
        

University of Bath

PHD

Aerosolised Nanoparticles for Nose-to-Brain Drug Delivery (NTBDD)

(Alternative Format Thesis)

Maaz, Aida

Award date:
2023

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 20. Nov. 2023

https://researchportal.bath.ac.uk/en/studentTheses/e7e65165-f490-4e80-a21b-d56c23ac694c


 

 

Aerosolised Nanoparticles for Nose-to-Brain 

Drug Delivery (NTBDD) 

 

 

Aida Maaz  BSc, MRes 

 

A thesis submitted for the degree of Doctor of Philosophy 

University of Bath 

Department of Life Sciences 

 

October 2022 

 

COPYRIGHT 

Attention is drawn to the fact that copyright of this thesis/ portfolio rests with the 

author and copyright of any previously published materials included may rest 

with third parties. A copy of this thesis/ portfolio has been supplied on condition 

that anyone who consults it understands that they must not copy it or use 

material from it except as licenced, permitted by law or with the consent of the 

author or other copyright owners, as applicable. 

Signed  

Date…Thursday 13th Oct 2022…



 

 

 

To my Mom, my late Dad (God rest his soul),  

and to my one and only Tareq… 

 

 

 

 

 

 

 

 

 

 

 



 

I 

 

TABLE OF CONTENTS 

TABLE OF CONTENTS……………………………………………………………………………I 

ABSTRACT…………………………………………………………………………………………VI 

ACKNOWLEDGEMENTS………………………………………………………………………...VII 

LIST OF FIGURES………………………………………………………………………….…....VIII 

LIST OF TABLES………………………………………………………………………...……….XIX 

ABBREVIATIONS…………………………………………………………………………………XX 

CHAPTER 1………………………………………………………………………………………….1 

GENERAL INTRODUCTION, THESIS AIMS AND OBJECTIVES…………………………......1 

Part 1: A sniff to the brain: The validity of intranasal polymeric nanoparticulate approaches 

for drug to brain delivery…………………………………………………………………………….3 

1.1. The potential of Nose to Brain Drug Delivery (NTBDD)………………………………….3 

1.2. Nanoparticles, neurotherapy and the nose................................................................11 

1.2.1. The efficiency of PNPs as NTBDD systems......................................................11 

1.2.2. Controlled-sustained-release profiles...............................................................12 

1.3. Factors affecting NTBDD of PNPs............................................................................16 

1.3.1. System composition..........................................................................................16 

1.3.2. Particle hydrodynamic diameter........................................................................20 

1.3.3. Particle surface charge.....................................................................................21 

1.4. Mechanism and approaches to enhance NTBDD-nanosystems...............................22 

1.4.1. Mucoadhesive Particles (MAPs).......................................................................22 

1.4.2. Mucus Penetrating Particles (MPPs).................................................................26 

1.4.3. Targeted Polymeric Nanoparticles (TPNPs)......................................................28 

1.4.3.1. Lectin-Modified PNPs................................................................................28 

1.4.3.2. CPP NPs...................................................................................................30 

1.4.3.3. Other Targeted-PNPs...............................................................................30 

1.5. Macromolecules loaded TPNPs for NTBDD..............................................................36 

1.6. The design of PNPs for NTBDD................................................................................38 

1.6.1. Toxicity of PNPs to the nasal mucosa and CNS tissues.....................................38 

1.6.2. Drug release dilemma: Premature/strict drug release.......................................43 

1.6.3. Uniformity of the designed NTBDD system.......................................................44 

1.6.4. Particle cloaking with protein coronae and other bioactive materials.................46 

1.7. NTBDD clinical trials – How far are PNPs from the clinic...........................................47 

1.8. Conclusions and future perspectives........................................................................49 

References...........................................................................................................................51 

Part 2: In vitro evaluation of nasal aerosol depositions: An insight for direct nose to brain drug 

delivery.................................................................................................................................69 

1.1. Introduction...............................................................................................................69 

1.2. Nasal-formulation-related factors..............................................................................76 

1.2.1. Aerosol droplet size distribution.........................................................................76 



 

II 

 

1.2.2. Formulation viscosity........................................................................................77 

1.2.3. Dry powder aerosolization properties................................................................79 

1.3. Device-related factors...............................................................................................80 

1.3.1. Device system...................................................................................................80 

1.3.2. Droplet velocities...............................................................................................85 

1.3.3. Spray geometry.................................................................................................85 

1.4. Patient-related factors...............................................................................................87 

1.5. Other factors.............................................................................................................90 

1.5.1. Airflow rate........................................................................................................90 

1.5.2. Cast-related factors...........................................................................................91 

1.5.3. Airway expansion..............................................................................................93 

1.6. Nasal deposition studies in pediatrics.......................................................................94 

1.7. Deposition assessment methods..............................................................................97 

1.8. Conclusions..............................................................................................................99 

References.........................................................................................................................101 

CHAPTER 2.......................................................................................................................113 

Gold nanoparticles: Tunable characteristics and potential for Nose to Brain Drug Delivery 

(NTBDD)............................................................................................................................113 

2.1. Introduction.............................................................................................................113 

2.1.1. Chapter aims...................................................................................................115 

2.2. Materials and Methods............................................................................................117 

2.2.1. Materials.........................................................................................................117 

2.2.2. Preparation of gold urchin-like nanocrystals (GNUs).......................................117 

2.2.3. Characterisation of GNUs...............................................................................118 

2.2.4. Gold colloidal dispersions in HFA134a............................................................118 

2.2.5. Shot weight measurements.............................................................................119 

2.2.6. GNU integrity in pMDI formulation...................................................................119 

2.2.7. Gold aerosol nasal deposition.........................................................................121 

2.2.8. RPMI 2650 cell culture maintenance...............................................................123 

2.2.9. In vitro cytotoxicity...........................................................................................123 

2.3. Results and Discussion...........................................................................................124 

2.3.1. Characterisation of GNUs...............................................................................124 

2.3.2. GNU integrity in a pMDI formulation................................................................140 

2.3.3 Regional nasal deposition of aerosolized GNUs...............................................142 

2.3.4. In vitro cytotoxicity of GNU formulation............................................................146 

2.4. Conclusions............................................................................................................149 

References.........................................................................................................................151 

CHAPTER 3.......................................................................................................................157 



 

III 

 

The development of aerosolized poly(lactic acid-co-glycolic acid) nanoparticles (PLGA NPs) 

delivered via pressurized-metered dose inhaler (pMDI) for Nose-to-Brain Drug Delivery 

(NTBDD)............................................................................................................................157 

3.1. Introduction.............................................................................................................157 

3.1.1. Chapter aims...................................................................................................160 

3.2. Materials and methods............................................................................................161 

3.2.1. Materials.........................................................................................................161 

3.2.2. pMDI device....................................................................................................162 

3.2.3. The synthesis of polymers...............................................................................162 

3.2.3.1. PLGA-COOH polymer.............................................................................162 

3.2.3.2. FITC-b-PLGA copolymer.........................................................................163 

3.2.3.3. mPEG-b-PLGA copolymer......................................................................163 

3.2.4. Characterization of the polymers.....................................................................163 

3.2.4.1. Nuclear magnetic resonance (NMR) spectroscopy.................................163 

3.2.4.2. Gel permeation chromatography (GPC)..................................................164 

3.2.5. Preparation of PLGA NPs................................................................................164 

3.2.6. Physiochemical characterisation of the PLGA NPs.........................................165 

3.2.6.1. Dynamic light scattering (DLS) and laser doppler anemometry (LDA).....165 

3.2.6.2. Electron microscopy analysis..................................................................166 

3.2.6.3. NP Quantitative analysis.........................................................................166 

3.2.7. pMDI formulation.............................................................................................166 

3.2.8. Particle stability in HFA134a-based pMDI.......................................................166 

3.2.9. Aerosol performance.......................................................................................168 

3.2.9.1. Shot weights............................................................................................168 

3.2.9.2. Emitted dose/Single Actuation Content (SAC)........................................168 

3.2.10. Aerosol deposition........................................................................................168 

3.2.10.1. The nasal cast model............................................................................168 

3.2.10.2. pMDI nozzle development.....................................................................171 

3.2.10.3. Mucus simulants...................................................................................172 

3.2.10.4. Aerosol distribution in the cast...............................................................172 

3.2.11. Validation of olfactory region deposition........................................................174 

3.2.12. Statistical methods........................................................................................174 

3.3. Result and discussion.............................................................................................176 

3.3.1. The characterisations of the synthesised PLGA polymers...............................176 

3.3.1.1. PLGA-COOH and PLGA-b-FITC.............................................................176 

3.3.1.2. mPEG-b-PLGA.......................................................................................179 

3.3.2. PLGA NP preparation, characterisations, and their integrity in HFA134a 

dispersion.................................................................................................................181 

3.3.2.1. PLGA NP-pMDI - The aqueous suspension approach.............................182 

3.3.2.2. PLGA NP-pMDI - The dry powder approach...........................................187 



 

IV 

 

3.3.2.3. Fluorescent PLGA NP-pMDI – Aqueous suspension in HFA/EtOH 

mixture.................................................................................................................196 

3.3.3. PLGA-FITC NP quantitative analysis..............................................................199 

3.3.4. Aerosol performance.......................................................................................202 

3.3.4.1. The shot weight and particle content analysis..........................................202 

3.3.4.2. Nasal deposition pattern evaluation of the test formulation PLGA NP as an 

HFA134a-based nano-suspension pMDI.............................................................203 

3.3.4.2.1. Nasal deposition pattern evaluation of Ventolin® Evohaler as an 

HFA134a-based micro-suspension pMDI.......................................................204 

3.3.4.2.2. Aerosolised FITC-PLGA NP nasal deposition.................................216 

3.3.4.2.2.1. Aerosolised FITC-PLGA NP deposition over the pMDI canister 

lifecycle with a dry surface nasal cast.........................................................217 

3.3.4.2.2.2. Aerosolised FITC-PLGA NP deposition using a 120 mm spacer 

with a mucus simulant-coated PLA nasal cast, and mucus simulant 

validation....................................................................................................221 

3.3.4.2.2.3. Aerosolised FITC-PLGA NP deposition using a 60 mm spacer 

and a mucus-coated nylon nasal cast.........................................................225 

3.3.4.2.2.4. Spacer-free aerosolised FITC-PLGA NP deposition with a 

needle-like nasal nozzle, and 60 L/min airflow (sniff) conditions.................227 

3.3.4.2.2.5. Aerosolised FITC-PLGA NP deposition using a needle-like nasal 

nozzle, and 0 L/min airflow (breath hold) conditions...................................231 

3.3.4.2.2.6. Aerosolised FITC-PLGA NP deposition using a needle-like nasal 

nozzle with smaller output orifice................................................................234  

3.3.4.2.2.7. Aerosolised FITC-PLGA NP deposition when doubling the 

formulation load in the device or doubling the number of actuations...........235 

3.3.4.3. Validation of aerosolised FITC-PLGA NP deposition in the olfactory 

region...................................................................................................................240 

3.4. Conclusions............................................................................................................242 

References.........................................................................................................................244 

CHAPTER 4.......................................................................................................................254 

Nasal cell-based model for parallel deposition and permeation screening of aerosolized 

PLGA nanoparticles delivered via pressurised metered-dose inhaler (pMDI).....................254 

4.1. Introduction.............................................................................................................254 

4.1.1. Chapter aims...................................................................................................256 

4.2. Materials and Methods............................................................................................258 

4.2.1. Materials.........................................................................................................258 

4.2.2. Cell culture maintenance and RPMI 2650 multilayer development..................258 

4.2.3. Transepithelial electrical resistance (TEER)....................................................259 

4.2.4. Mucus production............................................................................................259 

4.2.5. Tight junction visualisation (immunocytochemistry visual protocol).................259 



 

V 

 

4.2.6. Cell compatibility.............................................................................................260 

4.2.7. Paracellular permeability prior to aerosol exposure.........................................260 

4.2.8. Cell uptake of PLGA nanoparticles..................................................................261 

4.2.9. Aerosol deposition system..............................................................................262 

4.2.9.1. Dose deposition on Snapwell® inserts.....................................................264 

4.2.9.2. Cell layer integrity following aerosol exposure.........................................264 

4.2.10. Transepithelial transport of PLGA NPs..........................................................265 

4.2.11. Nasal cast and custom Snapwell® inserts fabrication....................................266 

4.2.12. Cell cultivation in the nasal cast and the subsequent deposition and permeation 

studies......................................................................................................................269 

4.2.13. Statistical method..........................................................................................270 

4.3. Results and Discussion...........................................................................................271 

4.3.1. TEER measurements of ALI-RPMI 2650 model..............................................271 

4.3.2. Mucus production............................................................................................273 

4.3.3. Tight junction protein visualisation...................................................................276 

4.3.4. Cell compatibility with the PLGA NP formulation.............................................277 

4.3.5. Paracellular permeability prior to aerosol exposure.........................................278 

4.3.6. RPMI 2650 cell uptake of PLGA NPs...............................................................281 

4.3.7. PLGA NP dose deposition onto ThinCert® inserts...........................................286 

4.3.8. RPMI 2650 cell layer integrity following aerosol exposure...............................289 

4.3.9. Transepithelial transport of PLGA NPs............................................................294 

4.3.10. PLGA NP integrity and deposition studies in RPMI 2650 cultivated in the nasal 

replica.......................................................................................................................297 

4.4. Conclusions............................................................................................................300 

References.........................................................................................................................302  

CHAPTER 5.......................................................................................................................307 

CONCLUSIONS AND FUTURE PERSPECTIVES.............................................................307 

APPENDIX.........................................................................................................................314 

 

 

 

 

 

 

 



 

VI 

 

ABSTRACT 

The effective therapy of Central Nervous System (CNS) disorders has been a 

challenging task. The available treatment options are either systemic with insufficient 

outcomes or localized but disruptive. The CNS is shielded with the tight Blood Brain 

Barrier (BBB), the main roadblock, its unique and uninterrupted structure is highly 

selective to molecule transport into and out of the brain. Intranasal (IN) administration 

has emerged as a promising approach as a direct and invasive drug delivery route to the 

brain bypassing the BBB. It is convenient, painless and offers direct and efficient entry 

for drug/formulation via the BBB-free olfactory neuroepithelium and the olfactory neurons 

in the nasal cavity. Nevertheless, nasal pathway has its own hurdles such as the limited 

capacity (≤ 200 µL), enzymatic degradation, mucociliary clearance and the minute 

deposition in the uppermost olfactory region which counts for only 3-5% of the nasal 

cavity. To overcome these obstacles a suitable nasal formulation and delivery device are 

required for ideal Nose-to-Brain Drug Delivery (NTBDD). This work examines the 

synergistic effect of a nano-formulation and a propellent-driven pressurised metered 

dose inhaler (pMDI) to improve the olfactory deposition and hence the brain dosing. The 

diffusive nanoparticles along with the self-contained force device would offer particle 

transport deeper in the nasal cavity enabling the olfactory targeting.  

