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15mm 
Area 0.3cm2

Responsible of 
half the total 
resistance to 
airflow from 

nostril to 
alveoli

Nasal volume 25 ml, surface area 160 cm2

Nasal turbinates surface area 200-400mm2 within a small volume of 15 ml

Cilia appear first at the
front edge of the IT Presence of cilia is inversely 

related to the linear velocity of 
the air passing over. So they 
are more on the floor than on 
the upper region  

Low 
temperature 
and relative 
humidity
Reduce cilia 
number



Species
Body weight

(Kg)

Nasal Cavity
Volume NCV 

(cm3)

Nasal Cavity 
Surface Area 
NCSA  (cm2)

Relative 
Surface Area
NCSA/NCV

Olfactory 
epithelium 
(% NCSA)

Mouse 0.03 0.03 25 96.3 47

Rat 0.25 0.26 13.4 51.5 50

Rabbit 3 6 61 10.2 10

Human 70 25 160 6.4 8

Nasal turbinates surface area 200-400 mm2 within a 
small volume of 15 ml
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GEL-ON-BRUSH MODEL OF RESPIRATORY MUCUS 



MEMBRANE-BOUND MUCINS 
have transmembrane and cytosolic domains that permit their localization to the plasma membrane
surface, where they participate in such functions as cellular adhesion, pathogen binding, and signal
transduction. Membrane-bound mucins can also be cleaved proteolytically or alternatively spliced,
resulting in their release into the extracellular mucous layer

SECRETED MUCINS
secreted mucins contribute heavily to the viscoelastic properties of the extracellular mucous layer.
After synthesis and post-translational processing, these are stored within intracellular secretory
granules until stimulated for release by regulated exocytosis .
Most secreted mucins are much larger than the membrane-bound mucins, and these contain
cysteine-rich domains located at both the amino and carboxyl termini, most of which are closely
related to von Willebrand factor . These cysteine-rich domains link covalently as disulfide bonds to
form mucin dimers, which are then heavily glycosylated,, to from mature mucin dimers. These
dimers further multimerize to form the long linear oligomers that provide the adhesive and space
occupying properties of the mucous gel layer.

MATURE MUCINS FALL INTO TWO BROAD CLASSES 

Williams 2006
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GENERIC STRUCTURE OF A MEMBRANE-BOUND AND SECRETED MUCIN



The gel layer contains the secreted mucins MUC5AC and MUC5B, while the PCL 

contains the membrane-tethered mucins MUC1, MUC4, and MUC16.
Zanin 2016 

GEL-ON-BRUSH MODEL OF RESPIRATORY MUCUS 



The size of mucins after their secretion exceeds the average size of the 

secretory vesicles in which they are packaged. This necessitates that mucins
be packaged in a condensed and dehydrated state, which is thought to be 
mediated by calcium-dependent crosslinking within the molecule and by charge
shielding the sialic acids and sulfate groups with calcium ions

The release of mucins from secretory granules follows a rise in pH and a 

fall in calcium ion concentration, which mediates mucin unfolding and rapid
hydration and leads to expansion and the formation of higher-order oligomers

Mucins must adsorb in excess of 1,000 times their mass in water to achieve

a viscoelasticity that facilitates mucociliary clearance

Zanin 2016 

MUCUS



Airway mucus is a heterogeneous mixture of secreted polypeptides, cells, and 
cellular debris that are present in the airway surface lining fluid subphase or are 
tethered together at the fluid surface by oligomeric mucin complexes. 

Mucins are glycoproteins that due to their heavy glycosylation ( 75–90% 
carbohydrate by mass) can exhibit very high molecular weights.  Taken alone, this
physical property suggests functional redundancy among mucin family members. 
However, differences in their localization, glycosylation, and multimeric complex
formation imply that individual mucins have evolved to perform specific physiologic
roles within the environments in which they are expressed.

AIRWAY MUCUS

Williams 2006



Biofìlms are resistant to host immune defenses and show a poor response to
current antibacterial therapies, biofìlm- associated  infections  are diffìcult to   treat 
and  represent  an emerging health problem.

1. Microorganisms growing in biofìlms are antibiotic-resistant as shown by the evidence 
that the minimum inhibitory  concentration (MIC) of antibacterial drugs may be 100- 1000
times higher for sessile than for planktoni bacterial forms

2. Antibiotics may diffuse poorly inside the biofìlm. 
3. Bacteria may become dormant inside the biofìlm because of the poor availability of

nutrients and oxygen. They may, therefore, acquire resistance towards antibacterial drugs
whose mechanism of action is restricted to  metabolically active microorganisms.

