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Abstract 

Cystic fibrosis (CF) is a progressive genetic disease caused by mutations in the gene that produces 

the CF transmembrane conductance regulator (CFTR) protein. The malfunction of the CFTR protein 

causes a thick buildup of mucus in the lungs that clogs the airways and traps bacteria, thus leading to 

infections, extensive lung damage and respiratory failure. Micro-delivery systems are currently being 

investigated as an efficient way to cross the viscous and complex architecture of the CF mucus. In 

this study, we produced synthetic and natural microparticles (MPs) based on poly(DL-lactide-co-

glycolide) (PLGA) or gellan gum through tailored water/oil emulsion procedures. Morphological and 

physico-chemical characterizations were carried out on both classes of MPs showing particles having 

diameters within suitable ranges to reach the CF airways. In vitro biocompatibility tests were also 

performed on both MPs using a human lung cancer cell line (A549) demonstrating that treatment with 

MPs induces no cytotoxic effects. Both classes of MPs were loaded with a mucolytic agent (N-acetyl 



cysteine, NAC) and their release kinetics evaluated using high performance liquid chromatography 

(HPLC). The analysis pointed out that the amount of NAC released from MPs resulted in a dose-

dependent increment, with a rapid release kinetic to satisfy the requirement for inducing an early 

mucus degradation. Finally, mucolytic action of NAC-loaded MPs was evaluated in an artificial 

sputum model through its rheological analysis obtaining the lowest viscosity profile after the addition 

of drug-loaded MPs. Taken together, gained results allowed us to select suitable MPs as potential 

drug targeting platforms having a mucolytic action for CF treatment. 
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1. Introduction 

Cystic fibrosis (CF) is an autosomal recessive systemic disease, which is the result of a genetic defect 

in the CF transmembrane conductance regulator (CFTR) gene. Pulmonary disease accounts for over 

90% of the morbidity and mortality associated with the disease. Since one of the physiological 

functions of CFTR is to inhibit the epithelial sodium channel, a lack of CFTR activity leads to 

decreased chloride secretion as well as sodium hyperabsorption [1]. The result of the malfunction of 

these transmembrane channels in CF is a decreased airway surface liquid (ASL) volume, which leads 

respiratory cilia to collapse and the impaired mucus detachment from the submucosal gland ducts in 

the conducting airways [2], as well as the impaired mucociliary clearance and mucus retention in the 

lower airways. Indeed, mucus in the lungs of CF patients becomes thick and sticky clogging their 

airways and trapping bacteria [3, 4], which result in the vicious cycle of recurrent/persistent bacterial 

infections, chronic inflammation and pulmonary exacerbations [5, 6]. Therefore, these conditions 

predispose patients with CF to the progressive loss of pulmonary function, respiratory failure and 

consequently death [7]. 

At present there is no cure for CF, but advances in pharmacotherapy have gradually increased the life 

expectancy of CF patients. The main stay of the current approach to treat CF has been symptomatic 

therapy aimed at attenuating disease progression and delaying the onset of irreversible lung damage 

[8- 11]. Anti-inflammatory drugs and antibiotics are administered to control the airway inflammation 

and infection due to several bacterial pathogens (such as Pseudomonas aeruginosa [12- 14]). 

Numerous data suggest that the use of standard drug dosages result in sub-optimal drug 

concentrations at the site of infection [15] due to both low concentrations of antibiotics at the site of 

infection [16] and the increased tolerance of bacterial biofilms to antibiotics [17- 19]. Bronchodilators 



are used to control bronchial hyperactivity and to improve sputum clearance and airflow through the 

diseased airway, whilst mucolytics and osmotic agents followed by chest physical therapy have been 

effective in improving airway clearance. Following identification of the CFTR gene, gene therapy 

has been explored as a fundamental CF therapy at investigational levels and a realistic therapeutic 

opportunity rely on the possibility to enhance CFTR activity with CFTR modulators and correctors. 

[20, 21]. 

As the airways are the major therapeutic target in CF, many CF drugs are delivered via inhalation 

thus providing an attractive mode of delivery of existing and emerging therapeutic agents. Given that 

an inhaled-based antibiotic therapy delivers the drug directly to the desired site of action hence 

diminishing side effects, it represents a desirable alternative to oral or parenteral therapy. However, 

several challenges need to be overcome for an efficient inhalational drug delivery to the CF lungs. 

Among these, improvements in terms of geometric particle sizes, powder flowability and respirable 

fractions are required. Nevertheless, particular attention at level of the underlying epitheliums has to 

be also paid to the dehydrated, thick and tenacious CF sputum in order to ensure an effective 

inhalational delivery of many therapeutic agents [22, 23]. The failure of CF gene therapy in the past 

15 years of preclinical and clinical research is clear proof of the delicate role played by CF sputum 

[24]. 

