
 
 

 

UNIVERSITA’ DEGLI STUDI DI PARMA 

DOTTORATO DI RICERCA IN 

Scienze del Farmaco 
 

 
CICLO XXXVII 

 

 
Intranasal administration of advanced drug delivery 

systems encapsulating peptidic and biological drugs: in 

vitro, ex vivo and in vivo evaluation 

 
 
 
 

Coordinatore: 

Chiar.mo Prof. MARCO MOR 

 
Tutore: 

Chiar.mo Prof. FABIO SONVICO 
 

 
Dottorando: FABIOLA GUARESCHI 

 

 
Anni Accademici 2021/2022 – 2023/2024 



 
 
 
 
 
 
 
 

Ai miei genitori e a Nicolò 



Acknowledgements 

First of all, I would like to thank my supervisor Prof. Fabio Sonvico, that contributed to my 

professional growth in these years, guiding me in the amazing world of pharmaceutical technology. 

Thank you for always giving me the best of your knowledge but at the same time leaving me the 

opportunity to express my opinion and put my ideas into practice. 

I also would like to thank all the colleagues and Professors of the Advanced Drug Delivery Research 

Laboratory (ADDRes Lab) of Food and Drug Department at the University of Parma, especially Prof. 

Ruggero Bettini for giving me the opportunity to work in this laboratory and always being available 

to offer me valuable advice when needed. I would like to express a special thanks to all my 

colleagues from ADDRes Lab for supporting me every day, for sharing your ideas with me, helping 

me in difficult times and making me smile in the hardest moments. You are special people, and you 

have been like a family during these years. 

Special thanks to Prof. Eride Quarta, my friend as well as an admirable Professor. Thank you for 

sharing your knowledge in managing the many projects we worked on together, for always giving 

me valuable advice and honest opinions, and for making each of our experiences abroad 

unforgettable. 

Thanks to my friend and colleague Virginia Patterlini, for the professionalism, organization and 

efficiency demonstrated during the endless hours spent working together in the laboratory. Our 

complicity was certainly a fundamental factor in achieving each goal. 

Thanks to Prof. Sara Nicoli and Prof. Silvia Pescina, for providing me with valuable advice necessary 

to continue my projects, as well as giving me essential materials to go on with my research. 

I would also like to thank Prof. Annalisa Bianchera, for guiding me during the in vitro studies and for 

having transmitted her knowledge to me with dedication, professionalism and patience. 

Thanks to Prof. Cristina Sissa and her team from SCVSA Department of the University of Parma, 

especially to Dott. Andrea Delledonne and Dott. Ilaria Ferraboschi, for the support they gave to me 

during the two-photon microscope analysis. 

Many thanks to Prof. Elena Del Favero and Dott. Caterina Ricci for the support you gave me during 

the characterization phase of my formulations, and for giving me the opportunity to work together 

with you at the European Synchrotron Radiation Facility (ESRF) in Grenoble, at the Neutron Center 

in Budapest and in your laboratory placed at the University of Milan. Special thanks to Prof. Laura 

Cantù, thank you for the kindness and clarity with which you provided me with explanations on 

physics and for your exemplary professionalism, which will remain an indelible memory for me. 

Thanks to Prof. Ravin Narain and his team, in particular Leslie Vanessa Snachez Castillo and Eleni 

Tsekoura, for the exciting project we worked at together, and the interesting results we reached. 



Finally, I would like to express a special thanks to Prof. Ana Fortuna and her team from the 

Pharmacology Laboratory of the Pharmacy Department at the University of Coimbra, Portugal. You 

gave me the opportunity to explore the interesting field of pharmacology, giving me the 

opportunity to improve my knowledge, working in a field that was not properly my “comfort-zone”. 

Thank you for warmly welcoming me and always making me feel at home. 



Summary 
GENERAL INTRODUCTION 

1. GENERAL INTRODUCTION…………………………………………………………………………………………………….2 

1.1 The nose as a target for drug delivery……………………………………………………………………………………2 

1.2 Advantages of nasal delivery compared to the classic routes of administration…………………….3 

1.3 Therapeutic effects………………………………………………………………………………………………………………4 

1.3.1 Local effect………………………………………………………………………………………………………………………..4 

1.3.2 Nasal vaccines and systemic effect………………………………………………………………………….…………5 

1.3.3 Nose-to-Brain…………………………………………………………………………………………………………………….6 

1.4 Nanotechnology as a tool to overcome the limitations of nasal administration….…………………8 

1.4.1 Limitations affecting the nasal administration……………………………………………………………………8 

1.4.2 Role of nanomedicine in nasal delivery………………………………………………………………………………9 

REFERENCES…………………………………………………………………………………………………………………………….12 

CHAPTER 1 
CYCLOSPORINE A MICELLAR NASAL SPRAY CHARACTERIZATION AND ANTIVIRAL ACTION 

AGAINST SARS-COV-2………………………………………………………………………………………………………18 

ABSTRACT……………………………………………………………..………………………………………………………….......20 

1. INTRODUCTION………………………………………………………………………………………………………………..21 

2. MATERIALS AND METHODS………………………………………………………………………………………………23 

2.1 Materials…………………………………………………………………………………………………………………………...23 

2.2 Methods…………………………………………………………………………………………………………………………….23 

2.2.1 Preparation of the blank and drug-loaded micelles…………………………………………………………..23 

2.2.2 Characterization and stability study…………………………………………………………………………………23 

2.2.2.1 Particle size, PDI and surface Zeta Potential………………………………………………………………….23 

2.2.2.2 Density…………………………………………………………………………………………………………………………24 

2.2.2.3 Viscosity……………………………………………………………………………………………………………………….24 

2.2.2.4 Cyclosporine A quantification method…………………………………………………………………………..25 

2.2.2.5 SAXS and SANS analysis………………………………………………………………………………………………..25 

2.2.3 Ex vivo mucoadhesion study…………………………………………………………………………………………….26 

2.2.4 In vitro studies…………………………………………………………………………………………………………………28 

2.2.4.1 Cell line and culture conditions………………………………………………………………………………………28 

2.2.5 Antiviral Activity Studies………………………………………………………………………………………………….28 

2.2.5.1 Virus propagation and titration…………………………………………………………………………………….28 

2.2.5.2 Cell treatment and viral replication inhibition assay………………………………………………………29 

2.2.5.3 SARS-CoV-2 nucleic acid quantification………………………………………………………………………….29 



2.2.6 Cytotoxicity study……………………………………………………………………………………………………………30 

2.2.7 Spray characterization……………………………………………………………………………………………………..31 

2.2.8 Deposition study on a nasal cast………………………………………………………………………………………32 

2.2.9  Statistical Analysis………………………………………………………………………………………………………….33 

3. RESULTS…………………………………………………………………………………………………………………………..33 

3.1 Characterization of the blank and CSA-loaded micelles………………………………………………………33 

3.2 SAXS mucodiffusion study…………………………………………………..……………………………………………..35 

3.3 Ex vivo mucoadhesion study………………………………………………………………………………………………37 

3.4 Cytotoxicity study on Vero E6 cells……………………………………………………………………………………..38 

3.5 Antiviral activity of the developed micelles against SARS-CoV-2…………………………………………38 

3.6 Spray characterization……………………………………………………………………………………………………….43 

3.7 Formulation deposition in a nasal cast……………………………………………………………………………….45 

4. DISCUSSION……………………………………………………………………………………………………………………..47 

5. CONCLUSIONS………………………………………………………………………………………………………………….52 

REFERENCES…………………………………………………………………………………………………………………………….54 

SUPPLEMENTARY MATERIAL……………………………………………………………………………………………………60 

CHAPTER 2 
THERAPEUTIC EFFECT OF CYCLOSPORINE A-LOADING TPGS MICELLES ON A MOUSE MODEL OF 

LPS-INDUCED NEUROINFLAMMATION………………………………………………………….………………….77 

ABSTRACT……………………………………………………………………………………………………………………………….79 

1. INTRODUCTION………………………………………………………………………………………………………………..80 

2. MATERIALS AND METHODS……………………………………………………………………………………………..82 

2.1 Chemicals and Reagents…………………………………………………………………………………………………….82 

2.2 Quantification of cyclosporine A in plasma and olfactory bulb……………………………………………82 

2.2.1 Stock solutions and standard preparation…………………………………………………………………………82 

2.2.2 HPLC apparatus……………………………………………………………………………………………………………….82 

2.2.3 Plasma and olfactory bulb sample preparation………………………………………………………………..83 

2.2.4 Method validation…………………………………………………………………………………………………………..84 

2.3 CSA-loading micellar formulation: adaptation and characterization……………………………………85 

2.3.1 Particle size, Polydispersity Index and surface Zeta potential…………………………………………..86 

2.3.2 Viscosity………………………………………………………………………………………………………………………….86 

2.3.3 Drug Loading Encapsulation Efficiency (EE%)……………………………………………………………………86 

2.4 In vivo studies in CD-1 mice………………………………………………………………………………………………..87 

2.4.1 Animals and Ethics…………………………………………………………………………………………………………..87 

2.4.2 In vivo intranasal repeated dose efficacy study on LPS-induced neuroinflammation mouse 
model…………………………………………………………………………………………………………………………87 

2.4.3 CSA concentrations in plasma and olfactory bulb after single intranasal and oral 
administration…………………………………………………………………………………………………………….88 



2.4.4 Behavioral tests……………………………………………………………………………………………………………….88 

2.5 Statistical Analysis……………………………………………………………………………………………………………..91 

3. RESULTS…………………………………………………………………………………………………………………………..92 

3.1 HPLC method validation for the quantification of CSA in biological samples……………………….92 

3.1.1 Accuracy, Precision and Recovery in olfactory bulb and plasma……………………………………….92 

3.2 Characterization of the CSA-loading micellar formulation…………………………………………………..93 

3.3 Behavioral tests…………………………………………………………………………………………………………………93 

3.4  CSA concentrations in plasma and olfactory bulb after single intranasal and oral 

administration………………………………………………………………………………………………………………………..97     

4.      DISCUSSION…………………………………………………………………………………………………………………….98 

5. CONCLUSIONS………………………………………………………………………………………………………………..100 

REFERENCES…………………………………………………………………………………………………………………..........102 

SUPPLEMENTARY MATERIAL………………………………………………………………………………………………….108 

CHAPTER 3 
APPLICATION OF RABBIT NASAL MUCOSA FOR EX VIVO MUCOPENETRATION AND 

MUCOADHESION STUDIES……………………………………………………………………………………………..113 

1. INTRODUCTION………………………………………………………………………………………………………………114 

2. MATERIALS AND METHODS……………………………………………………………………………………………116 

2.1 Materials………………………………………………………………………………………………………………………….116 

2.2 Methods………………………………………………………………………………………………………………………….116 

2.2.1 Immunostaining of olfactory and respiratory rabbit’s nasal mucosa………………………………..116 

2.2.2 Two-photon microscopy………………………………………………………………………………………………..119 

2.2.3 TMC nanoparticles preparation……………………………………………………………………………………..119 

2.2.4 Mucoadhesion study on rabbit nasal mucosa………………………………………………………………..120 

2.2.5 Nasal mucosal tissue penetration studies………………………………………………………………………121 

3. RESULTS…………………………………………………………………………………………………………………………121 

3.1 Immunostaining of the olfactory region……………………………………………………………………………..121 

3.1.1 Olfactory region marked with anti-Olfactory Marker Protein…………………………………………121 

3.1.2 Olfactory region marked with anti-OR10R2……………………………………………………………………123 

3.2 Immunostaining of the Respiratory region…………………………………………………………………………124 

3.2.1 Respiratory region marked with anti-β IV Tubulin………………………………………………………….124 

3.3 Comparison between the olfactory and the respiratory region……………………………………………125 

3.3.1 Nasal mucosa marked with anti-Olfactory Marker Protein antibody………………………………125 

3.3.2 Nasal mucosa marked with anti-β IV Tubulin antibody…………………………………………………..126 

3.4 Mucoadhesion study on rabbit nasal mucosa…………………………………………………………………….126 

3.5 Mucopenetration study…………………………………………………………………………………………………….129 

4. DISCUSSION……………………………………………………………………………………………………………………133 

5. CONCLUSION………………………………………………………………………………………………………………….137 



REFERENCES…………………………………………………………………………………………………………………………….138 

GENERAL CONCLUSION............................................................................... 141 



List of Symbols and Acronyms 
 
 
 

 
α Alpha 

Δ Delta 

Δρ Contrast term 

λ Incident X-ray wavelength 

µM Micromolar 

° Plume angle 

θ Scattering angle 

BBB Blood-Brain-Barrier 

BFT Buried Food Test 

BSA Bovine serum albumin 

CaCl2 Calcium chloride 

CaN Calcineurin 

Cexp Experimental concentration 

Cnom Nominal concentration 

CNS Central Nervous System 

COX-2 Cyclo-oxygenase-2 

CPS Conventional multidose preservative-free spray pump 

CSA Cyclosporine A 

CSF Cerebrospinal Fluid 

CSS Core-shell sphere 

Ct Cycle Threshold 

CV Coefficient of Variation 

CXB Celecoxib 

Cy3 Cyanine3 

CypA Cyclophilin A 

Da Dalton 

DAD Diode array detection 



DAPI 4′,6-diamidino-2-phenylindole 

DI Discrimination Index 

DLS Dynamic Light Scattering 

Dmax Maximum diameter 

Dmin Minimum diameter 

D2O Deuterium oxide 

DS Dextran sulfate 

DSD Droplet Size Distribution 

DV50 Mean volume diameter 

ECS Extracellular Space 

EE Encapsulation Efficiency 

f Aperture diameter 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

Η Dynamic viscosity 

HA Hyaluronic acid 

HCl Hydrochloric acid 

HL High-Loading micelles 

HPLC High Performance Liquid Chromatography 

HPMC Hydroxypropylmethyl cellulose 

HS Hard sphere 

IgG Immunoglobulin G 

IL-1 Interleukin-1 

IL-2 Interleukin-2 

IN Intranasal 

I(q) Scattered intensity 

IS Internal Standard 

KCl Potassium chloride 

LL Low-Loading micelles 

LLOQ Lower Limit of Quantification 

LPS Lipopolysaccharide 



MEM Minimum Essential Medium 

MERS-CoV Middle East Respiratory Syndrome coronavirus 

ML Medium-Loading micelles 

mMRT Mucosal mean residence time 

m.o.i Multiplicity of infection 

MOM MuDT Oligo Mixture 

N Number of particles 

NA Numerical aperture 

NaCl Sodium chloride 

NALT Nose-associated lymphoid tissue 

NaOH Sodium hydroxide 

NORT Novel Object Recognition Test 

NP Nanoparticles 

N2B Nose-to-Brain 

OFT Open Field Test 

OMP Olfactory Marker Protein 

OR Odorant receptor 

OR10R2 Odorant Receptor, family 10, subfamily R, member 2 

ORN Olfactory receptor neurons 

PALS Phase Analysis Light Scattering 

PBS Phosphate-buffered saline 

PDI Polydispersity Index 

PEG Poly(ethylene) glycol 

PFA Paraformaldehyde 

PG Plume geometry 

P-gp P-glycoprotein 

PI Preference Index 

P(q) Particle form factor 

PVA Poly(vinyl alcohol) 

q Scattering vettor 

QC Quality Control 



RE Relative Error 

ROI Regions of interest 

rpm Round per minute 

SANS Small Angle Neutron Scattering 

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

SAXS Small Angle X-ray Scattering 

SD Standard deviation 

SHG Second Harmonic Generation 

siRNA Small interfering RNA 

Sld Scattering length density 

SNES Simulated Nasal Electrolyte Solution 

SP Spray Pattern 

S(q) Structure factor 

TFA Trifluoroacetic acid 

TMC Trimethyl chitosan 

TNF-α Tumor necrosis factor-alpha 

TPEF Two-photon excited fluorescence 

TPGS α-tocopheryl-polyethylene-glycol 1000 succinate 

TPP Tripolyphosphate 

Triton-X100 Polyethylene glycol tert-octylphenyl ether 

TST Tail Suspension Test 

V Volume 

WHT Wire Hanging Test 

X g Gravitational force 



List of Figures 
 
 

General Introduction 

FIGURE 1: Anatomical features of the nose (right), that is part of the upper respiratory tract (left) ........................ 2 

FIGURE 2: The different types of epithelia characterizing the nasal mucosa ...................................................... 3 

Chapter 1 

FIGURE 1: SANS spectra of micelles at room temperature ................................................................................ 35 

FIGURE 2: A-C) SNES diffusion in mucin during time. SAXS spectra at different positions in the horizontal 

capillary at three delays (from left to right: 200, 800, 1500 s). D-F) Micelles diffusion in mucin. SAXS spectra of 

micelles at different positions in the horizontal capillary at three delays (from left to right: 200, 800, 1500 s). G)  

sketch of the experimental set up and time evolution of the SAXS spectra acquired at 2.4 mm distance from the 

mucin/micelles contact interface (as indicated by the dotted square) over time (from t=0 to t=1500 s) .......... 37 

FIGURE 3: Ex vivo mucoadhesion study on rabbit’s nasal mucosa ..................................................................... 38 

FIGURE 4: Antiviral activity of the HL micelles, ML micelles and LL micelles compared to the raw CSA and the 

blank formulations ........................................................................................................................................... 42 

FIGURE 5: DSD at 3 and 6 cm from the laser beam for the three nasal devices employed ................................... 44 

FIGURE 6: PG of the spray emitted from the three nasal devices employed ...................................................... 44 

FIGURE 7: The different distribution profile of the HL micelles obtained by administering the micellar 

formulation into a simulated nasal cavity using the three different nasal devices tested................................. 46 

SUPPLEMENTARY MATERIAL 

FIGURE 1: The three devices used for the deposition experiment in a nasal cast ............................................. 60 

FIGURE 2: The Koken ® cavity model of a nose (left) and the partition of the nasal cavity (right) in vestibule 

(A), middle-upper turbinate (B), lower turbinate (C) and throat (D).................................................................. 61 

FIGURE 3: The comparison of the dynamic viscosity of the blank, LL, ML and HL micelles calculated both at 

25°C and at 37°C ............................................................................................................................................... 63 

FIGURE 4: Fitting of SANS spectra for micelles at 15 mg/mL and 1.5 mg/mL with CSA at 0.5 mg/mL and 2.5 

mg/mL .............................................................................................................................................................. 64 

FIGURE 5: left) SAXS spectra of micelles (30 mg/mL) with and without CSA 0.5 mg/mL. Right) reconstruction 

of the equilibrium mixed mucin-micelle spectrum by adding the experimental spectra of mucin and micelles 

appropriately weighted according to the concentration of the two components in the mixed sample ........... 64 

FIGURE 6: Sketch of the experimental set up and time evolution of the SAXS spectra acquired at 2.4 mm 

distance from the mucin/SNES contact interface (as indicated by the dotted square) over time (from t=0 to 

t=1500 s) ........................................................................................................................................................... 65 



FIGURE 7: Antiviral activity of the HL micelles, ML micelles and LL micelles compared to the raw CSA and the 

blank formulations, against 0.0005 m.o.i as viral amount .............................................................................. 68 

Chapter 2 

FIGURE 1: Number of times in which mice explored the novel object (A), Preference Index (B) and 

Discrimination Index (C), during the Novel Object Recognition Test ................................................................. 94 

FIGURE 2: Time spent by the mice in escape-oriented behavior during the Tail Suspension Test ........................ 94 

FIGURE 3: Time spent by mice in the center squares of the Open Field arena (A), number of entries in the 

center squares of the Open Field arena (B) and overall velocity calculated for mice in the Open Field arena(C)

 ......................................................................................................................................................................... 95 

FIGURE 4: Number of times in which the mice fell (left) and the latency to the first fall (right) during the Wire 

Hanging Test .................................................................................................................................................... 97 

FIGURE 5: Concentration-time profile of cyclosporine A (CSA) in mice plasma after a single dose (40 mg/kg) 

of CSA-loading micelles administered intranasally (IN-CSAmic, n=4 per time point) or CSA suspension 

administered orally (O-CSAsusp, n=4 per time point) ................................................................................................ 98 

SUPPLEMENTARY MATERIAL 

FIGURE 1: Ex vivo Cyclosporine A permeation across rabbit’s olfactory mucosa up to 6 hours at 37°C using 

simulated nasal electrolyte solution (SNES) pH 6.5 with 0.2% Sodium Dodecyl Sulfate (SDS) as medium………..110 

Chapter 3 

FIGURE 1: Olfactory region of rabbit’s nasal mucosa marked with anti-Olfactory Marker Protein as primary 

antibody, Alexa FluorTM 647 as secondary antibody (red) and DAPI (blue) .................................................... 122 

FIGURE 2: Bidimensional image of a non-flat zone of the olfactory tissue ...................................................... 122 

FIGURE 3: Olfactory region of rabbit’s nasal mucosa marked with anti-OR10R2 as primary antibody, Alexa 

FluorTM 647 as secondary antibody (red) and DAPI (blue) ............................................................................ 123 

FIGURE 4: XY overview of the olfactory region of rabbit’s nasal mucosa marked with anti-OR10R2 antibody, 

Alexa Fluor 647 and DAPI and excited at 820 nm ........................................................................................... 123 

FIGURE 5: Respiratory region of rabbit’s nasal mucosa marked with anti-β IV Tubulin antibody, Alexa FluorTM 

488 (bright green) and DAPI (blue) ......................................................................................................................... 124 

FIGURE 6: Emission spectra acquired at different depths of the respiratory region of the nasal mucosa 

analyzing both a 3D image (A) and an XY overview in which the surface of the tissue is not completely flat (B)

 ........................................................................................................................................................................125 

FIGURE 7: Comparison between the 3D acquisitions of the olfactory (A) and respiratory (B) region of the 

rabbit’s nasal mucosa marked with the anti-Olfactory Marker Protein antibody using Alexa FluorTM 647 (red) as 



secondary antibody ........................................................................................................................................ 125 

FIGURE 8: Comparison between the 3D acquisitions of the olfactory (A) and respiratory (B) region of the 

rabbit’s nasal mucosa marked with the anti-β IV Tubulin antibody using Alexa FluorTM 488 (bright green) as 

secondary antibody ........................................................................................................................................ 126 

FIGURE 9: Cy3-labeled siRNA calibration curve used to quantify samples collected during the mucoadhesion 

experiments .................................................................................................................................................... 126 

FIGURE 10: Mucoadhesion profile of siRNA:TMC NPs (1:20 siRNA:TMC w/w ratio) and free Cy3-siRNA obtained 

by applying the samples on rabbit nasal mucosa and then washing the tissue with water exploiting the inclined 

plane apparatus (n=6) .................................................................................................................................... 127 

FIGURE 11: Analysis of the rabbit nasal mucosa surface by two-photon microscopy ..................................... 128 

FIGURE 12: Emission spectra obtained from the rabbit nasal tissue as such (black circles) or treated with the 

raw Cy3-siRNA (black triangles) or SiRNA:TMC NPs (black squares) at the start (t=0 minutes, Panel A) and at 

the end of the mucoadhesion experiment (t=30 minutes, Panel B) in correspondence of the focal planes 

reported in Figure 11 .............................................................................................................................................. 128 

FIGURE 13: XZ views of the 3D renderings reconstructed from Z-stacks acquired on the nasal tissue treated 

with the free Cy3-siRNA ................................................................................................................................ 130 

FIGURE 14: 3D images of the nasal mucosa treated with siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) obtained 

with the two-photons microscope exciting the sample at λ=950 nm ........................................................... 131 

FIGURE 15: Emission spectra acquired at 300 µm of depth in the blank mucosa (before treatment) and after 

the permeation of siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio, 60 minutes of permeation time) ................ 132 

FIGURE 16: Trend of the Cy3 signal intensity analyzed at different timepoints after treating the rabbit nasal 

tissue with siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) or free Cy3-siRNA .................................................... 133 



List of Tables 
 
 

Chapter 1 

TABLE 1: Physico-chemical characterization of blank and 0.1, 0.25, 0.5 mg/mL CSA-loaded micelles at time 0 

(n=3) ................................................................................................................................................................. 34 

TABLE 2: Composition of the micellar solutions used for the determination of the antiviral activity ................ 39 

TABLE 3: Integrity of the HL micelles formulation delivered by the three nasal devices ........................................ 43 

TABLE 4: SP at 3 and 6 cm from the laser beam for the three nasal devices...................................................... 45 
 
 

 
SUPPLEMENTARY MATERIAL 

TABLE 1: Automated actuation parameters for DSD, SP and PG assessment ..................................................... 60 

TABLE 2: Characterization of the blank and CSA-loaded micelles at time 0 and after 1 month and 7 months 

stored at 25°C ................................................................................................................................................... 62 

TABLE 3: Fitting parameter for SANS data ................................................................................................................ 63 

TABLE 4: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and control. Results refer to pre-treatment 1 hour before infection with 0.005 m.o.i ................... 69 

TABLE 5: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to treatment contextual to the infection with 0.005 m.o.i .................... 70 

TABLE 6: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to post-treatment 2 hours after the infection with 0.005 m.o.i ............... 70 

TABLE 7: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to post-treatment 6 hours after the infection with 0.005 m.o.i ........... 71 

TABLE 8: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to pre-treatment (1 hour before the infection) associated to post- 

treatment (2 hours after the infection) against 0.005 m.o.i.................................................................................... 71 

TABLE 9: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to repeated post-treatment after the infection with 0.005 m.o.i………..72 

TABLE 10: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to pre-treatment (1 hour before infection) associated with repeated 

post- treatments against 0.005 m.o.i ................................................................................................................ 72 

TABLE 11: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to pre-treatment 1 hour before infection with 0.0005 m.o.i ................ 73 

TABLE 12: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to treatment contextual to the infection with 0.0005 m.o.i ................ 73 



TABLE 13: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to post-treatment 2 hours after the infection with 0.0005 m.o.i ............. 74 

TABLE 14: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to post-treatment 6 hours after the infection with 0.0005 m.o.i ............. 74 

TABLE 15: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to pre-treatment (1 hour before the infection) and post-treatment (2 

hours after the infection) against 0.0005 m.o.i ................................................................................................ 75 

TABLE 16: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to repeated post-treatment on cells infected with 0.0005 m.o.i ........... 76 

TABLE 17: p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity 

of micelles and controls. Results refer to pre-treatment (1 hour before infection) associated with repeated 

post- treatment on cells infected with 0.0005 m.o.i ......................................................................................... 76 

Chapter 2 

TABLE 1: High-performance liquid chromatography gradient program ................................................................. 83 

TABLE 2: Inter- and Intra- day accuracy and precision data of cyclosporine A (CSA) obtained by applying the 

optimized HPLC technique to analyze plasma and olfactory bulb samples ...................................................... 92 

 

SUPPLEMENTARY MATERIAL 

TABLE 1: Experimental procedures for chronic administration of CSA micellar formulation or suspension 

intranasally and/or orally…………………………………………………………………………………………………………………………109 

Chapter 3 

TABLE 1: Primary and secondary antibodies used in the immunostaining experiment carried out to mark the 

olfactory and the respiratory region of the rabbit’s nasal mucosa ................................................................. 118 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Aim of the Thesis 

The aim of this Doctoral Thesis is to evaluate the effectiveness of nasal therapies through different 

levels of study: in vitro, ex vivo and in vivo. 

In this perspective, the nose is studied here as a potential effective deposition site for several 

therapeutic purposes, including antiviral activity and neuroprotection. These latter are 

experimentally demonstrated in this work in vitro and in vivo, respectively. Other applications, such 

as vaccination, are widely described in literature and contribute to broaden the range of therapies 

for which nasal administration represents an effective alternative to conventional and invasive 

route of administrations.  

Considering that the nasal mucosa is the first anatomical section with which a drug interacts once 

administered to the nasal cavity, the main anatomical and functional features of this tissue are 

widely analyzed. The in-depth study of the nasal mucosa, done by exploiting an ex vivo animal 

model, has been done with the aim of understanding the main difference between the respiratory 

and the olfactory region in both anatomical and functional terms. 

In addition to this, given that it is well known that the nasal mucosa can hinder the absorption of 

drugs due to its physiological features including the overlining mucus layer and the related 

mucociliary clearance, nanotechnology is described here as a tool to overcome these potential 

issues.  

Nanosystems indeed, are widely leveraged in this work with the aim of overcoming the limits 

represented by physiological barriers, while on the other hand ensuring the stability of challenging 

cargoes such as peptides or genetic material, in order to effectively reach the target allowing for 

therapeutic effect.   

Finally, this work aims at identifying the most suitable nasal device for each different therapeutic 

goal to be achieved, basing on the ability of the device to deliver the formulation to the desired 

area of the nose, responsible for drug absorption and effect. 

 

 



1  

 
 
 
 
 

GENERAL INTRODUCTION 



2  
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Expert Opin. Drug Deliv., vol. 20, no. 8, pp. 1115–1130, 2023, doi: 10.1080/17425247.2023.2263363. 

 
 
 
 

1. GENERAL INTRODUCTION 

1.1 The nose as a target for drug delivery 

The nasal route of administration has been widely explored in the last decades as a potentially 

effective alternative to the classic oral and parenteral routes for drug delivery. 

Owing to its anatomical and physiological characteristics indeed, the nose represents an interesting 

deposition site for therapeutic agents. The external part of the nose presents two nostrils allowing 

the access to the two nasal cavities, that are separated by the septum 1. The nasal cavities, each 

characterized by a volume of 7.5 mL 2, extend approximately 12-14 cm between the nostrils and the 

nasopharynx, that is the junction between the nose and the pharynx 1. The nose is internally divided 

by inferior, middle and superior turbinates, consisting of three projections from the nasal walls 3 

thank to which the total surface area of the nose is increased to 150 cm2 3 (Figure 1). This wide 

surface area not only allows a more efficient humidification of the inhaled air, but also represents 

the target for intranasally delivered drugs that can have a locally or a systemic effect 2. 

 
 

 
Figure 1 – Anatomical features of the nose (right), that is part of the upper respiratory tract (left). Two nostrils open into 

the nasal cavity, that is internally divided by three turbinates. The olfactory epithelium is located in the upper part of the 

nasal cavity, near the superior turbinate. Figure reproduced from 4. 

 

The nasal mucosa is composed by three different epithelial cells: stratified squamous, 

pseudostratified columnar and transitional 5,6. The anterior part of each cavity is mainly composed 

of stratified squamous and transitional epithelium, that are not characterized by cilia and 
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mostly not vascularized 2. The posterior part of the nasal cavity is called “respiratory region” and 

consists of a columnar epithelium, characterized by cilia, Goblet cells secreting mucus and basal 

cells 3 (Figure 2). This region is highly vascularized and presents nerves and an extensive lymphatic 

network as well 3,7. Finally, near the superior turbinate and adjacent to the nasal septum, is located 

the olfactory epithelium 7 (Figure 1), representing approximately 3-5% of the total area of the nasal 

surface 8. Three different types of cells characterize the olfactory epithelium: olfactory sensory 

neurons, supporting cells and basal cells 9. Olfactory neurons have their dendritic portion extending 

above the epithelial surface and terminating into the olfactory bulb 10. Approximately 10-15 

immotile cilia expressing odor receptors on their membrane protrude from the olfactory bulb, 

allowing the detection of inhaled odors 10. Moreover, the axons of these olfactory neurons cross the 

basal lamina of the cells and join the axons belonging to other olfactory neurons, thus forming a 

network of nonmyelinated nerves into the lamina propria 9. These nerve bundles pass through the 

cribriform plate separating the nasal cavity from the brain, and form the outer layer of the olfactory 

bulb 9 (Figure 2). 

 

 
Figure 2 – The different types of epithelia characterizing the nasal mucosa. The respiratory epithelium (above), mainly 

composed of goblet cells secerning mucus, basal cells and ciliated cells; the olfactory epithelium (below), presenting 

olfactory neurons, basal cells and supporting cells. Figure from 11. 

 

 

1.2 Advantages of nasal delivery compared to the classic routes of administration 

It has been shown that the nasal administration of drugs has remarkable advantages compared to 

the classic routes of administration as the oral and the parenteral ones. These advantages include 

the rapid absorption due to the wide surface area and high vascularization of the nasal cavity, 
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allowing a high bioavailability of therapeutic molecules. This aspect is important because allows to 

significatively reduce the administered dose, contributing to prevent the risk of side effects 12. 

Moreover, the nasal route of administration guarantees a rapid onset of action, and for this reason 

it is attractive in those cases in which a fast therapeutic effect is required (e.g. migraine, Parkinson 

rigidity, seizures, cardiovascular events) 13. In addition to this, once a drug is intranasally 

administered, it does not undergo liver first pass metabolism or metabolism at the gastrointestinal 

level, thus avoiding the partial or total conversion of the drug into inactive metabolites and at the 

same time preventing the irritation of the gastrointestinal tract 12. Noteworthy, the intranasal route 

is not invasive and it doesn’t require needles for the administration, therefore it is associated to a 

reduced risk of infection and, as reported in literature, also to a reduced risk of overdose and 

infectious diseases transmission 12. A pivotal aspect of nasal therapy is the ease of administration 

and the possibility of self-medication, an important aspect to optimize the patient compliance 12. 

