. In another study, the absorption, distribution and excretion 
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of HMW-labeled (1 MDa) HA were evaluated after oral administration in rats and dogs: for 

the first time, it was shown that dietary HMW HA can be distributed to connective tissues 

(Balogh et al., 2008). In particular, these reproducible results suggest that orally-administered 

HMW HA may reach joints, bones and skin, even if in small amounts (Balogh et al., 2008), 

thus highlighting that a rationale may exist in the use of HA-based food supplements designed 

for joint and skin health.  

In these regards, several studies have reported on the safety of HA as a food supplement, 

confirming its possible use as a food ingredient itself. HA is marketed as a food supplement in 

the USA, Canada, Europe and Asia (particularly in Korea and Japan) with some difference in 

the suggested use: to treat joint pain in the USA and in Europe; to treat wrinkles and to 

moisturize in Japan, even if the involvement of this polymer in the skin moisture retention 

effect needs to be further elucidated in the future (Oe et al., 2014). The attention was focused 

prevalently on studies that exclude complex mixtures, in order to evidence the effects of HA 

alone; however, several research works describe the use of HA as a food ingredient in 

enriched extracts or mixtures with collagen and other supplements. For example, in a 

preliminary double-blind, controlled, randomized, parallel trial over 12 weeks, rooster comb 

extract was added to low fat yoghurt, which was given to mild knee pain patients (n: 40), 

resulting in significative improvement in muscle strength in men (Solà et al., 2015). In 

another recent clinical study, an oral HA preparation diluted in a cascade fermented organic 

whole food concentrate supplemented with biotin, vitamin C, copper and zinc (Regulatpro
®
 

Hyaluron, Dr. Niedermaier
®

) led to a significant cutaneous antiaging effect in twenty female 

subjects after 40 days of daily consumption (Göllner et al., 2017). From such mixtures, it is 

difficult to elucidate HA’s specific contribution. 

Regarding supplementation with HA alone, some studies have demonstrated a direct 

correlation between ingestion and body effects. In a recent review, Kawada et al. underlined a 

number of studies in support of the contribution of ingested HA to hydrate skin, thus 

improving the quality of life for people who suffer from skin dryness induced by UV, 

smoking and pollutants, responsible for cutaneous reduction of HA (Kawada et al., 2014). 

Indeed, the review of Kawada and coworkers reported that, in different randomized, double-

blind, placebo-controlled trials, the amounts of HA ranging from 37.52–240 mg per day, 

ingested in a period comprised between four and six weeks, significantly improved cutaneous 

moistness (Kawada et al., 2014). These results, as always happens with biopolymers as food 

supplements, are difficult to correlate with quantitative effects, as polymer sources and MW 

always vary. However, qualitatively, the correlation between HA consumption and the 

decrease of skin dryness is evident. The authors suggest that partially-digested HA, regardless 

of its MW, is adsorbed in the gut, while intact HA is absorbed by the lymphatic system; both 

are distributed to the skin, where they can work as inducers of fibroblast proliferation and 

endogenous HA synthesis (Kawada et al., 2014). In a more recent study, the same authors 

have investigated, in a double blind, placebo controlled, randomized study of 61 subjects with 

dry skin, the effects of HA (120 mg/day) of two different MW (800 KDa and 300 KDa) over 

six weeks (Kawada et al., 2015a). Both the HAs were effective, but the 300-KDa group 

showed the best improvements in skin dryness and moisture content (Kawada et al., 2015a). 

Again, Kawada et al., in an experiment on hairless mice, demonstrated that the oral 

administration of 200 mg/kg body weight per day of two different MW HA (300 KDa and 

less than 10 KDa) for six weeks reduced epidermal thickness and improved skin hydration 
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upon UV irradiation (Kawada et al., 2015b). The effect was stronger for the less than 10-KDa 

HA (Kawada et al., 2015b). The authors also demonstrated that the less than 10 KDa orally-

administered HA also stimulated HAS2 expression, thus highlighting an overall role of LMW 

HA in the prevention of skin photoageing with different mechanisms (Kawada et al., 2015b). 

Thus, combining HA oral treatment with HA topical and injective administration could be 

very successful in the control of skin ageing. A further study suggesting that orally-

administered HA can migrate into the skin of rats, thus possibly reducing skin dryness, was 

conducted by Oe et al., who demonstrated that about 90% of the ingested HA was absorbed 

from the digestive tract and was used as an energy source or a structural component (Oe et al., 

2014).  

Dietary HA can be beneficial not only for skin, but also for joints, as evidenced by a 

number of randomized, double-blinded, placebo-controlled studies relative to the treatment of 

knee pain, relief of synovial effusion or inflammation and improvement of muscular knee 

strength (Oe et al., 2016).  

2.7.11. 3D cell culture models 

HA and its synthetic derivatives can be used as 3D scaffold structures, which represent 

physical support systems for in vitro cell culture (Larson, 2015). Indeed, 3D tissue models can 

be obtained by culturing cells on pre-fabricated polymeric scaffolds or matrices, designed to 

simulate the in vivo ECM (Larson, 2015). Cells attach, migrate and fill the interstices within 

the scaffold to form 3D cultures (Larson, 2015). 3D scaffolds can be promising also for in 

vivo tissue regeneration, reproducing the natural physical and structural environment of living 

tissue (Larson, 2015). An example of a cell substrate suitable for a 3D environment, for both 

in vitro and in vivo research, is represented by HyStem
®
 Hydrogels (ESI·BIO

TM
). 

For example, HA derivatives characterized by aldehyde and hydrazide groups have been 

used to develop a biomimetic, 3D culture system for poorly-adherent metastatic prostate 

cancer cells, employed as an in vitro platform to test the efficacy of anticancer drugs (Gurski 

et al., 2009). The hyaluronan-3D cell culture system provided a useful interesting alternative 

to study antineoplastic drugs, with results superior compared to those from conventional 2D 

monolayers (Gurski et al., 2009). Another work showed that methacrylated HA is useful to 

develop in vitro 3D culture models to assess glial scarring in a robust and repeatable way, in 

order to evaluate, for example, the foreign body response to implants such as electrodes in the 

central nervous system (Jeffery et al., 2014). Additionally, a recent study highlighted the 

importance of ink formulation and crosslinking on the printing of stable structures: a dual-

crosslinking HA system was evaluated as printable hydrogel ink in biomedicine (Ouyang et 

al., 2016). It encompassed shear-thinning and self-healing properties through guest-host 

bonding, and showed an improved cell adhesion after further functionalization (i.e., peptides) 

(Ouyang et al., 2016). 
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Table 2.1. Summary of the medical, pharmaceutical, cosmetic and dietary applications of HA and its 

derivatives, reporting some examples, the beneficial actions, the key features and the state of the art. 
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2.8. Conclusions, future trends and perspectives 

Table 2.1. summarizes some of the most common medical, pharmaceutical, cosmetic and 

dietary applications of HA and its derivatives. The present review underlines the interest of 

academic and industrial research on HA: a comprehensive overview of this polymer is 

provided through the description of its structural, physico-chemical and hydrodynamic 

properties, occurrence, metabolism, biological roles, mechanisms of action, methods of 

production and derivatization, pharmaceutical, biomedical, food supplement and cosmetic 

applications.  

During the last few decades, HA has shown great success due to its numerous and unique 

properties, such as biodegradability, biocompatibility, mucoadhesivity, hygroscopicity and 

viscoelasticity, and to the broad spectrum of chemical modifications that it can undergo, 

allowing the development of derivatives with specific targeting and long-lasting drug 

delivery. Several in vitro and in vivo studies have shown the beneficial actions of HA 

treatment, with  

anti-inflammatory, wound healing, chondroprotective, antiangiogenic, anti-ageing and 

immunosuppressive effects, among others (Cyphert et al., 2015; Fallacara et al., 2017b; Girish 

and Kemparaju, 2007; Tamer, 2013). This supported the development of a great number of 

HA-based commercial products: from native HA for ophthalmic and arthritic therapies, to 

food supplement, esthetic and cosmetic formulations. More recently, also some chemical 

derivatives of HA have received FDA approval and have been successfully introduced on the 

market, especially as DFs. As a proof of the great potential of this molecule in terms of real 

benefits for health, a search on the patent database Questel (Paris, France) was conducted (on 

20 April 2018) and resulted in Table 2.2. that illustrates the interest toward HA. 

Table 2.2. Data on hyaluronan patents resulting from the database Questel (Paris, France). 

Total 13,684 

Alive 8749 

Dead 4935 

1st application year unknown 

After 2015 2717 

2011–2015 4568 

2006–2010 2647 

2001–2005 1694 

Before 2001 2058 

Although hyaluronan displays a great number of potential applications, further 

investigations and technological improvements are required, as there are still some questions 

to be answered and some issues to be addressed. First of all, many aspects of HA metabolism, 

receptor clustering and affinity still need to be explored to understand the different biological 

actions that hyaluronan has through changes in MW fully. Additional insight needs to be 

gained in understanding whether there is a relation between HA size and localization and how 

concomitant use of different HA sizes may modulate signaling. The comprehension of all 

these mechanisms could provide opportunities to extend and improve hyaluronan 

pharmaceutical, biomedical, cosmetics and food supplements applications, obtaining more 
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targeted effects. Towards this aim, the key mechanisms that control MW during HA 

biotechnological synthesis should be clarified to develop methods to produce more uniform 

size-defined HA. Additionally, progresses in metabolic engineering are necessary to improve 

HA yield and find biosynthetic strategies with good sustainability and acceptable production 

cost. Furthermore, the preparation of hyaluronan chemical derivatives needs to be optimized, 

using strategies such as one-pot reactions, chemo-selective synthesis, solvent-free methods 

and “click chemistry” approaches. Furthermore, the reproducibility of HA derivatives during 

scale-up, their pharmacokinetic and pharmacodynamic properties must be improved to allow 

their successful commercialization. Finally, all the HA-based next generation products, such 

as innovative crosslinked derivatives, polymer-drug conjugates and delivery systems, should 

be developed, enabling high biocompatibility, prolonged half-life and improved in situ 

permanence: hence, in vivo and clinical studies are required to characterize their safety and 

efficacy fully. Nevertheless, to date, recent in vitro research works have shown promising 

results, which open encouraging perspectives for safe and health uses of these novel 

derivatives: for example, HA-CL has displayed high biocompatibility towards human corneal 

and lung epithelial cell, as well as interesting anti-inflammatory, antioxidant and wound 

healing properties (Fallacara et al., 2017b, 2018).  
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CHAPTER 3 
 

Synthesis and rheology of urea-crosslinked hyaluronic acid 
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3.0. Preface 

Chapter 3 describes the synthesis of the patented urea-crosslinked hyaluronic acid 

(HA-CL), an innovative and high quality biopolymer intended for aesthetic and cosmetic 

applications. HA-CL has been developed to increase the rigidity of the polymer network (i.e., 

the gel viscoelasticity), thus obtaining a product with extended permanence in the site of 

application and reduced susceptibility to enzymatic degradation compared to native HA. This 

crosslinked biopolymer has been designed for the treatment of wrinkles and for the 

reconstitution of human tissues that have been removed after surgery, such as breast tissue. 

However, considering the safety and the health effects of both urea and HA, HA-CL can also 

be suitable to formulate cosmetic and pharmaceutical formulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 66 

3.1. Abstract 

With ageing, hyaluronic acid (HA) skin content decreases and this determines the loss of 

dermal hydration and the appearance of wrinkles. The injection of HA dermal fillers (DFs) 

represents a non-surgical procedure to restore lost volumes and correct facial imperfection. 

The main limitation of HA, when used in its native form, is its short durability; hence, to 

obtain more long-lasting effects, the polymer is subjected to crosslinking, preferably with 

natural molecules which also hold intrinsic activity. In this context, a simple procedure to 

synthetize urea-crosslinked hyaluronic acid (HA-CL) in aqueous ambient has been developed. 

HA-CL has been characterized for its macroscopic appearance, pH and rheological properties. 

The rheological profile of the biopolymer was also assessed after terminal sterilization by 

means of autoclave for 20 minutes, at 121°C, and lyophilisation. 

Keywords: aesthetic; cosmetic; crosslinking; dermal fillers; hyaluronic acid; physico-

chemical properties; rheological properties; synthesis. 
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3.2. Introduction 

As widely discussed in chapter 2, hyaluronic acid (HA) is an important component of the 

human skin (roughly, 7.5 g for a 70-kg adult), but it content decreases with ageing, provoking 

several undesired effects -the most visible are loss of skin hydration, elasticity and volume, 

which are responsible for wrinkles (Fallacara et al., 2018a). Therefore, over the last few years, 

HA has been widely used as a biomaterial to develop dermal fillers (DFs), which are class III 

medical devices that, injected into or under the skin, restore lost volumes and correct facial 

imperfections such as lines, wrinkles, folds, furrows or scars (Fallacara et al., 2017a, 2018a). 

Non-surgical procedures based on DFs injections are actually the most performed practices to 

reduce facial rhytides and restore facial volume and contours (Fallacara et al., 2017a). 

According to data from the American Society of Plastic Surgeons (ASPS), patients 

undergoing facial rejuvenation treatments with soft tissue fillers experience a continuous and 

important growth: 2017 marked 2,691,265 treatments -increase of 3% respect to 2016-: out of 

this total, 2,091,476 procedures were performed with hyaluronan DFs (American Society of 

Plastic Surgeons, 2017). Indeed, being characterized by most of the properties that an ideal 

DF should have -biocompatibility, biodegradability, viscoelasticity, safety, versatility-, HA 

DFs have become the most popular agents for soft tissue contouring and volumizing 

(Fallacara et al., 2017a, 2018a). The main limitation of HA, when used in its native form, is 

its short durability -about 1⁄2 days- due especially to the rapid enzymatic degradation 

(Fallacara et al., 2017a). To increase the rigidity of the polymer network (i.e., the gel 

viscoelasticity), extend its permanence in the site of application, and reduce its susceptibility 

to enzymatic degradation, HA is subjected to crosslinking (Fallacara et al., 2017a). HA 

classical crosslinkers are difunctional molecules of synthetic origin, for example divinyl 

sulfone and butanediol-diglycidyl ether (BDDE) (Fallacara et al., 2017a, 2018a). According 

to a recent trend, which aims to increase the biocompatibility and biodegradability of HA 

crosspolymers, and improve their beneficial effects, HA chains can be linked by natural 

crosslinkers that also hold intrinsic activity once released from HA by hydrolytic enzymes 

(Fallacara et al., 2017a). Thus, multifunctional polymers, consisting of complementary active 

agents, can be obtained (Fallacara et al., 2017a).  

Toward this end, urea-crosslinked hyaluronic acid (HA-CL) has been synthetized from 

urea and native HA of bacterial origin, as high quality polymer intended for aesthetic and 

cosmetic applications. It can be applied in any area of the body, for example face, lips, 

periocular area, breasts and buttocks, and can be injected or implanted in the epidermis, 

dermis or hypodermis (Citernesi et al., 2015, WO/2015/007773 A1). Depending on the HA-

CL concentration -on average from 15 to 30 mg/mL- it is possible to obtain DFs suitable for 

the treatment of wrinkles from fine to very deep, and with different duration of results -on 

average from 5 to 10 months (experimental study still ongoing) (Fallacara et al., 2017a). This 

crosslinked biopolymer is also suitable for the reconstitution of human tissues that have been 

removed after surgery, such as, for example, in the case of surgical removal of breast tissue or 

liposuction (Citernesi et al., 2015, WO/2015/007773 A1). 

Urea, the crosslinker of HA-CL, is an organic compound chemically structured as a 

carbonyl group attached to two amine residues. It is physiologically present in the human 

body, and, therefore, it is extremely biocompatible. Urea has well-known keratolytic and 

moisturizing actions, due to its ability of water retention, that promotes cellular regeneration 
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and reparation (Fallacara et al., 2017a). For these reasons, urea is safely and effectively used 

to treat a wide variety of diseases, such as dry and scaly skin (ichthyosis, xerosis, psoriasis, 

corns, calluses), damaged cutaneous annexes (ingrown, devitalized nails), non-infectious 

keratopathy, and injured corneal epithelium (Fallacara et al., 2017a, b).  

Due to the safety and the health effects of both urea and HA (chapter 2), HA-CL can be 

suitable to formulate not only DFs and cosmetic products, but also pharmaceutical 

formulations. With the researches described in the present PhD thesis, it has been 

experimentally proved that this dualistic crosspolymer can be useful for the resolutions of 

tissue injuries due to its re-epithelialization and hydration effects (Fallacara et al., 2017a, b, 

2018b), as well as for the formulations of microcarriers which act as delivery systems for 

pharmaceutical and cosmetic active ingredients (Fallacara et al., 2018c). Therefore, HA-CL 

could represent a promising, interesting, and versatile innovative polymer which finds 

multiple applications not only in the aesthetic and cosmetic fields, but also in the medical and 

pharmaceutical spheres (Fallacara et al., 2017a, b, 2018a, b, c). 

3.3. Synthesis of HA-CL 

The process of preparation of HA-CL (Figure 3.1.) has been invented and then patented 

by Citernesi and coworkers (2015, WO/2015/007773 A1).  

Briefly, 8 g of native HA of bacterial origin were dissolved into 72 g of saline. 

Separately, 4 g of urea were dissolved into 16 g of 0.2 M HCl. Once completely homogenous, 

these two solutions were mixed to obtain a solution with a pH in the range from 3.5 to 4. The 

product was thermostated at 35 ± 2°C for 24 h. Afterwards, the excess of urea was eliminated 

by dialysis, and the pH of the purified product was adjusted to reach a final value in the range 

5.5-7.5 (Citernesi et al., 2015, WO/2015/007773 A1).  

 

Figure 3.1. Synthesis of HA-CL with urea (Fallacara et al., 2017b). 

According to some embodiments, the biopolymer newly formed from the polymerization 

reaction was in the form of a transparent, colorless and macroscopically homogenous 

hydrogel. In other embodiments, the HA-CL obtained with the method herein described was 

freeze-dried (Citernesi et al., 2015, WO/2015/007773 A1). 
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3.4. Rheological characterization of HA-CL 

The rheological analyses were performed on the HA-CL hydrogel obtained according to 

the above described synthetic method, and on HA-CL hydrogel prepared by re-hydration of 

the freeze-dried product of synthesis (Citernesi et al., 2015, WO/2015/007773 A1).  

The rheological tests were performed using a Rheometer Physica MCR-101 from Anton 

Paar at 23 ± 0.05°C. Tests were conducted both in continuous and oscillatory flow conditions 

using PP50-P2 sensor (50 mm parallel plates with serrated surfaces) with fixed gap (1 mm). 

The rheometer was connected to the Rheoplus software for data analysis.  

The samples flow properties were measured in continuous flow conditions, with a 

controlled shear rate test, by recording viscosity values (η) at increasing shear rate, ranging 

from 0.001 to 1000 s
-1

. 

The viscoelastic behaviour of HA-CL hydrogels was investigated through tests in 

oscillatory flow conditions. An amplitude sweep test was performed at a fixed frequency of 

1 Hz, increasing the strain (γ) from 0.01% to 1000% in order to identify the linear viscoelastic 

region of each product. Afterwards, a frequency sweep test was performed at a fixed strain 

(belonging to the linear viscoelastic region), with frequency ranging from 0.01 Hz to 10 Hz. 

This allowed the study of the inner structure of the samples and the trend of storage (G’) and 

loss (G’’) moduli. 

Flow measurements of the hydrogels showed superimposable flow curves for HA-CL and 

lyophilized HA-CL: both samples exhibited a shear-thinning behaviour, with comparable 

viscosity values (Figure 3.2.). For example, when the shear rate was 0.001 s
-1

, the viscosity 

was 2316 Pa.s for HA-CL, and 2194 Pa.s for lyophilized HA-CL; when the shear rate was 

1000 s
-1

, the viscosity was 497 Pa.s for HA-CL, and 421 Pa.s for lyophilized HA-CL. 

 

 

Figure 3.2. Flow curves of HA-CL and lyophilized HA-CL, showing the viscosity (η) as a function of 

the shear rate (γ•). 

The results of the amplitude sweep test showed comparable values of storage (G’) and 

loss (G’’) moduli, and comparable linear viscoelastic regions for both HA-CL and lyophilized 

HA-CL (Figure 3.3.)  
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Figure 3.3. Amplitude sweep test of HA-CL and lyophilized HA-CL, showing the storage (G’) and 

loss (G’’) moduli as a function of the strain (γ). 

Finally, oscillatory measurements (Figure 3.4.) showed that G’-G’’ crossover took place 

at a very similar value of angular frequency (ω ~ 0.8 rad/s) for HA-CL and lyophilized 

HA-CL, demonstrating that the lyophilization process did not impact on the polymer elastic 

properties  (Citernesi et al., 2015, WO/2015/007773 A1).  

 

Figure 3.4. Frequency sweep test of HA-CL and lyophilized HA-CL, showing the storage (G’) and 

loss (G’’) moduli as a function of the angular frequency (ω). 

Hence, HA-CL exhibited a good resistance to freeze-drying. Indeed, after water removal 

and subsequent rehydration, it was possible to obtain a polymer with features similar to the 

one not subjected to freeze-drying (Figure 3.2., 3.3., 3.4.) (Citernesi et al., 2015, 

WO/2015/007773 A1). 
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4.0. Preface 

Hyaluronic acid (HA) is a natural component of the human eye and tear fluid. For this 

reason, artificial tears based on native HA are widely used to protect and lubricate the eye 

tissues, and to restore the ocular physiological conditions. Currently, to enhance the ocular 

residence time and the healthful effects, also novel derivatives of HA with improved 

mechanical and biological properties are being investigated as eye drops. In chapter 4, urea-

crosslinked hyaluronic acid (HA-CL) is explored as novel biopolymer to formulate artificial 

tears with re-epithelialization properties.   
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4.1. Abstract 

Dry eye syndrome is a common disease which can damage the corneal epithelium. It is 

treated with eye drops to stimulate tear production and hydrate the corneal surface. The most 

prescribed artificial tear remedies contain hyaluronic acid (HA), which enhances epithelial 

wound healing, improving tissue health. To the best of our knowledge, only a few recent 

studies have investigated cross-linked HA (HA-CL) in eye drops for human applications. This 

work consists in an in vitro evaluation of the re-epithelialization ability of two different 

preparations containing a recently synthetized HA cross-linked with urea: 0.02% (w/v) HA-

CL (solution 1, S1), and 0.4% (w/v) HA-CL (solution 2, S2). The study was conducted on 

both 2D human corneal cells (HCEpiC) and 3D reconstructed tissues of human corneal 

epithelium (HCE). Viability by 3(4,5-dimethylthiazol-2)2,5-diphenyltetrazolium bromide 

(MTT) test, pro-inflammatory cytokine release (interleukin-8, IL-8) by ELISA, and 

morphology by hematoxylin and eosin (HE) staining were evaluated. In addition, to 

understand the molecular basis of the re-epithelialization properties, cyclin D1 levels were 

assessed by western blot. The results showed no cellular toxicity, a slight decrease in IL-8 

release, and restoration of epithelium integrity when the wounded 3D model was treated with 

S1 and S2. In parallel, cyclin D1 levels increased in cells treated with both S1 and S2.  

Keywords: anti-inflammatory; artificial tears; corneal epithelium; cyclin D1; dry eye 

syndrome; HA; HA-CL; IL-8; re-epithelialization.  
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4.2. Introduction  

Dry eye syndrome or keratoconjunctivitis sicca (KCS) is a multifactorial disease of the 

tears and ocular surface, that results in symptoms of discomfort and visual disturbance, 

related to lacrimal film instability, with potential damage to the corneal epithelium (Lemp et 

al., 2007). It is accompanied by increased osmolarity of the tear film and inflammation of the 

ocular surface. When left untreated, this condition can provoke pain, ulcers, scars on the 

cornea, and even vision impairment (Lemp et al., 2007). Tear supplementation is the mainstay 

of the current therapy for the management of dry eye syndrome. This approach consists in the 

administration of artificial tears (which usually contain hydrophilic polymers) designed with a 

focus on physical properties relating to hydrating and lubricating of the ocular surface. Ideal 

tear replacement should recover and maintain a structurally and functionally normal ocular 

epithelium (Lemp et al., 2007) and consequently improve patient ocular comfort and quality 

of life by alleviating and eliminating both the signs (objective) and symptoms (subjective) of 

the disease.  

Natural tears have a particular rheological profile; they are viscous under static conditions 

in the eye, while they are much less viscous during blinking. This behaviour could be well 

reproduced by hyaluronic acid (sodium salt) eye drops. HA is a biocompatible and 

biodegradable polymer. It is a vital component of human ocular physiology: it naturally 

occurs in the vitreous, lacrimal gland, corneal epithelium and conjunctiva (Berriaud et al., 

2005; Lapcik et al., 1998; Stuart and Linn, 1985; Yoshida et al., 1996), and it has also been 

found in tear fluid (Berry et al., 1998; Frescura et al., 1994; Fukuda et al., 1996). HA has a 

unique viscoelastic profile. During blinks, shear stress causes HA molecules to align with 

each other. As a result, the solution momentarily loses its viscosity and spreads easily over the 

cornea surface. Between blinks, HA chains form a tangled meshwork, and the solution 

becomes more viscous. This stabilizes the pre-corneal tear film, and maximizes the solution 

residence time on ocular surface, where HA is able to improve eye hydration and lubrication, 

due to its hygroscopic and mucus-adhesive properties (Nakamura et al., 1993). Moreover, HA 

has been shown to stimulate corneal epithelial cell migration, and to possess anti-

inflammatory and antioxidant properties: consequently, it might play a role in wound healing 

(Gomes et al., 2004; Inoue and Katakami, 1993; Nishida et al., 1991; Presti and Scott, 1994; 

Scott, 1995). The complete set of all these properties makes HA well suited for use in 

artificial tears. Many studies have been conducted to evaluate the safety and efficacy of HA 

solutions as eye drops. They have all highlighted appreciable improvements of KCS 

symptoms and signs, associated with HA concentration and molecular weight (generally 0.1–

0.4% solutions of 0.8–1.4 MDa HA) (Aragona et al., 2002; Dumbleton et al., 2009; Hamano 

et al., 1996; Johnson et al., 2006; Prabhasawat et al., 2007; Sand et al., 1989; Stuart and Linn, 

1985). All this explains why actually there are several HA-containing eye drops commercially 

available. However, most of the HA-containing artificial tears available on the market are 

characterized by the linear form of this polymer; there are only few and recent examples of 

eye drops consisting of HA-CL. Cross-linking is a chemical strategy with the aims to increase 

the rigidity of the polymer network (i.e., the gel viscoelasiticity), extend its permanence in the 

site of application and decrease its susceptibility to enzymatic degradation, thus reducing the 

daily number applications of a formulation (Fallacara et al., 2017). To the best of our 

knowledge, only a few recent literature reports describe the effects of ophthalmic 
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formulations –hydrogels, films, artificial tears-containing HA-CL for veterinary (Williams 

and Mann, 2013, 2014; Williams et al., 2017; Wirostko et al., 2014; Yang et al., 2010) and 

human uses (Cagini et al., 2017; Calles et al., 2013, 2016; Postorini et al., 2017). These 

studies show promising results that open interesting perspectives to the ocular administration 

of cross-linked hyaluronans. Hence, the present work was devised with the aim to investigate 

the safety and the efficacy of eye drops based on a novel HA-CL to improve corneal re-

epithelialization. More precisely, we examined the in vitro re-epithelialization capability of 

HA-CL preparations on both 2D and 3D human corneal epithelium model. In order to explore 

efficacy ranges, concentrations close to the ones of HA eye drops in the market, namely 

0.02% and 0.4%, were assayed. The HA-CL used in this study is a recently patented polymer 

(Citernesi et al., 2015, WO/2015/007773 A1), provided with greater consistency as compared 

to naturally occurring hyaluronic acid (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara 

et al., 2017). This polymer consists of HA chains cross-linked by urea acting as a 

multifunctional agent (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara et al., 2017). 

Indeed, urea is not only a cross-linking agent –which increases native HA viscosity by linking 

its chains, thus possibly determining a longer retention on the corneal epithelium. Urea is also 

a non-toxic molecule with intrinsic healthy activity (Citernesi et al., 2015, WO/2015/007773 

A1; Fallacara et al., 2017). Therefore, urea-cross-linked hyaluronic acid is a promising 

polymer, because it has been developed not only to improve the mechanical properties of 

native HA, but also its biological activities (Citernesi et al., 2015, WO/2015/007773 A1; 

Fallacara et al., 2017). In fact, urea is well known to be a moisturizing agent, thanks to its 

ability of water retention, which promotes cellular regeneration and reparation (Fallacara et 

al., 2017). Charlton et al. (1996) found that topical urea is able to encourage corneal re-

epithelialization and to limit epithelial damage after injury to corneal epithelium. Therefore, 

all the beforehand mentioned studies about the ophthalmic use of HA and urea suggest that 

HA cross-linked with urea (Citernesi et al., 2015, WO/2015/007773 A1) could be an 

innovative promising ingredient for eye drops to induce corneal re-epithelialization. The 

herein described application of urea-crosslinked hyaluronan in the formulation of ophthalmic 

medicaments and medical devices is so far unprecedented.  

4.3. Materials and methods  

4.3.1. Materials 

HA-CL with urea (Mw 2.0–4.0 MDa) was a patented raw material (Citernesi et al., 2015, 

WO/2015/007773 A1) kindly provided by IRAlab (Usmate Velate, Monza-Brianza, Italy). 

The solvent used for the preparation of HA-CL solutions was a saline-buffered solution 

consisting of Milli-Q water, NaCl, Na2HPO4 ·12H2O, and NaH2PO4 ·H2O (pH 7.0). All the 

salts were in compliance with European or USP Pharmacopoeia. 

4.3.2. Formulation of HA-CL solutions 

Two different prototypes of solutions were formulated: 0.02% (w/v) HA-CL (solution 1, 

S1) and 0.4% (w/v) HA-CL (solution 2, S2). Each formulation was prepared by dissolving the 

polymer in the above described saline-buffered solution. The polymer was left to hydrate 
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under gentle magnetic stirring, at room temperature, for about 1 h, until reaching a transparent 

and homogeneous appearance. The solutions were sterilized through 0.2 μm Stericup® 

vacuum driven sterile filters (Millipore, Canton-Schaffhausen, Switzerland), and then they 

were stored at room temperature (23 ± 2 ◦C) before being evaluated. 

4.3.3. Physical-chemical characterization and stability of HA-CL solutions 

Immediately after their preparation, the two prototypes of solutions were characterized by 

measuring in triplicate their pH and their viscosity (η, rotational viscometer VISCO-STAR 

equipped with TL5 spindle, Fungilab, Barcelona, Spain) at room temperature (23 ± 2 ◦C). 

Moreover, pH, η and macroscopic appearance of HA-CL solutions were monitored 

during time to evaluate the physical-chemical stability of the eye drops prototypes. After the 

preparation, each formulation was divided into two aliquots, one stored for six months at 

ambient temperature (23 ± 2 ◦C, shelf life), and the other stored for six months in thermostatic 

oven (40 ± 2 ◦C, accelerate stability test). At selected time intervals (i.e., 1 week, 1, 2, 3, 6 

months after the preparation), the samples were evaluated in triplicate for physical-chemical 

and organoleptic characteristics. Data were reported as mean values ± standard deviations. 

4.3.4. In vitro efficacy study 

4.3.4.1. Experimental scheme 

The adopted experimental scheme was: 

- negative control condition: tissues not wounded and not treated (CTR−);  

- positive control condition: tissues wounded but not treated (CTR+); 

- treated conditions: tissues wounded and treated with the samples (S1 and S2). 

Four tissues for each experimental condition were used. 

4.3.4.2. Cell cultures 

The in vitro evaluations of the safety and the re-epithelialization capability of HA-CL eye 

drops prototypes were performed on two different biological models: 3D reconstructed tissues 

of HCE and 2D HCEpiC. 