Two colloidal delivery systems made of PLGA nanoparticles (PLGA NPs) and gold 

nanoparticles (GNPs) were investigated for their morphological properties. Utilizing a 

unique aerosol deposition system, particle stability within the pMDI formulation (EtOH + 

HFA134a propellant) and following aerosolization was screened. The nasal deposition 

studies were performed under different administration techniques using optimised 3D-

printed human nasal replica. And, for the first time an RPMI 2650 cell-based nasal 

deposition model which combines the morphological as well as the physiological 

characteristics of human nose was developed to perform parallel deposition, nasal 

epithelial integrity, and permeation studies for the pMDI-co-PLGA NPs.  

The spherical PLGA NPs and the urchin-like GNPs were intact and discrete after 

atomization with the pMDI device. For 8% and 5.6% olfactory deposition was achieved 

for PLGA NPs and urchin-GNPs respectively. Both systems had no critical damaging 

effect on the RPMI 2650 nasal cell model in aerosol form. The novel cell inspired 

deposition model was successfully employed confirming the integrity of the cellular 

barrier and a considerable deposition of the PLGA particles in the olfactory region. 

Our promising findings are a call for nasally inhaled medicine developers and 

formulators to follow the pMDI-co-NPs approach as a great potential for NTBDD 

applications and therefore reducing the gap towards effective treatment for CNS 

diseases. 
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CHAPTER 1 

 

General introduction 

Since the intranasal route has been recognized as an alternative for therapeutic 

delivery to the brain and central nervous system (CNS) overcoming the blood brain 

barrier, a colossal amount of research has been focused on developing efficient and 

convenient intranasal dosage forms. Despite many advantages, the intranasal route is 

still challenging to formulators, not only due to the ambiguous delivery pathways to the 

brain, anatomical and physiological barriers, but also the interaction between device, 

formulation, patient usage variabilities and the consequent deposition and performance 

of nasal products. Innovative delivery systems based on nanocarriers have been 

presented as a conquering strategy to address many of nose to brain drug delivery 

(NTBDD) challenges, in particular drug deposition in the olfactory region, a gateway to 

the CNS. Nasal aerosols offer many advantages over other nasal products, they provide 

efficient and direct drug delivery to the targeted site ensuring rapid onset of action. The 

application of nanosystems to pharmaceutical aerosols introduces “smart particle 

aerosols”, a powerful combination for nasally administered formulations including but not 

limited to NTBDD purposes. This work examines the potential of nasal aerosols 

generated via pressurised metered dose inhalers (pMDIs) of offering profound 

penetration for intranasal nanoparticles (NPs) towards the targeted region in the nasal 

cavity to achieve targeted drug brain delivery. 

 

The aims of the Thesis 

The main aim of this project is to Investigate the potential of delivering intact and 

respirable NPs intranasally via a pMDI device, and to explore the capability of the 

developed pMDI-co-NP nasal system to offer a practical penetration for the nano-

formulation deeper in the nasal cavity towards the olfactory region for efficient NTBDD. 

Finally, to understand the impact of different formulation-, device-, and administration 

technique-related parameters on the overall nasal deposition.   

 

Objectives of the Thesis 

Chapter 1: To present the importance of nasal route as a gateway to the CNS and the 

potential of polymeric nanocarriers as advantageous nasal formulations for efficient 

NTBDD. To demonstrate the practicality of 3D-printed human nasal replicas as useful in 

vitro tools for nasal aerosol deposition evaluation. In addition, to present the impact of 
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different formulations, devices, and administration configurations on the targeted 

regional nasal delivery including the olfactory region for NTBDD purposes.  

 

Chapter 2: To formulate anisotropic gold nanoparticles suitable for nasal delivery and 

study the impact of various reaction parameters on the particle sizes and shapes. To 

load the particles into HFA 134a-based pMDI device and investigate their integrity and 

regional nasal deposition using a 3D-printed human nasal cast and following the 

optimised settings demonstrated in chapter 3. To assess the compatibility of gold 

nanoparticle with the RPMI 2650 nasal cell model as a drug carrier candidate for NTBDD 

applications. 

 

Chapter 3: To formulate polymeric poly(lactic acid-co-glycolic acid) nanoparticles for 

nasal delivery via HFA 134a-based pMDI device, assess their integrity, and identify the 

optimal settings to enhance particle olfactory region deposition utilising a 3D-printed 

human nasal cast. To compare the nasal deposition performance of the developed nano-

formulation with aerosolised microparticles by testing the commercially available 

suspension based pMDI formulation (Ventolin® Evohaler®, GSK) in the nasal cast to 

understand the advantages that nanoformulation-co-pMDI can offer for NTBDD 

applications. 

   

Chapter 4: To employ RPMI 2650 cell model and develop human nasal epithelium to 

assess the impact of pMDI-aerosolised nanoparticle on human nasal cells. To fabricate 

innovative cell-based nasal model representing the morphological and physiological 

characteristics of the human nose and so the developed model could be proposed as a 

valuable tool for nasal formulation parallel compatibility, deposition, and transport in vitro 

testing.  
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A sniff to the brain: The validity of intranasal polymeric 

nanoparticulate approaches for drug-brain delivery 

 

1.1. The potential of Nose to Brain Drug Delivery (NTBDD)  

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson's Disease 

(PD), Multiple Sclerosis (MS), and meningitis remain major challenges for effective 

therapy. The broad-spectrum pathological manifestations of neurological diseases 

display significant neuronal functionality alterations and accelerate neuronal tissue loss. 

Despite great developments in both understanding the pathogenesis of such diseases 

and in the related drug delivery research, the conventional treatment options generally 

aim to attenuate the progression of the disease, but they have been ineffective at 

restoring normal neuronal functionality or even achieving significant disease reversal. 

The central nervous system (CNS) shields itself from exogenous substances with a 

series of tight barriers (Cipolla, 2009), of which the blood-brain barrier (BBB) is the most 

exclusive and selective. Its unique and uninterrupted structure vigorously controls the 

movement of molecules into and out of the brain and poses a crucial obstacle to brain 

drug delivery, even when impaired as occurs in some severe neuropathological 

conditions such as stroke, AD, and PD. 

Over the last few decades, the intranasal (IN) route has gained a great deal of 

research interest as an alternative, direct and non-invasive transport route to the CNS 

for many therapeutics such as anti-cancer drugs (Chung et al., 2020; Wang, L. et al., 

2021), anti-oxidants (Ibrahim et al., 2021; Vaz et al., 2022), PD- (Sridhar et al., 2018; 

Trapani et al., 2021) and AD therapies (Akel et al., 2021; Li, R. et al., 2022). Figure 1.1 

shows the key pathways involved in drug transport from the nasal cavity to the brain. 

Indeed, the nasal approach is unique in the human body that bypasses the BBB, 

connecting the brain with the external environment (Crowe et al., 2018). The feasibility 

of direct nose-to-brain (NTB) drug delivery (NTBDD) was first suggested in 1989 by 

William H. Frey II, who developed a clinically effective IN insulin for improving memory 

in senile dementia of Alzheimer's type (SDAT) patients (Frey II, 1997). 
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Many hypotheses have been put forward to explain the pathways associated with 

NTB transport (Illum, 2000; Pardeshi and Belgamwar, 2013; Kozlovskaya, Abou-Kaoud 

and Stepensky, 2014; Selvaraj, Gowthamarajan and Karri, 2017; Pires and Santos, 

2018). However, to date, the exact mechanism is not fully understood, and one pathway 

may predominate over another, depending on three main elements: drug properties, 

formulation characteristics, the delivery device employed together with the patient use 

(Maaz, Blagbrough and De Bank, 2021).  

It has been proposed that the transport of a substance to the CNS via the nasal route 

falls into two categories, the direct NTB pathway which overcomes the BBB, and the 

indirect pathway which involves absorption of the substance into the systemic circulation 

and therefore, has to cross the BBB to enter the brain. The direct pathway occurs mainly 

via the olfactory neuroepithelium and involves three different mechanisms: paracellular 

and transcellular transport through the olfactory epithelium, and/or intracellular axonal 

transport through the olfactory sensory neurons. 

Extracellular transport may take place along intercellular clefts along the olfactory 

nerve by navigating the tight junctions (TJs) which fill out the paracellular space between 

sustentacular cells and olfactory neurons. Substances can cross the nasal epithelium 

Figure 1.1. Anatomical structure of the human nose showing the three main 

pathways involved in NTBDD. 1) transport via olfactory epithelium (shown 

in red), 2) transport via olfactory neurons, and 3) transport via trigeminal 

nerve branches in respiratory (shown in green) and olfactory epithelia. 
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and reach the underlying submucosal lamina propria of the olfactory region for upward 

CNS entry. An alternative extracellular route is when the substance slowly utilizes 

paracellular diffusion, again through the TJs between the sustentacular cells, 

subsequently reaching the olfactory lobe. This extracellular process is suitable for 

hydrophilic compounds e.g., peptides and proteins, and the diffusion through specific TJ 

protein structure is subjected to the molecular size of the substance. Across different 

epithelial tissues, paracellular transport through TJs varies, but it was reported that it is 

limited for molecules larger than 0.35 nm hydrodynamic diameter and is negligible for 

molecules greater than 1.5 nm (Illum, 2004).  Having said that, the continuous turnover 

of the olfactory sensory neurons ( life span is between 30-90 days in rodents upon age 

(Brann and Firestein, 2014)) and the subsequent delay in TJs genesis indicate that the 

size limitations imposed by the TJs might not be crucial in the nasal epithelium. Large 

molecules such as insulin (5.8 kDa ~ 1.57 nm) (Wingrove et al., 2019), albumin (66.5 

kDa ~ 3.48 nm) (Falcone et al., 2014) and even cell-based therapy (Balyasnikova et al., 

2014) were shown to be highly efficacious when delivered intranasally, regardless of the 

clear transport mechanism, this could be as a result of increased TJs permeability or 

their complete loss during the olfactory system neurogenesis. Extracellular transport 

through perineural spaces along the nerves is efficient and most likely has the greatest 

contribution toward therapeutic IN delivery to the CNS, where the onset of action could 

be observed within a few minutes (Lochhead and Thorne, 2012). 

Transcellular transport occurs across the basal epithelial cells (sustentacular cells in 

the olfactory epithelium) by passive diffusion, carrier-mediated transport, and fluid 

phase-, or receptor mediated-endocytosis (pinocytosis and transcytosis respectively). 

For substances which undergo passive diffusion, the hydrophilic/lipophilic affinity of the 

substance is the rate-limiting factor, more lipophilic drug molecules will achieve higher 

bioavailability through this mode of transportation (Bhise et al., 2008). On the other hand, 

actively transported substances require prolonged receptor-ligand complex residence 

time at the nasal epithelium which is, in this case, more essential than the molecular 

weight of the substance (Irwin et al., 1994; Tummino and Copeland, 2008). Along with 

extracellular transport via the leaky epithelium supporting the nerves, transport may 

occur via the intraneuronal/ intracellular pathway, which involves drug uptake by the 

olfactory sensory neurons followed by trafficking down the axon length towards the 

olfactory bulb in the cerebrum. Figure 1.2 illustrates the uptake mechanisms of a 

substance through the olfactory epithelium. 
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As for the trigeminal nerve contribution to the direct NTBDD, although it has been 

assessed to be minor (Hong et al., 2019), the nasal cavity is extensively innervated by 

ophthalmic and maxillary branches of the trigeminal nerve. These two branches are the 

initial point of drug entry in the nasal cavity respiratory region and, to a lesser extent, at 

the olfactory mucosa. Together with the mandibular branch, they synapse at the 

trigeminal ganglion and access the brainstem at the pons for the following distribution 

within the forebrain and hindbrain. The small portion of trigeminal nerve which terminates 

in the olfactory bulb may also deliver substances to the frontal brain, hence it is relatively 

difficult to differentiate whether the trigeminal pathway, the olfactory pathway or both are 

involved in transporting IN administrated drugs into olfactory bulb (Gänger and 

Schindowski, 2018). Molecules as large as insulin-like growth factor-I (IGF-I) (7.65 kDa) 

(Thorne et al., 2004), Interferon IFNβ-1b (19.86 kDa) (Ross et al., 2004) and about 100 

Figure 1.2. Cellular uptake mechanisms through the olfactory epithelium. Mode of uptakes: a; 

transcellular, b; paracellular, c; extracellular, d; intracellular (intraneuronal). CSF; cerebrospinal 

fluids, OB; olfactory bulb, CP; cribriform plate, and ON; olfactory neurons. 
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nm nanoparticles (Li, Y. et al., 2019) were reported to be transported via the trigeminal 

nerve following IN administration. Endocytosis and/or pinocytosis are the main 

mechanisms which mediate substances passing into neuronal cells. In contrast to the 

extra-neuronal pathway, this process is considered time-consuming and not ideal for 

acute situations as it might take hours to days to be completed, making it most unlikely 

to be a primary mechanism of NTBDD. The mean diameter of human olfactory neurons 

is between 100-700 nm, suggesting that only molecules within this size range will be able 

to use this route (Bourganis et al., 2018).  

As for the indirect pathway, it occurs when drug molecules/carriers survive nasal 

elimination processes represented by the enzymatic and mucociliary clearance and 

come into contact with the highly vascularized respiratory epithelium, through which they 

will be transcellularly absorbed and transported into the systemic circulation via the blood 

or the lymphatic system. Thereafter, they slowly diffuse to the perivascular spaces and 

cerebrospinal fluid (CSF) of the subarachnoid spaces to distribute finally throughout brain 

parenchyma via bulk flow (Kozlovskaya, Abou-Kaoud and Stepensky, 2014). Only small 

lipophilic molecules may benefit this route and they should pass through the BBB in order 

to gain entry to the CNS with associated high systemic exposure and hepatic/renal 

metabolism imitating the IV administration profile (Hong et al., 2019). Figure 1.3 

summarizes all the above mentioned direct and indirect transportation pathways 

following IN administration. 