New approaches have been proposed aimed at increasing the mobility of administered drug 

formulations through the tenacious CF sputum or increasing drug access to the therapeutic target. To 

achieve high local medicine concentrations, especially in the paranasal sinuses and in sputum, new 

delivery forms of the already available antibiotics and anti-inflammatory agents are indeed needed. 

Recently, novel drug delivery systems (NDDSs) based on nano entities, micro entities or a 

combination of them have been explored because they offer concrete benefits in terms of reduced 

dosing frequency, increased bioavailability, prevention from degradation, site specificity and reduced 

side effects [25, 26]. In vitro, ex vivo and in vivo findings of numerous worldwide experimentations 

strongly suggested NDDSs as an emerging and promising option to combat major disorders/diseases 

[27, 28]. Concerning nanomedicine, the use of its principles and strategies is gaining researchers’ 

attention with highly promising perspectives in several fields such as diagnosis and treatment of 

pediatric disorders and genetic deficiencies (e.g. CF) [29]. The strategy of using nanocarriers 

encapsulating locally-acting drugs at pulmonary level indeed provides several advantages for the 

treatment of respiratory diseases and CF [30- 36]. The benefits include sustained drug delivery to the 

lungs, reduced therapeutic dose and improved patient compliance. However, some challenges have 

to be taken into account such as the understanding of the factors governing the mucus penetration 



capability of nanocarriers or the identification of new technologies for delivering drugs to specific 

regions/cell types of the lungs. 

Parallel to nanomedicine, scientists are also exploring additional strategies based on micro entities, 

which represent the main focus of the present study. Therapies based on microparticles (MPs) systems 

allow tailored drug release to the specific treatment site and formulation of various drug–polymer 

combinations. Moreover, microparticulate-based vehicles help in maintaining the therapeutic 

concentration of drugs (i.e. shorter half-life) in plasma for longer period of time by controlling their 

release. MPs have also large surface-to-volume ratios thanks to their small size and can be developed 

for the improvement of dissolution rate of practically insoluble drugs. To attain optimal therapeutic 

concentrations of drug in circulatory system, specific parameters such as dose and release kinetic can 

be manipulated time to time as per the requirement by employing specific microencapsulation 

methods, varying drug–polymer ratio, etc. [37]. As reported in literature, several drug-loaded 

microparticulate systems have been developed for their oral [38], topical [39], parenteral [40] and 

nasal [41] administration. 

With the aim to investigate MPs as vehicles to penetrate the viscous and highly complex CF mucus 

barrier hence targeting precise regions of the lungs, particular attention has therefore to be paid to the 

specific therapeutic agents that can be loaded onto such micro systems. To improve sputum clearance 

and then lung function, mucolytic agents (such as acetyl cysteine, dornase alfa, mannitol, etc.) are 

currently used since they influence mucus rheology by cleaving its components thus reducing the 

viscosity of CF sputum and enhancing drug penetration [42, 43]. Yang et al. [44] for example 

produced mannitol MPs as carriers of ciprofloxacin and showed its enhanced diffusion as well as its 

anti-pseudomonal effect in a sputum-like material. Another commonly used mucolytic agent is N-

acetyl cysteine (NAC) that acts by cleaving disulphide bonds of mucin fibers, thus reducing the 

viscosity of mucus/sputum in vitro and in vivo [45]. Among several interesting papers focusing on 

NAC action, Suk et al. [46] tested the use of such mucolytic agent as an adjuvant to enhance particle 

transport through CF sputum. Specifically, the authors demonstrated that only the simultaneous 

treatment with both NAC and particles possessing muco-inert coatings could enhance their 

penetration across sputum of CF patients. 

Recognizing all the aspects previously described, in this study we explored hydrophilic and 

bioresorbable materials based on natural and biodegradable synthetic polymers to produce MPs, in 

association with the de-polymerizing drug NAC, to evaluate their potential in reducing mucin-

glycocalix adhesion [47] and therefore increasing the spacing of the dense CF sputum mesh. The 

production of MPs was optimized to have suitable dimensions in agreement with the airway size and 



anatomy, thus for their correct local deposition and distribution. Physico-chemical characterizations 

of both non-loaded MPs (hereinafter referred to as unloaded MPs) and NAC-loaded MPs were carried 

out using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and Fourier 

transform infrared (FT-IR) spectroscopy to assess the effective absorption and distribution of the 

mucolytic drug on MPs surface. Before evaluating the effect of loaded MPs on mucus degradation, 

artificial sputum (AS) was produced and its rheological properties compared with sputum from CF 

patients. Rheological analysis was carried out to assess the influence of NAC on the AS viscosity 

after the addition of NAC-loaded MPs. Viscosity measurements were also performed on both AS 

loaded with MPs without NAC and AS loaded directly with the drug. Finally, in vitro release tests of 

NAC from the two different MP systems were performed using HPLC to evaluate their release 

kinetics. 