 
1.3 Therapeutic effects 

1.3.1 Local effect 

The nasal administration of drugs can be exploited when a localized therapeutic effect is required, 

for example to treat localized pathologic conditions such as rhinitis, sinusitis or allergic episodes 14. 

Several drugs including corticosteroids, anti-histamines, anti-cholinergic and vasoconstrictors can 

be intranasally administered with this purpose, being formulated as solutions, gels, suspensions or 

emulsions 14. 

In addition to this, it must be considered that the nasal cavity represents the access to a wide range 

of pathogens that can be directly driven into the nostril by the inhaled air causing infections both in 

the upper or in the deeper region of the respiratory tract, in some cases leading to severe 

complications. The first preventive measure to avoid this risk consists in avoiding the contact 

between the inhaled pathogens and the nasal mucosa. For this purpose, a number of nasal products 

acting as a barrier can be exploited to have a local protective effect and have experienced a 

significant success during COVID-19 pandemic 4. These products, mostly marketed in the form of 

nasal sprays, can be exploited to prevent the spread of the infection when there is a high risk of 

transmission, for example in crowded places, schools and hospitals 4. Moreover, these nasal 

products can also be used to reduce the severity and the duration of the symptoms caused by 

respiratory infection 15,16. In this application, acting as a “second line” prevention, they can reduce 

the risk to have an increasing pathogen loading into the nasal cavity after when the infection has 

already occurred 4. The therapeutic effect of these barrier products is considered passive, since it is 

mainly due to a non-specific mechanism of action; hence, these products can be useful in those 
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situations in which any pathogen’s mutations can have a negative impact on the efficiency of the 

therapy 17. Barrier nasal products are mainly marketed as medical devices; they can contain for 

example natural compounds such as carrageenans and bentonite, or chemical derivatives such as 

hydroxypropyl methyl cellulose, that in contact with the nasal secretions hydrate and form a 

protective gel layer on the mucosa. In addition to this, there are products containing compounds 

such as astodrimer sodium, that not only can form a barrier but are also able to interact with 

positively charged surface proteins of the pathogen, hindering their binding to the mucus and the 

underlying tissue 4. 

In addition to the so called “barrier products” characterized by a non-specific mechanism of action, 

there is a number of molecules characterized by a known and specific antimicrobial activity that can 

be exploited to locally counteract the infection. Favipiravir, ivermectin and chlorpheniramine 

maleate are among the most studied for this purpose, especially starting from the pandemic period, 

due to their ability to hinder viral replication or its entry into the cells. More precisely, favipiravir 

inhibits viral RNA-dependent RNA polymerase and for this reason it is approved against influenza 

RNA-viruses 18; to enhance the residence time of the treatment at the deposition site, this drug has 

been encapsulated into mucoadhesive chitosan/alginate nanoparticles 19. Ivermectin has 

demonstrated antiviral properties in vitro against SARS-CoV-2, probably owing to the ability to inhibit 

the importin-α/β1-mediated nuclear entry of viral proteins, leading to the block of viral RNA 

replication 20. Also in this case, it is reported in literature that the drug has been formulated as a 

mucoadhesive nanosuspension containing hydroxypropylmethyl cellulose (HPMC), poloxamer and 

alginate 21. Finally, chlorpheniramine maleate demonstrated antiviral properties when formulated 

as a nasal spray 22, and the activity was attributed to the ability of the drug to hinder the viral entry 

into cells 23. 

 
1.3.2 Nasal vaccines and systemic effect 

The nose is considered a key component of the mucosal immune system of the upper respiratory 

tract 4. Indeed, the nose-associated lymphoid tissue (NALT) is located at the level of the tonsils, but 

there are dendritic cells along the nasal epithelium that are specialized in taking up and processing 

antigenic materials 24. The mucosal immune system, consisting of lymphoid tissues and dendritic 

cells, is considered the largest immunocompetent tissue in the human body 4. The activation of this 

system by an antigen leads to a local and specific immune response, that successively can spread 

throughout the body following the “common mucosal immune system” 25. The mucosal immune 

response consists in a combination of both a T-cell response and an IgA-based humoral response 26. 

IgA are specific antibodies produced at the mucosal level and secreted on the mucosal external 

surface, where they interact with pathogens neutralizing them, thus preventing the 



6  

infections 27. The presence and the activity of NALT makes the nose an ideal target for mucosal 

vaccination against airborne pathogens; however, it must be considered that the mucosal surfaces 

are constantly in contact with foreign bodies, and for this reason they can mediate both the mucosal 

immune activation and the induction of tolerance 25. Therefore, the agent administered to stimulate 

the immune system has necessary to be of a particulate nature, in order to elicit a full immune 

response 28. 

Nasal vaccination is characterized by remarkable advantages against the classic intramuscular 

injection; for example, it is not invasive and it does not require administration by healthcare 

professionals 4. Moreover, it has been shown 29,30 that in some cases nasal vaccination allows to 

develop a stronger protection than that reached after a classic vaccination. More precisely, the 

superiority of nasal vaccination in terms of efficacy has been reported against those pathogens 

characterized by a high rate of mutations (e.g. influenza virus) 29,30. 

Nasal vaccines can be formulated as liquids or powders taking into account the needs in terms of 

dosing and stability, for example in those cases in which the vaccine has to be administered to 

populations living in countries where cold-chain is not guaranteed and the transport is challenging 

4. 

Interestingly, before the pandemic period, only few nasal vaccines had been licensed and were 

available 31. However, it was observed that the first developed vaccine against Severe Acute 

Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) for parenteral use was unable to give rise to the 

expression and activation of neutralizing antibodies, pivotal to reduce infection severeness and viral 

spread 4. This opened the discussion about the possibility of exploiting alternative routes of 

administration such as the nasal one 32, that led to have currently 8 nasal vaccines to prevent the 

SARS-CoV-2 infection in ongoing clinical study level 32–34 and six nasal vaccines approved in local 

markets 35. 

Finally, in addition to the use as a target for nasal vaccination, the nasal route of administration has 

been studied over the recent decades as an effective and safe approach to reach a systemic effect of 

drugs 14. This is possible thanks to the abundance of blood vessels characterizing the nasal mucosa, 

that can absorb the administered drug molecules 14. Importantly, it has been reported that in some 

studies the nasal drug absorption turned out to be almost equal to the oral absorption 36. 

 
1.3.3 Nose-to-Brain 

It is well-known that drugs intended to treat neurological Central Nervous System (CNS) disorders 

have a pivotal prerequisite, consisting in the ability of crossing the Blood Brain Barrier (BBB) 37,38, a 

highly specialized brain endothelial structure 39. BBB consists of layers of tightly packed cells located 

at the endothelial level of the brain capillaries that physiologically hinders the passage of mostly of 
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the molecules circulating in the bloodstream to the brain and the cerebrospinal fluid (CSF) 40. 

As a consequence, the access of most of the therapeutic agents to CNS at therapeutic 

concentrations is strongly limited 41. 

To overcome this issue, several strategies have been adopted, mostly extremely invasive since 

required neurosurgical procedures to direct inject the therapy in the brain’s region of interest 42,43. 

On the other hand, the Nose-to-Brain (N2B) delivery can be efficiently exploited as a non- invasive 

route allowing the delivery of intranasally administered drugs, comprehending peptides, directly to 

the CNS exploiting the olfactory “neuroepithelium” 44. Indeed, the latter can be considered a natural 

and direct access to the brain 45 for both small and large molecules, since it is known that molecules 

intranasally administered are able to bypass the BBB and directly reach the CNS exploiting the 

olfactory and the trigeminal nerves located at the mucosal level 46, following an extracellular or a 

transcellular transport 47–52. 

More precisely, there are four main pathways that allow the drug to reach the CNS. In the first case, 

the drug can be internalized into the olfactory neurons and transported along the axon; in the second 

case, the drug undergoes a paracellular transport exploiting the channels next to the olfactory 

nerves or the spaces between cells; in the third case, the drug crosses the basal epithelial cells 

following a transcellular transport 45,47–50,53. The fourth case is represented by vascular pathway 46, 

consisting in the absorption of the drug into the systemic circulation exploiting the mucosal blood 

vessels; then, the drug is transported to the brain by crossing the BBB 54. 

It is reported that the paracellular pathway is the dominant mechanism of transport among all the 

ones previously described 55. Moreover, it allows the most rapid movement of active compounds 

from the nose to the brain (normally, less than 30 minutes); on the other hand, the other two 

mechanisms require a few hours or in some cases also days 49,56. 

It has been hypothesized that the olfactory epithelium could allow the passage of drugs from the 

nasal cavity to the brain owing to the slow regeneration of the olfactory neurons (that takes around 

1 month) and the coexistence of mature neurons; the result is that some parts of the olfactory 

epithelium show a partial absence of tight junctions and can be exploited as a passage for drugs 56. In 

addition to this, the physiological bulk flow of the CSF into the brain contributes to drive the 

administered drugs to the CNS 49. 

Once entered the CNS, the fate of a drug can be different basing on the cases. Indeed, the drug can 

accumulate selectively into one of the brain regions directly connected to the olfactory epithelium 

(i.e., the piriform cortex, hypothalamus, amygdala) and/or distribute through the whole CNS 57. 
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1.4 Nanotechnology as a tool to overcome the limitations of nasal administration 

1.4.1 Limitations affecting the nasal administration 

Despite the remarkable advantages characterizing the intranasal administration described above, 

there are significant challenges associated with this innovative route. 

First of all, nasal delivery is not applicable for all the drug molecules. Indeed, if a molecule is not 

sufficiently soluble in water it cannot be efficiently absorbed by the nasal mucosa 12. This aspect 

becomes even more critical considering that the dose volume is limited to 25-200 µL per nostril, 

meaning that it is required a relatively high solubility of the drug to be administered in the desired 

amount 12. Moreover, the extremely low volume administrable implies that nasal administration is 

limited just to drugs with high potency 13. One other limitation is represented by the possible local 

irritation that some drugs can cause once in contact with the mucosa 12; for this reason, nasal 

delivery is not considered suitable for chronic applications 12. Moreover, the nasal mucosa is 

characterized by the presence of several enzymes including cytochrome P450, esterases and 

transferases 48,58–61 whose activity can cause the metabolic degradation of drugs 12. 

Finally, there is a number of active compounds that, due to their intrinsic characteristics, are not 

able to permeate across the nasal mucosa due to their dimension, surface charge, lipophilicity and 

water solubility. This group of molecules includes for example peptides, proteins and nucleotides 

13. 

It must also be noted that the nasal mucosa is subjected to a continuous turnover of the overlying 

mucus layer, due to the mucociliary clearance. This system exploits the constant beat of the motile 

cilia to provide the transport of the mucus layer towards the nasopharynx 62 with a clearance t1/2 of 

20 minutes in humans 46. This physiological function is essential to protect the respiratory tract from 

damages caused by inhaled pathogens 62; however, being a non-specific mechanism, it can also 

provide the early removal of administered drug from the site of absorption or action. It follows that 

the chemical physical features of the drug play a pivotal role in the interaction with mucus laying 

on the surface of the mucosa. Indeed, the surface properties of the drug could represent a limitation 

for nasal delivery in those cases in which they favor the retention of the drug on the mucus layer 

and therefore its removal by mucociliary clearance. 

Moreover, when nasal administration is exploited for N2B purposes, it must be considered that it is 

quite difficult to precisely deliver the drug on the olfactory region of the nasal epithelium; indeed, 

this latter is located in the roof of the nasal cavity, and this aspect makes it difficult to be reached 

by the administered drug 63,64. 
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1.4.2 Role of nanomedicine in nasal delivery 

Nanomedicine offers a wide range of opportunities that can effectively be exploited to overcome 

the issues affecting the nasal delivery of drugs, described in the section above. 

First, nanoparticle systems can be exploited to increase the drug apparent aqueous solubility 46, thus 

improving the absorption at the mucosal level. Moreover, nano-sized systems represent a platform 

to intranasally administer those molecules that, due to their features, could not be absorbed by the 

nasal epithelium as such. This group of drugs comprehends for example peptides, as well as 

biologics including RNA and DNA derivatives, that can be efficiently encapsulated into nanoparticle 

drug delivery systems and easily absorbed 65. 

Additionally, the fact that high-potency drugs can be encapsulated often with high encapsulation 

efficiency, offers the opportunity of dramatically reducing the administered dose when exploiting 

nanocarriers for nasal delivery. This aspect is crucial from the point of view of the safety of the 

treatment, since the reduced dose is associated with a reduced risk of side effects including mucosal 

irritation. In addition, this allows the administration of low volume of product, thus bypassing one 

of the most critical aspects of the nasal delivery, that is the extremely low volume of dosages. 

Noteworthy, nanosized (1-1000 nm) drug delivery systems guarantee the protection of the 

incapsulated drugs from chemical physical or enzymatic degradation to which they are exposed once 

in contact with the nasal environment 46. This optimizes the efficiency of the therapy and allows to 

decrease the dose to reach the therapeutic effect. 

Referring to a precise application of nasal delivery, namely N2B delivery, it becomes crucial to adopt 

strategies allowing the deposition of the drug specifically in a circumscribed anatomic region of the 

nose, i.e. the olfactory region. Despite the use of a suitable device such as a nasal atomizer, able to 

guarantee the deposition of the drug precisely in the upper part of the nose, remains pivotal to 

allow the N2B transport, nanotechnologies represent a valid opportunity to reach this goal 46. 

Indeed, the nanoparticle surface can be modified to optimize the penetration across the mucus layer 

thus guaranteeing the mucosal absorption, or to improve the adhesion to the mucus layer thus 

avoiding mucociliary clearance 46. 

The mucus layer (10–15 µm thick) lining on the surface of nasal epithelium is mainly composed of 

water (90-95%) and mucins (2-5 %) 66,67. These latter glycoproteins provide to the mucus unique 

properties in terms of viscosity and elasticity 46 and contain high levels of sialic acids and sulfate 

residues. The overall negative charge provided by acid and sulfate groups is the main cause of the 

rigidity of the network 68, having a mesh spacing from 20 to 200-500 nm 69,70. Moreover, the net 

negative charge allows the interaction between mucins and drugs through disulfide bridges, 

electrostatic attractive forces, hydrophobic interactions, hydrogen and Van der Waals bonds 71. 
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Surface-modified nanoparticles can be used as a suitable tool for enhancing mucoadhesion, for 

example exploiting polymeric excipients that, once in contact with mucus, can hydrate and then 

diffuse and entangle with mucin fibers 46. Moreover, the adhesion to the mucus layer can also be 

improved by administering nanoparticles characterized by a positive surface charge (e.g., chitosan 

nanoparticles 72) to promote electrostatic interactions with the negative residues of mucus 46. One 

other strategy may consists in the coating of the nanosystem with polymers (e.g., poly(vinyl 

alcohol), PVA 73) that allow to improve interaction with mucus probably, as it is reported, by 

hydrogen bonding and/or hydrophobic interactions with mucus components 46. 

However, mucus represents a barrier that could hinder the interaction between the administered 

drug and the targeted tissue. Actually, the possibility that a particle has to cross the mucus layer 

depends on the interaction and size filtering properties of mucus itself 69. In other words, 

mucopenetration can be achieved only if the physical chemical properties of the particle allow to 

avoid nonspecific particle-mucus interactions and at the same time to pass through the spaces 

characterizing the mucus mesh according to their size 46. 

Some strategies have been proposed to bypass the issue represented by the filtering properties of 

mucus, including the synthesis of nanoparticles characterized by sufficiently small particle size 

coated with poly(ethylene) glycol (PEG) useful to minimize interactions with mucins thus leading to 

the direct contact with the underlying tissue 46. 

Additional advantages that nanotechnology can bring include the possibility to precisely control the 

release kinetics of the encapsulated drug 46 and the possibility of modifying the surface of the nano- 

carrier to achieve a targeted drug delivery and limit the drug distribution to non- targeted sites, 

thus minimizing systemic side effects 46. The remarkable advantages characterizing the nasal 

administration cited above and the wide range of therapeutic achievements that can be safely 

reached through this innovative route of administration have represented the basis of this thesis. 

The aim of this work consisted of the deep exploration of the nasal route for drug delivery. 

Considering the physiological factors that can potentially represent an obstacle for drug absorption 

at the deposition site, nanotechnology was exploited as tool to overcome these issues. 

The first chapter of this thesis entitled “Cyclosporine A micellar nasal spray characterization and 

antiviral action against SARS-CoV-2” regards the development of a TPGS micellar formulation 

encapsulating cyclosporine A (CSA). The formulation was fully characterized for physical/chemical 

features and its mucoadhesive properties have been tested on an ex vivo model of nasal mucosa. 

Then, the in vivo administration of the formulation in the form of a nasal spray was simulated using 

a human nasal cast exploiting different devices. Finally, the in vitro antiviral efficacy of micelles was 

tested exploiting different treatment protocols to simulate a preventive or healing treatment. 
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The second chapter of this thesis, entitled “Therapeutic effect of cyclosporine A-loading TPGS 

micelles on a mouse model of LPS-induced neuroinflammation” aimed to evaluate the in vivo 

therapeutic effects of the developed CSA-loading TPGS micelles against neuroinflammation, 

exploiting the Nose-to-Brain delivery. For this purpose, micelles were administered to CD-1 male 

mice injected with lipopolysaccharide (LPS) to induce neuroinflammation. Then, several selected 

behavioral tests have been used to assess the effect of CSA against depression, memory impairment 

and muscular weakness. 

The third chapter of this thesis, entitled “Application of rabbit nasal mucosa for ex vivo 

mucopenetration and mucoadhesion studies” consists of an in-depth study of the nasal mucosa, 

realized by immunohistochemistry. The aim of this section was to highlight the main anatomical 

differences between the respiratory and the olfactory areas of the nasal mucosa, demonstrating the 

importance of using suitable drug delivery systems and devices to selectively allow the deposition 

of the drug on the olfactory region when a Nose-to-Brain delivery is desired. Once visualized the 

features of the nasal tissue, a chitosan-based nanoparticle formulation was used as model to 

explore the mucoadhesion and mucopenetration profiles using an ex vivo nasal mucosa exploiting 

the two-photons microscopy to analyze both the surface and the depth of the tissue. 
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ABSTRACT 

The upper airways represent the point of entrance from where Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) infection spreads to the lungs. In the present work, α-tocopheryl- 

polyethylene-glycol succinate (TPGS) micelles loaded with cyclosporine A (CSA) were developed for 

nasal administration to prevent or treat the viral infection in the very first phases. The behavior of 

the micelles in presence of simulated nasal mucus was investigated in terms of stability and 

mucopenetration rate, evidencing long-term stability and fast diffusion across the glycoproteins 

matrix. Moreover, the spray characteristics of the micellar formulation and deposition profile in a 

silicon nasal model were studied using three nasal spray devices. Results allowed to identify the 

nasal spray pump (BiVax, Aptar) able to provide the wider and uniform deposition of the nasal 

cavity. The cyclosporine A micelles antiviral activity against SARS-CoV-2 was tested on the Omicron 

BA.1 variant using Vero E6 cells with protocols simulating treatment before, during and after the 

infection of the upper airways. Complete viral inactivation was observed for the cyclosporine- 

loaded micelles while a very low activity was evidenced for the non-formulated drug, suggesting a 

synergistic activity of the drug and the formulation. In conclusion, this work showed that the 

developed cyclosporine A-loaded micellar formulations have the potential to be clinically effective 

against a wide spectrum of coronavirus variants. 



21  

1. INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the coronavirus genus, 

which comprehends 26 1 known species divided in four genera (Alpha, Beta, Gamma and Delta CoV) 

2. However, only Alpha and Beta Coronaviruses can infect humans, leading to mild to severe 

respiratory infections 2. SARS-CoV-2 is a Betacoronavirus, discovered for the first time in Wuhan, 

China, at the end of 2019 and it since spread dramatically rapidly all over the world 3,4. This led to a 

pandemic which caused a significatively higher number of infected people and larger diffusion than 

the previously Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East Respiratory 

Syndrome (MERS-CoV) coronaviruses appeared in 2002 and 2012, respectively 3. The infection can 

cause the manifestation of various symptoms comprehending fever and cough, but in the most 

severe cases, the rapid viral replication can lead to a strong immune response, consisting in a high 

release of cytokines. This cytokine “storm” can rapidly lead the patient to death, since it provokes 

acute respiratory distress syndrome and respiratory failure 5,6. Despite SARS-CoV-2 can infect all the 

human population regardless of the age and gender, older men with coexisting illnesses appears to 

be the fraction most exposed to the risk of developing a severe respiratory disease requiring 

hospitalization and often causing death 7. 

Due to its unique virological features, SARS-CoV-2 shows a high transmissibility. In particular, the 

transmission often occurs early since registered viral load in the upper airways has been found to 

be already very high when the first symptoms occur; this correlates with a high risk of 

nasopharyngeal virus shedding at the beginning of the infection 8,9. The airborne transmission of 

the virus from an infected person occurs through liquid droplets incorporating the virus during 

speech. Furthermore, together with the larger droplets, smaller and more numerous aerosol 

particles are produced. These latter can persist in the air for a long period of time and finally inhaled 

by someone thus leading to a starting infection 10,11. Therefore, after the starting infection of the 

epithelial cells located in the upper respiratory tract, the virus quickly migrates to the deeper 

airways and finally reaches the alveolar epithelial tissue in the lungs 3. 

Vaccination is certainly one of the most effective tools to control and prevent the spread of viral 

pandemics 12,13, but the genetic variability of the coronaviruses complicates the development of 

effective vaccination able to prevent the infection of all the viral variants 1. For this reason, a broad 

spectrum of drugs is currently being studied for their anti-viral properties against coronaviruses. 

Cyclosporine A belongs to this group, since already in 2011 it was demonstrated to be effective at 

suppressing coronaviruses on a broad spectrum 14. One peculiar viral replication feature of SARS- 

CoV-2 is that the virus exploits the activity of the intracellular cyclophilin A (CypA) when infecting 

the host cell. This highly-expressed protein provides the cloaking of the viral replication 
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intermediates, thus preventing the viral nucleic acid from being detected by the innate immune 

cellular sensors 15. The mechanism of action of cyclosporine A consists precisely in the inhibition of 

CypA, 1,14 therefore hindering the viral cloaking step and leading to a restoration of the normal 

innate immunity processes including the expression of antiviral genes that block the viral infection 

15. In addition to this, CSA can also be exploited to limit the excessive release of pro-inflammatory 

cytokines in patients infected with SARS-CoV-2 by creating a complex with CypA and calcineurin 

(CaN). In this complex, the phosphorylation activity of CaN, normally involved in the release of 

several pro-inflammatory cytokines, is inhibited 16–18. Results from cell culture experiments have 

demonstrated that CSA strongly inhibits the replication of SARS-CoV, manifesting the antiviral 

activity only at the early stage of viral replication and at a relatively higher concentration (16 µM) if 

compared to that required to inhibit the replication of other RNA viruses (0.5 – 3 µM) 14,19. 

However, the peptide nature, the relatively high molecular weight (1202.635 Da), the low aqueous 

solubility (~ 5 µg/mL in phosphate buffered saline) 20,21 and the high lipophilicity attested by a log P 

value of 3, 22 make the formulation of CSA challenging. 

One strategy to formulate CSA proposed in the past is represented by oil-based surfactant- 

containing dosage forms 23. However, these formulations when applied on mucosal tissues, such as 

the eye for instance, evidenced low tolerability causing local inflammatory responses, as irritation 

and hyperemia 24,25. Furthermore, it is suggested that because of the high affinity of the drug for 

the oily phase of pharmaceutical emulsions, in most cases these formulations show poor 

bioavailability 25. A possible valid alternative to emulsions is represented by micelles, able to 

increase the solubility of this hydrophobic peptide drug. Micelles are nanosystems relatively easy 

to prepare and characterized by high scalability which demonstrated to be able to improve the drug 

solubility and cellular uptake 26,27. Despite ocular administration of CSA, also in micellar 

formulations, has been extensively studied, 27–30 to the best of our knowledge, CSA-loaded micelles 

have not yet been tested for intranasal administration as antiviral agents against SARS-CoV-2. 

However, it is reported in literature that a nasal spray containing nitric oxide has been used to 

efficiently reduce the SARS-CoV-2 viral RNA concentration in patients infected with the virus, 

confirming the efficacy of the intranasal approach to allow the clearance of the virus 31,32. 

Therefore, the aim of this study was to formulate and characterize cyclosporine A loaded micelles 

produced using a vitamin E derivative, i.e. α-tocopherol polyethylene glycol 1000 succinate (TPGS) 

and to evaluate their antiviral activity in vitro against SARS-CoV-2, in view of a clinical application 

via intranasal administration. 
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2. MATERIALS AND METHODS 

2.1 Materials 

The vitamin E-derived surfactant α-tocopherol polyethyleneglycol succinate (TPGS, MW 1513 

g/mol) was a kind gift from PMC ISOCHEM (Vert-Le-Petit, France). Cyclosporine A (CSA, MW 1202.61 

g/mol) was obtained from Metapharmaceutical (Barcelona, Spain). Deuterium oxide (D2O) and 

mucin from porcine stomach type II were from Sigma Aldrich (Saint Louis, USA). Sodium chloride 

(NaCl) was obtained from VWR International (Leuven, Belgium). Calcium chloride (CaCl2) was 

purchased from Fluka Chemika (Buchs, Switzerland). Potassium chloride (KCl) was provided by 

A.C.E.F (Fiorenzuola d’Arda, Italy). Acetonitrile, trifluoroacetic acid and the other solvents were of 

HPLC grade. Ultrapure water was purified by reverse osmosis (MilliQ, Millipore, Molsheim, France). 

 

2.2 Methods 

2.2.1 Preparation of the blank and drug-loaded micelles 

The micelles were prepared following the method described previously by Pescina et al. 33. For the 

preparation of the blank micelles, TPGS (20 mM, 3% w/v) was solubilized in a NaCl solution (9 g/L). 

The system was kept under magnetic stirring at 300 rpm until the complete dissolution of the TPGS. 

Importantly, the solution was prepared in a closed amber glass vessel to preserve TPGS from 

possible photodegradation. 

The drug-loaded micelles were prepared by adding to the previously prepared blank micelles the 

CSA powder, accurately weighed on an aluminum weighing boat. More precisely, different amounts 

of CSA (1 mg, 2.5 mg and 5 mg) were used to prepare 10 mL of the Low-Loading (LL, 0.1 mg/mL), 

Medium-Loading (ML, 0.25 mg/mL) and High-Loading (HL, 0.5 mg/mL) micelles. 

Then, the system was subjected to sonication in an ultrasound bath (USC 300-T, VWR International, 

Radnor, PA, USA) for 2 minutes to favor the complete detachment of the powder from the weighing 

boat. Finally, the micelles were maintained under magnetic stirring at 300 rpm (AREX-6 Digital, VELP 

Scientific, Usmate, Italy) overnight. To separate the eventual non-encapsulated drug, as a 

precipitate, the micelles were subjected to centrifugation (NEYA-16R, Remi Elektrotechnik, Vasai, 

India) at 9,500 rpm for 10 minutes at 25°C. The supernatant was finally collected and stored at 25°C 

in amber glass vessels. 

 

2.2.2 Characterization and stability study 

2.2.2.1 Particle size, PDI and surface Zeta Potential 

The particle size and the polydispersity index (PDI) of both the blank and drug-loaded micelles were 

determined by dynamic light scattering (DLS) using Malvern Zetasizer Nano ZS (range 0.3 nm – 10 
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µm, Malvern Instruments Ltd., Malvern, UK). For each DLS measurement, 1 mL of the formulation 

was analyzed without dilution using a disposable polystyrene cuvette. Measurements were 

performed at the temperature of 25°C and at a scattering angle of 173°. The refractive index and 

the viscosity of the dispersant were 1.33 and 0.8872 mPa·s, respectively. The refractive index of the 

material was set at the value of 1.00. Before analysis, the sample was equilibrated for 30 seconds. 

Analyses were repeated three times for each sample, with 15 sub-runs for measurement to increase 

data and correlation and reported as cumulative unimodal/multimodal fitting (sample dependent) 

and Z-average mean particles size. 

The samples were also analyzed for zeta-potential using a patented laser interferometric technique 

called M3-PALS (Phase analysis Light Scattering), with the same instrument (Zetasizer Nano ZS, 

Malvern Instruments Ltd., Malvern, UK) and the same parameter set for particle size and PDI 

analysis. Analyses were performed using a disposable folded capillary cell, at 25°C, and recorded 

three times for each sample, with 100 runs for measurement. 

The characterization of the produced micelles was done at time zero and after every month for 7 

months, keeping the samples stored at 25°C in closed amber glass vessels. 

DLS was also employed to evaluate any changes in terms of size before and after actuation of the 

micellar formulation from the nasal devices tested. To do this, the formulation was sprayed into 2 

mL Eppendorf® tubes (Eppendorf AG, Hamburg, Germany) after being loaded into each nasal device 

tested. Then, the sample was collected and analyzed by DLS as described above. 

 

2.2.2.2 Density 

The densities of TPGS micellar formulations were assessed at 22°C with a density meter (DMA5000, 

Anton Paar, Graz, Austria) allowing an accuracy of 7×10-6 g/cm³. Samples (1.5 mL) were inserted 

into the measuring U-capillary cell by means of two syringes, tightly connected at its ends, and were 

equilibrated for 15 minutes at each temperature before data collection. 

 

2.2.2.3 Viscosity 

Dynamic viscosity, η, was measured for the blank, HL, ML and LL micelles by a controlled shear rate 

MCR102 Rheometer and data were analyzed using the Rheocompass™ software version 1.25 (Anton 

PaarGraz, Austria). Rotational measurements were carried out without diluting the samples, which 

were analyzed by a CC27 geometry (27 mm diameter, 1.13 mm gap). Measurements were 

performed both at 25°C and at 37°C to simulate the physiological nostril temperature, for a shear 

rate ranging from 10 to 1000 s−1. All the analyses were performed in triplicate. 
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2.2.2.4 Cyclosporine A quantification method 

The method used to quantify the amount of solubilized drug in the drug-loaded micelles was 

previously validated for precision and accuracy 34. Briefly, CSA was quantified using a HPLC-UV 

system consisted of a pump (Model LC-10 AS, Shimadzu, Japan) and an ultraviolet detector (Model 

SPD-10A, Shimadzu, Japan). The mobile phase was a mixture acetonitrile: water with 0.1% 

trifluoroacetic acid in 65:35 (v/v) ratio, pumped at 1.6 mL/min. The column used to analyze 

cyclosporine A was a reverse-phase Nova-Pack C18 cartridge (150×3.9 mm, 4 μm, Waters, Milford, 

MA, USA) equipped with a guard column (4×3.0 mm, Security Guard™ Cartridge, Phenomenex, USA) 

thermostated at 65°C. The injection volume was 100 μL and absorbance was monitored at 230 nm. 

Using these conditions, cyclosporine A retention time was about 4 minutes. The CSA stock solution 

was prepared by dissolving a weighed amount of CSA in acetonitrile. The dilutions of the stock were 

then prepared in mobile phase. 

Several calibration curves were built to cover different concentration ranges: 3 – 90 µg/mL, used 

for the quantification of the drug loaded into the micelles; and 0.1 – 3 µg/mL and 1 – 10 µg/mL, 

exploited for the ex vivo mucoadhesion study. Each stock dilution of these two latter calibration 

curves was then diluted with water to generate two additional calibration curves in the ranges of 

0.77 - 7.69 µg/mL and 0.08 – 2.3 µg/mL. These curves were used for the CSA quantification in 

samples deriving from the mucoadhesion experiments, which were diluted in an aqueous medium. 

The quantification of the solubilized drug was done at time 0 and after every month for 7 months, 

keeping the samples stored at 25°C in closed amber glass vessels. 

 
2.2.2.5 SAXS and SANS analysis 

Small Angle X-ray (SAXS) and Neutron (SANS) scattering measurements were carried at the high 

brilliance beamline ID02 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France), 

experiment DOI: 10.15151/ESRF-ES-653835676 and on Yellow Submarine diffractometer at the 

Budapest neutron center (Hungary), experiment CERIC_20217127. The magnitude of the scattering 

vector q is defined as q = (4π/λ) sin(θ/2) with θ being the scattering angle and λ the incident X-ray 

wavelength. SANS measurements were carried out in the q-range between 0.4–4.0 nm–1, with a 

fixed value of the incident wavelength (λ = 0.488 nm, Δλ/λ = 20%) and two sample-to-detector 

distances (1.1 and 5.2 m). The measurements were conducted at room temperature of 20°C. 