4. Resistance mechanisms like extrusion pumps are up-regulated in the hostile environment 
of the biofìlm.

5. Bacteria growing in biofìlms are protected against major components of the human  
innate immune system  including cationic and  anionic antibacterial  peptides,  and against  
phagocytosis  and  killing  by  polymorphonucleates.

UNDERSTANDING BIOFILMS



Mechanism of particle deposition in airways

Inertial impaction

Gravitational sedimentation

Diffusion

Interception

Electrostatic precipitation 



Bates 2014

GEOMETRY OF THE AIRWAY WITH FLOW-NORMAL CROSS SECTIONAL AREAS 
IN NOSE



A Inhaled-gas stream lines inside the right nasal-laryngeal airways during quiet
breathing
B Flow pattern visualized with mass-less fluid aerosol particles at various time points.

Xi 2014

AIRWAYSSTRUCTURE AND FOLW PATTERN IN CHILDHOOD



Nasal airflow patterns  and local airway 
geometry

Smooth airflow streamline pattern for
inspiratory steady laminar flow in the smooth
right nasal cavity. 

of the same subject, airflow eddies in the
anterior part are induced by a small airway
constriction in the nasal valve region 

further constricted in the nasal valve region,
the anterior eddy was suppressed, while the
secondary eddy was enhanced. 

Zhao 2004



Intranarial position of the 
larynx, secure a continuous
airway from the nose to the 
bronchi, therefore decreases
the risk of pulmonary
contamination by swallowed
matter. 

Obligate nasal breathing in the newborn



LPC
 profondità 7-10 µm
 ambiente fluido in cui le ciglia possono muovere veloci
 separa e protegge le cellule epiteliali dallo strato di muco
 vitale importanza per la clearance da tosse
 quantità regolata dall’attività del Canale di Sodio Epiteliale ENaC

(assorbimento) e dalla proteina Regolatrice Transmembrana della Fibrosi 
Cistica (CFTR)

Strato di muco



Nasal mucus layer

100000  sermucous gland in the nose (Tos 1983)
Nasal secretion:  95% Water

2% mucin
1% salts
1% proteins (albumin, imunoglobulins, 

lysozyme, lactoferrin)
1% < lipids

- Acts as adhesive and transport particulate matter
- water holding capacity
- exhibits surface electrical activity
- permits efficient heat transfer

Ugwoke 2000



King 2002






















Types of bonds occurring in mucous gel



Limitations of nasal delivery
Limited volume of the nasal cavity (only low-dose drug)

Limited absorption of many peptides/ proteins [molecular mass cut off for absorption  (~1000 Da)]

Nasal mucosal  barrier (protolytic activity)

MMC (clearance half-life 21 min; no controlled nasal drug delivery)

Irregular deposition (formulation, device, patient)

Irregular distribution (deposition at the vestibule may prolong the residence time but 

absorption is low, deposition within the turbinates has the opposite effects, deposition within 

the atrium is intermediate)

Mucosa very sensitive for irritation



Laube 2007

CHALLENGES TO DELIVERING DRUGS TO APPROPRIATE TARGET

Overcome the anatomy of the anterior one-third of the nasal cavity (nasal valve region, 
the site of he narrowest cross-sectional area. In this region , the airway undergoes a right-
angled bend toward the nasal floor and the airflow become turbulent)

Overcome the effect airflow patterns in the nose

Drug effective before mucociliary clearance remove the drug. Removal by MCC is usually 
limited to the floor and the inferior turbinate (no positive effect on the middle meatus)

Diameter of he maxillary  ostium 3-4mm in healthy subjects and decreases in 
inflammation

Disease conditions (lack of air in nasal passage and the sinuses) 



Keyhani 1995

Streamlines when particles a
released in the middle of the naris

Streamlines when particles are 
released in 0.5 mm from the lateral
side the of the naris

Streamlines when particles are released in  
0.5 mm from the medial side the of the naris



Kimbell 2007

Nasal valve penetration 19%
particle size 20 µm 
nozzle penetration 1.0 cm

Nasal valve penetration 6%
particle size 20 µm
nozzle penetration 0.5 cm

Nasal valve penetration 4%
particle size 20 µm
nozzle penetration 1.5 cm

Nasal valve penetration 4 %
particle size 50 µm
nozzle penetration 1.0 cm

Inspiratory airflow at 15 L/min, spray velocity 1 m/sec, and spray angle  79°

BB

B
nasal valve 



Effects of  particle size, spray velocity,  
nozzle penetration distance and nasal 
airflow (black circles
no nasal airflow present; open circles  
15 L/min inspiratory airflow present) 
on nasal valve penetration.
Each graph shows all 48 spray 
simulation cases.