The biological model consisting of 3D HCE, built from immortalized cells of human 

cornea (Model HCE–SkinEthic, Lyon, France) (Van Goethem et al., 2006), was used for the 

viability study (MTT test), the determination of IL-8 release (ELISA test), and the 

morphological investigations (HE staining). The 3D HCE was a 0.5 cm2 corneal epithelium 

reconstructed by airlifted culture of transformed human corneal keratinocytes, placed for 5 

days in chemically defined medium, on inert polycarbonate filter, at the air/liquid interface. 

After 6 days of reconstruction, corneal tissues were wounded by scalpel (with the exception 

of the negative control) and placed into plates with growth medium for the different 

treatments. 30 μL of test solutions (S1 and S2) were applied on the wounded tissues and 

incubated for 48 and 72 h at 36.5 ◦C/5% CO2. No substance was applied to negative and 
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positive control tissues. Tissues were thus subjected to MTT test, ELISA test and HE staining. 

The 2D biological model consisting of commercial HCEpiC cells was employed to 

confirm the wound healing properties of S1 and S2 (scratch assay), and to understand the 

molecular basis of the re-epithelialization in wound closure induced by S1 and S2 (cyclin D1 

quantification by Western blot). HCEpiC cells grown in the corneal epithelial cell medium 

(ScienCell Research Laboratories, Inc., Carlsbad, CA, USA). Cells were incubated at 37 ◦C 

for 24 h in 95% air/5% CO2 until 80% confluence. The medium was changed every 4 days, 

and cells from passages 2–4 were used for experiments. Tissues were thus subjected to 

scratch assays and western blot tests. 

4.3.4.3. Cell viability 

To evaluate the suitability, the safety and the effect on corneal cells viability of HA-CL 

eye drops prototypes, an in vitro MTT assay was conducted. After the treatment of 3D HCE 

cells as above described (Section 2.4.2), the tissues were rinsed three times with 1 mL of PBS, 

arranged in 300 μL of 0.5 mg/mL MTT solution and then incubated for 3 h at 36.5 ◦C/5% 

CO2. Each tissue was transferred into a well containing 1.5 mL of isopropanol and incubated 

for 2 h at room temperature. Hereafter, the tissues were removed from the wells and 

homogenized to dissolve formazan salts. Two hundred μL of this solution were transferred in 

a 96 well-plate and absorbance reading was performed at 570 nm (isopropanol was used as 

blank for reading). For each test condition the ratio of the average optical density of the 

treated tissues on the average optical density of negative controls determined the viability 

rate. Data were reported as mean values ± standard deviations (expressed in %), and as mean 

% variations compared to the controls. 

4.3.4.4. IL-8 ELISA test 

The inflammatory state of control and treated (S1 and S2) tissues was evaluated using 

ELISA test to quantify the pro-inflammatory marker interleukin-8 (IL-8). Therefore, after 3D 

HCE cells preparation as above described (Section 2.4.2), controls and treated tissues were 

undergone to IL-8 dosage using IL-8 ELISA commercial kit (ThermoFisher Scientific, 

Milano, Italy), according to the manufacturer′s instructions. For the quantitative 

determination, it was used a previously plotted calibration curve made-up of standard known 

and growing concentrations of IL-8. The results of IL-8 dosage in cell culture CTR−, CTR+ 

and treated with the two solutions at 48 and 72 h were reported as mean values ± standard 

deviations (expressed in pg/mL), and as mean % variations compared to the controls. 

4.3.4.5. Epithelial corneal wound closure 

Epithelial integrity and repair phenomena that followed wound induction were first of all 

studied on 3D HCE cells, and then confirmed on 2D HCEpiC. 

Control and treated tissues of 3D HCE were cultured and prepared as previously described 

(Section 2.4.2), and after stained with hematoxylin-eosin (HE) (Fischer et al., 2008). 

Microscope examination permitted to investigate the histology of the tissues. Indeed, 
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hematoxylin, being a basic dye, coloured in blue/violet the negatively-charged cellular 

components principally located in the nucleus -nucleic acids, membrane proteins, cellular 

membranes, elastin-, while eosin, being an acid dye, stained in pink the positively charged 

cellular components predominantly situated in the cytoplasm and in the extracellular area -

proteins, mitochondrial proteins, collagen fibers. The staining permitted to examine tissue 

integrity. 

To confirm the wound healing properties of S1 and S2, HCEpiC cells were subjected to 

wound healing assay performed as previously described (Valacchi et al., 2009). Briefly, 

HCEpiC cells, grown to confluent monolayer on 48-well plates, were mechanically scratched 

with a 200-μL sterile pipette tip, washed and then allowed to re-epithelialize for 36 h in the 

presence of S1 and S2. Serial bright-field images of scratches were captured at different time 

points (i.e., 0, 12, 24 and 36 h post-scratch). Then, changes in wound area at various time 

points for each treatment group were measured using Image-J software (National Institutes of 

Health, Bethesda, MD, USA), and compared to the wound area at 0 h, which was arbitrarily 

set as 100. 

4.3.4.6. Western blot analysis 

To evaluate cell proliferation, HCEpiC cells were seeded on cell culture dishes and, at 

subconfluence (50%), treated with the two solution S1 and S2. At 12 h, the cells were washed 

with ice-cold PBS and lysed in ice-cold lysis RIPA buffer. After centrifugation (15,000× g, 15 

min at 4 ◦C), the supernatants were collected. Protein concentrations were determined using 

the Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Total protein 

extracts (20 μg) were loaded onto 10% sodium dodecyl sulphate–polyacrylamide 

electrophoresis gels and separated by molecular size. Gels were electro-blotted onto 

nitrocellulose membranes and then blots were blocked for 1 h in Tris-buffered saline, pH 7.5, 

containing 0.5% Tween 20% and 3% milk. Membranes were incubated overnight at 4 ◦C with 

Cyclin D1 antibody (Cell Signaling Technology, Inc., Danvers, MA, USA). The membranes 

were then incubated with horseradish peroxidase-conjugated secondary antibody for 1 h, and 

the bound antibodies were detected by chemiluminescence (Bio-Rad Laboratories, Inc.). β-

actin (Cell Signaling Technology, Inc.) was used as loading control. Images of the bands were 

recorded with a ChemiDoc imaging system (Bio-Rad Laboratories, Inc.) and the densitometry 

analysis was performed using Image-J software. Results are expressed in arbitrary units as 

relative to β-actin expression. 

4.3.4.7. Statistical analysis 

Obtained data in the different experimental groups were subjected to statistical analysis 

and compared according to one-way ANOVA and Tukey-Kramer test. The variations were 

considered significant for p < 0.05. 
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4.4. Results and discussion 

4.4.1. Synthesis of HA-CL 

Hyaluronic acid cross-linked with urea (Figure 4.1.) was prepared as reported by 

Citernesi and co-workers (2015, WO/2015/007773 A1). 

 

Figure 4.1. Synthesis of HA-CL with urea.  

4.4.2. Physical-chemical characterization and stability of HA-CL solutions 

In this study, two prototypes of eye drops were obtained by gently dissolving HA-CL into 

a saline-buffered aqueous solution. Immediately after their preparation, both the solutions 

displayed a transparent and homogenous appearance, and pH and viscosity (η) values were 

respectively 7.0 ± 0.0 and 1.6 ± 0.0 mPa·s for S1, and 7.1 ± 0.0 and 85.9 ± 0.0 mPa·s for S2; 

therefore, suitable for ophthalmic formulations. 

Table 4.1. Stability of S1 and S2 during 6 months, at 23 ± 2°C and at 40 ± 2°C: pH and viscosity 

values. 

Time T (°C) S1   S2 

pH 𝛈 (mPa∙s) 
 

pH 𝛈 (mPa∙s) 

Day 7 23 ± 2 7.0 ± 0.0 1.6 ± 0.0 
 

7.1 ± 0.0 85.9 ± 0.0 

 

40 ± 2 7.0 ± 0.0 1.6 ± 0.0 
 

7.1 ± 0.0 85.8 ± 0.0 

Month 1 23 ± 2 7.0 ± 0.1 1.6 ± 0.0 
 

7.0 ± 0.0 85.9 ± 0.0 

 

40 ± 2 7.0 ± 0.0 1.6 ± 0.0 
 

7.0 ± 0.0 85.8 ± 0.2 

Month 2 23 ± 2 7.0 ± 0.0 1.6 ± 0.1 
 

7.0 ± 0.1 85.9 ± 0.0 

 

40 ± 2 7.0 ± 0.0 1.6 ± 0.2 
 

7.0 ± 0.2 85.8 ± 0.1 

Month 3 23 ± 2 7.0 ± 0.0 1.6 ± 0.0 
 

7.0 ± 0.0 85.9 ± 0.0 

 

40 ± 2 7.1 ± 0.1 1.5 ± 0.0 
 

7.0 ± 0.0 85.6 ± 0.3 

Month 6 23 ± 2 7.0 ± 0.1 1.6 ± 0.0 
 

7.0 ± 0.0 86.0 ± 0.0 

  40 ± 2 7.1 ± 0.0 1.5 ± 0.2   7.0 ± 0.0 85.7 ± 0.0 
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The stability study showed that the both S1 and S2 met the intended physical and 

chemical quality standards, as well as functionality and aesthetics, when stored under 

appropriate conditions. Indeed, both the formulations appeared homogeneous and perfectly 

transparent during the whole test, maintaining their initial appearance under all the conditions. 

The pH and viscosity values were pretty much constant during the whole study (Table 4.1.). 

Conservation at high temperature condition (40 ± 2°C) provoked only extremely limited 

modifications of pH and viscosity parameters, which were more than acceptable (Table 4.1.). 

4.4.3. Cell viability  

Tear supplementation is the treatment of choice to control signs and symptoms of dry eye 

syndrome (Lemp et al., 2007), and HA artificial tears eye drops are and among the most 

studied (Aragona et al., 2002; Cagini et al., 2017; Dumbleton et al., 2009; Gomes et al., 2004; 

Hamano et al., 1996; Inoue and Katakami, 1993; Johnson et al., 2006; Nishida et al., 1991; 

Postorini et al., 2017; Prabhasawat et al., 2007; Sand et al., 1989; Stuart and Linn, 1985). 

Corneal re-epithelialization, recovery and maintenance of ocular epithelium physiological 

conditions can be promoted also by urea therapy (Charlton et al., 1996) Hence, the novel 

hyaluronan derivative cross-linked with urea could be a valid therapy for KCS. Prior to 

specific markers screenings, the effect of HA-CL on human corneal cells viability was 

assayed. Table 2 reports cell viability results (MTT test) at 48 and 72 h, under the 

experimental conditions CTR-, CTR+ and treated with S1 and S2 solutions. As reported in 

Table 2, the wound caused a decrease of cell viability in damaged untreated tissues (CTR+); 

however, cell viability increased during time (Table 2). The damaged and treated tissues 

showed a trend similar to the positive control at 48 h, while, after 72 h of exposure, the cell 

viability increased to reach values comparable to negative control (not damaged) (CTR-) 

(Table 4.2.). 

Table 4.2. Cell viability (MTT test) of CTR-, CTR+, S1 and S2 at 48 and 72 h. 

Condition   Cell Viability   % Variation vs CTR-   % Variation vs CTR+ 

    48 H 72 H   48 H 72 H   48 H 72 H 

CTR- 

 

100.0 ± 0.5 100.0 ± 8.4 

 

- - 

 

- - 

CTR+ 

 

72.4 ± 2.2 81.8 ± 4.4 

 

-27.6 -18.2 

 

- - 

S1 

 

76.4 ± 2.1 107.2 ± 0.5 

 

-23.6 +7.2 

 

+4.0 +25.4 

S2   74.4 ± 0.7 102.3 ± 2.0   -25.6 +2.3   +1.9 +20.5 

Statistical analysis showed that after 72 h there were significant differences in cell viability 

between damaged untreated tissue (CTR+) and treated tissues (S1 and S2), and no significant 

differences between undamaged untreated tissue (CTR-) and treated tissues (S1 and S2) 

(Table 4.3.). The viability parameter is correlated to cell proliferation that it is an index of the 

degree of tissue repair. Based on the results obtained, it was possible to conclude that both 

HA-CL solutions completely restored cell viability, thus promoting the re-epithelialization of 

the studied cellular model after 72 h. 
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Table 4.3. Anova and Tukey-Kramer test statistical analysis of cell viability (MTT test) of the 

conditions CTR-, CTR+, S1 and S2 at 48 and 72 h (statistically significant values in bold, p < 0.05). 

Condition   vs CTR-   vs CTR+   vs S1   vs S2 

    48 H 72 H   48 H 72 H   48 H 72 H   48 H 72 H 

CTR- 

 

- - 

 

0.00000 0.00983 

 

0.00000 0.41310 

 

0.00000 0.97145 

CTR+ 

 

0.00000 0.00983 

 

- - 

 

0.07789 0.00116 

 

0.58301 0.00474 

S1 

 

0.00000 0.41310 

 

0.07789 0.00116 

 

- - 

 

0.52885 0.72684 

S2   0.00000 0.97145   0.58301 0.00474   0.52885 0.72684   - - 

4.4.4. Effect of HA-CL on IL-8 levels 

To understand if HA-CL solutions were able to modulate inflammation due to wound 

induction, IL-8 levels were quantified in human corneal control and treated cells. The 

chemokine IL-8 was chosen as pro-inflammatory marker as it is released in epithelial tissues 

in a pro-inflammatory status. Table 4.4. reports the results of IL-8 levels (ELISA test) at 48 

and 72 h, in the experimental conditions CTR-, CTR+ and treated with S1 and S2 solutions. 

The wound caused an increased release, over time, of IL-8 in wounded untreated tissues 

(CTR+) (Table 4.4.). The treated tissues (conditions S1 and S2) showed a trend similar to the 

positive control (CTR+) throughout the exposure period, with an increase in IL-8 release 

compared to the negative control tissues (CTR-) (Table 4.4.). 

Table 4.4. IL-8 levels in CTR-, CTR+, S1 and S2 tissues assessed at 48 and 72 h by ELISA test. 

Condition   IL-8 pg/mL   % Variation vs CTR-   % Variation vs CTR+ 

    48 H 72 H   48 H 72 H   48 H 72 H 

CTR- 

 

616.5 ± 37.7 595.7 ± 35.9 

 

- - 

 

- - 

CTR+ 

 

762.2 ± 40.3 720.7 ± 49.5 

 

+23.6 +21.0 

 

- - 

S1 

 

699.5 ± 32.4 701.5 ± 36.4 

 

+13.5 +13.8 

 

-8.2 -2.7 

S2   664.3 ± 52.3 714.5 ± 58.2   +7.8 +15.9   -12.8 -0.9 

Statistical analysis showed that there was not a significant difference in IL-8 levels 

between the positive control (CTR+) and the treated tissues (S1 and S2), and also between the 

two treated tissues at both 48 h (Table 4.5.) and 72 h post-treatment (data not shown).  

Although no sample was able to significantly modulate IL-8 release in this particular 

experimental system, it was anyway possible to observe a slight reduction of IL-8 level in 

treated tissues compared to the positive control, especially at 48 h (-8.2% S1 vs 

CTR+, -12.8% S2 vs CTR+, Table 4.4.) suggesting a possible positive effect of S1 and S2. 
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Table 4.5. Anova and Tukey-Kramer test statistical analysis of IL-8 levels in CTR-, CTR+, S1 and S2 

tissues at 48 h (statistically significant values in bold, p < 0.05). 

Condition 48 H 

vs CTR- vs CTR+ vs S1 vs S2 

CTR- - 0.00625 0.15548 0.61723 

CTR+ 0.00625 - 0.37554 0.07523 

S1 0.15548 0.37554 - 0.82461 

S2 0.61723 0.07523 0.82461 - 

4.4.5. Epithelial corneal wound closure 

Histological analysis (HE staining) is a useful tool to study epithelial integrity and repair 

phenomena that follow the induction of mechanical damage. The histological images reported 

in Figure 4.2. represent the overtime wound closure of the different samples. The negative 

control CTR- had an intact and correct structure for the entire period of exposure. After 

wound, it is possible to appreciate a recovery of the damage overtime in the positive control 

CTR+ samples at 48 h and 72 h. The epitheliums treated with the two solutions S1 and S2 

exhibited a clear improvement in the wound closure respect to the positive control. 

To confirm the wound healing properties of S1 and S2, we also tested the two HA-CL 

solutions in a scratch assay on a 2D monolayer model of HCEpiC cells. Consistent with the 

3D results, at 36 h post-scratch, treated HCEpiC cells displayed a nearly (S1) or complete 

(S2) wound closure compared to untreated control cells (Figure 4.3.). In particular, a 

significant difference in wound closure was observed between S2 treated HCEpiC and 

untreated control cells (Figure 4.4.), showing that S2 importantly improved epithelial corneal 

wound closure.  

 

Figure 4.2. Histological analysis (HE staining) of 3D reconstructed tissues of human corneal 

epithelium. After wounding, HCE cells were incubated in growth medium with or without S1 and S2 

for 72 h. Representative images from each group were recorded at 48 and 72 h post-wounding. 
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Figure 4.3. In vitro wound healing assay of human corneal epithelial cells. After the scratch, HCEpiC 

cells were incubated in fresh medium with or without S1 and S2 for 36 h. Representative images from 

each group were recorded at 0, 12, 24 and 36 h post-scratching. The red lines indicate the wound 

borders. 

 

Figure 4.4. Quantification of wound healing in human corneal epithelial cells. The relative scratch gap 

was calculated as the percentage of the remaining wounded area at the given time point compared with 

the initially wounded area at 0 h. Data were expressed as mean ± SD (n = 3). *P < 0.05 compared with 

control. 
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4.4.6. Cyclin D1 protein levels 

To understand the molecular basis of the re-epithelialization properties of S1 and S2 in 

wound closure, the protein expression of cyclin D1, a cell-cycle regulator critical for G(1)-

phase progression and S-phase entry, was also analyzed. As showed in Figure 4.5., both S1 

and S2 treatments were able to induce a significant increase in cyclin D1 cellular levels after 

12 h respect to the untreated control cells. This evidence suggested that S1 and S2 solutions 

might be able to accelerate epithelial wound closure by promoting a cyclin D1-induced cell 

proliferation. 

 

Figure 4.5. Effect of S1 and S2 on the proliferative marker cyclin D1 in HCEpiC cells. The graph 

shows the cyclin D1 protein levels in HCEpiC cells treated with S1 or S2 for 12 h. Data are means ± 

SD of triplicate. * indicates statistically significant difference from untreated control at 0 h; 
§
 indicates 

statistically significant difference from untreated control at 12 h (one-way ANOVA, P < 0.05). 

4.5. Conclusions 

Although the preliminary nature of this in vitro study, we have clearly shown, for the first 

time, promising results for the use of artificial tears containing HA-CL with urea for the 

treatment of dry eye disease and corneal injuries in human eyes. The two prototypes of eye 

drops developed were characterized by a good chemical-physical stability, and resulted safe 

for ophthalmic application. Despite both S1 and S2 were not able to significantly reduce IL-8 

levels, they showed interesting wound healing properties. Indeed, according to the applied 

experimental protocol and to the data obtained, both the formulations showed a potential re-

epithelialization efficacy on the cellular models analyzed: a clear recovery of the wound was 
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observed in the 2D model and also in the 3D model. This was confirmed also by histological 

analysis, which showed the restoring of microscopic epithelial structure after treatment with 

S1 and S2. Our findings were in agreement with the results of previous in vitro and in vivo 

studies, which showed that corneal epithelial wound healing is promoted by native HA 

(Condon et al., 1999; Gomes et al., 2004; Inoue and Katakami, 1993; Nishida et al., 1991; 

Papa et al., 2001; Williams et al., 2012) and others type of HA-CL (Cagini et al., 2017; Calles 

et al., 2013, 2016; Postorini et al., 2017; Williams and Mann, 2013, 2014; Williams et al., 

2017; Wirostko et al., 2014; Yang et al., 2010). Moreover, Western blot analysis evidenced 

that, after the treatment with S1 and S2 eye drops, the level of the proliferative marker cyclin 

D1 was increased compared to the control. Therefore, the two HA-CL solutions accelerated 

the tissue proliferative process related to post-wound re-epithelialization. This study opens 

encouraging perspectives, since HA-CL with urea may promptly alleviate both signs and 

symptoms of dry eye syndrome, even if used at concentration lower (0.02% w/v) than the 

usually employed for native HA artificial tears (generally 0.1-0.4%) (Aragona et al., 2002; 

Condon et al., 1999; Dumbleton et al., 2009; Hamano et al., 1996; Johnson et al., 2006; 

Prabhasawat et al., 2007; Sand et al., 1989; Stuart and Linn, 1985). Therefore, HA-CL with 

urea eye drops could allow a rapid improvement of patient ocular comfort and quality of life 

through a therapy with absolutely acceptable costs. All these evidences and considerations 

strongly support further investigations, both in vitro and in vivo, for a deeper characterization 

of the biological activity of artificial tears containing HA-CL with urea. Moreover, further 

researches will be necessary to understand the ocular surface residence time and thus the 

required dose-frequency of eye drops containing HA-CL with urea, as well as their potential 

delivery through the membrane. 
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5.0. Preface 

The central aim of the present PhD thesis was to develop novel pharmaceutical and 

cosmetic formulations containing urea-crosslinked hyaluronic acid (HA-CL), in order to 

investigate its potentialities of in terms of bioactivity and delivery of active ingredients. 

Therefore, chapter 5 describes the formulation and the in vitro physico-chemical 

characterization of HA-CL microspheres (MS) intended for dermal delivery of sodium 

ascorbyl phosphate (SAP) -HA-CL – SAP MS. Considering that this was the first time that 

HA-CL – SAP MS were produced, reference formulations were also developed and 

characterized as terms of comparison: unloaded HA-CL MS, unloaded native hyaluronic acid 

(HA) microspheres (HA MS), SAP-loaded HA MS (HA – SAP MS). A systematic approach 

was employed to study the experimental features of the MS formulations, as well as their 

mechanisms of drug release. 
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5.1. Abstract 

The present work evaluates for the first time the use of urea-crosslinked hyaluronic acid 

(HA-CL), a novel derivative of native hyaluronic acid (HA), to produce microspheres (MS) 

by emulsification-solvent evaporation, for dermal delivery of sodium ascorbyl phosphate 

(SAP). As the term of comparison, HA MS were prepared. A pre-formulation study –

investigation of the effects of polymers solutions properties (pH, viscosity) and working 

conditions– led to the production of optimized HA-CL MS and HA-CL – SAP MS with: 

almost unimodal size distributions; mean diameter of 13.0 ± 0.7 and 9.9 ± 0.8 µm, 

respectively; spherical shape and rough surface; high yield -similar to HA MS and HA – SAP 

MS (≈ 85%). SAP was more efficiently encapsulated into HA-CL MS (78.8 ± 2.6%) 

compared to HA MS (69.7 ± 4.6%). Physical state, thermal properties, relative moisture 

stability of HA-CL MS and HA-CL – SAP MS were comparable to those of HA MS and HA 

– SAP MS. However, HA-CL – SAP MS exhibited an extended drug release compared to HA 

– SAP MS, despite the same kinetic mechanism –contemporaneous drug diffusion and 

polymer swelling/dissolution. Therefore, HA-CL formulation showed a greater potential as 

microcarrier (for encapsulation efficiency and release kinetic), that could be improved, in 

future, using suitable excipients.  

Keywords: dermal delivery; drug release; hyaluronic acid; urea-crosslinked hyaluronic acid; 

microspheres; sodium ascorbyl phosphate. 
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5.2. Introduction 

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan, pervasively diffused in 

the human body: it is found in the extracellular matrix, skin dermis, eye vitreous, hyaline 

cartilage, synovial fluid, and umbilical cord. HA is well known for its numerous biological 

functions (Fallacara et al., 2018a; Laurent et al., 1995) and its interesting properties such as 

biocompatibility, biodegradability, and mucoadhesion (Liao et al., 2005; Mayol et al., 2008). 

Moreover, HA has moisturizing, lubricant, and filler actions, and it is involved in wound 

healing and anti-inflammatory processes (Fallacara et al., 2018a; Liao et al., 2005). For these 

reasons, hyaluronan has widespread applications in medical, pharmaceutical, and cosmetic 

fields, and represents an interesting starting material -frequently combined to other active 

ingredients or excipients- in tissue engineering, viscosupplementation and drug delivery 

(Benedetti et al., 1990; Casale et al., 2015; El Kechai et al., 2017; Esposito et al., 2005; 

Fallacara et al., 2017a, 2018a; Li et al., 2017; Liao et al., 2005; Lim et al., 2000; Mayol et al., 

2008; Saadat et al., 2015). To design biomaterials with improved physical-chemical, 

viscoelastic and biological properties, native HA is often subjected to derivatization or 

crosslinking (Shimojo et al., 2015). Usually, HA is crosslinked with difunctional molecules of 

synthetic origin, for example, divinyl sulfone and diglycidyl ether (Ramamurthi and Vesely, 

2002; Tomihata and Ikada, 1997). Nevertheless, the recent trend consists in crosslinking the 

polymer with substances characterized by lower toxicity and intrinsic health activity. The aim 

is to obtain cross-polymers that can act as multifunctional molecules able to deliver active 

ingredients and to exert, at the same time, a health action (Fallacara et al., 2018a). Toward this 

end, we are actually investigating the possible pharmaceutical, cosmetic, and aesthetic 

applications of the new HA crosslinked with urea (HA-CL) (Citernesi et al., 2015, 

WO/2015/007773 A1; Fallacara et al., 2017a, b, 2018b). HA-CL is a recently patented 

biocompatible and biodegradable polymer, provided with greater consistency and bioactivity 

with respect to native HA (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara et al., 

2017a, 2018b). This is due to hyaluronan crosslinking with urea, a molecule naturally present 

in the human body and also employed as active substance. Indeed, urea is widely and safely 

used in pharmaceutical and cosmetic formulations because it is keratolytic and moisturizing, 

and thus it enhances cellular regeneration and reparation. Urea is useful to treat different 

diseases, such as dry skin, damaged cutaneous annexes, non-infectious keratopathy, and 

injured corneal epithelium (Albèr et al., 2013; Charlton et al., 1996; Pan et al., 2013). Hence, 

HA-CL could be a promising biomaterial for topical treatments requiring simultaneous re-

epithelialization and hydration for the resolution of aesthetic/functional skin and mucosae 

problems (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara et al., 2017a, b).  

Biodegradable and mucoadhesive polymers, in the form of microparticulate systems such 

as microspheres (MS), can accelerate skin wound healing (Degim, 2008) and extend the 

release of the encapsulated drugs (Abd El-Hameed and Kellaway, 1997; Esposito et al., 2005; 

Kulkarni et al., 2016). Acknowledging the aforementioned facts and properties of HA-CL, we 

decided to explore for the first time, with this work, the potentiality of HA-CL to formulate 

drug loaded MS intended for the dermal target. The preparative method chosen was a water-

in-oil (w/o) emulsification solvent evaporation technique, and native HA was used as 

reference polymer, as it has been already employed to produce MS (Esposito et al., 2005; Lim 

et al., 2000). This study has as its goal the provision of the perfect case scenario: to have an 
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active molecule, never loaded before into hyaluronan microcarriers, which could be 

satisfyingly encapsulated and then freely released by the MS. Therefore, sodium ascorbyl 

phosphate (SAP) was selected as the model drug for its high hydrophilicity (Khan et al., 

2017) and for its unprecedented encapsulation into hyaluronan MS. Moreover, SAP seemed to 

be an optimal candidate as it is characterized by good physical-chemical stability instead of 

ascorbic acid, and by several biological activities which go in synergy with those of HA. 

Indeed, SAP acts as a radical scavenger, with high capacity to reduce damages caused by 

photo-oxidation and lipid peroxidation, and it has strong antimicrobial activity on 

Propionibacterium acnes, the major bacterium responsible of acne vulgaris (Khan et al., 2017; 

Klock et al., 2005). The SAP is a non-irritating prodrug bioconverted by skin enzymes into 

ascorbic acid, which stimulates collagen synthesis and, therefore, increases skin elasticity 

(Amirlak et al., 2016; Spiclin et al., 2003). Hence, the combination of vitamin C derivatives 

and hyaluronan could open interesting perspectives. In fact, a recent study reported the safety 

of an HA sponge system containing a derivative of vitamin C used to reduce and treat scars 

(Amirlak et al., 2016). Additionally, the delivery of a combination of SAP and HA-CL 

showed enhanced anti-inflammatory and antioxidant activities with respect to the single SAP 

and HA-CL: hence, the association of SAP and HA-CL could be suitable as an adjunctive 

therapy for the treatment of inflammatory pulmonary disorders (Fallacara et al., 2018b). 

In this study, SAP-loaded hyaluronan MS were formulated using the novel 

urea-crosslinked hyaluronic acid. A preformulation study was performed to obtain optimized 

MS: particle features such as mean diameter, size distribution, yield (Y%), drug 

loading (DL%) and encapsulation efficiency (EE%) were investigated in relation to the 

properties of the starting polymeric solutions and to the emulsification time. The optimized 

MS were then characterized more in detail for their physical-chemical properties -

morphology, physical state, thermal behaviour and stability, moisture sorption and stability- 

and for their in vitro release profiles. An accurate and itemized theoretical study was carried 

out to understand and explain, with a systematic approach, the mechanisms of release and the 

experimental features of HA-CL formulations. Considering that this was the first research 

describing HA-CL MS, no excipients were added to the formulations, in order to investigate 

the actual polymer potentiality as microcarrier. Additionally, all the properties of SAP-loaded 

and unloaded MS of HA-CL were compared to SAP-loaded and unloaded MS of native HA 

(prepared as reference formulations).  

5.3. Materials and methods 

Native hyaluronic acid (sodium salt, molecular weight 1.2 MDa) and urea-crosslinked 

hyaluronic acid (molecular weight 2.0-4.0 MDa –raw material containing also pentylene 

glycol) were kindly given by I.R.A. Srl (Istituto Ricerche Applicate Srl, Usmate-Velate, 

Monza-Brianza, Italy). Sodium ascorbyl phosphate (known under the trade name STAY-

C®50) was purchased from DSM Nutritional Products Ltd (Segrate, Milano, Italy). Phosphate 

buffered saline (PBS) and hexane were supplied by Sigma-Aldrich (Schnelldorf, Germany). 

Mineral oil was obtained from Fagron (Quarto Inferiore, Bologna, Italy). Sorbitan monooleate 

(Span 80) was provided by Acef (Fiorenzuola D’Arda, Piacenza, Italy). 
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5.3.1. Preparation of hyaluronan and hyaluronan-SAP solutions (aqueous phases) 

HA 1% (w/v) solution and HA-CL 1% (w/v) solution were achieved through a 

progressive dispersion of the polymers in deionized water, under continuous magnetic stirring 

(300 rpm). Likewise, hyaluronan-SAP solutions 1% (w/v), 1:1- were prepared by dispersing 

the polymers into SAP water solutions, under constant magnetic stirring (300 rpm). The 

polymers were allowed to completely hydrate thus forming hydrogels, which were left to 

swell under moderate stirring, over 12 h, at room temperature, to reach homogeneous 

appearances. The gels were left at rest for 12 h prior to examinations or use as aqueous phases 

for MS formulation. 

5.3.2. Characterization of hyaluronan and hyaluronan-SAP solutions: pH and rheology 

Firstly, the pH of each hyaluronan aqueous phase was measured in triplicate using a 

digital pH meter (Docu pH+ meter, Sartorius Mechatronics, Goettingen, Germany). 

Secondly, hyaluronan hydrogels were subjected to rheological analyses, performed in 

triplicate, at 23 ± 2 °C, with a rotational rheometer AR2000 (TA Instruments, New Castle, 

Delaware, USA), equipped with an aluminum cone/plate geometry –diameter 40 mm, angle 

2°, 64 μm truncation. A solvent trap was used in order to prevent samples dehydration. The 

rheometer was connected to the Rheology Advantage software (version V7.20) for data 

analysis. 