Samples were loaded in quartz cells of 2 mm thickness (Hellma analytics GmbH & Co. KG, Müllheim, 

Germany). To obtain the intensity of scattering in absolute units, a standard procedure of 

calibration to water was performed after subtracting the background and scattering in the solvent 

(D2O) which were measured in separate experiments. SAXS measurements were performed using 
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polycarbonate capillaries of 2 mm thickness (ENKI, Concesio, Italy) as sample containers. The 

measured two-dimensional SAXS patterns were corrected for detector artefacts, normalized to 

absolute intensity scale and azimuthally averaged to obtain the intensity profile I(q) as a function of 

q, in the range (0.7 nm-1<q<6nm-1). Spectra were recorded at several positions of the capillary’s 

length to test radiation damage that might be induced by X-ray exposure. For each static 

measurement, at least 5 spectra were averaged after excluding any possible radiation damage. The 

averaged background signal was subtracted from each averaged sample intensity profile. 

The analysis of the I(q) profiles was performed assuming that for a monodisperse homogeneous 

micellar solution as I(q) = NV22Δ𝜌2P(q)S(q) where N is the number of particles per unit volume V, 

Δ𝜌 is the contrast term between the particles and the medium. P(q) is the form factor of the 

micelles, giving information on their size and shape, while S(q) is the solution structure factor, that 

depends on the spatial distribution of interacting micelles, becoming constant, S(q) = 1, for dilute 

solutions of non-interacting micelles 35. 

The mucin–micelle interaction was investigated by observing the diffusion of CSA-loaded micellar 

solution (40 μL) put in contact with mucin (20 μL, c = 15% w/v) in the polycarbonate capillary placed 

in a horizontal sample holder. SAXS intensities at different positions in the capillary were measured. 

Simulated Nasal Electrolyte Solution (SNES, described in section 2.2.3) was used as buffer for both 

micelles and mucin solution. Spectra of the solution in different horizontal positions have been 

acquired over time, thus monitoring the evolution of the diffusion of the particles the first acquirable 

measurement, at t=200 seconds, to t=1500 seconds. As a reference, the diffusion of SNES alone in 

mucin has been measured. 

 

2.2.3 Ex vivo mucoadhesion study 

The mucoadhesive properties of the micelles subjected to a constant Simulated Nasal Electrolyte 

Solution (SNES) flow were investigated exploiting the rabbit nasal mucosa by means of an “inclined 

plane apparatus”. The apparatus consisted of an inclined plane with an angle of inclination of 45° 

on which a glass Petri dish was located and used to position the tissue and collect samples. With 

this test, the mucoadhesive properties of the HL micelles were investigated and compared to those 

of a CSA suspension (0.5 mg/mL). 

SNES consisted of an aqueous solution containing calcium, sodium and potassium ions at the same 

concentrations present in the human nasal fluid 36,37. It was prepared by dissolving sodium chloride 

(8.77 mg/mL), potassium chloride (2.98 mg/mL) and calcium Chloride (0.45 mg/mL) in ultrapure 

water 38. After the complete dissolution of the salts, the pH was adjusted to 6.5 with hydrochloric 

acid 1M. The nasal mucous membranes were isolated from fresh rabbit heads kindly provided by 
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Bertoni Carni S.r.l. (Busana, Reggio-Emilia, Italy), stored in ice, and used within four hours from 

animal death. The heads were sectioned longitudinally, then the whole mucosa and the respective 

portion of supporting cartilage were taken using a scalpel. Successively, the mucosa was punched to 

obtain 8 mm diameter circular portions of tissue. The tissue was then placed on absorbent paper 

soaked in physiological solution in a closed plastic Petri before testing. 

The mucosal tissue was fixed with the double-sided tape (Tesafix® 4934, KaiserKraft, Stuttgart, 

Germany) within the glass Petri dish on a horizontal plane and treated with 20 µL of the HL micellar 

formulation or the CSA suspension. After 5 minutes, the Petri dish was positioned on the inclined 

plane apparatus so that the SNES flowed over the tissue running from its upper edge to the bottom 

of the Petri dish, where it could be collected for analysis. To do this, the SNES was flowed at 100 

µL/min with the aid of a syringe pump (Harvard Apparatus, Holliston, USA) equipped with a plastic 

syringe having an internal diameter of 19 mm and a needle of 0.8x40 mm, conditioned for at least 

15 minutes before starting the experiments. Samples were collected every 5 minutes for 30 minutes 

and mixed with 500 µL of mobile phase. Then, samples were centrifuged (NEYA-16R, Remi 

Elektrotechnik, Vasai, India) at 9,500 rpm for 10 minutes at 25°C and the supernatant was analyzed 

by HPLC. At the end of the thirty minutes-experiment, the drug adhered to the tissue was extracted 

with an extracting fluid consisting of a mixture of acetonitrile and 1% acetic acid at a volume ratio 

of 87:13 respectively. The tissue was kept in the extracting fluid (1 mL) overnight at ambient 

temperature, then was sonicated and centrifuged (NEYA-16R, Remi Elektrotechnik, Vasai, India) at 

12,500 rpm for 15 minutes at 25°C; 500 µL of the supernatant were withdrawn and mixed with 

ultrapure water (150 µL) and finally analyzed with HPLC. Moreover, 1 mL of acetonitrile was used 

to collect and dissolve the drug that had eventually adhered to the Petri dish; the samples were 

centrifuged at 9,500 rpm for 10 minutes at 25°C and the supernatant was collected and analyzed 

by HPLC in triplicate. The percentage of mucoadhesion was calculated considering the theoretical 

amount of drug deposited on the nasal mucosa as 100%, from which a cumulative curve was built 

by subtracting the drug amount found in the withdrawal at each time point. 

Finally, a mucosal mean residence time (mMRT) was calculated from data applying Equation 1 39, 

obtained from a classic method for the calculation of the mean residence time in pharmacokinetics 

reported in literature 40. 

 

mMRT = 
AUMC0→∞

 

AUC0→∞ 
(1) 

 

In Equation 1 reported above, AUC is the area under the curve describing the percentage of residual 

CSA adhering to the nasal mucosa over time, while AUMC is the area under the first moment curve. 

The AUC and AUMC were calculated by the trapezoidal method with exponential extrapolation, and 
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these were used to calculate the mMRT. 
 
 

2.2.4 In vitro studies 

2.2.4.1 Cell line and culture conditions 

Vero E6 cell cultures (American Type Culture Collection, ATCC CRL-1586) were grown in Minimum 

Essential Medium (MEM) supplemented with L-glutamine (2 mM), penicillin (100 U/mL), 

streptomycin (100 μg/mL) (complete culture medium) and heat inactivated fetal bovine serum (FBS) 

(10% v/v), as recommended 41. Cells were incubated at 37 °C in a humidified, 5% CO2 atmosphere-

enriched chamber until use. For compound treatment studies, cells were seeded in 96- well plates 

and cultured in MEM containing FBS (2% v/v). Cell culture medium and supplements were all 

purchased from EuroClone (Milan, Italy). 

 

2.2.5 Antiviral Activity Studies 

2.2.5.1 Virus propagation and titration 

The inhibitory effect of pure CSA, blank and CSA-loaded micelles on viral replication was tested 

against Omicron subvariant BA.1, technically referred to as lineage B.1.1.529.BA.1. The viral strain 

was isolated from a residual clinical specimen conferred to the Unit of Microbiology, Greater 

Romagna Area Hub Laboratory (Cesena, Italy), for routine diagnostic purposes and sequenced as 

part of the project for monitoring the prevalence and distribution of SARS-CoV-2 variants in Italy, 

promoted by the Italian National Institute of Public Health (ISS, Rome, Italy). Before being used for 

this study, the sample underwent an anonymization procedure, in order to adhere to the 

regulations issued by the local Ethical Board (AVR-PPC P09, rev.2; based on Burnett et al. 42). In brief, 

a specific volume of clinical specimen (500 µL) was used to infect a cell monolayer at confluency. 

After a one-hour adsorption, the culture was maintained in FBS MEM (2% v/v) and incubated for 72 

hours. Both the original clinical samples and the viral strains were analyzed employing the FilmArray 

Respiratory Panel (Biomerieux, Marcy l’Etoile, France), testing negative for other respiratory viruses. 

After isolation on Vero E6 cells, the viral strain was in turn sequenced using CleanPlex SARS-CoV-2 Flex 

(Paragon Genomics, Inc., Hayward, CA, USA) and Illumina MiSeq (Illumina Inc., San Diego, CA, USA) 

(Genomics, n.d.) to reconfirm the lineage identification provided for diagnostic purposes. Sequenced 

reads were aligned and compared with the reference genomic sequence of SARS-CoV-2 Wuhan-Hu-

1 isolate (Access: NC_045512, Version: NC_045512.2) using SOPHiA DDM platform software 

(SOPHiA Genetics, Lausanne, Switzerland), for determination of the consensus sequence, variant 

calling and lineage assignment. The viral strain was titrated using the endpoint dilution method 43. 

In brief, serial 10-fold dilutions (from 10-1 to 10-10) in FBS MEM (2% v/v) were used to infect confluent 

monolayers of cells in a 96- well plate. After 72 hours cells were fixed and stained by means of a 
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formaldehyde solution (4% v/v) in crystal violet. Absence or presence of cytopathic effect at each 

dilution was assessed by comparison of each well with virus control and cell control wells. Viral 

titres, expressed as TCID50/mL, were calculated with the Reed and Muench formula based on eight 

replicated for dilution 44. 

 
2.2.5.2 Cell treatment and viral replication inhibition assay 

The day prior to treatment and infection, Vero E6 cells were seeded at a density of 2×106 cells per 

plate in 96-well plates and allowed to attach for 16 to 24 hours at 37 °C, 5% CO2. On the day of 

infection, each tested compound stock solution was freshly diluted in cell culture medium 

containing FBS (2% v/v). CSA was tested at concentrations ranging from 2 µM to 64 µM (2, 4, 8, 16, 

32 and 64 µM) 14. Each CSA-loaded micellar formulation was diluted accordingly, in order to obtain 

the same CSA concentrations. Similarly, the blank micelles were diluted to obtain the same 

concentration of TPGS micelles as the drug-loaded samples. In order to better determine at which 

level the viral replication cycle was inhibited, cells were subjected to different treatment regimens, 

which can be distinguished into single- and multiple-treatment regimens. The first category 

includes: pre-treatment 1 hour before infection (protocol A), simultaneous treatment and infection 

(protocol B), treatment 2 hours post-infection (protocol C2) and treatment 6 hours post-infection 

(protocol C6). The second category, on the other hand, includes: pre-treatment 1 hours before 

infection followed by treatment 2 hours post-infection treatment (protocol D), three treatments 

post-infection (protocol E) and pre-treatment 1 hour before infection followed by three treatments 

post-infection (protocol F). In any case, each treatment lasted one hour and in the multi-treatment 

regimens, treatments were repeated one hour apart. Antiviral efficacy was tested against two 

different virus concentrations: 0.005 m.o.i. (i.e., multiplicity of infection) and 0.0005 m.o.i. In both 

cases, infected cultures were incubated for one hour at 37 °C to allow viral adsorption. Treated and 

infected cultures were incubated at 37 °C, 5% CO2 for 72 hours. For each treatment protocol, a cell 

culture was infected directly with the virus suspension at the two tested concentrations to assess 

viral replication in the absence of any potential inhibition. 

 

2.2.5.3 SARS-CoV-2 nucleic acid quantification 

Viral replication in treated and untreated cell cultures was evaluated by qRT-PCR by comparing the 

Ct values of each treated sample and its corresponding untreated control obtained after 72 hours 

of incubation. For this purpose, the Allplex SARS-CoV-2 Extraction-Free system (Seegene Inc., Seoul, 

South Korea) was used (Seegene Inc., n.d.). It consists of a real-time qRT-PCR multiplex assay based 
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on the use of TaqMan probes, which allows the simultaneous detection of four target genes, namely 

E gene, RdRP/S gene and N gene. Sample preparation, reaction setup and analysis were performed 

accordingly to the manufacturer instructions. Briefly, 15 µL of the sample was diluted 1:4 in 45 µL 

of RNAse-free water in a 96-well PCR plate and hence an exact volume of the dilution (5 µL) was 

transferred to another plate with 16 µL of PCR master mix, containing the following compounds: 5 

µL of MOM (MuDT Oligo Mixture, with dNTPs, oligos, primers and TaqMan 5’ fluorophore/3’ Black 

Hole Quencher probes), 5 µL of enzymes, 5 µL of RNase-free water and 1 µL of an exogenous internal 

control for every reaction. A positive and a negative control were included in each run. The assay was 

run on a CFX96 real-time thermal cycler (Bio-Rad, Feldkirchen, Germany). The amplification process 

includes cDNA denaturation at 95°C for 10 seconds, primers annealing at 60°C for 15 seconds and 

elongation at 72°C for 10 seconds (44 cycles). Fluorescent signals were acquired after every 

amplification cycle. Results analysis and targets quantification were performed with 2019-nCoV 

Viewer from Seegene Inc. (Seoul, South Korea). By comparing the Ct values referred to the N gene 

of each treated sample and its corresponding untreated control, the percentage of infectivity 

reduction was calculated as follows (Equation 2), approximating 100% of infectivity reduction to 

treated sample Ct value at time 0 and 0% of infectivity reduction to the Ct value obtained from the 

untreated controls: 

 

    𝑉𝑖𝑟𝑎𝑙 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =
𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝐶𝑡 𝑣𝑎𝑙𝑢𝑒 72ℎ−𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑡 𝑣𝑎𝑙𝑢𝑒 72ℎ

𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝐶𝑡 𝑣𝑎𝑙𝑢𝑒 𝑡=0−𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑡 𝑣𝑎𝑙𝑢𝑒 72ℎ
· 100                 (2) 

 
 

 

2.2.6 Cytotoxicity study 

Cells treated with the same treatment protocols described in Section 2.2.5 but not infected were 

used to assess cytotoxicity. For this purpose, the blank and drug-loaded micellar formulations (HL, 

ML, LL; diluted to a CSA concentration in the range of 2-64 µM) as well as the pure CSA powder (2- 

64 µM) were tested. 

To quantify cell viability, after the incubation period, the cell monolayers were fixed and stained 

using a 4% formaldehyde solution in crystal-violet; absorbance was read at 595 nm. For each tested 

compound concentration, the percentage of viable cells for each tested concentration was 

calculated, setting the mean absorbance value of the cell control wells (neither treated, nor infected 

cells) as 100% viability. The tested formulation and relative dilutions were considered cytotoxic 

when lead to a cell viability lower than 80%. 
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2.2.7 Spray characterization 

Three different nasal devices were provided by Aptar Pharma (Le Vaudreuil, France) and used for 

spray characterization and deposition in the nasal cast assessment: an amber glass vial equipped 

with CPS preservative-free spray pump, 70 µL/single spray (device A), a Bidose system BDSI V3 

device, 100 µL/single spray (device B) and a BiVax system, 250 µL/single spray (device C) assembled 

using a standard kit BDSI (references 2457_010 et 2457_140) (Figure S1, Supplementary Material). 

Droplet Size Distribution (DSD) of the aerosol emitted from the selected devices was carried out 

employing Malvern Spraytec (Malvern Panalytical Ltd, Malvern, UK) in open bench configuration. 

The nasal spray was actuated at 3 cm and 6 cm with the plume cutting perpendicularly the laser 

beam. Data collected were analyzed in terms of transmittance, volume diameter of the 10th, 50th 

and 90th percentile of the distribution and width of the droplets distribution obtained (span). Three 

replicates per distance for each device were performed. 

The plume of the formulation sprayed from the selected pump was characterized also employing a 

pulsed laser technique using Patternate software version 1.3.1 (Oxford Lasers, Didcot, UK). 

For Spray Pattern (SP) the laser beam was positioned at 3 cm and 6 cm from the pump nozzle. The 

laser cut the plume horizontally whilst high-speed images were recorded. SP allowed to collect the 

following spray characterization parameters: minimum diameter (Dmin), maximum diameter 

(Dmax), ovality ratio 
𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛
 and area (π x 

𝐷𝑚𝑖𝑛

2
 x 

𝐷𝑚𝑎𝑥

2
 ). Three replicates per distance for each device 

were performed. For Plume    Geometry (PG) the laser beam was positioned at a distance to allow 

for the capture of the whole plume emitted from the device nozzle. The laser beam cut vertically 

the plume while high-speed images were recorded. PG allowed to analyze the following 

parameters: plume angle (°), plume length (cm) and plume width (cm). The plume width was taken 

at a plume length of 6 cm. Three replicates per device were carried out for PG. 

The screened nasal devices were automated actuated for spray characterization employing Vereo® 

actuator (NSx, Proveris Scientific Corporation, MA, USA). The method for automated actuation 

employed was previously developed and validated by Aptar Pharma (Table S1, Supplementary 

Material).     
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2.2.8 Deposition study on a nasal cast 

The deposition profile of the developed micelles was studied using a silicone nasal cavity model by 

Koken® (Model LM-005 Koken ltd., Tokyo, Japan) (Figure S2, Supplementary Material). For these 

studies, as for the mucoadhesion studies, the micellar formulation with the highest drug content 

(HL micelles) was selected since it was considered the best candidate for a possible in vivo 

administration. 

For each kind of device (Figure S1, Supplementary Material), the experiments were performed in 

triplicate. The experiments were performed in absence of any simulated inhalation flow, and each 

device was actuated once into the left nostril at a 45° angle considering the palate as reference. 

Device A was filled with 5 mL of micellar formulation, primed four times before the analysis, and 

inserted 12 mm into the nostril. Device B was filled with 250 µL of micellar formulation and inserted 

7 mm into the nostril without being primed, according to the manufacturer instructions. Device C 

was filled with 300 µL of micellar formulation, primed once according to the manufacturer and 

inserted 7 mm into the nostril. In order to identify the areas in which the micellar formulation was 

deposited, we used for each analysis about 0.6 g of the color finding past Sargel® (Arkema, Exton, 

PA, U.S.A), which in contact with the water present in the formulation becomes pink 45. 

A digital camera equipped with a 16-50 mm lens (Sony α 5100, Sony, Tokyo, Japan; 24.3 megapixels 

APS-C sensor) was used to capture the images, keeping the nasal cast 15 cm apart from the camera; 

to standardize photographic conditions a photographic set was used with a white background and 

the same light condition for all the pictures. To balance the ambient light, the experiments were 

performed in a dark room, using a LED light as the only light source, kept at a fixed distance from 

the nasal cast. The positions and distance between the camera and the cast were maintained fixed. 

The camera was set with an exposure time of 1/250 s, the ratio of focal length to effective aperture 

diameter (f) was 4.5, with a focal distance of 16 mm and ISO 250. For each analysis, 1 minute elapsed 

between the actuation of the device and the imaging. Each device was weighed before and after 

each actuation in order to know how much formulation was dispensed. 

The pictures were elaborated using the ImageJ software (U.S. National Institute of Health, 

Bethesda, MD, USA) to analyze the deposition area and identify the deposition regions. For this 

purpose, the nasal cavity was divided into four regions of interest (ROI): the vestibule, the middle- 

upper turbinate, the lower turbinate and the throat (Figure S2, Supplementary material). The 

images acquired one minute after spraying were converted to an 8-bit color image and the 

conversion of the number of pixels into mm2 was realized by using a graduated scale positioned 

near the nasal cast during the analysis. The threshold level range was fixed between 0 and 109 for 

all the acquired images. 
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2.2.9 Statistical Analysis 

Differences were analyzed using one-way ANOVA and Tukey HSD Post Hoc test (α=0.05) using 

KaleidaGraph software (ver. 4.5, Synergy Software, Reading, PA, USA) and were considered 

statistically significant when p < 0.05. 

 

3. RESULTS 

3.1 Characterization of the blank and CSA-loaded micelles 

As shown in Table 1, all the produced micelles showed a particle size below 15 nm, low values of 

polydispersity index (PDI) and an almost neutral surface. The density of the micellar formulation 

was in all the cases slightly above the value of 1 g/cm3, with a tendency to slightly increase with 

increasing CSA loading. The CSA-loading encapsulation efficiency for low-loading (LL, 0.1 mg/mL), 

medium-loading (ML, 0.25 mg/mL) and high-loading (HL, 0.5 mg/mL) CSA micelles was in all cases 

higher than 95% without statistically significant differences. Despite showing the rheological 

behavior of a dilatant fluid (shear thickening), at low shear the viscosity calculated at 25°C was 

basically the same for all the developed micelles, turning out to be slightly above 1 mPa·s. No 

differences were found between the blank and the three types of CSA-loaded micelles, and the 

amount of CSA present in the formulations does not seem to have any impact on the viscosity. The 

viscosity of the micelles was also analyzed at 37°C to simulate the nasal environment, but again no 

differences were evidenced apart from the expected slight decrease in viscosity values. The viscosity 

flow curves of the micellar formulation at 25°C and at 37°C are reported in Supplementary Material 

(Figure S3). 

The presence of CSA in the micellar structure appears to slightly but consistently reduce their 

average hydrodynamic radius of around 10% compared to the value of blank micelles (Table 1). The 

results of the characterization made on the micellar formulation over 7 months after the first 

characterization are collected in Supplementary Material Table S2. 
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Table 1 – Physico-chemical characterization of blank and 0.1, 0.25, 0.5 mg/mL CSA-loaded micelles at time 0 (n=3) 

 
  Size [nm] PDI Zeta 

Potential 

[mV] 

Density [g/cm3] Encapsulation 

Efficiency 

[%] 

Viscosity 

(25°C) 

[mPa·s] 

 

 Blank 13.2 ± 3.2 0.08 -2 ± 0 1.0061012 § -- 1.24 ± 0.06  

  

LL micelles (0.1 mg/mL) 
 

11.7 ± 0.5 
 

0.07 
 

-2 ± 1 
 

1.0061056 § 

 

99.49 ± 8.37 
 

1.26 ± 0.07 
 

  

ML micelles (0.25 mg/mL) 
 

11.4 ± 0.1 
 

0.06 
 

-1 ± 1 
 

1.0061630 § 

 

98.15 ± 5.60 
 

1.27 ± 0.06 
 

  

HL micelles (0.5 mg/mL) 
 

11.7 ± 0.2 
 

0.12 
 

-1 ± 1 
 

1.0062672 § 

 

97.40 ± 2.69 
 

1.25 ± 0.07 
 

§ the SD of the results is below 0.000005 

 

A structural analysis of micelles was performed by Small Angle Neutron Scattering (SANS) 

performing experiments on both blank and CSA-loaded micellar formulations. The intensity spectra 

measured at room temperature are reported in Figure 1. The background-subtracted scattered 

intensity I(q) can be expressed as Equation 3: 

 
𝐼(𝑞) = 𝑁𝑉22∆𝜌2𝑃(𝑞)𝑆(𝑞) (3) 

 
 

where N is the number of particles per unit volume V, Δ𝜌 is the contrast term between the particles 

and the medium, P(q) and S(q) are the particle form factor and the structure factor, describing the 

size, the shape and interactions between particles, respectively. Figure 1A reports the intensity 

spectra of blank micelles along a dilution line (TPGS concentration from 30 mg/mL to 1.5 mg/mL, 

i.e. up to 1:20 dilution), to verify the stability of the micelles and to enucleate information on the 

particles' size and shape. The features of SANS curves are similar, although a depression of the 

intensity profile in the low-q region is visible in high concentration samples. This trend is 

characteristic for interacting particles, experiencing steric repulsions, which vanish at low 

concentration. In the non-interacting regime (concentration below 6 mg/mL) the intensity curves 

are superimposable, indicating that micelles are physically stable, with identical size and shape. 

Structural details were obtained fitting the curves to a core−shell sphere model combined with a 

hard-sphere structure factor, as already reported in the literature for TPGS micelles 46. The fit is 

reported for the sample diluted 1:20 (1.5 mg/mL) in Figure 1A and the parameters are reported in 

the Supplementary Material. Micelles display a hydrophobic core of 7 nm (diameter) surrounded 

by a hydrophilic shell with a thickness of 2.9 nm. The calculated overall size of the micelles, around 

13 nm, is in good agreement with DLS data. The amphiphilic nature of TPGS leads in water to the 
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formation of a micellar structure composed of an inner lipophilic core encapsulating the lipophilic 

drug and responsible for its solubilization, and an outer hydrophilic shell involved in the interaction 

with the biological surfaces upon administration 27. 

Interestingly, the addition of cyclosporine A results in an increase of inter-particle interaction. In 

fact, the intensity profile at low q lowers accordingly to the amount of loaded CSA, as shown in 

Figure 1B. This increase of steric repulsion between micelles at a constant solution concentration 

indicates that micelles become closer and more numerous, i.e. smaller. As for blank micelles, SANS 

curves of CSA-loaded micelles were fitted to a core−shell sphere model combined with a hard- 

sphere structure factor 46 and results are reported in Supplementary Material. In agreement with 

DLS data, results indicate an overall reduction of the size of the CSA-loaded micelles. Analysis of the 

SANS spectra reveals that the size of the micelle core decreases from 7 to 6.4 nm, while the 

hydrophilic shell keeps a constant thickness (2.9 nm). 

 

 

 
 

Figure 1 – SANS spectra of micelles at room temperature. A) blank micelles at different dilution, starting from 30 mg/mL 

w/v. The fit of the most diluted system is reported (black solid line). B) micelles (15 mg/mL), at different CSA loading, as 

reported in the legend (CSA concentrations in mg/mL). The intensity is reported in linear scale to highlight the effect of the 

structure factor in the low q region. 

 
 

3.2 SAXS mucodiffusion study 

The stability of the micellar structure when in contact with mucus and the propensity of micelles to 

permeate and cross a mucus layer were investigated by SAXS, observing the interaction of micelles 

with mucin. Mixed mucin-micelles samples were prepared by mixing 40 μL of HL micelles 

formulation (30 mg/mL) with 20 μL of a mucin type II solution 5% w/v. The scattered intensity 

profiles of the mixed samples, reported in Supplementary Material, can be reconstructed by the 

mere sum of the intensity contribution of micelles and mucin, revealing that the micelles are stable 

in the glycoprotein network and do not interact with mucin. The propensity of the micelles to 

penetrate into a mucus layer after contact was investigated by observing the diffusion process of 
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the micelles in a layer of mucin, as sketched in Figure 2G, exploiting the shorter acquisition time of 

SAXS measurements (1 s) with respect to SANS (2.5 hours). For these diffusion experiments, an 

already published protocol was used 47: 40 μL of HL micelles formulation (30 mg/mL) were carefully 

put in contact with 20 μL porcine mucin (15% w/v) in a polycarbonate capillary (2 mm diameter), 

placed in a horizontal sample holder. SAXS intensities at different positions in the capillary were 

measured at different time delays (200, 800 and 1500 seconds). Results obtained for Simulated 

Nasal Electrolyte Solution (SNES) alone and CSA-loaded micelles are reported in Figure 2. The graphs 

(Figure 2 A-C, SNES in mucin and Figure 2 D-F, micelles in mucin) represent the evolution of the 

systems over time, after 200, 800 and 1500 s. The red curves are acquired in the mucin section of 

the capillary, as can be confirmed by the similarities with the pure mucin curve (reported in black 

on top) while blue curves represent the spectra acquired in the SNES or micelles section. The 

spectrum of pure micelles, is reported for comparison, presenting intensity minima and maxima 

(black line on the bottom of the graphs, D-F). The mixing kinetic of the two samples is appreciable, 

from a state in which the two main components, i.e. mucins and SNES or micelles, are clearly 

separated (Panel A, D) to the final state in which components are homogeneously mixed (Panel C, 

F). 

To highlight the effective micelles permeation into the mucus, spectra acquired at a fixed position 

(2.4 mm from the samples contact interface) in the mucin section are reported in Figure 2G at 

different delays. The transition from a mucin-like spectrum toward a mixed micelle-mucin spectrum 

is clearly visible. This indicates the ability of the micelles to enter easily into mucin (15% w/v 

concentration). A similar behavior has been observed for the diffusion of a sample of SNES alone 

into mucin, as reported in Supplementary Material. Results indicate that micelles are able to enter 

and percolate together with water into mucin, with a diffusion time of the order of 10 µm/s, 

comparable with the one observed using SNES alone. 
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Figure 2 – A-C) SNES diffusion in mucin during time. SAXS spectra at different positions in the horizontal capillary at three 

delays (from left to right: 200, 800, 1500 s). D-F) Micelles diffusion in mucin. SAXS spectra of micelles at different positions 

in the horizontal capillary at three delays (from left to right: 200, 800, 1500 s). G) sketch of the experimental set up and 

time evolution of the SAXS spectra acquired at 2.4 mm distance from the mucin/micelles contact interface (as indicated 

by the dotted square) over time (from t=0 to t=1500 s). 

 
 

3.3 Ex vivo mucoadhesion study 

The HL micelles were compared to a CSA suspension for the tendency to adhere to the nasal tissue 

exploiting an excised rabbit mucosa positioned on an inclined plane apparatus. 

The HL micelles resulted significatively less bioadhesive than the water suspension of CSA at the 

same concentration, used as control. After 30 minutes indeed, it has been shown that only 26% of 

the CSA belonging to the micellar formulation adhered to the fresh rabbit mucosa. As can be seen 

from Figure 3, most of the micellar formulation deposited on the nasal mucosa was removed 

already during the first 5 minutes of the experiment, with a dramatic fall in percentage of CSA 

adhering to the nasal mucosa. Then, from 5 to 30 minutes, the percentage of CSA adhering to the 

mucosa decreased very slowly. 

The 0.5 mg/mL CSA suspension showed a different behavior, demonstrating to be more 

mucoadhesive than the micellar suspension, as can be seen from Figure 3. In this case, 89% of the 
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drug initially deposited on the mucosa adhered to the tissue even after 30 minutes. Exploiting the 

collected data, the mucosal mean residence time (mMRT) was calculated for both the micellar 

formulation and the drug suspension. The mMRT of the micelles turned out to be significatively 

lower than that of the drug suspension. More precisely, the micellar mMRT was 42.9 ± 8.8 minutes, 

while the mMRT of the drug suspension was 163.8 ± 28.6 minutes. 
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Figure 3 – Ex vivo mucoadhesion study on rabbit’s nasal mucosa. Comparison between the mucoadhesive properties 

exhibited by the micelles loaded with 0.5 mg/mL CSA (black circles) and those exhibited by a 0.5 mg/mL CSA suspension 

(gray empty diamonds) used as reference. (n=6). 

 
 

3.4 Cytotoxicity study on Vero E6 cells 

The cell viability of the Vero E6 cell cultures treated with CSA alone was completely comparable to 

that of the untreated ones, so none of the pure CSA concentration tested proved to be cytotoxic 

for Vero E6 cells. The LL micelles appeared extremely cytotoxic at the three upper concentrations 

tested, i.e. 16 µM, 32 µM and 64 µM containing respectively 3.81 mM, 7.63 mM and 15.25 mM 

TPGS. The same cytotoxicity profile was demonstrated for the blank micelles at the corresponding 

TPGS concentrations. 

Similarly, the ML micelles were cytotoxic at the tested CSA concentrations of 32 µM and 64 µM 

(TPGS concentration: 3.05 and 6.10 mM respectively). Finally, as regards the HL micelles, only the 

CSA concentration of 64 µM (15.25 mM TPGS) provoked cytotoxicity. In all the experiments, the 

same cytotoxicity profile was demonstrated when testing the blank micelles at the TPGS 

concentrations corresponding to the CSA-loaded formulations, indicating that the surfactant is the 

component responsible for the observed toxicity. 

 

3.5 Antiviral activity of the developed micelles against SARS-CoV-2 

The ability of the CSA-loaded micelles to prevent and/or block SARS-CoV-2 replication was tested 

in vitro on Vero E6 cells and compared to the antiviral activity of both CSA solution and blank 
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micelles. Cytotoxic formulations, i.e. those that reduced the cell viability below 80%, were excluded 

from the evaluation. Cells were treated following different protocols, based on different treatment 

timing (pretreatment, treatment contextual to the infection, post-treatment 2 hours or 6 hours 

after the infection) and treatment repetitions (single or multiple treatments). This approach was 

aimed at understanding which stage of viral replication is targeted by CSA and which is the most 

advantageous mode of administration of micelles in view of a possible in vivo intranasal 

administration. 

As shown in Figure 4, we found that, overall, the CSA-loaded micelles performed significatively 

better than both CSA solution and the blank micelles, attaining in most cases a percentage of viral 

inhibition higher than 100%. The results obtained by working with two different viral loads, i.e. 

0.005 and 0.0005 m.o.i. (multiplicity of infection, i.e. the ratio of the number of virus particles to 

the number of target cells) were in good agreement even if the efficiency of the drug-loaded 

micelles turned out to be higher when a lower viral amount was used, as expected. Here below, we 

present the results obtained working with 0.005 m.o.i. while Supplementary Material contains a 

comment on the results obtained by treating cells with 0.0005 m.o.i. (Figure S7). Table 2 reports 

the concentration of TPGS in the micellar solutions tested. 