Kimbell 2007



Analysis of the plume
Plume geometry
1.Plume angle 
2.Plume width (cm)
3.Plume height (cm)

Spray patten
Scanned image

Dmax

Dmin

Ovality Ratio

Doplet size
3 cm/6cm
D10

D50

D90



Particle seize 5µm-65µm
Spay angle 35°-70°
Nozzle type
Nozzle diameter 

Plume never have the opportunity
To freely develop in the nasal cavity

Insertion angle
Location of insertion 
Initial particle velocity



Marx 2015



Personalized Medicine in Nasal Delivery: The Use of Patient-Specific Administration 
Parameters To Improve Nasal Drug Targeting Using 3D-Printed Nasal Replica Casts

Percentage of cromolyn sodium deposited in the anterior, turbinate, and upper turbinate 

region from 10 nasal casts with changes in the administration angle

Warnken 2018



The border of the nasal cavity is shown in gray
Black areas within the border for the aqueous spray pump indicate posterior
and superior regions that are “cold” in terms of deposited radioactivity

Saline aerosol admixed with the radioactive isotope 99mtechnetium generated 
by Hudson Up-Draft nebulizer fitted with a nasal adaptor (volume median 
diameter =6µm)
Aqueous nasal spray pump  (volume median diameter =79µm)
Nasal cavity in eight healthy subjects
Planar imaging

Suman 1999



PROFILE OF AN ‘IDEAL’ DRUG CANDIDATE FOR NASAL DELIVERY

Appropriate aqueous solubility to provide the desired dose in a 25–150 ml 
volume of formulation administration per nostril.

Appropriate nasal absorption properties

No nasal irritation from the drug.
A suitable clinical rationale for nasal dosage forms, e.g. rapid onset of 
action.
Low dose. Generally, below 25 mg per dose

No toxic nasal metabolites.

No offensive odors/aroma associated with the drug

Suitable stability characteristics



Breath actuated
bi-directional delivery
While exhaling into the device, the soft
palate automatically closes off the nasal
cavity completely …
… the breath enters one nostril through a
sealing nozzle
… and actuates the release of particles
into the airflow - carrying particles
beyond the nasal valve to target sites
… the air flow passes through the
communication posterior to the nasal
septum
… and exits through the other nasal
passage in the opposite direction



Djupesland 2012

Traditional liquid spray. Approximately 3mL of the 99mTc-
DTPA solution was filled into a glass bottle and a traditional
multidose nasal spray pump delivering 100 uL of 99mTc-
labeled DTPA per spray was crimped on top. Delivery 
perpendicular to the plane of the nostril some millimetres
inside the nostril while tilting the head slightly forward.

Opt-Powder device (bidirectional delivery) that contained a 
capsule filled with 99mTc-labeled lactose powder (16 +3 mg, 
range 13–21 mg). The fraction emitted from the capsule 
was calculated to be 78+12% based on measurements of 
radioactivity in the device after delivery.



Djupesland 2012

0.
55.
5

2.
518.3

9.
8

21.9
35.3

13.4

15.1 44.7

8.
8

8.5



Djupesland 2012



OptiNose

Nasal inhalation
(2-5 µm PARI Nebulizer)
27% of dose in lungs

Bi-dir. Delivery
OptiNose
No drug in lungs

Study in 16 subjects

Djupesland 2004





Testagrossa 2017



Intranasal Midazolam

Wermeling 2006



Retrospective review Patients < 18 years old, had a seizure >5 min in the presence of 
an EMS provider, received PR diazepam or IN midazolam in the pre-hospital setting.

Holsti 2007

Diazepam RR (n =18) 0.3-0.5 mg/kg , repeat 0.25 
mg/kg if seizure persist (max dose 20 mg)
Midazolam IN (n=39) 0.2 mg/Kg, repeat 0.20 mg/kg if 
seizure persist (max dose 10 mg)

Action + 19 min seizure activity

Reseizure OR 8.4

Need intubation OR 12.2

Require hospitalization OR 29.3

Require ICU admission OR 53.5

Compare IN midazolam vs. PR diazepam for treatment of pediatric seizure in EMS 
setting



Inhaled hypertonic saline is currently routinely used as an expectorant in 
experimental studies of biomarkers in induced sputum. 