 Since Frey’s pioneering idea, comprehensive studies have been undertaken on 

various therapeutic agents and biomolecules supporting the theory of direct NTBDD (Yin 

et al., 2020; Akita et al., 2021; Wang, L. et al., 2021; Li, R. et al., 2022; Liu, X. et al., 

2022). In fact, this route presents various advantages over systemic delivery as it is an 

easy and safe means of administration, it decreases adverse systemic effects, avoids 

the BBB, and directly transports the drug to the brain. It also guarantees an increased 

drug bioavailability due to the large surface area and high vascularization of the nasal 

epithelium (Kapoor, Cloyd and Siegel, 2016). However, uninterrupted delivery to the 

brain through the nasal mucosa is not yet a commonplace. For example, Van Den Berg 

et al. detected no amounts of studied drugs in the CSF after IN administration (Van Den 

Berg et al., 2003, 2004). 
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Despite achievements in extensive animal research in NTBDD (Agrawal et al., 2018), 

in mice (Salameh et al., 2015), rats (Feng et al., 2012), rabbits (Yu and Kim, 2009), dogs 

(Micieli et al., 2017) and monkeys (Saccone et al., 2016), few have been successfully 

translated into human clinical trials and none have attained marketing approval. Indeed, 

NTBDD has several constraints which have limited its translation, including the nasal 

cavity being able to hold a limited fluid volume. Typically, less than 200 μL of liquid can 

be retained per nostril, and the overloaded fluid either drips out from the nares or leaks 

into the oesophagus. Hence only potent drugs with considerable resistance to the 

degrading enzymes present in the nasal mucosa are suitable candidates for NTBDD. 

Short retention time, mucociliary clearance, and unpredictable nasal permeation and 

absorption in conditions such as allergy, common cold or physical injuries are also other 

hurdles for nasal administration to overcome (Kapoor, Cloyd and Siegel, 2016). The 

physicochemical properties of a drug or formulation, e.g. size, charge, hydro/lipophilicity, 

Figure 1.3. N2B pathways, the solid lines represent both direct ways via the olfactory region and 

trigeminal nerve, and the dashed lines represent the indirect way via the respiratory region. 
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have considerable effects on the translocation rate across the nasal epithelia to the CNS 

and should be taken into account. For example, small hydrophilic molecules (<0.3 kDa) 

are typically transported either paracellularly or by active transport, whereas both small 

(<0.3 kDa) and larger (0.3-1 kDa) lipophilic molecules have a better chance to passively 

diffuse through the nasal mucosa. However, active efflux transporter pumps and/or 

enzymatic degradation in the olfactory epithelium largely influence small molecule 

transport (Kapoor, Cloyd and Siegel, 2016). Altogether, only a minute amount of drug 

(<1%) can reach the olfactory region, which is an exclusive door into the brain through 

the nasal cavity (Illum, 2000). These hurdles require not only specific NTBDD but also 

unique strategies for further and more efficient NTBDD. 

Innovative nanocarriers present a plethora of benefits (Musumeci, Teresa, 

Bonaccorso and Puglisi, 2019), some are summarised in Figure 1.4, which could 

enhance NTB applicability and eventually the efficacy of neurodegenerative disease 

treatment in comparison to conventional formulations. Various types of colloidal carriers 

with potentially promising outcomes for NTBDD have been reported in the literature, 

including lipid-based nanosystems such as liposomes (Yang, Z.Z. et al., 2013; Hong et 

al., 2019; Adnet et al., 2020), nanostructured lipid carriers (NLCs) (Gartziandia et al., 

2016; Li, J. et al., 2019), solid lipid nanocarriers (SLNs) (Muntimadugu et al., 2016; Yasir 

et al., 2017) and nanoemulsion (NEs) (Yadav et al., 2015; Yadav et al., 2016). 

This review comprehensively examines the more recent advancement in the NTBDD 

field employing polymer-based nanoparticles (PNPs). According to our data for the last 

decade, PNPs have been the most studied nanostructure for NTBDD application. We 

used the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) to collect our bibliography 

and identify the total trend of various nanocarriers. No publication limitations were 

applied apart from being a journal article in English language and different NTB 

nanosystems were considered including PNPs and separately Chitosan nanoparticles 

(CS NPs), Liposomes, Nanostructured lipid carriers (NLCs), Solid lipid nanoparticles 

(SLNs), mini-emulsions (Nano-emulsions NEs), inorganic NPs, nano-micelles and 

nanogels. Following screening 425 publications between 2010-2022, Figure 1.5 shows 

that PNPs have been predominant in NTBDD area. The ease of production and surface 

modifications, stability, biocompatibility, and the outstanding ongoing success of 

polymeric carriers with a wide range of CNS disorders therapeutics, spot the light on their 

great potential and promising regulatory approval which will be covered in detail in this 

manuscript.  

https://pubmed.ncbi.nlm.nih.gov/
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Nanocarriers 
advantages

Improve drug 
stability

Provide 
sustained/ 

controlled drug 
release profiles 

Decrease the 
number of 

doses, thus 
adverse side 
effects and 

enhance patient 
complianceFacilitate cargoes 

transportation 
across nasal 

mucosa and cells 
internalization

Protect the drug 
from biological 
and chemical 
degradation

Prolong 
residence time 
at the site of 

administration

Figure 1.4. Some advantages of nanosized carriers. 

Figure 1.5. The percentage of different types of nano-based systems developed for NTBDD 

purposes over the period 2010-2020 collected using the PubMed platform. *Inorganic NPs include 

Fe, Au, Ag, and silica NPs. 
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1.2. Nanoparticles, neurotherapy and the nose 

The utilization of NP formulations is a promising approach for the improvement of 

efficiency, safety, and stability of NTBDD. Indeed, PNPs are a versatile and 

biocompatible platform with substantial advantages for the delivered cargoes. These 

formulations control the amount of loaded drug released over time, offering the chance 

for optimal therapy, an effect which can be enhanced by the interaction of PNPs with 

mucus, prolonging residency at the mucosal surface and facilitating drug diffusion across 

the nasal epithelium. PNPs can also aid the evasion of multidrug-efflux pumps, weaken 

the barrier functionality of TJs, and enhance endocytosis mechanisms, further facilitating 

drug absorption. Moreover, NPs shield the loaded drug from chemical or biophysiological 

deterioration and therefore increase the drug’s stability (Bourganis et al., 2018; Gänger 

and Schindowski, 2018). Conversely, there are some shortcomings associated with 

PNPs for NTBDD applications. Adequate reproducibility of administration to the targeted 

olfactory region in the nasal cavity is not an easy aim. Despite the limited systemic 

exposure reported following IN administration in comparison to other routes, it is 

challenging to fully avoid off-target effects as the adjacent respiratory region is highly 

vascularized and can lead to peripheral uptake. Uncontrolled distribution as well as the 

variability of brain attained concentrations which might be under therapeutic in some 

regions while over accumulated in others are critical issues which need to be considered 

to design efficient NTB polymeric carriers. There are some concerns that IN 

nanoformulations could elicit neurotoxicity as they could potentially concentrate their 

payload in non-targeted areas in the brain and/or the formulation itself might induce 

safety issues (Pires and Santos, 2018). It has also been reported that aerosolized 

particles smaller than 5 µm might be transferred to the lung via the inspired air leading 

to adverse pulmonary events (Kapoor, Cloyd and Siegel, 2016). Considering both side 

of the arguments, we are reviewing the main attributes of IN PNPs which have attracted 

the researchers in NTBDD field. We are also addressing the possible approaches that 

could be followed to overcome the pitfalls of the combination.     

 

1.2.1. The efficiency of PNPs as NTBDD systems 

Therapeutic agents encapsulated in PNPs which take advantages of the nasal route 

provided proof of concept for olfactory targeting and efficient NTB delivery via 

pharmacokinetic and pharmacodynamic studies in animal models with brain tumours, 

PD, AD, and many other CNS disorders. Indeed, even with no to simple surface 

modifications, the IN application of these nanocarriers which could be further fine-tuned 

to meet various aspects of NTBDD, have already demonstrated outstanding 

pharmacological outcomes. Manickavasagam, et al. investigated Simvastatin 

repurposing approaches, applying this well-known drug to new indications to cover 
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unmet medical needs. A combination of neuroprotective Simvastatin and brain derived 

neurotrophic factor (BDNF) was effectively delivered to the brain via intranasal PEG-

PDLLA polymersomes to treat neuroinflammation. In vivo results in BALB/c mice showed 

a significant decrease (~ 30%) in brain cytokines IL-6 and a 2-fold increase in BDNF 

levels. The polymersome formulations were able to reach the brain and reduce microglial 

activation in the rostral (frontal cortex, striatum) and, to a lesser extent, in the caudal 

parts of the brain (hippocampus, substantia nigra) (Manickavasagam, Lin and Oyewumi, 

2020). Nigam et al., utilized nasal PLGA NPs (178 nm) for dual analgesic therapy, a 

combination of Lamotrigine and Baclofen. In vitro tests showed that pro-inflammatory 

cytokines IL-4 & IL-10 levels were significantly reduced whereas in vivo radiolabelling 

showed 191.2% and 38.6% brain- Drug targeting efficiency (DTE%) and drug direct 

transport percentage (DTP%) respectively. Moreover, the developed combination 

revealed anti-nociceptive potential and enhanced inflammation-induced pain relief in 

mice model (Nigam et al., 2022). Table 1.1 lists some developed PNP-based 

nanosystems for NTBDD and their outcomes with no surface modification applied other 

than PEGylation. 

 

1.2.2. Controlled-sustained-release profiles 

Small and lipophilic molecules may enter the brain by transmembrane diffusion and 

have so far been the most successful category of neurotherapeutics (Banks, W. A. and 

Greig, 2019). However, achieving therapeutic drug concentrations in the brain is still 

challenging as the drug must distribute within the brain’s aqueous interstitial fluid. 

Therefore, highly lipophilic molecules will be isolated by the capillary bed and not reach 

the brain tissues beyond the BBB. Also, lower concentrations of lipid drugs will be 

presented to the brain as they also favour the peripheral tissues. Conversely, CNS-to-

blood transporters impede the accumulation of small molecules in the brain, excluding 

all but a small range of substances (Banks, William A., 2009; Banks, W. A. and Greig, 

2019). The NTBDD pathway overcomes these challenges, and NP-based systems offer 

add-on benefits in terms of achieving effective concentrations of the active in the brain 

for sufficient times. For example, lamotrigine is a lipophilic drug and one of the FDA-

approved therapeutic choices for neuropathic pain. It enters and is then rapidly cleared 

from the brain, hence it was chosen to be developed as an IN PLGA-NP formulation by 

Nigam, et al. in order to prolong its brain retention (Nigam et al., 2019). Gamma-

scintigraphy imaging were carried out to compare IN, oral, and IV routes of 

administration. Following nasal delivery, lamotrigine-PLGA-NPs resulted in higher drug 

levels in the brain than in the systemic circulation, where higher Cmax was achieved ~40% 

compared to the formulation IV delivery, and the drug was also retained for a longer 

duration. However, this was not the case following oral and IV administration, where 
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higher systemic levels of drug were detected compared to the brain. Initial In vitro, 

macrophage cytokine analysis was also carried out by the authors and showed a 

significant decrease in pro-inflammatory cytokines IFN-γ and IL-6 following exposure to 

lamotrigine-PLGA-NPs. Taking it all together, the results suggest that PLGA worked well 

as a carrier, with the formulation being able to reach the brain efficiently and might 

achieve potent in vivo therapeutic effects of lamotrigine for neuropathic pain (Nigam et 

al., 2019). 

Even for CNS penetrant compounds, the distribution out of the brain is an equal 

issue. Sharma, et al. proposed nasal diazepam-PLGA NP formulation as noninvasive 

carrier which provides efficacy and controlled release with an improved brain 

bioavailability (Sharma, D. et al., 2015). Diazepam is lipophilic and crosses the BBB to 

reach the brain. However, it is promptly eliminated, resulting in the need for repeated 

doses which could cause dependence, tolerance, and withdrawal (Calcaterra and 

Barrow, 2014). Ex vivo study on sheep nasal mucosa showed Controlled release of 

~65% within 24h, whereas in vivo biodistribution study employing γ-Scintigraphic 

imaging confirmed higher brain bioavailability and brain/blood ratio throughout 8 h in 

comparison to IV an IN diazepam suspension as a proof of concept that the PLGA 

nanocarriers produced rapid and more efficient uptake of diazepam via the NTB pathway 

(Sharma, D. et al., 2015). Similarly, Musumeci, et al. aimed to promote the NTBDD 

efficiency of oxcarbazepine to control epileptic seizures and avoid the adverse effects 

which are associated with this therapeutic regimen. In particular, the authors attempted 

to obtain sustained therapeutic effects of oxcarbazepine-PLGA NPs with a smaller dose 

and reduced frequency to increase patient compliance. Immunohistochemical 

investigations showed that this innovative nanoformulation was successful in controlling 

seizures in epileptic rats. Although IN administration of free oxcarbazepine induced low 

but detectable amounts of the drug in the CSF, multiple daily administrations were 

required to produce effective concentrations in the brain. An IN oxcarbazepine-based 

PLGA nano-formulation reduced the required number of administrations and showed 

good seizure control at one daily dose after 16 days of treatment (Musumeci, T. et al., 

2018). 
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Table 1.1. Examples of PNP-based nanosystems for NTBDD, other than PEGylation, no particle functionalisation was applied.  