 

Table 2 – Composition of the micellar solutions used for the determination of the antiviral activity. 
 

CSA (µM)  TPGS (mM)  

 HL ML LL 

32 1.525 - - 

16 0.763 1.525 - 

8 0.381 0.763 1.907 

4 0.191 0.381 0.953 

2 0.095 0.191 0.477 

 
 

In the case of the pre-treatment protocol (one hour treatment before the infection, Figure 4A) both 

HL and ML micelles showed a maximum antiviral activity of about 70%, significatively better if 

compared to both CSA solution and blank micelles. Regarding the micelles with the lowest CSA 

loading (LL micelles), in this protocol the results obtained by using the blank and the drug loaded 

micelles were similar. In general, the blank micelles, used as reference, showed a variable antiviral 

action, with values however significantly lower than those obtained with the corresponding loaded 

micelles. The CSA controls, in which the drug solution was used, turned out to be ineffective against 

SARS-CoV-2 at all the concentrations tested. 

When a treatment contextual to the infection was used (one hour treatment in presence of the 

virus), in most cases the loaded micelles turned out to perform significatively better than the CSA 



40  

alone and the blank micelles controls (Figure 4B). All the drug-loaded formulations showed a similar 

trend, consisting in an increasing antiviral activity with increasing CSA concentrations, leading to 

values above 90% of viral inhibition for HL, ML, and LL at 32, 8 and 4 µM, respectively. In particular, 

among all the CSA-loaded micelles, the LL formulation showed the highest antiviral activity (107%) 

when used at a CSA concentration of 8 µM. 

CSA solution used at concentration between 2 and 16 µM were significantly less effective if 

compared to the loaded micelles. The CSA solution only showed an antiviral activity comparable to 

that of the drug-loaded micelles when applied at the highest concentration tested which was 32 

µM. It must be underlined that this was the only case in which we registered a 100% antiviral 

efficiency for the non-formulated CSA. 

The blank micelles used as reference, although showing an appreciable effect (7-79%), sometimes 

even higher than CSA solution, turned out to be in all the cases significantly less effective than the 

corresponding drug loaded micelles. 

When applied post-infection (one hour treatment two hours after the infection, Figure 4C), all the 

drug-loaded micelles turned out to be significatively more effective at hindering viral replication if 

compared to both the blank micelles and the CSA solution. HL and ML micelles showed a similar 

behavior, turning out to be more effective at the lowest CSA concentration tested, 2 µM. More 

precisely, the HL micelles exhibited a 102% viral inhibition, while the ML micelles exhibited a 111% 

viral inhibition. The LL micelles effectiveness was proportional to the CSA concentration, with a peak 

in correspondence of the 8 µM drug concentration (101%). When applied two hours after the 

infection at the highest concentration tested (corresponding to 32 µM), the CSA solution inhibited 

the SARS-CoV-2 replication up to 45%. A certain antiviral activity was also evidenced at a drug 

concentration of 16 µM, at which the viral replication was inhibited by 21%. Under this 

concentration, no antiviral effect was observed for the raw peptide. 

Blank micelles highlighted a certain antiviral activity (38-66%) significantly lower than the drug- 

loaded micelles. When a delayed treatment protocol was used (one hour treatment six hours after 

the infection, Figure 4D), the lowest percentages of viral inhibition for all the three different 

developed micellar formulations were obtained (77% at 32 µM, 73% at 16 µM, 73% at 8 µM for HL, 

ML and LL micelles, respectively). The not-formulated CSA demonstrated a 42% viral inhibition at 

32 µM, and a 25% viral inhibition at 16 µM. Its effectiveness dramatically decreased with lower 

concentrations becoming totally ineffective for concentrations below 8 µM. Nevertheless, in all the 

cases the drug- loaded micelles performed significatively better than the CSA raw material and in 

most cases than the blank micelles, with the only exception of CSA concentration of 2 µM, where 

blank micelles performed better than HL and ML micelles, but with antiviral efficacy below 40%. 

When treatment was applied twice pre- and post-infection (one hour treatment before the 
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infection and a posttreatment two hours after the infection, Figure 4E), all the developed CSA- 

loaded micellar formulations showed significatively improved values of viral inhibition if compared 

to both the peptide solution and the blank micelles at all the CSA concentrations tested. 

The HL and ML micelles showed a similar trend consisting of a very high antiviral activity, never 

going under 90%, with highest values at 2 µM (122% for HL and of 135% for ML micelles). 

The behavior showed by the LL micelles was slightly different, i.e. consisted in a peak of activity 

(116%) at 8 µM but lower values at decreasing CSA concentrations, however never going under 

100% inhibition. Antiviral effect of drug-loaded micelles was consistent. 

The CSA showed a maximum of 39% of antiviral activity when tested at the highest concentration 

(32 µM), but below 16 µM no antiviral effect was observed. For all the blank formulations higher 

antiviral activity was detected compared to the one obtained by using the peptide solution; 

however, the inhibition never exceeded the value of 74%. 

In the case of repeated post-treatments (one hour treatment repeated two, four and six hours after 

the infection, Figure 4F) the developed CSA-loaded micellar formulations provided an overall 

performance quite similar to the previous condition. The HL and ML micelles showed high antiviral 

activity in all the conditions tested (never under 70%), with highest values recorded at 2 µM (109% 

for HL and 106% for ML micelles). The results obtained using the LL micelles were slightly different, 

showing the highest activity (106%) at 8 µM but lower values at decreasing CSA concentrations, 

however never going under 93% inhibition. Again, for CSA solution and blank micelles antiviral 

activity (max. 28% for CSA solution and 88% for blank micelles) was invariably lower than the one 

obtained for the corresponding drug-loaded micelles at all the concentrations tested. 

Finally, when a pre-treatment was associated with repeated post-treatments (one hour treatment 

before infection and repeated treatments two, four and six hours after the infection, Figure 4G) the 

two previous conditions data (Figure 4E and 4F) were confirmed. Indeed, all the drug-loaded 

micelles performed significatively better than the non-formulated drug and the control blank 

formulation. The antiviral activity observed from the HL and ML micelles was again very high (always 

above 90%) with the highest value (116% for the HL and 121% for the ML micelles) recorded at 2 µM 

CSA concentration. LL micelles peak of antiviral activity (115%) was observed at the highest CSA 

concentration tested (8 µM). CSA solution and blank micelles antiviral activity (max. 25% for CSA 

solution and 84% for blank micelles controls) was lower than the one obtained for the 

corresponding drug-loaded micelles at all the concentrations tested. The results of the statistical 

analysis performed on data obtained by the in vitro studies are collected in Supplementary Material 

(Tables S4-S17). 
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Figure 4 - Antiviral activity of the HL micelles, ML micelles and LL micelles compared to the raw CSA and the blank 

formulations. Each graph represents the results obtained by treating the infected cells with one of the seven different 

protocols tested: treatment 1h before infection (protocol A), treatment contextual to the infection (protocol B), post- 

treatment 2h after the infection (protocol C), post-treatment 6h after the infection (protocol C6), pre-treatment 1h before 

the infection followed by a post-treatment 2h after the infection (protocol D), 3 post-treatments spaced 1h apart (protocol 

E), pre-treatment 1h before the infection followed by 3 post-treatments spaced 1h apart (protocol F). 

 
 

3.6 Spray characterization 

The HL formulation was loaded into three different devices, namely a conventional multidose 

preservative-free spray pump (CPS, device A) and innovative Bidose (device B) and BiVax (device C) 

nasal devices, to assess the potential nasal application of the micelles system developed. 

The integrity of the micelles delivered by the three devices was studied employing DLS. As reported 

in Table 3, the BiVax device was the one which reported comparable size and PDI with the bulk 

formulation, whereas, particularly with the conventional spray pump, a slight increase in size and 

PDI was observed, indicating more polydispersity of the sample analyzed with a very moderate 

tendency to aggregation of the sprayed micelles. A negligible increase in Zeta Potential was 

observed as well for all sprayed samples analyzed, regardless of the nasal device employed. 

 

Table 3 – Integrity of the HL micelles formulation delivered by the three nasal devices 
 

 Size 

[nm] 

PDI Zeta Potential 

[mV] 

HL micelles 0.5 mg/mL (before firing) 11.3 ± 0.1 0.08 -1.5 ± 0.2 

HL micelles 0.5 mg/mL (fired by BiVax) 11.5 ± 0.1 0.08 -3.7 ± 0.3 

HL micelles 0.5 mg/mL (fired by Bidose) 11.9 ± 0.1 0.20 -3.5 ± 0.9 

HL micelles 0.5 mg/mL (fired by CPS spray pump) 12.2 ± 0.4 0.22 -3.8 ± 0.7 

 
The spray emitted from the three devices was then characterized in terms of droplet size 

distribution (DSD), spray pattern (SP) and plume geometry (PG). 

DSD (Figure 5) analyzed at 3 and 6 cm from the laser beam showed comparable size for the droplets 

emitted by the Bidose (B) and BiVax (C) systems mean volume diameter (Dv50) of 30.4 ± 1.9 µm and 

34.6 ± 1.2 µm, at 3 cm respectively, and Dv50 of 42.8 ± 2.0 µm and 42.3 ± 4.8 µm, at 6 cm 

respectively), whereas the CPS nasal pump (A) reported larger droplets (Dv50 of 45.6 ± 0.6 µm at 3 

cm and 49.1 ± 1.1 µm). Span was also higher for the droplets generated by CPS pump showing a 

wider droplet distribution in comparison of the other two nasal devices. This will determine a 

tendency of higher deposition in the anterior region of the nose for CPS nasal pump. However, the 

percentage of droplets below 10 µm was < 3% for all three systems employed, ideal to avoid 
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deposition into the throat targeting just the nasal cavity, namely the primary entry and infection 

site of the virus. 

 
 

 
Figure 5 – DSD at 3 and 6 cm from the laser beam for the three nasal devices employed (A: CPS spray pump, B: Bidose 

System BDSI V3 and C: BiVax System). 

 
 

Figure 6 – PG of the spray emitted from the three nasal devices employed (A: CPS spray pump, B: Bidose System BDSI V3 

and C: BiVax System). 

 
 

Plume geometry (PG) and spray pattern (SP) were measured for all three devices. PG did not display 

any relevant difference between the spray emitted by the systems (Figure 6). The main effect 

observed on the shape of the plume was correlated with the volume delivered by a single actuation 

of the different devices: 70 µL for the conventional spray pump, 100 µL for the Bidose and 250 µL 

for BiVax. The latter showed the largest plume minimum and maximum diameter by SP at both 

distances evaluated (Table 4), whereas the spray area increased proportionally to the volume 

delivered by a single shot (BiVax ≥ Bidose > CPS nasal pump). However, the effect of the spray 

volume was predominant for BiVax in comparison to CPS nasal pump and Bidose, which behaved 

more similarly. 
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Table 4 – SP at 3 and 6 cm from the laser beam for the three nasal devices employed (A: CPS spray pump, B: Bidose System 

BDSI V3 and C: BiVax System). 

        

 Device Distance Dmin (cm) Dmax (cm) Ovality ratio Area (cm2)  

  
3 cm 2.9 ± 3.4 4.5 ± 4.1 1.6 ± 1.0 9.6 ± 6.0 

 

 CPS spray pump (A)       

  6 cm 4.1 ± 1.1 5.6 ± 5.2 1.3 ± 4.4 17.5 ± 3.3  

  
3 cm 3.0 ± 7.8 4.7 ± 2.2 1.6 ± 9.5 9.5 ± 11.7 

 

 Bidose (B)       

  6 cm 4.4 ± 11.7 6.3 ± 6.4 1.4 ± 7.8 21.6 ± 18.2  

  
3 cm 4.0 ± 12.7 5.4 ± 4.3 1.4 ± 12.7 16.3 ± 14.5 

 

 BiVax (C)       

  6 cm 6.5 ± 2.2 8.3 ± 3.6 1.3 ± 3.1 44.0 ± 6.8  

 
 

 
3.7 Formulation deposition in a nasal cast 

The characterization studies demonstrated the high rate of mucopenetration of micelles developed 

in this work as well as their potential for nasal application. 

The three different devices were then used to deliver the HL formulation and thus originate 

different deposition profiles within the nasal cavity. The study aimed to select the device most 

suitable for intranasal administration of micelles loaded with CSA to counteract SARS-CoV-2 

infection in the upper airway. 

The deposition study performed on the silicon nasal cast highlighted that the three different devices 

tested performed in a significantly different manner. As can be seen from Figure 7, the BiVax System 

nasal atomizer (device C) allowed to reach the highest deposition area (45.52 ± 3.09 %) into the 

nasal cavity. A statistically significant lower total deposition area (32.42 ± 2.68 % and 25.85 ± 7.39 

%) was obtained by using the Bidose System BDSI V3 (device B) and CPS spray pump (device A), 

respectively. These results were in line with the spray characterization results collected, which 

showed a similar spray pattern for devices A (CPS nasal pump) and B (Bidose System), in comparison 

to the one of BiVax (device C). 

As illustrated in Figure 7 below, when devices A and B were used, the micellar formulation mainly 

deposited in the ventral region of the nose, called vestibulum, and to a lower extent but in similar 

percentages in the middle-upper and lower turbinate. More precisely, the ratio between the 

deposition in the vestibulum and that in the middle-upper or inferior turbinate was 3:1. On the 

other hand, when using device C (BiVax) the distribution of the administered micellar formulation 
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appeared more homogeneously distributed on the nasal cavity surface. Indeed, the deposition was 

comparable between the vestibulum, the middle-upper turbinate and the lower turbinate. In all the 

three cases, the deposition at the throat level was minimal, as also observed in the DSD results, and 

the statistical analysis did not show any significant differences between devices A, B and C. After each 

spray, the behavior of the administered formulation was carefully observed, and no dripping was 

evidenced for the devices tested. 

 

 

 
Figure 7 – the different distribution profile of the HL micelles obtained by administering the micellar formulation into a 

simulated nasal cavity using the three different nasal devices tested. Above, a visual representation of the nasal areas 

reached by the formulation once sprayed into the nostril. Below, a graphical representation of the distribution of the 

micellar formulation into the different regions of the nasal cavity that are vestibulum, middle/upper turbinate, lower 

turbinate and throat. 
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4. DISCUSSION 

The developed CSA-loaded micelles turned out to be perfectly in line with those already reported 

in literature by Pescina et al. 33 and Ghezzi et al. 27 and proposed for ocular administration, showing 

a particle size of ~15 nm, null surface charge and low PDI, confirming that the obtained systems 

were monodispersed 48. The encapsulation efficiency of cyclosporine A at the concentrations tested 

was always nearly complete (above 97%) attesting that TPGS leads to a higher improvement of the 

drug encapsulation if compared to other non-ionic amphiphilic polymers, such as Solutol® HS15 and 

poloxamer 407. This aspect was highlighted in recent works attesting that the solubility of 

cyclosporine A in 20 mM TPGS is six-fold higher than that in 20 mM Solutol® HS15, 27 and 8-fold 

higher than that in 20 mM poloxamer 407 49. In this work, the drug was encapsulated into the 

micelles at three different concentrations to evaluate whether the encapsulation efficiency could 

vary as the drug concentration increased. The choice to remain in the loading range between 0.1 

mg/mL (equivalent to 83 µM) and 0.5 mg/mL (equivalent to 416 µM) was due to the high potency 

of the drug, which has proven to be effective in counteracting the replication of coronaviruses at 

concentrations between 2µM and 64µM 14. 

However, we didn’t observe any decrease in terms of encapsulation efficiency with increasing drug 

concentration. Moreover, the amount of the drug encapsulated did not appear to have an impact 

on the particle size and the polydispersity index as well as on the viscosity of the formulation which 

was around 1 mPa·s in all the formulations at 25°C. Although it was reported in literature that the 

ability to encapsulate CSA within micelles of TPGS can be even 10 times that used in this work 27, 

the drug content of our formulations was kept low, using 0.5 mg/mL as maximum concentration 

(except in SANS studies). This choice was motivated by the known immunosuppressive activity of 

CSA 1, which is obviously to be avoided when this drug is administered intranasally to have an 

antiviral action against SARS-CoV-2. As regards the stability, all the micelles showed a good stability 

profile with steady particle size, PDI and drug content during storage up to 7 months; in particular, 

HL micelles showed a slightly better stability if compared to the ML and LL micelles. Considering this 

factor as well as the fact that HL, by containing the highest drug concentration, would allow to 

reduce the volume to be administered potentially in vivo, we identified HL as the best candidate for 

the future in vivo studies, therefore decided to test only them to evaluate the mucoadhesion profile 

and behavior when sprayed with nasal spray. 

As highlighted by SAXS and SANS analysis, the presence of CSA in the micellar core affected the size 

and shape of the self-aggregating micelles even in small amount (few molecules per micelle). The 

CSA-loaded systems rearrange, as a function of CSA loading, in micelles with a slightly smaller 

spherical hydrophobic core (size from 7 to 6.4 nm) surrounded by a hydrophilic shell of constant 
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thickness (2.9 nm). 

Quite interestingly, the CSA-loaded micelles formulations were demonstrated to be stable in 

simulated mucus, suggesting that they are not inclined to interact with mucin glycoproteins neither 

by electrostatic interaction nor by hydrogen bonding. This is a feature attributable to the almost 

neutral surface of the micelles, allowing to avoid the possible electrostatic interaction of the 

micelles with the negatively charged sialic acid residues characterizing the mucins 50. Moreover, we 

observed a poor tendency of the micelles to stick to the mucus layer on the ex vivo model used, 

obtaining highly reproducible results regardless of the variability that naturally characterizes the 

biological tissues. 

The poor tendency of the micelles to stick to the mucus layer could also be attributed to the 

PEGylated hydrophilic surface of micelles provided by TPGS. In fact, PEG surface modification has 

been demonstrated to be able to reduce protein surface adhesion in a number of nanomaterials 51– 

55, as well as to avoid interactions with mucin glycoproteins in the mucus layer 54. 

These structural features suggest a mucopenetration ability of the formulation, that could provide 

an escape strategy from the physiological process of muco-ciliary clearance, thus increasing the 

retention time in the nasal cavity. For this reason, the propensity of the developed micelles to 

penetrate mucus was tested and confirmed by diffusion results obtained by SAXS and successively 

by ex vivo mucoadhesion studies on rabbit nasal mucosa. Results indicate that micelles are able to 

enter and permeate together with water into a viscous mucin solution (15% w/v), used as mucus 

model, with a diffusion speed of the order of 10 µm/s, comparable with the one observed using a 

simulated nasal fluid alone. This was further explained by the fact that the very small particle size 

(about 12 nm) and the almost spherical shape can ensure that the micelles are not retained by the 

size filter consisting of the mucin fiber mesh, which porosity has been indicated between 50 and 

1800 nm 56,57. 

The suitability of the micellar formulation for intranasal application was further confirmed by the 

administration of the micellar formulation in a nasal cast using different devices. The good 

distribution profile obtained and the absence of dripping regardless of the kind of device confirmed 

that the developed micelles could actually be exploited as an intranasal treatment. In particular, 

giving the more homogeneous distribution between the regions of the nose and the greater 

covered surface area obtained using the BiVax nasal atomizer (device C) as well as the best stability 

results obtained in terms of micelles size and PDI after administration, we believe that this is the 

most suitable device to guarantee greater protection against SARS-CoV-2 infection in the upper 

airways. Indeed, it should be considered that the nasal cavity represents a very large surface to 

which the virus can adhere after being inhaled giving rise to a starting infection. Considering that 

the greater the covered nasal surface, the higher the protective activity of the micellar formulation, 
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the BiVax nasal atomizer was preferred to the other two tested nasal devices, because it has been 

shown to be able to distribute the micellar formulation more deeply in the nasal cavity leading to 

the greatest surface coverage, justified by the spray characterization results which showed a larger 

plume diameter and area for this nasal device which led to the greater and more homogenous cover 

of the nasal cavity. 

Concerning the antiviral effect of the formulations tested, all the drug-loaded micelles showed 

significantly higher antiviral efficacy than pure CSA and the blank formulations. The only exception 

was represented by the LL micelles used to pre-treat infected cells. In this specific case indeed, the 

activity of the blank and the drug-loaded micelles did not differ, probably due to the very low 

concentration of CSA. 

By comparing the results obtained with different treatment protocols, it was found that the best 

approaches to hinder the viral replication consist in a post-treatment 2 hours after infection or 

protocols in which repeated treatments are combined pre- or post-infection, simulating a repeated 

administration, a quite common and realistic situation for nasal medicinal products. 

Concerning the three different formulations tested, the results obtained by testing the HL and ML 

micelles could be commented parallelly, since showed a similar behavior which was slightly 

different from that obtained by testing the LL micelles. In fact, when the ML and HL micelles were 

tested at the lowest CSA concentration (2 µM), the inhibition of the SARS-CoV-2 replication turned 

out to be the most effective, resulting greater than 100% in all the cases. On the contrary, the same 

results in terms of antiviral efficiency were obtained when the LL micelles were used at the highest 

CSA concentration, i.e. 8 µM. This difference could be attributed to a potential role of TPGS which, 

at each CSA concentration tested, was proportionally more abundant in the LL micelles, due to the 

lower drug content. This hypothesis is supported by the fact that by testing the blank micelles we 

observed a noticeable antiviral activity, even if significatively lower than that of the loaded micelles. 

In particular, a linear correlation between the blank micellar concentration used and the Cycle 

Threshold (Ct) value was found, indicating a reduction in the viral activity and replication. Firstly, 

given the surfactant properties of the polymer, we can attribute the antiviral activity of the blank 

micelles to the ability of TPGS to alter the fluidity of the viral envelop, by interpolation between 

phospholipids 58,59. Another possible mechanism has been reported by researchers from the 

University of Alabama at Birmingham (Birmingham, AL, USA). Their data, published as pre-print 60 

demonstrated the capacity of water-soluble tocopherol derivatives, (specifically TPGS and, albeit to 

a lesser extent, also Vitamin E succinate) to inhibit the transcriptional activity of SARS-CoV-2 RNA- 

dependent RNA polymerase. 

However, despite the blank micelles had also shown this kind of activity, we exclude that the effect 
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belonged only to the presence of TPGS, but hypothesized a synergistic action of TPGS with CSA, 

since the percentages of infectivity reduction were significatively higher for almost all the drug- 

loaded micelles tested than for the blank micelles. 

Indeed, when the non-formulated CSA was used as control, its effectiveness was dramatically lower 

than that shown when loaded into the micellar structure. In most cases, pure CSA antiviral activity 

did not exceed 50% which however was registered only working at the highest drug concentration, 

i.e. 32 µM. An exception occurred when pure CSA was present with the virus at the moment of the 

infection, where an inhibition up to 100% was attained. This is consistent with data reported in 

literature 1,14, attesting that CSA mainly acts on the very first phases of infection by altering the 

organization of the viral intracellular membranes exploited to generate the viral replication 

complex, which normally forms early after the cell penetration. However, this action seemed to 

prevail on another CSA antiviral action reported in literature, which consists in the hindering of the 

N protein’s folding and its subsequent binding with the viral genome to assemble the viral progeny 

61. 

On the contrary, CSA encapsulated in a micellar formulation based on TPGS underwent a 

significative improvement of its antiviral activity even at the lowest concentration tested, 2 µM. 

This is due to the presence of TPGS, that can have a series of actions enabling a more effective 

antiviral activity: 1) improvement of CSA solubility, making the peptide more available at molecular 

level; 2) enhanced CSA cell penetration, an effect related to the surface-active properties of TPGS; 

3) potential hindering of the receptor-ligand interactions normally exploited by the virus to infect 

cells 62–64, allowing the CSA micellar formulation to be effective at inhibiting SARS-CoV-2 infection 

even when used as a pre-treatment. Furthermore, we can also hypothesize that the well-known 

activity of TPGS as P-glycoprotein (P-gp) efflux inhibitor 65 could contribute to the result, since it has 

been demonstrated in CaCo-2 66, that CSA transport is modulated by these systems. Finally, the 

antioxidant activity of TPGS could be exploited in the most severe cases of infection, since it 

undergoes degradation leading to the release of vitamin E 67 which can help to avoid the worsening 

of the disease. It is known indeed, that the viral infection causes an alteration of the balance 

between the production of oxidants and antioxidants leading to an oxidative stress responsible for 

serious complications 6. 

When the ML micelles and HL micelles were applied on cells 6 hours after infection, the antiviral 

activity was lower than the cases in which were applied following the other approaches. Our 

hypothesis was that after 6 hours from the infection, the replicative cycle of the virus is in an 

advanced phase, with the virus completely penetrated the cell starting its replication. At that point, 

as also reported in literature 14, neither the peptide drug, nor the TPGS could interfere with the viral 

replication leading to a complete inhibition of the infection. However, it must be underlined 
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that despite the reduced antiviral activity demonstrated in this case by all the drug-loaded micelles, 

the effectiveness of the latter always demonstrated to be greater than that of the blank micelles 

and in most cases also of the non-formulated CSA, with the only exception represented by the cases 

in which the loaded micelles were diluted so as to work at concentrations of CSA of 2 µM: in these 

cases the level of efficacy of the drug loaded micelles was comparable to that of the blank micelles. 

By making a general overview of the collected data, it can be appreciated that in several cases the 

viral inhibition corresponded to or exceeded the 100% value, indicating that viral replication was 

completely blocked. Values exceeding 100% were due to the fact that, after the replication of the 

virions had been blocked by the treatment, the virions remained in solution and started to degrade. 

The extent to which the virus degrades and therefore how much the percentage could be higher 

than 100 is a totally random factor. However, we noted a direct proportion between the 

concentration of the micelles and the percentage of viral inhibition, leading to confirming the 

hypothesis that the micelles were able to degrade the virus in solution. 

Concerning the spray characteristics and deposition in the nasal cavity, anyone of the three devices 

tested did affect the physical properties of the micelles, preserving their size and surface charge. 

Sprays did not appear to differ in a significant manner in terms of emitted droplet size distribution, 

spray angle and spray plume characteristics. However, the device BiVax provided a significantly 

better coverage of the nasal cast both in terms of overall surface area covered and distribution over 

different region of interest such as upper and lower turbinates. This was attribute to a higher 

surface spray area that was correlated with the larger emitted volume (250 µL against 100 and 70 

µL for BiDose and CPS device, respectively). This result is in agreement with the observations of 

Kundoor and Dalby 45, that using the same cast, found that spray pumps delivering 100 μL had 

significantly greater nasal deposition area than nasal spray pumps delivering 50 µL. However, the 

deposition observed were mainly in the vestibule part of the nasal cavity, demonstrating that the 

choice of an optimal combination between device and formulation is required in order to develop 

a nasal product truly effective against a viral infection. In fact, the penetration of the formulation 

and coverage of nasal anatomical structures such as the turbinates involved in the filtration and 

entrapment of the particulate carried by inhaled air appears critical to prevent or treat early SARS- 

CoV-2 infections. 
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5. CONCLUSIONS 

All the CSA-loaded micellar formulation developed in the present work showed high industrial 

scalability due to their simple and fast production method, and to the possibility of an easy 

sterilization by filtration. At the same time, the formulation was stable for at least 7 months at 

ambient temperature. Moreover, the low particle size, the almost neutral surface and the high rate 

of mucopenetration make them ideal for intranasal administration. The high drug encapsulation 

efficiency of the TPGS micelles was also exploited in our research to increase the low solubility of 

cyclosporine A, an immunosuppressant drug tested in this work for its potential as antiviral agent. 

The results obtained in an in vitro model of infection of SARS-CoV-2 Omicron variant highlighted 

that the drug-loaded micelles provided an excellent viral replication inhibition for single and 

repeated treatments pre-infection and up to 6 hours post-infection. In addition, CSA-loaded 

micelles performed better than CSA alone or the blank formulation at inhibiting the SARS-CoV-2 

replication. Particularly, it was evidenced that also the micelle-forming excipient, the vitamin E 

derivative TPGS, plays a critical role in enhancing CSA inhibition of the viral replication, probably 

itself having an antiviral action through nonspecific mechanisms. Finally, the in vivo administration 

of the highest drug-loaded micellar formulation was simulated using a silicone human nasal cast 

after the in vitro characterization of the spray emitted by different systems, which allowed to 

identify a device able to deposit the micellar formulation homogeneously within the nasal cavity 

once intranasally administered, potentially providing a more effective protection against an 

incipient infection. 
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Isothermal stability of micelles at 25°C over 7 months; dynamic viscosity calculated at both 25°C 

and 37°C; Fitting parameters for SANS data; in vitro antiviral activity against 0.0005 m.o.i; p values 

obtained by the statistical analysis. 
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SUPPLEMENTARY MATERIAL 

METHODS 

 

 
Figure 1 - The three devices used for the deposition experiment in a nasal cast: glass vial equipped with CPS spray pump 

(A), a Bidose system BDSI V3 device (B) and a BiVax system atomized (C) assembled using a standard kit BDSI (references 

2457_010 et 2457_140). 

 
 

 
Table 1 – Automated actuation parameters for DSD, SP and PG assessment. 

 

 

 
Parameter 

 
 

 
CPS spray pump 

Device 
 
 

Bidose system 

 
 

 
BiVax system 

Stroke force (kg) 7 8 8 

Velocity (mm/s) 70 70 22 

Acceleration 

(mm/s2) 
3000 5000 5000 

 

Hold time (ms) 
 

300 
 

300 
 

300 

Symmetric Profile Yes Yes Yes 
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Figure 2 - The Koken ® cavity model of a nose (left) and the partition of the nasal cavity (right) in vestibule (A), middle- 

upper turbinate (B), lower turbinate (C) and throat (D). 

 

RESULTS 

Stability of the blank and CSA-loaded micelles over 7 months 

All the developed micelles showed good stability over 7 months at 25°C (Table 2). The particle size 

of the micelles remained unchanged over time, except for the ML micelles, for which a statistically 

significant increase from about 11 nm to about 18 nm was noted (p=0.0049), accompanied by a 

significant increase in terms of PDI. An increase in the PDI value was still observed for the HL 

micelles, but in this case the particle size has not undergone any statistically significant change. 

During 7 months of storage at 25°C, both the zeta potential remained unchanged over time and the 

encapsulation efficiency remained stable. The statistical analysis indeed, did not pointed out any 

significant alteration in terms of drug loading; however, this could be related to the relatively high 

standard deviation found for the collected data. 
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Table 2 - characterization of the blank and CSA-loaded micelles at time 0 and after 3 months and 7 months stored at 25°C 

(n=3) 

 

* = value significatively different for that obtained at time 0, according to ANOVA statistic test 
 

 
Dynamic viscosity calculated at both 25°C and 37°C 

Figure 3 illustrates the dynamic viscosity, η, calculated by the rheometer both at 25°C and at 37°C 

for all the developed micelles. The addition of the drug at increasing concentrations didn’t seem to 

have an impact on the viscosity of the formulation, as confirmed by the statistical analysis. 

Moreover, not even the increase in temperature (37°C) led to a significant change in the viscosity 

of the formulations, confirming that the nasal environment should not alter the viscosity of the 

system. 

  Month 3  Month 7 

  Size 
[nm] 

PDI Zeta 
potential 

[mV] 

CSA EE%  Size 
[nm] 

PDI Zeta 
potential 

[mV] 

CSA EE% 

Blank  11.61 ± 

0.98 

0.11 -1.48 ± 0.27 --  13.94 ± 1.42 0.28 -0.76 ± 1.60 -- 

LL Micelles 

(0.1 mg/mL 

CSA) 

 14.63 ± 

5.06 

0.22 -3.41 ± 2.18 88.43 ± 

13.58 

 18.35 ± 5.77 0.33 -4.14 ± 3.99 83.60 ± 

11.18 

ML Micelles 

(0.25 mg/mL 

CSA) 

 11.35 ± 

0.35 

0.11 -2.32 ± 1.91 96.35 ± 

4.55 

 17.64 ± 3.22* 0.43 -3.00 ± 2.23 89.91 ± 

8.81 

 

 

HL Micelles 

(0.5 mg/mL 

CSA) 

 11.45 ± 

0.65 

0.13 -1.12 ± 0.81 96.72 ± 

4.79 

 17.27 ± 5.81 0.38 -1.97 ± 2.94 95.97 ± 

3.28 
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Figure 3 – The comparison of the dynamic viscosity of the blank, LL, ML and HL micelles calculated both at 

25°C and at 37°C 

 
 

Fitting parameters for SANS data 
 

Table 3 – fitting parameter for SANS data 

 

Core radius Shell thickness Particle radius sld core sld shell sld solvent 

  

[nm] 
 

[nm] 
 

[nm] 
 

[10-6/Å2] 
 

[10-6/Å2] 
 

[10-6/Å2] 

TPGS 3.50 2.9 6.40 0.55 5.68 6.35 

TPGS+0.5 CSA 3.45 2.9 6.35 0.55 5.68 6.35 

TPGS+2.5 CSA 3.21 2.9 6.11 0.55 5.68 6.35 

V
is

co
si

ty
 (m

P
a.

s)
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Figure 4 – Fitting of SANS spectra for micelles at 15 mg/mL and 1.5 mg/mL with CSA at 0.5 mg/mL and 2.5 mg/mL. SANS 

data analysis was performed using SasView 5.0.5 software. The scattering curves from the micelles were fitted to a core– 

shell sphere (CSS) model for the P(q) combined with a hard-sphere (HS) structure factor for the S(q). In the data analysis, 

the scattering length density (sld) of the core and shell were left free. Results are reported in Table 2. 