2. Materials and methods 

a. Materials 

Poly(DL-lactide-co-glycolide) acid (PLGA; lactide glycolide 50:50 with Mw= 40,000-75,000), 

poly(vinyl alcohol) (PVA; average Mw= 13,000-23,000 with 87-89% hydrolysis), NAC (≥ 99%, Mw= 

163.19 g/mol), egg yolk L-α-Phosphatidylcholine (PC), dichloromethane (DCM ≥ 99.9%), and 2-

Propanol (ISO ≥ 99.8%) were purchased from Sigma-Aldrich (St. Louis, USA). Gellan gum (GL) 

was bought from Fluka Chemicals (Buchs, Switzerland), whereas acetonitrile (ACN ≥ 99.9%) was 

purchased from Honeywell Research Chemicals (Morris Plains, USA). 

2.2 Preparation of MPs 

Two different classes of MPs based on a hydrophilic biodegradable synthetic copolymer (PLGA) and 

a natural water-soluble polysaccharide (GL) were prepared according to slightly different procedures 

compared to those previously reported in literature by the authors’ research team [48, 49]. In 

particular, the production of PLGA and GL biodegradable MPs was carried out through two different 

procedures based on the oil-in-water (O/W) single-emulsion technique and the water-in-oil (W/O) 

emulsion method, respectively, using specific surfactant agents. The experimental conditions, in 

terms of polymer concentrations, solvents (DCM, water), stirring rate, time and temperature, were 

optimized to obtain MPs with suitable dimensions in agreement with the CF airway calibre and 

anatomy, thus being able to reach the mucus layer. 

To produce both PLGA and GL MPs, a reaction system based on a three-necked round-bottom glass 

flask was used to contain the solutions. The mechanical stirring of the prepared mixtures was 

performed by means of a Heidolph RZR 2020 stirrer (50 W powered motor with speed range 40-



2,000 rpm by Heidolph Instruments GmbH & Co. KG, Germany) equipped with a glass shaft ensuring 

their constant and homogeneous agitation. A bulb condenser connected to one neck of the flask was 

also used during GL MPs fabrication to avoid the evaporation of the solvent. 

PLGA microspheres 

Firstly, a 2.5% (w/v) PVA solution was prepared in a reaction system by dissolving 5 g of PVA in  

200 mL of MilliQ water; subsequently, a solution containing 600 mg of PLGA in 10 mL of DCM 

(6% w/v) was added to the PVA solution previously prepared. The O/W solution was mechanically 

stirred at 800 rpm for 2 h in order to obtain a micro-emulsion. The stirring of the solution was 

therefore continued overnight at 200 rpm and the flask opened to allow solvent to evaporate. The 

excess of PVA was removed by several washing steps (5 × 40 mL × 5 min) in MilliQ water followed 

by centrifuging (4235-ALC centrifuge, Winchester, USA) at 5,000 rpm for 5 min. The MPs 

suspension was then freeze-dried via a lyophilisation process, and the PLGA microspheres obtained 

were finally stored in a desiccator at room temperature until their use. 

GL microspheres 

A solution of DCM containing 1.5% (w/v) of PC as an emulsifier was prepared by dissolving 3 g of 

PC in 200 mL of DCM, and subsequently poured into the reaction system immersed in an oil bath. 

Simultaneously, 300 mg of GL powder was dissolved in 40 mL of deionized water (0.75% w/v) at 

50°C. Once the temperature of the oil bath reached 50°C, the hot GL solution was slowly added inside 

the flask under stirring at 500 rpm. The resulting emulsion was then stirred at 800 rpm for 30 min at 

50°C and 2 h at room temperature. Afterwards, the stirring rate was reduced to 300 rpm and the flask 

was moved in an ice bath for 30 min. The mixture was finally incubated at 4°C overnight so that the 

gelling mechanism could occur. Particles recovery was obtained by washing steps (10 × 50 mL × 15 

min) with ISO in order to remove the remaining PC. Finally, GL MPs were dried under the hood and 

stored at room temperature until their use. 

Drug loading 

To prepare drug loaded MPs, the mucolytic drug NAC was used, as it is a depolymerizing agent 

commonly used for the reduction of the viscosity of CF sputum. In this study, aqueous solutions of 

NAC were initially prepared using three different concentrations, namely 0.3, 1, 3 mg/mL (w/v), by 

dissolving the drug in MilliQ water. Therefore, small quantities of both PLGA and GL microspheres 

were added to each of the NAC solutions and left for 2 h at room temperature in order to allow drug 

absorption. MPs dispersions were then centrifuged at 14,000 rpm for 10 min using a 

Microcentrifugette 4214, and the supernatants were removed and stored at 4°C. Supernatants were 



subsequently analyzed by HPLC (for details, see Section 2.4) to evaluate the total amount of absorbed 

NAC as a function of the tested concentrations, and hence to select the proper one to be used for the 

following characterizations. Finally, the remaining NAC-loaded PLGA and GL microspheres were 

recovered after drying in ventilated oven at 30°C to completely remove the excess of water, and later 

used to test in vitro biocompatibility as well as their mucolytic activity. Unloaded MPs were also 

prepared as control. 