Therapeutic 
model 

Neuro- 
activity 

Nano-system 
used 

Preparation 
method 

NTB 
evaluation 
analytical 
method 

In vivo 
model 

Intranasal 
dosing 

Outcomes Ref 

L-Dopa 
For 
Parkinson’s 
disease 

PLGA- and 
CS NPs 

Double emulsion 
w/o/w solvent 
evaporation 
(PLGA NPs) and 
ionic gelation (CS 
NPs) 

HPLC for L-
Dopa 
quantification 
in rat plasma 
samples 
collected from 
the jugular 
vein 

Male 
Wistar rats 
(250- 280 
g) 

20 µL (2.5 
mg/kg BW) 
of NP 
solution was 
administered 
by a 
micropipette 
into the 
nasal cavity 
through the 
nostril 

Enhanced brain 
bioavailability in vivo 
study was performed for 
CS NPs following IN 
administration 

(Ahmad, M.Z. et 
al., 2022) 

Baclofen 
and 
Lamotrigine 
combination 

For 
Neuropathic 
pain 

PLGA NPs Nanoprecipitation  

Drugs were 
labelled with 
99mTc, and the 
radiolabelling 
efficiency was 
measured in 
rat brain 
samples 

 

 

 

 

 

For PK: 
Sprague 
Dawley 
rats (180–
200 g) For 
PD: 
CL57/BL6J 
female 
mice (25 
g) 

Using a thin 
tube 
catheter (Ø 
= 0.1 mm) 

- Reduction in pro-
inflammatory cytokines 
(IFN-γ, IL-6) but not anti-
inflammatory cytokines 
(IL-4, IL-10). 
- Analgesic effect during 
inflammation-induced 
phase II pain. 

(Nigam et al., 
2022) 
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Table 1.1 (continued). Examples of PNP-based nanosystems for NTBDD, other than PEGylation, no particle functionalisation was applied.  

Therapeutic 
model 

Neuro- 
activity 

Nano-system 
used 

Preparation 
method 

NTB 
evaluation 
analytical 
method 

In vivo 
model 

Intranasal 
dosing 

Outcomes Ref 

- - 

Pure PLGA 
NPs and 
PLGA NPs-in-
chitosan 
micro-particles 

Nanoprecipitation 
method for 80 and 
175 nm, double 
emulsion w/o/w 
solvent 
evaporation 520 
nm, spray drying 
for nano-in-micro 
system 

Immuno-
histochemistry 
and 
histological 
staining for 
permeation 
studies 

Ex-vivo on 
a porcine 
olfactory 
mucosa 

- 

- Time-size proportional 
transcellular and 
neuronal NP uptake 
(smaller NPs are faster). 
- Paracellular uptake via 
TJ’s opening with CS 
coating 

(Spindler et al., 
2021) 

Simvastatin 
and brain-
derived 
neurotrophic 
factor 
(BDNF) 
combination 

Anti-
inflammatory 

PEG-PdLLA 
polymersomes 

Nanoprecipitation 
method 

ELISA for 
cytokine (IL-
1β) levels, 
western 
blotting for 
BDNF content 
in brain 
samples 

BALB/c 
mice 
(20-25 g) 

Using a 
micropipette, 
a total of 6 
drops of 5 
µL treatment 
were 
administered 
each time to 
reach the 
final dosing, 
30 minutes 
time 
intervals, 
alternating 
nostrils 

- Inhibition of microglial 
produced inflammation> 
- Reduced brain 
cytokines levels (IL-6, 
IL-1 β)> 
- Increased BDNF levels 
in brain tissues 

(Manickavasagam, 
Lin and Oyewumi, 
2020) 
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The limited duration of action is more problematic for neuropeptides. They lack 

sustained brain bioavailability and therefore therapeutic efficacy, not merely because of 

an inability to cross the BBB, but also due to instability in plasma and their extensive rate 

of metabolism by endopeptidases. IN administration has emerged as an effective 

approach for the rapid transport of peptides to the brain (Illum, 2003; Chapman et al., 

2013). Kubek et al. studied direct NTBDD of thyrotropin-releasing hormone (TRH) as an 

anticonvulsant in a kindling-induced epilepsy rat model. Nile-red loaded PLA-NPs with 

similar size were applied in parallel to cultured cortical neurons in vitro and IN in rats to 

investigate NP uptake over time. Fluorescence microscopic visualization in seizure-

responsive areas showed that the highest fluorescence intensity occurred between 24 

and 48 h. This was sustained for up to 192 h after IN administration, most likely due to 

smaller nanoparticles (88-102 nm being taken up and delivered to several brain regions. 

In terms of pharmacodynamic effects, TRH-NPs were viable and mimicked the implanted 

TRH microdisk in attenuating seizures and possibly preventing epileptogenesis. 

Collectively, the data confirmed that intranasal TRH-PLA NPs have combined 

advantages. Not only do they enhance brain availability, but they also displayed 

sustained brain tissue deposition with potential therapeutic effects (Kubek, Domb and 

Veronesi, 2009). Table 1.2 summarises some PNP-based nanosystems for NTBDD 

aimed to produce sustained release formulation. 

 

1.3. Factors affecting NTBDD of PNPs 

Although the feasibility of direct transport from the nasal cavity to the CNS for small- 

and macro-molecules has been recognized in numerous studies (Illum, 2000, 2012; 

Lochhead and Thorne, 2012), the actual quantity of drug reaching the brain via the nasal 

pathway is quite low unless steps are taken to utilize efficient drug delivery technologies 

to make this route therapeutically valid. NPs offer several advantages which might 

enhance NTBDD and thereby increase the drug availability in the CNS. Simply by fine-

tuning their characteristics, a “single platform” could protect the encapsulated drug from 

chemical and/or biological decomposition, utilize cellular transport process, and achieve 

a desirable controlled and/or targeted release for one or several different drugs in a 

specific brain region (Mistry, Stolnik and Illum, 2009). This section highlights three main 

factors that have an established impact on NP behaviour when they are delivered IN for 

NTBDD. 

 

1.3.1. System composition 

Various drug delivery nano-systems such as elemental silver or gold NPs, lipid-based 

NPs, PNPs and nanoemulsions have been developed to maximize the efficiency of direct 

NTBDD. Each system may present some benefits on the one hand and pose some 
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drawbacks on the other. For instance, it was proposed that nanoemulsion formulations 

are a safer option for NTBDD than PNP as, contrary to PNP, they lack solid surfaces and 

are less likely to shatter the mitochondria and produce cellular oxidative stress 

(Oberdörster, Oberdörster and Oberdörster, 2005). 

Gratziandia, et al. developed an in vitro model of olfactory cell monolayers, taken 

from the Wistar rat nasal cavity, and evaluated whether PNPs rather than nanostructured 

lipid carriers have better permeability through these monolayers to assess their potential 

to reach the brain via the IN pathway (Gartziandia et al., 2016). Both formulations 

showed high stability in and CSF over 2h of incubation and were compatible with the 

olfactory cells, with more than 70% viability at all tested doses. Intriguingly, only 0.7% of 

PLGA NPs were able to pass through the olfactory cells compared to 8% for 

nanostructured lipid carriers (NLCs). The latter increased to 22% when the lipidic 

particles were coated with chitosan (CS), which improved the adhesion of the NPs to the 

epithelial cells. The authors extended their investigation to determine whether decorating 

CS-NLCs with TAT peptide or penetratin, the most used cell-penetrating peptides, would 

further improve their nasal cellular absorption. Indeed, 46% of TAT-CS-NLCs crossed 

through the olfactory cell monolayers, making them better candidates than the polymeric 

NPs for NTBDD. It was also reported that within polymeric NPs, different carrier types 

may act differently when it comes to their endocytosis efficiency. Musumeci, et al. verified 

the elimination rates of PLA, PLGA and CS NPs by olfactory ensheathing cells, which 

are responsible for constant neurogenesis of the human olfactory system. To neutralize 

the effect of the critical NP size on the membrane uptake rate, Musumeci, et al. selected 

particles with a larger mean size (100-200 nm) for the three studied carrier materials. 

The results showed that PLGA NPs displayed the highest uptake rate during the first 

hour and this increased in a time-dependent manner. Interestingly, the authors 

suggested that the lower absolute value of PLGA NP surface charge (-15mV) in 

comparison to PLA NPs (-30mV) and CS NPs (+34mV) led to lower repulsion with the 

cell membrane and higher internalization rate. This indicated that the electrostatic forces 

presumably had no effect on the uptake process and other factors like hydrophobic 

interactions, stretching and bending energies and/or receptor-mediated endocytosis 

were the most dominant ones (Musumeci, T. et al., 2014) 
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Table 1.2. Examples of PNP-based nanosystems for NTBDD aimed for sustained release formulation, no targeting surface modifications were applied 

Therapeutic 
model 

Neuro-
activity 

Nano-
system 
used 

Preparation 
method 

NTB evaluation 
method 

In vivo 
model 

Pharmacokinetic 
outcomes 

Suggested CNS 
access 
mechanism 

Ref 

Lamotrigine 
neuropathic 
pain 

PLGA NPs 
(185 nm) 

Nano-
precipitation  

Gamma scintigraphy 
imaging of 
radiolabelled 
formulation 99mTc-
PLGA NPs, RP-HPLC 

Sprague 
Dawley rats  
(180-200g) 

~ 30% increase in 
brain dosing after 
24h in comparison 
to IV administrated 
PLGA NPs 

Not stated 
(Nigam et 
al., 2019) 

Oxcarbazepine Anti-epileptic 
PLGA NPs 
(164.5 nm) 

solvent 
displacement 
method 
followed by 
polymer 
deposition 

Fluorescence imaging 
of DiR-labelled PLGA 
NPs, HPLC for CSF 
sample quantification, 
in addition to 
immunohistochemistr
y (IHC) staining 

Male Wistar 
rats 
(200–250 g) 

> 8% of the instilled 
DiR- PLGA NPs 
second dose was 
detected in the brain 
after 24 h and 4.9% 
was detected at 72 
h from the last IN 
administration 

Possible Direct 
NTB transport via 
the olfactory 
region (neural 
pathway is 
predominant) but 
the study cannot 
exclude the 
systemic pathway 
involvement via 
nasal mucosa 

(Musume
ci, T. et 
al., 2018) 

Rivastigmine 
Anti-
Alzheimer’s 

PLGA NPs 
incorporated 
into 
Poloxamer 
P407 gel 
(75.14–173 
nm) 

Nano-
precipitation  

UV 
spectrophotometer 
and fluorescent 
microscopy 

 

 

 

 

 

 

 

-In vitro release 
study showed 
43.28–60.41% after 
24 h for all 
preparations, 
whereas the ex vivo 
study on sheep 
nasal mucosa 
showed an 
improved 
permeation (~ 5% 
within 8 h) 
 

Not stated 
(Salatin 
et al., 
2017) 
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Table 1.2 (continued). Examples of PNP-based nanosystems for NTBDD aimed for sustained release formulation, no targeting surface modifications were 
applied 

Therapeutic 
model 

Neuro-
activity 

Nano-
system 
used 

Preparation 
method 

NTB evaluation 
method 

In vivo 
model 

Pharmacokinetic 
outcomes 

Suggested CNS 
access 
mechanism 

Ref 

Methotrexate 
Glioblastoma 
multiforme  

PLA NP 
incorporated 
in Poloxamer 
188 and 
Carbopol 934 
gel (351 nm) 

solvent 
evaporation  

Spectrofluorimetric 
assay in human 
plasma, 
histopathological 
study, and confocal 
microscope imaging 
for FITC-PLA NPs 

Male Wistar 
rats 
(180±20 g) 

-Continuous in vitro 
release (80%) over 
16h and (20%) up to 
72 h. In vivo study 
showed an AUC0-24h 
and drug brain 
concentration (at 24 
h), 1.5- and 4-fold 
respectively higher 
compared to the IN-
drug formulation 

olfactory nerves 
to multiple rostral 
brain regions and 
trigeminal nerves 
to the brainstem. 
The distribution in 
the cerebrum and 
cerebellum 
regions couldn’t 
be explained 

(Jain et 
al., 2016) 

Diazepam 

Antianxiety, 
sedative-
hypnotic and 
antiepileptic 

PLGA NPs 
(148–337 
nm) 

Nano-
precipitation  

Gamma scintigraphy 
imaging of 
radiolabelled 
formulation 99mTc-
PLGA NPs, RP-HPLC 

Sprague 
Dawley rats  
(180-200g) 

-Ex-vivo on sheep 
nasal mucosa 
showed a controlled 
release of 64.4% for 
24 h, the brain 
concentrations in 
vivo were higher at 
all time points for 8 
h compared to IV. 

Not stated 
(Sharma, 
D. et al., 
2015) 

Levodopa 
Anti-
Parkinson’s 

Chitosan NP 
incorporated 
in Pluronic 
PF127 gel 
(164.5 nm) 

Ionic gelation 
with tri-poly 
phosphate 

Spectroscopic 
method (λmax 280 nm) 

Wistar rats 

-Slow In vitro drug 
release over 7 h (~ 
39%) from the 
nanogel formulation 
whereas the 
chitosan NPs 
showed maximum 
drug recovery in 
vivo (~ 75%) 

Axonal transport 
through the 
olfactory bulb, 
Paracellular 
transport via 
opening the TJs 
by chitosan 

(Sharma, 
S., Lohan 
and 
Murthy, 
2014) 
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Clementino et al., showed that polysorbate 80- and sodium caproyl hyaluronate-PCL 

nanocapsules achieved simvastatin nose to brain delivery via mucopenetration and the 

transport of the whole system across nasal mucosa whereas enhanced mucoadhesion 

took place with hybrid lecithin/chitosan NPs with subsequent simvastatin mucosal 

permeation. The three studied systems were close in terms of size (202-258 nm) and 

encapsulation efficiency (> 97%) (Clementino, A.R. et al., 2021). Liu et al., screened 

neuronal bioeffects and brain distribution of NH2-PS- and COOH-PS NPs upon nasal 

inhalation. Compared to pristine and COOH-modified PS NPs, NH2-modified PS NPs 

achieved higher neuronal uptake levels in a concentration-dependent manner. Following 

7-day mice exposure to aerosolized PS NPs, NH2-modified ones were more effective to 

be absorbed through the nasal mucosa and to enter the brain, however, both 

formulations were accumulated in serum as well (Liu, X. et al., 2022). 