 
 
 
 

 
Figure 5 –left) SAXS spectra of micelles (30 mg/mL) with and without CSA 0.5 mg/mL. Right) reconstruction of the 

equilibrium mixed mucin-micelle spectrum by adding the experimental spectra of mucin and micelles appropriately 

weighted according to the concentration of the two components in the mixed sample. 
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Figure 6 - Sketch of the experimental set up and time evolution of the SAXS spectra acquired at 2.4 mm distance from the 

mucin/SNES contact interface (as indicated by the dotted square) over time (from t=0 to t=1500 s). 

 
Antiviral activity of the developed micelles against SARS-CoV-2 tested at 0.0005 m.o.i The 

results obtained by treating the VERO E6 cells infected with the viral amount of 0.0005 confirmed 

the data obtained by using the higher viral amount (0.005 m.o.i). All the drug-loaded micelles indeed 

turned out to perform significatively better at inhibiting the viral replication than both the pure CSA 

and the blank micelles. However, as expected, the absolute efficiency of the drug-loaded micelles 

turned out to be higher when 0.0005 m.o.i was used as viral titer. We observed that regardless of 

the viral amount, the behavior of the HL and ML micelles turned out to be comparable, while that of 

the LL micelles was slightly different. When the infected cells were pre-treated (one hour treatment 

before the infection, Figure 7A) using the HL, ML and LL micelles the antiviral activity turned out to 

be never lower than 70% and was significatively better if compared to both CSA alone and blank 

micelles. It was observed a certain antiviral action also applying the blank micelles, proving that also 

blank micelles were able to inhibit the viral replication by about 50-60%, values however significantly 

lower than those obtained with the corresponding loaded micelles. The CSA controls, in which the 

drug suspension was used, turned out to be ineffective against SARS-CoV-2 at all the concentrations 

tested. 

When a treatment contextual to the infection was used (one hour treatment in presence of the 

virus, Figure 7B), in all the cases the loaded micelles turned out to perform significatively better 

than the CSA alone and the blank micelles controls. As already observed when a higher viral amount 

was exploited to infect cells, all the drug-loaded formulations showed a similar trend, consisting in 

an increasing antiviral activity with increasing CSA concentrations, leading to values above 90% of 

viral inhibition for HL, ML, and LL starting from 8, 4 and 2 µM, respectively. 

CSA solution used at concentration between 2 and 16 µM turned out to be significantly less effective 

if compared to the loaded micelles. CSA raw material showed a certain antiviral activity 



66  

which increased linearly with the concentration, however never exceeding 70%. It must be 

underlined that this antiviral activity is the highest among all the results obtained applying the 

various approaches to treat the infected cells. The blank micelles used as reference, although 

showing an appreciable effect (48-93%), often even higher than CSA raw material, remained in all 

cases significantly less effective than the corresponding drug-loaded micelles. 

When applied post-infection (one hour treatment two hours after the infection, Figure 7C), all the 

drug-loaded micelles turned out to be significatively more effective at hindering viral replication if 

compared to both the blank micelles and the CSA raw material, as already observed when cells were 

treated with a higher viral amount. 

HL and ML micelles showed a similar behavior, demonstrating to be more effective at the lowest 

CSA concentration tested, 2 µM. More precisely, the HL micelles exhibited a 113% viral inhibition, 

while the ML micelles exhibited a 121% viral inhibition. The LL micelles effectiveness was 

proportional to the CSA concentration, with a peak in correspondence of the 8 µM drug 

concentration (111%). When applied two hours after the infection, CSA raw material turned out to 

be able to inhibit the viral replication of only up to 48% when used at the highest concentration 

tested of 32 µM. A certain antiviral activity was also registered at a drug concentration of 16 µM, at 

which the viral replication was inhibited by 25%. Under this concentration, no antiviral effect was 

observed for the raw peptide. 

Blank micelles highlighted a certain antiviral activity (44-88%) significantly lower to the drug-loaded 

micelles. When a delayed treatment protocol (one hour treatment six hours after the infection, 

Figure 7D) was used to treat cells infected with 0.0005 m.o.i, the results confirmed those obtained 

by working against an higher viral amount. In this case indeed, the lowest percentages of viral 

inhibition for all the three different developed micellar formulations were obtained (86% at 32 µM, 

81% at 16 µM, 76% at 8 µM for HL, ML and LL micelles, respectively). 

The not-formulated CSA demonstrated a 37% viral inhibition at 32 µM, and a 30% viral inhibition at 

16 µM. Its effectiveness dramatically decreased with lower concentrations becoming totally 

ineffective for concentrations below 8 µM. Nevertheless, in all the cases the drug-loaded micelles 

performed significatively better than the CSA material. In most cases the ML and LL micelles 

performed significatively better than the blank micelles, while the activity of the HL micelles turned 

out to be in most cases superposable to that observed for the blank micelles. 

When the treatment was applied twice, i.e. pre- and post-infection (one hour treatment before the 

infection and one treatment two hours after the infection, Figure 7E), all the developed CSA-loaded 

micellar formulations showed significatively improved values of viral inhibition if compared to both 

the raw peptide and the blank micelles at all the CSA concentrations tested. 

The HL and ML micelles showed a similar trend consisting of very high antiviral activity, never going 
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under 93%. More precisely, the highest values were found at 2 µM, and were 128% for HL and of 

135% for ML micelles. As already observed, the behavior showed by the LL micelles was slightly 

different, i.e. consisted in a peak of activity (119%) at 8 µM followed by lower values at decreasing 

CSA concentrations, however never going under 97% inhibition. The CSA showed a maximum of 

43% of antiviral activity when tested at the highest concentration (32 µM) followed by a linear 

decreasing activity with decreasing concentrations. For all the blank formulation controls was 

evidenced a higher antiviral activity compared to the one obtained by using the peptide solution, 

however, the inhibition never exceeded the value of 89%. In the case of repeated post-treatments 

(one hour treatment repeated two, four and six hours after the infection, Figure 7F) the developed 

CSA-loaded micellar formulations provided an overall performance quite similar to the previous 

condition. The HL and ML micelles showed high antiviral activity in all conditions tested, never going 

below 78%. More precisely, the highest values were recorded at 2 µM, and were 135% for HL and 

of 103% for ML micelles. As already observed, the results obtained using the LL micelles were 

slightly different, showing the highest activity (110%) at 8 µM but lower values at decreasing CSA 

concentrations, however never going under 101% inhibition. 

Again, the antiviral activity of CSA raw material and blank micelles was significatively lower than 

that of the drug-loaded formulations. CSA indeed demonstrated to be able to inhibit the SARS-CoV- 

2 replication by up to 39%, while the activity of the blank micelles has not exceeded 88%. 

Finally, when a pre-treatment was associated with repeated post-treatments (one hour treatment 

before infection and repeated treatments two, four and six hours after the infection, Figure 7G) 

confirmed the two previous conditions data (Figure 7E and 7F), as observed working against a 

higher viral amount. Indeed, all the drug-loaded micelles turned out to perform significatively better 

than the pure drug and the control blank formulation. The antiviral activity observed using the HL 

and ML micelles was again very high (always above 96%) with the highest value (124% for the HL 

and 155% for the ML micelles) recorded at 2 µM CSA concentration. LL micelles peak of antiviral 

activity (122%) was observed at the highest CSA concentration tested (8 µM). CSA raw material and 

blank micelles antiviral activity (max. 38% for CSA raw material and 90% for blank micelles controls) 

was lower than the one obtained for the corresponding drug-loaded micelles at all the 

concentrations tested. 
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Figure 7 - Antiviral activity of the HL micelles, ML micelles and LL micelles compared to the raw CSA and the 

blank formulations, against 0.0005 m.o.i as viral amount. Each graph represents the results obtained by 

treating the infected cells with one of the seven different protocols tested: treatment 1h before infection 

(protocol A), treatment contextual to the infection (protocol B), post-treatment 2h after the infection 

(protocol C), post-treatment 6h after the infection (protocol C6), pre-treatment 1h before the infection 

followed by a post-treatment 2h after the infection (protocol D), 3 post-treatments spaced 1h apart 

(protocol E), pre-treatment 1h before the infection followed by 3 post-treatments spaced 1h apart (protocol 

F). 

 
 

p values obtained by the statistical analysis 

Table 4 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used to pre-treat cells 1 hour before being infected with 0.005 m.o.i. as 

viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles exhibited the 

highest antiviral efficacy. 

Pre- 
treatment 

 
0.005 moi 

HL- 
micelles 32 

µM 

ML- 
micelles 16 

µM 

LL- 
micelles 8 

µM 

Blank 
micelles 

(reference of 
HL 32 µM) 

Blank micelles 
(reference of 
ML 16 µM) 

Blank 
micelles 

(reference of 
LL 8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 32 
µM 

- 1 1 <0.0001 <0.0001 1 <0.0001 <0.0001 <0.0001 

ML-micelles 16 
µM 

1 - 1 <0.0001 <0.0001 1 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

1 1 - <0.0001 <0.0001 1 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 

HL 32 µM) 

<0.0001 <0.0001 <0.0001 - 1 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 

ML 16 µM) 

<0.0001 <0.0001 <0.0001 1 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of LL 

8 µM) 

1 1 1 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 1 1 

CSA 16 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 - 1 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 1 - 



70  

Table 5 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used to treat cells contextually to the infection with 0.005 m.o.i. as viral 

amount. The table only shows the data referring to the concentration at which the drug-loaded micelles exhibited the 

highest antiviral efficacy. 

Treatment 
contextual to 

infection 
 

0.005 moi 

HL- 
micelles 32 

µM 

ML- 
micelles 16 

µM 

LL- 
micelles 8 

µM 

Blank 
micelles 

(reference of 
HL 32 µM) 

Blank 
micelles 

(reference of 
ML 16 µM) 

Blank 
micelles 

(reference of 
LL 8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 32 
µM 

- 0.7167 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 16 
µM 

0.7167 - 0.0001 <0.0001 <0.0001 <0.0001 0.7382 <0.0001 <0.0001 

LL-micelles 8 µM <0.0001 0.0001 - <0.0001 <0.0001 <0.0001 0.7773 <0.0001 <0.0001 

Blank micelles 
(reference of HL 

32 µM) 

<0.0001 <0.0001 <0.0001 - 0.9933 <0.0001 <0.0001 1 <0.0001 

Blank micelles 
(reference of ML 

16 µM) 

<0.0001 <0.0001 <0.0001 0.9933 - <0.0001 <0.0001 0.9987 <0.0001 

Blank micelles 
(reference of LL 

8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 0.7382 0.7773 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 16 µM <0.0001 <0.0001 <0.0001 1 0.9987 <0.0001 <0.0001 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 

 
 

Table 6 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used to post-treat cells 2 hours after the infection with 0.005 m.o.i. as 

viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles exhibited the 

highest antiviral efficacy. 

Post- 
treatment 2h 
after 
infection 
 

0.005 moi 

HL-micelles 2 
µM 

ML- 
micelles 2 µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 2 
µM) 

Blank micelles 
(reference of ML 2 
µM) 

Blank micelles 
(reference of LL 8 
µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 
µM 

- 0.2926 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 
µM 

0.2926 - 0.0534 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

1 0.0534 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 2 µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 0.9345 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.9345 - 
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Table 7 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used to post-treat cells 6 hours after the infection with 0.005 m.o.i. as 

viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles exhibited the 

highest antiviral efficacy. 

Post-treatment 6h 
after infection 
 

0.005 moi 

HL- 
micelles 32 
µM 

ML- 
micelles 16 
µM 

LL- 
micelles 8 
µM 

Blank 
micelles 
(reference of 
HL 32 µM) 

Blank 
micelles 
(reference of 
ML 16 µM) 

Blank 
micelles 
(reference of 
LL 8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 32 µM - 0.9999 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 16 µM 0.9999 - 1 <0.0001 0.0156 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 µM 1 1 - <0.0001 0.0109 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of HL 32 
µM) 

<0.0001 <0.0001 <0.0001 - 0.1145 1 0.0015 <0.0001 <0.0001 

Blank micelles 
(reference of ML 16 
µM) 

<0.0001 0.0156 0.0109 0.1145 - 0.8902 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of LL 8 
µM) 

<0.0001 <0.0001 <0.0001 1 0.8902 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 <0.0001 <0.0001 0.0015 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 16 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 

 
 

Table 8 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used to pre-treat (1 hour before the infection) and post-treat (2 hours 

after the infection) cells infected with 0.005 m.o.i. as viral amount. The table only shows the data referring to the 

concentration at which the drug-loaded micelles exhibited the highest antiviral efficacy. 

Pre- treatment 
+ post- 
treatment 2h 
after infection 
 

0.005 moi 

HL-micelles 2 
µM 

ML- 
micelles 2 µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 
2 µM) 

Blank micelles 
(reference of ML 
2 µM) 

Blank micelles 
(reference of LL 8 
µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 µM - 0.0009 0.9894 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 
µM 

0.0009 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 µM 0.9894 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of HL 
2 µM) 

<0.0001 <0.0001 <0.0001 - 0.2313 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of ML 
2 µM) 

<0.0001 <0.0001 <0.0001 0.2313 - 0.9156 <0.0001 <0.0001 

Blank micelles 
(reference of LL 8 
µM) 

<0.0001 <0.0001 <0.0001 <0.0001 0.9156 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 1 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 - 
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Table 9 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, ML 

and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded micelles, 

the blank micelles and the CSA solution have been used as repeated post-treatment on cells infected with 0.005 m.o.i. as 

viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles exhibited the 

highest antiviral efficacy. 

3 post- 
treatments 
 

0.005 moi 

HL-micelles 2 
µM 

ML- 
micelles 2 µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 2 
µM) 

Blank micelles 
(reference of ML 2 
µM) 

Blank micelles 
(reference of LL 8 
µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 
µM 

- 0.0008 0.1348 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 
µM 

0.0008 - 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

0.1348 1 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 2 µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 0.0023 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0023 - 

 
 
 

Table 10 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used as a pre-treatment (1 hour before infection) and repeated 

post-treatment on cells infected with 0.005 m.o.i. as viral amount. The table only shows the data referring to the 

concentration at which the drug-loaded micelles exhibited the highest antiviral efficacy. 

Pre- 
treatment 
+ 3 post- 
treatments 

 
0.005 

moi 

HL-micelles 2 
µM 

ML- 
micelles 2 µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 2 
µM) 

Blank micelles 
(reference of ML 2 
µM) 

Blank micelles 
(reference of LL 8 
µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 
µM 

- 0.6669 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 
µM 

0.6669 - 0.0715 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

1 0.0715 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 2 µM) 

<0.0001 <0.0001 <0.0001 - 1 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 2 µM) 

<0.0001 <0.0001 <0.0001 1 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 0.0481 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0481 - 
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Table 11 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used to pre-treat cells 1 hour before being infected with 0.0005 

m.o.i. as viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles 

exhibited the highest antiviral efficacy. 

Pre- 
treatment 
 

0.0005 
moi 

HL- 
micelles 32 
µM 

ML- 
micelles 16 
µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 
32 µM) 

Blank micelles 
(reference of 
ML 16 µM) 

Blank micelles 
(reference of LL 
8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 
32 µM 

- 0.5237 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 
16 µM 

0.5237 - 0.0305 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

1 0.0305 - <0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 32 µM) 

<0.0001 <0.0001 <0.0001 - 1 0.7304 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 16 µM) 

<0.0001 <0.0001 <0.0001 1 - 0.404 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 0.0002 0.7304 0.404 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 1 1 

CSA 16 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 - 1 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 1 - 

 
 

Table 12 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used to treat cells contextually to the infection with 0.0005 

m.o.i. as viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles 

exhibited the highest antiviral efficacy. 

Treatment 
contextual to 
infection 
 

0.0005 
moi 

HL- 
micelles 32 
µM 

ML- 
micelles 16 
µM 

LL- 
micelles 8 µM 

Blank micelles 
(reference of 
HL 32 µM) 

Blank micelles 
(reference of 
ML 16 µM) 

Blank micelles 
(reference of 
LL 8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 
32 µM 

- 1 0.0061 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 
16 µM 

1 - 0.1811 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

0.0061 0.1811 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 32 µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 1 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 16 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 0.0008 0.0191 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 <0.0001 <0.0001 1 0.0008 <0.0001 - <0.0001 <0.0001 
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CSA 16 µM <0.0001 <0.0001 <0.0001 <0.0001 0.0191 <0.0001 <0.0001 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 

 
Table 13 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used to post-treat cells 2 hours after the infection with 0.0005 

m.o.i. as viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles 

exhibited the highest antiviral efficacy. 

Post- 
treatment 2h 
after 
infection 
 

0.0005 
moi 

HL-micelles 2 
µM 

ML- 
micelles 2 µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of HL 2 
µM) 

Blank micelles 
(reference of ML 2 
µM) 

Blank micelles 
(reference of LL 8 
µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 
µM 

- 0.2485 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 
µM 

0.2485 - 0.0328 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

1 0.0328 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 2 µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 1 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 1 - 

 
Table 14 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used to post-treat cells 6 hours after the infection with 0.0005 

m.o.i. as viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles 

exhibited the highest antiviral efficacy. 

Post- 
treatment 
6h after 
infection 
 

0.0005 
moi 

HL- 
micelles 32 
µM 

ML- 
micelles 16 
µM 

LL- 
micelles 8 
µM 

Blank micelles 
(reference of 
HL 32 µM) 

Blank micelles 
(reference of 
ML 16 µM) 

Blank micelles 
(reference of 
LL 8 µM) 

CSA 32 
µM 

CSA 16 
µM 

CSA 8 µM 

HL-micelles 
32 µM 

- 0.9123 0.017 0.1992 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 
16 µM 

0.9123 - 0.9998 1 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 

LL-micelles 8 
µM 

0.017 0.9998 - 1 <0.0001 0.2014 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
HL 32 µM) 

0.1992 1 1 - <0.0001 0.0173 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of 
ML 16 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 
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Blank micelles 
(reference of 
LL 8 µM) 

<0.0001 0.0003 0.2014 0.0173 <0.0001 - <0.0001 <0.0001 <0.0001 

CSA 32 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 0.8135 <0.0001 

CSA 16 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.8135 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 

 
 

Table 15 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used to pre-treat (1 hour before the infection) and post-treat 

(2 hours after the infection) cells infected with 0.0005 m.o.i. as viral amount. The table only shows the data referring to 

the concentration at which the drug-loaded micelles exhibited the highest antiviral efficacy. 

Pre- treatment + 
post- treatment 
2h after 
infection 
 

0.0005 moi 

HL-micelles 2 
µM 

ML-micelles 2 
µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of 
HL 2 µM) 

Blank micelles 
(reference of 
ML 2 µM) 

Blank micelles 
(reference of 
LL 8 µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 µM - 0.5866 0.2504 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 µM 0.5866 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 µM 0.2504 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of HL 2 
µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of ML 
2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of LL 8 
µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 
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Table 16 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used as repeated post-treatment on cells infected with 0.0005 

m.o.i. as viral amount. The table only shows the data referring to the concentration at which the drug-loaded micelles 

exhibited the highest antiviral efficacy. 

3 post- 
treatments 
 

0.0005 moi 

HL-micelles 2 
µM 

ML-micelles 2 
µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of 
HL 2 µM) 

Blank micelles 
(reference of 
ML 2 µM) 

Blank micelles 
(reference of 
LL 8 µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 µM - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 µM <0.0001 - 0.175 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 µM <0.0001 0.175 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of HL 2 
µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of ML 
2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of LL 8 
µM) 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 0.464 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.464 - 

 

 
Table 17 – p values obtained from the one-way ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL, 

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded 

micelles, the blank micelles and the CSA solution have been used as a pre-treatment (1 hour before infection) and repeated 

post-treatment on cells infected with 0.0005 m.o.i. as viral amount. The table only shows the data referring to the 

concentration at which the drug-loaded micelles exhibited the highest antiviral efficacy. 

Pre- treatment + 
3 post- 
treatments 
 

0.0005 moi 

HL-micelles 2 
µM 

ML-micelles 2 
µM 

LL-micelles 8 
µM 

Blank micelles 
(reference of 
HL 2 µM) 

Blank micelles 
(reference of 
ML 2 µM) 

Blank micelles 
(reference of 
LL 8 µM) 

CSA 2 µM CSA 8 µM 

HL-micelles 2 µM - <0.0001 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

ML-micelles 2 µM <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

LL-micelles 8 µM 1 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of HL 2 
µM) 

<0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 

Blank micelles 
(reference of ML 
2 µM) 

<0.0001 <0.0001 <0.0001 <0.0001 - 0.0004 <0.0001 <0.0001 

Blank micelles 
(reference of LL 8 
µM) 

<0.0001 <0.0001 <0.0001 <0.0001 0.0004 - <0.0001 <0.0001 

CSA 2 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 

CSA 8 µM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 
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ABSTRACT 

Neuroinflammation is an undoubtedly hallmark of neurodegenerative diseases characterized by 

memory impairment, loss of coordination and muscle strength such as Alzheimer's disease, 

Parkinson disease and Multiple Sclerosis as well as depressive disorders. Cyclosporine A (CSA) has 

already been identified as a promising neuroprotective peptide, due to its well-known anti- 

inflammatory properties. Herein, CSA was incapsulated into α-tocopheryl polyethylene glycol 1000 

succinate (TPGS) micelles and intranasally administered at 40 mg/kg dose to an LPS-induced mouse 

model of neuroinflammation. After the treatment, mice were subjected to behavioral tests to assess 

cognitive and motor skills, while the biodistribution of CSA in plasma and olfactory bulb was studied 

by a new HPLC method validated for precision and accuracy. The results highlighted that in 

comparison to the classic oral CSA suspension, the intranasal (IN) administration showed 

significatively better safety and efficiency profiles. 

Noteworthy, IN administration of CSA micelles showed relevant antidepressive effects and a certain 

ability to revert LPS-induced motor impairment. 

This work pointed out that the innovative and noninvasive IN administration of TPGS micelles could 

represent a safe and effective alternative to the classic oral route to deliver CSA at the Central 

Nervous System level, where its beneficial activity against neuroinflammation can be exploited. 
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1. INTRODUCTION 

Neuroinflammation has been indicated as a key factor in neuronal impairment leading to the 

development of neurodegenerative disorders including Alzheimer’s, Parkinson’s and Huntington’s 

diseases 1,2 as well as of psychiatric diseases such as depressive disorders 3,4. 

As already reported by others, cyclosporine A (CSA) can reduce neuroinflammation 5 potentially 

preventing the related disorders. CSA is a lipophilic undecapeptide (logP = 2.92, 1202 kDa) 

characterized by immunosuppressive activity, and for this reason this natural compound is mainly 

indicated for treatment and/or prevention of organ rejection in transplants 6. In addition to this, 

considering its ability to inhibit cyclo-oxygenase-2 (COX-2) and the release of interleukin-1 (IL-1), 

interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNF-α) in neural cells 7,8, CSA has been 

suggested to provide neuroprotective action in neurodegenerative diseases 9. However, to 

effectively target the brain and actively inhibit neuroinflammation, a drug must be able to cross the 

Blood-Brain-Barrier (BBB) which is a physical and metabolic barrier consisting of cells, capillaries, 

pericytes, astrocytes and neurons that prevent the access to the brain to the large majority of 

xenobiotics 10. It is known that peptides, such as CSA, have a very low ability to cross the BBB 

particularly owing to the expression of efflux transporters such as P-glycoprotein (P-gp) 11. P-gp 

mediates the active efflux of CSA, as already demonstrated in in vivo studies 11, thus preventing the 

drug access into the target site. In addition to this, the molecular weight of the peptide is 

approximately 2-3 times higher than the size threshold that allows a molecule to cross the BBB as 

such 12. These findings highlight that new strategies are needed to avoid the BBB for the 

administration of therapeutic peptides such as CSA 13. Several strategies have already been tested 

to reach this objective, including the direct administration of therapeutic agents into the damaged 

region of the brain via Extracellular Space (ECS) using a catheter, or the intraventricular 

administration using a reservoir implanted into one of the ventricles, and the intrathecal delivery 

exploiting external pumps 10. However, these approaches are very invasive and risky since require 

surgery, and present a number of side effects and potential clinical complications; moreover, they 

bring pain to the patient 10. 

Over the last decades, the intranasal (IN) route of administration has gained value as a potential 

noninvasive strategy to directly deliver drugs into the brain 14,15 through the olfactory region of the 

nasal mucosa, which represents the unique natural and direct connection between the environment 

and the brain 16. More precisely, after being intranasally administered, the drug can be internalized 

into the neurons and transported along axons to the olfactory bulb; transported through 

paracellular pathway exploiting the spaces between cells or across the channels next to the nerves; 

transported through transcellular pathway across the basal epithelial cells 17–21. 
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However, concerning peptides such as CSA, it is necessary to guarantee their stabilization, enhance 

their residence time on nasal mucosa and improve the penetration across the mucosal tissue 22. 

Nano-sized drug delivery systems, including micelles, nanoparticles and liposomes, can be exploited 

as vehicles to reach these objectives and effectively promote nose-to-brain direct delivery through a 

noninvasive route 10. Our group has previously developed and characterized α-tocopheryl 

polyethylene glycol 1000 succinate (TPGS) micelles loaded with CSA for the local nasal treatment of 

viral infections 23 but in this research, we aimed at deliver the peptide into the brain through nasal 

instillation. These drug delivery systems were characterized by a particle size of around 15 nm with 

more than 90% drug encapsulation efficiency and their ability to penetrate across the nasal mucosa 

has already been confirmed in vitro and ex vivo 23 (shown in Supplementary Material). Moreover, 

in recent years TPGS has been recognized by Food and Drug Administration (FDA) as 

pharmaceutically safe adjuvant 24, making the micellar formulation highly biocompatible. 

Thus, the present study was carried out to investigate whether CSA, formulated as intranasally 

administered TPGS micelles, prevents depressive-like behavior and cognitive impairment as well as 

to assess the advantages that the IN treatment can bring in terms of safety compared to the classic 

oral route. 

For this purpose, CSA loading TPGS micelles were administered to CD-1 male mice previously 

injected with lipopolysaccharide (LPS) O55:B5 produced by Escherichia coli. This is a well-known 

animal model of neuroinflammation 3,4 associated to cognitive impairment 25,26 as well as behavioral 

alterations such as anxiety, depression and decreased locomotion 3,4. Indeed, LPS is a cell-wall 

compound produced by gram-negative bacteria and it actively stimulates the immune system 

leading to the activation of inflammatory processes 27. In this work, the potential neuroprotective 

effects of CSA loading TPGS micelles were evaluated for the first time in vivo in a mouse model of 

neuroinflammation exploiting several behavioral tests to investigate cognitive and motor skills. In 

addition, the distribution profile of CSA was evaluated in plasma and olfactory bulb, employing a 

new validated bioassay for CSA using High Performance Liquid Chromatography (HPLC) with diode 

array detection (DAD). 
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2. MATERIALS AND METHODS 

2.1 Chemicals and Reagents 

Cyclosporine A (CSA, MW 1202.61 g/mol) was obtained from Metapharmaceutical (Barcelona, 

Spain); celecoxib (CXB, MW 381.37 g/mol), used as internal standard (IS), was obtained from 

Shandong Zhishang Chem Co., Ltd. (Zhangqiu, China); α-tocopheryl polyethylene glycole 1000 

succinate (TPGS, MW 1513 g/mol) was from PMC ISOCHEM (Gennevilliers, France). LPS, E.coli 

O55:B5 was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Isoflurane was from 

HiFarmaX (Lisbon, Portugal). Diethyl ether was from Honeywell (Muskegon, MI, USA); n-hexane was 

from Fisher Chemical (Loughborough, UK) while trifluoroacetic acid (TFA) was from Merck Life 

Science (Algés, Portugal). Gradient grade acetonitrile was acquired from Thermo Fisher Scientific 

(Loughborough, UK), and ultrapure water (HPLC grade; 18.2 MΩ·cm) was obtained using a Milli-Q 

water purification apparatus, Sartoriusarium® pro from Sartorius (Goettingen, Germany). 

 

2.2 Quantification of cyclosporine A in plasma and olfactory bulb 

2.2.1 Stock solutions and standard preparation 

The stock solutions of CSA and CXB were prepared both at a concentration of 1 mg/mL by dissolving 

the powder in acetonitrile. Each stock solution was vortexed until the complete dissolution of the 

compound and stored at 4°C in an amber glass flask with screw cap until used. The CSA stock 

solution was further diluted in acetonitrile to obtain a 200 µg/mL work solution, used to prepare six 

calibration standards. The calibration standards were prepared in acetonitrile at the following drug 

concentrations: 5, 10, 16, 20, 30 and 50 µg/mL. Four quality control (QC) samples were then 

prepared by diluting the CSA work solution in acetonitrile, following the international guidelines 28– 

30. Specifically, the QC sample at the lower limit of quantification (QCLLOQ) had the same CSA 

concentration of the lowest calibration standard; the QC sample at low concentration (QC1) was 

prepared at the concentration of 14 µg/mL, which is less than three times the concentration of 

LLOQ; the QC sample at medium concentration (QC2 ) was prepared at the concentration of 25 

µg/mL, which is within the 30-50% of the range of the calibration curve; the QC sample at high 

concentrations (QC3) had the concentration of 40 µg/mL, which is higher than 75% of the upper 

limit of quantification. The work solution of CXB was prepared in acetonitrile at a concentration of 

50 µg/mL by diluting the stock solution. 

 
2.2.2 HPLC apparatus 

The quantitative analysis of CSA was performed exploiting a Shimadzu Prominence HPLC system 

(Shimadzu Corporation, Kyoto, Japan), consisting of a solvent delivery unit LC-20A, a DGU-20A5 
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degasser system, a SIL-20AHT autosampler, a CTO-10ASVP column oven, an SPD-M20A diode-array 

detection (DAD) and an RF-20AXS fluorescence detector. The data were acquired and elaborated 

using LCsolution software (Shimadzu Corporation, Kyoto, Japan). The stationary phase consisted in 

a Phoroshell 120 EC-C18 column (2.7 µm particle size, 4.6 × 150 mm) purchased from Agilent (Santa 

Clara, CA, USA). The column was equipped with an EC-C18 guard column (2.7 µm particle size, 4.6 

× 5 mm) from Agilent, Santa Clara, United States. 

The optimized conditions for the detection of CSA and the IS consisted in the use of a mixture of 

acetonitrile with 0.1% trifluoroacetic acid (TFA) (mobile phase A) and ultrapure water with 0.1% TFA 

(mobile phase B) exploiting a gradient elution as described in Table 1. The oven temperature was 

kept at 60°C, the total flow rate was 1.2 mL/min and the run time was 18 minutes. The injection 

volume was 25 µL for the analysis of plasma samples, while 40 µL for the analysis of olfactory bulb 

samples. The selected wavelengths for the detection of the compounds were 222 nm and 250 nm 

for CSA and CXB, respectively. 

 

Table 1 – High-performance liquid chromatography gradient program 

 
Time (min) Mobile phase A : Mobile phase B 

0 60 : 40 

3.5 60 : 40 

7 95 : 5 

12 80 : 20 

14 60 : 40 

18 60 : 40 

 
 
 

2.2.3 Plasma and olfactory bulb sample preparation 

Blood samples were collected into heparin-lithium tubes (Aquisel, Barcelona, Spain) and 

centrifugated at 1,250 × g for 10 minutes at 4°C. Plasma was finally collected and frozen at -20°C 

until being used. Immediately before starting the analysis, the samples were thawed at room 

temperature. 

The olfactory bulb was isolated from the whole brain and placed into a plastic Eppendorf; then, 

according to the protocol published by Serralheiro et al. 31, the tissue was homogenized with 500 µL 

of saline regardless of the weight of the tissue, using a high-shear mixing Ultra-Turrax (Ystral GmbH, 

Dottingen, Germany) at 24,000 rpm for 2 minutes. Then, the homogenate was centrifugated at 

4,100 x g for 15 minutes at 4°C using an Eppendorf Centrifuge model 5430 R (Eppendorf AG, 

Hamburg, Germany). The supernatant was collected and frozen at -20°C until being used. 