Flow measurements were performed by a shear rate sweep, under steady state condition: 

after 1-min equilibration time, the shear rate (γ  ) was progressively increased from 0.01 to 

1000 s-1. The gels were compared for their zero-shear-rate viscosity (η0), which was 

determined by fitting the viscosity curves according to the Cross equation (Wetton and 

Whorlow, 1968) (Eq. 5.1.): 

        
     

       ̇  
                                                                                                       (Eq. 5.1.) 

where η is the viscosity at a given shear rate (Pa.s), 
  ̇ is the shear rate (s

-1
), η0 is the zero-

shear rate viscosity (Pa.s), η∞ is the infinite-shear rate viscosity (Pa.s), C is a multiplicative 

parameter (s) and n is a dimensionless exponent. 

where η is the viscosity at a given shear rate (Pa.s),  γ    is the shear rate (s-1), η0 is the 

zero-shear-rate viscosity (Pa.s), η∞ is the infinite-shear-rate viscosity (Pa.s), C is a 

multiplicative parameter (s) and n is a dimensionless exponent. 

Oscillatory measurements were then taken under the constant stress value of 0.2 Pa, 

which belonged to the viscoelastic linear regime (defined by a strain sweep test), where the 

hydrogels could not be subjected to irreversible structural modifications. The experiments 

were carried out with oscillation frequencies ranging from 0.01 to 100 Hz. The elastic 

modulus (G’) and the viscous modulus (G”), measured as a function of the frequency of the 

stress applied, allowed to evaluate the viscoelastic properties of the gels (Couarraze and 

Grossiord, 2000). More precisely, the samples were compared for their elastic modulus at 1 

Hz (G’1Hz, quantitative index of elasticity), and for their crossover frequency (Cf,, frequency 

where G’ is equal to G’’).  
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5.3.3. Formulation of HA and HA-CL microspheres containing or not SAP 

HA and HA-CL MS containing or not SAP were produced through a water-in-oil (w/o) 

emulsification solvent evaporation technique, adapted from the method described by Lim and 

co-workers (Lim et al., 2000).  

The aqueous phase was added dropwise (flow rate: 0,91 mL/min) into 100 g of mineral oil 

(oil phase) containing 1 % (w/w) sorbitan monooleate as the emulsifying agent, under 

moderate magnetic stirring (200 rpm), at 23 ± 2°C. The aqueous phase was then emulsified at 

1000 rpm, at 23 ± 2°C, into the oil phase, using a Silverson L5M A Laboratory Mixer 

(Silverson Machines, Buckinghamshire, United Kingdom), equipped with a fine emulsor 

screen workhead. Different emulsification times of 10, 30 and 60 min were investigated. 

Afterward, moderate magnetic stirring (200 rpm) and mild heating (37 ± 2°C) were constantly 

maintained for 12 h to guarantee the complete evaporation of the dispersed aqueous phase. 

The MSs thus formed were separated from the oil phase by centrifugation at 4000 rpm, at 23 

± 2°C, for 30 min (ALC Centrifuge PK110, OPTO-LAB, Concordia sulla Secchia, Modena, 

Italy). The pellets were resuspended in hexane and filtered under vacuum, at 23 ± 2°C, using 

a Millipore glass filtration system, equipped with a polyamide membrane, pore size 0.22 µm 

(Sartorius, Muggiò, Monza-Brianza, Italy). The collected MSs were finally dried in an oven at 

37 ± 2°C for 12 hours.  

5.3.4. MS yield, drug loading and encapsulation efficiency 

MS yield (Y%), drug loading (DL%) and drug encapsulation efficiency (EE%) were 

respectively calculated from Eqs. 5.2. – 5.4.:  

 

    
                       

                                            
                                                             (Eq. 5.2.)  

 

* HA-CL was provided as a raw material containing pentylene glycol. Being hydrophilic, this 

excipient was taken into account for the determination of HA-CL MS Y%, because 1% (w/v) 

HA-CL solutions contained 0.75% (w/v) pentylene glycol. 

 

    
                     

                       
                                                                                    (Eq. 5.3.)                                                                                                     

 

    
                    

                            
                                                                                 (Eq. 5.4.)                                                                                                        

 

For each MS formulation, all the determinations were performed in triplicate and the 

results were reported as the mean ± standard deviation (SD). 

The amount of encapsulated drug was determined by completely dissolving 30 mg of 

SAP loaded MS in 300 mL of release medium. Drug concentration was then assayed by 

ultraviolet (UV) spectroscopy (SHIMADZU UV-2600 spectrophotometer, Kyoto, Japan), at 

258 nm (wavelength value corresponding to SAP 𝜆max), on the basis of a previously plotted 
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calibration curve. Unloaded HA and HA-CL MS were tested to ensure that other components 

of the formulations were not characterized by UV absorbance at the scanning wavelength. 

5.3.5. Particle size analysis  

Particle size distributions of HA and HA-CL microspheres containing or not SAP were 

analyzed using laser diffraction (Malvern Mastersizer 2000, Malvern Instruments Ltd., UK). 

Samples of powder (ca. 10 mg) were dispersed through the Scirocco dry dispersion unit 

(Malvern, UK) with a feed pressure of 4 bars and a feed rate of 100%. Samples were analyzed 

in triplicate, with an obscuration value between 0.1% and 15% and a reference refractive 

index of 1.33. The volume weighted mean diameters (D[4,3]) and the median particle size by 

volume Dv50 were used to describe MS size. Size distributions were evaluated by calculation 

of samples Span values as follow (Eq. 5.5.): 

     
         

    
                                                                                                          (Eq. 5.5.) 

where Dv90, Dv10, and Dv50 are respectively the 90%, 10% and 50% cumulative volume 

distributions. Thus, the Span values gave a measure of the ranges of the volume distributions 

relative to the median diameters. 

5.3.6. SEM morphological analysis  

The morphology (shape and surface) of HA and HA-CL MS containing or not SAP was 

observed using a field emission scanning electron microscope (Zeiss EVO 40XVP, Carl Zeiss 

Pty Ltd., Oberkochen, Germany), with an acceleration voltage of 20 kV. Powder samples 

were deposited on carbon sticky tabs and sputter coated with a thin layer of gold-palladium, 

under an argon atmosphere, prior to analysis. The samples were then randomly scanned and 

photographed.  

5.3.7. X-ray powder diffraction 

X-ray diffraction measurements on SAP and SAP-loaded and unloaded MS were 

performed at 40 kV, 40 mA, with the Bruker AXS D8 Advance Geiger counter equipped with 

a two-dimensional (2D) gas-filled sealed multiwire detector (scattering-angle resolution of 

0.02° s-1). Monochromatized Cu Kα radiation (λ = 1.54 Å) was used. The analyses were 

performed in a 5-45° 2ϑ range, at ambient temperature. The intensity vs. scattering angle 

spectra was obtained after the radial average of the measured 2D isotropic diffraction patterns. 

Bragg peaks were detected in the wide-angle X-ray diffraction region (WAXD). 

5.3.8. Thermal analysis (DSC and TGA) 

The thermal profiles of SAP and MS formulations were studied using differential 

scanning calorimetry (DSC823e; Mettler-Toledo, Schwerzenbach, Switzerland). Roughly 5 

mg of samples were weighted and crimp-sealed in DSC standard 40 µl aluminum pans. 
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Samples were then subjected to a 10°C/min temperature ramp between -20 °C and 300 °C. 

The endothermic and exothermic peaks were determined using STARe software V.11.0x 

(Mettler Toledo, Greifensee, Switzerland).  

Moreover, the temperature stability and solvent evaporation of each sample were 

determined using thermal gravimetric analysis (TGA; Mettler-Toledo, Schwerzenbach, 

Switzerland). Approximately 5 mg of samples were placed on aluminum crucible pans. The 

weight losses of the samples were assessed by heating the samples from 20 °C to 400 °C, with 

a scanning rate of 5 °C/min, under constant nitrogen gas. Data were analyzed using STARe 

software V.11.0x (Mettler Toledo, Greifensee, Switzerland) and expressed as the percentage 

of weight loss comparing to initial sample weight. 

5.3.9. Dynamic Vapour Sorption (DVS) 

The relative moisture sorption and stability of SAP and MS formulations, with respect to 

humidity, were analyzed by Dynamic Vapour Sorption (DVS). Aluminum sample pans were 

loaded with 10 mg ca. of samples and then placed in the sample chamber of a DVS (DVS-1, 

Surface Measurement Systems Ltd., London, UK). Each sample was dried at 0% relative 

humidity (RH) before being exposed to 10% RH increments for two 0-90% RH cycles 

(25°C). Equilibrium of moisture sorption was determined, at each humidity step, by a change 

in mass to time ratio (dm/dt) of 0.0005% min-1. 

5.3.10. Solubility test 

The solubility of SAP in a release medium (0.01 M PBS, pH = 7.4) was assessed in triplicate 

by solvent saturation method. An excess amount of SAP was added into tubes containing 2.5 

mL of PBS. The tubes were sonicated into a water-bath sonicator at 32 KHz and 32°C, for 1 

h, and then stirred on a thermostated orbital shaker at 120 rpm and 32°C, for 24 h. The tubes 

were then centrifuged at 2000 rpm for 5 minutes. The supernatants were withdrawn, filtered 

using 0.22 µm polyamide syringe filters, diluted with PBS and analyzed by UV spectroscopy. 

5.3.11. In vitro drug release studies  

For topical microcarriers, there are no compendial or standard release methods and 

apparatuses (Balzus et al., 2016; Lusina Kregar et al., 2015). Therefore, in vitro release 

profiles of SAP from HA and HA-CL MS were evaluated with two different methodologies, 

under different experimental condition. 

5.3.11.1. Dialysis 

SAP release profiles were primarily obtained with dialysis method. A calculated amount of 

each test formulation containing ~10 mg of SAP was placed into a preconditioned dialysis 

bag (Slide-A-Lyzer G2, 10kDa MWCO, Thermo Fisher Scientific, Rodano, Milano, Italy), 

and dialyzed against 300 mL PBS (0.01 M, pH = 7.4), a release medium already described in 

the literature for drug release studies of dermal carriers (Balzus et al., 2016; Schlupp et al., 
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2011; Zoubari et al., 2017). The whole set-up was continuously stirred at 150 rpm and 

maintained at 32 ± 1 °C to reflect the physiological skin temperature (Balzus et al., 2016). At 

predefined time intervals, 1 mL of sample was withdrawn and replaced with an equal volume 

of warm PBS. The released SAP was quantified by UV spectroscopy. A minimum of three 

replicates was performed for each test formulation. 

5.3.11.2. Franz cells 

SAP release profiles from hyaluronan MS were also investigated by Franz’s cells (25 mm 

internal diameter, PermeGear Inc., Hellertown, PA, USA). Polyamide filter membranes 0.45 

µm pore size (Sartorius Biolab Products, Goettingen, Germany) were hydrated by sonication 

in deionized water for 30 min, and then cut and mounted between the receiver and donor 

compartments of the diffusion cells. The whole diffusion cells were put in a thermostatic bath, 

maintained at 32 ± 1 °C. Test formulations were placed in the donor compartments -in order 

to have ~2 mg of SAP on the surface of the membranes -which were closed using a wax foil 

(Parafilm M, Bemis Company Inc., Oshkosh, WI, USA) to prevent evaporation. The receiver 

compartments were filled with 23 mL PBS (0.01 M, pH = 7.4) and kept under continuous 

magnetic stirring at 150 rpm. At selected time points, 0.5 mL of samples were withdrawn 

from the receptor compartment and replaced with equal volumes of warm PBS. Samples were 

assayed for SAP content using UV spectroscopy. A minimum of three replicates was 

performed for each formulation. The idea was to get preliminary indications which, if 

positive, will be used to support a request to the ethics committee for a human skin study. 

5.3.12. Drug release data analysis 

All the experimental release data were fitted to a series of statistical and kinetic models to 

evaluate formulations performances and to elucidate their drug release mechanisms, strictly 

related to the properties of the polymers. This detailed mathematical modeling study was 

carried out to develop and characterize our novel HA CL MS, in comparison to HA MS, with 

a systematic approach.  

5.3.12.1. Similarity and difference factors for SAP release profiles 

For each release method used, SAP diffusion across the membranes and SAP release 

profiles from HA MS and HA CL MS were statistically analyzed and compared using Fit 

Factors described by Moore and Flanner (Moore and Flanner, 1996), adopted by the Food and 

Drug Administration guidance for dissolution testing in the industry (Food and Drug 

Administration, 1997). Fit factors are models widely applied by researchers (Cirri et al., 2016; 

Ong et al., 2011; Pozzoli et al., 2017; Salama et al., 2008) to directly compare the difference 

between percentage drug released per unit time between a reference and a test formulation. 

The difference factor (f1) and the similarity factor (f2) were calculated using Eqs. 5.6. and 5.7., 

respectively: 

   {[∑ |     |
 
   ∑   

 
   ⁄ ]}                                                                                (Eq. 5.6.) 
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where Rt and Tt are percentages of drug released at a certain time point (t) from the reference 

and the test formulation, respectively; n is the number of dissolution sampling times. The 

difference factor (f1) calculates the percent difference between the reference and the test 

curves at each time point thus measuring the relative error between the two curves. The 

similarity factor (f2) is a logarithmic reciprocal square root transformation of the sum of 

squared error and is a measurement of the similarity in percentage released between curves. 

For data analysis, arbitrary descriptors of difference and similarity need to be chosen: curves 

were considered different with f1 ≥ 10 and f2 ≤ 50. 

5.3.12.2. Analysis of SAP release kinetics using mathematical models 

SAP release data acquired for HA and HA-CL MS were plotted into four mathematical 

models corresponding to the known release mechanisms. The linearized form of each function 

was evaluated using R
2
 regression analysis, in order to understand which was the best-fit 

mathematical model and, therefore, the kinetic process controlling SAP release from 

hyaluronan MS.  

The first model used, called Zero-release kinetic, describes a release mechanism whose 

rate is independent of the active ingredient concentration, but it is time-dependent (Costa and 

Sousa Lobo, 2001). It is described by Eq. 5.8.: 

    ⁄                                                                                                                (Eq. 5.8.)             

where     ⁄ is the ratio between the cumulative percentage of drug released at time t and at 

infinite time, k is the zero-order release constant, t is the time, and Q0 is the initial quantity of 

drug in solution due to an immediate releasing process (most times Q0 = 0). 

On the contrary, the First order model delineates a process where the release rate is 

concentration dependent (Costa and Sousa Lobo, 2001). It is represented by Eq. 5.9.: 

   
  

  
                                                                                                         (Eq. 5.9.) 

where     ⁄  is the ratio between the cumulative percentage of drug released at time t and at 

infinite time, k is the first-order release constant, t is the time, and Q0 is the initial amount of 

drug in solution. 

Also the Higuchi model was applied (Higuchi, 1961). It describes drug release from a 

matrix system whose swelling is negligible (Arifin et al., 2006; Costa and Sousa Lobo, 2001). 

Therefore, the release profile is governed by the properties of the polymeric matrix and by 

drug solubility, and it is described by the following equation (Eq. (10)): 

    ⁄     √                                                                                                      (Eq. 5.10.) 

where     ⁄ is the ratio between the cumulative percentage of drug released at time t and at 

infinite time, k is the Higuchi release rate constant, t is the time, and Q0 is the initial quantity 

of drug in solution due to an immediate releasing process (most times Q0 = 0). 



 105 

Finally, the release data were fitted to Korsmeyer-Peppas model, which describes the 

drug release from swelling-controlled systems (Arifin et al., 2006; Costa and Sousa Lobo, 

2001; Korsmeyer and Peppas, 1981; Peppas, 1985; Singhvi and Singh, 2011). In this 

polymeric systems, both diffusion and dissolution occur together, and they are quite 

indistinguishable. Korsmeyer-Peppas proposed the following semi-empirical equation (Eq. 

5.11.): 

    ⁄                                                                                                              (Eq. 5.11.) 

where     ⁄ is the ratio between the cumulative percentage of drug released at time t and at 

infinite time, k is a kinetic constant related to the structural and geometric properties of the 

system, t is the time, n is the release exponent (connected to geometric form), and Q0 is the 

initial amount of drug in solution. In this model, the n value characterizes the release 

mechanism: Fickian diffusion, i.e. drug diffusive process, is prevalent for n ≈ 0.43; Case-II 

transport, i.e. polymer dissolution process, for n ≈ 0.89; super Case-II transport for n > 0.89; 

anomalous behaviour, i.e. a superposition of diffusion and dissolution, for 0.43 < n < 0.89.  

5.3.13. Statistical analysis 

Data are presented as mean ± SD of three independent experiments (n = 3). Statistical 

analysis was performed using GraphPad Prism software version 7.0b (GraphPad, San Diego, 

CA, USA). The tests used were one-way (characterization of hyaluronan solutions) or two-

way (characterization of MS during the pre-formulation study) analysis of variance 

(ANOVA), followed by Tukey post hoc analysis for multiple comparisons. Differences 

between results were considered statistically significant at P < 0.05. 

5.4. Results and discussion 

5.4.1. Preformulation study: evaluation and optimization of microspheres 

The present work describes the production and characterization of MS using two different 

hyaluronans: HA-CL (test polymer) and native HA (reference polymer already employed to 

formulate microspheres) (Li et al., 2017; Lim et al., 2000). The aim was to understand if the 

novel HA-CL could be a promising candidate to obtain MS intended for skin application. It is 

well known that particles features are affected by the properties of the starting polymer 

solutions and by factors related to the production method (Abd El-Hameed and Kellaway, 

1997; Esposito et al., 2005; Liu et al., 2016). In this document, we correlated MS properties to 

the pH and the rheological behavior of HA aqueous phases, and to the emulsification time. 

This systematic approach was used in order to facilitate the development of our novel 

formulations, considering that this was the first study to investigate the novel HA-CL as 

microcarrier. 



 106 

 

Figure. 5.1. Shear-thinning behaviour of hyaluronan solutions: viscosity as a function of shear rate 

(n = 3, ± SD). 

All the hyaluronan solutions were characterized by a shear-thinning (Figure 5.1.) and 

viscoelastic behaviour. However, statistical analysis demonstrated that each solution was 

significantly different (P < 0.05) from the others in terms of pH, zero-shear rate viscosity (η0), 

elastic modulus at 1 Hz (G’1Hz), and crossover frequency (Cf). Indeed, HA type and SAP 

presence affected the values of pH, η0, G’1Hz, and Cf (Table 5.1.).  

As regarding the impact of polymer type, Table 5.1. shows implemented mechanical 

properties for HA-CL hydrogel with respect to HA hydrogel (i.e. higher η0 and G’1Hz, lower 

Cf). Considering, for example, simple polymeric solutions, η0, G’1Hz and Cf were respectively 

9.1 ± 0.3 Pa.s, 13.2 ± 0.6 Pa and 1.8 ± 0.0 Hz for HA-CL, and 4.2 ± 0.2 Pa.s, 5.5 ± 0.7 Pa and 

6.2 ± 1.8 Hz for HA. This could be ascribed to the different molecular weight of the two 

polymers (1.2 MDa for native HA, 3.0 MDa for HA-CL), and to the crosslinking of the urea 

derivative. Indeed, it is well known that the viscosity and the viscoelasticity of hyaluronan 

solutions increase with increasing polymer molecular weight (Falcone et al., 2006) and 

crosslinking (Collins and Birkinshaw, 2008; Shimojo et al., 2015). For the shorter 

emulsification times investigated (10 and 30 minutes), the rheological behaviour of HA and 

HA-CL solutions seemed to be reflected in the mean size of the resulting particles. Certainly, 

Dv50 and D[4,3] values were significantly higher (P < 0.05) for HA-CL MS with respect to 

HA MS produced after the same mixing time (Table 5.2.). After 10 minutes of emulsification, 

Dv50 and D[4,3] were respectively 290.0 ± 32.5 μm and 311.0 ± 32.5 μm for HA-CL MS, 

and 117.7 ± 20.0 μm and 246.0 ± 53.6 μm for HA MS. Moreover, after 30 minutes of 

emulsification, Dv50 and D[4,3] were respectively 181.5 ± 3.8 μm and 208.7 ± 6.7 μm for 

HA-CL MS, and 113.7 ± 19.6 μm and 154.7 ± 27.5 μm for HA MS. Similar findings have 

already been reported in literature: bigger particles are generally produced by larger droplets 

of the precursory w/o emulsion (Esposito et al., 2005), formed by increasing the solution 

viscosity (Ré et al., 2004). 

Concerning the influence of SAP on the properties of HA and HA-CL solutions, it 

increased the pH, thus causing (as expected (Gatej et al., 2005; Maleki et al., 2008)) a 

statistically significant (P < 0.05) decrease of η0 and G’1Hz, and increase of Cf (Table 5.1.). In 

fact, the pH, η0, G’1Hz and Cf of HA hydrogel, which were respectively 6.8 ± 0.1, 
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4.2 ± 0.2 Pa.s, 5.5 ± 0.7 Pa and 6.2 ± 1.8 Hz, changed to 8.9 ± 0.1, 0.7 ± 0.0 Pa.s, 0.8 ± 0.0  Pa 

and 15.9 ± 0.4  Hz in presence of SAP. A similar trend was observed also for HA-CL 

solutions: without SAP, the pH, η0, G’1Hz and Cf were respectively 7.2 ± 0.0, 9.1 ± 0.3 Pa.s, 

13.2 ± 0.6 Pa and 1.8 ± 0.0 Hz; in presence of SAP, these values changed to 8.1 ± 0.1, 

6.3 ± 0.5 Pa.s, 9.2 ± 0.4 Pa and 3.1 ± 0.1 Hz. Also in this case, the rheology of the initial 

solutions appeared correlated to the dimensional properties of the particles. Indeed, for the 

same HA type and emulsification time (10 or 30 minutes), SAP-loaded MS where smaller 

than unloaded MS (Table 5.2.), as highlighted by statistical analysis (P < 0.05). For example, 

after 10 minutes’ emulsification, Dv50 and D[4,3] of HA MS respectively decreased from 

117.7 ± 20.0 μm and 246.0 ± 53.6 μm to 71.7 ± 4.2 μm and 121.0 ± 13.4 μm in presence of 

SAP. Similarly, Dv50 and D[4,3] of HA-CL MS respectively decreased from 290.0 ± 32.5 μm 

and 311.0 ± 32.5 μm to 245.5 ± 27.6 μm and 300.5 ± 24.7 μm in presence of SAP. In the 

same way, after 30 minutes of emulsification, HA and HA-CL MS mean size decreased when 

encapsulating SAP, as reported in Table 5.2.. 

Table 5.1. Main properties of HA solutions: pH, η0, G’1Hz, Cf (n = 3, ± SD).  

Solution pH η0 (Pa.s) G’1Hz (Pa) Cf (Hz) 

HA 6.8 ± 0.1  4.2 ± 0.2  5.5 ± 0.7  6.2 ± 1.8 

HA - SAP 8.9 ± 0.1  0.7 ± 0.0  0.8 ± 0.0  15.9 ± 0.4 

HA-CL 7.2 ± 0.0  9.1 ± 0.3 13.2 ± 0.6  1.8 ± 0.0 

HA-CL - SAP 8.1 ± 0.1  6.3 ± 0.5  9.2 ± 0.4  3.1 ± 0.1 

 

In summary, the effect of HA type and SAP presence on MS diameter appeared 

statistically significant (P < 0.05) in the case of 10 and 30 minutes of emulsification. For MS 

produced after 60 minutes of mixing, this effect was negligible. Indeed, particles were all 

comparable in term of size, regardless of polymer type and SAP loading, with Dv50 ranging 

from 2.5 ± 0.1 to 13.0 ± 0.7 µm, and D[4,3] ranging from 3.1 ± 0.2 to 21.6 ± 4.0 µm (Table 

5.2.). Therefore, after 60 minutes, the size effects due to the differences between hyaluronan 

solutions were levelled because of a more significative emulsification. Consequently, MS 

mean diameter and size distribution seemed to be affected not only by the rheology of the 

starting solution, but also by the emulsification time. For each MS formulation, particle 

diameter was found to be inversely proportional to the emulsification time in the range 10-60 

minutes (Table 5.2.). This correlation was statistically significant (P < 0.05), and it was in 

agreement with previously reported results (Liu et al., 2016). Indeed, the higher is the mixing 

time the smaller are the droplets produced during the emulsification, and, consequently, the 

final particles. On the contrary, the shorter is the emulsification time, the less fine is the w/o 

emulsion, and this normally determines the aggregation of aqueous droplets. As already 

observed (Esposito et al., 2005), also in our study bigger and less uniform-sized MS, with 

lower yield, were produced by droplets agglomeration -supposed to occur especially for 10 

minutes’ emulsification- (Table 5.2.). This drawback could be probably due to the 

bioadhesivity of the polymers which, when less dispersed, adhere more to the homogeniser 

workhead. However, by increasing the emulsification time from 10 to 60 minutes, MS mean 

size significantly decreased, while particle recovery (Y%) and encapsulation efficiency 



 108 

(EE%) significantly increased (P < 0.05) (Table 5.2.). For example, SAP-loaded HA MS 

could be considered: after 10 minutes of emulsification, Dv50, D[4,3], Span, Y% and EE% 

values were respectively 71.7 ± 4.2 μm, 121.0 ± 13.4 μm, 4.3 ± 0.1, 75.2 ± 4.4 % and 

59.0 ± 4.0 %. After 60 minutes of emulsification, these values became respectively 

2.5 ± 0.1 μm, 3.1 ± 0.2 μm, 2.2 ± 0.0, 84.2 ± 2.3 % and 69.7 ± 4.6 %. Considering the parallel 

increment of particles Y% and EE%, the drug loading (DL%) remained almost constant 

whatever the emulsification time (around 40% for SAP-loaded HA MS and 33% for 

SAP-loaded HA-CL MS) (Table 5.2.).  

Table 5.2. Effect of emulsification time, polymer type and SAP presence on MS properties 

(n = 3, ± SD). 

MS 

formulation 
Dv50 (μm) D[4,3] (μm) Span Y(%) DL(%) EE(%) 

10 minutes  
      

HA 117.7 ± 20.0 246.0 ± 53.6 4.2 ± 0.4 68.6 ± 1.6 - - 

HA - SAP 71.7 ± 4.2 121.0 ± 13.4 4.3 ± 0.1 75.2 ± 4.4 39.2 ± 0.4 59.0 ± 4.0 

HA-CL 290.0 ± 32.5 311.0 ± 32.5 1.5 ± 0.2 56.7 ± 5.4 - - 

HA-CL - SAP 245.5 ± 27.6 300.5 ± 24.7 2.4 ± 0.5 70.6 ± 1.1 32.5 ± 1.4 65.3 ± 3.5 

       
30 minutes  

      

HA 113.7 ± 19.6 154.7 ± 27.5 2.9 ± 0.1 79.4 ± 2.9 - - 

HA - SAP 54.6 ± 3.0 63.2 ± 2.6 2.0 ± 0.1 81.5 ± 1.4 39.3 ± 1.0 64.1 ± 2.9 

HA-CL 181.5 ± 3.8 208.7 ± 6.7 2.5 ± 0.1 76.7 ± 1.3 - - 

HA-CL - SAP 117.0 ± 4.2 135.0 ± 3.5 2.3 ± 0.0 78.2 ± 3.3 32.1 ± 1.0 68.9 ± 1.0 

       
60 minutes  

      

HA 2.5 ± 0.1 6.3 ± 0.5 2.9 ± 0.2 88.4 ± 1.7 - - 

HA - SAP 2.5 ± 0.1 3.1 ± 0.2 2.2 ± 0.0 84.2 ± 2.3 41.3 ± 1.6 69.7 ± 4.6 

HA-CL 13.0 ± 0.7 21.6 ± 4.0 2.5 ± 0.3 85.8 ± 4.4 - - 

HA-CL - SAP 9.9 ± 0.8 15.2 ± 4.0 2.6 ± 0.2 85.0 ± 4.8 33.6 ± 2.3 78.8 ± 2.6 

Taking into account the results of this pre-formulation study, the emulsification time of 

60 minutes was chosen as the standard condition to produce optimized MS. Indeed, all the 

MS formulations produced after 60 minutes of emulsification were characterized by the 

highest Y%, ranging from 84.2 ± 2.3 to 88.4 ± 1.7% (comparable values). The EE% and DL% 

were satisfying, even if statistically different (P < 0.05) for HA and HA-CL formulations: 

respectively 69.7 ± 4.6 % and 41.3 ± 1.6% for HA – SAP MS, and 78.8 ± 2.6% and 33.6 ± 

2.3% for HA-CL – SAP MS (Table 2). Particle Dv50 ranging from 2.5 ± 0.1 to 13.0 ± 0.7 µm, 

and D[4,3] ranging from 3.1 ± 0.2 to 21.6 ± 4.0 µm (Table 5.2.) were suitable for dermal 

target (Bari et al., 2017; Ranjan et al., 2016). Indeed, to avoid palpable microspheres during 

application, mean size should be lower than 50 µm ([No authors listed], 2009): this is 

essential both in the cosmetic and pharmaceutic field, as it determines the cosmetic elegance 
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of a product ([No authors listed], 2009) and the adherence to a therapy (Vertuani et al., 2013). 

A statistical comparison revealed no significant difference between the mean size of 

optimized MS (P > 0.05). Moreover, all the optimized formulations showed almost unimodal 

size distributions (Figure 5.2.), with Span values lower than 3 (Table 5.2.). 

 

Figure 5.2. Particle size distribution of hyaluronan MS produced after 60 minutes of emulsification 

(n = 3, ± SD). 

Optimized MS underwent a deeper physical-chemical characterization: analysis of 

morphology, physical and molecular state, thermal properties, relative moisture sorption and 

stability, stability, in vitro release properties and kinetic mechanisms.  

5.4.2. Characterization of optimized microspheres 

5.4.2.1. SEM morphological analysis 

As regarding particle morphology, all hyaluronan MS encapsulating or not SAP showed a 

spherical shape. However, polymer typology (HA or HA-CL) influenced MS surface 

properties. Indeed, SAP-loaded and unloaded HA MS exhibited a regular and smooth surface, 

while SAP-loaded and unloaded HA-CL MS were characterized by an irregular and rough 

surface (Figure 5.3). 
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Figure 5.3. SEM micrographs of hyaluronan MS produced after 60 minutes of emulsification: HA (a), 

HA - SAP (b), HA-CL (c), HA-CL – SAP (d). 

5.4.2.2. X-ray diffraction 

Wide angle X-ray diffractometry was performed to investigate the molecular states of MS 

formulations in comparison to SAP (Klug and Alexander, 1974) The diffraction patterns are 

reported in Figure 5.4. The WAXD pattern of unloaded HA and HA-CL MS exhibited humps 

typical of disordered structures, i.e. amorphous materials. SAP pattern was characterized by 

four low intense and broad peaks emerging from a hump at 2ϑ = 7.30, 20.00, 27.32, and 

33.12°, which can be ascribed to small traits of crystallinity. Indeed, the diffraction intensity 

is defined by the crystal structure:  the higher is the crystallinity degree, the higher is the 

intensity of the peaks (Klug and Alexander, 1974). The diffraction patterns of SAP-loaded 

MS showed both the main signals of the drug and of the carrier, indicating the permanence of 

SAP crystalline traits into the amorphous matrixes of HA and HA-CL. However, thermal 

analyses and DVS study provided evidence and confirmation that the crystallinity of SAP 

loaded MS was so low to be negligible. 
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Figure 5.4. X-ray diffraction patterns of: SAP (a), HA MS (b), HA-CL MS (c), HA – SAP MS (d), 

HA-CL – SAP MS (e). 