 

1.3.2. Particle hydrodynamic diameter 

Although the defining factors controlling the transport of drug molecules/NPs via the 

NTB pathway are not fully elucidated, it is well established that particle size has a great 

influence on the process of cellular uptake and the induction of one specific endocytic 

pathway over the others (Mistry, Stolnik and Illum, 2009). Indeed, cellular uptake rate is 

subjected to a crucial particle size (98 nm) below which the uptake rate is directly 

proportional to particle size, whereas these two factors become inversely proportional 

when the particle diameters exceed this limit (Xu, A. et al., 2012). Illum and co-workers 

traced nasally delivered polystyrene (PS) NPs (100 nm and 200 nm) in mice’s respiratory 

and olfactory epithelia including the olfactory bulb. Whereas substantial concentrations 

of chitosan (CS-PS) NPs were attached to the mucus covering the epithelial cells, the 

size of unmodified PS and polysorbate 80 (P80-PS) NPs seemed to influence their ability 

to cross the mucus and approach the cell surface, with fewer 200 nm particles detected 

in the olfactory epithelium compared to 100 nm ones. However, both types appeared in 

olfactory and respiratory epithelia at different levels but none in the olfactory bulb, and 

no favoured transport trend could be observed. All studied NP formulations were mainly 

transported transcellularly, and no axonal transport was suggested by the authors due 

to the particle large size (olfactory axons in animal models are <100 nm in diameter) 

(Mistry et al., 2009). The same group implemented in vitro investigations into the 

transport process of the same systems of PS NP (20-200 nm) employing porcine 

olfactory nasal epithelium. They attempted to define whether the drug was delivered to 

the brain within the NP or if it was released at some point in the nasal 

mucosal/submucosal epithelium layers to be subsequently transported to the CNS. 

Interestingly, regardless of the particle size or surface functionalization, none of the 

studied systems was able to pass through the olfactory epithelium over the 4h 
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experiment. The authors rationalized their results with the fact that the studied NPs were 

still relatively large to cross the tissue via the rapid extracellular pathway through the TJs 

(see section 1), which are 0.39-0.84 nm in diameter, whereas the neuronal pathway is 

too slow and longer studies are needed to confirm intraneuronal particle transport. 

Moreover, there were different levels of heterogeneous association between the NPs 

and the epithelium. As expected, due to the mucoadhesive properties of CS, CS-coated 

NPs displayed the highest tissue interaction. However, size-dependent tissue 

deterioration took place, with the smaller NPs (20 nm) exhibiting significantly increased 

toxicity. P80-PS NPs (especially with 200 nm diameter) achieved better epithelial 

penetration, whereas no significant attachment to the epithelium was observed for PS 

particles (Mistry, Stolnik and Illum, 2015).  

 

1.3.3. Particle surface charge 

As discussed above for NP size, the surface charge has paramount importance in 

endocytic trafficking influencing particle distribution in different brain regions (Mistry, 

Stolnik and Illum, 2009). Bonaccorso, et al. studied the bio-fate and brain localization of 

IN NPs (< 250 nm) with positive CS-PLGA NPs and negative PLGA NPs surface charge. 

Interestingly, both nanocarriers were able to enter the brain and were retained for 48 h 

after IN dosing. However, the surface charge had an impact on the transport pathway; 

results indicated that the trigeminal route mainly correlated with a slow transfer of 

positively charged NPs, while negatively charged NPs were detected earlier in rostral 

brain regions, with the olfactory pathway likely the most dominant. Nevertheless, the 

authors did not preclude the involvement of a systemic pathway as well as the role of 

particle size and shape in their transport and cellular uptake (Bonaccorso et al., 2017). 

CS- and CS coated NPs have been an appealing carriers for many researchers in 

NTBDD (Hanafy, Farid and Elgamal, 2015; Jafarieh et al., 2015; Clementino, A. et al., 

2016; Gartziandia et al., 2016; Mittal et al., 2016) due to the electrostatic attraction 

between the cationic CS and the anionic mucosal epithelial cell surfaces and TJ proteins. 

This mechanism could be further enhanced when the CS was entirely protonated in 

acidic conditions (IN tract). Musumeci, et al. stated that during vesicular transport, a 

decrease of cell membrane negativity might occur and therefore negatively charged 

PLGA NPs, which had low absolute charge (~15 mV), were easily eliminated as they 

were more attracted to such olfactory ensheathing cells, in comparison with their 

equivalent negatively charged PLA NPs (-30 mV) and positive CS NPs (+34 mV) with 

high absolute zeta potential values (Musumeci, T. et al., 2014). Similarly, neutrally 

charged Tween 80-PS particles achieved greater tissue penetration than their 

counterparts; highly negative unmodified-PS and positive CS-PS particles. However, the 

authors stressed that higher superficial nasal epithelium layer trapping was observed 
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with positively charged particles due to electrostatic interactions with mucus 

glycoproteins which have abundant negative sialic acid moieties (Mistry, Stolnik and 

Illum, 2015).  

PNP surface modification is another crucial factor which has a great influence on 

particle behaviours for different drug delivery applications. Various promising 

approaches have been employed to gain efficient access to the brain either across the 

BBB or entirely bypassing the BBB via the direct NTB pathway, where the delivery 

properties of the system are mainly regulated by the interactions between the particle-

surface coating and the biological environment. Recent PNP surface engineering 

strategies utilized for NTBDD purposes will be discussed in detail in the next section. 

 

1.4. Mechanism and approaches to enhance NTBDD- nanosystems  

 1.4.1. Mucoadhesive Particles (MAPs) 

Many conventional nasal formulations possess unsatisfactory nasal bioavailability 

due to mucociliary clearance in the nasal cavity resulting in limited time being available 

for the applied drug to be absorbed (Marttin et al., 1998). However, during the past few 

decades, there has been an effort to specifically engineer nano-systems to avoid this 

rapid clearance and produce efficient NTBDD. 

The application of CS and CS derivatives in the development of nano-drug delivery 

systems has been extensively studied due to their mucoadhesive properties and ability 

to promote drug transport across various epithelia (Sosnik, Das Neves and Sarmento, 

2014; Ways, Lau and Khutoryanskiy, 2018). As described above, improved NTBDD 

uptake of CS-coated formulations can be associated with two distinct mechanisms. CS 

is a cationic polysaccharide that can adhere to the mucus layer and nasal ciliary 

membranes. The mucoadhesive property of CS is mainly due to electrostatic interactions 

between its positively charged amine groups and negatively charged sialic and sulfonic 

acidic moieties in the mucus, which in turn increase residence time in the nasal passage, 

improve drugs absorption through the epithelium and enhance olfactory region passive 

trafficking. Moreover, CS has an effect of transient opening of the TJs, which increases 

nasal epithelium permeability and opens the opportunity for extracellular transport via 

olfactory and trigeminal nerves (Casettari and Illum, 2014; Rassu et al., 2016; Ways, Lau 

and Khutoryanskiy, 2018). Kaur, et al. utilized the mucoadhesive characteristics of CS 

to prolong the retention time of PLGA NPs loaded with antiepileptic TRH analogue 

peptides in nasal tissues and enhance their absorption through the nasal epithelium. 

Semiconductor-fluorescent NPs were used to monitor the fate of PLGA-CS NPs after 

nasal administration. Pure quantum dots (QDs) were found in brain tissues 4h after 

administration, while QD-PLGA-CS were observed at 30 min with increasing fluorescent 

intensity observed at subsequent time intervals of 2h and 4h post-administration (Kaur, 
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S. et al., 2018). In terms of antiepileptic activity in a animal model, significant recovery 

was observed and the results were in agreement with Veronesi et al., who also 

demonstrated in vitro neuroprotection ability of intranasal TRH NPs from glutamate-

induced toxicity in addition to their bioactivity in ameliorating some epileptic seizure 

elements in a kindling rat model (Veronesi et al., 2009). CS coated PLGA NPs were also 

employed by Ahmad et al to improve brain therapeutic levels and pharmacological 

activity for the natural compound catechin hydrate (CatH) for the treatment of epilepsy. 

The system showed a prolonged release profile over 24h, high permeation through goat 

nasal mucosa and, most importantly, maximum anti-epilepsy effectiveness at smaller IN 

doses in comparison to uncoated CatH-PLGA NPs or a CatH solution (Ahmad, N. et al., 

2020).Another approach was followed by Chalikwar, et al. to enhance the 

mucoadhesiveness of a PLGA carrier system by grafting the CS on the PLGA NPs via 

an amide bond rather than relatively weak electrostatic bonding. The mucoadhesion and 

permeability potentials of the modified CS-PLGA NPs through sheep nasal mucosa were 

significantly improved, with continuous release of the model drug chlorpromazine 

hydrochloride over 48h (Chalikwar et al., 2013). Fonseca, et al. proposed a surfactant-

free mucoadhesive system for NTB antipsychotic olanzapine delivery by employing 

methacrylic copolymers functionalization which exhibits stabilizing, bioadhesive and TJ 

opening effects for longer retention of poly(ɛ-caprolactone) (PCL) nanocapsules in the 

nasal cavity (Fonseca, F.N. et al., 2015). The functionalized olanzapine-PCL NCs 

showed a remarkable ability to interact with mucin, resulting in 40% longer nasal 

retention following constant washing for 10 min. The authors suggested that these results 

indirectly indicate the formulation’s ability to overcome mucociliary clearance, the most 

significant limitation for successful nasal route application. Accordingly, 1.5-fold higher 

brain bioavailability was observed after nasal administration of olanzapine-NCs with 

significant improvement of pharmacological activity against prepulse inhibition deficiency 

in a schizophrenic animal model in comparison to olanzapine nasal solution.  

NP “PEGylation”, the decoration of NPs with polyethylene glycol (PEG), has been 

the gold standard for re-engineering polymeric NPs, offering various advantages to 

enhance the efficiency of drug targeting to tissues and cells (Suk et al., 2016). PEG 

polymers can be physically and/or chemically conjugated onto nanocarrier surfaces with 

a resultant impact on their permeability and retention time. Interestingly, PEG seems to 

have “dual faces” and can be utilized to prepare mucoadhesive- or muco-penetrative 

NPs by tailoring its molecular weight, density, coverage, and chain conformation on the 

NP surface (Rabanel, Hildgen and Banquy, 2014; Suk et al., 2016; Huckaby and Lai, 

2018) (Figure 1.6). The penetrative NPs will be discussed in detail next section. As for 

mucoadhesive NPs, the PEGylated particles can form nonspecific adhesive interactions 

with the mucous layer. Such interactions could be via hydrophobic forces, hydrogen 
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bonding with mucus glycoproteins and/or PEG-mucin network entrapment, where PEG 

chains incorporate into mucin fibres (Huckaby and Lai, 2018).  

Additionally, PEG has been extensively employed in drug delivery as a ‘shield’ 

polymer. Because of its hydrophilic nature, a hydrated cloud will be generated around 

the particles that sterically impedes any interactions with other adjacent particles and/or 

blood constituents. Therefore, it will be considered as a guard that increases particle 

stability against agglomeration, opsonization and phagocytic clearance by the 

mononuclear phagocyte system. However, a PEG of 2 kDa or higher is needed to 

produce an adequately thick layer around particle surfaces (Suk et al., 2016). 

Another strategy to impart mucoadhesive properties to nanoformulations is by 

dispersing the particles within in situ nasal gelling bases which offer the advantages of 

both solutions and semisolid dosage forms. This approach also overcomes the poor 

bioavailability issue of IN liquid formulations which could easily be washed out of the 

nasal passage owing to rapid and effective mucociliary clearance. The use of in situ gel-

based formulations have been the system of choice to minimize formulation leakage from 

the nasal cavity and increase the adhesion to the nasal mucosa and thus achieving 

prolonged residence time in the nasal cavity without causing detrimental effects to the 

normal nasal defence mechanisms. They undergo a sol-to-gel physical state transition 

under external or physiological conditions and are usually made of stimuli-responsive 

polymers that exhibit modifications to their properties in a response to any changes in 

temperature, pH, and ionic strength (Sosnik and Seremeta, 2017). This platform holds 

great promise in the field of NTBDD (Aderibigbe, 2018) and has been successfully 

applied to enhance the absorption and bioavailability of therapeutics in the brain for 

effective treatment of various neurological diseases such as PD (Sharma, S., Lohan and 

Murthy, 2014), AD (Rajput et al., 2018) and depression (Kaur, P. et al., 2015; Fatouh, 

Elshafeey and Abdelbary, 2017). 

Jain, et al. prepared a hybrid nasal delivery system for the delivery of the anti-cancer 

drug methotrexate (MTX). MTX-PLA NPs were prepared and the particles were further 

dispersed in a thermosensitive base composed of poloxamer 188 and Carbopol® 934. 

Once these two excipients contact with nasal fluids, they gel and provide viscosity and 

mucoadhesiveness to the altered formulation, consequently enhancing particle uptake 

via the nasal mucosa. The IN thermosensitive nanodispersion showed high reliability of 

targeted MTX delivery to the brain with brain MTX concentrations four-fold higher in the 

rostral/caudal brain regions and the brain stem, while lung deposition was significantly 

lower in comparison to IN delivery of the free drug (Jain et al., 2016). Similarly, Salatin, 

et al. also utilized a nanocomposite composed of rivastigmine hydrogen tartrate (RHT)-

loaded PLGA NPs incorporated with a thermosensitive poloxamer 407 in situ gel as a 

platform for SDAT treatment. The increase in PLGA: drug ratio (9:1) caused a significant 



 

25 

 

decrease in drug release rate (~ 17%) compared to the (5:1) ratio. In addition, due to the 

high surface area of the particulate system, the permeation capability through sheep 

nasal mucosa was slightly enhanced by (~ 5% within 8 h) in comparison to the 

conventional RHT gel. The particles were able to assemble in the mucosal layers forming 

a reservoir for extended drug release at the absorption sites (Salatin et al., 2017). 

 

 

  

 

Seju, et al. investigated the ex vivo diffusion profile of IN olanzapine loaded PLGA 

NPs across sheep nasal mucosa. The 3 h study showed that the permeation of drug 

solution and PLGA NPs was about 63% and 13% respectively. Interestingly, looking into 

in vitro (employing semipermeable dialysis bag) and ex vivo (nasal mucosal membrane) 

data for both formulations, the drug solution showed a 10% decrease in the diffusion rate 

within 3 h, whereas both types of barriers exhibited relatively similar permeation capacity 

for particulate formulation (~ 15% and 12% respectively), hence the authors could 

conclude that the properties of the polymer matrix rather than the mucosal barrier was 

(1) PEG distributions patterns in PNPs; PEG cavities within the polymeric matrix (left), 

surface coating (middle), trapped PEG chains (right) 

(2) PEG anchoring pattern; adsorption (left), chain entanglement (middle), covalent binding 

(right) 

(3) PEG chain conformations on PNPs surface ordered from left to right: brush, mushroom, 

loop, pancake 

Figure 1.6. PEGylated PNPs, adopted from (Rabanel, Hildgen and Banquy, 2014)  
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likely to be the limiting factor that controls drug diffusion from the particles. Moreover, in 

vivo studies IN NPs produced sustained brain delivery with 6.35- and 10.86-fold higher 

brain doses than IV- and IN drug solution 3h post administration (Seju, Kumar and 

Sawant, 2011). 