To prepare the calibration curve, 100 µL of mice plasma or olfactory bulb homogenates were spiked 
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with 10 µL of each CSA spiking solution and 10 µL of the IS spiking solution (50 µg/mL) in ice. Diethyl 

Ether (1.5 mL) was added, and the mixture was vortexed for 5 minutes; the samples were left to 

stand for 1 minute at room temperature and then centrifugated at 12,045 g for 5 minutes at room 

temperature using a MiniSpin centrifuge (Eppendorf AG, Hamburg, Germany). The supernatant was 

quantitatively transferred to a glass tube and evaporated to dryness under a gentle stream of 

nitrogen at 60°C using a Stuart Sample Concentrator SBH130D/3. The dried residue was 

reconstituted with 100 µL of a mixture composed of 65% acetonitrile with 0.1% TFA and 35% Milli- 

Q water with 0.1% TFA. The solution was vortexed for 1 minute, transferred to a plastic Eppendorf 

and washed trice using n-Hexane. Each washing was performed with 400 µL of n-Hexane, then 

vortexing for 2 minutes the sample and centrifugating it at 12,045 g for 2 minutes at room 

temperature using a MiniSpin centrifuge. The amount of n-Hexane used to wash the sample was 

removed with a micropipette 32 and the washed phase was collected with a micropipette and 

injected into the HPLC. 

 

2.2.4 Method validation 

The validation of the method was realized by exploiting five independent calibration curves 

prepared in CD-1 mice plasma and three independent calibration curves prepared in olfactory bulb. 

Each calibration curve was set in a CSA concentration range between the LLOQ and the highest 

calibration standard (i.e., 0.5 – 5 µg/mL). 

To check the linearity, the ratio between the peak area of CSA and IS was plotted versus the 

concentration and the correlation coefficient was calculated; several weighting factors (1/x2, 1/y2, 

1/x, 1/y, 1/√x, 1/√y) were considered in order to identify the one allowing to obtain the lowest 

percentage of relative error (RE%) 33, and 1/x2 was selected as the most suitable and applied during 

all the validation process. 

Accuracy and precision were evaluated both within and between days (intra-day and inter-day, 

respectively), by preparing and analyzing five (for plasma samples) or three (for olfactory bulb 

samples) times both the LLOQ and all the QCs in the same day and over different days. 

Accuracy indicates the difference between the experimentally determined value and the nominal 

one and it is expressed as bias percentage (Bias %) as indicated in Equation 1 below. It was obtained 

by comparing the experimental values of QCLLOQ, QC1, QC2 and QC3 to their nominal concentration. 

According to the guidelines 29,30, the accuracy of the experimentally determined values of each QC 

should not exceed ± 15 % of the nominal value, while for the QCLLOQ the determined values should 

be within ± 20 % of the nominal value. 
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𝐵𝑖𝑎𝑠% = 
𝐶𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑− 𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 

𝑥 100 (1) 

 
 

Precision indicates how far the results differ from each other, and it is calculated as coefficient of 

variation (CV%) as indicated in Equation 2. It was calculated by analyzing the standard deviation and 

the average of the experimental values of QCLLOQ, QC1, QC2 and QC3. According to the guidelines 29,30, 

the precision of the experimentally determined values of each QC should not exceed ± 15 % of the 

nominal value, while for the QCLLOQ the values should be within ± 20 %. 

 

𝐶𝑉% = 
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  

𝑥 100 (2)
 

𝑀𝑒𝑎𝑛 

 
 

The recovery of the extraction method described above was calculated from the comparison 

between the results obtained by spiking the biological samples then subjecting them to the 

extraction method and the results obtained by analyzing the non-extracted analyte solutions at the 

same nominal concentrations (Equation 3). The relative recovery was calculated at the following 

concentrations: 1.4 µg/mL (QC1), 2.5 µg/mL (QC2) and 4 µg/mL (QC3). 

 
 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦% = 
𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑠𝑝𝑖𝑘𝑒𝑑 𝑏𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒  

𝑥 100 (3)
 

𝑛𝑜𝑛−𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

 
 

2.3 CSA-loading micellar formulation: adaptation and characterization 

Considering the low amount of CSA found in plasma and olfactory bulb during the preliminary 

studies performed in mice intranasally administered with a 5 mg/mL CSA-loading TPGS micellar 

formulation as well as the relatively high LLOQ of the HPLC analytical method, the micellar 

formulation needed to be adapted to allow the detection of the active compound in biological 

samples collected during the pharmacokinetic studies. For this reason, the amount of TPGS was 

increased ten times compared to the previously developed and optimized TPGS micellar 

formulation 23, to improve the solubility of the drug. In this condition, 30 mg/mL of CSA could be 

solubilized into the micellar mixture. 

The adapted CSA-loading TPGS micellar formulation (30 mg/mL) was prepared by dissolving TPGS 

in saline at a concentration of 30% (w/v). The mixture was stirred at room temperature and 

protected from light until the complete dissolution of TPGS. Then, CSA powder was weighed and 

directly added to the previously prepared blank micellar formulation, in order to reach a drug 

concentration of 30 mg/mL. The formulation was stirred initially at 700 rpm (Hot Plate stirrer 11- 
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300-49SHP, Hampton, New Hampshire, USA) to ensure that the entire amount of powder was 

incorporated into the liquid, then it was sonicated in ice for two minutes to allow the disintegration 

of the powder’s agglomerate and improve the interaction with the liquid leading to the dissolution 

of the drug. The formulation was then stirred overnight at room temperature at 300 rpm and finally 

centrifugated at 9,500 × g for 10 minutes at 20°C using an Eppendorf Centrifuge model 5430 R 

(Eppendorf AG, Hamburg, Germany). The supernatant was collected and stored at 4°C protected 

from light until further use. 

The characterization of the adapted drug-loading micelles was realized after equilibrating the 

formulation at room temperature until the gel was completely liquefied, since at 4°C it became solid 

due to the high amount of TPGS. The formulation was characterized for size, PDI, viscosity and drug 

encapsulation efficiency. 

 
2.3.1 Particle size, Polydispersity Index and surface Zeta potential 

Size and Polydispersity Index (PDI) were analyzed by Dynamic Light Scattering (DLS) exploiting a 

Malvern Zetasizer Nano ZS (range 0.3 nm - 10 µm, Malvern Instruments Ltd., Malvern, UK) using 1 

mL of the formulation without dilution into a disposable polystyrene cuvette. Measurements were 

performed at the temperature of 25°C and at a scattering angle of 173°. The refractive index and 

the viscosity of the dispersant were 1.33 and 0.8872 mPa·s, respectively. The refractive index of the 

material was set at the value of 1.00 while the absorption was 0.010. Analyses were repeated three 

times for each sample, with 15 sub-runs for measurement to increase data and correlation and 

reported as cumulative unimodal/multimodal fitting (sample dependent) and Z-average mean 

particle size. 

 

2.3.2 Viscosity 

The dynamic viscosity of the 30 mg/mL CSA-loading micellar formulation was measured by a 

Discovery HR20 Rheometer (Waters TA instruments, New Castle, USA) and data were analyzed using 

TRIOSTM software version 5.7.0.56. All the measurements were done at 25°C without diluting the 

sample, which was analyzed using a stainless-steel Peltier parallel plate geometry (diameter 40 mm, 

1 mm gap). The duration of the measurements was 60 seconds, and the shear rate was 1.67 1/s. 

The analysis was done in triplicate. 

 

2.3.3 Drug Loading Encapsulation Efficiency (EE%) 

The drug loading encapsulation efficiency (EE%) was determined by HPLC. For this purpose, a CSA 

calibration curve was built in the concentration range of 100-500 µg/mL by diluting the stock 
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solution (1 mg/mL) in acetonitrile. The analytical method condition as well as the instrumentation 

used were the same as described in Section 2.2.2, with the only difference represented by the 

injection volume, that in this case was 10 µL. 

 
2.4 In vivo studies in CD-1 mice 

2.4.1 Animals and Ethics 

CD-1 male mice weighing approximately 30-35 g were purchased from Charles River Laboratories 

(France), and maintained in a 12 h light/dark cycle, at 20 ± 2 °C and a relative humidity of 55 ± 5%, 

with ad libitum access to a standard diet (4RF21, Mucedola, Italy) and tap water. All the procedures 

carried out on the animals and their care were done following the international regulations of the 

European Directive (2010) regarding the protection of laboratory animals used for scientific 

purposes (2010/63/EU) (European Parliament, Council of the European Union, 2010) and the 

Portuguese law on animal welfare (Decreto-Lei 113/2013). 

 

2.4.2 In vivo intranasal repeated dose efficacy study on LPS-induced neuroinflammation 

mouse model 

To investigate if multiple IN dosing of CSA micelles could have any preventive effect against cognitive 

function and depressive-like behavior while maintaining the safety profile of oral formulations, CD- 

1 male mice were divided into four groups (n=10): the control group that did not receive LPS or CSA, 

and three other groups that were injected with LPS. These 3 groups varied according to their 

treatment: one was intranasally administered with the blank 30%-TPGS micellar formulation (IN- 

bnkmic), another group received CSA-loading 30%-TPGS micellar formulation by IN route (30 mg/mL, 

IN-CSAmic), while the third group was administered orally with a 15 mg/mL CSA suspension prepared 

in saline (O-CSAsusp). The dose of CSA administered was the same (40 mg/kg). The administration 

was done every 12 hours (at 8 a.m and at 8 p.m) for three consecutive days. Mice intranasally 

administered received 25 µL of micellar formulation per nostril. The IN administration was 

performed exploiting the Fine Mist Sprayer (Aptar, IL, USA), that was carefully filled with the 

formulation to avoid bubbles, then the dead volume was eliminated according to the indications 

provided by the supplier. The device was weighed before and after each administration to confirm 

the accurate delivered volume. Animals treated with O-CSAsusp received 100 µL of treatment by oral 

gavage. LPS was used to induce depressive-like behavior and compromise memory function as 

described in 4. It was intraperitoneally administered at the dose of 1 mg/kg 34,35, 30 minutes after 

the last administration of the treatment. The LPS solution was previously prepared by dissolving the 

weighted powder in saline to have a stock solution at a concentration of 1 mg/mL, that was further 
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diluted to obtain a work solution having a concentration of 0.1 mg/mL. On the day after LPS 

injection, the animals were subjected to the behavioral tests reported in Section 2.4.4. A timeline 

showing the management of both the therapy and LPS administration is reported in Supplementary 

Material. 

 
2.4.3 CSA concentrations in plasma and olfactory bulb after single intranasal and oral 

administration 

The in vivo administration of the CSA formulated as IN micelles or oral suspension was performed 

with the aim of comparing the different distribution profiles of CSA in plasma and olfactory bulb. 

The animals were divided in two groups: the first group was intranasally administered with the 30 

mg/mL CSA-loading 30%-TPGS micellar formulation (IN-CSAmic), while the second group was orally 

administered with the 15 mg/mL CSA suspension in saline (O-CSAsusp). Both groups received the 

dose of 40 mg/kg. The IN group received 25 µL of formulation in each nostril while the oral group 

received 100 µL of formulation. Each group, composed of twelve animals, was randomly divided 

into three subgroups (n=4) that were sacrificed at 15 minutes, 30 minutes and 1 hour post 

administration. Blood and olfactory bulb were immediately collected and processed as described in 

Section 2.2.3. 

 

2.4.4 Behavioral tests 

To assess the neuroprotective properties of multiple IN doses of the CSA micellar formulation and 

investigate whether the side effects exploiting the IN route of administration could be decreased 

comparatively to the classic oral route, the animals were subjected to Novel Object Recognition Test 

(NORT) and Tail Suspension Test (TST). These behavioral tests allow to assess the cognitive function 

and the depressive-like behavior of the animals, respectively. Coordination was assessed by Wire 

Hanging Test (WHT) as well as locomotor activity was evaluated by Open Field Test (OFT). Moreover, 

olfactive function was determined by Buried Food Test (BFT) to foresee eventual side effects. All 

these tests were performed the day after the intraperitoneal administration of LPS at a dose of 1 

mg/kg 34,35. The behavior of mice during OFT and NORT was analyzed using SMART video system 

(version 3.0; Panlab S.L., Spain) software. 

 

NOVEL OBJECT RECOGNITION TEST (NORT) 

NORT was performed to investigate the effect that the CSA IN micelles have on the cognitive 

function, particularly on the memory processes 36. NORT was divided into four sessions, each one 

made on a different day. In the first two days animals were subjected to habituation, consisting in 

the 5 minutes-lasting free exploration of the empty open-field box described below in section 



89  

“Open Field Test (OFT)”. On the third day, the animals were subjected to training, consisting in a 10 

minutes-lasting exploration of the open field box in which two new and identical objects have been 

placed in the center area. Mice that did not explore the object for at least 8 seconds were excluded 

from the test. On the last day of the test, mice were put again in the open field box with two objects, 

of which one was identical to the ones used for training (familiar object), while the other was 

different (new object). Before testing each animal, the cage and the objects were cleaned with 70% 

ethanol to remove any odor belonging to the previously tested animal. Just the situations in which 

mice directly touched the object with their nose or when they faced with the object at a distance 

not higher than 2 cm were considered as exploration-like behaviors 4. The Preference Index (PI) was 

calculated to express the tendency of the animal to explore more the new object than the familiar 

one and it was calculated according to the Equation 4, where Tnew is the time spent in the exploration 

of the new object and Ttot is the sum of the time spent in the exploration of the new object and the 

familiar object. 

                                                                                      PI = 
𝑇𝑛𝑒𝑤

𝑇𝑡𝑜𝑡
                                                                              (4) 

In addition, the Discrimination Index (DI) was also calculated as in the following Equation 5, where 

Tfam is the time spent exploring the familiar object. 

 

                                                                    𝐷𝐼 = 
𝑇𝑛𝑒𝑤−𝑇𝑓𝑎𝑚                                                                                                             (5) 

                 𝑇𝑡𝑜𝑡                                                                                         

PI and DI were exploited as indicators of the tendency of the animals to explore more the novel 

object than the familiar one, assuming that mice with intact cognitive function spend longer time 

exploring the novel object 36. Recognition memory was evaluated considering the time spent by the 

animals in investigating the new object 36. 

 
TAIL SUSPENSION TEST (TST) 

TST is widely used to assess the depressive state of rodents; specifically, it has been used to 

demonstrate the depressive-like behavior effect induced by LPS 37. The test is based on the premise 

that when the mouse is subjected to the stress of being suspended from the tail without the 

possibility of escaping, it develops the tendency to assume an immobile posture. Thus, if a 

therapeutic treatment has any anti-depressive effect, the immobility is reversed and the treated 

animal develops an escape-oriented behavior 38. 

The test was done by suspending the animal from the tail using tape into a suspension box in a 

position that does not allow the mouse to escape, for example by holding the surface of the box 

used for the test. The duration of the test was 6 minutes, during which the behavior of the mice was 

recorded, and the time spent by the mice trying to escape was registered. Only the situation in 

which the animal vigorously moved its body trying to reach the walls or the bar from which it hanged 
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was considered as an escape-related behavior. On the other hand, when the movement of the body 

was confined to the front legs and the hind ones were not involved or when the animal just swung, 

it was not considered as an escape-oriented behavior. 

 

BURIED FOOD TEST (BFT) 

BFT was performed to study the impact that the IN administration of the drug-loading and blank 

micellar formulation could have on the olfactory function of mice. This test measures how quickly a 

mouse kept without food overnight is able to find a piece of palatable food consisting in this case in 

a cookie. During the three days before the test, the animals were weighed and the food was 

restricted to 90% of the body weight, and at the same time in each cage many pieces of cookie were 

put 39. The cage was refilled with cookies every time it was necessary. The day before the test, all 

the food was removed to induce starvation. At least 30 minutes before starting the test, the animals 

were subjected to habituation, consisting in staying in a clean cage filled with 3 cm of bedding 

without any food. The test was then performed after burying a piece of cookie under the 3cm- 

bedding, in a position that was not visible from the animal. The test lasted 5 minutes, but the timer 

was stopped if the animal could find and eat the cookie within 5 minutes.

 

OPEN FIELD TEST (OFT) 

The animals were singularly placed in the central area of an open field box, characterized by the 

following dimensions: 40 cm length × 40 cm width × 30 cm height. The floor of the box was divided 

into 16 equal squares, of which 4 constitute the central area (20 × 20 cm) while the other 12 

constitute the peripheral region. The behavior of the mice and their movements were recorded for 

5 minutes at standard room-lighting conditions, and before testing each animal the cage was 

cleaned with 70% ethanol to remove any odor belonging to the previously tested animal. To 

evaluate anxiety-related behavior and locomotor activity, for each group of animals, the following 

parameters were registered and compared: the time spent in the center squares; the number of 

entries in the central squares; the overall velocity, calculated as the ratio between the total squared 

crossed and the time spent in both the peripheral and the central region 40,41. 

 
WIRE HANGING TEST (WHT) 

WHT was exploited to analyze the effect that the chronic treatment with CSA could have on the 

coordination and muscle condition. It is based on the fact that healthy mice are able to stay hanging 

on a wire until they are exhausted 42. The test was performed by handling the animal from the tail 

and bringing it near the metallic wire positioned at around 40 cm from the floor on which soft cloths 

had been placed to cushion any falls. Then, the mouse was let grasp the wire just with the front legs 
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43. The test lasted 1 minute, during which the time between the beginning of the experiment and 

the first fall was registered as well as the number of falls. Every time that the animal fell, it was 

manually brought back to the wire. If the mouse, instead of falling due to lack of grip on the wire, 

just slipped on the vertical supports lateral to the wire itself, this condition was not considered as a 

fall and the animal was simply repositioned on the wire. 

 
2.5 Statistical Analysis 

All the data obtained by the in vivo test were processed using GraphPad Prism® 8.3.0.53 (San Diego, 

CA, USA). One-way analysis of variance (ANOVA) associated with Multiple Comparison Test were 

exploited to determine if the differences between experimental data were significant. Differences 

were considered statistically different when p < 0.05 (*). 
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3. RESULTS 

3.1 HPLC method validation for the quantification of CSA in biological samples 

3.1.1 Accuracy, Precision and Recovery in olfactory bulb and plasma 

Table 2 summarizes the inter- and intra-day accuracy and precision of the HPLC method used to 

quantify CSA in mice plasma and olfactory bulb homogenate. 

In mice plasma, the inter-day accuracy varied from -2.02 % to 3.92 % considering all the quality 

control levels, while the overall intra-day accuracy in plasma was between -11.79 % and -3.69 %. 

Regarding the precision, in plasma samples this parameter turned out to be between 8.55 % and 

19.42 % considering the inter-day data, while it was between 2.24 % and 11.23 % considering the 

intra-day ones. Finally, the HPLC technique revealed linearity over a defined concentration range 

(0.5 – 5 µg/mL) attested by a determination coefficient (r2) of 0.9935. 

On the other hand, in olfactory bulb samples, the inter-day accuracy was between -1.99 % and 6.90 

% while the intra-day accuracy was between -12.84 % and 5.63 % considering all the quality control 

levels. The inter-day precision turned out to be in the range of 1.41 % and 12.06 %, while the same 

parameter calculated intra-day was between 5.61 % and 9.45 %. In this case linearity was confirmed 

as well in the concentration range 0.5 – 5 µg/mL, and the r2 turned out to be 0.9922. 

 
Table 2 - Inter- and Intra- day accuracy and precision data of cyclosporine A (CSA) obtained by applying the optimized HPLC 

technique to analyze plasma and olfactory bulb samples. 

  QCLLOQ QC1 QC2 QC3 

Cnom (µg/mL)  0.5 1.4 2.5 4 

Cexp (µg/mL) Plasma (n=5) 0.515 ± 0.185 1.372 ± 0.230 2.598 ± 0.333 3.964 ± 0.377 
(Mean ± SD)  

     

 Olfactory bulb (n=3) 0.490 ± 0.062 1.497 ± 0.218 2.496 ± 0.039 3.956 ± 0.074 

Inter-day 
Accuracy (Bias %) 

Plasma (n=5) 2.99 -2.02 3.92 -0.90 

 Olfactory bulb -1.99 6.90 -0.15 -1.11 
 (n=3)     

Intra-day 
Accuracy (Bias %) 

Plasma (n=5) -11.79 -3.69 -4.66 -4.78 

 Olfactory bulb 
(n=3) 

-12.84 -1.71 -6.31 5.63 

Inter-day Plasma (n=5) 19.42 12.71 10.96 8.55 
Precision (CV%)      

 Olfactory bulb 
(n=3) 

7.72 12.06 1.41 1.74 

Intra-day 
Precision (CV%) 

Plasma (n=5) 6.20 8.46 11.23 2.24 

 Olfactory bulb 5.61 9.45 8.52 8.47 
 (n=3)     

Cnom, nominal concentration; Cexp, experimental concentration estimated employing the correspondent mean calibration equation; 

CV, coefficient of variation; QC, quality control; SD, Standard Deviation 
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The average recovery of CSA obtained by applying the extraction procedure described in Section 

2.2.3 and analyzing the samples by HPLC was 87.8 % ± 9.38 in plasma, with a CV% of 10.69 %. In 

olfactory bulb samples, the average recovery was 92.5 % ± 8.68, with a CV% of 9.38 %. 

 
3.2 Characterization of the CSA-loading micellar formulation 

The adapted micellar formulation was characterized for particle size, PDI and surface potential by 

Dynamic Light Scattering, while viscosity was determined by rheometer measurements. The drug 

entrapment into the micellar structure was calculated by liquid chromatography. 

The average particle size calculated for the CSA-loading micellar formulation was 82.26 ± 2.23 nm, 

while the PDI was 0.362. Micelles showed an overall neutral surface, attested by the Zeta-potential 

value that was -0.552 ± 0.001 mV. 

The dynamic viscosity of the micelles at room temperature turned out to be 0.06 ± 0.01 Pa·s. The 

CSA loading encapsulation efficiency (EE%) calculated by HPLC was 81.97 ± 12.57 %. 

 
3.3 Behavioral tests 

NOVEL OBJECT RECOGNITION TEST 

No differences were observed between the control and IN-bnkmic groups regarding the number of 

time that the animals explored the new object (Figure 1A). However, the tendency to explore more 

the new object than the familiar one (expressed by both PI and DI parameters) was higher in IN- 

bnkmic group, with statistically significant differences relatively to the control group (p<0.05) (Figure 

1B and 1C). When previously administered with IN CSA micelles, the animals exhibited similar values 

to those observed in the IN-bnkmic group (p>0.05, Figure 1), suggesting that the treatment did not 

ameliorate or compromise mouse memory. Importantly, the number of times that the animals 

explored the new object, the PI and the DI were statistically higher after IN-CSAmic treatment than 

O-CSAsusp treatment (p<0.05, Figure 1). Moreover, the O-CSAsusp presented a lower number of 

explorations than the control group and IN-bnkmic (p<0.05, Figure 1A), indicating that the oral 

treatment is not able to preserve the cognitive function of the animals. 
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A B C 

   

Figure 1 - Number of times in which mice explored the novel object (A), Preference Index (B) and Discrimination Index (C), 

during the Novel Object Recognition Test. The graphs show the comparison between the control group (blue), the groups 

treated intranasally with blank micellar formulation (IN-bnkmic, n=10) or the cyclosporine A (CSA) micellar formulation (IN- 

CSAmic, n=10) and the group treated orally with the CSA suspension (O-CSAsusp, n=5). * p < 0.05 

 
 

TAIL SUSPENSION TEST 

The depressive-like behavior caused by the LPS-induced neuroinflammation was assessed resorting 

to the TST. The control group spent most of the time (209.20 ± 52.97 seconds) in escape-oriented 

behavior, while IN-bnkmic and O-CSAsusp showed significantly lower time values than the control and 

IN-CSAmic groups (p<0.05, Figure 2). More precisely, O-CSAsusp just showed escape-oriented behavior 

for 111.89 ± 22.47 seconds, while IN-bnkmic showed it for 129.30 ± 25.43 seconds and IN-CSAmic mice 

group for 181.30 ± 49.04 seconds. Moreover, no statistical differences were found between the IN- 

CSAmic and control groups (Figure 2). 

 
 

 
Figure 2 - Time spent by the mice in escape-oriented behavior during the Tail Suspension Test. The graph shows the 

comparison between the control group (blue), the groups treated intranasally with blank micellar formulation (IN-bnkmic, 

n=10) or the cyclosporine A (CSA) micellar formulation (IN-CSAmic, n=10) and the group treated orally with the CSA 

suspension (O-CSAsusp, n=9). * p < 0.05 
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BURIED FOOD TEST 

The BFT pointed out that LPS reduced the odors’ perception of the animals. Specifically, while 70% 

of the control animals found and ate the cookie within 5 minutes, only 20% of the IN-bnkmic mice 

could find and eat the cookie. However, the treatment with CSA, regardless the route of 

administration, did not revert this effect as none of the IN-CSAmic or the O-CSAsusp animals could find 

and eat the cookie. 

 

OPEN FIELD TEST 

The time spent by the mice in the center squares of the Open Field arena is shown in Figure 3. 

Accordingly, it is noteworthy that the animals injected with LPS and that did not receive CSA (IN- 

bnkmic group) exhibited a shorter time in the center squares comparatively to the control group that 

did not receive LPS (p<0.05). These findings suggest the anxiogenic effect of acute LPS 

administration. Additionally, IN treatment with CSA did not reveal statistically significant differences 

with IN-bnkmic group, indicating no anxiolytic effect at the dose of 40 mg/kg. However, the same 

dose administered by oral gavage revealed that the animals spent the shortest time in the center 

squares (6 s versus 24 s and 23 s obtained with IN-CSAmic group and IN-bnkmic group, respectively), 

with statistically significant differences in relation to the other three animal groups (p<0.05, Figure 

3A). These results suggest that oral CSA treatment increases the anxiety-like behavior of the 

animals. 

 
 

A B 

  

Figure 3 - Time spent by mice in the center squares of the Open Field arena (A), number of entries in the center squares of 

the Open Field arena (B) and overall velocity calculated for mice in the Open Field arena(C). The graphs show the 

comparison between the control group (blue), the groups treated intranasally with blank micellar formulation (IN-bnkmic, 

n=10) or the cyclosporine A (CSA) micellar formulation (IN-CSAmic, n=10) and the group treated orally with the CSA 

suspension (O-CSAsusp, n=5). * p < 0.05 

C 
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The aforementioned results were corroborated with those observed by analyzing the number of 

entries in the center squares of the Open Field arena. As shown in Figure 3B, LPS injection reduces 

the number of entries in central squares, with the three groups presenting statistical differences 

comparatively to the control group not injected with LPS (p<0.05). No statistical differences were 

observed between IN-CSAmic and IN-bnkmic groups, suggesting that the IN CSA formulation does not 

compromise the anxiety-behavior of the animals. In opposition, the animals treated orally with the 

CSA suspension showed a dramatically lower (p<0.05) number of entries in the center squares 

compared to all the other groups, indicating that oral CSA may have more adverse effects and 

possibly even aggravate the anxiogenic state of the animals. 

The overall velocity of the animals during the test is summarized in Figure 3C and it gives 

information regarding the locomotor activity of each animal group. Accordingly, LPS reduced the 

locomotor velocity comparatively to control group (p<0.05). The group treated with IN CSA micelles 

did not show statistical differences comparatively to the IN-bnkmic group while oral CSA treatment 

decreased the locomotor velocity of the animals, highlighting the significant differences between 

O-CSAsusp and the other three groups. 

 

WIRE HANGING TEST 

To investigate if repeated treatments with CSA could impair strength and coordination, mice were 

subjected to the WHT. The total number of falls within one minute and the latency time to the first 

fall are represented in Figure 4. Accordingly, the number of falls of the animals treated intranasally 

with micelles (drug loaded and blank) was comparable to the one of the controls. Moreover, the 

latency time to the first fall was significantly lower in IN-bnkmic, and O-CSAsusp groups compared to 

the control, suggesting that oral CSA treatment did not improve the strength and coordination of 

the animals. In opposition, no differences were observed between the latency times of IN-CSAmic and 

the control, suggesting IN CSA treatment can reverse the impact of LPS in animal strength and 

coordination. 
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Figure 4 - Number of times in which the mice fell (left) and the latency to the first fall (right) during the Wire Hanging Test. 

The graphs show the comparison between the control group (blue), the groups treated intranasally with blank 

micellar formulation (IN-bnkmic, n=10) or the cyclosporine A (CSA) micellar formulation (IN-CSAmic, n=10) and the group 

treated orally with the CSA suspension (O-CSAsusp, n=9). * p < 0.05 

 
 

3.4 CSA concentrations in plasma and olfactory bulb after single intranasal and oral 

administration 

At the end of the behavioral tests, mice were administered with CSA by IN instillation or oral gavage 

and sacrificed at 15, 30 and 60 minutes to determine the concentration of CSA in plasma and 

olfactory bulb by HPLC-DAD. The plasma concentrations versus time profiles are represented in 

Figure 5. Accordingly, no statistical differences were found between IN and oral formulations at 15 

minutes and 30 minutes post-administration. However, 1h post-administration, plasma 

concentrations were significantly lower after the IN administration. 

In olfactory bulb, CSA was not detected, or, as happened in several samples but only after nasal 

administration, it was detected but was below the LLOQ of the analytical technique. 
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Figure 5 - Concentration-time profile of cyclosporine A (CSA) in mice plasma after a single dose (40 mg/kg) of CSA- loading 

micelles administered intranasally (IN-CSAmic, n=4 per time point) or CSA suspension administered orally (O- CSAsusp, n=4 

per time point). * p<0.05 

 
 
 

4. DISCUSSION 

To understand if the IN administration of CSA micelles formulation can prevent cognitive impairment 

and depressive-like behaviors, a suitable animal model of neuroinflammation consisting of LPS- 

injected CD-1 mouse was exploited. The findings corroborate previous studies 4,44 showing that LPS 

induces depression 45–47, anxiety-related behavior 48 and motor impairment 49,50. 

Indeed, the LPS-injected mice that did not receive CSA showed dramatically longer periods of 

immobility during the TST compared to the controls, suggesting a depressive-like behavior induced 

by LPS. Interestingly, the IN administration of CSA reversed this effect, since the IN-CSAmic group 

exhibited an escape-related behavior comparable to the one of the controls (Figure 2). The 

antidepressive effect of CSA has already been shown in literature 51, but herein we demonstrated 

that it strongly depends on both the drug formulation and the route of administration, since the 

antidepressive effect was not observed for the CSA suspension administrated by oral gavage. 

Surprisingly, LPS injection did not decrease the PI and DI as it has been reported in literature to 

other mice strains 52, probably owing to the fact that CD-1 mice have been rarely exploited as LPS- 

induced neuroinflammation model 45. Nevertheless, the PI and DI values observed here are within 

those reported by other research groups 4. It is important to note that the values of PI and DI 

observed for the IN-CSAmic were not different from those reported for IN-bnkmic, suggesting that the 

IN treatment does not compromise the cognitive function of the LPS mice. In opposition, oral 

administration of CSA significantly reduced PI and DI in relation to the other animals, indicating that 

oral administration is not able to preserve animal memory. 
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Moreover, the results from the Buried Food Test pointed out that LPS can negatively affect odor 

perception. Although the IN, as well as the oral treatment with CSA, were not able to revert this 

effect, the animals receiving the treatment intranasally showed a more proactive behavior during 

the test compared to the oral group. 

This observation agrees with the findings obtained in the OFT. Indeed, the anxiogenic effect of LPS 

was highlighted by the fact that LPS-injected mice that did not receive CSA spent significatively less 

time in the central zone of the Open Field arena (Figure 3A), showing an overall lower velocity than 

the controls. However, the animals receiving the CSA treatment by IN administration (IN-CSAmic) 

showed a tendency to explore the central area of the Open Field arena that was lower compared to 

the controls and similar compared to IN-bnkmic. Anyway, both the velocity and the time spent in the 

center area were extremely higher for all the IN groups than for the oral one, demonstrating that 

the oral suspension cannot be exploited as a treatment to prevent anxiety. 

Complementarily, the negative effect of LPS on motor coordination and muscle strength was 

demonstrated in the WHT. CSA micelles intranasally administered prevented this condition, since 

the latency to the first fall and the number of falls observed for IN-CSAmic group were comparable 

to the ones of the controls (Figure 4). This probably means that the IN therapy with CSA micelles 

could prevent the alteration in strength and coordination induced by LPS, allowing to the LPS- 

injected animals to maintain the same muscle strength and coordination characterizing the control 

animals. Once again, the oral drug suspension was unable to act as the IN CSA micellar formulation, 

since the latency time to the first fall was significantly shortened comparatively to the controls. 