5.4.2.3. Thermal analysis (DSC and TGA) 

DSC and TGA were used to characterize the thermal behaviour and stability of the drug 

and the formulations, providing information on their hydration properties and their physical 

state (Siepmann and Peppas, 2001; Yang and Zhu, 2002). Figure 5.5. shows the DSC thermal 

profiles of SAP and MS formulations. SAP thermogram (a) was characterized by broad 

endothermic peaks around 67°C and 100°C, which could be associated with the loss of 

moisture after the initial drying procedure, and by a sharp exothermic peak at 233°C, due to 

the melting point with thermal decomposition (as reported in the literature for similar ascorbic 

acid derivatives (Moyano et al., 2010)). DSC thermal profile of HA MS (b) presented a wide 

endothermic peak, suggesting a dehydration process around 103°C, and a broad exothermic 

peak at 240°C ascribable to the polymer thermal decomposition and the formation of a 

carbonized residue. These results were in good agreement with previous observations for 

native HA (Collins and Birkinshaw, 2007, 2008; Kafedjiiski et al., 2007). DSC trace of HA-

CL MS (c) exhibited a broad endothermic peak at 200°C, which could be attributed to 

pentylene glycol evaporation (boiling range 198-200°C). This was confirmed by pentylene 

glycol DSC thermal profile (trace not showed). Moreover, HA-CL MS curve showed a wide 

exothermic peak, due to polymer thermal degradation, at 250°C (shifted with respect to HA 

MS, indicating an altered structure due to crosslinking (Collins and Birkinshaw, 2007)). The 

thermograms of HA - SAP MS (d) and HA-CL - SAP MS (e) showed the same profile of the 

corresponding unloaded MS (DSC traces b and d, respectively), but the peaks shifted to lower 

temperatures (about 10-15°C of shift). This evidence, in addition to the reduced intensity of 

the exothermic peak, suggested an altered microstructure of the polymer matrix due to SAP 

presence (probable molecular dispersion of SAP inside the microspheres (Kulkarni et al., 

2016)), and the superposition of SAP and hyaluronan thermal degradation phenomena. 
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Figure 5.5. DSC thermal profiles of: SAP (a), HA MS (b), HA-CL MS (c), HA – SAP MS (d), 

HA-CL – SAP MS (e). 

TGA thermal profiles of SAP and MS formulations are reported in Figure 5.6. SAP 

thermogram (a) showed the first region of weight loss (9.6% w/w) between ambient 

temperature and 223°C (moisture loss), and a second region (20.5% w/w) from 223 to 400°C 

(melting with decomposition and release of volatile degradation products). TGA curve of HA 

MS (b) consisted of three distinct degradation stages: the first one (20-223°C, showing 6.2% 

w/w of weight loss, due to water evaporation); the second (223-269°C) and the third stages 

(269-400°C), typical of a two-stages polysaccharide degradation. In the second stage, the 

37.3% w/w of weight was lost due to a partial breakage of the molecular structure. Residues 

of hyaluronan were then degraded in the third stage, characterized by the 12.0% w/w of 

weight loss. Similar findings have already been described in the literature for native HA 

(Lapcik et al., 2014; Lewandowska et al., 2016; Réeff et al., 2013). A comparable TGA 

profile characterized HA - SAP MS (d), with 10.8% w/w of weight loss in the first region (20-

208°C), 26.2% w/w in the second (208-258°C), and 12.0 % w/w in the third (258-400°C). For 

HA - SAP MS the decomposition of polymer and drug seemed to occur at once. TGA 

thermograms of HA-CL MS (c) and HA-CL - SAP MS (e) presented the two-stages 

polysaccharide degradation observed also for HA MS formulations (b and d), with an additive 

stage for pentylene glycol evaporation and more stages for water loss. The more gradual 

moisture evaporation was due to the water-binding action of pentylene glycol, humectant 

contained in HA-CL matrix. In detail, TGA trace of HA-CL MS (c) exhibited the following 
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weight loss regions: three stages for water and then pentylene glycol evaporation (20-97°C, 

97-158°C, 158-223°C -total weight loss: 26.2% w/w), and two stages for HA degradation 

(223-265°C, 223-400°C -total weight loss: 29.5% w/w). TGA thermal profile of HA-CL - 

SAP MS (e) was characterized by two regions for moisture and then pentylene glycol loss 

(20-154°C, 154-212°C, a total weight loss of 21.5% w/w), and two regions for HA-CL and 

SAP decomposition (212-254°C, 254-400°C, a total weight loss of 30.3% w/w). 

 

Figure 5.6. TGA thermograms of: SAP (a), HA MS (b), HA-CL MS (c), HA – SAP MS (d), HA-CL –

 SAP MS (e). 

5.4.2.4. Dynamic Vapour Sorption (DVS) 

It is well known that HA is a highly hygroscopic macromolecule, therefore by nature 

susceptible to moisture sorption and elevated relative humidity (RH) (Albèr et al., 2015; 

Casale et al., 2015). To further characterize hyaluronan MS, and evaluate the effect of SAP 

encapsulation, the drug, and the formulations were subjected to two 0-90% RH cycles using a 

DVS. The isotherms of water sorption and desorption for the first humidity ramp (cycle 1) are 

shown in Figure 5.7. as a function of the RH %. Following the sorption data of SAP -panel 

a)-, there was a linear increase of water content starting from the dry powder up to an RH of 

40%, where the moisture uptake was 6.6%. A steeper increase of water sorption (+ 9.6%) was 

observed in the RH range 40-50%. The final total humidity absorbed by SAP was 27.8%. The 

SAP desorption curve had a very different profile from the SAP sorption curve. A pronounced 

hysteresis was observed, and at the end of the desorption process, the final retained moisture 

was 15.4%. On the one hand, this suggested that SAP was not reversible in terms of humidity 

sorption/desorption, and that water molecules were not easily detached from it, perhaps 

because of their condensation among the hydrophobic skeleton of the drug. On the other hand, 
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MS formulations (panels b) and c)) showed, as previously observed for native HA 

(Panagopoulou et al., 2013; Servaty et al., 2001) similar trends for their sorption and 

desorption ramps, and high water-binding capacity due to H-bonds and electrostatic 

interaction with hyaluronan hydroxyl and carboxylic groups, respectively. Two-stages 

moisture sorption processes occurred for hyaluronan MS formulations, and this was in 

agreement with data already reported in the literature for native HA (Panagopoulou et al., 

2013; Servaty et al., 2001). Indeed, in response to RH increment from 0 to 60%, water uptake 

slowly increased up to 20.9% for HA MS, 14.2% for HA – SAP MS, 16.4% for HA-CL MS, 

23.0% for HA-CL – SAP MS (changes in mass similar to that of SAP (+ 17.8%) at 60% RH). 

However, the final water retention at the end of the sorption process was higher for MS 

formulations with respect to SAP, as moisture uptake was markedly enhanced for all the 

formulations in the RH range 60-90%. At 90% RH, the water content was 48.5% for HA MS, 

41.9% for HA – SAP MS, 73.8% for HA-CL MS, 78.4% for HA-CL – SAP MS. The higher 

moisture sorptions observed for HA-CL formulations compared to HA formulations were 

most likely due to the water-binding ability of urea and pentylene glycol. All the MS 

formulations displayed hysteresis phenomena: for the same RH value, during the desorption 

process, samples were characterized by a higher moisture level than during the sorption 

procedure. However, the hysteresis was reduced with respect to SAP, as well as the final 

moisture level at the end of the desorption process (0% RH), which was 0.8% for HA MS, 

4.9% for HA – SAP MS, 7.8% for HA-CL MS, 8.7% for HA-CL – SAP MS. Therefore, the 

encapsulation of SAP into hyaluronan MS produced formulations more reversible in terms of 

moisture sorption/desorption compared to the pure drug, even if more susceptible to high 

RH %. 

 

Figure 5.7. DVS isotherms of the first cycle sorption-desorption for: SAP (a), HA MS and 

HA - SAP MS (b), HA-CL MS and HA-CL – SAP MS (c). 

5.4.2.5. SAP solubility 

The solubility of SAP in PBS (0.01 M, pH = 7.4) at 32°C was 425.0 ± 0.9 mg/mL. This 

result displayed that sink conditions were guaranteed during the in vitro drug release studies, 

as SAP concentration, in the case of complete release, could reach values of 0.033 mg/mL in 

the dialysis tests, and 0.087 mg/mL in the Franz diffusion cell tests. 

5.4.2.6. In vitro drug release studies and kinetic analysis  

One of the most important steps in the study of the efficacy of new delivery systems is 
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the in vitro drug release analysis. Topical carriers are an advanced form of powders for which, 

so far, there are no compendial or standard release techniques and apparatuses (Balzus et al., 

2016; Lusina Kregar et al., 2015). Therefore, several in vitro drug release methods have been 

used: for example, dialysis (Balzus et al., 2016; Esposito et al., 2005; Montenegro et al., 2014; 

Saadat et al., 2015), Franz cells (Abd El-Hameed and Kellaway, 1997; Alves et al., 2016; 

Balzus et al., 2016; Salama et al., 2008), paddle or basket apparatuses (D rrigl et al., 2011; 

Lim et al., 2000), flow through cells (Esposito et al., 2005; Salama et al., 2008). Variations in 

the release profiles between different methodologies could be observed (Balzus et al., 2016; 

Esposito et al., 2005; Salama et al., 2008), as the methods are different in their working 

principles. Therefore, during this study, SAP release from HA and HA-CL MS was evaluated 

with two different in vitro methods: dialysis and Franz diffusion cells. As the control, 

diffusion tests of free SAP across dialysis and polyamide filter membranes were performed. 

 

Figure 5.8. Diffusion profile of SAP as free drug and release profile of SAP from HA and HA-CL MS 

investigated by dialysis (a) and Franz diffusion cells (b). 

Dialysis is a widely used release technique: microspheres are retained into a membrane, 

while the drug released diffuses firstly from the carrier to the media inside the membrane, and 

then to an external compartment. Inevitably, the membrane opposes a resistance to the 

diffusion of drug molecules. This resistance can be limited by using a membrane with a 

MWCO smaller than the microcarrier size, but importantly bigger than drug molecular weight 

(Moreno-Bautista and Tam, 2011). Considering hyaluronan MS size and SAP molecular 

weight (358.08 g/mol), 10kDa MWCO dialysis cassettes were employed in this study. 

Nevertheless, significant errors were introduced by this release method, as the experimental 

data did not seem to fully reflect the real release profile of SAP from hyaluronan MS. As 

previously reported in the literature (Moreno-Bautista and Tam, 2011; Zambito et al., 2012), 

the measured release kinetic seemed to be decreased with respect to the reality: the diffusion 

rate of free SAP, a highly hydrophilic drug, appeared extremely slow –after 420 minutes, only 

the 68.3 ± 3.1 % of the drug diffused (Figure 5.8.a.). Moreover, SAP release profiles from MS 

appeared controlled by the membranes rather than by the microspheres, as they were almost 

identical to the diffusion profile of free SAP (Figure 5.8.a.). Indeed, a statistical comparison 

of dialysis data with Moore and Flanner Fit Factors confirmed that all the curves were similar, 

showing f1 < 10 and f2 > 50 (Table 5.3). Therefore, in this work, the precise release process 

and kinetic behavior could not be studied using dialysis release method. Similar drawbacks 

using dialysis technique have already been described in the literature for procaine 
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hydrochloride release from a polymeric carrier: the actual rate of drug release from the 

delivery system was faster than the rate of diffusion out of the membrane (Moreno-Bautista 

and Tam, 2011). These results confirm that dialysis could be an unreliable methodology to 

study drug release from microcarriers, especially when characterized by a rapid release 

kinetics (Moreno-Bautista and Tam, 2011; Zambito et al., 2012). Taken together, all these 

considerations and experimental pieces of evidence can be helpful to optimize, in future, the 

design of drug release studies for microsystems. 

Table 5.3. Similarity factors (f2) and difference factors (f1) for free SAP and MS formulations. 

Release method Reference formulation Test formulation f1 f2 

Dialysis SAP HA – SAP MS 7.9 71.4 

 
SAP HA-CL – SAP MS 7.0 74.9 

 
HA – SAP MS HA-CL – SAP MS 3.3 82.5 

     
Franz diffusion cell SAP HA – SAP MS 15.4 42.7 

 
SAP HA-CL – SAP MS 27.4 30.8 

  HA – SAP MS HA-CL – SAP MS 15.1 47.9 

Franz diffusion cell tests are probably the most suitable and performed studies to 

investigate plain drug diffusion and drug release from microparticles intended for dermal 

and/or mucosal application. Indeed, this model reproduces the conditions encountered on skin 

and mucosae surface, consenting a slow hydration of the carrier in a humid environment. In 

vitro release profiles obtained with Franz diffusion cells method were different from those 

observed with dialysis technique, as displayed by Figure 5.8.. Free SAP diffusion was faster 

than SAP release from HA MS and HA-CL MS (Figure 5.8.b.). More precisely, SAP release 

from HA-CL MS was significantly extended not only compared to plain SAP but also with 

respect to HA MS, as proved by Moore and Flanner similarity and difference factors (f1 > 10 

and f2 < 50) (Table 5.3.). For example, after 30 minutes, the amount of drug released was 97.4 

± 2.4 % for plain SAP, versus 81.9 ± 0.4 % and 66.4 ± 4.2 % for HA MS and HA-CL MS, 

respectively (Fig. 5.8.b.). A slower drug release was expected with HA-CL MS, considering 

the higher molecular weight and the implemented mechanical properties of the crosslinked 

polymer compared to native HA (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara et al., 

2017a; Garti, 2008). The influence of the polymer properties on the release profile was 

evident, and therefore Franz diffusion cell was found to be a discriminative method to study 

SAP release kinetic processes.  

Among the mathematical templates used to analyse SAP release kinetic from hyaluronan 

MS, Korsmeyer-Peppas model resulted in the highest R
2
 values when compared to Zero order, 

First order and Higuchi models, for both the formulations (Table 5.4.). The values of the 

diffusional exponent n characterizing the release mechanism were 0.709 for HA – SAP MS 

and 0.712 for HA-CL – SAP MS, suggesting anomalous transport processes (Arifin et al., 

2006; Singhvi and Singh, 2011). SAP release from hyaluronan MS was therefore governed 

not only by drug diffusion but also by polymer swelling and dissolution. Hyaluronan MS 

containing SAP behaved as swellable devices composed by hydrophilic polymeric matrixes 
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where a water-soluble drug was dispersed: water penetrated into the polymeric networks, 

causing their disentanglement and swelling. These phenomena decreased hyaluronan 

concentration, therefore enhancing its dissolution at the interface and SAP wettability and 

diffusion (Arifin et al., 2006; Singhvi and Singh, 2011). Thus, SAP release was completed in 

a time frame of about an hour for both the formulations (Figure 5.8.).  

Table 5.4. Correlation coefficient for Zero order, First order, Higuchi and Korsmeyer-Peppas models 

for SAP dissolution profiles obtained with Franz diffusion cell method.  

Formulation Correlation coefficient R
2
 

  Zero order First order Higuchi Korsmeyer-Peppas 

HA - SAP MS 0.729 0.941 0.929 0.993 

HA-CL - SAP MS 0.837 0.922 0.960 0.999 

5.5. Conclusion 

The present study showed, for the first time and with a systematic approach, that HA-CL 

could be a promising biopolymer to prepare drug-loaded microspheres with a water-in-oil 

(w/o) emulsification solvent evaporation technique. Appropriate working conditions led to the 

production of HA-CL MS and HA-CL – SAP MS characterized by almost unimodal size 

distributions (Span values lower than 3); mean diameter of 13.0 ± 0.7 and 9.9 ± 0.8 µm, 

respectively (suitable for dermal application); spherical shape and rough surface; high yield -

similar to that of HA MS and HA – SAP MS (≈ 85%). SAP could be more efficiently 

encapsulated into HA-CL MS (78.8 ± 2.6%) compared to HA – SAP MS (69.7 ± 4.6%). 

Physical and molecular state, thermal properties, relative moisture stability of HA-CL MS and 

HA-CL – SAP MS were comparable to those of HA MS and HA – SAP MS. However, a 

preliminary Franz diffusion cells test displayed a more extended drug release for HA-CL – 

SAP MS with respect to HA – SAP MS, despite the same kinetic mechanism 

(contemporaneous drug diffusion and polymer swelling and dissolution). This underlined that 

the implemented mechanical properties of the novel HA-CL could result in more efficient 

microsystems, which could be potentially improved, in future, by the addition of excipients 

able to further slow down drug release. In vitro studies on skin cells are currently performed 

to explore SAP release/transport across the cells and the bioactivity of HA-CL MS and HA-

CL – SAP MS, in order to understand if they effectively improve hydration and re-

epithelialization compared to HA MS and HA – SAP MS.  
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CHAPTER 6 
 

Combination of urea-crosslinked hyaluronic acid and sodium 

ascorbyl phosphate for the treatment of inflammatory lung diseases: 

An in vitro study 

 
This chapter was published in European Journal of Pharmaceutical Sciences, 120, 96-106 

(2018) under the title 

“Combination of urea-crosslinked hyaluronic acid and sodium ascorbyl phosphate for the 

treatment of inflammatory lung diseases: An in vitro study”. 
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6.0. Preface 

The treatment of respiratory pathologies -like asthma, chronic obstructive pulmonary 

disease, emphysema, acute respiratory distress syndrome and cystic fibrosis- represents a 

current emergency, as millions of people are affected and dye every year. Furthermore, 

patients require more effective treatments, as numerous of them risk to become non-

responsive to the conventional corticosteroid therapy. Naturally occurring biomolecules such 

as vitamins, biopolymers, polyphenols, and plant origin compounds have been recently 

investigated as they can deserve potential applications as adjunctive therapy for lung 

inflammatory diseases. Among these compounds, vitamin C and hyaluronic acid could 

represent a promising approach to restore and maintain the normal lung functions, as they 

have been shown to possess anti-inflammatory and antioxidant activities. Nevertheless, they 

have never been evaluated in combination on lung epithelial cells. Therefore, the content of 

chapter 6 consists in an in vitro study which investigated the safety and the efficacy of the 

novel association hyaluronic acid (HA) – vitamin C. More specifically, the bioactivity of 

sodium ascorbyl phosphate (SAP) -a more stable derivative of vitamin C- combined with the 

novel urea-crosslinked hyaluronic acid (HA-CL) was evaluated on Calu-3 lung carcinoma 

derived epithelia cells, in comparison to the association native HA – SAP, and to the single 

components SAP, native HA and HA-CL. The results of this study provide preliminary 

evidence that HA-CL and SAP, if delivered in combination, could be suitable as adjunctive 

therapy for inflammatory pulmonary disorders.  
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6.1. Abstract 

This in vitro study evaluated, for the first time, the safety and the biological activity of a 

novel urea-crosslinked hyaluronic acid component and sodium ascorbyl phosphate (HA-CL – 

SAP), singularly and/or in combination, intended for the treatment of inflammatory lung 

diseases. The aim was to understand if the combination HA-CL – SAP had an enhanced 

activity with respect to the combination native hyaluronic acid (HA) – SAP and the single 

SAP, HA and HA-CL components. Sample solutions displayed pH, osmolality and viscosity 

values suitable for lung delivery and showed to be not toxic on epithelial Calu-3 cells at the 

concentrations used in this study. The HA-CL – SAP displayed the most significant reduction 

in interleukin-6 (IL-6) and reactive oxygen species (ROS) levels, due to the combined action 

of HA-CL and SAP. Moreover, this combination showed improved cellular healing (wound 

closure) with respect to HA – SAP, SAP and HA, although at a lower rate than HA-CL alone. 

These preliminary results showed that the combination HA-CL - SAP could be suitable to 

reduce inflammation and oxidative stress in lung disorders like acute respiratory distress 

syndrome, asthma, emphysema and chronic obstructive pulmonary disease, where 

inflammation is prominent.  

Keywords: anti-inflammatory; antioxidant; hyaluronic acid; sodium ascorbyl phosphate; 

urea-crosslinked hyaluronic acid; wound healing. 
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6.2. Introduction 

The airway epithelium is directly exposed to the external environment and, consequently, 

it is strongly responsive to exogenous toxic substances like cigarette smoke, biophysical and 

biological stresses. All these factors, in combination with genetic predisposition and age, are 

involved in the pathogenesis of bronchopulmonary diseases. Respiratory pathologies - like 

asthma, chronic obstructive pulmonary disease (COPD), emphysema, acute respiratory 

distress syndrome (ARDS) and cystic fibrosis - affect millions of people every year and are 

amongst the main causes of mortality (Burney et al., 2015; Crotty Alexander et al., 2015; 

Ferkol and Schraufnagel, 2014; World Health Organization, 2017; Yang et al., 2017). 

Furthermore, patients require more effective treatments, as numerous of them will become 

non-responsive to the conventional corticosteroid therapy (Barnes, 2013; Jiang and Zhu, 

2016). Considering that inflammation and oxidative stress represent the principal mechanisms 

underlying the development and progression of many lung diseases (Kleniewska and 

Pawliczak, 2017; MacNee, 2001; Moldoveanu et al., 2009; Nichols and Chmiel, 2015; Oudijk 

et al., 2003), the use of anti-inflammatory and antioxidant compounds as adjunctive therapy 

could be a promising approach to restore and maintain normal lung functions, possibly by 

reducing drug resistant refractory phenomena. To this end, several recent researches have 

investigated the therapeutic value of naturally occurring biomolecules –such as vitamins, 

hyaluronan, polyphenols, and herbal active compounds - and of their derivatives (Bharara et 

al., 2016; Garantziotis et al., 2016; Li and Li, 2016; Park et al., 2016; Pincikova et al., 2017; 

Yeo et al., 2017; Zemmouri et al., 2017). 

Vitamin C (i.e. ascorbic acid) is a physiological low-molecular weight antioxidant. In the 

lung, it is able to regulate the innate immune system, maintain host defence and function of 

the airway epithelial barrier (Li and Li, 2016). Indeed, vitamin C reduces the oxidative stress 

provoked by inhaled pollutants or irritants, thus limiting cellular da- mage induced by 

inflammatory-derived oxidants at the air-lung interface (Larsson et al., 2015). Moreover, 

vitamin C supplementation reduces acute lung inflammatory response, thus exhibiting a 

potential preventive and therapeutic role (Silva Bezerra et al., 2006). High doses of 

intravenous vitamin C with antioxidant and anti-inflammatory properties have been shown to 

be efficient as adjunctive therapy for recurrent ARDS (Bharara et al., 2016). Although the use 

of vitamin C to treat pulmonary impairments is still investigational, many studies have 

suggested its benefits against lung infections (Hemil  and Louhiala, 2007), COPD (Pirabbasi 

et al., 2016), asthma attacks, bronchial hypersensitivity (Hemil , 2013) and smoke-induced 

pulmonary emphysema (Koike et al., 2014). 

Sodium ascorbyl phosphate (SAP, Figure 6.1.) is a salt form of ascorbic acid 2-

phosphate, and it is a hydrophilic derivative of vitamin C characterized by improved physico-

chemical stability. SAP has already shown important antioxidant properties for dermal 

application (Klock et al., 2005; Spiclin et al., 2003). Additionally, even if to a lesser extend in 

comparison to magnesium ascorbyl phosphate (another salt of ascorbic acid 2-phosphate), 

SAP has been shown to stimulate collagen synthesis in cultures of human dermal fibroblasts 

(Geesin et al., 1993). Hence, SAP may be involved in wound healing processes like 

magnesium ascorbyl phosphate, which was found to be able not only to promote collagen 

synthesis (Amirlak et al., 2016; Geesin et al., 1993), but also to increase cell motility and 

fibroblast proliferation during skin reparation (Duarte et al., 2009; Stumpf et al., 2011). 
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Figure 6.1. Chemical structures of SAP, HA and HA-CL. 

Hyaluronic acid (HA, Figure 6.1.) is a biocompatible, biodegradable, visco-elastic and 

mucoadhesive glycosaminoglycan consisting of repeating dimeric units of D-glucuronic acid 

and N-acetyl-D-glucosamine (Fallacara et al., 2017a; Kakehi et al., 2003; Liao et al., 2005; 

Mayol et al., 2008; Toole, 2004). In humans, HA is ubiquitous, and in the lung its total 

content under physiological condition is approximately 160 mg (Turino and Cantor, 2003). 

Specifically, in the lung, the high-molecular-weight of HA exerts anti-inflammatory and anti-

angiogenic actions, promotes cell survival, organizes extracellular matrix, stabilizes 

connective tissues, regulates hydration and water homeostasis (Garantziotis et al., 2016; 

Gerdin and H llgren, 1997). Due to all these physico-chemical and biological properties, 

exogenous HA represents a promising multifunctional agent for the treatment of lung 

diseases, as it can be used as a drug carrier with intrinsic therapeutic potential (Garantziotis et 

al., 2016; Li et al., 2017; Martinelli et al., 2017; Surendrakumar et al., 2003). Emerging 

studies support the use of high- molecular-weight (> 1 MDa) HA to treat airway diseases 

whose pathogenesis involves inflammation, oxidative stress and epithelial remodelling 

(Allegra et al., 2008; Buonpensiero et al., 2010; Cantor et al., 2005, 2011; Furnari et al., 2012; 

Garantziotis et al., 2016; Gavina et al., 2013; Jiang et al., 2005, 2010; Lennon and Singleton, 

2011; Maiz Carro et al., 2012; Petrigni and Allegra, 2006; Savani et al., 2001; Souza- 

Fernandes et al., 2006; Venge et al., 1996). Two inhalation products containing HA as active 

ingredient are currently marketed: Hyaneb® (Chiesi Farmaceutici, IT) and Yabro® (Ibsa 

Farmaceutici, IT). Hyaneb® is a hypertonic saline solution containing HA (molecular-weight 

0.5 MDa, 0.1% w/v) to hydrate and consequently, reduce mucus viscosity in cystic fibrosis 

patients (Nenna et al., 2011). Yabro®, on the other hand, is a high viscosity nebuliser solution 

of hyaluronan (molecular-weight 0.8–1MDa, 0.3% w/v) to treat bronchial hyper-re- activity 

due to irritants inhalation or physical stress (Gelardi et al., 2013). 

To improve hyaluronan activity and potential for its use as therapeutic agent, several 

derivatives have been synthesized (Williams et al., 2017). In this study, a novel urea-

crosslinked hyaluronic acid (HA-CL, Figure 6.1.) was investigated for pulmonary application. 

HA-CL is a patented (Citernesi et al., 2015, WO/2015/007773 A1) biocompatible and 

biodegradable polymer, with enhanced consistency in comparison to native HA (Citernesi et 

al., 2015, WO/2015/007773 A1; Fallacara et al., 2017a), due to its crosslinking with urea, a 
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molecule naturally occurring and therapeutically employed as hydrating and re-epithelializing 

agent (Albèr et al., 2013; Charlton et al., 1996; Pan et al., 2013). 

In this context, the focus of the present in vitro bio-investigation was to evaluate the 

cytotoxicity and the bioactivity -anti-inflammatory, antioxidant and wound healing properties- 

of these components, vitamin C and hyaluronic acid (HA) derivatives, used singularly and in 

combination, on Calu-3 lung carcinoma derived epithelia cells. 

6.3. Materials and methods  

6.3.1. Materials  

Native hyaluronic acid (HA, i.e. sodium hyaluronate, molecular weight 1.2 MDa) and 

urea-crosslinked hyaluronic acid (HA-CL, molecular weight 2.0–4.0 MDa – raw material 

containing also pentylene glycol) were kindly donated by IRAlab (Usmate Velate, Monza-

Brianza, Italy) and used as supplied. Sodium ascorbyl phosphate (SAP) was purchased from 

DSM Nutritional Products Ltd. (Segrate, Milano, Italy). Calu-3 cells were supplied by 

American Type Cell Culture Collection (ATTC, Rockville, USA). Transwell
®
 polyester cell 

inserts (0.33cm
2
 surface area, 0.4 μm pore size) were obtained from Corning by Sigma- 

Aldrich (Australia). Triton
®
X-100, L-ascorbic acid, 2′,7′-dichloro- fluorescein diacetate 

(DCFH-DA), lipopolysaccharide (LPS) from Escherichia coli, non-essential amino acids 

solution, 200 mM L-glutamine solution were purchased from Sigma-Aldrich (Milan, Italy, 

and Sydney, Australia). Other cell culture reagents including Dulbecco's Modified Eagle's 

medium/F-12, phosphate buffer saline (PBS) and foetal bovine serum (FBS) were obtained 

from Gibco by ThermoFisher Scientific (Sydney, Australia). Hydrogen Peroxide (H2O2) 6% 

(w/v) was supplied by Gold Cross (Spring Hill, Australia). Methyl tetrazolium salt (MTS) 

reagent -CellTiter 96
®

 Aqueous One Solution Cell Proliferation Assay- and lactate 

dehydrogenase (LDH) assay kit -RayBio LDH-Cytotoxicity assay kit II- for cell viability tests 

were purchased from Promega (Sydney, Australia) and RayBiotech (Kirrawee, Australia), 

respectively. Collagen Type I and enzyme-linked immuno assay (ELISA) kits for 

determination of the inflammation markers interleukin-6 (IL-6) and in- terleukin-8 (IL-8) 

were obtained from BD Bioscience (Sydney, Australia). Water was purified by Milli-Q 

reverse Osmosis (Molsheim, France). 

6.3.2. Preparation and physico-chemical characterization of hyaluronan and SAP samples 

To evaluate the in vitro cytotoxicity and biological activities of the novel combinations 

HA-CL – SAP and HA – SAP on Calu-3 lung cells, sample solutions were aseptically 

prepared. SAP was employed with a concentration of 0.45% (w/v), since high doses of 

ascorbate are necessary to obtain a significant therapeutic activity (Bharara et al., 2016; Li 

and Li, 2016). Hyaluronan was used at 0.15% (w/v), a concentration similar to those of 

commercially available products for inhalation (0.1–0.3% w/v) (Gelardi et al., 2013; Nenna et 

al., 2011), and ideal to improve drug bioavailability from lung compared to simple drug 

solutions (Morimoto et al., 2001). Thus, hyaluronan-SAP (0.15–0.45% w/v) solutions
*
 were 

formulated by dissolving polymers and drug into 10 mL of FBS-free cell culture medium that 

was kept under constant and gentle magnetic stirring overnight, at room temperature. In the 
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same way, 0.45% (w/v) SAP, 0.15% (w/v) HA and 0.15% (w/v) HA-CL
*
 solutions were 

prepared as comparison. 

Before performing the biological study, all the solutions were subjected to physico-

chemical characterization. 

pH and osmolality were assessed using a Docu-pH+ meter (Sartorius Mechatronics, 

Goettingen, Germany) and a 5500 Vapor Pressure Osmometer (Wescor, Logan, United 

States). Viscosity analyses were carried out at 37 ± 2 °C with a rotational rheometer AR2000 

(TA instruments, New Castle, USA) connected to the Rheology Advantage software (version 

V7.20). The rheometer was equipped with an aluminium cone/plate geometry –diameter 40 

mm, angle 2°, 64 μm truncation-, and with a solvent trap to prevent samples dehydration. 

Shear rate sweep tests were carried out under steady state condition: after 1- min equilibration 

time, the shear rate (γ ) was progressively increased from 0.01 to 1000s−1. Zero-shear rate 

viscosity (η0) of the solutions was determined by fitting the viscosity curves according to the 

Cross equation (Cross, 1968) (Eq. 6.1.): 

        
     

       ̇  
                                                                                                       (Eq. 6.1.) 

where η is the viscosity at a given shear rate (Pa s), γ  is the shear rate (s−1), η0 is the zero-

shear rate viscosity (Pa s), η∞ is the infinite-shear rate viscosity (Pa·s), C is a multiplicative 

parameter (s) and n is a dimensionless exponent. Data are reported as mean ± standard 

deviations of three independent analyses. As control, pH, osmolality and viscosity of cell 

culture medium alone were assayed as well. 

 
*
 Note: HA CL was provided as raw material containing pentylene glycol. Therefore, 

0.15% (w/v) HA CL solutions contained also 0.11% (w/v) pentylene glycol. 

6.3.3. Cell culture 

The lung epithelia cancer derived Calu-3 cell line was chosen as in vitro respiratory 

model. This cell line has been well characterized and reflects the main characteristics and 

secretory activity of the airway epithelium when grown at an air-liquid interface (ALI) (Haghi 

et al., 2010). The ALI model allows for cell differentiation in terms of mucus secretion, tight 

junction generation and protein expressions to mimic the physiological conditions (Haghi et 

al., 2010). 

Calu-3 cells were cultured between passages 38 to 43 in 75 cm
2
 flasks containing 

Dulbecco's Modified Eagle's medium/F-12 enriched with 10% (v/v) foetal bovine serum 

(FBS), 1% (v/v) non-essential amino acids solution and 1% (v/v) L-glutamine solution. Cells 

were maintained in a humidified 95% air, 5% CO2 atmosphere, at 37°C, until confluency was 

reached. The medium was replaced three times a week and cells were passaged according to 

American Type Culture Collection Recommendations - ATCC guidelines. 