 

1.4.2. Mucus Penetrating Particles (MPPs) 

Carriers which are not able to penetrate the highly adhesive mucus gel layer that 

coats and protects the nasal epithelium are mostly unlikely to produce a therapeutic 

effect. The mucus layer captures inhaled particulates and aids their elimination within 

seconds to hours from the airways via mucociliary clearance and other protective 

mechanisms (Duncan et al., 2016). One of the strategies to overcome this limitation is 

by coating particles to prevent them being trapped within the viscoelastic mucus layer by 

reducing adhesion and allowing their rapid diffusion to the underlying epithelial tissues. 

Formulating mucus penetrating particles is a challenging task and requires the use of 

surfactants which lessen the particles’ affinity to mucus (the most commonly used 

surfactants such as PVA and CS produce mucoadhesive particles), but at the same time 

having no effects on other NP characteristics such as morphology, stability, and 

encapsulation efficiency. Lai, at al. addressed a complicated case in attempting to 

develop an effective treatment for chronic rhinosinusitis, which exhibits an accumulation 

of an extremely firm mucus barrier within the sinuses. Intriguingly, Pluronic F127-coated 

PLGA NPs showed rapid penetration potentiality across an intact, firm mucus barrier at 

a diffusion rate just 20-times slower than their hypothetical average velocity in water. The 

authors stated that their results are provoking to produce mucus penetrating 

nanoparticulate drug delivery systems commercially available for chronic rhinosinusitis 

treatment (Lai et al., 2011). As we have mentioned previously, PEG drafting on particle 

surfaces features muco-penetrative characteristics to the NPs and hinders their 

adhesion to mucus, producing so-called “stealth” properties, where the particles are 

muco-inert, have no interactions with the hydrophobic, thickly glycosylated, and 

negatively charged mucous layer, and thus diffuse deep down through mucus, being 

absorbed by the epithelium and reaching the underlying cells. As PEGs are hydrophilic, 

uncharged molecules, they can be used to create neutral coatings onto particle surfaces 

and hinder the adhesive interactions with the mucus. To achieve this effect, meticulous 

tuning of PEG onto particle surfaces by means of a dense layer of PEGs with molecular 

weight less than 40 kDa and brush chain confirmation is required (Huckaby and Lai, 

2018; Machado Cruz, Santos-Martinez and Tajber, 2019). Vila et al., demonstrated that 

PLA-PEG NPs with a small size (100-300 nm) and high PEG coating efficiency (75-90%) 

were better transported across rat nasal epithelia (Vila et al., 2004), whereas 

unexpectedly Lai et al., showed that densely PEGylated particles with larger sizes (200 



 

27 

 

and 500 nm) diffused faster through the mucus than their identical coated but smaller 

counterparts (100 nm) (Lai et al., 2007). Wang, et al. employed human cervicovaginal 

mucus (CVM), as CVM is biochemically and rheologically similar to mucus fluids 

secreted from other mucosal tracts including nasal cavity, to study the dynamics of 

coated particles in regard to the physiochemical properties of PEGylated particles, in 

particular PEG MW and extent of surface coverage. The authors emphasized that 

designing a mucoinert particle surface requires a thick, low MW PEG layer with an 

adequate PEG coating efficiency which could eventually balance particle-mucus 

interactions (Wang, Y.-Y. et al., 2008). On the same front, Xu, et al. employed an 

emulsification method using various low MW emulsifiers to prepare PLGA-PEG mucus 

penetrating particles which were further tested in CVM to evaluate their movement 

through the mucus barrier. Interestingly, PLGA-PEG5k NPs fabricated using 

conventional high MW surfactants, e.g., PVA, were totally unable to penetrate the mucus 

mesh in CVM. Conversely, the particles produced with low MW emulsifiers, regardless 

of the PEG molecular weight being tested (1-10 kDa), penetrated the human mucus 

rapidly and effectively. PEG molecules can self-reassemble on NPs surfaces in the 

presence of low MW surfactants and form a highly dense and brush-like coating 

structure, which eases mucosal surfaces penetration, while PVA breaks off PEG 

coatings and generates adhesive interactions with mucosal constituents producing 

trapped mucoadhesive particles (Xu, Q. et al., 2013). In another study on CVM for the 

same research group, 5% PEG5k efficiently prevented PLGA particle-mucus interactions 

owing to the dense brush PEG chain conformation. Moreover, the formulation distributed 

uniformly over the epithelium  Their results also suggested that by tailoring different 

blends and molecular weights of PLGA/PLGA-PEG, biodegradable mucus penetrating 

particles with accurately adjusted drug loading capacity and release kinetics could be 

variously employed (Xu, Q. et al., 2015). Therefore, it was concluded that a densely 

PEGylated PLGA mucus penetrating particle platform is an excellent biodegradable drug 

delivery system that can effectively overcome mucosal barriers for both hydrophilic and 

hydrophobic drugs. Mert, et al. engineered a unique surfactant molecule, VP5k, which is 

made up of vitamin E conjugated with 5 kDa PEG and evaluated their transport dynamics 

in CVM after being tagged with fluorescent doxorubicin. Moreover, their subsequent 

release of Paclitaxel as a model chemotherapeutic was also measured. The developed 

system presented a promising MPP platform with advantageous properties including 

instant mucus penetration, homogeneous morphology, high loading capacity and 

prolonged drug release over no less than 4 days. The authors claimed that these features 

could not all be obtained in one formulation by using conventional surfactants and VP5k 

coating with a dense and low MW PEG moiety could be successfully employed in various 

drug delivery routes (Mert et al., 2012). De Oliveira Junior, et al. also found that a 5% 
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PEG (~5 kDa) covering of PCL NP surfaces was the ideal amount to produce an efficient 

and stable penetrating system for bexarotene NTB delivery. This PEG concentration 

lessened PCL NP interactions with nasal mucous and had no negative impact on the 

uptake of NPs by RMPI cells. Instead, bexarotene brain concentrations were two-fold 

higher than non-PEGylated PCL NPs, which account for 4% of the total nasally 

administrated dose being directly delivered to the brain (De Oliveira Junior et al., 2020). 

Unique system composed of hybrid polymeric/lipidic PEGylated nanoparticles 

(HNPs) were designed by Sekerdag, et al. for NTBDD for glioma treatment. They aimed 

to increase the NTBDD dose of the antineoplastic drug farnesylthiosalicylic acid to brain 

tumours by enhancing the HNP’s ability to cross the mucous layer in the nasal cavity, 

which was not possible with IN free drug formulation. IN HNPs were able to penetrate 

the mucus and were detected in olfactory bulb and the brain in a higher amount in 

comparison to IV HNPs, confirming that the HNPs were mainly translocated via the 

olfactory bulb to the brain, bypassing the BBB rapidly and effectively. Moreover, a portion 

of IN HNPs were retained in the nasal cavity, extending their delivery, and were still 

detected 4h post-administration. Multiple doses via the IN route were needed to be as 

effective as IV administration in terms of reducing the tumour area and recovery process. 

However, IN administration offers less systemic exposure and, thus, fewer side-effects 

and a safer profile which is ideal for anti-cancer therapy(Sekerdag et al., 2017). 

 

1.4.3. Targeted Polymeric Nanoparticles (TPNPs) 

Modifying NP surfaces with ligands that selectively bind to abundantly expressed 

receptors in the nasal mucosa can also serve as a targeting platform which further 

improves drug availability in the CNS, enables specific treatment to targeted regions in 

the brain and enhances system safety. It was reported that along with the particle size 

effect, neuronal internalisation shows surface-ligand dependent trend (Liu, X. et al., 

2022). A variety of biocompatible substances such as lectins, cell penetrating peptides 

(CPPs), lactoferrin and other ligands with different conjugation techniques, have been 

successfully adopted in the field of NTBDD and will be profoundly covered in this section.  

  

1.4.3.1. Lectin-Modified PNPs 

Lectins are peptides which can specifically interact with glycosylated proteins and 

lipids at the cell surface and, considering that various cell types and particularly diseased 

cells manifest different glycan structures, lectins can be highly selective for target cells 

and biological barriers in certain disease states (Bies, Lehr and Woodley, 2004). Many 

researchers have showed that lectin modification of the surface of NPs is an 

advantageous strategy to improve drug absorption through the nasal epithelium, thus, it 

can improve drug delivery to the brain after nasal administration. The major challenge 
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though is that, owing to their large molecular weight, serious immune reactions might 

occur in vivo which may limit their application. To overcome this, Li, et al. utilized 

odorranalectin (OL) to formulate NP systems in order to increase curcumin stability, brain 

bioavailability and to make the best of its neurotherapeutic effects. OL is the shortest 

lectin and, as a result, it elicits reduced immunogenicity. Furthermore, it can specifically 

bind to the N-acetyl-D-glucosamine and L-fucose moieties located in the nasal mucosa, 

thus prolonging the residence time and cellular uptake of drug molecules and NPs. 

Curcumin-OL-NPs had potent Calu-3 cellular uptake with close to 100% ex vivo nasal 

cilia viability. In addition, in vivo PK studies in rats showed relatively high plasma 

bioavailability (2.2 ng/ L.h) compared to nasal curcumin solution (6.3 ng/ L.h) or curcumin 

NPs (9.5 ng/ L.h) (Li et al., 2020). Wheat germ agglutinin (WGA) is another non-

immunogenic lectin which has attracted researchers interested in NTBDD as it 

selectively recognises the N-acetyl-D-glucosamine (GlcNAc) and sialic acid units which 

are widely located not only in olfactory epithelium, but also on neuronal membranes in 

the brain. Liu et al. examined the possible In vivo toxicity and immunogenicity of WGA-

PLA NPs in rat brains following recurrent nasal administration for 7 days. For this 

purpose, various enzyme activities, neurotransmitter and inflammatory cytokines levels 

in rat olfactory bulb and brain tissues were monitored. Furthermore, the subsequent 

immune response towards two intranasal dosing, two weeks apart, of WGA, PLA NPs, 

and WGA-PLA NPs was also measured. Only modest toxicity in neuronal tissue was 

observed, represented by elevated glutamate levels and lactate dehydrogenase activity. 

However, the cholinergic system showed no differences and no increase in the 

inflammatory cytokines TNF-α and IL-8 or WGA-induced antibodies in serum or nasal 

fluids were detected. Their study provided a proof of concept that the system could be 

considered as a safe and suitable carrier for NTBDD (Liu, Q. et al., 2011). The same 

research group also investigated the viable brain transport process of intranasally 

administered WGA-PEG-PLA NPs. In vivo studies in rats revealed that the particles were 

rapidly absorbed intracellularly through the olfactory epithelium towards the olfactory 

bulb. However, extracellular transport along the olfactory and trigeminal nerves to rostral 

and caudal brain regions, respectively, seemed to be the predominant mechanism as an 

intense radiation signal was observed 5 minutes post-nasal application. Finally, limited 

involvement of the cerebrospinal pathway was also reported. These results suggest that 

WGA functionalization helps to deliver a higher concentration of NPs to the targeted 

regions in the brain, however, it has no specific control over the transport pathway (Liu, 

Q. et al., 2012). Another lectin functionalized PNP carrier has been developed by Piazza 

et al. for haloperidol by using Solanum tuberosum lectin (STL), which also has selectivity 

towards GlcNAc. It was demonstrated that nasal application of haloperidol-STL-

nanoparticles is a promising and non-invasive method which achieved the same 
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antipsychotic activity with greater haloperidol concentration (1.5 to 3-fold) in the brain 

tissue, especially in the striatum, in comparison with the far more invasive intraperitoneal 

injection or versus non-modified IN NPs. The authors hypothesized that the particles 

were effectively transported across the BBB via passive diffusion owing to their small 

size and STL functionalization (Piazza et al., 2014). On the other hand, observations by 

Chen et al. indicated the involvement of direct brain transport pathways through olfactory 

and trigeminal routes of STL-PLGA NPs when it administrated IN (Chen et al., 2012). 

 

1.4.3.2. CPP NPs 

Many drugs require internalization into cells to elicit their therapeutic effect. However, 

the selective permeability of the phospholipid bilayer hinders translocation of cargoes 

and impedes the activity of drugs in vivo in comparison to results obtained in vitro 

(Fonseca, S.B., Pereira and Kelley, 2009). As a result, there is a need to develop efficient 

strategies to obtain intracellular access for therapeutics. CPPs, sometimes called protein 

transduction domains (PTDs), form a group of positively charged short peptides, typically 

less than 30 amino acids in length, which enable efficient translocation of cargoes into 

cells. CPPs have been used to enhance the intracellular delivery of various of cargoes 

including particulate drug delivery systems (Fonseca, S.B., Pereira and Kelley, 2009; 

Kamei and Takeda-Morishita, 2015) and have been incorporated onto polymeric 

nanoparticle surfaces to improve their brain delivery following IN administration. For 

example, low molecular weight protamine (LMWP) was conjugated to the surface of 

PEG-PLA NPs by Xia, et al. and the mechanism of cellular internalization following 

efficient NTBDD was investigated. It was proposed that LMWP-PEG-PLA NPs were 

mainly taken up by cells via two pathways: lipid raft-mediated endocytosis and direct 

translocation. Although CPPs have no tissue specificity for cellular translocation, 

together with the nasal administration, an enhanced brain targeting by 2-fold compared 

to non-functionalized particles and uniform particle distribution in different brain regions 

were observed indicating the involvement of both olfactory and trigeminal nerve 

pathways in the delivery (Xia, H. et al., 2011).  

 

1.4.3.3. Other Targeted-PNPs 

Antibodies 

Receptor-mediated transport (RMT) is a physiological process which can enable 

nanocarriers to cross the BBB and gain access to the brain. It facilitates the transport of 

cargoes to the brain parenchyma via the generation of a complex between the cargo and 

an endogenous receptor and/or transporter via an entity such as a ligand or antibody 

which targets receptors expressed at the apical (blood) surface of brain endothelial cells 

(e.g. transferrin receptors, insulin receptors, leptin receptors or tumour-specific 
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receptors) (Jones and Shusta, 2007; Pulgar, 2018). NTB approaches using nanocarriers 

decorated with RMT-targeting ligands can further enhance drug accumulation in brain 

tissues. To date, brain tumours are still considered a big challenge and they are 

responsible for substantial malignant tumour-related morbidity and mortality globally 

(Patel et al., 2019). Due to poor targeting of tumour regions, even the most effective 

chemotherapeutics can only slightly ameliorate the total survival rate. Moreover, most of 

the available therapeutic options are associated with severely toxic side-effects in normal 

brain tissue and also peripherally, which enhance the necessity of targeted drug delivery 

systems (Wei et al., 2014). Chu, et al. investigated the RMT strategy for efficient delivery 

of temozolomide butyl ester (TBE) for glioblastoma treatment. Ephrin type-A receptor 3 

(EPHA3), a cell surface receptor overexpressed in glioblastoma but not in healthy 

tissues, was used in this study as a feasible target to measure the efficacy of treatment. 