All together, these observations highlight that CSA oral gavage is accompanied by adverse effects 

(anxiogenic effects and locomotor, strength and coordination impairment) that were not reported 

when the treatment was intranasally administered, highlighting that the IN administration of CSA 

micelles formulations is associated to a better safety profile than the oral one. 

The confirmation of this aspect was given by the analysis of blood samples collected at 

predetermined timepoints, that highlighted a clear higher systemic exposure when CSA was orally 

administered in comparison with the IN administration. In addition to this, CSA was detected in a 

few cases in olfactory bulb samples collected from the IN-CSAmic group even if the concentration 

was not quantifiable, being lower than the LLOQ (data not shown). Probably, the low concentration 

of drug found in the olfactory bulb could be explained by an insufficient protective action of the 

TPGS micellar structure against drug’s enzymatic degradation into the nasal cavity. It is reported 

indeed, that TPGS is characterized by a melting point temperature of ~ 37–41 °C 53 that is the same 

characterizing the nostril environment. Therefore, once in contact with the nasal mucosa, the 

micellar structure may become less rigid, thus exposing the drug to degradation by enzymes such 

as esterases, transferases and Cytochrome P-450 18,54–57. 
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On the other hand, CSA could not be detected at the olfactory bulb level when CSA was 

administered orally, formulated as a suspension. In this case, the drug was just found in blood 

compartments, probably as a consequence of the fact that TPGS can inhibit P-gp also at the 

intestinal level, enhancing the oral bioavailability of CSA as already seen in previous studies 58–61. 

Importantly, the overall results of the pharmacokinetic study contribute to demonstrating that CSA, 

formulated as a micellar formulation and intranasally administered, can be absorbed by the 

olfactory epithelium and delivered to the brain bypassing the BBB. This is possible since TPGS is a 

well-known absorption enhancer, owing to the fact that it is one of the most efficient specific 

inhibitors of P-gp expressed at the BBB level 62–64. 

TPGS micelles indeed, have already demonstrated a certain ability to interact with the nasal mucosa 

and penetrate across the mucus layer 23, allowing the absorption of CSA by the olfactory epithelium. 

Hence, once reached the central nervous system, the peptide drug can mediate a protective effect 

against neuroinflammation induced by LPS, while systemic exposure is reduced in comparison to 

oral administration, thus lowering the risk of side effects due to the interaction between the drug 

and unspecific targets. 

Finally, the results of the behavioral tests highlighted that, interestingly, the blank micelles as well 

exhibited a certain therapeutic effect, especially against memory impairment, anxiety and muscular 

weakness. 

This activity could be due to the antioxidant properties of the vitamin E-derivative TPGS, present at 

high concentration in the micellar formulation. The in vivo hydrolysis of this compound indeed, leads 

to the release of vitamin E 65, that can act as antioxidant 66,67 neutralizing the toxic effects of the 

reactive oxygen species (ROS) largely produced as a result of the neuroinflammation process 68, that 

is known to contribute to the progression of neurodegenerative diseases. 

 
 
 

5. CONCLUSIONS 

The 30% w/v TPGS micellar formulation encapsulating CSA at a concentration of 30 mg/mL 

administered to LPS-injected CD-1 mouse model of neuroinflammation showed relevant 

antidepressant properties and a better safety profile comparatively to the oral classic treatment. 

The therapeutic effects are strongly dependent on the route of administration and the 

pharmaceutical formulation of the drug. Indeed, the effects were just registered when the 

treatment was administered intranasally as a micellar formulation. Moreover, the safety profile of 

the IN CSA micelles was demonstrated to be better than that shown by the oral suspension. 
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SUPPLEMENTARY MATERIAL 

This Supplementary section provides additional information about the mucopenetration profile 

characterizing the CSA-loading TPGS micelles exploited in this work and tested in vivo to assess 

neuroprotection after being intranasally administered. However, before proceeding with the 

definitive in vivo study following an optimized protocol, previous studies have been done to 

optimize all the parameters. More precisely, optimal dose to be administered was defined in order 

to achieve penetration across the nasal mucosa, thus reaching the brain; accordingly, the 

concentration of CSA into the micellar formulation was then adjusted. Importantly, the drug dose 

and concentration were of paramount importance, since they would have affected the ability to 

detect the drug by HPLC into the samples withdrawn from the animal at the end of treatment. On 

the other hand, the dose would not have had an impact on the interaction with the nasal tissue. 

For this reason, the preliminary mucopenetration assessment was done exploiting the 5 mg/mL 

CSA-loading micellar formulation, considering that the mucoadhesive/mucopenetrating properties 

are not influenced by the cargo, that is encapsulated into the micelle, but depends only on the 

surface properties of the drug delivery system. 

 
 

1. METHODS 

1.1 Ex vivo evaluation of mucopenetration profile of CSA-loading TPGS micelles across 

rabbit’s olfactory nasal mucosa 

The permeation profile of CSA across the olfactory nasal mucosa was evaluated exploiting Franz- 

type vertical diffusion cells consisting in a 4.5 mL acceptor compartment and a diffusional area of 

60 mm2. 

The penetration of the drug across the tissue was assessed by comparing the micellar formulation 

encapsulating 5 mg/mL of CSA and a CSA water suspension having a concentration of 5 mg/mL. 

The olfactory region of the rabbit’s nasal mucosa was exploited for the experiment, and the 

underlying collagen septum was removed from the tissue 1. The ex vivo mucopenetration profile 

was evaluated following a protocol already described 2 and slightly modified. Indeed, the mucosal 

layer was put between the donor and the acceptor chamber of the vertical diffusion cell, and the 

acceptor was filled with the medium consisting of Simulated Nasal Electrolyte Solution (SNES) pH 

6.5 with 0.2% SDS. Then, 35 µL of either the CSA micellar formulation or the suspension were put 

in the donor compartment. 

Franz cells were kept at 37°C under stirring during the whole experiment. At predetermined 

timepoints (5, 15, 30, 60, 90, 120, 180, 240, 300 and 360 minutes) 500 µL of medium were 

withdrawn from the acceptor compartment and immediately replaced with fresh medium kept at 
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37°C using a water bath. The withdrawn sample was mixed with 200 µL of acetonitrile and then 

centrifugated at 9500 rpm at 25°C for 10 minutes using a NEYA-16R centrifuge (Remi elektrotechnik, 

Vasai, India). The supernatant was collected and analyzed by HPLC. 

At the end of the experiment, the olfactory mucosa was immersed in 1 mL of acetonitrile overnight 

and sonicated for 5 minutes in an ultrasound bath (USC 300-T, VWR International, Radnor, PA, USA). 

Then, the sample was kept under constant agitation at 300 rpm for 1 hour using an orbital shaker 

(Shuttler MTS 4, IKA Werke GmbH & Co. KG, Germany) and finally centrifugated at 9500 rpm at 25°C 

for 10 minutes; the supernatant was collected and analyzed by HPLC. 

To analyze the samples, two different calibration curves were exploited in the ranges of 0.15 – 10 

µg/mL and 1 – 50 µg/mL. 

 

1.2 Management of the administration of therapy and LPS in mice 

Table 1 below shows the timeline followed to manage the administration of the oral or intranasal 

therapies and LPS to induce neuroinflammation, as well as all the behavioral tests performed on 

mice. 

 Table 1 – Experimental procedures for chronic administration of CSA micellar formulation or suspension intranasally 

and/or orally. 

 Day 1 Day 2 Day 3 Day 4 

 Weigh mice   Buried Food Test 

8:00 a.m Administration (oral or IN) Administration (oral or IN) Administration (oral or IN) Hanging Wire Test 

 Open Field Open Field Novel Object Recognition training Novel Object Recognition Test 

 Food restriction Food restriction Food restriction Tail Suspension Test 

8:00 p.m Administration (oral or IN) Administration (oral or IN) Administration (oral or IN)  

   LPS i.p. administration Weigh mice and food 
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2. RESULTS 

2.1 Ex vivo evaluation of mucopenetration profile of CSA-loading TPGS micelles across 

rabbit’s olfactory nasal mucosa 

The ex vivo permeation profiles of CSA across the rabbit’s olfactory mucosa exploiting the micellar 

formulation or the water suspension are shown in Figure 1. As can be seen, the micellar formulation 

significantly improved the permeation of the drug across the tissue if compared to the drug water 

suspension. Indeed, when the micellar formulation was exploited as a vehicle for the drug, almost 

the entire amount of CSA put on the mucosa turned out to be able to penetrate across the tissue 

already after 15 minutes, then reaching a plateau. On the other hand, only 6% of the drug was able 

to penetrate the tissue in the first 15 minutes when the suspension was used, and the amount of 

drug penetrated across the tissue over 6 hours never exceeded 31%. The differences between the 

amount of drug permeated applying the micelles or the suspension on the olfactory mucosa turned 

out to be significant at all the timepoints, except for the first one (5 minutes). 

 

 
Figure 1 - Ex vivo Cyclosporine A permeation across rabbit’s olfactory mucosa up to 6 hours at 37°C using simulated 

nasal electrolyte solution (SNES) pH 6.5 with 0.2% Sodium Dodecyl Sulfate (SDS) as medium. Comparison between the 

permeation profile of the drug formulated as 5mg/mL CSA-loading TPGS micelles (black line) and the corresponding water 

suspension (dashed gray line). (n=4), *p<0.05 
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3. DISCUSSION 

The ex vivo permeation study performed exploiting the olfactory region of rabbit’s nasal mucosa 

pointed out that the drug was able to penetrate relatively quickly (about 15 minutes) across the 

nasal mucosa layer when the TPGS micellar formulation was used as vehicle. This was probably due 

to the already known ability of the PEG-ylated structure of TPGS to reduce the adhesion with the 

surface protein of the tissue 3–6, thus favoring the permeation across it. 

This result agrees with what was previously observed in the ex vivo mucoadhesion study performed 

by our group 7 in which the micellar formulation turned out to be significatively less mucoadhesive 

than the suspension used as reference. Thus, together the mucoadhesion and the mucopenetration 

experiments contribute to demonstrate that CSA formulated as TPGS micelles has a low tendency 

to be retained on the surface of the mucosa, but it rapidly crosses the surface reaching the depth 

of the tissue; on the other hand, the non-formulated drug exhibits considerable mucoadhesive 

properties that hinder the passage of the peptide across the olfactory epithelium. 

 
 
 

4. CONCLUSIONS 

TPGS micellar formulation represents an effective drug delivery system to enhance the intranasal 

absorption of CSA across the olfactory nasal mucosa, thus potentially improving Nose-to-Brain 

delivery. 

The mucopenetrating properties shown by micelles can be exploited to preserve the drug from the 

mucociliary clearance and any possible physical and chemical degradation to which it can be 

exposed on the epithelial surface. Indeed, already 15 minutes after the application, the drug is 

carried across the tissue and so removed from the surface, where both the mucociliary clearance 

and the enzymatic degradation take place. On the other hand, the non-formulated CSA didn’t show 

mucopenetrating properties; indeed, it turned out to be highly mucoadhesive and, as such, not able 

to penetrate across the tissue. 
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1. INTRODUCTION 

The nasal mucosa represents a suitable target for therapies intended to both act locally or 

systemically 1. The absorption of the drug can take place in different ways, depending on the 

deposition site into the nasal cavity. Indeed, the drug can be systemically absorbed exploiting the 

vessels mainly characterizing the respiratory region 2; alternatively, the drug can be absorbed at the 

brain level exploiting the nerves present in the olfactory region 3. A third option consists in the local 

action of the drug that in this case exhibits the therapeutic activity just on the surface of the nasal 

mucosa, while the absorption is, at least partially, avoided 2. 

The fate of an administered drug after the deposition into the nasal cavity strongly depends on the 

interaction between the therapeutic agent and the specific region of the nasal mucosa. Indeed, it is 

known that the nasal epithelium can be divided into two areas, namely the respiratory and the 

olfactory region, that differ from an anatomical as well as a physiological point of view 1. For 

instance, the respiratory epithelium is mainly involved in the mucociliary clearance process 4 owing 

to the wide expression of ciliated cells and mucus-secerning Goblet cells 5. For this reason, a drug 

delivered at this level with high probability will undergo an early removal by the mucociliary system 

without being completely absorbed. However, the use of a suitable drug delivery system 

characterized by specific physico-chemical features can prevent the retention of the drug on the 

mucus layer, thus favoring the penetration across it, leading to the direct contact between the drug 

and the epithelial absorption site 6. 

Another possible strategy to avoid mucociliary clearance may consist in the delivery of the drug 

precisely in the upper posterior part of the nasal epithelium, that is the olfactory region. In this 

region indeed, the cilia expressed on the surface of the cells are not motile and hence not involved 

in the mucociliary clearance activity 7. Moreover, the dendritic portion of the olfactory neurons can 

intake the drug promoting its absorption into the olfactory bulb, where the olfactory axons 

terminate 8. 

It is evident that the significant anatomical and functional differences between the respiratory and 

the olfactory region of the nasal mucosa can have a relevant impact on the fate of the administered 

therapies. For this reason, a thorough knowledge of the structure of the nasal mucosa is pivotal to 

understand the central role that both the features of the drug’s carrier and the use of suitable 

device allowing to reach specific deposition site may have on the therapy’s outcome. 
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Several studies 9–11 have already exploited imaging techniques to highlight the anatomical 

characteristics of the nasal mucosa. However, to the best of our knowledge, none of them exploited 

the two-photon microscope to study the tissue’s structures. The two-photon excitation is 

characterized by some well-known advantages compared to the single-photon excitation, including 

significantly less phototoxicity and photobleaching compared to the single-photon excitation 12. 

Moreover, at the longer infra-red wavelengths typically used for the two-photon microscopy, the 

absorbance of light by heme-containing proteins is minimal and allows a much lower light scattering 

13. The consequences of this aspect are that biological samples appear more optically transparent 

to infra-red light and the penetration of the microscope observation into the tissue can be much 

deeper than in the case of confocal laser scanning microscope 14. 

In this work, the ex vivo rabbit nasal mucosa was fully characterized exploiting the two-photon 

microscope to visualize the main anatomical features of both the olfactory and the respiratory 

region; then, the tissue was used as model to assess the mucoadhesion and the mucopenetration 

profiles of a fluorescent-labeled drug delivery system. This latter consisted of trimethyl chitosan 

(TMC) nanoparticles (NP) loaded with cyanine3 (Cy3)-labeled siRNA, developed by the research 

group of Prof. Ravin Narain from University of Alberta (Edmonton, Canada). 

The tissue imaging was performed by selectively marking specific structures belonging to the 

olfactory or the respiratory region using primary antibodies to bind specific antigens, and secondary 

antibodies labeled with fluorescent dyes to identify the primary ones. 

More precisely, the characterization of the olfactory area was done by marking the Olfactory Marker 

Protein (OMP) and the Odorant Receptor, family 10, subfamily R, member 2 (OR10R2). Briefly, OMP 

is a protein selectively expressed by the olfactory receptor neurons and it is mainly involved in the 

transduction of the odorant signals 15. Instead, OR10R2 is an odorant receptor involved in the 

processing of the olfactory sensory input 16. On the other hand, the characterization of the 

respiratory region was performed by marking β IV-tubulin, a characteristic protein of cilia, such as 

those expressed on the surface of the respiratory epithelial cells 17. 

Finally, the surface interaction between the nasal mucosa and the nanoparticle drug delivery system 

was assessed by analyzing the mucoadhesion and the mucopenetration profile. The mucoadhesion 

profile was assessed by treating the mucosal tissue with the fluorescent-labeled nanoparticle 

formulation under simulated physiological conditions; then, samples were quantitatively and 

qualitatively analyzed by, respectively, the microplate reader and the two-photon microscope. In 

addition to this, the penetration of the labeled siRNA loaded into the nanoparticle drug delivery 

system was monitored over time exploiting the two-photon microscope, thank to which the treated 

tissue could be analyzed in its depth to highlight the passage of the drug from the surface to the 

bottom of the tissue over time. 
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2. MATERIALS AND METHODS 

2.1 Materials 

Immunostaining of rabbit’s nasal mucosa 

Paraformaldehyde (PFA) powder was purchased from Fluorochem (Hadfield, UK); phosphate- 

buffered saline (PBS) 1× was from Gibco (Carlsbad, CA, USA); bovine serum albumin (BSA) was from 

Baxalta (Rome, Italy); polyethylene glycol tert-octylphenyl ether (Triton X-100) was purchased from 

Sigma Aldrich (Saint Louis, USA); sodium hydroxide (NaOH) was from Merck Life Science S.r.l. (Milan, 

Italy); hydrochloric acid (HCl) 37% was from VWR International S.r.l. (Milan, Italy); mouse anti-β IV 

tubulin monoclonal IgG (catalog #ab11315) was purchased from Abcam, Prodotti Gianni S.r.l. (Milan, 

Italy); rabbit anti-Olfactory Receptor, family 10, subfamily R, member 2 (OR10R2) polyclonal IgG 

(PA534046) was from ThermoFisher Scientific (Waltham, MA, USA); rabbit anti-Olfactory Marker 

Protein (OMP) monoclonal IgG (ab183948) was from Abcam, Prodotti Gianni S.r.l. (Milan, Italy); 4′,6- 

diamidino-2-phenylindole (DAPI), Alexa FluorTM Plus 647 donkey anti-rabbit polyclonal IgG (A32795) 

and Alexa FluorTM 488 donkey anti-mouse polyclonal IgG (A21202) secondary antibodies were from 

ThermoFisher Scientific (Monza, Italy). 

 
Preparation of TMC nanoparticles 

Trimethyl chitosan (TMC) with a degree of quaternization of approximately 54-60% and a MW of 

50-150 kDa, was kindly provided by Ovensa (Aurora, ON, Canada). Tripolyphosphate (TPP) and 

dextran sulfate (DS) having a MW of 500 kDa were from Sigma-Aldrich (St Louis, MO, USA); 

hyaluronic acid sodium salt (HA) with a MW 40-50 kDa was from Biosynth International Inc. 

(Gardner, MA, USA). Silencer® Cy™3 Labeled Negative control siRNA was purchased from Invitrogen 

(Thermo Fisher Scientific, Waltham, MA, USA). 

 
2.2 Methods 

2.2.1 Immunostaining of olfactory and respiratory rabbit’s nasal mucosa 

Preparation of Paraformaldehyde 4% w/v solution 

The fixing solution was prepared following a published protocol 18. Briefly, to prepare 500 mL of the 

PFA 4% w/v solution, 20 g of PFA powder were added to 400 mL of PBS 1× kept at 60°C under stirring 

under the extractor hood. NaOH 1N was then added drop by drop until the solution became 

completely clear. The solution was allowed to equilibrate at room temperature and the volume was 

adjusted to 500 mL using PBS 1×. Then, the pH was adjusted to 6.9 using HCl water solution 37% 

v/v. The PFA solution was finally aliquoted and frozen at -20°C until the use. 
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Preparation of antibody and DAPI working solutions 

The anti-β IV tubulin antibody and the anti-OR10R2 antibody working solution (1 µg/mL) were 

prepared by diluting the respective stock solutions (1 mg/mL) 1000 times using a solution of bovine 

serum albumin (BSA) 5% v/v in Triton X100 0.1 % v/v, previously prepared dissolving Triton X100 in 

PBS 1×. The anti-OMP antibody working solution (1 µg/mL) was prepared by diluting the stock 

solution (0.5 mg/mL) 500 times in BSA 5% v/v. 

Alexa Fluor 647 and Alexa Fluor 488 labeled antibodies working solutions were prepared by diluting 

the respective stock solutions (2mg/mL) 1000 times in BSA 5% v/v. All the antibodies working 

solutions were stored at 4°C and kept away from light until use. 

The DAPI working solution (0.5 µg/mL) was prepared by diluting the DAPI stock solution (0.5 mg/mL) 

1000 times in ultrapure water. The DAPI working solution was stored at 4°C and kept away from light 

until use. 

 
Preparation of the tissue for immunostaining experiments 

Immunostaining experiments were carried out to highlight the anatomical features characterizing 

the olfactory and respiratory regions of the nasal mucosa. For this purpose, the rabbit nasal mucosa 

was taken from the skull of the rabbit kindly provided by a local slaughterhouse (Bertoni Carni S.r.l., 

Busana, Reggio-Emilia, Italy), as described by Guareschi et al. 19. Briefly, the fresh skull was cut in 2 

halves longitudinally, exposing the nasal cavity. The entire respiratory or olfactory sections of the 

nasal mucosa with the underlying collagen from nasal septum were withdrawn using a scalpel and 

carefully washed using 50 mL of PBS 1× to eliminate the excess of blood. To do that, the respiratory 

and the olfactory regions of the nasal mucosa were identified and separated based on the 

anatomical references given by Pereira et. al. 9. Briefly, after dividing the skull longitudinally, the 

nasal mucosa was divided in two halves by cutting the tissue immediately anteriorly to the first 

upper premolar teeth. The portion of the mucosa closer to the nostril was considered the 

respiratory region, while the other portion of the tissue was identified as the olfactory one. 

The tissues were then fixed by immersion in 50 mL of PFA 4% w/v solution and the samples were 

stored at 4°C overnight and finally washed three times with fresh PBS 1×. 

Then, 8 mm-diameter tissue discs belonging to either the olfactory or respiratory region of the nasal 

mucosa together with the underlying portion of nasal septum were obtained using a circular metal 

die. Successively, to block the non-specific binding sites, the tissue was immersed into 1 mL of 

blocking solution, consisting in a BSA 5% v/v solution in Triton X100 0.1% v/v in PBS 1×. The tissue 

was kept into the blocking solution at room temperature for 3 hours. 

The excess of blocking solution was removed, and the tissue was immersed into 1 mL of the primary 
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antibody (i.e., anti-OMP, anti-OR10R2 or anti-β IV Tubulin) working solution and incubated for 4 

hours at room temperature and kept away from light. 

The excess of primary antibody solution was removed, and the tissue was washed three times using 

approximately 15 mL of PBS 1×. After removing the excess of PBS, the tissue was incubated in 1 mL 

of the secondary antibody (i.e., Alexa Fluor 488 or Alexa Fluor 647 labelled Abs) for 30 minutes at 

room temperature, away from any source of light. 

After being washed three times with approximately 15 mL of PBS 1×, the tissue was incubated in 1 

mL of DAPI working solution for 30 minutes at room temperature and away from light. 

The excess of DAPI was washed one time with ultrapure water and the tissue stored in PBS 1× at 

room temperature and away from light until the analysis with the two-photons microscope. 

To highlight the anatomical features between the respiratory and the olfactory region of the mucosa 

and compare them to show the main structural differences, each part of the nasal mucosa was 

treated with different primary and secondary antibodies, as illustrated in Table 1. 

 
Table 1 – Primary and secondary antibodies used in the immunostaining experiment carried out to mark the olfactory and 

the respiratory region of the rabbit’s nasal mucosa. Anti-OMP and anti-OR10R2 antibodies were used to characterize the 

olfactory region, while anti-β IV Tubulin antibody was used to characterize the respiratory one. Moreover, both the regions 

were treated with either anti-OMP antibody or anti- β IV Tubulin to highlight the main anatomical differences between 

them. 

Region of the tissue Primary Ab Secondary Ab DAPI 

Olfactory Anti-OMP Anti-rabbit Alexa Fluor 647 Yes 

Olfactory Anti-OR10R2 Anti-rabbit Alexa Fluor 647 Yes 

Respiratory Anti-β IV Tubulin Anti-mouse Alexa Fluor 488 Yes 

Olfactory Anti-OMP Anti-rabbit Alexa Fluor 647 No 

Respiratory Anti-OMP Anti-rabbit Alexa Fluor 647 No 

Olfactory Anti-β IV Tubulin Anti-mouse Alexa Fluor 488 No 

Respiratory Anti-β IV Tubulin Anti-mouse Alexa Fluor 488 No 
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2.2.2 Two-photon microscopy 

The rabbit’s nasal tissue was analyzed by a Two-Photon Microscope Nikon A1R MP+ Upright (Nikon, 

Tokio, Japan) equipped with a femtosecond pulsed laser Coherent Chameleon Discovery (~ 100 fs 

pulse duration with 80 MHz repetition rate, tunable excitation range 660–1320 nm). To focus the 

excitation beam and collect the two-photon excited fluorescence (TPEF) and the second harmonic 

generation (SHG) signals, a 25× water dipping objective characterized by a numerical aperture (NA) 

of 1.1 and 2-mm working distance was employed. 

A dichroic mirror was used to direct TPEF/SHG signal to a series of three non-descanned detectors 

(high sensitivity GaAsP photomultiplier tubes) allowing fast image acquisition. 

Optical filters have been put before the three detectors to allow the simultaneous acquisition of 

three separated channels: blue channel (415–485 nm), green channel (506–593 nm) and red 

channel (604–679 nm). A fourth additional photomultiplier GaAsP detector was connected to the 

microscope by an optical fiber and preceded by a dispersive element. GaAsP detector was used to 

record the spectral profile of the TPEF/SHG signal (wavelength range 430-650 nm, bandwidth of 10 

nm). The overlay of the images from the three channels and their processing was performed by the 

operation software of the microscope (NIS-elements). 

Microscope observations were performed by placing the samples in a dedicated plexiglass holder 

and PBS 1× was used to dip the objective and to avoid dehydration. A laser intensity of 3% was used 

for both the acquisition of the spectra and the 3D-scans. Moreover, spectra were also acquired at 

5% laser intensity. Depending on the secondary antibody used to treat the tissue, different 

excitation wavelengths were used. More precisely, the tissues incubated with AlexaFluor 647 were 

excited at 820 nm, while those treated with AlexaFluor 488 were excited at 1000 nm. 

 
2.2.3 TMC nanoparticles preparation 

TMC nanoparticles loading Cy3-labeled siRNA (Cy3-siRNA) were prepared by Dr. Ravin Narain’s 

research group from University of Alberta (Edmonton, Canada), and were exploited as model of 

drug delivery system to assess the mucoadhesion and mucopenetration profile across the nasal 

tissue and compare the results with those obtained by testing the raw Cy3-siRNA. Briefly, a TMC 

stock solution (3 mg/mL) was prepared by dissolving TMC powder in a mixture consisting of 80% 

v/v acetate buffer (0.01 M, containing 137 mM NaCl) at pH=5.6 and 20% v/v of bicarbonate buffer 

(0.1 M, containing 137 mM NaCl) at pH=9.3, to achieve a final pH of 9. This pH value is required to 

prevent the precipitation of the genetic material. DS (3 mg/mL) and TPP (1.5 mg/mL) stock solutions 

were prepared in PBS 1× while HA solution (1mg/mL) was prepared in UltraPure® water. The 

nanoparticle assembly process required the preliminary preparation of two solutions: the first 
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consisted of a siRNA:TMC solution having a 1:20 w/w ratio, prepared by slowly adding Cy3-siRNA 

solution (300 ng/ μL) to TMC solution (3 mg/mL) to allow the formation of complexes over 10 

minutes at room temperature. The second solution consisted of an aqueous mixture of the helpers, 

formulated in a w/w ratio TMC:DS of 6:1. Briefly, helper (DS/TPP/HA) solutions were carefully mixed 

at room temperature to have a final DS/TPP/HA w/w ratio of 2:1:0.04, respectively. Finally, the Cy3- 

siRNA:TMC and helper (DS/TPP/HA) solutions were mixed using NanoAssemblr® Ignite™ 

(NanoAssemblr, Canada) at a flow rate of 20 mL/min, with a v/v ratio between the two solutions 

(Cy3-siRNA:TMC and DS/TPP/HA) of 6:1, respectively. Additionally, the Cy3-siRNA and the resulting 

nanoparticles were kept protected from light, as Cy3-siRNA is photosensitive. 

 
2.2.4 Mucoadhesion study on rabbit nasal mucosa 

The mucoadhesive profile of the siRNA:TMC NPs (having a 1:20 siRNA:TMC w/w ratio) was 

evaluated ex vivo on rabbit nasal mucosa and compared to the one of the raw Cy3-siRNA. Fresh 

nasal mucosal tissue was isolated from rabbit heads, which were stored in ice and used within four 

hours from animal death. To obtain the nasal mucosal tissue, the rabbit’s skull was cut in two halves 

and the nasal septum supporting the entire nasal mucosa was isolated using a scalpel. Then, nasal 

mucosa discs of the desired size (8 mm diameter) were punched from the central region of the 

septum. 

The tissue was attached on a Petri dish using a double-sided tape (Tesafix® 4934, KaiserKraft, 

Stuttgart, Germany) and treated with 20 µL of the siRNA:TMC NP formulation or the free Cy3-siRNA 

solution for 5 minutes, keeping the tissue in an horizontal position. Then, the tissue was placed on 

a 45° inclined plane apparatus, as proposed by Sandri et al. 20 allowing the continuous washing of 

the mucosa with ultrapure water to simulate physiological nasal conditions. To do this, a syringe 

pump (Harvard Apparatus, Holliston, MA, USA) equipped with a plastic syringe having an internal 

diameter of 19 mm and a 0.8 × 40 mm needle, was used to flow the ultrapure water on the tissue 

at a constant flow of 100 µL/min. The syringe pump was previously conditioned with ultrapure water 

for at least 15 minutes before starting the experiments. The water flowed on the tissue for over 30 

minutes, and eluted samples were collected at 5 minutes intervals. At the end of the experiment, 

the remaining siRNA:TMC NPs or free Cy3-siRNA adhered to the mucosa was extracted using a 

borosilicate glass Potter-Elvehjem homogenizer (Fisherbrand™, Fisher Scientific, Pittsburgh, PA, 

USA) having a 1.5 cm diameter and a pestle length of 25 cm. Tissue grinding was performed adding 

0.5 mL of ultrapure water. All the experiments were performed in triplicate, and the percentage of 

mucoadhesion was calculated by comparing the amount of Cy3 left adhered to the tissue with the 

amount initially put on it before starting the experiment. All the samples were quantified using a 

microplate reader Spark 10M (TECAN, Mannendorf, Switzerland). The excitation wavelength was set 
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at 547 nm, while the emission wavelength was set at 590 nm. The plate model was a 96 well flat 

bottom cell plate without lid (Costar®, Corning, NY, USA). The gain was set automatically at each 

measurement. To quantify Cy3-siRNA in the samples, a calibration curve was built in the range of 

0.05 – 1.6 µg/mL, using the Cy3-siRNA solution as reference. 

In addition to this, at the end of the mucoadhesion experiment, the tissue treated with either the 

siRNA:TMC NP formulation or the free Cy3-siRNA was observed by two-photon microscopy to 

monitor the fluorescence signal of the Cy3 signal in the nasal mucosal tissue, at different 

penetration depths, applying the same experimental set-up used for the mucopenetration studies, 

described in Section 2.2.5. 

 

2.2.5 Nasal mucosal tissue penetration studies 

The mucopenetration profile of siRNA:TMC NPs (having a 1:20 siRNA:TMC w:w ratio) and the free 

Cy3-siRNA used as control was evaluated treating an 8 mm diameter disc of rabbit nasal mucosa 

with 20 µL of each formulation. The tissue was observed over time by two-photon microscopy 

(Section 2.2.2) to qualitatively and semi-quantitatively determine the distribution of both the 

nanoparticles and the non-formulated Cy3-siRNA within the tissue. The same region of the sample 

was studied over time, monitoring the penetration of the formulation. 

 
 

3. RESULTS 

3.1 Immunostaining of the olfactory region 

3.1.1 Olfactory region marked with anti-Olfactory Marker Protein 

The presence of olfactory neurons in the olfactory section of the rabbit nasal mucosa was 

demonstrated by the high concentration of Alexa FluorTM 647 visualized through the two-photon 

microscope on the superficial layer part of the olfactory tissue, as can be seen in Figure 1. The 

presence of Alexa Fluor 647 and therefore the olfactory neurons is highlighted by the red signal and 

is visibly homogeneously distributed on the surface of the olfactory tissue. 

Moreover, as can be seen in the XZ (Figure 1A) and 3D (Figure 1B) overviews, it was highlighted the 

presence of tubular structures (indicated by yellow arrows) passing through the entire thickness of 

the tissue and connected to cell nuclei located in the medium-upper part of the tissue, marked by 

DAPI. The tubular structures appeared green because of the autofluorescence of the tissue. 

Probably, these structures can be identified as fibrous nerve bundles composing the lamina propria 

of the olfactory epithelium as illustrated in a histological study of the rabbit nasal mucosa done by 

Pereira et al.9 (Figure 1D). 
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Figure 1 - Olfactory region of rabbit’s nasal mucosa marked with anti-Olfactory Marker Protein as primary antibody, Alexa 

FluorTM 647 as secondary antibody (red) and DAPI (blue). A) XZ overview. B) 3D overview. C) XY overview. 

Excitation wavelength: 820 nm. The two-photon microscope analysis showed the presence of nerve bundles (yellow 

arrows) characterizing the lamina propria of the olfactory nasal mucosa and colored in green because of the 

autofluorescence of the tissue. D) Histological studies from Pereira et al. showing the structure of the olfactory nasal 

mucosa in which can be clearly recognized nerve bundles connecting the surface of the tissue to the lamina propria. 