6.3.4. LDH and MTS cytotoxicity assays 

The in vitro cytotoxicities of hyaluronan-SAP (0.15–0.45% w/v) solutions and their single 
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components - 0.45% (w/v) SAP, 0.15% (w/v) HA and 0.15% (w/v) HA-CL - were evaluated 

on Calu-3 cells by per- forming a LDH test. A commercial LDH assay kit was used to 

quantify the amount of LDH released into the cell culture medium, directly related to cell 

membrane damage. Extracellular LDH in the medium was measured by a coupled enzymatic 

reaction in which LDH catalysed lactate conversion into pyruvate, thus provoking the final 

production of formazan, a dye whose intensity was directly correlated with the number of 

cells lysed (Chan et al., 2013). Briefly, Calu-3 cells were seeded with a density of 5 × 104 

cells/well in a volume of 100 μL into a 96 well-plate. Cells were incubated overnight at 37°C 

in a humidified atmosphere at 5% CO2. Supernatant was replaced with 100 μL of pre- 

warmed treatments, and cells incubated at the same conditions for another 24 h. Background 

controls (medium), negative controls (un- treated cells) and positive controls (cells treated 

with 1% w/v Triton
®

X-100) were included in the experiment. 10 μL of cell culture 

supernatant was withdrawn and transferred into a new 96 well-plate, followed by the addition 

of 100 μL of reaction mixture from LDH kit. After 30 min of light-protected incubation at 

room temperature, LDH activity was quantified by measuring the absorbance with a 

SpectraMax microplate reader at 450 nm. Experiments were performed in triplicate. 

Cytotoxicity was calculated according to the following equation (Eq. 6.2.), and presented as 

the percentage of LDH leakage of each treatment compared to the positive control: 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒 𝑠𝑒    𝑐𝑒𝑙𝑙 𝑑𝑒  ℎ   
𝑇𝑒𝑠  𝑠𝑎𝑚𝑝𝑙𝑒    𝑒𝑔𝑎 𝑖 𝑒 𝑐𝑜  𝑟𝑜𝑙

𝑃𝑜𝑠𝑖 𝑖 𝑒 𝑐𝑜  𝑟𝑜𝑙    𝑒𝑔𝑎 𝑖 𝑒 𝑐𝑜  𝑟𝑜𝑙
 𝑥                           (Eq. 6.2.) 

A MTS assay was also performed on Calu-3 cells to measure cytotoxicity on cellular 

metabolic activity as a function of HA – SAP and HA-CL – SAP solution concentrations. MTS 

assay is a colorimetric test based on tetrazolium reduction into formazan. This reaction occurs 

only in metabolic active cells (Riss et al., 2004). Briefly, 100 μL of 5 × 10
4
 cells/well were seeded 

into a 96 well-plate. Cells were incubated overnight at 37 °C in a humidified atmosphere at 5% 

CO2. On the second day, 100 μL of pre-warmed treatments were added to the seeded cells with 

progressively diluted concentration. Indeed, maintaining hyaluronan-SAP ratio constant to 1–3, a 

concentration range from 12.6 mM SAP (which corresponded to a solution containing 0.15% 

hyaluronan and 0.45% SAP) to 1.5μM SAP was tested. Background controls (medium) and 

untreated controls (untreated cells) were included in the experiment. After 24 h of incubation with 

treatments at 37°C, in a humidified atmosphere at 5% CO2, Calu-3 cells were incubated for 

another 4 h, in the same conditions, with 20 μL of MTS solution. Finally, the 96 well-plate was 

read at 490 nm using a   SpectraMax microplate reader. The absorbance values were directly 

proportional to cell viability (%). Experiments were performed in triplicate. Data were expressed 

as % cell viability relative to untreated control, and plotted against SAP concentration (nM) on a 

logarithmic scale. 

Considering the results of the cytotoxicity tests, all the following biological assays were 

performed with the most concentrated solutions: 0.15–0.45% (w/v) HA – SAP and HA-CL – SAP, 

0.45% (w/v) SAP, 0.15% (w/v) HA and (w/v) HA-CL. 
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6.3.5. Evaluation of epithelial barrier integrity 

The epithelial barrier function was studied using an electrically-based method, consisting of 

transepithelial electrical resistance (TEER) measurements. Briefly, Calu-3 cells were seeded on 

Transwell polyester inserts at density of 1.65 × 105 cell/insert, and maintained in a humidified 

95% air, 5% CO2 atmosphere, at 37 °C. After 24 h, the apical chamber medium was removed and 

the cells were maintained in the basolateral chamber, where the medium was replaced every 

alternate day with 600μL of fresh medium to establish an ALI model over 12–14 days. 200 μL of 

treatments -0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and 

0.15% (w/v) HA-CL solutions- were added to the apical side, and after 4 h the resistance was 

measured using a EVOM voltohmmeter (World Precision Instrument, Sarasota, USA) connected 

to STX-2 chopstick electrodes. Blank controls (cell-free inserts containing medium) and untreated 

controls (inserts of cells in medium) were included in the study. Experiments were performed in 

triplicate. TEER (Ωcm
2
) was calculated from the measured potential resistance difference (Ω) 

between the apical and basolateral sides, normalized by subtracting the blank insert and 

multiplying by the area of the Transwell inserts, according to the following equation (Eq. 6.3.):          

       𝑐      𝑒𝑠 𝑠   𝑐𝑒 𝑒𝑠    𝑒𝑠 𝑠   𝑐𝑒 𝑙𝑎    𝑥                                      (Eq. 6.3.) 

6.3.6. Pro-inflammatory markers expression 

The expressions of the pro-inflammatory cytokines, IL-6 and IL-8, were evaluated in Calu-3 

cells treated with 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and 

0.15% (w/v) HA-CL solutions. 

The effects of test solutions were compared with untreated cells and positive controls, i.e. 

cells exposed to 10 ng/mL LPS. In this experiment, 1 mL of 5 × 10
5
 cells/well was seeded into a 

24-well plate. Cells were incubated overnight at 37°C in a humidified atmosphere at 5% CO2. On 

the second day, cell culture medium was withdrawn and replaced with 1 mL of pre-warmed 

treatments. Calu-3 were then incubated for 24 h at 37°C, in a humidified atmosphere at 5% CO2, 

to allow for the production of IL-6 and IL-8. After that, cell culture supernatant was collected, 

centrifuged (5 min, 13,000 rpm, 4°C) and analysed for IL-6 and IL-8 levels using human IL-6 and 

IL-8 ELISA kits, according to the manufacturer's instructions. The amounts of cytokines released 

in the test samples were determined using standard calibration curves obtained with purified 

recombinant human IL-6 and IL-8 provided with the kit. The limits of detection were 4.7–

300 pg/mL for IL-6 and 3.1–200 pg/mL for IL-8. Experiments were performed in triplicate. 

The anti-inflammatory efficacy of the samples was evaluated by their ability to reduce 

inflammation in Calu-3 cells after induction of inflammatory cytokines production by LPS. 

Calu-3, seeded into a 24-well plate as previously described, were incubated with 10 ng/mL LPS 

for 24 h at 37°C, in a humidified atmosphere at 5% CO2. Cells were subsequently treated with 

hyaluronan and/or SAP solutions and, after 24 h of incubation, cell culture supernatant was 

withdrawn, centrifuged (5 min, 13,000 rpm, 4°C) and analysed for IL-6 and IL-8 levels as 

previously described.      
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6.3.7. Analysis of intracellular reactive oxygen species (ROS) 

Oxidative stress was evaluated by quantification of intracellular ROS produced by Calu-3 

cells treated with 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and 

0.15% (w/v) HA-CL solutions, with and without LPS induction. ROS levels were determined by 

conversion of the non-fluorescent DCFH-DA into the fluorescent dichlorofluorescin (DCF). 

Briefly, 100μL of Calu-3 cells were seeded with a density of 5 × 10
4
 cells/well into a 96 well-

plate, incubated overnight at 37 °C in a humidified atmosphere at 5% CO2. Afterwards, Calu-3 

were incubated in the dark for 30 min (37°C, 5% CO2) with 100 μL of 5 μM DCFH-DA (Wu and 

Yotnda, 2011). Then, DCFH-DA containing medium was re- moved and 100 μL of treatment was 

added to DCFH-DA-loaded cells, protected from light. Background controls (medium), untreated 

and unlabelled controls (untreated and unlabelled cells), untreated controls (untreated cells), 

negative controls (cells treated with 1 mM L-ascorbic acid) and positive controls (cells treated 

with 0.03% H2O2) were included in the experiment. After 10 min of incubation (37°C, 5% CO2), 

cell supernatant was withdrawn and transferred into a 96-well plate for fluorescence analysis by a 

SpectraMax microplate reader with excitation filter set at 485 nm and emission filter set at 

520 nm. Experiments were performed in triplicate and results were expressed as % of ROS 

production relative to untreated control. 

The antioxidant activity of the samples was also investigated by their ability to reduce 

oxidative stress in Calu-3 cells after induction of ROS production by 10 ng/mL LPS. 

6.3.8. Electric cell-substrate impedance sensing (ECIS) wound healing assay 

The ECIS system (ECIS Zθ, Applied Biophysics, NY, USA) was used to apply an electrical 

current to create a wound on the Calu-3 mono- layer and investigate the healing process over 

time. Briefly, 500 μL of Calu-3 cells were seeded at 5 × 10
5
 cells/well in collagen coated 8W1E 

arrays (Applied Biophysics, NY, USA) and allowed to grow for 24 h, directly contacting the gold 

film surface of the microelectrode −250 μm diameter. Culture medium was used as electrolyte. 

Once the cells reached confluency, an elevated electrical field (2000 μA, 60 s, 100 kHz) was 

applied to wound the epithelial layer. Subsequently, cell debris were washed with sterile PBS and 

300 μL of the different pre- warmed treatments were added to each well: 0.15–0.45% (w/v) 

hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and 0.15% (w/v) HA- CL solutions. 

Wounded but untreated cells were also included in the experiment as control. The study was 

carried out in an incubator at 37°C, with a humidified 5% CO2 atmosphere. After wounding, 

resistance (Ω) across the cell layer was measured every 5 min for > 30 h, and data were collected 

and analysed using the ECIS software, ac- cording to the principle of ECIS measurements 

(Balasubramanian et al., 2008; Stolwijk et al., 2015). Resistance was normalized by dividing the 

resistance values from electrodes confluent with cells by the corresponding quantities for the cell-

free electrodes. 

6.3.9. Statistical analysis 

Data are presented as mean ± standard deviation of three in- dependent experiments. 

Statistical analysis was performed using GraphPad Prism software version 7.0 b (GraphPad, San 
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Diego, USA). One-way analysis of variance (ANOVA) followed by Tukey post hoc test for 

multiple comparisons was used to determine statistical significance (*P < 0.05, **P < 0.01, ***P 

< 0.001 and ****P < 0.0001).           

6.4. Results and discussion 

Both hyaluronic acid (Allegra et al., 2008; Buonpensiero et al., 2010; Cantor et al., 2005, 

2011; Furnari et al., 2012; Garantziotis et al., 2016; Gavina et al., 2013; Jiang et al., 2005; Lennon 

and Singleton, 2011; Maiz Carro et al., 2012; Petrigni and Allegra, 2006; Savani et al., 2001; 

Souza-Fernandes et al., 2006; Venge et al., 1996) and vitamin C (Berger and Oudemans-van 

Straaten, 2015; Bharara et al., 2016; Bracher et al., 2012; Fisher et al., 2012; Garcia-Larsen et al., 

2016; Gupta et al., 2016; Hemila, 2014; Jin et al., 2016; Li and Li, 2016; Park et al., 2016; Sawyer 

et al., 1989) have shown potential as adjunctive treatments for lung diseases with inflammatory 

and oxidative components. Therefore, the present in vitro study was devised to investigate the 

safety and efficacy of the novel hyaluronan – SAP on Calu-3 human epithelial cells. More 

specifically, the biological activity of SAP combined with HA-CL with urea, a recently 

synthetized promising polymer (Citernesi et al., 2015, WO/2015/007773 A1; Fallacara et al., 

2017a; Fallacara et al., 2017b), has been investigated. This novel combination was evaluated in 

comparison to the native HA – SAP, and to the single components SAP, HA and HA-CL, to 

understand if an enhanced activity was present, and whether the crosslinked polymer had an 

added therapeutic value. Prior to any anti-inflammatory, antioxidant and wound healing tests, the 

potential cytotoxicity effect of hyaluronan and SAP (in combination and as single components) 

towards Calu-3 epithelia was evaluated. Moreover, the physico-chemical behaviour of the sample 

solutions was examined. 

6.4.1. Physico-chemical properties of hyaluronan and SAP solutions 

Prior to the biological study, the physico-chemical behaviour of the test solutions was 

analysed to evaluate the samples suitability for direct delivery on the lung epithelium (Forbes et 

al., 2000). To achieve optimal physico-chemical properties for airway tolerability, test 

formulations should have a pH close to neutrality (7.4) and an osmolality between 150 and 550 

mosm/Kg, although small variations can be tolerated (Alhanout et al., 2011; Wong-Beringer et al., 

2005). 

As shown in Table 6.1., samples displayed an almost neutral pH for lung epithelium. More 

precisely, HA and HA-CL did not affect the pH of Calu-3 medium, which remained constant at 

7.7. The addition of SAP to cell medium increased the pH to 8.1, regardless of the presence of 

hyaluronan. Nevertheless, these pH variations were not significant for Calu-3 tolerability, as all 

the solutions were biocompatible, as con- firmed by the subsequent viability results. In regards to 

the sample's osmolality, all the test solutions showed values ranging between 312.0 ± 1.7 (HA) 

and 363.0 ± 0.0 mOsm/Kg (HA-CL – SAP) -Table 6.1.- that is also suitable for lung delivery. 

Another important physico-chemical parameter that was assessed was viscosity, as it affects 

drug absorption rate. Previous studies re- ported that sodium hyaluronate solutions, being viscous 

and mucoadhesive, were able to control and enhance the absorption of drugs and, hence, improve 

their pharmacological availability from the lung, compared to the less viscous drugs solutions 

(Morimoto et al., 2001; Yamamoto et al., 2004). As shown in Table 6.1., 0.15–0.45% (w/v) HA –
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 SAP and HA-CL – SAP solutions were more viscous (4.5 ± 0.2 and 5.5 ± 1.0 mPa s, 

respectively) than 0.45% (w/v) SAP solution (1.0 ± 0.0 mPa s) -P < 0.0001. Indeed, HA and HA-

CL acted as rheological agents, significantly increasing (P < 0.0001) the viscosity of the cell 

culture medium from 1.4 ± 0.0 to 8.2 ± 0.3 and 12.1 ± 0.8 mPa s, respectively. Therefore, 

hyaluronate solutions seemed to be promising vehicle for pulmonary delivery of SAP, as they 

might be useful to guarantee high local drug concentration. 

Table 6.1. Physico-chemical properties (pH, osmolality and viscosity) of: 0.15–0.45% (w/ v) HA – 

SAP and HA-CL – SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and HA-CL solutions (n = 3 ± StDev).  

Test solution  pH Osmolality (mOsm/Kg) Viscosity (mPa.s) 

Calu-3-medium 7.7 ± 0.0 310.0 ± 2.0 1.4 ± 0.0 

HA - SAP  8.1 ± 0.0 347.0 ± 1.0 4.5 ± 0.2 

HA-CL - SAP  8.1 ± 0.0 363.0 ± 0.0 5.5 ± 1.0 

SAP  8.1 ± 0.0 351.0 ± 1.0 1.0 ± 0.0 

HA  7.7 ± 0.0 312.0 ± 1.7 8.2 ± 0.3 

HA-CL  7.7 ± 0.0 335.3 ± 0.6 12.1 ± 0.8 

6.4.2. LDH and MTS cytotoxicity assays 

The cytotoxicity of hyaluronan and/or SAP solutions on Calu-3 cells was evaluated via 

changes in cell membrane damage (LDH assay) and cell metabolic activity (MTS assay). 

Sample solutions of HA – SAP, HA-CL – SAP, SAP, HA and HA-CL, at the selected 

concentrations of 0.15% (w/v) hyaluronan and 0.45% (w/ v) SAP, respectively, were added to 

Calu-3 cells which underwent a LDH assay after 24 h. As displayed in Figure 6.2.A, none of these 

samples showed LDH release, thus indicating that treated Calu-3 cells maintained viability 

(P > 0.05). On the contrary, cells exposure to 1% Triton®X-100, a toxic compound used as 

positive control, significantly increased LDH release in comparison with untreated cells control 

(P < 0.0001), confirming cell death as expected. Thus, all the test samples, at the selected 

concentrations, showed to be non-toxic on the Calu-3 epithelial cells. 

 

Figure 6.2. Viabilities of Calu-3 cells evaluated using: (A) LDH assay and (B) MTS assay after 24 h of 

treatment with sample solutions. Data represent mean ± standard deviation (n = 3). Asterisks indicate 

significant difference from control untreated cells (****P < 0.0001). 
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To further confirm these results, Calu-3 cells were incubated for 24 h with HA – SAP and 

HA-CL – SAP solutions characterized by concentration ranging from 1.5 μM to 12.6 mM SAP, 

and by a constant 1–3 polymer-drug ratio. Viability was assessed using a MTS assay. As shown in 

Figure 6.2.B., Calu-3 cells were viable after treatment with HA – SAP and HA-CL – SAP 

solutions within the wide range of concentrations investigated. The half maximal inhibitory 

concentration (IC50) values could not be determined across this concentration interval and, 

therefore, both the hyaluronan - SAP associations were considered safe for Calu-3 epithelium 

even with the highest concentration (Figure 6.2.B). 

64.3. Evaluation of epithelial barrier integrity 

A quantitative measurement of Calu-3 epithelium barrier integrity was performed after 4 h of 

exposure to 0.15–0.45% (w/v) HA – SAP and HA-CL – SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA 

and HA-CL solutions. As displayed in Figure 6.3., TEER results obtained from the chopstick 

method showed no significant change (P > 0.05) between control untreated cells (511 ± 26 Ωcm
2
) 

and cells treated with HA – SAP (500 ± 15 Ωcm
2
), HA-CL – SAP (519 ± 32 Ωcm

2
), SAP 

(545 ± 28 Ωcm
2
) and HA-CL (541 ± 13 Ωcm

2
), respectively. All the normalized resistance values 

were thus comparable and no treatment affected the integrity of Calu-3 epithelial monolayer under 

the time scale and the conditions studied. Hence, subsequent efficacy studies can be performed 

confidently within the concentrations evaluated. 

 

Figure 6.3. Transepithelial electrical resistance (TEER, normalized resistance values) of Calu-3 cells 

after 4 h of treatment with 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA 

and HA-CL solutions compared to untreated cells (control). Data represent mean ± standard deviation 

(n = 3). 
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6.4.4. Pro-inflammatory markers expression 

Airway inflammation is a biological response stimulated by several factors –such as genetic 

factors, endogenous substances, inhalation of exogenous irritants, cigarette smoke and pollutants, 

environmental factors-, and it represents the most important cause of the progression of acute and 

chronic lung disorders (MacNee, 2001; Oudijk et al., 2003; Wouters et al., 2007). During lung 

inflammation, different types of inflammatory cells are activated whereby cytokines, and 

inflammatory mediators such as IL-6 and IL-8 are released, exacerbating tissue irritations (Tulbah 

et al., 2016). 

IL-6 is a pleiotropic cytokine, with important biological effects on inflammation, immunity 

and stress (Doganci et al., 2005). IL-6 was found to be overproduced during lung inflammatory 

processes in response to irritants and viruses, and in asthmatic and COPD patients (Rincon and 

Irvin, 2012). These evidences suggest that IL-6 plays an active role in the pathogenesis of 

inflammatory pulmonary diseases with different pathways, involving genetic mechanisms and an 

in- creased release of pro-inflammatory cytokines like interleukin-13 (responsible of mucus 

secretion) (Rincon and Irvin, 2012) and eotaxin (Ammit et al., 2007). 

IL-8 is a potent neutrophil attractant and activator, which is overexpressed in lung diseases 

like ARDS (Allen and Kurdowska, 2014), COPD, cystic fibrosis and asthma (Mortaz et al., 2011; 

Ovrevik et al., 2011). IL-8 is regulated via multiple signalling pathways which involve nuclear 

factor NF-kB, epidermal growth factor receptor, and MAP kinases, all implicated in the 

pathogenesis of lung inflammatory diseases (Ovrevik et al., 2011). 

As previously discussed, emerging data have shown that high-molecular weight hyaluronan 

can be used as therapeutic agent in inflammatory airway diseases (Allegra et al., 2008; 

Buonpensiero et al., 2010; Cantor et al., 2005, 2011; Furnari et al., 2012; Garantziotis et al., 2016; 

Gavina et al., 2013; Jiang et al., 2005; Lennon and Singleton, 2011; Maiz Carro et al., 2012; 

Petrigni and Allegra, 2006; Savani et al., 2001; Souza-Fernandes et al., 2006; Venge et al., 1996). 

Therefore, this in vitro study investigated if the novel HA-CL compound could provide enhanced 

anti-inflammatory activity than that of native HA, especially when in combination with SAP. 

Results showed that HA-CL did not influence IL-8 production, even if combined with SAP, 

both in non-inflamed and inflamed Calu-3 cells (data not shown). Similarly, IL-6 release was not 

affected in non-in- flamed Calu-3 cells treated with hyaluronan and/or SAP solutions (Figure 

6.4.). On the contrary, exposure to 10 ng/mL LPS significantly in- creased (P < 0.0001) IL-6 

production from 270.7 ± 18.7 pg/mL (untreated cells control) to 1165.7 ± 202.0 pg/mL, as 

expected (Figure 6.4). This was due to the inflammatory effects of LPS, an endotoxin located on 

the outer membrane of bacteria -such as Escherichia coli, Staphylococcus aureus and 

Pseudomonas aeruginosa- (Pier, 2007; Rietschel et al., 1994), responsible of pathological 

processes, which aggravates chronic lung disorders during a respiratory infection (Cakir et al., 

2003). 
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Figure 6.4. Concentration of IL-6 inflammatory cytokine in unstimulated Calu-3 cells supernatant after 

24 h of exposure to 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and HA-

CL solutions, evaluated in comparison to untreated cells and cells treated with 10 ng/mL LPS (positive 

control). Data represent mean ± standard deviation (n = 3). Asterisks indicate significant difference 

from untreated cells control (****P < 0.0001). 

The anti-inflammatory properties of the test solutions were investigated after stimulation of 

Calu-3 cells with 10 ng/mL LPS 24 h prior to treatments exposure. IL-6 concentrations were 

determined 24 h after samples addition on the stimulated Calu-3 cells. With the exception of HA, 

which maintained an IL-6 level similar to that of non-treated LPS-induced Calu-3 cells 

(1165.7 ± 202.0 pg/mL), all other treatments showed the ability to reduce IL-6 release (Figure 

6.5.). More specifically, HA – SAP reduced IL-6 concentration to 808.3 ± 90.7 pg/mL, SAP to 

868.1 ± 262.1 pg/mL, HA-CL and HA-CL – SAP even to 655.3 ± 135.0 and 431.3 ± 61.7 pg/mL, 

respectively. Therefore, HA- CL was found to have a statistically significant anti-inflammatory 

activity towards inflamed Calu-3 cells (P < 0.05), and an enhanced anti-inflammatory effect when 

combined with SAP (Figure 6.5.) -P < 0.01. 

As oxidative stress is responsible for lung inflammation, both directly and indirectly (Krishna 

et al., 1998; MacNee, 2001; Santus et al., 2014; Teramoto et al., 1996; Zuo et al., 2013), it was 

assumed that the antioxidant properties of SAP could improve the anti-inflammatory effect of 

hyaluronan. This enhanced effect was more evident in the case of HA-CL, probably due to its 

crosslinking with urea -an active molecule which enhances cellular regeneration and reparation 

(Albèr et al., 2013; Charlton et al., 1996; Pan et al., 2013)- and, therefore, to its higher molecular 

weight (2.0–4.0 MDa) in comparison to the native HA (1.2 MDa) from which it was synthetized. 

Indeed, the biological properties of hyaluronan depend on its size, where only high-molecular 

weight HA (> 1.0 MDa) has shown anti-inflammatory properties (Garantziotis et al., 2016). 
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Figure 6.5. Concentration of IL-6 inflammatory cytokine in Calu-3 cells supernatant stimulated with 

10 ng/ mL LPS and then exposed for 24 h to 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 

0.15% (w/v) HA and HA-CL solutions, evaluated in comparison to untreated LPS-stimulated cells 

(control). Data represent mean ± standard deviation (n = 3). Asterisks indicate significant difference 

from untreated cells control (*P < 0.05 and **P < 0.01). 

6.4.5. Analysis of intracellular ROS 

The respiratory system is continually exposed to irritants, dusts, cigarette smoke, 

pollutants, viruses and bacteria, which cause the production of oxidant species (Holgate, 

2011). When the imbalance between pro-oxidants and endogenous antioxidants moves in 

favour of pro-oxidant molecules, oxidative stress increases (Birben et al., 2012) and 

stimulates the production of pro-inflammatory mediators, responsible of ROS release by 

macrophages activation (Kirkham and Rahman, 2006). Thus, oxidative stress and 

inflammation engages in an endless cycle, which plays an important role in the pathogenesis 

of lung diseases (Corrigan and Kay, 1991; Kirkham and Rahman, 2006; MacNee, 2001). 

Considering that both HA and vitamin C seem to have potential as adjunctive treatments of 

lung diseases with inflammatory and oxidative components, and that SAP has good 

antioxidant proper- ties when administered topically (Khan et al., 2017; Klock et al., 2005; 

Spiclin et al., 2003), this study investigated their ability to induce and reduce oxidative stress 

in Calu-3 cells. Intracellular ROS were quantified after cells treatment with combinations of 

0.15–0.45% (w/v) hyaluronan-SAP, and were compared to ROS levels detected in cells 

exposed to 0.45% (w/v) SAP, 0.15% (w/v) HA and HA-CL, ascorbic acid (negative control), 

H2O2 (positive control), and untreated cells control. 

Results in Figure 6.6 showed that hyaluronan and/or SAP solutions did not induce 

oxidative stress in Calu-3 cells (without LPS stimulation). On the contrary, hyaluronan and/or 

SAP solutions reduced the basal level of intracellular ROS, compared to untreated cells. 

Indeed, both the hyaluronan-SAP combinations significantly decreased ROS concentrations 

compared to untreated cells: HA – SAP to 57.9 ± 2.4% (P < 0.001), and HA-CL – SAP to 

23.2 ± 2.9% (P < 0.0001) (Figure 6.6.A), respectively. Thus, HA-CL – SAP displayed an 

activity com- parable to that of the negative control ascorbic acid (41.3 ± 3.4%), and an 

improved effect with respect to HA – SAP and of the single SAP (55.9 ± 5.9%), HA (82.3 ± 

8.0%) and HA-CL (51.3 ± 1.0%) (Figure 6.6.B), respectively. These data showed an 
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enhanced antioxidant effect due to HA-CL combination with SAP, with HA-CL – SAP 

appearing to be the best treatment to provide a potential preventive antioxidant action. On the 

other hand, the treatment with H2O2 as a positive control resulted in a significant and 

damaging (Grommes et al., 2012) overproduction of ROS (139.1 ± 15.3%) (Figure 6.6.A). 

 

Figure 6.6. Oxidative effects of 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% (w/ v) 

HA, 0.15% (w/v) HA-CL solutions, and controls (untreated cells, 0.03% H2O2, 1mM L-ascorbic acid) 

on intracellular ROS production (%) in Calu-3 cells. Data represent mean ± standard deviation (n=3). 

Asterisks indicate significant differences from untreated cells control (A) and from HA-CL - SAP (B), 

with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 

The antioxidant activity of the samples was then studied for their ability to decrease ROS 

levels in inflamed Calu-3 cells that have been stimulated with 10 ng/mL LPS. All the test 

solutions significantly reduced ROS production in Calu-3 cells compared to untreated 

inflamed cells, as displayed in Figure 6.7.A. More precisely, the combination HA-CL – SAP 

showed a ROS release of 84.4 ± 0.6%, which was significantly lower than those of the 

association HA – SAP (93.2 ± 1.5%), and of the single SAP (95.7 ± 0.9%), HA (90.1 ± 0.4%) 

and HA-CL (87.9 ± 0.7%) (Figure 6.7.B), respectively. Hence, HA-CL – SAP showed to be 

the most promising treatment with the highest antioxidant activity. 
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Figure 6.7. Intracellular ROS production (%) in Calu-3 cells stimulated with 10 ng/mL LPS and then 

exposed to 0.15–0.45% (w/v) hyaluronan- SAP, 0.45% (w/v) SAP, 0.15% (w/v) HA and HA-CL 

solutions, evaluated in comparison to untreated control (stimulated but untreated cells). Data represent 

mean ± standard deviation (n=3). Asterisks indicate significant differences from untreated cells control 

(A) and from HA-CL – SAP (B), with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 

6.4.6. Electric cell-substrate impedance sensing wound healing assay 

Although the use of vitamin C and its derivatives to treat lung injury is still investigational, it 

has been shown that their antioxidant activity attenuates tissue damage and positively affects the 

functions of airway epithelial barrier (Bharara et al., 2016; Li and Li, 2016). Relative to HA, 

several studies reported that it plays a crucial role in the reparation and regeneration of lung (Jiang 

et al., 2005, 2010) and many other tissues, such as skin (Murphy et al., 2017; Papakonstantinou et 

al., 2012), tympanic membrane (Teh et al., 2012) and corneal epithelium (Gomes et al., 2004; Lee 

et al., 2015; Wu et al., 2013). Considering the strict correlation between tissue damage, 

inflammation and oxidative stress, hyaluronan's role in wound healing process cannot be precisely 

ascribed to any single one of its properties, but it is rather due to the combi- nation of its 

protective effects (Chen and Abatangelo, 1999; Frenkel, 2014). Hence, the promising results of 

the anti-inflammatory and antioxidant tests performed during this in vitro study lead to the 

investigation of the wound healing ability. In a previous in vitro study, it was demonstrated that 

the novel HA-CL could induce tissue re-epithelialization (Fallacara et al., 2017b). Nevertheless, 

this was the first study to evaluate on Calu-3 cells the wound healing efficacy of the combinations 
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0.15–0.45% (w/v) HA – SAP and HA-CL – SAP, in comparison to the single 0.45% (w/v) SAP, 

0.15% (w/v) HA and HA-CL.  

As displayed in Figure 6.8., resistance decreased sharply upon wounding of the Calu-3 

epithelia (after 24 h), and then progressively increased during the healing process to reach a 

plateau when tissues integrity was completely restored. Our results confirmed the importance of 

the wound healing activity of hyaluronan (Chen and Abatangelo, 1999; Frenkel, 2014; Jiang et al., 

2005, 2010). Indeed, with the exception of SAP, all the treatments increased the rate of wound 

closure in comparison with untreated wounds (control), which showed a total re- epithelialization 

after 16.5 h. More precisely, HA – SAP and HA were able to heal the wound almost 4 h before 

control cells, while HA-CL – SAP and HA-CL 6.5 and 9 h before, respectively (Figure 6.8.). 

Therefore, although the combination HA-CL – SAP showed improved healing properties in 

comparison to HA, SAP and the association HA – SAP, the fastest wound closure ability was 

exhibited by the single HA-CL, which restored epithelial integrity in 7.7 h. This assay 

demonstrated that HA-CL had improved wound healing properties compared to native HA, and 

that hyaluronan and SAP, used in combination, did not enhance the re- epithelialization of Calu-3 

wounded cells. 