2.3 In vitro drug release 

PLGA MPs and GL MPs loaded with the three different concentrations of NAC (that is 0.3, 1 and 3 

mg/mL (w/v)) were dispersed in MilliQ water and at prefixed times (5, 10, 20, 30, 60, 120 min, 5 and 

24 h) each sample was centrifuged at 14,000 rpm for 10 min. Supernatants were then removed and 

replaced with fresh MilliQ water. All the collected samples were later analyzed by HPLC (for details, 

see Section 2.4) to assess release kinetics. 

2.4 Characterizations of MPs 

After MPs fabrication and drying, the yield was determined by weighing the microspheres recovered 

and calculating the percentage yield with respect to the initial amount of polymers which had been 

used for their production as follows: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑦𝑦𝑦𝑦𝑃𝑃𝑦𝑦𝑦𝑦 = 𝑊𝑊𝑀𝑀𝑀𝑀𝑀𝑀 𝑊𝑊𝑀𝑀 × 100⁄  

where: 

WMPs = total amount of produced MPs; 

WP = initial amount of polymer. 

Subsequently, morphological analysis of PLGA and GL MPs was carried out using a JEOL JSM 5600 

scanning electron microscope (SEM; Tokyo, Japan) onto gold-sputtered particles. The size of a 

minimum of 100 randomly selected particles was calculated from the acquired SEM digital images 

using the image analysis ImageJ software (free download from NIH, http://rsbweb.nih.gov/ij/). Both 

unloaded and NAC-loaded PLGA and GL microspheres were then characterized through DSC (DSC-

7 instrument, Perkin Elmer, USA) by introducing small quantities of particles into aluminium pans 

and scanning them with a heating rate of 10°C/min at different temperature ranges (i.e. 20-200°C for 

PLGA MPs and 20-270°C for GL MPs) in nitrogen flow. Moreover, TGA was performed on both 

unloaded and drug-loaded MPs using a TGA 6 analyser from Perkin Elmer. Small amounts of 

particles were placed into ceramic capsules and analysed from 30°C to 500°C at a heating rate of 

10°C/min in nitrogen flow; the effective NAC loading was therefore estimated by the weight losses 



of the samples as a function of temperature. As a reference, TGA was also performed on pure NAC. 

Chemical analysis on pure NAC, unloaded and NAC-loaded PLGA and GL MPs were carried out by 

FT-IR Chemical Imaging (Perkin Elmer Spotlight 300, USA) in order to obtain chemical and 

correlation maps allowing to evaluate the distribution of the pure components inside the material. 

Spectral images were acquired both in transmission and attenuated total reflectance (µATR) mode 

(spectral resolution of 4 cm-1, spatial resolution of 100 × 100 µm) using the infrared imaging system 

Spotlight 300 from Perkin Elmer. In particular, spectra generated from the surface layer of the 

samples were collected by pressing MPs powder into direct contact with the ATR crystal. The 

amounts of both absorbed and in vitro released NAC from PLGA and GL MPs were determined 

through a chromatographic analysis of the previously collected solutions by HPLC at a wavelength λ 

= 215 nm (Synergy Hydro C18 column, Perkin Elmer series 200 UV/VIS detector, PerkinElmer series 

200 pump). A mixture of MilliQ: ACN (93:7, v/v) was used as mobile phase at a flow rate of 1 

mL/min and the volume of liquid injected was 100 µL. 

2.5 Biocompatibility in vitro tests 

The human lung cancer cell line A549 (American Type Culture Collection, Manassas, USA) was 

cultured in complete Dulbecco’s Modified Eagle’s Medium (DMEM; 1,000 mg/L glucose) (Sigma-

Aldrich) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 2 mM L-Glutamine, 1% 

kanamycin, 1% sodium pyruvate, 1% nonessential amino acids, 0.1% β-mercaptoethanol (all 

components from Gibco, Gaithersburg, USA). Cells were maintained in a humidified atmosphere 

with 5% CO2 at 37°C and then subcultured twice a week. For cell viability and proliferation assays 

20,000 cells/cm2 were seeded in 6-multiwell plates and allowed to attach overnight. Thereafter, cells 

were treated with 10 and 100 µg/mL concentrations of PLGA and GL MPs diluted in bidistilled water. 

Cells treated with the same amount of bidistilled water were used as control. 

Cell viability was evaluated by propidium iodide (PI) (Sigma-Aldrich) staining at 24, 48 and 72 h 

after cell treatment. Specifically, cells were collected, resuspended in phosphate-buffered saline 

(PBS) at 106 cells/mL and stained with 1 µg/mL PI for 5 min at room temperature in the dark. At least 

20,000 events for each experimental time point were acquired on a Cyan ADP flow cytometer 

(Beckman Coulter, Brea, USA) and analysed with Summit 4.0 software. Viable cells were expressed 

as percentage of living cells, evaluated on PE-log vs FS-Lin plots, and normalized respect to the 

relative time-point control. 