 

The presence of Alexa Fluor 647, therefore olfactory nerves, on the surface of the tissue was further 

unequivocally confirmed by the acquisition of the emission spectrum (Figure 2) at different depths 

in the tissue. Indeed, when the surface of the tissue is not completely flat, the two-photon 

microscope allows to analyze simultaneously the different levels of depth of the same slice of tissue, 

giving information regarding both the surface and the in-depth regions. As can be seen in Figure 2, 

the red signal of Alexa Fluor 647 was only detected on the surface of the tissue, while disappeared 

moving towards deeper regions that appeared blue because of the nuclei-marker DAPI. This 

probably happens because the primary antibody selected to bind olfactory neurons can just bind 

superficial parts of the nerve structure and therefore the entire structure of the nerve bundle 

penetrating across the tissue cannot be stained and visualized entirely. 

 
 

Figure 2 - Bidimensional image of a non-flat zone of the olfactory tissue. Both the surface (red region identified by the blue 

circle) and the inner (blue region identified by the red circle) layer can be observed in the same image (left). A) inner region 

in which Alexa Fluor 647 is not detected. B) surface region in which the signal of Alexa Fluor 647 is detectable. The emission 

spectrum of the two regions acquired at 820 nm is also reported (right) and it was exploited to unequivocally identify the 

presence of the secondary antibody and therefore olfactory neurons. 
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3.1.2 Olfactory region marked with anti-OR10R2 

The presence of olfactory neurons in the olfactory region of the nasal mucosa was also confirmed 

by treating the tissue with anti-OR10R2 antibody. Also in this case, as previously observed by using 

the anti-OMP antibody, just the superficial part of the neuron was targeted by the primary antibody 

and visualize thank to the red emission of the secondary antibody, while the extension of the 

neuron's structure was visible along the entire thickness of the tissue through the XY and 3D 

overview (Figure 3A and 3B, yellow arrows). As already seen, cells nuclei turned out to be localized 

in the middle-upper part of the mucosa highlighted by DAPI (Figure 3, in blue). The analysis of an 

XY planar overview (Figure 3C) of the olfactory region in which the surface of the tissue was not flat 

confirmed the ability of Alexa Fluor 647 to just bind the superficial part of the neuron. When this 

region was excited at 820 nm indeed, the surface emitted in the red region, confirming the presence 

of Alexa Fluor 647, while the deeper part appeared green-blue due to just the autofluorescence of 

the tissue (Figure 4). 

A B C 

  
Figure 3 - Olfactory region of rabbit’s nasal mucosa marked with anti-OR10R2 as primary antibody, Alexa FluorTM 647 as 

secondary antibody (red) and DAPI (blue). A) XZ overview. B) 3D overview. C) XY overview. The presence of nerve bundles 

crossing the thickness of the tissue can be clearly identified (yellow arrows). Excitation wavelength: 820. nm. 

 

Figure 4 - XY overview of the olfactory region of rabbit’s nasal mucosa marked with anti-OR10R2 antibody, Alexa Fluor 647 

and DAPI and excited at 820 nm. The non-flat region of the tissue allowed to analyze at the same time different layers of 

the same tissue and distinguish the area in which Alexa Fluor 647 was specifically bound to the tissue (left, region B) from 

the one in which it was not bound, corresponding to the deeper part of the tissue (left, region A). The presence of Alexa 

Fluor 647 was unequivocally determined by the acquisition of the emission spectrum (right). 
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3.2 Immunostaining of the Respiratory region 

3.2.1 Respiratory region marked with anti-β IV Tubulin 

The images acquired by microscope confirmed the wide presence of cilia homogeneously 

distributed on the surface layer of the respiratory region (Figure 5A), bound by the primary antibody 

and clearly visible thank to the secondary antibody that, at the wavelength used to excite the tissue, 

emitted in the green region. As expected, being superficial structures, cilia disappeared when 

deeper layers of the tissue were analyzed, as shown in Figure 5B, where a non-flat area of the tissue 

was analyzed, allowing to observe at the same time different depth levels of the same structure. 

 

Figure 5 - Respiratory region of rabbit’s nasal mucosa marked with anti-β IV Tubulin antibody, Alexa FluorTM 488 (bright 

green) and DAPI (blue). A) 3D overview. B) XY overview of a non-flat region allowing to observe at the same time different 

depths of the same slice of tissue. The surface of the tissue is homogeneously covered by a layer of cilia emitting in the 

green region due to the secondary antibody, while the nuclei of the underlying cells are in blue because they are marked 

with DAPI. Excitation wavelength: 1000 nm. 

 
 

Thanks to both the 3D-scan and the XY overview acquired by the two-photon microscope, the 

typical structure of the respiratory region could be clearly recognized. Indeed, the tissue can be 

ideally divided into three different sections. From the top (i.e., the surface of the tissue directly in 

contact with the external environment) to the bottom (i.e., the part of the tissue anchored to the 

nasal septum) it is possible to distinguish: a compact layer of cilia targeted by the primary antibody 

(i.e., anti-β IV Tubulin antibody) the not-targeted tissue with cellular nuclei marked by DAPI, and 

finally the presence of collagen fibers belonging to the nasal septum (Figure 6A and 6B). Collagen 

was clearly and unequivocally identified by the typical signal called “second harmonic generation” 

(SHD). 
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Figure 6 - Emission spectra acquired at different depths of the respiratory region of the nasal mucosa analyzing both a 3D 

image (A) and an XY overview in which the surface of the tissue is not completely flat (B). From the top to the bottom of 

the tissue, three different sections can be individuated: the superficial ciliated layer (highlighted by the green circle), the 

inner part of the tissue (highlighted by the red circle) and the collagen belonging to the underlying nasal septum which 

supports the tissue (highlighted by the blue circle). 

 
 

3.3 Comparison between the olfactory and the respiratory region 

3.3.1 Nasal mucosa marked with anti-Olfactory Marker Protein antibody 

To highlight the actual anatomical differences between the olfactory and the respiratory region of 

the nasal mucosa and confirm a prevalence of olfactory neurons in the olfactory area compared to 

the respiratory one, both the respiratory and the olfactory sections were incubated with the anti- 

OMP, using Alexa Fluor 647 as fluorescent dye. 

As shown in Figure 7, it is evident that most of the surface of the olfactory region is characterized 

by the presence of the Olfactory Marker Protein due to the high expression of olfactory neurons 

(Figure 7A). The surface, indeed, appeared almost all colored in red because of the presence of the 

secondary antibody. 

On the other hand, in the respiratory region, the presence of neuronal structures was rarely found 

(Figure 7B). Moreover, comparing the 3D images acquired by the two-photon microscope, it seems 

that the fluorescent dye was not specifically bound to the surface of the respiratory region due to a 

specific interaction with the antigen, but probably it had just remained as a residue on the top of 

the tissue following incubation. 

A B 

  

Figure 7 - Comparison between the 3D acquisitions of the olfactory (A) and respiratory (B) region of the rabbit’s nasal 

mucosa marked with the anti-Olfactory Marker Protein antibody using Alexa FluorTM 647 (red) as secondary antibody. 

Excitation wavelength: 820 nm. 
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3.3.2 Nasal mucosa marked with anti-β IV Tubulin antibody 

To highlight the prevalence of ciliated cells in the respiratory region in comparison with the olfactory 

one, both the sections of the rabbit’s nasal tissue were incubated with the anti-β IV Tubulin 

antibody, using Alexa Fluor 488 as fluorescent dye. 

As shown in Figure 8 below, the respiratory region is entirely covered by a thick layer of cilia, 

homogeneously distributed on all the surface of the tissue that appeared bright green (Figure 8B), 

while the presence of cilia is significantly less in the olfactory region (Figure 8A). 

A B 

  

Figure 8 - Comparison between the 3D acquisitions of the olfactory (A) and respiratory (B) region of the rabbit’s nasal 

mucosa marked with the anti-β IV Tubulin antibody using Alexa FluorTM 488 (bright green) as secondary antibody. 

Excitation wavelength: 1000 nm. 

 

3.4 Mucoadhesion study on rabbit nasal mucosa 

After characterizing the rabbit’s nasal mucosa by two-photon imaging, the tissue was exploited for 

mucoadhesive studies. For this purpose, the siRNA:TMC NP was used as nanocarrier model, whose 

mucoadhesive profile was tested and compared to the one of the raw Cy3-siRNA, exploiting a 

central region of the nasal mucosa. To quantify Cy3 used to label siRNA in the samples collected at 

predetermined timepoints during the experiment, the calibration curve shown in Figure 9 was 

exploited. 

 

 
 

Figure 9 – Cy3-labeled siRNA calibration curve used to quantify samples collected during the mucoadhesion experiments. 
 
 
 

y = 30.53x + 1466.4
R² = 0.9962

0

10000

20000

30000

40000

50000

60000

0 500 1000 1500 2000

Fl
u

o
re

sc
e

n
ce

 in
te

n
si

ty

Concentration (ng/mL)



127  

The mucoadhesive study pointed out that, over the first 10 minutes of the experiment, the 

siRNA:TMC NP formulation turned out to be significantly more mucoadhesive than the non- 

formulated Cy3-siRNA (Figure 10). More precisely, around 56% of the formulation adhered to the 

tissue while only 30% of the free Cy3-siRNA was able to adhere to the mucosa. After 10 minutes, 

the raw Cy3-siRNA reached a minimum (15-20%) and the siRNA-TMC NP formulation slowly attained 

that minimum over 30 minutes, highlighting the formulation capacity to stick to the mucosa despite 

values were not significantly different mainly as a consequence of the high variability in the values 

obtained for the naked siRNA. 

 

Figure 10 - Mucoadhesion profile of siRNA:TMC NPs (1:20 siRNA:TMC w/w ratio) and free Cy3-siRNA obtained by applying 

the samples on rabbit nasal mucosa and then washing the tissue with water exploiting the inclined plane apparatus (n=6). 

 

Tissues treated with the Cy3 labelled NPs or free Cy3-siRNA were washed for 30 minutes and 

analyzed with the two-photon microscope (Figure 11B-E) alongside blank tissues analyzed as 

reference (Figure 11A). The surface of blank tissue was characterized by a broad emission (Figure 

12) that fell mainly in the green channel. When exciting the sample at 1000 nm, the 

autofluorescence signal was overcome by the Cy3 emission. Moreover, beneath the surface in some 

regions of the tissue, the presence of collagen was detected thanks to the second harmonic 

generation signal generated by it. The results confirmed what was previously observed by the 

absorbance plate reader: after the washing period, the signal of Cy3 was still present on the surface 

of the tissues treated with free Cy3-siRNA and siRNA:TMC NP formulation. After the treatment with 

siRNA:TMC NPs, several aggregates were visible on the tissue, possibly because of the interaction 

between the NPs and the mucins present on the surface of nasal mucosal tissue (Figure 11E). The 

presence of these aggregates could be associated to an increased adhesion to the mucosa, 

consistent with the results obtained by using the fluorimeter. 
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Figure 11 – Analysis of the rabbit nasal mucosa surface by two-photon microscopy. Blank mucosa (A); mucosa treated 

with free Cy3-siRNA at time 0 (B) and after the 30 minutes washing period (D); mucosa treated with SiRNA:TMC NPs at 

time 0 (C) and after the 30 minutes washing period (E). All the images reported in the panels B-E have been acquired in 

the same experimental conditions (laser power and detector gain) exciting the tissues at 1000 nm. 

 

In order to verify the presence of Cy3 and have a semi-quantitative confirmation of what was 

observed from the images, we recorded emission spectra in correspondence of the focal planes of 

Figure 11 images, reported in Figure 12. As expected, the signal of the non-treated mucosa used as 

control was the lowest. As regards the tissues treated with the NPs and the free Cy3-siRNA, the 

band shape of Cy3 was detected in all the cases, with a higher signal intensity in the former at the 

end of the mucoadhesion experiment (t=30 minutes, Figure 12B). The two-photon microscopy 

study confirms that the NPs have better mucoadhesive properties than the non-formulated Cy3- 

siRNA. 

 

 



129  

Figure 12 - Emission spectra obtained from the rabbit nasal tissue as such (black circles) or treated with the raw Cy3-siRNA 

(black triangles) or SiRNA:TMC NPs (black squares) at the start (t=0 minutes, Panel A) and at the end of the mucoadhesion 

experiment (t=30 minutes, Panel B) in correspondence of the focal planes reported in Figure 11. All the emission spectra 

have been acquired in the same experimental conditions (laser power and detector gain) exciting the sample at 1000 nm. 

 
 

3.5 Mucopenetration study 

The mucopenetration study performed on rabbit nasal mucosa demonstrated that the siRNA:TMC 

NP formulation (siRNA:TMC 1:20 w/w ratio) had a better ability to penetrate across the nasal tissue 

than the free Cy3-siRNA. As for mucoadhesion studies, also in this case a blank tissue was used as 

reference. Two nasal tissues have been analyzed by two-photon microscopy acquiring Z-stacks at 

different time points after the deposition on the mucosal surface of 20 µL of free Cy3-siRNA or 

siRNA:TMC NP formulation. 

The images in Figure 13 show the XZ view of five Z-stacks acquired at different time points of nasal 

tissue with the non-formulated Cy3-siRNA. In the Z-stacks, two different regions can be 

distinguished: a brighter one at the top, corresponding to the Cy3-siRNA solution, and a darker one 

at the bottom, corresponding to the mucosal tissue. The height of the Cy3-siRNA solution decreases 

over time, while the emission signal of the darker one does not significantly change, suggesting that 

the penetration of siRNA-Cy3 solution is weak or even insignificant within the mucosal tissue. The 

decrease of height of the Cy3-siRNA solution is attributed to the formulation spreading on the 

surface. This horizontal spreading occurred in approximately 45 minutes, after which the raw Cy3-

siRNA seemed to have stabilized on the surface of the tissue and we no longer noticed any variation 

in the height of the fluorescent signal repeating the measurement after further 15 minutes (Figure 

13D-9E). 
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Figure 13 – XZ views of the 3D renderings reconstructed from Z-stacks acquired on the nasal tissue treated with the free 

Cy3-siRNA. The tissue was monitored over time by two-photon microscopy exciting the sample at 1000 nm and keeping 

the same tissue region in focus during the analysis. The pictures were acquired at time 0 (A), and after 10 minutes (B), 20 

minutes (C), 35 minutes (D) and 45 minutes (E). 

 
On the other hand, when the nasal tissue was treated with siRNA:TMC NPs (Figure 14), we observed 

a progressive penetration of the formulation across the tissue over two hours. Interestingly, as can 

be seen from the Z-stacks acquired with the two-photon microscope, the penetration of the NPs 

across the tissue seemed to take place by exploiting channels formed by the organization of the 

cells constituting the tissue (white arrows in Figure 14). 



131  

 

Figure 14 – 3D images of the nasal mucosa treated with siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) obtained with the 

two-photons microscope exciting the sample at λ=950 nm. The images were acquired at time 0 without treatment (A) and 

immediately after the treatment with siRNA:TMC NPs (B). Successively, images were acquired at 20 minutes (C), 40 minutes 

(D), 60 minutes (E), 90 minutes (F) and 120 minutes (G) after the treatment. 

 

After a permeation time of 60 minutes, we collected an emission spectrum at 300 µm of depth from 

the mucosal surface (Figure 15), to confirm the presence of Cy3. The emission of Cy3 (Figure 15, 

red arrow) as well as the SHG of collagen (Figure 15, blue arrow) were both clearly detectable, 

confirming that the NPs penetrated into the tissue. As expected, when we acquired the same 

emission spectrum from the blank mucosa before the NPs permeation, just the signal of collagen 

was detected. 
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Figure 15 – Emission spectra acquired at 300 µm of depth in the blank mucosa (before treatment) and after the permeation 

of siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio, 60 minutes of permeation time). The red arrow indicates the peak of Cy3 

emission signal at 565 nm recorded after the NPs permeation. The SHG signal (blue arrow) indicates the presence of 

collagen. 

 
 

Figure 16A shows the increase of Cy3 signal over time at different depths in the tissue after the 

permeation of the siRNA:TMC NPs. Cy3 emission resulted more intense at 200 µm of depth and 

progressively decreased at 400 µm and 600 µm, proving that the penetration of the formulation 

across the tissue was gradual. Comparing the signal variations over time following treatment with 

free Cy3-siRNA and the NP formulation (Figure 16B), the NP formulation exhibited a significantly 

stronger increase in Cy3 emission signal. This result clearly supports the enhanced penetration of 

the siRNA:TMC NPs compared to the non-formulated Cy3-siRNA. After only 20 minutes of 

permeation, the signal observed from the NPs at a depth of 200 µm showed an almost 3-fold 

increase when compared to the initial value, while the signal for the free Cy3-siRNA remained 

practically constant throughout the experiment. 
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Figure 16 – Trend of the Cy3 signal intensity analyzed at different timepoints after treating the rabbit nasal tissue with 

siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) or free Cy3-siRNA. (A) Cy3 signal monitored at different depths after the 

permeation of the NP formulation (sample excited at 1000 nm). The standard deviations were calculated from a replicate 

of the measurements. (B) Comparison of Cy3 signal variations after treating the rabbit nasal tissue with siRNA:TMC NPs 

or free Cy3-siRNA, measured at 200 µm (sample excited at 950 nm) and 150 µm (sample excited at 1000 nm) of depth 

from the surface, respectively. The signal at each timepoint has been normalized with respect to the signal at the beginning 

of the penetration experiment. 

 
 
 

 

4. DISCUSSION 
The immunostaining experiments performed by the two-photon microscope used to analyze the 

rabbit nasal mucosa confirmed that there are anatomical features that significatively distinguish the 

olfactory region from the respiratory one. More precisely, these experiments pointed out the 

similarities between different species such as humans and other mammals including rabbits. 

Indeed, here we demonstrated the existence of neuroepithelium characterizing the olfactory 

epithelium, which was already identified by the in-depth study of the human nasal mucosa 

mentioned in literature 36 . 

To detect the neuronal structure in the olfactory region, two different olfactory antigens were 

selected as tags: the Olfactory Marker Protein (OMP) and the Olfactory Receptor, family 10, 

subfamily R, member 2 (OR10R2). Two different primary antibodies were used to specifically bind 

the selected tags, and they could be visualized thanks to the labeling of secondary with Alexa FluorTM 

647, a near-infrared-fluorescent dye. This aspect is relevant, since this dye can be excited at 820 nm 

originating a typical emission spectrum, while at the same wavelength the auto-fluorescence signal 

typical of the non-targeted area of the tissue is avoided, therefore any interferent signal could be 

obtained. 

OMP is a small cytoplasmatic protein characterizing the nasal mucosa of vertebrates, since it is 

expressed in mature olfactory receptor neurons, specialized in the detection of odorant stimuli 15. 

Even if the role of this protein is not yet completely clear, some studies have shown that it is 
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activated in the early stage of olfactory transduction15. Two important features of this protein make 

it an ideal element to analyze the characteristics of the nasal mucosa exploiting, as in this case, 

immunostaining techniques: the first is its specificity, since it is widely expressed in the 

chemosensory systems 21,22; the second consists in its phylogenetic conservation, meaning that its 

expression pattern is similar among the vertebrate species 23. Moreover, even if the olfactory 

epithelium is composed of several types of different cells, none of them express OMP, which is just 

expressed in mature olfactory neurons 15,21,22. 

The second specific antigen selected as a tag for the neurons in the olfactory region was OR10R2, 

that belongs to the Odorant Receptor (OR) protein family, consisting of G-protein coupled receptors 

of a considerable size that are selectively expressed in olfactory sensor neurons in vertebrates 16. It 

is located in the superficial part of the olfactory neurons, i.e., at the level of the cilia exploited by 

the neuron to capture the olfactory signals from the external environment 24–26. The images 

acquired by the two-photon microscope exploiting the two antigens cited above were completely 

in line with the description of the olfactory nasal mucosa found in literature, in which the olfactory 

neurons are described as bipolar structures having the soma localized in the middle portion of the 

nasal epithelium 15. The olfactory region is characterized by the extensive presence of neurons, 

whose amount gradually decreases moving towards the respiratory region. Our findings 

corroborate others reported in literature and performed on human nasal mucosa 36,  showing that 

the neuronal structures present at the level of the olfactory mucosa extend through the lamina 

propria towards the brain.   

Moreover, the microscope analysis highlighted that in the olfactory region it is possible to identify 

different types of cells organized in different layers: basal, intermediate and apical, as reported for 

humans 36; however, the distinction between the three layers cannot be considered net as it is in 

humans, since it is less evident as reported for other species such as rodents 36. 

The respiratory region as well was characterized by microscopy; in this case, the selected tag was β 

IV tubulin and the secondary antibody used to bind the primary antibody against this antigen was 

labeled with Alexa FluorTM 488, a green-fluorescent dye. 

β IV tubulin is an ubiquitous structural protein characterizing the microtubules and it is present in 

mammals in all the ciliated cells, including the respiratory epithelial cells and the olfactory neurons 

17. It is characterized by an aminoacidic sequence that is considered one of the most highly 

conserved in evolution, since among all the species the sequence is almost the same 17; this aspect 

makes the antibody used in this work specific also against rabbit’s tissue, even if it was originally 

designed to recognize the antigen just in mouse and human. Importantly, all the isotypes of β 

tubulin are present in olfactory cilia, while just two (among which the IV isotype) can be found in 

the respiratory epithelial cells 27. 
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The images acquired by the two-photon microscope reflected what is described in literature; the 

respiratory region appeared as a multi-layer of cells that express cilia in their superficial part, giving 

rise to a compact layer of cilia each having an experimental measured dimension of ~ 9 µm, 

consistent with the size reported in literature which is approximately 5-10 µm 28. 

In this work, it was demonstrated that the number of cilia is significantly higher in the respiratory 

region than in the olfactory one. A certain number of cilia was also detected in the olfactory 

epithelium. Indeed, these are the cilia expressed by the mature Olfactory Receptor Neurons (ORN) 

which contribute to the transduction of the odor stimulus into a generator potential that travel to 

the olfactory bulb 15 and they are non-motile, so not involved in the muco-ciliary clearance 7. 

The mucociliary clearance, consisting in the interaction between the nasal mucus and the ciliary 

beating, is potentially responsible for the early removal of the administered compound from the 

absorption site 4. For this reason, to allow the brain absorption of the intranasally administered 

drug, it is important to avoid its deposition on the respiratory region of the nasal mucosa. Indeed, 

for nose to brain delivery purposes, the administered drug should be delivered to the olfactory part, 

giving that the olfactory neurons represent a direct connection between the nasal mucosa and the 

olfactory bulb localized in the brain 15. In this way, the brain absorption of the administered 

formulation as such or the released drug can be optimized, thus the active compound can be 

absorbed from the neuron and directly delivered to the brain through the nose to brain pathway. 

The ex vivo studies performed on a central and therefore transitional region of the rabbit nasal 

mucosa by two-photon microscopy pointed out that the siRNA-loaded NPs were able to adhere and 

penetrate across the nasal mucosa layer. The siRNA TMC NP formulation indeed, showed a well- 

defined tendency to interact with the surface of the mucosa as evidenced by the fact that the 

formulation formed aggregates possibly as a result of the interaction with the physiological nasal 

secretions and mucins in particular. As expected, the NP formulation turned out to be more 

mucoadhesive than the free Cy3-siRNA under a continuous aqueous flow simulating the 

physiological mucociliary clearance activity. Indeed, the naked Cy3-siRNA was washed away after 10 

minutes, while the formulation reached the same minimum value after 30 minutes. Furthermore, 

the images acquired with the two-photon microscope to visualize the nasal mucosa treated with 

siRNA-loaded TMC NPs after 30 minutes of washing confirmed the presence of Cy3 used to label 

siRNA. These results are in agreement with those already shown in literature 29, showing the 

remarkable mucoadhesive properties of TMC. 

The Z-scans of the nasal tissue obtained from permeation experiments showed that siRNA:TMC NPs 

favor the penetration of the Cy3 fluorescence in the tissue via preferential channels. Moreover, the 

penetration in the tissue increased over time, and 60 minutes after the treatment Cy3 emission 

signal was detected at 620 µm from the surface. This was probably due to the presence of TMC that 
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is characterized by well-known absorption enhancing properties attributed to its positively charged 

quaternary amino group on C-2 position that can electrostatically interact with anionic groups 

belonging to epithelial cells’ surface glycoproteins and tight junctions 30,31. Thus, TMC can open the 

tight junctions 32 improving the passage of the NPs or the cargo as such across the tissue exploiting 

a paracellular transport 30. The mechanism behind the TMC ability of opening the tight junctions has 

been widely explored and it emerged that several elements are involved in the permeation 

enhancing. First, the binding between TMC and the tight junctions consists of an electrostatic 

interaction between the positively charged TMC and negatively charged sites on the tight junctions 

33. Then, the epithelial permeability can be enhanced because of the interaction between chitosan 

and claudin-4, the principal protein conferring to the tight junctions their characteristic barrier 

properties 34. This mechanism was demonstrated through in vitro immunofluorescence staining 

experiments by Zhang et al. 34. Moreover, it has been proposed that TMC could also improve the 

permeation of compounds across the epithelial barrier by interacting with the transmembrane 

protein occludin and altering its conformation, as reported by van der Merwe et al. 33. The efficacy 

of TMC as penetration enhancer has already been confirmed in ex vivo studies done by Amidi et al. 

35, that observed the penetration profile of protein-loading TMC nanoparticles across rat’s nasal 

mucosa by confocal laser scanning microscopy. After treating the tissue with either the TMC 

nanoparticles or the raw cargo used as reference, the group confirmed the presence of 

nanoparticles inside the cytoplasmatic compartment of cells, while any signal was detected using 

the raw protein. 

Similarly, in this study, the non-formulated Cy3-siRNA turned out to be less mucoadhesive than the 

formulated one. In addition to this, the results from this work allowed us to hypothesize a better 

permeation profile across the mucosal tissue when the NP formulation was exploited as drug 

delivery system compared to the raw Cy3-siRNA. 

Finally, it must be underlined that the studies shown in this work aiming at analyzing the 

mucoadhesion and mucopenetration profile of chitosan nanoparticles, were done on a generic part 

of the nasal mucosa that is likely a transitional region between the olfactory and the respiratory 

region. However, considering the anatomical and physiological differences between the two 

mentioned areas, further studies are required to assess the difference in terms of adhesion and 

permeation across both one and the other regions. 
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5. CONCLUSION 

The immunostaining study carried out in this work allowed to in depth understand the anatomical 

features distinguishing the olfactory from the respiratory region. The imaging analysis confirmed 

the anatomical description of the nasal mucosa reported in literature and allowed to increase the 

knowledge about the characteristics of the nasal tissue. Indeed, the characterization of the nasal 

mucosa done by the two-photon microscope pointed out that there is not an ideal net separation 

between the respiratory region to the olfactory one, but there are structures, such as cilia, common 

to both. Therefore, the main differences consist in the concentration, organization and function that 

those structures have in the different areas of the nasal epithelium. The studies performed to assess 

the drug adhesion to the tissue and its penetration across it with and without the use of a 

nanocarrier, highlighted the importance of intranasally administering drugs by suitable delivery 

systems, such as nanoparticles, to enhance mucoadhesion and guarantee the penetration across 

the mucus layer and the absorption through the tissue. 
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GENERAL CONCLUSION 

The research work illustrated in this Doctoral Thesis aimed at exploring and demonstrating the 

remarkable versatility of the intranasal (IN) route for the administration of drugs having a preventive 

or a therapeutic role against a wide range of diseases. Moreover, it was shown that IN administration 

can be exploited both for topical and systemic treatments, when drug absorption is required. In 

addition, even if this aspect was not developed in this work, the nasal route also represents a safe 

and efficient choice for the administration of vaccines. In addition to vaccines, that are preventive 

therapies par excellence, also products aimed at acting as barrier against inhaled pathogens can be 

intranasally administered. It is noteworthy that nasal barrier products have become dramatically 

important during the pandemic period to counteract SARS-CoV-2 infection’s spread. 

The advantages of IN administration have been widely illustrated in this thesis, as well as its 

limitations. Nanotechnology was exploited in this work to overcome the main issues characterizing 

the nasal delivery, comprehending the early removal from the deposition site caused by the 

mucociliary clearance and the need to bypass the superficial mucus layer to reach the epithelial 

absorption site. In addition to this, nano-systems were exploited to encapsulate and stabilize 

complex drugs and improve their bioavailability. 

In particular, a biocompatible nano-sized drug delivery system consisting of polyethylene glycol 

1000 succinate (TPGS) micelles was developed and optimized to encapsulate the poorly soluble 

peptide drug cyclosporine A (CSA) to enhance its efficacy via nasal administration. The 

chemical/physical features and the prolonged stability over time make TPGS micelles extremely 

suitable for IN administration of peptide drugs. Indeed, it was demonstrated that the extremely low 

particle size combined to the almost neutral PEGylated surface allowed the micelles to efficiently 

deal with the mucus layer overlying the nasal mucosa and rapidly penetrate across it to reach the 

epithelium. 

The IN treatment with CSA-loading micelles turned out to be extremely versatile, since it was tested 

in two completely different pathological contexts, namely upper airways viral infections and 

neurological inflammatory disorders. 

Indeed, the IN treatment with CSA formulated as micelles was proposed for both counteract early 

SARS-CoV-2 infection that mainly affects the upper airways, and as a prevention against 

neuroinflammation that is a remarkable key factor in the development of neurodegenerative 

diseases and depression. The efficacy against viral infection was confirmed in vitro and the results, 

combined with those obtained on an ex vivo model of nasal mucosa to simulate the IN 

administration, confirmed the promising antiviral activity of intranasally administered CSA 

encapsulated in micelles. Considering these promising results, the fundings of this work could be 

integrated with further in vivo safety and efficacy test, which could be also useful to clarify whether 



143  

the antiviral activity depends on a local effect or if it requires the absorption of the drug. This detail 

indeed, still needs to be clarified since the antiviral efficacy of the treatment was just assessed in 

vitro. 

In addition to this, the neuroprotective properties of CSA-loaded TPGS micelles were confirmed in 

vivo on an LPS- injected mice model of neuroinflammation; in this case, micelles not only 

demonstrated to be suitable for IN administration, but also, turned out to be safe and suitable for 

Nose-to-Brain delivery of the peptide drug, that was not able to provide any noticeable effect when 

administered orally. However, the use of a mouse model as done in this Doctoral Thesis could be 

challenging, since the mouse’s nasal anatomy is dramatically different from the human one. More 

precisely, since effective Nose-to-Brain delivery strongly depends on the ability of the drug to be 

precisely administered on the olfactory region of the nasal mucosa, the extremely limited area of 

the mouse’s nasal mucosa could have limited the absorption surface and therefore the delivery to 

the brain. Fors this reason, in a future perspective, a most suitable animal model could be exploited 

to improve the translatability of data from the animal to the human and improve the predictability 

of the behavior of the micellar formulation once administered in human nose. For this purpose, a 

suitable candidate could be a rabbit model, since here we have demonstrated a remarkable 

similarity between rabbit’s and human nasal mucosa.  

In the context of a Nose-to-Brain delivery, the role of the olfactory epithelium appeared to be crucial 

and still poorly understood for lack of relevant in vitro and ex vivo models.  

The immunohistochemical study of rabbit nasal mucosa performed in the context of this Doctoral 

Thesis demonstrated the possibility to isolate the olfactory region of the animal nasal epithelium 

that is anatomically and histologically in close connection with the Central Nervous System (CNS). 

The presence of olfactory neurons potentially able to intake drug molecules and drive them to the 

brain has been confirmed by the two-photon microscope analysis of the olfactory area of the tissue. 

These results open to the possibility of exploiting this ex vivo model to better understand the fate 

of molecules, appropriately formulated and delivered with a nasal device allowing for deposition 

on the olfactory mucosa. 

This has been demonstrated preliminary, through ex vivo experiments with the rabbit nasal mucosa 

performed using a trimethyl chitosan nanoparticle formulation encapsulating siRNA developed by 

another research group (Prof. Ravin Narain, University of Alberta, Edmonton, Canada). These results 

confirmed the crucial role that nanotechnology plays in Nose-to-Brain delivery. Indeed, the results 

included in the Doctoral Thesis demonstrated the chitosan-based polyplexes superiority not only in 

terms of interaction with the nasal mucosa but showed a remarkable enhancement penetration 

across the nasal epithelium in comparison with the non-formulated nucleic acid. 

In conclusion, the administration of drug-encapsulating nano-sized drug delivery systems by IN 
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route represents an innovative and extremely versatile way to reach a topical, systemic or brain 

delivery of complex and challenging drugs including peptides, unstable or poorly bioavailable 

molecules. 