 

Figure 6.8. Wound healing ability of 0.15–0.45% (w/v) hyaluronan-SAP, 0.45% (w/v) SAP, 0.15% 

(w/v) HA and HA-CL solutions on Calu-3 monolayers wounded with an electrical current (2000 μA, 

60 s, 100 kHz) applied using the ECIS system. For each sample, the time required for wound closure 

(vertical dashed line) was calculated as difference from the time employed by control cells (wounded 

but untreated –vertical dashed line in bold) (A) and additionally reported as absolute time to restore 

epithelial integrity (B).  
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6.5. Conclusions 

The present in vitro study investigated the safety and efficacy of the novel combination 

HA-CL – SAP in comparison to the association HA – SAP, intended for the treatment and 

possible prevention of lung dis- eases with inflammatory and oxidative components. To determine 

if the combination of the new HA-CL with SAP had an enhanced activity, and if the crosslinked 

polymer had an enhanced activity with respect to the native compound, the single SAP, HA and 

HA-CL components were tested. The samples displayed physico-chemical properties (pH, 

osmolality and viscosity) suitable for the airway, and showed to maintain viability and epithelial 

integrity of Calu-3 cells in the broad range of concentration explored (1.5 μM to 12.6 mM). The 

association HA-CL – SAP showed the highest anti-inflammatory and antioxidant activity, 

indicating that polymer and drug worked in combination to reduce IL-6 and ROS levels, and that 

the crosslinked hyaluronan provided further benefits compared to the native one. Although the 

fastest kinetic of wound closure was exhibited by the single HA-CL, the combination HA-CL – 

SAP showed improved healing properties with respect to the association HA – SAP and to its 

single components. Therefore, these results provided preliminary evidence that HA-CL and SAP, 

if delivered in combination, could be suitable as adjunctive therapy for inflammatory pulmonary 

disorders. 
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CHAPTER 7 
 

Co-spray-dried urea crosslinked hyaluronic acid and sodium 

ascorbyl phosphate as novel inhalable dry powder formulation 
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7.0. Preface 

Chapter 6 has shown the safety and the bioactivity of the novel combination urea-

crosslinked hyaluronic acid – sodium ascorbyl phosphate (HA-CL - SAP) on Calu-3 lung 

carcinoma derived epithelia cells. In detail, this study has provided preliminary evidences that 

the combination HA-CL - SAP could be suitable as adjunctive therapy for inflammatory 

pulmonary disorders. Therefore, chapter 7 describes the development of an inhalable dry 

powder formulation by co-spray-drying of HA-CL and SAP. As reference formulation, an 

inhalable dry powder consisting of native hyaluronic acid (HA) and SAP was also prepared 

by co-spray-drying. Both formulations underwent a physico-chemical characterization in 

order to prove their suitability for lung delivery in terms of morphology, size, thermal 

behaviour, moisture sorption, SAP release and transport across Calu-3 cells and in vitro 

aerosol performance. 
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7.1. Abstract 

The pathogenesis and progression of several lung disorders is propagated by 

inflammatory and oxidative processes which can be controlled by adjunctive inhaled 

therapies. The present study aimed to develop an inhalable dry powder formulation consisting 

of co-spray-dried urea-crosslinked hyaluronic acid and sodium ascorbyl phosphate (SD HA‐

CL – SAP), a novel combination which was recently shown to possess anti-inflammatory, 

antioxidant and wound healing properties. Native HA and SAP were co-spray dried (SD HA –

 SAP) and evaluated as control formulation. Yield (Y%) and encapsulation efficiency (EE%) 

were 67.0 ± 4.8% and 75.5 ± 7.2 % for SD HA – SAP, 70.0 ± 1.5% and 66.5 ± 5.7% for SD 

HA-CL – SAP, respectively. Both formulations were shown to be suitable for lung delivery in 

terms of morphology, particle size (median volumetric diameter ~ 3.4 µm), physical and 

thermal stability, in vitro aerosol performance -respirable fraction: 30.5 ± 0.7% for SD HA – 

SAP, 35.3 ± 0.3% for SD HA CL – SAP. SAP release was investigated using Franz cells and 

air-interface Calu-3 cell model (> 90% of SAP transported within 4 hours). In conclusion, the 

innovative SD HA‐CL – SAP formulation holds much potential as inhalable dry powder for 

the treatment of inflammatory lung disorders.  

Keywords: aerosol performance; inhalable dry powder; hyaluronic acid; pulmonary drug 

delivery; sodium ascorbyl phosphate; urea-crosslinked hyaluronic acid. 
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7.2. Introduction 

Inflammation and oxidative stress are the principal mechanisms underlying the 

development and the progression of many lung diseases (Kleniewska and Pawliczak, 2017; 

MacNee, 2001; Moldoveanu et al., 2009; Nichols and Chmiel, 2015; Oudijk et al., 2003) 

which currently represent a leading cause of morbidity and mortality worldwide (Burney et 

al., 2015; Crotty Alexander et al., 2015; Ferkol and Schraufnagel, 2014; World Health 

Organization, 2017; Yang et al., 2017). The treatment of pathologies like acute respiratory 

distress syndrome (ARDS), asthma, emphysema and chronic obstructive pulmonary disease 

(COPD) could be improved by adjunctive therapy consisting of anti-inflammatory and 

antioxidant compounds (MacNee, 2001). 

In this context, two physiological biomolecules have attracted our attention: ascorbic 

acid, an antioxidant, and hyaluronic acid (HA), a high-molecular-weight (> 1 MDa) 

multifunctional polymer. Many experimental works suggested the therapeutic and preventive 

role of ascorbic acid in lung impairments, principally due to its antioxidant and anti-

inflammatory properties (Bharara et al., 2016; Larsson et al., 2015; Li Y. and Li G., 2016; 

Pirabbasi et al., 2016). Other studies showed the potential of HA both as pulmonary drug 

carrier (Li et al., 2017) and as lung therapeutic agent to treat inflammation and oxidative 

stress, and to promote epithelial remodelling (Allegra et al., 2008; Buonpensiero et al., 2010; 

Garantziotis et al., 2016; Gavina et al., 2013; Jiang et al., 2005, 2010; Petrigni and Allegra, 

2006). All these evidences have led us to explore the in vitro therapeutic value of sodium 

ascorbyl phosphate (SAP, a derivative of ascorbic acid), native HA and urea-crosslinked 

hyaluronic acid (HA-CL, a recently synthetized multifunctional hyaluronan derivative -

Citernesi, WO/2015/007773 A1, 2015; Fallacara 2017 a, b), separately and in combination, 

on Calu-3 lung carcinoma derived epithelia cells (Fallacara et al., 2018). In this study, the 

novel combination HA CL – SAP displayed the most significant decrease in interleukin-6 and 

reactive oxygen species levels. Furthermore, it improved cellular healing (wound closure) 

(Fallacara et al., 2018). These preliminary results suggested that hyaluronan –especially 

HA - CL- and SAP, if delivered in combination, could represent a novel therapeutic approach 

to treat and potentially prevent airway diseases.   

Therefore, the aim of the present study was to develop and characterize a multi-drug 

inhalable formulation containing both HA-CL and SAP for localised treatment of 

inflammatory lung diseases. This was compared with another dry powder formulation 

containing native HA and SAP. Spray-drying was chosen as manufacture technique to obtain 

hyaluronan-SAP dry powders. Up to now, despite the technological potential of dry powder 

formulations and the therapeutic value of hyaluronan, the development of excipient-free 

inhalable dry powders containing hyaluronan has been limited by the intrinsic cohesiveness of 

the polymer, which results in poor flowability and unsatisfactory aerodynamic performance 

(Martinelli et al., 2017). However, the development of efficient excipient-free formulations is 

important to limit the risk of potential toxicity effects and the rejection by regulatory 

authorities. Indeed, stringent safety requirements must be satisfied, because the excipient-drug 

combination composes a whole inhalable medication, whose in vitro performance and in vivo 

efficacy must be proved (Pilcer and Amighi, 2010). Even the use of biocompatible excipients 

naturally occurring in the lungs, such as cholesterol and dipalmitoylphosphatidylcholine 

(DPPC), must be carefully evaluated to guarantee a precise balance between exogenous and 
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endogenous components (Pilcer and Amighi, 2010). Hence, there is a strong need to develop 

pulmonary formulations using alternative strategies to additives in order to improve aerosol 

behaviour. During the design of the present work, it was hypothesized that SAP, co-spray-

dried with hyaluronan, could reduce the polymer cohesiveness thus improving the 

aerosolization performance of the whole formulation, without the aid of any carrier or 

lubricant excipient. The following physico-chemical properties of the inhalable formulations 

were investigated: recovery, SAP encapsulation, surface morphology, particle size, moisture 

and thermal stability, in vitro lung deposition. In addition, the dry powders were analyzed for 

SAP release profile and SAP transport across Calu-3 epithelial monolayer. 

7.3. Materials and methods 

7.3.1. Materials 

Native hyaluronic acid (HA, i.e. sodium hyaluronate, molecular weight 1.2 MDa) and 

urea-crosslinked hyaluronic acid (HA-CL, molecular weight 2.0-4.0 MDa –raw material 

containing also pentylene glycol) were kindly donated by IRAlab (Usmate Velate, Monza-

Brianza, Italy) and used as supplied. Sodium ascorbyl phosphate (SAP) was obtained from 

DSM Nutritional Products Ltd (Segrate, Milano, Italy). Phosphate buffered saline (PBS, pH = 

7.4, 0.01 M) used for the physico-chemical characterization of the formulations was supplied 

by Sigma-Aldrich (Schnelldorf, Germany). Calu-3 cells were purchased from American Type 

Cell Culture Collection (ATTC, Rockville, Maryland, USA). Transwell
®
 polyester cell inserts 

(0.33 cm
2
 surface area, 0.4 µm pore size) were supplied by Corning (Sydney, Australia). 

Dulbecco's Modified Eagle's medium/F-12, phosphate buffered saline (PBS) and foetal 

bovine serum (FBS) were obtained from Gibco (Sydney, Australia). Non-essential amino 

acids solution and 200 mM L-glutamine solution were supplied by Sigma-Aldrich (Milan, 

Italy, and Sydney, Australia). Cell Lytic solution was purchased from Invitrogen (Sydney, 

Australia). 

7.3.2. Preparation of spray-dried hyaluronan–SAP formulations 

Inhalable hyaluronan–SAP dry powder formulations were produced using a Buchi spray 

dryer (Buchi B-290 Mini Spray Dryer, Buchi, Flawil, Switzerland). Hyaluronan-SAP 

solutions were prepared by progressively dissolving the polymers, 0.15% (w/v) HA or HA-

CL, and SAP -0.45% (w/v)- in deionized water, under constant and gentle magnetic stirring. 

The polymers were allowed to completely hydrate and swell overnight, at room temperature. 

Once homogeneity was achieved, hyaluronan-SAP solutions were spray-dried using the 

following process parameters: inlet temperature 150°C, flow rate 3.0 mL/min, aspiration rate 

100% and nozzle diameter of 1.4 mm. Under these conditions, an outlet temperature ranging 

from 78 to 82°C was observed. A dehumidifier B-296 was used to control the air humidity of 

the system. 
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7.3.3. Yield, encapsulation efficiency and drug loading of hyaluronan–SAP formulations 

Yield (Y%), encapsulation efficiency (EE%) and drug loading (DL%) of the SD powders 

were calculated from Eqs. (7.1.) - (7.3.), respectively:  

 

    
                              

                                            
                                                             (Eq. 7.1.)  

 

* HA-CL was provided as raw material containing pentylene glycol, and it was used as 

supplied. Therefore, the Y% of HA-CL – SAP spray-dried powder was calculated considering 

that 0.15-0.45% (w/v) HA-CL – SAP solution contained also 0.11% (w/v) pentylene glycol. 

    
                           

                            
                                                                               (Eq. 7.2.)                                                                                                        

 

 

    
                            

                              
                                                                          (Eq. 7.3.)                                                                                                     

For each SD formulation, all the determinations were performed in triplicate and results 

expressed as mean ± standard deviation. 

The amount of encapsulated SAP was determined by completely dissolving 10 mg of 

each SD powder in 300 mL of release medium (PBS, pH = 7.4, 0.01 M). Drug concentration 

was then assayed using ultraviolet (UV) spectroscopy (SpectraMax M2, Molecular devices, 

Orleans Drive Sunnyvale, California, USA) at the 258 nm (SAP 𝜆max) wavelength, in the 

linearity range 1- 30 µg/ml (R
2
 =0.999). 

7.3.4. Morphological analysis  

Scanning electron microscopy (SEM) was used to visualise the morphology of the SD 

formulations. Prior to analysis, HA – SAP and HA-CL – SAP dry powders were deposited on 

carbon sticky tapes, placed onto aluminium stubs, and coated with a thin layer of gold using 

the sputter coater (JEOL USA Smart Coater). The samples were observed and imaged using a 

bench top SEM (JCM, 6000 JEOL, Japan) with an acceleration voltage of 10 kV.  

7.3.5. Particle size analysis 

Particle size distribution of both SD HA – SAP and SD HA-CL – SAP was determined 

by laser diffraction (Mastersizer 3000, Malvern, Worcestershire, United Kingdom). Roughly, 

10 mg of formulations were dispersed in air through the Scirocco Aero-S dry dispersion unit 

(Malvern, Worcestershire, United Kingdom), with a feed pressure of 4 bars and a feed rate of 

100%. Samples were analyzed in triplicate, with an obscuration value between 0.1% and 15% 

and a reference refractive index of 1.33. The maximum particle size for 10, 50 and 90% of the 

cumulative volume distribution of the sample (defined as Dv10, 50 and 90, respectively) were 

used to describe particle size. The width of the particle size distribution was expressed by the 

Span index. 
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7.3.6. Thermal analysis 

The thermal response of SD HA – SAP and SD HA-CL – SAP was investigated using 

differential scanning calorimetry (DSC -DSC823e; Mettler-Toledo, Schwerzenbach, 

Switzerland). Approximately 5 mg of powders were weighted and crimp-sealed in DSC 

standard 40 µl aluminium pans. Samples were heated at 10°C/min between -20 to 300 °C. The 

endothermic and exothermic peaks were determined using STARe software V.11.0x (Mettler 

Toledo, Greifensee, Switzerland). 

7.3.7. Moisture sorption and stability 

The relative moisture sorption and stability of SD HA – SAP and SD HA-CL – SAP with 

respect to humidity were analyzed by dynamic vapour sorption (DVS). Roughly, 10 mg of 

samples were loaded into aluminium sample pans and placed in the sample chamber of DVS 

(DVS-1, Surface Measurement Systems Ltd., London, United Kingdom). Each formulation 

was dried at 0% relative humidity (RH) before being exposed to 10% RH increments for two 

0-90% RH cycles (25°C). Equilibrium of moisture sorption at each humidity step was 

determined by a change in mass to time ratio (dm/dt) of 0.0005% min
-1

. 

7.3.8. In vitro aerosol performance 

Both SD formulations were analyzed for aerosolization efficiency using a multistage 

liquid impinger (MSLI, European Pharmacopoeia, Chapter 2.9.18., Copley Scientific Ltd., 

Nottingham, United Kingdom). The flow rate through the MSLI was controlled by a GAST 

rotary vein pump (Copley Scientific). Prior to the experiments, the flow rate was set to 

60 L/min using a calibrated flow meter (TSI, Shoreview, Minnesota, USA). At this flow rate, 

the cut-off aerodynamic diameters of each stage of the MSLI were 13, 6.8, 3.1, and 1.7 µm 

for stages 1, 2, 3 and 4, respectively. Particles less than 1.7 µm were collected by stage 5 

containing a paper filter. Stages 1-4 of the MSLI were filled with 20 mL of deionized water.  

Approximately 28 mg of SD formulations were manually loaded in size 3 gelatine capsules 

(Capsugel
®
, Sydney, Australia) and placed into a standard-resistance RS01 DPI device 

(Plastiape
®
, Osnago, Lecco, Italy). The device was connected by a custom-built mouthpiece 

adaptor to a United State Pharmacopoeia induction port (throat), connected to the MSLI. Then 

the pump was activated for 4 s to disperse the sample. After actuation, device, capsule, 

adaptor, throat, all MSLI stages and filter were washed separately with deionized water into 

suitable beakers. SAP concentration was determined by UV spectroscopy at 258 nm 

(SpectraMax M2, Molecular devices, Orleans Drive Sunnyvale, California, USA). Each 

sample was analyzed in triplicate and data were expressed as the percentage (mean ± standard 

deviation) of SAP recovered in each stage of MSLI, throat, device -comprising RS01 

inhalation device, capsule and mouthpiece adaptor- over the total mass calculated. The 

aerosolization efficiency was calculated as fine particle dose (FPD – amount of SAP 

recovered from stage 3 to filter, corresponding to the amount of particles with a diameter < 

6.8 µm) and fine particle fraction of the loaded dose (FPFLD – percentage ratio of FPD with 
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respect to the total amount of SAP collected from device, capsule, adaptor, throat and all 

MSLI stages and filter).  

7.3.9. In vitro SAP release study 

In vitro SAP release studies were performed using Franz diffusion cells (25 mm internal 

diameter, multi-station VB6 apparatus, PermeGear Inc., Hellertown, Pennsylvania, USA) 

according to previously published protocol (Ong et al., 2011). Briefly, polyamide membrane 

filters 0.45 µm pore size (Sartorius Biolab Products, Goettingen, Germany) were sonicated 

in deionized water for 30 min, cut and mounted between the receiver and donor compartments 

of the diffusion cells, which were kept in a thermostatic bath at 37 ± 0.5 °C. SD HA – SAP 

and SD HA-CL – SAP formulations were placed in the donor compartments, so as to have ~ 4 

mg of SAP on the surface of the membranes-, which were sealed using a wax foil (Parafilm 

M, Bemis Company Inc., Oshkosh, Wisconsin, USA) to prevent evaporation. The receiver 

compartments contained 23 mL of PBS (pH = 7.4, 0.01 M) continuously stirred at 150 rpm. 

At selected time points (0, 2, 5, 7, 10, 12, 15, 20, 25, 30, 45, 60, 90 min), 0.5 mL of samples 

were withdrawn from the receptor compartments and replaced with equal volumes of pre-

warmed PBS. Samples were assayed for SAP concentration by UV spectroscopy at 258 nm 

(SpectraMax M2, Molecular devices, Orleans Drive Sunnyvale, California, USA). A 

minimum of three independent experiments was performed for each formulation. Data were 

expressed and plotted as mean ± standard deviation of the cumulative percentage of SAP 

released from the formulations over time. 

7.3.10. Cell culture and establishment of an air-interface Calu-3 cell model 

Calu-3 lung carcinoma derived epithelia cells were cultured between passages 38 to 43 in 

75 cm
2 

flasks containing Dulbecco's Modified Eagle's medium/F-12 enriched with 10% (v/v) 

FBS, 1% (v/v) non-essential amino acids solution and 1% (v/v) L-glutamine solution. Cells 

were maintained in a humidified 95% air, 5% CO2 atmosphere, at 37°C, until confluency was 

reached. The medium was replaced three times a week and cells were passaged according to 

American Type Culture Collection Recommendations -ATCC recommended guidelines.  

Calu-3 cells were seeded on Transwell polyester inserts at density of 1.65 x 10
5
 

cell/insert, and kept in a humidified 95% air, 5% CO2 atmosphere, at 37°C, as previously 

described (Haghi et al., 2010). After 24 h, the apical chamber medium was removed and the 

basolateral chamber’s medium was replaced every 3 days with 600 μL of fresh medium to 

establish an air-interface model over 12-14 days.  

7.3.11. In vitro SAP diffusion/transport study using air-interface Calu-3 cell culture 

In a previous study, it was demonstrated that both HA – SAP and HA-CL – SAP 

combinations at a concentration of 0.15-0.45% (w/v) were non-toxic on Calu-3 cells, and 

maintained cell viability and integrity (Fallacara et al., 2018). Hence, the transport of SAP 

from the SD formulations was studied confidently using Calu-3 cells.  

The mechanism of drug deposition, dissolution and diffusion/transport was investigated 
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using the glass twin stage impinger (TSI, Apparatus A, European Pharmacopoeia, Chapter 

2.9.18.; Copley Scientific Ltd., Nottingham, United Kingdom), a modified in vitro aerosol 

testing apparatus adapted to fix a cell culture Transwell upon the connecting tube of its lower 

chamber (Haghi et al., 2012). The TSI divides the dose emitted from the inhaler into two 

fractions: the non-respirable one (collected in the back of the glass throat and in the upper 

impingement chamber -stage 1), and the respirable one (deposited on the Calu-3 monolayer, 

in the lower impingement chamber, with a particle cut-off of 6.4 µm -stage 2). Prior to the 

experiments, the flow rate was set to 60 L/min using a GAST rotary vein pump (Copley 

Scientific) and a calibrated flow meter (TSI, Shoreview, Minnesota, USA). Approximately 28 

mg of SD HA – SAP and SD HA-CL – SAP formulations were manually loaded in size 3 

gelatine capsules and placed into a standard-resistance RS01 DPI device. The device was 

connected to a custom-built mouthpiece adaptor to the TSI, and then the pump was activated 

for 4 s to disperse the powder. The connected Transwell, with the deposited formulation, was 

removed and placed into a well of 24-well plate containing 600 µL of pre-warmed PBS 

(receiver fluid) to measure transported SAP across Calu-3 cell layer. The 24-well plate was 

maintained in a humidified 95% air, 5% CO2 atmosphere, at 37°C, and at predetermined time 

points (up to 240 min) 200 µL of receiver PBS were sampled and replaced with an equal 

volume of pre-warmed PBS. After 240 min, the Transwell was transferred into an empty well, 

and the apical chamber was gently washed twice with 200 µL of PBS to account for 

remaining SAP on cell surface. Finally, cells were lysed with Cell Lytic solution to quantify 

intracellular SAP. The lysate was centrifuged at 10,000 x g, for 10 min, at 4°C, and the 

supernatant was collected. The initial amount of formulation deposited on the cell layer was 

calculated from the sum of SAP mass transported, remaining on the monolayer and recovered 

inside the cells at the end of the experiment. Experiments were repeated three times for each 

SD formulation. Data were plotted as mean ± standard deviation of the cumulative percentage 

of SAP transported over time. Additionally, results were graphed as mean ± standard 

deviation of the percentage of SAP transported, retained on the cells and recovered inside the 

cells at the end of the experiment. 

SAP concentration in the samples was analyzed using a high-performance liquid 

chromatography (HPLC) method adapted from Foco et al. study (2005). A Shimadzu 

Prominence UFLC system equipped with DGU-20A5R Prominence degassing unit, LC-

20 AD solvent delivery unit, SIL-20A HT autosampler and SPD-20A UV/VIS detector was 

employed (Shimadzu Corporation, Tokyo, Japan). The injection volume was 50 µL and the 

detection wavelength was 258 nm. Quantification of SAP was conducted using 

acetonitrile:0.3 M phosphate buffer (pH = 4) 40:60 (% v/v) as mobile phase, at a flow rate of 

2.0 mL/min, in isocratic mode with a Luna NH2 column (5 µm, 4.6 x 150 mm) (Phenomenex, 

Sydney, Australia). The retention time of SAP was 6 min. The content of SAP was quantified 

from the peak area according with a predetermined standard curve over the range 0.1-1000 

µg/ml (R
2
 = 1).  

7.3.12. Statistical analysis  

All the data are presented as mean ± standard deviation of a minimum of three 

independent experiments. Statistical analysis was performed using GraphPad Prism software 

version 7.0b (GraphPad, San Diego, USA). Data were analyzed with unpaired t-test followed 
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by Holm-Sidak method for multiple comparison, considering differences statistically 

significant for P < 0.05. 

To evaluate the formulations performances, SAP release profiles obtained using Franz 

cell apparatus and Calu-3 cell model were statistically analyzed with fit factors described by 

Moore and Flanner (1996) and adopted by the Food and Drug Administration (FDA) 

guidance for dissolution testing in the industry (Food and Drug Administration, 1997). Fit 

factors are models to directly compare the difference between percentage drug released per 

unit time between a reference and a test formulation. The difference factor (f1) and the 

similarity factor (f2) were calculated using Eqs. (7.4.) and (7.5.), respectively: 

   {[∑ |     |
 
   ∑   

 
   ⁄ ]} 𝑥                                                                             (Eq. 7.4.) 
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Where Rt and Tt are percentages of drug released at a specific time point (t) from the 

reference and the test formulation, respectively; n is the number of dissolution sampling 

times. The difference factor (f1) calculates the percent difference between the reference and 

the test curves at each time point thus measuring the relative error between the two curves. 

The similarity factor (f2) is a logarithmic reciprocal square root transformation of the sum of 

squared error and is a measurement of the similarity in percentage released between curves. 

For curves to be considered different, arbitrary limits with f1 ≥ 10 and f2 ≤ 50 were selected 

for analysis. 

7.4. Results and discussion 

A previous in vitro study on Calu-3 cells demonstrated an enhanced efficacy of the novel 

combination HA-CL – SAP compared to the combination HA – SAP in regards to the anti-

inflammatory, antioxidant and wound healing properties (Fallacara et al., 2018). HA-CL was 

shown to act synergistically with SAP, and to possess an enhanced bioactivity with respect to 

native HA. Hence, the association HA-CL – SAP can potentially be useful for the treatment 

and possible prevention of lung disorders like ARDS, asthma, emphysema and COPD, where 

inflammation and oxidative stress are prominent (Fallacara et al., 2018).  

The aim of the present study was to develop an inhalable SD formulation containing both 

HA-CL and SAP, and to characterize its physico-chemical behaviour, aerosolization 

performance and release properties in comparison to a control SD formulation consisting of 

native HA and SAP. 

7.4.1. Yield, drug loading and encapsulation efficiency of hyaluronan–SAP formulations 

Table 7.1. summarizes production yield (Y%), encapsulation efficiency (EE%) and drug 

loading (DL%) of hyaluronan-SAP microparticles. Both formulations were produced by 

spray-drying technology, with similar Y% (P > 0.05): 67.0 ± 4.8% for SD HA – SAP, and 

70.0 ± 1.5% for SD HA-CL – SAP. Comparable (P > 0.05) EE% were observed: 75.5 ± 7.2 % 

for SD HA – SAP, and 66.5 ± 5.7% for SD HA-CL – SAP, respectively. However, the 

pentylene glycol associated with the crosslinked hyaluronan affected the DL% value of SD 

HA-CL – SAP (60.0 ± 4.2%), which was lower (P < 0.05) with respect to SD HA – SAP 
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(84.7 ± 6.8%). 

Table 7.1. Yield (Y%), encapsulation efficiency (EE%) and drug loading (DL%) of hyaluronan-SAP 

formulations. Data represent mean ± SD (n = 3). 

FORMULATION Y% EE% DL % 

SD HA - SAP 67.0 ± 4.8 75.5 ± 7.2  84.7 ± 6.8 

SD HA-CL - SAP  70.0 ± 1.5 66.5 ± 5.7  60.0 ± 4.2 

7.4.2. Morphological analysis 

Scanning electron micrographs of SD HA – SAP and SD HA-CL – SAP dry powders are 

shown in Figure 7.1.A and B, respectively. Both the formulations displayed similar diameters 

and a spherical geometry, which is a morphological characteristic typical of spray-dried 

products. HA – SAP microparticles presented several cavities probably due to particle 

collapse following the rapid drying process during manufacturing, a phenomenon already 

described in literature (Adi et al., 2010; Ong et al., 2011; Salama et al., 2009). On the 

contrary, HA-CL – SAP microparticles showed a smoother surface, with occasional formation 

of small holes. Reasonably, the enhanced consistency of the crosslinked polymer in 

comparison to the native one (Citernesi, WO/2015/007773 A1, 2015; Fallacara et al., 2017a) 

reduced particle collapse during their production and limited roughness of their surface. 

 

Figure 7.1. Scanning electron microscope images of SD formulations: HA – SAP (A) and HA-CL –

 SAP (B). 

7.4.3. Particle size analysis  

Laser diffraction analysis showed that dry powders of HA – SAP and HA-CL – SAP 

were suitable for lung delivery (1-6 µm) (Chow et al., 2007; Patton, 1999; Sebti and Amighi, 

2006). Both the hyaluronan-SAP formulations displayed almost unimodal size distributions 

within the inhalable range, with few agglomerations most likely due to hyaluronan 

cohesiveness and to the high surface area of the microparticles (Figure 7.2.). Nevertheless, 

90% of HA – SAP microparticles had a diameter ≤ 13.8 ± 6.9 µm, while HA-CL – SAP 
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microparticles exhibited a size of ≤ 17.9 ± 7.6 µm. The formulations showed similar 

(P > 0.05) median volumetric diameters (Dv50) of 3.4 ± 2.4 and 3.4 ± 0.3 µm, respectively. 

The Span index indicated a narrow particle size distribution for both the formulations, without 

significant differences (P > 0.05): 3.8 ± 0.4 for SD HA – SAP, and 4.9 ± 1.9 for SD HA-CL –

 SAP, respectively.  

 

Figure 7.2. Particle size distribution of SD HA – SAP (black line) and SD HA-CL – SAP (grey line) 

analyzed using dry dispersion system of laser diffraction. Data represent mean ± SD (n = 3). 

7.4.4. Thermal analysis 

DSC thermal responses of SD HA – SAP and SD HA-CL – SAP formulations were 

explored to determine the effect of heat flow on the microparticulate systems, and are shown 

in Figure 7.3. The DSC trace of SD HA – SAP displayed a wide endothermic peak around 

97°C, due to a dehydration phenomenon, and an exothermic peak at 237°C, relative to HA 

and SAP thermal decomposition with the consequent formation of a carbonized residue 

(Figure 7.3.). This thermal profile was in agreement with the thermograms previously 

reported for native HA (Collins and Birkinshaw, 2007, 2008; Kafedjiiski, 2007) and ascorbic 

acid derivatives (Moyano et al., 2010). The DSC thermogram of SD HA-CL – SAP showed 

two broad endothermic peaks: the first at 83°C, related to water loss, and the second one at 

187°C, attributed to pentylene glycol evaporation. This was confirmed by the DSC 

thermogram of pentylene glycol (trace not showed). The thermal degradation of 

HA-CL and SAP occurred at 247°C, where the DSC curve displayed a wide exothermic peak 

(Figure 7.3.). Hence, for both the formulations, the thermal degradation processes of polymer 

and drug occurred simultaneously.   
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Figure 7.3. DSC thermograms of SD HA – SAP (continuous line) and SD HA-CL – SAP (dashed 

line). 

7.4.5. Moisture sorption and stability 

Inhalable dry powders and hyaluronan, a hygroscopic polymer, are generally susceptible 

to moisture sorption and elevated RH (Albèr et al., 2015). Therefore, to further investigate the 

relative stability of the formulations’ solid-state, both the SD powders underwent two 0-90% 

RH cycles using a DVS. Figure 7.4. depicts the isotherms of moisture sorption and desorption 

for the first and the second humidity ramps (cycle 1 and 2) as a function of the RH %.  

The moisture sorption profiles of both the formulations were strongly affected by the 

pronounced water-binding capacity of hyaluronan, which is well-known to retain humidity 

through hydrogen bonds and electrostatic interaction (Panagopoulou et al., 2013; Servaty et 

al., 2001). Indeed, as already reported in literature for native HA, both the dry powders 

displayed intense moisture sorption (Panagopoulou et al., 2013; Servaty et al., 2001). More 

precisely, the first sorption curve of SD HA - SAP (Figure 7.4.A) was characterized by an 

increase of the water content up to 28.3% at 90%RH. A hysteresis was observed as the 

sorption and desorption traces of HA - SAP microparticles were very different. Indeed, SD 

HA - SAP lost water following an almost linear trend, retaining 11.6% of the humidity 

(Figure 7.4.A). During the second cycle, moisture content linearly increased up to 25.8% 

(sorption curve), and then decreased up to 11.7% (desorption curve), showing a less 

pronounced hysteresis compared to the first sorption-desorption cycle (Figure 7.4.A). This 

result suggested that SD HA - SAP adsorbed and desorbed humidity in an irreversible 

manner, and that water molecules were not completely released, probably because of their 

condensation among the hydrophobic skeleton of the polymer and the drug. A similar 

hypothesis was also supported by Panagopoulou and co-workers (2013), who studied water 

dynamics in hydrated HA hydrogels and postulated the formation of a water shell around the 

hydration sites and the hydrophobic patches of HA chains. 