Indeed, the developed NTB nanosystem, anti-EPHA3-TBE-PLGA NPs, coated with N-

trimethylated chitosan (TMC) not only displayed higher accumulation in glioma tissue, 

but also higher anti-glioma activity and malignant cell apoptosis. Furthermore, glioma-

bearing rats treated with anti-EPHA3-TMC-PLGA-TBE-NPs showed 1.4-fold longer 

survival time than the non-targeted TMC-PLGA-TBE-NP-treated group (Chu et al., 

2018). Liu, et al. applied the same approach for NTBDD of α-cobrotoxin (αCT), a novel 

short-chain peptide extracted from Naja naja atra (Liu, L. et al., 2013). αCT is considered 

a nicotinic acetylcholine receptor antagonist and exhibits central analgesic activity 

without causing dependence or tolerance effects (Gazerani and Cairns, 2014). However, 

due to αCT’s poor BBB permeability, Liu, et al. conjugated OX26 transferrin receptor 

antibodies to αCT-PEG-PLA NPs and utilized microdialysis sampling of rat brains to 

evaluate αCT levels in the CNS. Rapid brain distribution was achieved by combining 

nasal administration and OX26 modification, with an absolute bioavailability in the brain 

of approximately 125% and 155 % relative to intranasal αCT-PEG-PLA NPs and IM 

OX26-αCT-PEG-PLA NPs, respectively. Due to the significant differences between IN 

and IM formulations, the authors concluded that brain uptake of NPs most likely occurred 

mainly via the direct pathway through the olfactory region, and this outcompeted the 

systemic pathway (Liu, L. et al., 2013). Another surface modification strategy was 

proposed by Li, et al., who developed RVG29/PEG-modified PLGA NPs loaded with the 

flavonoid Baicalin as neuroprotective agent for ischemic brain injuries (Li, X. et al., 2022). 

RVG29 is a short brain-targeting peptide with neurogenic affinity. It binds to neuronal 

acetylcholine receptors and therefore can improve neuronal endocytosis of drugs via 

olfactory and trigeminal nerves in nasal epithelium as well as brain tissue neurons, thus 

increasing drug accumulation in the brain. PEG-PLGA-RVG29 NPs reduced neurological 

dysfunction and infraction area in ischemic rat model. The authors also demonstrated 

significant decrease in the oxidative stress and inflammatory cytokines (IL-1b, IL-6, and 
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TNF-α) levels, a proof of concept of system neuroprotective effect against cerebral 

ischemia (Li, X. et al., 2022).   

 

Lactoferrin 

Modifying nanocarrier surfaces with biological targeting ligands which have receptors 

that are highly expressed in nasal epithelia has been beneficially employed in NTBDD 

systems. Lactoferrin (Lf) is an iron binding multifunctional glycoprotein which has been 

recently utilized in producing a novel generation of neurotherapeutic agents. Its receptors 

are abundantly found on the apical surface of respiratory epithelial cells as well as 

cerebral endothelial cells and neuronal membranes. Moreover, Lf also can cross the 

BBB, therefore particle modification with Lf can considerably improve their uptake via 

RMT. Intriguingly, an overexpression of Lf receptors is detected in the brain in some 

neurodegenerative disorders such as SDAT and PD, promoting Lf transport and 

increasing its accumulation in the CNS (Ward et al., 2014; Kopaeva et al., 2019). Bi, et 

al. formulated modified Lf-PEG-PLGA NPs loaded with rotigotine for efficient NTBDD 

and reported greater drug concentrations in the striatum, the lesion region in PD (Bi et 

al., 2016). Another group investigated nasal rotigotine delivery to the brain  via mPEG-

PLGA NPs using sensitive analytical method; liquid extraction surface analysis coupled 

with tandem mass spectrometry (LESA-MS/MS) to follow the drug’s biodistribution (Yan 

et al., 2018). Their results were in agreement with Bi et al. as Lf-conjugated NPs rapidly 

and selectively targeted the striatum. Tang, et al. also utilized this approach to produce 

dopamine (DA) NTBDD system using Lf and borneol co-modified PLGA NPs in order to 

increase DA stability and brain bioavailability (Tang et al., 2019). In comparison with 

nasally administrated DA-loaded NPs, PK and PD studies showed that particle 

modification with borneol as a permeation enhancer and Lf as targeting ligand could 

together significantly increase the DA levels in the PD rat brains and lessened the 

striatum lesions. Another successful Lf modified nanosystem was reported by Pan et al., 

who prepared Lf-mPEG-PLA NPs to increase brain bioavailability of α-asarone following 

nasal administration (Pan et al., 2018). The use of Lf enhanced the nasal mucosal 

permeability of the NPs and higher and rapid α-asarone exposure in different brain 

regions for longer duration was observed. The authors suggested that the transport was 

co-mediated to a great extent by the olfactory epithelium pathway. However, a greater 

brain concentration of α-asarone was also detected following IV administration of Lf-NPs, 

indicating the involvement of a systemic circulation pathway with Lf aiding NP transport 

across the BBB. Meng, et al. combined Lf targeting with mucoadhesion and sustained 

release in one PLGA NP system for effective NTBDD of huperzine A (HupA) for AD 

treatment (Meng et al., 2018). N-trimethyl chitosan was further used to modify the 

particles for its excellent solubility and mucoadhesion properties which allowed 
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prolonged contact time with the mucus layer, promoting NPs and/or drug absorption. 

Strong fluorescence intensity was observed in the lungs for unmodified PLGA NPs which 

might be due to the rapid mucociliary clearance or breathing of the particles into the 

lungs. In contrast, higher HupA brain concentrations were detected at all time-points after 

IN administration of Lf-trimethyl chitosan NPs because of their adhesive characteristics 

as well as the presence of Lf, which has targeting competence in both the nose and brain 

and facilitated HupA NTB access. 

 

Homing Peptides 

Treating malignant brain tumours is a significant challenge due to the poor 

penetration of chemotherapeutics to the cancerous tissue and the toxic outcomes 

caused by their wide peripheral distribution. Tumours develop special vasculature which 

is morphologically and biochemically different from non-malignant tissue and enables 

cancerous tissues to undergo metastasis. The vascular heterogeneity of normal and 

diseased organs can be recognized through their specific biomarkers by a number of 

short and random amino acid sequences which have been identified and used for 

targeted delivery (Laakkonen and Vuorinen, 2010). Some examples of these peptides; 

GFE-1 and GFE-2 which share (Gly-Phe-Glu) sequence and target the healthy but not 

the cancerous lung tissues, whereas The NGR (Asn-Gly-Arg) and RGD (Arg-Gly-Asp) 

motifs are upregulated during tumour angiogenesis and considered as independent-

tumour type homing peptides (Kondo, Iioka and Saito, 2021). Ullah, et al. achieved 

efficient glioblastoma treatment and minimum systemic drug circulation with a NTB 

tumour targeting paclitaxel delivery system. PLGA NPs were functionalized with the RGD 

tripeptide. RGD one of the first-generation homing peptides, has high selectivity towards 

αv integrins overly expressed during tumour vasculature angiogenesis. Ullah, et al. 

utilized RGD to target αvβ3 receptors overexpressed on glioma cells in order to enhance 

the therapeutic index of paclitaxel. Triple nasal treatments of a relatively low dose (2 

mg/kg) of paclitaxel-loaded RGD-NPs employing a pressurized olfactory device 

supressed cancer cell growth in glioma rat model by 70%. Additionally, dose-dependant 

apoptotic cell death increased exclusively within the tumour in the treated groups. 

Interestingly, the anti-cancer effect of the NPs in a mice model xenografted with human 

U87MG glioblastoma cells was higher (~80%) due to anatomical differences between 

the two species. Relatively, mice have a smaller total nasal surface area, allowing higher 

NP concentrations to be deposited in the olfactory epithelium and subsequently be taken 

up into the brain (Ullah et al., 2020). Table 1.3 summarizes different approaches followed 

to further improve NTBDD PNP-nanosystems. 
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Table 1.3. Different approaches considered to enhance PNP-based NTBDD system outcomes  

Drug model 
CNS disorder/ 
Neuroactivity 

System polymeric core NTBDD enhancing approach Ref 

MAPs 

Catechin hydrate Epilepsy PLGA NPs 

CS coating by electrostatic bonding 
for enhanced mucoadhesive 
properties 
 

(Ahmad, N. et al., 2020) 

Olanzapine Schizophrenia PCL NCs 

Self-assembly of methacrylic 
copolymers; methyl methacrylate 
(MMA) and 2-(dimethylamino)- ethyl 
methacrylate (DMAEMA) on PCL 
particle surfaces (1:1 ratio) as a 
stabilizer and adhesion promoter 
 

(Fonseca, F.N. et al., 
2015) 

chlorpromazine 
hydrochloride 

Schizophrenia PLGA NPs 
CS grafting by amide bonding for 
enhanced mucoadhesive properties 
 

(Chalikwar et al., 2013) 

MPPs 

Curcumin  Alzheimer’s disease PLGA NPs 

Chitosan (0.01% w/v) modified 
PLGA core/shell NPs by electrostatic 
bonding for better diffusion through 
the nasal mucosa, opening TJs and 
enhanced cellular uptake mainly by 
caveolae-mediated endocytosis 
 

(Dhas and Mehta, 2021) 

Farnesylthiosalicylic acid Malignant brain tumours hybrid lipid-PLGA NPs 

PLGA as a core and Lecithin, 
DOTAP and DSPE-PEG lipids 
(1.25:5:30% w/w of PLGA 
respectively) for efficient nasal 
mucus penetration, sustained/ 
controlled delivery at the tumour site 
in the brain and increased cellular 
uptake. 

(Sekerdag et al., 2017) 
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Table 1.3 (continued). Different approaches considered to enhance PNP-based NTBDD system outcomes 

Drug model 
CNS disorder/ 
Neuroactivity 

System polymeric core NTBDD enhancing approach Ref 

Bexarotene Neuroprotective activity PCL NP 

 
5% PCL-PEG coating (5 kDa PEG) 
is ideal to reduce NP-mucus 
interactions. 
 

(De Oliveira Junior et al., 
2020) 

TPNPs 

Baicalin 
Neuroprotective activity (anti-
inflammatory antioxidant) 

mPEG-PLGA NPs 

RVG29 peptide modification 
(maleimide-thiol conjugation) for 
brain targeting by improving 
neuronal uptake in both nasal 
epithelium and brain tissues. 
 

(Li, X. et al., 2022) 

Curcumin Antioxidant PEG-PLGA NPs 

Lectin modification with OL, a 
combined system of OL-PEG-PLGA 
and PEG-P(γ-benzyl-L-glutamate) 
(1:9 ratio) to enhance bioavailability, 
stability and brain targeting and 
reduce immunogenicity 
 

(Li et al., 2020) 

Temozolomide Glioblastoma PLGA NPs 

Anti-EPHA3 antibody 
functionalisation (maleimide-thiol 
conjugation) following N-
trimethylated chitosan coating to 
enhance tumour drug accumulation. 
 

(Chu et al., 2018) 

Haloperidol Schizophrenia PEG-PLGA NPs 

Lectins (STL) modification, STL-
PEG-PLGA (maleimide-thiol 
conjugation) and mPEG-PLGA (1:9 
mass ratio) to achieve higher region-
specific haloperidol concentration in 
the brain. 

(Piazza et al., 2014) 
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1.5. Macromolecules loaded TPNPs for NTBDD 

Despite the promising outcomes of the nasal route as a direct and pain-free brain 

drug delivery approach, its application for biomacromolecule delivery e.g. peptides, 

proteins and gene therapies, is far more challenging (Samaridou and Alonso, 2018). 

Owing to their large size, hydrophilicity, and susceptibility to the nasal environment, they 

have less opportunity to be absorbed through the nasal mucosal membrane as well as 

the arachnoid membrane to reach the brain at efficacious levels. Pardridge et al. 

suggested that trans nasal brain delivery for biologic drugs could only be achievable by 

local nasal injury otherwise they either need to be formulated within a BBB drug delivery 

vehicle or engineered as brain penetrating molecules (Pardridge, 2020). Interestingly, 

the notable success of NTBDD for small molecules employing PNPs, has been extended 

to macromolecules addressing all the pitfalls. The intranasal thyrotropin-releasing 

hormone (TRH)-PLA NPs used by Veronesi et al. have a neuroprotective effect on rat 

hippocampal cell culture against glutamate toxicity in vitro (Veronesi et al., 2009). 

Moreover, using the same system in kindling-induced epilepsy rat model, not only 

epileptic seizures were reduced during the kindling process, but also a greater number 

of kindling simulations were required for the rats to become completely kindled. 

Therefore, the NTB system is useful for the treatment of epileptic seizures and has 

promise for reduction of epileptogenesis (Veronesi et al., 2009). Interesting work with OL 

was done by Wen. et al. who produced Urocortin-loaded, OL-PEG-PLGA NPs to 

investigate their biodistribution and therapeutic effects against PD were investigated 

following IN administration. Hemi-parkinsonian rat models showed minimal rotation 

behaviour with OL-NP/urocortin in comparison to NP/urocortin and urocortin solution-

treated rat models. 