Cell proliferation was evaluated at the same time points (i.e. 24, 48 and 72 h) by cell counting. In 

particular, cell number was estimated by treating the cells with trypsin-EDTA solution 0.25% (Sigma-



Aldrich) and subsequently placed in a counting chamber Neubauer-improved (Marienfeld-SupeRior, 

Germany) in order to be counted using an optical microscope (Motic AE2000TRI, Barcelona, Spain). 

2.6 Patients mucus collection 

Sputum samples were collected from 2  adult CF patients (age 27 and 35 yr) with  chronic 

P.aeruginosa respiratory chronic infection, attending outpatient clinics at San Luigi Hospital and who 

were receiving DNase therapy. Samples were spontaneously expectorated and stored at −80°C prior 

to use in experiments. 

2.7 Preparation of AS 

Preparation of AS was carried out according to Ibrahim et al. [49]. Briefly, for 50 mL of AS, 500 mg 

of deoxyribonucleic acid (DNA; Sigma-Aldrich) from salmon testes was dissolved in 32.5 mL 

DNase-free water (Life Technologies), supplemented with 250 µL of egg yolk emulsion (Sigma-

Aldrich). Apart, 250 mg mucin type II from porcine stomach (Sigma-Aldrich) was dissolved in 5 mL 

of MilliQ water, and 0.295 mg of diethylenetriaminepentaacetic acid (DTPA; Sigma-Aldrich), 250 

mg NaCl, 110 mg KCl, and 22 amino acids (12.5 mg each) (Fluka) in 12.5 mL of MilliQ water. After 

mixing all the three solutions, the pH was set to 7 with 1 M NaOH. To prolong the AS storage-life, 

the solutions were filtered and 0.4 µL/mL penicillin-streptomycin and 1 µL/mL ampicillin (Sigma-

Aldrich) were added. 

2.8 Rheological analysis of CF patients mucus and AS 

Preliminary rheological tests were firstly carried out on CF patient sputum, pure AS and AS loaded 

with two different concentrations of PLGA and GL MPs, namely 5 mg/mL and 100 µg/mL, in order 

to find the proper experimental conditions for the later analysis. 

Therefore, the effects of the mucolytic agent on AS degradation were evaluated on a series of samples 

using 2 mL of AS, an aqueous solution of NAC at 3 mg/mL (w/v) and 10 mg of MPs, as follows: 

pure AS, AS loaded with PLGA or GL MPs without NAC, AS loaded directly with NAC solution 

and AS loaded with PLGA or GL MPs containing NAC. MPs were firstly hydrated with a small 

amount of water before adding the mucus and incubated for 2 h at 37°C. Specimens were therefore 

prepared by pouring 2 mL of fluid sample into individual conic moulds (40 mm diameter). 

Rheological measurements were performed on 30 samples by means of a rotational rheometer 

Kinexus (Malvern, UK). The Shear Rate Ramp Linear sequence, that calculates viscosity vs shear 

rate, was used by setting the temperature at 37°C, a start shear rate of 0.1 s-1 and an end shear rate of 

1,000 s-1. 



2.9 Statistical Analysis 

The experimental results reported in this study are expressed as mean ± standard deviation (SD). 

Student’s t test was used to evaluate the effect of MPs on cell viability and proliferation, and statistics 

were calculated using GraphPad Prism 5.0 (GraphPad Software, San Diego, USA). The level of 

significance was p < 0.05 and n corresponds to the number of independent experiments. 

3 Results and Discussion 

3.1 Characterizations of MPs 

3.1.1 Percentage yields 

After the drying step and before their use, the percentage yields of PLGA MPs and GL MPs were 

calculated obtaining 89% w/w and 96% w/w, respectively, thus showing a small loss of both the 

polymers during MPs production and the particles themselves during their recovery. 

3.1.2 Morphological analysis 

The morphology of particles obtained through the W/O emulsion technique was at once analysed 

using SEM (Figure 1). Both PLGA and GL MPs present a spherical shape that optimizes the surface-

to-volume ratio, thus providing appropriate carriers for drug delivery. 

 

Fig.1 SEM images of PLGA MPs under 2,000× magnification (a) and GL MPs under 2,500× 

magnification (b). 