The isotherm of the first moisture sorption-desorption cycle for SD HA-CL – SAP is 
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shown in Figure 7.4.B. The water content of SD HA-CL – SAP slowly increased up to 26.0% 

in response to RH increment from 0 to 70%.  Then, moisture uptake increased more rapidly in 

the RH range 70-90%, leading to a water content of 73.0%. It was hypothesized that the 

higher moisture sorption capacity observed for SD HA-CL - SAP compared to SD HA - SAP 

was due to the presence of urea and pentylene glycol -that are well known for their water-

binding properties- in the formulation containing the crosslinked hyaluronan. At the end of 

the first desorption process, SD HA-CL - SAP showed a hysteresis phenomenon and a 

moisture level (1.1%) less significant compared to SD HA - SAP. Therefore, the formulation 

HA-CL – SAP, even if strongly influenced by high RH values, displayed a more reversible 

behaviour in terms of moisture sorption/desorption compared to the formulation HA - SAP. 

This was confirmed by the second cycle of humidity sorption-desorption, which showed a 

profile similar to the first cycle, leading to final water content of (1.8%) (Figure 7.4.B). These 

results excluded irreversible change or crystallisation phenomena in response to humidity 

variations, thus supporting the suitability of SD HA-CL – SAP as inhalable dry powder 

formulation more stable to moisture. 

 

Figure 7.4. DVS isotherms of the first (black lines) and second (grey lines) cycles of moisture sorption 

(continuous lines) and desorption (dashed lines) for SD HA – SAP (A) and HA - CL – SAP (B).  

7.4.6. In vitro aerosol performance 

Particle size is one of the most important parameters that determine the efficiency of drug 

delivery to the lung. More precisely, the deposition site of inhaled formulations in the 

respiratory system is governed by the particle aerodynamic diameter, which takes into 

account particle geometry, density and shape (Patton, 1999). Particles with an aerodynamic 

diameter between 1 and 6 µm conventionally represent the “respirable particle fraction”, as 

they can reach the smaller airways, and this correlates with good therapeutic outcome (Chow 

et al., 2007; Patton, 1999; Sebti and Amighi, 2006). To predict the amount of inhalable 

microparticles and thus evaluate the aerosolization efficiency, both the hyaluronan-SAP 

formulations were aerosolized using RS01 device into the MSLI. Particles recovered from 

stage 3 to filter (aerodynamic diameter < 6.8 µm) were considered the respirable fraction. 

Figure 7.5. shows the in vitro aerosol deposition of the SD samples. Analysis of data 

displayed that 88.8 ± 1.6% and 89.1 ± 0.4% of the loaded doses of SD HA – SAP and SD 

HA-CL – SAP were recovered across all the aerosolization system, falling within the 
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acceptable pharmacopoeia range of 100 ± 25% (British Pharmacopoeia Commission, 2017). 

The FPD and the FPFLD were calculated as 5.9 ± 0.1 mg and 30.5 ± 0.7% for SD HA – SAP, 

and 4.9 ± 0.1 mg and 35.3 ± 0.3% for SD HA-CL – SAP, respectively. Interestingly, although 

SD HA-CL – SAP showed a significantly higher (P < 0.001) FPFLD in comparison to SD 

HA – SAP, it had a statistically lower (P < 0.001) FPD due to its lower DL% (section 3.1.). 

Nevertheless, both the formulations displayed good aerosol performances, despite the 

electrostatic charge of hyaluronan and its resulting adhesive/cohesive nature. This is probably 

due to SAP partially reducing hyaluronan cohesiveness when co-spray-dried with it. Indeed, it 

is well-known that adhesive, cohesive and charged particles tend to adhere on the walls of the 

inhaler device and undergo an uncomplete de-aggregation upon actuation from the device 

(Karner and Urbanetz, 2011; Wong et al., 2015). This phenomenon could explain the reason 

behind why the 11.1 ± 0.5% of SD HA – SAP and the 20.8 ± 1.9% of SD HA-CL – SAP were 

retained inside the inhalation device and a significant portion of the samples deposited at the 

higher stages of the MSLI (Figure 7.5.). As a whole, this aerodynamic profile was in good 

agreement with the in vitro lung deposition observed by Li and coworkers (2017) for HA 

microparticles encapsulating salbutamol sulphate. Normally, the poor flowability of liquid-

free HA formulations is improved only in presence of excipients that are able to reduce 

particle cohesiveness (Hwang et al., 2008; Martinelli et al., 2017). However, the present 

research aimed to develop excipient-free dry powders which could closely reflect the safety, 

the biocompatibility and the bioactivity showed by excipient-free solutions of HA – SAP and 

HA-CL – SAP during a previous in vitro study on Calu-3 epithelia (Fallacara et al., 2018). 

 

Figure 7.5. In vitro aerosol stage deposition of SD HA – SAP (black bars) and SD HA - CL - SAP 

(grey bars) using the MSLI at a flow rate of 60 L/min. Data represent mean ± SD (n = 3). 

7.4.7. In vitro SAP release studies 

Figure 7.6. depicts SAP release profiles over time from SD HA – SAP and SD HA-CL –

 SAP formulations using two different in vitro methodologies, Franz diffusion cells and air-

interface Calu-3 cell model. SAP concentrations were expressed in terms of percent total 

recovery through the experiments, and data were plotted as mean cumulative percentage 

(± standard deviation) of drug released over time.  
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Figure 7.6. In vitro SAP release profiles of SD HA – SAP (black curve) and SD HA - CL - SAP (grey 

curve) using Franz cells (A) air-interface Calu-3 cell model (B). Data represent mean ± SD (n = 3). 

Using the Franz diffusion cells (Figure 7.6.A), hyaluronan-SAP dry powders displayed 

similar drug release profiles -f1 = 4.7 and f2 = 72.5. Both the formulations were rapidly wetted 

when deposited on the filter membranes. This was expected as both hyaluronan and SAP are 

highly hydrophilic compounds. Hence, SAP quickly diffused into the media of the receptor 

compartment, showing a rapid release rate with > 90% of drug released within 30 min, 

regardless of the formulation.  

The deposition of respirable dry powder aerosol formulations onto the air-interface 

Calu-3 cells using a modified TSI provides a more representative in vitro model of the in vivo 

state in terms of mucosae-particle interaction. Indeed, this system could potentially simulate 

the deposition of drugs to the tracheo-bronchiolar region of the lungs after inhalation. It 

allows particles to dissolve and diffuse into the thin aqueous layer of mucus and/or surfactant 

lining of the airway epithelial cells, which has been demonstrated to play an important role in 

determining the respiratory absorption rate (Ong et al., 2011). Therefore, this model allowed 

the evaluation of SAP release profile in a more physiological relevant manner. In general, the 

release rate of SAP from both the hyaluronan-SAP dry powders in the Calu-3 cell model was 

found to be slower compared to the Franz cell apparatus (Figure 7.6.B). For example, after 30 

min, SD HA – SAP released 34.8 ± 9.0% of SAP, and SD HA-CL – SAP released 

66.9 ± 16.6% of SAP. Moreover, the Calu-3 cell model was found to be a discriminative 

method to study SAP release process, as proved by Moore and Flanner similarity and 

difference factors, which evidenced different release profiles of SAP from the SD 

formulations -f1 = 36.9 and f2 = 30.9. It was postulated that the water-binding ability of urea 

and pentylene glycol present within the HA-CL – SAP microparticulate system could have 

enhanced the formulation wettability and, therefore, SAP release and transport across the lung 

epithelium. However, the initial amount of SAP deposited on the cell layer was comparable 

for both formulations (P > 0.05 - 1184.6 ± 256.0 µg for SD HA – SAP, and 1236.7 ± 207.2 µg 

for SD HA-CL – SAP), and at the end of the transport study, no significant difference 

(P > 0.05) was detected between SD HA – SAP and SD HA-CL – SAP relatively to the 

percentage of SAP transported, remaining on the cells and trapped within the cells (Figure 

7.7.). Indeed, after 240 min, 92.2 ± 18.4% and 98.5 ± 16.9% of SAP -from SD HA – SAP and 

SD HA-CL – SAP, respectively- were transported, while no drug was found trapped within 
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the cells. Only 7.5 ± 3.1% of SAP from SD HA – SAP and 1.4 ± 0.6% of SAP from SD 

HA-CL – SAP remained on the cells (Figure 7.7.). Therefore, SAP was almost all transported 

across the Calu-3 monolayer and was found in the basal compartment. Considering these 

results, it was hypothesized that in vivo SAP could exert its antioxidant and anti-inflammatory 

activity partly on the cell surface, and partly in the mesenchymal area, allowing for a systemic 

effect.  

 

Figure 7.7. Percentage of total SAP remaining on the cell surface, inside the cells or transported to the 

basal compartment from SD HA – SAP (black bars) and SD HA - CL - SAP (grey bars), after 4 h. 

Data represent mean ± SD (n = 3). 

7.5. Conclusions 

In this study, a novel SD HA-CL – SAP formulation was developed for the treatment of 

inflammatory respiratory diseases. As a control, a formulation consisting of co-spray-dried 

native HA and SAP was also prepared and characterized. HA-CL showed the same potential 

of native HA to form inhalable microparticles containing SAP. Indeed, both the reference (SD 

HA – SAP) and the test formulation (SD HA-CL – SAP) displayed suitable morphology, 

physico-chemical properties and aerosol performance for inhalation drug delivery. SAP was 

shown to be efficiently released and transported across an air-interface Calu-3 cell model. 

Future investigations will be performed to define the exact mechanism of SAP transport and 

the fate of such respiratory formulations in vivo. In conclusion, the present study provided 

preliminary evidence that SD HA-CL – SAP dry powder could be a promising adjunctive 

therapy for the treatment of pulmonary disorders like ARDS, asthma, emphysema and COPD. 
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CHAPTER 8 
 

In vitro characterization of physico-chemical properties, cytotoxicity, 

bioactivity of urea-crosslinked hyaluronic acid and                          

sodium ascorbyl phosphate nasal powder formulation 
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8.0. Preface 

An integral part of the management of asthma is often represented by the treatment of 

inflammatory diseases of the upper airways, such as allergic rhinitis (AR) and chronic 

rhinosinusitis (CRS). Indeed, being upper and lower airways anatomically, histologically and 

immunologically linked, asthma, AR and CRS frequently coexist, as respiratory inflammation 

may start at one site and extend to another. The study described in chapter 6 has provided 

preliminary evidences that the combination urea-crosslinked hyaluronic acid – sodium 

ascorbyl phosphate (HA-CL - SAP) could be suitable as adjunctive therapy for inflammatory 

pulmonary disorders such as asthma. Considering all this, and the need to reduce the long-

term use of the common treatments based on intranasal corticosteroids -that may involve the 

risk of epistaxis, nasal irritation and other complications-, a nasal freeze-dried formulation 

consisting of HA-CL and SAP (LYO HA-CL - SAP) was developed as novel therapy for 

inflammatory diseases of the upper airways. Hence, chapter 8 describes the preparation and 

the in-vitro characterization of LYO HA-CL – SAP in terms of physico-chemical properties 

and bioactivity. 
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8.1. Abstract 

An innovative lyophilized dry powder formulation consisting of urea-crosslinked 

hyaluronic acid (HA-CL) and sodium ascorbyl phosphate (SAP) -LYO HA-CL – SAP- was 

prepared and characterized in vitro for physico-chemical and biological properties. The aim 

was to understand if LYO HA-CL – SAP could be used as adjuvant treatment for nasal 

inflammatory diseases. LYO HA-CL – SAP was suitable for nasal delivery and showed to be 

not toxic on human nasal septum carcinoma-derived cells (RPMI 2650 cells) at the 

investigated concentrations. It displayed porous, polygonal particles with unimodal, narrow 

size distribution, mean geometric diameter of 328.3 ± 27.5 µm, that is appropriate for nasal 

deposition with no respirable fraction and 88.7% of particles with aerodynamic 

diameter > 14.1 µm. Additionally, the formulation showed wound healing ability on RPMI 

2650 cells, and reduced interleukin-8 (IL-8) level in primary nasal epithelial cells pre-induced 

with lipopolysaccharide (LPS).  Transport study across RPMI 2650 cells showed that HA-CL 

could act not only as carrier for SAP and active ingredient itself, but potentially also as 

mucoadhesive agent. In conclusion, these results suggest that HA-CL and SAP had anti-

inflammatory activity and acted in combination to accelerate wound healing. Therefore, LYO 

HA-CL – SAP could be a potential adjuvant in nasal anti-inflammatory formulations. 

Keywords: anti-inflammatory; hyaluronic acid; nasal diseases; sodium ascorbyl phosphate; 

urea-crosslinked hyaluronic acid; wound healing. 
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8.2. Introduction 

The nose is an olfactory organ, and also represents the first tract of the respiratory system, 

with pivotal functions: filtration, warming and moistening of the inhaled air; drainage of 

paranasal sinuses; sneezing; heat regulation; nasopulmonary reflexes. Hence, nasal mucosal 

health and proper nasal airflow are essential for the accomplishment of nasal functions (Elad 

et al., 2008; Jones, 2001; Patel, 2017). 

Every day, the nasal passages are exposed to several pathogens that could enhance 

inflammation, oxidative stress, wounding and infection (Helms and Miller, 2006; Hong et al., 

2016). Allergic rhinitis (AR) is one of the most common chronic disease of the nasal mucosa, 

induced by an Immunoglobulin-E-dependent inflammation due to allergens’ exposure 

(Greiner et al., 2011; Montoro et al., 2007; Small and Kim, 2011). AR can evolve in chronic 

rhinosinusitis (CRS) (Fokkens et al., 2012; Helms and Miller, 2006; Licari et al., 2017a; 

Johansson et al., 2003), and AR and CRS frequently coexist with asthma. Indeed, respiratory 

inflammation may start at one site and extend to another, as upper and lower airways are 

anatomically, histologically and immunologically linked (Jarvis et al., 2012; Licari et al., 

2017a, b; Marseglia et al., 2011). Therefore, the treatment of AR and CRS also represents an 

integral part of the management of asthma (Licari et al., 2017a; Marseglia et al., 2011). 

Intranasal corticosteroids are the mainstay therapy for AR and CRS, exerting an anti-

inflammatory action and thus relieving symptoms (Helms and Miller, 2006; Licari et al., 

2017a). However, their long-term use may have side effects (Campbell, 2018; Fokkens et al., 

2012; Licari et al., 2017a). To limit these complications and drug resistant refractory 

phenomena, adjunctive therapeutic agents with anti-inflammatory, antioxidant and wound 

healing activity -like resveratrol, alpha-tocopherol (vitamin E), curcumin, N-acetyl-L-

cysteine, bromelain, quercetin, beta-carotene (provitamin A), vitamin C (ascorbic acid) and 

hyaluronic acid (HA)- are currently being investigated for their ability to restore and maintain 

nasal mucosal health and functions (Albano et al., 2016; Baumeister et al., 2009; Bozdemir et 

al., 2016; Casale et al., 2014, 2016; Cassandro et al., 2015; Chauhan et al., 2016; Ciofalo et 

al., 2017; Emiroglu et al., 2017; Helms and Miller, 2006; Hong et al., 2016; Horváth et al., 

2016; Podoshin et al., 1991; Sagit et al., 2011; Testa et al., 2017). The present study focused 

on vitamin C and HA derivatives. 

Vitamin C represents a major low molecular weight antioxidant of the respiratory tract 

lining fluid (Bastacky et al., 1995; van der Vliet et al., 1999; Wu et al., 1996). Vitamin C has 

been shown to scavenge radical oxygen species (ROS), thus protecting the surface of the 

airway epithelium (Mudway and Kelly, 2000) and intracellular DNA, lipids and proteins from 

oxidative stress (Li and Schellhorn, 2007). Oral vitamin C supplementation, in combination 

with other oral antioxidants and intranasal steroids, was found to be beneficial in the 

management of AR (Chauhan et al., 2016) and nasal polyposis (Sagit et al., 2011). 

Additionally, intranasal vitamin C was shown to decrease nasal secretions, blockage and 

edema in patients with AR (Podoshin et al., 1991).  

High-molecular weight (≥ 1 MDa) hyaluronic acid (HA) is an important component of 

the normal airway secretions, produced by submucosal glands and by superficial airway 

epithelial cells (Basbaum and Finkbeiner, 1988; Fallacara et al., 2018a; Monzon et al., 2006). 

HA plays a central role in the homeostasis of the whole respiratory apparatus, influencing bio-

mechanical forces, hydric balance, cellular functions, growth factors’ activity and cytokines’ 
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behaviour (Casale, 2016; Fallacara et al., 2018a; Petrigni and Allegra, 2006). In the nasal 

epithelium, HA promotes mucociliary clearance and sustains mucosal surface healing 

(Gelardi et al., 2013a). Hence, intranasal exogenous HA may represent an anti-inflammatory, 

antioxidant, and immuno-modulating agent highly beneficial to treat the inflammatory 

components of AR (Fallacara et al., 2018a; Gelardi et al., 2013b, 2016), CRS (Casale et al., 

2014; Cassandro et al., 2015) and other upper respiratory diseases like acute rhinosinusitis 

(Ciofalo et al., 2017a, b) and bacterial acute rhinopharyngitis (Varricchio et al., 2014). 

Additionally, intranasal HA enhances the regeneration and the morphofunctional recovery of 

nasal ciliated cells in patients undergoing surgery, thus promoting rhino-sinusal remodeling 

(Cassano et al., 2016). The major limitations of HA are its fluid nature and rapid degradation, 

leading to a short residence time in the nose. Therefore, HA can be crosslinked in order to 

synthetize novel derivatives with improved mechanical properties and bioactivity (Chen, 

2012).  

The combination of sodium ascorbyl phosphate -SAP, a pro-drug of vitamin C with 

improved physico-chemical stability- and urea-crosslinked hyaluronic acid -HA-CL, a novel 

biopolymer with promising bioactivity (Citernesi et al., WO/2015/007773 A1, 2015; Fallacara 

et al., 2017a, b)- has recently shown potential to treat and prevent lung diseases sustained by 

inflammation and oxidative stress (Fallacara et al., 2018b, submitted for publication). Hence, 

the present work aimed to study if the combination of SAP and HA-CL could be beneficial as 

adjuvant therapy to treat inflammatory diseases of the upper airways. A novel nasal dry 

powder formulation containing SAP and HA-CL was developed using a freeze-dried 

technique, and characterized for its physico-chemical behaviour, in vitro cytotoxicity and 

bioactivity on human nasal epithelial cells. 

8.3. Materials and Methods 

8.3.1. Materials 

Urea-crosslinked hyaluronic acid (HA-CL, molecular weight 2.0-4.0 MDa –raw material 

containing also pentylene glycol) was kindly donated by I.R.A. Srl (Istituto Ricerche 

Applicate, Usmate-Velate, Monza-Brianza, Italy). HA-CL was provided as raw material 

containing pentylene glycol, and it was used as supplied. Therefore, a 1% (w/v) 1:1 HA-CL –

 SAP solution contained also 0.75% (w/v) pentylene glycol. Sodium ascorbyl phosphate 

(SAP) was purchased from DSM Nutritional Products Ltd (Segrate, Milano, Italy). Phosphate 

buffered saline (PBS, pH = 7.4, 0.01 M) used for the physico-chemical characterization of the 

formulation was supplied by Sigma-Aldrich (Sydney, NSW, Australia). Water was purified 

by Milli-Q reverse Osmosis (Molsheim, France). Polyamide membrane filters 0.45 µm pore 

size were obtained from Sartorius Biolab Products (Goettingen, Germany), while wax foils 

were provided by Parafilm M, Bemis Company Inc. (Oshkosh, WI, USA). 

The unit dose system (UDS) powder device was purchased from Pfeiffer, Aptar Pharma 

division (Radolfzell, Germany).  

Human nasal septum carcinoma-derived cells (RPMI 2650) were purchased from the 

American Type Cell Culture Collection (ATCC, Manassas, VA, USA). Snapwell
TM

 cell 

culture inserts (1.13 cm
2 

surface area, polyester, 0.4 µm pore size) and 96-well plates were 

obtained from Corning Costar (Lowell, MA, USA). Disposable cytology brushes (Model BC-
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202D-2010) were provided by Olympus Australia Pty. Ltd. (Notting Hill, VIC, Australia). All 

other culture plastics were from Sarstedt (Adelaide, SA, Australia). Minimum essential 

medium (MEM), PBS for cell cultivation, Hank’s balanced salt solution (HBSS), foetal 

bovine serum (FBS) and 0.25% trypsin−EDTA were all purchased from Gibco by Life 

Technologies (Sydney, NSW, Australia). Bronchial epithelial growth medium (BEGM) and 

SingleQuots
TM 

kit were provided by Lonza (Walkersville, MD, USA). Lipopolysaccharide 

(LPS) from Escherichia coli, trans-retinoic acid, non-essential amino acids solution, 200 mM 

L-glutamine solution were purchased from Sigma-Aldrich (Sydney, NSW, Australia). 

CelLytic
TM 

buffer was obtained from Invitrogen (Sydney, NSW, Australia). Methyl 

tetrazolium salt (MTS) reagent -CellTiter 96
®

 Aqueous One Solution Cell Proliferation 

Assay- for cell viability test was purchased from Promega (Sydney, NSW, Australia). Bovine 

collagen was provided by Nutacon (Leimuiden, Netherlands). Rat collagen type I and 

enzyme-linked immuno assay (ELISA) kit for determination of the inflammation marker 

interleukin-8 (IL-8) were obtained from BD Bioscience (Sydney, NSW, Australia). All 

solvents were obtained from VWR Prolabo Chemicals (Milan, Italy) and were of HPLC 

grade. 

8.3.2. Preparation of the freeze-dried formulation 

HA-CL and SAP were dissolved into 50 mL of milli-Q water kept under constant 

magnetic stirring, at room temperature, overnight. A 1% (w/v) 1:1 HA-CL - SAP solution
 
was 

obtained and placed in a -80°C freezer for 24 h. Then, the solution was lyophilized for 24 h, 

at -100°C, with a vacuum degree of 0.1 mbar, using an Alpha 2-4 LSC plus freeze dryer 

(Martin Christ, Osterode am Harz, Germany) equipped with a rotary vane Vacuubrand R26 

pump (Wertheim, Germany). No cryoprotectant was added to the formulation. At the end of 

the lyophilisation process, the sample was stored in a desiccator for 24 h, manually grinded 

with a spatula and passed through a stainless steel sieve (300 µm pore-size). 

8.3.3. Physico-chemical characterization 

8.3.3.1. Chemical quantification of SAP by high-performance liquid chromatography 

SAP was quantified using a high-performance liquid chromatography (HPLC) method 

that was adapted from literature (Foco et al., 2005). A Shimadzu Prominence UFLC system 

equipped with DGU-20A5R Prominence degassing unit, LC-20 AD solvent delivery unit, 

SIL-20A HT autosampler and SPD-20A UV/VIS detector was employed (Shimadzu 

Corporation, Tokyo, Japan). A volume of 50 µL of sample was injected using 40:60 (% v/v) 

acetonitrile:0.3 M phosphate buffer (pH = 4) as mobile phase, at a flow rate of 2.0 mL/min, in 

isocratic mode with a Luna NH2 column (5 µm, 4.6 x 150 mm) (Phenomenex, Sydney, NSW, 

Australia). SAP retention time was 6 min. The concentration of SAP was measured at a 

wavelength of 258 nm from the peak area correlated with a predetermined standard curve 

over the range 0.1-1000 µg/mL (R
2 

= 1). 
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8.3.3.2. Morphological analysis  

Scanning electron microscopy (SEM) was used to investigate the morphology and 

surface properties of the lyophilized formulation containing HA-CL and SAP (LYO HA-CL –

 SAP). The analysis was carried out using a JCM-6000 benchtop scanning electron 

microscope (Jeol, Tokyo, Japan), operating at 10 kV. Prior to imaging, the sample was 

deposited on a carbon sticky tape, placed onto aluminium stubs, and gold-coated for 2 min 

using an automated sputter coater (Smart Coater, Jeol, Tokyo, Japan).  

8.3.3.3. Particle size analysis 

Particle diameter and particle size distribution of LYO HA-CL – SAP were determined 

by laser diffraction (Mastersizer 3000, Malvern, Worcestershire, UK). Approximately 10 mg 

of sample were dispersed in air using the Scirocco Aero-S dry dispersion unit (Malvern, 

Worcestershire, UK), with a feed pressure of 4 bars, a feed rate of 100% and a total time of 

analysis set at 3 s. Measurements were carried out in triplicate, with an obscuration value 

between 0.1% and 15%, and a reference refractive index of 1.33. The maximum particle size 

for 10, 50 and 90% of the cumulative volume distribution of the sample (defined as Dv10, 50 

and 90, respectively) were used to describe particle size. The width of the particle size 

distribution was expressed by the Span index. Data were reported as mean ± standard 

deviation. 

8.3.3.4. Thermal analysis 

The thermal response of LYO HA-CL – SAP was assessed using differential scanning 

calorimetry (DSC - DSC823e; Mettler-Toledo, Schwerzenbach, Switzerland). Roughly 5 mg 

of sample were weighed, crimp-sealed in DSC standard 40 µL aluminium pans and heated at 

10°C/min between -20 and 300°C. The endothermic and exothermic peaks were determined 

using STARe software V.11.0x (Mettler Toledo, Greifensee, Switzerland). 

Additionally, the temperature stability and solvent evaporation of the freeze-dried 

formulation were investigated using the thermal gravimetric analysis (TGA - Mettler-Toledo, 

Switzerland). Approximately 5 mg of sample were placed onto aluminium crucible pans. The 

weight loss of the sample was evaluated over a temperature range of 20-400°C, with a 

scanning rate of 5°C/min, under constant nitrogen gas. Data were analyzed using STARe 

software V.11.0x (Mettler Toledo, Greifensee, Switzerland) and expressed as the percentage 

of weight loss with respect to initial sample weight. 

8.3.3.5. In vitro SAP release study 

Franz’s diffusion cells (25 mm internal diameter, multi-station VB6 apparatus, 

PermeGear Inc., Hellertown, PA, USA) were used to study SAP release profile from LYO 

HA-CL – SAP, according to a previously published protocol (Ong et al., 2011). Briefly, 

polyamide membrane filters (0.45 µm pore size) were hydrated by sonication in PBS 

(pH = 7.4, 0.01 M) for 30 min, cut and placed between the receiver and donor compartments 
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of the diffusion cells that were maintained at 37 ± 0.5°C. Samples were placed in the donor 

compartments in order to have ~ 5 mg of SAP on the surface of the membranes, which were 

sealed using a wax foil to prevent evaporation. The receiver compartments were filled with 

23 mL of PBS continuously stirred at 150 rpm. At defined time points (0, 5, 10, 15, 20, 30, 

45, 60, 90, 120 min), 0.5 mL of samples were withdrawn from the receptor compartments and 

replaced with equal volumes of pre-warmed PBS. After 120 min, each filter was washed with 

5 mL of PBS and then sonicated with another 5 mL of PBS for 10 min. Samples were assayed 

for SAP concentration using HPLC. Experiments were performed in triplicate and data were 

expressed and plotted as mean ± standard deviation of the cumulative percentage of SAP 

released over time. 

8.3.3.6. Aerosol performance by cascade impaction  

The aerodynamic performance of LYO HA-CL – SAP delivered using the UDS device 

was investigated using a British Pharmacopoeia Apparatus E – Next Generation Impactor 

(NGI -Westech W7; Westech Scientific Instruments, Upper Stondon, UK), equipped with a 

2-L glass expansion chamber (EC), according to the Food and Drug Administration (FDA) 

guidance for industry, and as previously reported in literature (FDA CDER, 2003; Pozzoli et 

al., 2016a, b, 2017). 

Considering that the human nose can accommodate about 10-25 mg of powder per nostril 

per shot (Elmowafy et al., 2014), 16 mg of LYO HA-CL – SAP (corresponding to ~ 5 mg of 

SAP) were loaded into the UDS device. Briefly, the device was connected to the inlet of the 

EC, that was assembled on the NGI. A rotary pump (Westech Scientific Instruments, Upper 

Stondon, UK) was connected to the NGI. The test was performed by actuating the device with 

an air flow of 15 L/min, calibrated using a flow meter (Model 4040, TSI Precision 

Measurement Instruments, Aachen, Germany), for 4 s. Each impactor stage was washed with 

the following volumes of deionized water: EC 25 mL; device, connection tube and first stage 

10 mL; all other stages 5 mL. SAP was quantified using the HPLC method. Experiments were 

carried out in triplicate and data were expressed as mean ± standard deviation. 

8.3.3.7. In-line geometric aerosol laser diffraction analysis 

Laser diffraction (SprayTec
TM

, Malvern Instruments, Worcestershire, UK) was used to 

measure the geometric particle size distribution of LYO HA-CL – SAP emitted from the UDS 

device (filled with 16 mg of formulation, corresponding to ~ 5 mg of SAP). The device was 

connected to the measurement cell at a fixed angle of 30°, with an extraction flow of 

15 L/min. Three independent analyses were performed for 4 s, with an acquisition rate of 

2.5 kHz. Results were expressed as mean ± standard deviation. 

8.3.4. In vitro biological studies on nasal cell models 

 Cytotoxicity, wound healing activity, drug deposition and transport were investigated 

using RPMI 2650 human nasal cell line. Additionally, anti-inflammatory activity was 

explored using primary brushed nasal epithelial cells. 
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8.3.4.1. Cultivation of RPMI 2650 cell line  

RPMI 2650 immortalized human nasal cell line were grown and passaged according to 

ATCC protocol and as previously described in literature (Bai et al., 2008; Kreft et al., 2015; 

Pozzoli, 2016a,b, 2017; Reichl and Becker, 2012). Briefly, cells between passages 17-25 were 

cultured in 75 cm
2
 flasks containing MEM supplemented with 10% (v/v) FBS, 1% (v/v) non-

essential amino acid solution and 2 mM L-glutamine, and maintained in a humidified 

atmosphere of 95% air, 5% CO2, at 37°C.  

Liquid covered cultures were obtained by seeding RPMI 2650 cells (5 x 10
4 

cells/well) in 

a volume of 100 µL into 96-well plates, and were used to perform cell viability assay within 

24 h from the seeding. 

Additionally, an air-liquid interface (ALI) nasal model was established using Snapwell
TM

 

cell culture inserts. In brief, inserts were coated with 250 µl of 1 µg/ml rat collagen type 1 

solution in PBS and incubate overnight at 37°C to create the appropriate adherence of the 

cells to the membrane (Wengst and Reichl, 2010). 200 µl of RPMI 2650 nasal cells 

suspension (2.5 x 10
6
 cell/ml) were seeded on Snapwell

TM 
and after 24 h the medium from the 

apical compartment was withdrawn, resulting in an ALI model. The medium in the 

basolateral chamber was replaced 3 times per week. Wound healing and deposition/transport 

studies were performed 14 days after the seeding.  

8.3.4.2. MTS cytotoxicity assay on RPMI 2650 cells 

The in vitro cytotoxicity of LYO HA-CL – SAP was assessed on a liquid covered culture 

of RPMI 2650 cells. Sample solutions with increasing concentrations of the formulation were 

aseptically prepared, added to the cells and, after 3 days, a MTS assay was performed to 

measure cellular metabolic activity. 

Briefly, 5 x 10
4 

cells were seeded per well in a volume of 100 µL into 96-well plates. 

Cells were incubated overnight at 37°C in a humidified atmosphere with 5% CO2. On the 

second day, 100 µL of pre-warmed solutions of LYO HA-CL – SAP were added to each well. 

The lyophilized formulation was investigated in a SAP concentration range from 8.0 mM to 

60.9 nM. Background controls (medium) and untreated controls (untreated cells) were 

included in the experiment. Plates were incubated for 72 h at 37°C in a humidified 

atmosphere with 5% CO2. Cells were then analysed for viability. Hence, 20 µL of MTS 

reagent were added to each well and the plates were incubated for another 3 h in the same 

conditions. Finally, the 96 well-plates were read at 490 nm using a SpectraMax microplate 

reader. The absorbance values were directly proportional to cell viability (%). Experiments 

were performed in triplicate. Data were expressed as mean ± standard deviation of the % cell 

viability relative to untreated control, and plotted against SAP concentration (nM) on a 

logarithmic scale. 