When used as a mucolytic agent, it most probably works by reducing the 
entanglements in the airway mucus gel. It may also osmotically draw liquid 
through the airway epithelium to dilute the inhaled saline, and thereby increase 
the water content of the airway mucus.
The hydrated airway mucus may, therefore, be more easily removed by 
mucociliary clearance, or, if sufficiently increased in volume, by cough. 

Hypertonic saline may also separate DNA from mucin in infected mucus, thereby 
reducing the viscosity of the mucus.

Inhaled hypertonic saline 
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Relazione tra idratazione del muco e trasportabilità Tarran 2004



Mucus clearance in patients with CF  under baseline conditions 
and after inhalation of 7% hypertonic saline 

Donaldson 2006



Cilia can only transport mucus if it has appropriate viscoelasticity.
If respiratory mucus becomes too runny, gravity overcomes ciliary
transport, and mucus runs out of the nose as well as sliding down 
into the lungs. 
On the other hand, if mucus becomes too firm, as in cystic fibrosis, 
it becomes too viscoelastic to be transported by cilia. Thus the 
viscoelasticity of mucus must be closely regulated to obtain the 
best compromise between viscoelasticity sufficient to prevent 
gravitational low but low enough to enable rapid ciliary transport 
and clearance

Mucus & gravity

Cone 2009



Controlled breathing of monodisperse particles; Inhaled volume 1.5 L, 
Inhaled flow rate 45 L/min

DEPOSITION OF PARTICLES IN MOUTH BREATHING

Heyder 1986



Controlled breathing of monodisperse particles; Inhaled volume 1.5 L, 
Inhaled flow rate 45 L/min

DEPOSITION OF PARTICLES IN NOSE BREATHING

Heyder 1986



Petersen 2001

24 subjects (18M) , aged 22–33 yrs;    
BUD nasal aqueous spray (Rhinocort® Aqua, AstraZeneca, Sweden, 64 µg/dose) 
FP nasal aqueous spray (Flutide® Nasal, Glaxo Wellcome, 50 µg/dose) 
Two acutation per nasal cavity
Mean concentarion in nasal biopsy, 0-2-6-24 hrs

Positive out of 12 



Farmaco solubilità in acqua (µg/ml)

Beclometasone dipropionato (1) 0.13

Beclometasone 17-propionato(1) 15.5

Budesonide(1) 16 

Triamcinolone acetonide(1) 21

Flunisolide(1) 140

Fluticasone17-propionato(1) 0.14

Mometasone furoato(2) <0.1

(1) da Högger [Temperatura 37°C]
(2) da  Baumann [Temperatura 37°C]



mucus 95% H2O

The drug must survive mucociliary clearance



Lipophilicity
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DeviceFarmaco erogato

Polmoni

Circolazione sistemica

Orofaringe

Farmaco non legato Tessuti

GIT

Fegato

Naso

MC 
clearance

OUT

OUT

IN

Caratteristiche 
fisico-chimicheLipofilia

Lipofilia
Ritenzione
Tempo di permanenza
Affinità recettoriale
Esterificazione 

Assorbimento

Metabolismo

Legame proteico

Assorbimento

Volume di distribuzione
Affinità recettoriale

Emivita di 
eliminazione

Kantar2007



Schuschnig 2007

81mKr-gas distribution without (w/o, left 
image) and with (w, right image) pulsation,
projected into in a lateral MRI slice, showing 
the nasal cavitiy and the maxillary sinuses

The PARI SINUS : targets drug 
delivery to the sinuses via a 
pulsating aerosol.

SINUS compressor inlet was 
connected to the 81m-Kr gas 
generator output.



Nose “Geometry “
MCC
Infection
Inflammation
Environmental conditions
Enzymatic degradation  
Immunology
Blood flow

Physicochemical properties
pH
Osmolarity
Viscosity (solution, gel)
Density (powder)
Concentration
Volume
Mucus-drug interaction

Particle size
Site and pattern of deposition
Loss from nasal cavity
Device performance

D
R
U
G

PATIENT DEVICE

Factors that influence nasal drug absorption Ugwoke 2000