Figure 1a shows the SEM image of PLGA MPs having a smooth surface and diameters of 5.48±1.5 

µm. Figure 1b illustrates the SEM image of GL MPs with diameters of 7.37±1.83 µm but a porous 

surface. It is well known [51] that particle size along with shape and surface structure are important 

parameters strictly connected to the therapeutic effect of the drug-loaded carriers when inhaled via 

dry powder inhalers (DPIs). In particular, particles with a diameter below 1-3 µm are mostly exhaled 

upon inhalation, whereas those with a diameter higher than 10 µm are mainly deposited in the large 



conducting airways and oropharyngeal region without reaching the specific lung tissue for a correct 

drug release [7]. Therefore, MPs obtained directly by the production phase showed a diameter in a 

range compatible with the specific application, however it is possible to further select MPs groups 

with a selected average diameter by using specific sieves in order to satisfy requirements for an 

appropriate DPI design. Concerning surface structure of particles, the sponge-like morphology of GL 

MPs is important since it is responsible for their high capability to swell in water and rapidly dissolve 

into mucus. Moreover, porosity can be used to enhance both the absorption of the drug and its 

deposition. As regards drug absorption, porous particles with the spheroidal shape allow a higher 

amount of drug to be adsorbed throughout the surface [52]. In relation to drug deposition and release, 

it has been demonstrated that large porous particles (LPPs) possess optimized flow properties [53, 

54]. In fact although they exhibit large geometric size, LPPs show small aerodynamic size which 

results from their low density, allowing them to overcome upper airways, escape phagocytosis by 

alveolar macrophages and penetrate deep into the lungs for an efficient therapeutic treatment. 

3.1.3 Physico-chemical analysis 

A complete physico-chemical characterization of PLGA MPs and GL MPs was carried out before 

and after NAC loading by using HPLC, DSC, TGA and FT-IR Chemical imaging. 

NAC-loaded PLGA MPs 

The loading of PLGA MPs with NAC at three different concentrations, namely 0.3, 1 and 3 mg/mL 

(w/v), was found to increase in a dose-dependent manner reaching the maximum loading efficiency 

(>80%) at 3 mg/mL. Therefore, the obtained result allowed us to select this last as the definitive drug 

concentration. 

To confirm the effective loading of the mucolytic agent into PLGA MPs, a direct analysis of both 

unloaded particles and particles loaded with 3 mg/mL of NAC was performed through DSC and TGA 

analysis. 

Figure 2a shows DSC-thermograms of PLGA MPs before and after NAC loading. The glass transition 

temperature (Tg) was observed at about 57°C for pure PLGA MPs, whereas in the case of particles 

carrying NAC it was at about 54°C. The shift of the Tg of the synthetic polymer PLGA to slightly 

lower temperature for NAC-loaded samples with respect to unloaded MPs suggested a plasticizing 

effect due to the mucolytic agent. 

TGA (and the corresponding derivative curves) for unloaded PLGA MPs and NAC-loaded PLGA 

MPs are reported in Figure 2b. A shift of the maximum degradation rate towards higher temperatures 



for NAC-loaded particles (i.e. ~359°C) compared to the unloaded ones (i.e. ~353°C) was recorded, 

which could be ascribed to the presence of the drug inside MPs. 

 

Fig.2 Characterizations of PLGA MPs unloaded and loaded with NAC: DSC-themograms (a) and 

TGA curves (b). a.u.: arbitrary units; inset: second derivative traces obtained from TGA. 

Finally, FT-IR analysis was carried out on PLGA MPs containing the mucolytic agent in order to 

assess the real drug loading inside the particles. Firstly, IR spectra of pure NAC and PLGA MPs were 

acquired to identify their characteristic absorption bands. In particular, FT-IR spectrum of NAC 

showed the following peaks: O-H stretching at 3.110-1.800 cm-1, N-H stretching at 3.400 cm-1, C=O 

stretching at 1.700-1.750 cm-1, N-H bending at 1.600 cm-1. Concerning PLGA, FT-IR spectrum 

revealed the following peaks: CH, CH3 and CH2 stretching at 3.000-2.700 cm-1, C=O stretching at 

1.900-1.550 cm-1, CH3 and CH2 deformation at 1.500-1.250 cm-1, CH2 and CH vibration at 1.350-

1.150 cm-1, C-O stretching at 1.300-1.150 cm-1. Afterwards, FT-IR analysis both in µATR and 

transmission mode was performed on PLGA MPs before and after NAC loading. Analysis carried out 

in µATR mode did not show the presence of the drug on the particles surface (data not shown). On 

the contrary, analysis made in transmission mode revealed NAC inside PLGA MPs. Figure 3 

illustrates transmission maps of NAC-loaded PLGA MPs (Fig. 3a and b) and the corresponding 

medium spectrum (Fig. 3c). The characteristic peak of PLGA at 1.750 cm-1 was due to the C=O 

stretching of the ester group, whilst those characteristic of NAC were found at 1.726 and 1.620 cm-1. 

Furthermore, the presence of NAC was clearly proved by the yellow zone below the surface of the 

drug loaded microspheres. 



 

Fig.3 Chemical map (a), a detail (b) and medium spectrum (c) obtained in transmission mode of 

NAC-loaded PLGA MPs. 