8.3.4.3. Deposition/transport study on RPMI 2650 cells  

The aerosol deposition of LYO HA-CL – SAP on RPMI 2650 cell surface was studied 

using a custom-built 3D printed modified expansion chamber (MC) (Pozzoli et al., 2016a). 
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Prior to the experiment, three inserts were washed with pre-warmed HBSS and fitted into the 

upper hemisphere of the MC. As described above, a total dose of 16 mg of formulation 

(corresponding to ~ 5 mg of SAP, 1 shot/actuation) was delivered with the UDS device into 

the MC. The cell inserts were then removed from the MC and transferred into a 6-well plate, 

containing 1.5 mL/well of fresh pre-warmed HBSS. At defined time point (15, 30, 45, 60, 90, 

120, 150, 180, 210, 240 min), 200 µL of samples were collected from the basal chamber and 

replaced with the same volume of fresh HBSS buffer. After 4 h, the apical surface of the 

epithelia was washed twice with 300 µL of HBSS in order to collect any remaining drug on 

the cells. At the end of the experiment, cells were washed with 300 µL of HBSS, scraped 

from the insert membrane, and lysed with 500 µL of CelLytic
TM

 buffer in order to quantify 

intracellular SAP. Samples were centrifuged (10 min, 10,000 x g, 4°C) and the supernatants 

were analyzed for SAP concentration by HPLC. Experiments were performed in triplicate. 

The initial amount of SAP deposited on the cell layer was calculated as the sum of SAP mass 

transported, remaining on the epithelium and recovered inside the cells at the end of the 

experiment. Data were plotted as mean ± standard deviation of the cumulative percentage of 

SAP transported over time.  

8.3.4.4. Physical injury and wound healing assay on RPMI 2650 cells 

Wound healing properties of LYO HA-CL – SAP were evaluated on ALI RPMI 2650 cell 

layer. The cells were mechanically scraped using a sterile 200 μl pipette tip to form three 

homogenous and parallel scratches. After scraping, the wells were allocated into the upper 

hemisphere of the MC, and the formulation was subsequently deposited on the cell layers as 

described above. The healing of the layers was monitored via a time-lapse microscopy. 

Immediately after wounding and deposition, the Snapwells
TM

 plates were transferred to the 

built-in chamber of a Nikon Eclipse Ti (Nikon, Tokyo, Japan) equipped with Clear State 

Solution humidifier (Clear State Solution, Mount Waverly, VIC, Australia) and CO2 

controller which provided a humidified CO
2 atmosphere at 37°C. Images of the scratches 

were captured by a CoolSNAP ES2 high resolution digital camera (Photometrics, Tucson, 

AZ, USA) every 20 min over 24 h. Images were analysed with FIJI (NIH), wound edges were 

manually selected and wound area was automatically calculated. Experiments were performed 

in triplicate. Data were expressed as mean ± standard deviation of the percentage of wound 

closed according to the following equation (Eq. 8.1): 

 

    
      

  
                                                                                                           (Eq. 8.1.) 

 

where WC is the wound closure (%), Wi is the initial area of wound and Wt is the area of the 

wound at certain time. 

8.3.4.5. Sampling, expansion and ALI cultivation of brushed nasal epithelial cells 

Nasal cells were obtained from 5 healthy volunteers between the ages of 20 and 30 

through nasal brushing biopsies, and cultured according to methodologies as previously 

described (Müller et al., 2013). Brushings were performed only on volunteers without any 
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upper respiratory tract disease and infection for at least 4 weeks prior to sampling. Briefly, a 

cytology brush was inserted approximately 5 cm into the volunteers’ naris, and the inferior 

turbinate and the nasal epithelium were gently brushed. Strips of ciliated nasal epithelium 

were obtained, with each brushing containing up to 10,000 cells.  

Prior to cell seeding, the microwell plates, flasks, and Snapwell
TM

 inserts were coated for 

1 h with 0.5 mL, 1 mL, and 0.1 mL of 0.3 mg/mL of bovine collagen, respectively, and were 

air-dried. The strips of ciliated nasal epithelium were grown on collagen-coated tissue culture 

12-well plates in BEGM hormonally supplemented with SingleQuots
TM

 for approximately 1 

week, changing cell medium every other day. The confluent basal cells were then expanded 

onto a collagen coated 25 cm
2
 flask with the BEGM replaced three times per week. When 

cultures reached ~ 80% confluency, the basal cells were detached with 0.25% trypsin−EDTA 

and seeded with a density of 200,000−250,000 cells per well onto collagen-coated 

Snapwell
TM

 cell culture inserts. At this stage, the cells were fed with ALI medium made up of 

1:1 BEGM:DMEM 4.5 g/L D-glucose including SingleQuots until 100% confluent (into 1-2 

days). Primary human basal epithelial cells were then exposed to an ALI interface: to allow 

for cell differentiation, ALI medium supplemented with additional 100 nM all-trans-retinoic 

acid was placed only in the basolateral chamber (Hirst et al., 2014; Lee et al., 2005; Yoo et 

al., 2003). The medium was changed three times per week, and any apical surface liquid or 

mucus was removed. Cilia started to re-generate after 12 days from the establishment of the 

ALI conditions, and become visible under the microscope from day 21 ALI. 

8.3.4.6. Pro-inflammatory IL-8 expression in brushed nasal epithelial cells 

The expression of the pro-inflammatory cytokine IL-8 was evaluated using the ALI 

primary nasal cells treated with LYO HA-CL – SAP (150 µg/mL), before, after and without 

LPS exposure. The effect of the formulation on cells was compared with unstimulated and 

untreated cells (control cells, i.e. cells in culture medium, without LPS and formulations) and 

LPS-stimulated but untreated cells (positive control, i.e. cells exposed only to 10 ng/mL LPS). 

Firstly, LYO HA-CL – SAP was evaluated for its ability to influence IL-8 production in 

non-inflamed nasal cells. Subsequently, cells were incubated at 37 °C, 5% CO2, for 24 h, with 

a pre-warmed solution of LYO HA-CL – SAP. On the second day, cell culture medium was 

withdrawn, centrifuged (5 min, 13000 rpm, 4°C), and analyzed for IL-8 level using a human 

IL-8 ELISA kit, according to the manufacturer’s protocol. The amount of IL-8 released in the 

samples was quantified using a standard calibration curve obtained with purified recombinant 

human IL-8 provided with the kit. The limit of detection was 3.1-200 pg/mL. 

Then, to test the formulation ability to prevent inflammation, cells were exposed to a pre-

warmed solution of LYO HA-CL – SAP, and incubated at 37 °C, 5% CO2 for 24 h. 

Afterwards, cells were incubated again for another 24 h, at 37 °C, 5% CO2, with 10 ng/mL 

LPS. Subsequently, cell culture supernatant was withdrawn, centrifuged (5 min, 13000 rpm, 

4°C), and analyzed for IL-8 level as previously described. 

Finally, the anti-inflammatory efficacy of LYO HA-CL – SAP was evaluated by its 

ability to reduce inflammation in primary ALI nasal cells after induction of IL-8 production 

by LPS. Hence, cells were incubated with 10 ng/mL LPS for 24 h at 37°C, in a humidified 

atmosphere at 5% CO2. Subsequently, cells were exposed to a pre-warmed solution of LYO 

HA-CL – SAP, and after 24 h of incubation in the same conditions, cell culture supernatant 
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was withdrawn, centrifuged (5 min, 13000 rpm, 4°C), and analyzed for IL-8 concentration as 

previously described. 

8.3.5. Statistical analysis  

All the data are presented as mean ± standard deviation of a minimum of three 

independent experiments. Statistical analysis was performed using GraphPad Prism software 

version 7.0b (GraphPad, San Diego, USA). Wound healing data were analyzed with unpaired 

t-test, while anti-inflammatory response data were analyzed with one-way analysis of 

variance (ANOVA) followed by Tukey post hoc test for multiple comparisons. Differences 

were considered statistically significant for P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001 and 

****P < 0.0001). 

8.4. Results and discussion  

  Previous studies showed that SAP and HA-CL, when delivered in combination, provide 

an enhanced effect in controlling lung inflammation and oxidative stress (Fallacara et al., 

2018b, submitted for publication). Additionally, emerging data showed the beneficial role in 

nasal inflammatory diseases for the precursors of these substances –vitamin C (Chauhan et 

al., 2016; Podoshin et al., 1991; Sagit et al., 2011) and HA (Casale et al., 2014, 2016; 

Cassandro et al., 2015; Ciofalo et al., 2017a, b; Garantziotis et al., 2016; Gelardi et al., 2013b, 

2016; Varricchio et al., 2014). All these evidences strongly supported the present study to 

develop a novel formulation containing both SAP and HA-CL to enhance treatments for nasal 

diseases, like AR and CRS. A dry powder formulation was prepared, as powders, being solid 

dosage forms, are chemically and microbiologically more stable than liquids, and require 

simpler compositions in excipients (if any) (Tiozzo Fasiolo et al., 2018). Moreover, compared 

to nasal liquids, nasal powders undergo slower clearances from the nasal cavity, and can be 

delivered more efficiently by insufflation devices that permit the deposition on a larger 

surface of the nasal mucosa (Tiozzo Fasiolo et al., 2018). All this can improve drug diffusion, 

adsorption across the mucosa, and bioavailability (Tiozzo Fasiolo et al., 2018). 
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8.4.1. Physico-chemical characterization 

8.4.1.1. Morphological analysis 

In Figure 8.1. the morphology of LYO HA-CL – SAP observed by SEM is presented. 

The formulation was characterized by porous particles of polygonal shape, with size > 50 µm 

and < 600 µm, that is suitable for nasal delivery (Kippax et al., 2010). 

  

Figure 8.1. SEM micrograph of LYO HA-CL – SAP. 

8.4.1.2. Particle size analysis  

Results of laser diffraction analysis of LYO HA-CL – SAP are shown in Figure 8.2. A 

unimodal and narrow dispersion (Span index: 1.2 ± 0.0) was observed, with a Dv50 of 

328.3 ± 27.5 µm. Moreover, 10% of LYO HA-CL – SAP particles had a diameter 

≤ 179.0 ± 17.4 µm (Dv10), and 90% ≤ 566.7 ± 39.5 µm (Dv90). Hence, the freeze-dried 

formulation appeared to be suitable for nasal delivery as no particle fraction was found to be 

smaller than 10 µm (Ozsoy et al., 2009; Tiozzo Fasiolo et al., 2018). 

 

Figure 8.2. Particle size distribution of LYO HA-CL – SAP. Data represent mean ± SD (n = 3). 
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8.4.1.3. Thermal analysis 

The thermal behaviour and physical stability of LYO HA-CL – SAP were investigated 

using DSC and TGA, as shown in Figure 8.3.  

 

Figure 8.3. DSC (A) and TGA (B) thermal profiles of LYO HA-CL – SAP. 

The DSC thermal profile of LYO HA CL – SAP was characterized by two wide 

endothermic peaks: the first at 97°C, suggesting a dehydration process, and the second at 

200°C, which was attributed to pentylene glycol evaporation (boiling range 198-200°C) 

(Figure 8.3.A). The thermal decomposition of LYO HA-CL – SAP and the formation of a 

carbonized residue occurred at 240°C, where a broad exothermic peak was observed. This 

DSC profile suggested that HA-CL and SAP formed a solid solution/amorphous solid 

dispersion in the freeze-dried formulation. Such result was in good agreement with previous 

observations reported for SAP raw material, HA-CL microspheres and other dry powder 

formulations containing both SAP and HA-CL (Fallacara et al., 2018c; submitted for 

publication).  

TGA thermograph of LYO HA-CL – SAP is displayed in Fig. 3B. Three distinct 

degradation stages could be observed, with the first stage (20-181°C, 6.7% w/w of weight 

loss) that is characteristic of water evaporation; the second (181-246°C, 22.5% w/w of weight 

loss, including also the evaporation of pentylene glycol) and the third stages (246-400°C, 

12.8% w/w of weight loss) that are typical of a two-stages polysaccharide degradation. 

Hence, the thermal decomposition of HA-CL and SAP occurred simultaneously, as 

showed by DSC and TGA curves, and confirmed by data previously obtained for 

HA-CL microspheres containing SAP (Fallacara et al., 2018c). 

8.4.1.4. In vitro aerosolization performance 

Particle size is a key parameter in defining the deposition pattern of formulations 

delivered to the nasal mucosa using nasal inhalers and pump sprays. To verify the absence of 

particles with aerodynamic diameter < 10 µm, that could reach the lower airways (Cheng et 

al., 2001; Doub et al., 2012), the FDA draft guidance for industry has suggested to perform 

impactor and laser diffraction analyses (FDA CDER, 2003). Hence, the aerodynamic 
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efficiency of LYO HA-CL – SAP, delivered with the UDS nasal device, was investigated 

using the Apparatus E equipped with a FDA 2-L glass EC (FDA CDER, 2003). Additionally, 

SprayTec
TM

 laser diffraction technique was employed to assess the geometric particle size 

distribution of the emitted dose from the UDS nasal device.  

In Table 8.1. the in vitro aerosolization performance of LYO HA-CL – SAP is presented. 

Results are presented as the percentage of the drug remaining in the device and deposited in 

the EC, connection tube, and each stage of the NGI, over the total theoretical amount of drug 

filled in the device. It was found that the LYO HA-CL – SAP formulation is suitable for nasal 

drug delivery, with 88.7% of the particles showing an aerodynamic diameter larger than 

14.1 µm (78.3 ± 2.7% of the particles in the EC, plus 0.7 ± 0.5% in the connection tube and 

9.7 ± 1.5% in the S1), while the remaining 11.3 ± 4.0% of SAP was recovered in the device. 

As no drug was detected in the lower stages of the NGI, there was no respirable fraction. 

Table 8.1. Percentage of SAP recovered in each stage of the apparatus E equipped with the 2-l glass 

EC for nasal delivery. Data are presented as mean ± SD (n = 3).  

  Amount of SAP recovered (%) Cut off diameter (µm) 

Device 11.3 ± 4.0 - 

EC 78.3 ± 2.7 - 

Connection tube 0.7 ± 0.5 - 

S1 9.7 ± 1.5 > 14.1 

S2-S8 - < 14.1 

Total recovery 100.0 ± 0.0 - 

The aerosolization performance of the freeze-dried formulation was also characterised by 

SprayTec
TM

 laser diffraction particle sizing. The SprayTec
TM 

system ensures the 

characterization of the whole particle size distribution, and detects the dynamics of particle 

dispersion along with the device reproducibility, while cascade impaction provides 

information on the aerosol performance of the particles below 10 µm. Table 8.2. shows the 

results of SprayTec
TM

 analyses carried out on LYO HA-CL – SAP, which exhibited a 

geometric diameter that is suitable for nasal delivery. Indeed, the size distribution was 

unimodal and narrow (Span index: 1.8 ± 0.0), with the 90% of particles below 

537.8 ± 28.8 µm and a median diameter of 243.0 ± 13.0 µm. No particles below 10 µm were 

detected. 

Table 8.2. Values of volumetric diameter, Span index and percentage of particles ≤ 10 µm obtained for 

LYO HA-CL – SAP with SprayTec
TM

 system. Data represent mean ± SD (n = 3).  

  LYO HA-CL - SAP 

Dv(10) 100.5 ± 4.5 

Dv(50) 243.0 ± 13.0 

Dv(90) 537.8 ± 28.8 

Span 1.8 ± 0.0 

% V (≤ 10 µm) 0.0 ± 0.0 
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8.4.2. In vitro studies on nasal cell models 

8.4.2.1. MTS cytotoxicity assay on RPMI 2650 cells 

The in vitro cytotoxicity of LYO HA-CL – SAP was evaluated using the colorimetric 

MTS assay. RPMI 2650 cells were incubated for 72 h with solutions of the freeze-dried 

formulation with SAP concentration ranging from 8.0 mM to 60.9 nM. As displayed in Figure 

8.4., cells maintained their metabolic activity and were viable after the exposure to the 

solution with the highest concentration. Since the half maximal inhibitory concentration value 

(IC50) could not be determined across all the concentration interval examined, LYO HA-

CL – SAP could be considered non-toxic for RPMI 2650 cells at the wide concentration range 

tested. Hence, this study showed for the first time that the novel HA-CL polymer could be 

safely used for nasal formulations. In fact, HA-CL maintained the excellent safety profile of 

high molecular weight native HA, which was previously found to be non-toxic even at high 

concentration -1% on RPMI 2650 cells (Horváth et al., 2016), 3% on adult volunteers affected 

by rhinosinusitis (Ciofalo et al., 2017a). 

 

Figure 8.4. Viability of RPMI 2650 cells evaluated using MTS assay after 72 h of treatment with LYO 

HA-CL – SAP. Data represent mean ± SD (n = 3). 

8.4.2.2. Wound healing assay on RPMI 2650 cells 

Factors such as allergies, prolonged/chronic inflammation, virus and bacterial infections 

can alter the nasal mucosa homeostasis and therefore, can damage or destruct the epithelium. 

In order to assess the ability of LYO HA-CL - SAP to improve epithelia damage, wound 

healing assays were performed. Figure 8.5. shows images of the wound healing process 

without and with treatment (LYO HA-CL – SAP) at different time points (0, 1, 8 h). The 

freeze-dried powder formulation showed wound healing ability with significant improvement 

of the wound closure observed at 8 hours. Through image analysis, it was calculated that 

LYO HA-CL - SAP was able to close roughly the 62 ± 13 % of the wound after 8 hours. This 

closure was significantly different compared to untreated cells (P < 0.0001), where the wound 

closure was only 13 ± 4%. Hence, these results provided preliminary evidence that LYO 
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HA-CL – SAP was able to promote the re-epithelialization of RPMI 2650 wounded cells, 

demonstrating its potential use as adjuvant in nasal anti-inflammatory treatments. 

 

Figure 8.5. Wound images of untreated cells and cells treated with LYO HA-CL – SAP at different 

time points (0, 1, 8 h). 

8.4.2.3. Pro-inflammatory IL-8 expression in brushed nasal epithelial cells  

IL-8 is a pro-inflammatory cytokine that is able to enhance allergic inflammation. It is 

highly expressed in many inflammatory diseases of the upper respiratory tract, including AR 

and CRS (Hu and Li, 2018; Lee et al., 2018). This in vitro study investigated the ability of the 

novel LYO HA-CL – SAP formulation in reducing the expression of IL-8 in primary ALI 

nasal cells, thus providing an anti-inflammatory activity. 

Results showed that IL-8 production was not increased (P > 0.05) by the exposure of non-

stimulated primary nasal cells to LYO HA-CL – SAP, with IL-8 levels of 15.2 ± 3.3 % in 

unstimulated and untreated cells and 19.2 ± 8.5 % in LYO HA-CL – SAP treated cells (LYO 

HA-CL – SAP), as showed in Figure 8.6. On the contrary, cells exposed to 10 ng/mL LPS 

that remained untreated exhibited a significant inflammatory response (P < 0.0001), with an 

IL-8 concentration that was 6.5 times higher with respect to unstimulated and untreated cells 

(Figure 8.6).  

As depicted in Figure 8.6, cell exposure to LYO HA-CL – SAP treatment 24 h prior to 

stimulation with 10 ng/mL LPS significantly reduced IL-8 production to 49.5 ± 9.7 % (LYO 

HA-CL – SAP + LPS), compared to LPS-stimulated but untreated cells (100.0 ± 0.0 %; P < 

0.0001). Hence, LYO HA-CL – SAP was shown to potentially play a preventive anti-

inflammatory action.  

Additionally, the anti-inflammatory property of LYO HA-CL – SAP was investigated 

after stimulation of primary nasal cells with 10 ng/mL LPS 24 h prior to treatment exposure. 

IL-8 concentration was determined 24 h after the sample addition on the LPS-stimulated cells. 

LYO HA-CL – SAP showed the ability to reduce IL-8 release compared to LPS-stimulated 

but untreated cells: more specifically, LYO HA-CL – SAP decreased IL-8 concentration to 
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68.8 ± 4.6 % (LPS + LYO HA-CL – SAP) (Figure 8.6). Therefore, LYO HA-CL – SAP was 

found to have a significant anti-inflammatory activity towards inflamed primary nasal cells 

(P < 0.0001) (Figure 8.6.). These results showed that the freeze-dried powder consisting of 

HA-CL and SAP could be a suitable formulation to reduce inflammation in upper airway 

diseases. 

 

Figure 8.6. Concentration of IL-8 inflammatory cytokine in primary brushed ALI nasal cells 

supernatant after exposure to: LYO HA CL – SAP; LYO HA CL – SAP then LPS (LYO HA CL – 

SAP + LPS); LPS and then LYO HA CL – SAP (LPS + LYO HA CL – SAP). IL-8 levels were 

assessed in comparison to those of LPS-stimulated but untreated cells (positive control, i.e. cells 

exposed only to 10 ng/mL LPS), and unstimulated and untreated cells (control cells). Data represent 

mean ± standard deviation (n = 5). Asterisks indicate significant difference from LPS-stimulated but 

untreated cells (****P < 0.0001).  

8.4.3. In vitro release study: release by Franz’s cells and transport across RPMI 2650 cells 

Franz’s cells were chosen to explore the dissolution and release properties of LYO 

HA-CL – SAP (Figure 8.7.A), as the thin layer of liquid on the cells membranes permits the 

progressive hydration of the formulation in a humid environment. This is more representative 

of the in vivo nasal mucus layer with respect to the larger volume of dissolution medium of 

other release methods. Furthermore, SAP permeation profile was also studied across RPMI 

2650 cells grown in the ALI configuration, for 4 hours after LYO HA-CL - SAP deposition in 

the 3D MC (Figure 8.7.B).  
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Figure 8.7. In vitro release profiles of SAP from LYO HA-CL – SAP: release by Franz’s cells (A) and 

transport across RPMI 2650 cells (B). Data represent mean ± SD (n = 3). 

Due to its hydrophilicity, SAP rapidly diffused into the medium of the receptor 

compartment when LYO HA-CL – SAP was deposited on the filter membranes of Franz’s 

cells. After 60 min, 73.0 ± 3.4% of the drug was released from the freeze-dried formulation, 

and after 120 min, the release was completed (Figure 8.7.A). These results could suggest a 

good in vivo dissolution of the formulation in the nasal epithelial lining fluid, enhancing drug 

transport, bioavailability, and therapeutic efficacy (Vasa et al., 2017).   

Figure 8.7.B displays the percentage of SAP transported across RPMI 2650 epithelium as 

a function of time. During the first hour, LYO HA-CL – SAP exhibited marked permeation 

properties, with 67.6 ± 12.4% of SAP transported. Afterwards, a decreased permeation rate 

was observed. At the end of the 4 hours, almost all SAP was transported (92.6 ± 5.7%), as 

only the 7.4 ± 5.7% of SAP remained on the cells (Figure 8.7.B).  

SAP release profile was extended when studied on RPMI 2650 cells (Fig. 7B) compared to 

Franz’s cells (Fig. 7A). This delay was due to the low permeability of the simulated nasal 

epithelium, and so it was an effect of the cell barrier itself. Moreover, an enhanced 

mucoadhesive behaviour of hyaluronan on cell tissues could be hypothesized. In fact, HA-CL 

probably interacted with the mucus layer on the RPMI 2650 cells, absorbing water and thus 

becoming wet, swelled and gelled. Consequently, the formulation penetrated into the mucus, 

changed its structure and rheological properties that in turn slowed down drug release 

(Ugwoke et al., 2005). Hence, LYO HA-CL – SAP could overcome the drawback of a rapid 

clearance from the nasal cavity, since HA-CL could act not only as carrier for SAP and active 

ingredient itself, but also as mucoadhesive agent once dissolved in the nasal mucus layer to 

form a viscous solution/gel. This could potentially prolong the residence time of LYO 

HA-CL – SAP in the nasal cavity and thus the exposure of the nasal mucosa to the active 

ingredient (Horváth et al., 2016; Pires et al., 2009). 

8.5. Conclusions 

The present work aimed to develop a novel LYO HA-CL – SAP formulation for the 

treatment of nasal impairments sustained by inflammation. The dry powder formulation was 

characterized in vitro for its physico-chemical and biological properties. LYO HA-CL – SAP 

displayed suitable morphology, particle size distribution, mean diameter, thermal properties 

and in vitro aerosol performance for nasal drug delivery. The in vitro release/transport study 
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performed on LYO HA-CL – SAP showed that HA-CL was able to act not only as carrier for 

SAP and active ingredient itself, but also as mucoadhesive agent. The formulation was shown 

to be not cytotoxic in the range of SAP concentrations explored (8.0 mM to 60.9 nM), and 

exhibited wound healing ability on RPMI 2650 cells and anti-inflammatory efficacy on 

primary nasal epithelial cells. These encouraging results showed that polymer and drug acted 

in combination to help reduce cell damage. Hence, this preliminary study has opened up 

potential perspectives for LYO HA-CL – SAP as innovative adjunctive treatment for nasal 

airway disorders like AR and CRS. 
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General conclusions and future perspectives                                        
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9.1. General conclusions 

The main aim of the present work was to investigate the possible pharmaceutical and 

cosmetic applications of urea-crosslinked hyaluronic acid (HA-CL), a novel promising and 

versatile polymer consisting of two bioactive, biocompatible and biodegradable molecules: 

hyaluronic acid (HA) and urea.  

Chapter 1 consisted in a brief general introduction, describing the aims of the study and 

structure of the thesis. Additionally, details regarding the organization of the work were 

given, presenting the three different host facilities that guaranteed access to all the necessary 

instrumentations and resources. 

In Chapter 2 an overview on HA was proposed. The key features of HA were described 

in terms of structure, physico-chemical and hydrodynamic properties, biology –occurrence, 

biosynthesis, degradation, roles, mechanisms of action and receptors. Furthermore, both 

conventional and recently emerging methods developed for the industrial production of HA 

and its chemical derivatization were presented. Finally, the medical, pharmaceutical, cosmetic 

and dietary applications of HA and its derivatives were reviewed, reporting examples of HA-

based products which are currently on the market or are undergoing further investigations.  

Chapter 3 focused on the hyaluronan derivative object of the present PhD thesis: HA-CL. 

More precisely, HA-CL synthesis and rheological characterization were reported in 

accordance to the patent WO/2015/007773 A1 (Citernesi et al., 2015). Additionally, the key 

features of this innovative polymer intended for aesthetic and cosmetic applications were 

described. 

Therefore, Chapters 1, 2 and 3 reported the necessary basic knowledge to understand the 

experimental design of the present PhD thesis and the scientific value of the studies 

performed to investigate the possible applications of HA-CL, described in Chapters 4, 5, 6, 7, 

and 8. 

In Chapter 4, a possible ophthalmic application of HA-CL was described: the novel 

polymer was used to formulate two prototypes of eye drops (0.02 and 0.4%), which were 

evaluated as innovative therapy for keratoconjunctivitis sicca. Both HA-CL eye drops were 

shown to be stable, in terms of macroscopic appearance, pH and viscosity, during a 6 months’ 

study. Moreover, HA-CL, even at the lowest concentration used (0.02%), displayed an 

interesting re-epithelialization ability –related to cyclin D1 expression- in an in vitro study on 

2D human corneal cells (HCEpiC) and 3D reconstructed tissues of human corneal epithelium 

(HCE). Thus, exhibiting safety and efficacy, both formulations showed potential to treat signs 

and symptoms of keratoconjunctivitis sicca. 

Chapter 5 investigated, for the first time, the formulation of HA-CL microspheres (MS) 

encapsulating sodium ascorbyl phosphate (SAP) for dermal application. Unloaded HA-CL 

MS, unloaded and SAP-loaded native hyaluronan MS were also prepared as reference 

formulations. The MS were efficiently produced using an emulsification-solvent evaporation 

technique. The optimal working conditions were found through a preformulation study which 

explored the MS features (mean size, particle size distribution, yield, encapsulation 

efficiency) depending on the emulsification time and on the polymer solutions’ properties 

(pH, viscosity, presence/absence of SAP, native or crosslinked hyaluronan). The optimized 

MS underwent a more complete physico-chemical characterization: morphological analysis, 

analysis of the physico-molecular state, analysis of the thermal properties, analysis of the 
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stability to humidity, solubility test, in vitro release studies (dialysis and Franz diffusion cells) 

and kinetic release studies. This work showed that HA-CL could result in more efficient 

microsystems -in terms of SAP encapsulation efficiency and release properties- with respect 

to HA. In future, HA-CL – SAP MS could be potentially improved with the addition of 

excipients able to further slow down drug release. 

Chapter 6 concerned an unprecedented in vitro evaluation of the safety and the biological 

activity of HA-CL and SAP, singularly and in combination, for the treatment of inflammatory 

lung diseases such as asthma, emphysema and chronic obstructive pulmonary disease. Sample 

solutions displayed pH, osmolality and viscosity values suitable for pulmonary delivery and 

showed to be not toxic on lung epithelial Calu-3 cells. A comparative study showed a greater 

anti-inflammatory and antioxidant activity for the combination HA-CL – SAP, not only with 

respect to the single HA-CL and SAP, but also with respect to the combination native 

HA - SAP, and to the single native HA. Additionally, the combination HA-CL - SAP was 

able to promote tissue re-epithelialization with faster kinetics than the single native HA and 

SAP, and their combination. In conclusion, the innovative HA-CL - SAP combination showed 

a high potential as adjunctive therapy of pulmonary disorders sustained by inflammation and 

oxidative stress. 

Considering the promising results reported in Chapter 6, the PhD researches proceeded 

with the formulation of an inhalable dry powder obtained by co-spray-drying of HA-CL and 

SAP, described in Chapter 7. The properties of the spray-dried (SD) HA-CL - SAP 

formulation were compared with a reference formulation consisting of co-spray-dried native 

HA and SAP. Both the preparations exhibited great yields and encapsulation efficiencies, and 

were suitable for pulmonary delivery in terms of morphology, mean particle size and size 

distribution, thermal and humidity stability, in vitro aerosolization performance and SAP 

release/transport across a Calu-3 air-interface model. 

Finally, Chapter 8 investigated a possible nasal application of HA-CL. A freeze-dried 

powder formulation consisting of HA-CL and SAP was prepared and subjected to a physico-

chemical characterization of the morphological, dimensional, thermal and in vitro release 

properties. In vitro deposition studies showed the suitability of the novel dry powder 

formulation for nasal drug delivery, and in vitro tests on RPMI 2650 nasal cells displayed its 

safety, wound-healing and anti-inflammatory properties.  

Overall, all these research works proved that the novel HA-CL is a multifunctional 

polymer, showing a number of possible interesting applications both in pharmaceuticals and 

dermatology/cosmetics. HA-CL displayed enhanced drug carrier ability and intrinsic activity 

compared to conventional native HA. In some cases, the biological properties of HA-CL 

could be further improved through its combination with active molecules such as SAP. HA-

CL re-epithelializing, antioxidant and anti-inflammatory activities showed its potential as 

ophthalmic, pulmonary and nasal treatment of inflammatory diseases. 

9.2. Future perspectives 

The researches presented in this PhD thesis have implemented the current knowdledge on 

the potential applications of HA-CL, opening encouraging perspectives. However, they have a 

preliminary nature and, therefore, further studies should be focused in future in order to: 

 investigate the ocular surface residence time, the required dose-frequency and the 
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potential delivery through the corneal membrane of eye drops containing HA-CL. 

Additionally, in vivo and clinical studies could be extremely helpful to further 

characterize the bioactivities of HA-CL artificial tears; 

 select excipients with the ability to slow down SAP release from HA-CL MS, and 

study, both in vitro and in vivo, the safety, the hydration and re-epithelialization 

efficacy of HA-CL – SAP MS compared to HA – SAP MS; 

 study in vivo the safety, the bioactivity and the suitability for pulmonary delivery of 

the SD HA-CL – SAP formulation compared to the SD HA – SAP reference 

formulation; 

 study the in vivo suitability for nasal delivery of the freeze-dried formulation 

consisting of HA-CL and SAP, as well as its safety, wound healing and anti-

inflammatory activities; 

 find further possible pharmaceutical and cosmetic applications for HA-CL. 
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