NAC-loaded GL MPs 

After the loading phase of NAC into GL MPs using three different concentrations (i.e. 0.3, 1 and 3 

mg/mL (w/v)), the amount of drug absorbed into particles was found to increase in a dose-dependent 

manner with the maximum corresponding to 3 mg/mL and a loading efficiency >70%. As for PLGA 

MPs, the gained result permitted to choose such concentration as the final drug concentration. 

Results obtained from DSC and TGA analysis carried out on both unloaded and NAC-loaded (3 

mg/mL) GL MPs are reported as follows. 

DSC-thermograms of GL MPs before and after NAC loading are illustrated in Figure 4a. Both DSC 

curves show an endothermic event in the temperature range of 60-120°C related to water evaporation 

from the MPs samples. Moreover, an exothermic event was registered at about 253°C for GL MPs 

and at about 240°C for NAC-loaded GL MPs due to the degradation of the natural polysaccharide. 

The obtained results suggest that the presence of the mucolytic agent promotes the thermal 

degradation of the microspheres by anticipating the degradation event. 



Figure 4b shows TGA curves of unloaded GL MPs and NAC-loaded GL MPs, the differences in the 

trends would indicate the drug effect on GL MPs thermo-degradative behavior. In particular, the 

derivative curve of NAC-loaded GL MPs indicates two degradative events at about 250°C and 300°C, 

respectively. It can be reasonably assumed that the first peak was related to a thermal modification of 

GL due to the presence of NAC, whereas the second one to the degradation of NAC contained inside 

particles. 

 

Fig.4 Characterizations of GL MPs unloaded and loaded with NAC: DSC-themograms (a) and TGA 

curves (b). a.u.: arbitrary units; inset: second derivative traces obtained from TGA. 

FT-IR investigation was performed on NAC-loaded GL MPs to evaluate the effective drug absorption 

on particles. IR spectra of GL MPs firstly showed the following typical absorption peaks: O-H 

stretching at 3.382 cm-1, C-H stretching at 2.926 cm-1, COO− asymmetric stretching at 1.608 cm-1, 

polysaccharide ring at 1.064 cm-1. Afterwards, FT-IR chemical imaging investigation was carried out 

on GL microspheres incorporating the mucolytic drug. Figure 5 shows chemical maps and the 

corresponding media spectra for NAC-loaded GL MPs obtained both in µATR (Fig. 5a and b) and 

transmission (Fig. 5c and d) mode. The gained spectra confirmed the characteristic band of NAC at 

1.727 cm-1, thus demonstrating that the drug was loaded inside GL MPs. 



 

Fig.5 Chemical maps (a, c) and media spectra (b, d) of NAC-loaded GL MPs acquired in µATR mode 

(a, b) and transmission mode (c, d). 

3.2 Release kinetics  

The release kinetics of NAC by microspheres was evaluated by analyzing supernatants collected at 

prefixed times through HPLC. Figure 6 shows the amount of NAC released per micrograms of MPs 

as a function of time and for each concentration used in the absorption tests. 



 

Fig.6 Release kinetics of NAC at three different concentrations from PLGA MPs and GL MPs. 

The kinetics of drug release were rapid for both NAC-loaded PLGA and GL MPs with an elevated 

slope in the first 10 min. However, the total amount of NAC released by GL MPs resulted higher than 

that released from PLGA MPs independently of the concentration of the loaded NAC (i.e. 0.3, 1, 3 

mg/mL). As a matter of fact, PLGA MPs showed a lower quantity of released drug which occurred 

in a more gradual and controlled manner. The obtained results were in agreement with the high 

swelling degree of GL MPs due to their porous structure and high hydrophilicity. On the other hand, 

PLGA MPs showed a high stability although it is a biodegradable polymer with a high degradation 

rate compared to other polyester aliphatic polymers (such as polycaprolactone or polylactic acid). 

Finally, it is worth noting that for GL MPs the higher the concentration of the loaded drug is, the 

greater is the amount of released NAC. This outcome further confirmed those achieved from the 

absorption tests showing that the amount of absorbed NAC increased with the increment of the tested 

drug concentration. Therefore, the attained results allowed us to select 3 mg/mL (w/v) as the 

concentration of NAC to be used in the rheological analysis. In conclusion, the results obtained in the 

present study revealed rapid release kinetics of NAC from both microcarriers that allow a fast action 

for inducing an early mucus degradation after MPs inhalation with the resulting penetration of anti-

inflammatory agents. 

3.3 In vitro biocompatibility of MPs 

One of the main objectives of this study was the development of microcarriers able to penetrate the 

viscous and highly complex CF sputum without causing toxicity at pulmonary level. Within this aim, 



in vitro cytocompatibility tests were performed and the effects of two different concentrations 

(namely 10 and 100 µg/mL) of both PLGA and GL MPs on human lung cancer cells (i.e. A549 cell 

line) viability and proliferation were evaluated. Figure 7a shows that A549 cell viability assessed by 

PI staining and flow cytometry was unchanged after 24, 48 and 72 h of treatment. A549 cell 

proliferation was therefore assessed at the same three time points by cell counting. Figure 7b 

illustrates a slight but not statistically significant difference between control and treated cells 

regardless of the tested polymeric MPs (i.e. PLGA and GL) and concentrations (i.e. 10 and 100 

µg/mL), thus indicating that the produced MPs do not even interfere with the replicative capacity of 

the A549 cell line. 

 

Fig.7 In vitro biocompatibility tests on A549 human lung cancer cells treated with PLGA MPs and 

GL MPs: cell viability (a) and proliferation (b). The results are expressed as mean (%) of control ± 

SD, n= 3. 

In conclusion, neither the two MPs concentrations nor the two classes of tested polymers showed 

cytotoxic effects and thus both PLGA and GL MPs can be considered safe for human lung cells. 

3.4 Mucolytic capability of MPs 

To evaluate the effect of MPs on the degradation of CF mucus, AS was firstly produced and its 

rheological properties compared with sputum from CF patients by measuring the viscosity of sputum 

samples as a function of shear rate at 37°C (Figure 8). 



 

Fig.8 Comparison of mucus viscosity vs shear rate between AS and sputum from CF patients. 

A reduction of the viscosity for both set of samples was found as the shear rate increased indicating 

a shear thinning behaviour. Moreover, the trends of viscosity for AS and CF sputum resulted 

comparable over the entire tested shear rate range. The gained findings therefore allowed to use AS 

for the successive rheological analysis. 

Rheological analysis on various AS samples was finally carried out in order to assess the effect of the 

mucolytic agent on the AS viscosity after the addition of NAC-loaded (concentration of 3 mg/mL) 

MPs. In particular, the influence of the MPs-based drug delivery systems on AS degradation was 

evaluated by comparing viscosity vs shear rate of the following samples (Figure 9): pure AS, AS 

loaded with 5 mg/mL of PLGA or GL MPs without NAC, AS loaded with pure NAC and AS loaded 

with 5 mg/mL of PLGA or GL MPs containing NAC. 

 

Fig.9 Viscosity measurements vs shear rate for samples based on PLGA MPs (a) and GL MPs (b). 

Figure 9a shows viscosity measurements as a function of shear rates for samples based on PLGA 

MPs. A decrease of viscosity was detected for each of the tested samples when compared to pure AS. 

In particular, the highest viscosity reduction was achieved for AS after the addition of NAC, as 



obviously expected from a mucolytic agent due to its specific biological activity. Interestingly, a 

lowering behavior of viscosity was also observed for AS following the addition of NAC-loaded 

PLGA MPs. The obtained result therefore suggests that the simultaneous action of the chemical 

structure of MPs and of the de-polymerizing agent could be exploited to better contrast the tenacious 

and high complex mucus of CF patients. Importantly, these results confirmed also the capability of 

MPs to release the loaded drug in a mucus-based medium. Finally, a reduction of viscosity was 

furthermore observed by adding pure PLGA MPs, hence confirming the use of this synthetic polymer 

as the right choice to develop microcarriers targeting CF mucus. The trend of viscosity vs shear rate 

for GL MPs are reported in Figure 9b. As found for PLGA-based samples, a similar behavior was 

also observed for GL carriers thus confirming the release and diffusion of NAC from MPs directly in 

the mucus.  

4. Conclusions 

Polymeric MPs were proposed as novel drug delivery systems with a mucolytic action for the 

pharmacological treatment of the CF lungs. In particular, PLGA MPs and GL MPs were synthesized 

by O/W and W/O techniques, respectively, which have been optimized to obtain suitable particles 

dimensions in agreement with the CF airway calibre and anatomy. PLGA and GL microspheres were 

therefore evaluated and successfully utilized as platforms for an efficient encapsulation, in vitro 

delivery and the following sustained release of NAC through the dense and tenacious CF mucus layer. 

In vitro biological tests also demonstrated that both kinds of MPs were cytocompatible. Interestingly, 

unloaded PLGA and GL MPs showed a reduction of viscosity compared to pure AS. However, the 

highest viscosity reduction was overall achieved for NAC-loaded microspheres, thus confirming the 

release of the depolymerising agent from particles and its diffusion directly into the mucus. In 

conclusion, the results obtained from the morphological, physico-chemical, biological and 

rheological characterizations of PLGA MPs and GL MPs loaded with the mucolytic agent suggest 

their potential as efficient vehicles for providing and improving local drug bioavailability (such as 

antibiotics and anti-inflammatory agents) in the treatment of CF. 

Future works will concern the development of novel integrated and multifunctional drug delivery 

systems for targeting CF lung. In particular, the considered strategy will be based on the combination 

of MPs designed to efficiently reach and cross the mucus barrier, and smart nanosystems able to 

release specific drugs directly to the altered CF microenvironment for a better control of infection-

inflammation processes. A successful combination of such micro- and nano-vectors would represent 

an innovative synergic and effective way to treat CF patients improving their compliance and quality 

of life. 
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