Moreover, the authors suggested that increasing the nasal dose frequency and/or 

the density of OL attached to the particles, and thus their binding activity, will further 

improve the therapeutic efficacy of the developed system. The fluorescence intensity 

detected in the brain was time-dependent over 8 h indicating the involvement of the direct 

pathway through the olfactory epithelium where L-fucose moieties are highly expressed 

(Wen, Ziyi et al., 2011). Liu, et al. proposed PEG-PCL NPs modified with Lf for brain 

targeting of NAP, a neuroprotective peptide as a therapeutic agent for SDAT. Improved 

brain delivery was seen in different regions 1h after intranasal administration of Lf-

conjugated NPs in comparison to unmodified NPs. The authors suggested that the 

transport most likely occurred extracellularly with the involvement of both olfactory and 

trigeminal nerve pathways. Moreover, the therapeutic dose which induced a 

neuroprotective effect and ameliorated impaired learning and memory in SDAT rats was 

even lower for Lf-NPs than that of unmodified NPs (Liu, Z. et al., 2013). Another 

successful IN nanoparticulate system for peptide delivery to the brain was reported by 
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Godfrey, et al. who examined the delivery of leucine enkephalin (LENK) for its potential 

analgesic effect. Different assays were adapted to evaluate the anti-nociceptive 

response during induced and continuous pain in rats. Indeed, a potent analgesic effect 

was obtained in the IN LENK-NP-treated group with no developed tolerance, whereas 

no response was found with animals treated with free IN LENK peptide. LENK NPs were 

also effective in the morphine tolerant group. The formulation was found to be effective, 

stable, well tolerated, and with the capability to be scaled-up for pharmaceutical 

purposes (Godfrey et al., 2018). 

Li, et al. proposed IN WGA-PEG-PLGA NPs as a promising system to deliver the 

NR2B9c peptide directly to the brain for treatment of ischemic stroke. Their results 

confirmed that IN NR2B9c-WGA-NPs offered several advantages by means of 

enhancing the stability of the delicate peptide and improving its in vitro cell internalization 

in the Calu-3 cell line and primary cultures of cortical neurons via WGA receptor-

associated endocytosis. In vivo results also showed a higher dose of NR2B9c in brain 

tissue with significant anti-ischemic stroke therapeutic effects (Li, R. et al., 2019). Yan, 

L. et al. achieved 6% brain targeting efficiency of insulin-encapsulated TAT-PLGA NPs 

following nasal delivery. IN application of the TAT-modified particulate system not only 

protected the labile insulin from enzymatic decomposition in biofluids and overcame the 

biological barriers associated with brain targeting delivery but it also diminished systemic 

exposure and therefore off-target distribution (Yan, L. et al., 2013). Zhang, et al. 

developed a promising targeted NTBDD system for basic fibroblast growth factor (bFGF) 

by modifying PEG-PLGA NPs with Solanum tuberosum lectin (STL), which acts as a 

biorecognition ligand to enhance muco- and cytoadhesion and increase transport 

through the nasal epithelium by selective binding to N-acetylglucosamine abundant on 

the nasal epithelial membrane (Zhang et al., 2014). The authors suggested the 

involvement of an olfactory transport pathway as high and rapid levels of bFGF were 

detected in the olfactory bulb (0.61–2.21 and 0.19–1.07 folds higher in comparison to IN 

solution and unmodified nanoparticles, respectively). However, the trigeminal pathway 

was not excluded as high bFGF amounts were detected in the pons in comparison to 

those measured in the cerebrum. The improvement in learning and impaired memory 

and the activity of hippocampal acetyl choline transferase in SDAT-induced rats together 

with histological observations confirmed that STL-PEG-PLGA NPs are efficient and safe 

carriers for non-invasive NTBDD of peptides and proteins. Hao et al., utilized RVG29 

peptide and PEG modified PLGA nanocarrier for NTBDD of nucleic acid drug miR-124 

to treat brain abrasions caused by ischemia. The system significantly attenuated cerebral 

ischemia symptoms and enhance the motor nerve function recovery in a rat model. The 

authors suggested that the developed carrier successfully entered the brain from the 

olfactory bulb via the olfactory nerve as the predominant pathway and to a lesser extent 
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via the trigeminal nerve (Hao et al., 2020). Table 1.4 lists various biologics fabricated 

within PNP-NTBDD systems, having said that despite the remarkable success of NTBDD 

research work for 4 decades, macromolecules drugs are still at preclinical stages and 

not a single one has obtained FDA approval for human brain disorder treatment via nasal 

inhalation.  

 

1.6. The design of PNPs for NTBDD 

In order to develop state of the art NTB nano-formulations, a deep understanding of 

the structure and physiochemical features of the nasal epithelia as well as the formulation 

itself is of paramount importance. It should be ensured that PNP-NTBDD system have 

high tolerability with no damaging effects on the nasal mucosal surface as well as the 

targeted brain tissues. It is well established that efficient delivery of a formulation to the 

olfactory region in the nose enhances the opportunity for the payload to enter the CNS. 

However, the applicability of any system is greatly impacted by release kinetics, possible 

variabilities in the adsorbed and distributed dose, interactions with biological components 

and, any off-target effects. Such factors will be the main focus of this section. 

 

 1.6.1. Toxicity of PNPs to the nasal mucosa and CNS tissues 

Although engineered nanomaterials can improve therapeutic drug concentrations in 

specific, targeted tissues, their overall toxicity and effect on the environment is, to date, 

significantly under-reported. In fact, there is a gap between the exponential increase in 

nanomaterial development and their testing capacity and screening approaches 

especially for brain targeting purposes (Boyes and Van Thriel, 2020). The biological fate 

of PNPs and the likelihood of accompanied neuro- and nasal toxicity are considered 

major concerns hindering the clinical translation of nanosystems designed for NTBDD. 

It is worth considering that the biological sensitivity or resistance to nanocarrier toxicity 

is not only dependant on the carrier characteristics but is also strongly associated with 

the nature of different cell types, their uptake mechanisms and the subsequent changes 

to cell structure and function. For example, according to Xia, et al. macrophages and 

epithelial cells exhibit high sensitivity towards cationic NH2-PS particles, whereas 

hepatoma, pheochromocytoma and human microvascular endothelial cell lines were 

resistant (Xia, T. et al., 2008). These cells possess different particle uptake mechanisms 

and processing, leading to different death mechanisms which could be affected by 

particle surface engineering.  
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Table 1.4. PNP-NTBDD systems of biologics 

Biologic 
Therapeu
-tic model 

Neuro-
activity 

Nano-system 
used 

Function-
alization 

NTB evaluation 
method 

In vivo 
model 

Intranasal dosing 
method 

Outcomes Ref 

Thyrotrop
in-
Releasing 
Hormone 
(TRH) 

Anti-
convulsant 
for epilepsy 

PLA NPs (108 
nm) 

- 

No quantitative 
analysis was 
carried out for the 
therapeutic model 

Male, 
Sprague–
Dawley rats 
(275–300 g) 

using a sterile 50 μl 
Hamilton Syringe 
needle, (25 μl) were 
administered bilaterally 
into each posterior nasal 
cavity through the nasal 
ports 

- As animal kindling 
progressed, ipsilateral 
after discharge duration 
was significantly reduced. 
- A greater number of 
simulations was needed 
to reach stage V seizures 
and for permanent 
kindling 
- Less severe seizures in 
kindled animals 

(Verone
si et al., 
2009) 

Urocortin 
peptide 

Corticotropin
-releasing 
factor (CRF) 
for 
Parkinson’s 
disease 

PEG-PLGA NPs 
 (114.8 nm) 

Lectins 
modification 
with OL, PEG–
PLGA to OL-
PEG–PLGA 
combination 
(24:1 ratio) 

The 
biodistribution 
was studied by in 
vivo imaging 
analysis for DiR 
loaded particles 

Male mice 
(25–30 g) 
and male 
Sprague–
Dawley rats 
(200–220 g) 

using a PE 10 tube 
attached to a microliter 
syringe. The procedure 
lasted for 5 min, allowing 
the rats to inhale all the 
preparations. Total of 8.5 
μg of UCN in 20 μL (10 
μL each nostril). 

- Rotation behaviour 
(dopaminergic neuron 
damage) was decreased. 
- Highest levels of 
neurotransmitters DA, 
and DOPAC in PD rats 

(Wen, 
Ziyi et 
al., 
2011) 

NAP(NAP
VSIPQ), 
(8-amino 
acid neur-
opeptide) 

Alzheimer’s 
disease 
treatment 

mPEG-PCL 

Lactoferrin 
modification, 
mPEG–PCL to 
Lf-PEG–PCL 
combination 
(9:1 ratio) 

The 
biodistribution 
was studied 
qualitatively by in 
vivo imaging 
analysis for 
CY5.5 loaded 
particles AND 
quantitatively by 
LC-MS/MS for 
coumarin-6-NPs 

 

Male ICR 
mice (20 ± 2 
g) and male 
SD rats (220 
± 20 g) 

PE 10 tube attached to a 
microlitre syringe FOR 3 
min 

-The water maze test 
showed memory 
improvement and a 
neuroprotective effect 
- Reduced AChE activity 
whereas enhanced ChAT 
activity. 
- No visible neuronal 
damage was detected in 
the mice hippocampus. 

(Liu, Z. 
et al., 
2013) 
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Table 1.4 (continued). PNP-NTBDD systems of biologics 

Biologic 
Therapeu
-tic model 

Neuro-
activity 

Nano-system 
used 

Function-
alization 

NTB evaluation 
method 

In vivo 
model 

Intranasal dosing 
method 

Outcomes Ref 

Insulin 
Alzheimer’s 
disease 
treatment 

PLGA NPs 

CPP 
modification 
(Tat-PLGA 
conjugation via 
electrostatic 
binding) 

Brain distribution 
was studied using 
the fluorescent 
microscopy 

KM mice 
Intranasal injection, 20 
µL into each nostril 

- A 6% particle total 
deposition in the olfactory 
bulb and cerebrum 

(Yan, L. 
et al., 
2013) 

Basic 
Fibro-
blast 
Growth 
Factor 
(bFGF) 

Alzheimer’s 
disease 
treatment 

bFGF-PEG-PLGA 
NPs loaded with 
bFGF 
(105-119 nm) 
 

Solanum 
tuberosum 
lectin (STL) 
conjugation, 
mPEG–PLGA to 
STL-PEG–PCL 
combination 
(9:1 ratio) 

Brain distribution 
was studied using 
the radioisotopic 
tracing method to 
calculate DTI% 
and DTP% 

Male 
Sprague-
Dawley rats 
(200–230 g) 

Intranasal injection, 20 
µg/kg/d for 17 days 

- Higher bioavailability in 
the olfactory bulb, 
cerebrum, and 
cerebellum. 
- A 2.04-fold 
hippocampus ChAT 
activity compared to AD 
control group 
- Mirror water maze task 
showed Improved spatial 
learning and memory of 
AD model 

(Zhang 
et al., 
2014) 

Leucine 
Enkephali
n (LENK) 

Anti-
nociceptive 

 Polymer N-
palmitoyl-N-
monomethyl-N,N-
dimethylN,N,N-
trimethyl-6-O-
glycolchitosan bu 
MET was used to 
produce 100-200 
nm NPs which 
were then 
formulated in 
microparticles 
(D50 = 20.12 μm) 

- 

Plasma, 
cerebrum, and 
olfactory bulb 
samples were 
analysed LC-
MS/MS 

 

 

 

 

Male 
Sprague 
Dawley rats 
(200–275 g) 

Using an insulin syringe 
attached to PE10 tubing 
(15 mm), inserted into 
one nostril. Various 
doses were applied. 

- Multiple tests revealed a 
strong anti-nociceptive 
response for stimulated 
and ongoing pain. 
- No analgesic tolerance 
was developed, and the 
system was active in 
morphine tolerant animal 
models. 

(Godfrey 
et al., 
2018) 
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Table 1.4 (continued). PNP-NTBDD systems of biologics 

Biologic 
Therapeu
-tic model 

Neuro-
activity 

Nano-system 
used 

Function-
alization 

NTB evaluation 
method 

In vivo 
model 

Intranasal dosing 
method 

Outcomes Ref 

NR2B9c 
peptide 

Prevents 
ischemic 
neuro-
toxicity 

mPEG-PLGA 
NPs (139 nm) 

Lectins 
modification 
with WGA, 
PEG–PLGA to 
WGA-PEG–
PLGA 
combination 
(9:1 ratio) 

Bioimaging was 
followed for 
biodistribution 
and the HPLC-
MS/MS method 
for the 
quantification of 
NR2B9c in 
plasma samples 
and brain tissue 
homogenate 
supernatant 
samples 

Sprague-
Dawley (SD) 
rats, 
embryonic 
SD rats and 
embryonic 
C57BL/6 
mice 

Not stated 

- Improved peptide 
stability. 
- Higher peptide 
bioavailability in brain 
tissues. 
- Reduced ischemic brain 
damage and enhanced 
neuronal function in 
ischemic rats. 

(Li, R. et 
al., 
2019) 

miRNAs 
(MiR-124) 

Offers 
neuroprotect
ion and 
recovery 
following 
cerebral 
apoplexy 

mPEG-PLGA 
NPs (204 nm) 

RVG26 peptide 
modification, 
RVG26-PEG-
PLGA 
(maleimide-thiol 
conjugation) 
and mPEG-
PLGA (1:9 
mass ratio) 

Biofluorescence 
imaging for brain 
distribution, 
immunofluoresce
nce, and Western 
blots quantitative 
analysis for Rhoa 
and GAP43 
neuronal markers 
was performed 

Adult SD 
rats (weight 
250–300 g, 
age 12–15 
weeks, sex 
ratio 1:1) 

Not stated 

- Increased the olfactory 
and trigeminal nerves 
uptake in the nasal 
epithelium 
- Improved miRNA 
neuronal internalisation 
and bioavailability in the 
brain 
- Reduced miR-124 tissue 
degradation 

(Hao et 
al., 
2020) 
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A further consideration is the repeated administration of nanoformulations and their 

components (e.g. surfactants used as permeation enhancers), which may cause 

reversible or irreversible local injury to the nasal epithelium and nasal septum (Mistry, 

Stolnik and Illum, 2009). Nonimmunogenic materials should be considered during the 

design of such formulations to prevent undesirable toxic reactions in the nasal mucosa. 

Moreover, a potential local intolerance could be device-related due to the repeated 

mechanical irritation caused by the device tip (Djupesland, Per G., Messina and 

Mahmoud, 2014).  

To the best of our knowledge, no long-term in vivo toxicity studies have been carried 

out in NTBDD, and most of the currently published studies which have rejected 

deleterious effects of formulations involved either short term experiments (only a few 

hours following formulation application) or were single dose studies. Neurodegenerative 

diseases targeted via the nasal route such as SDAT, PD, psychotic disorders and 

epilepsy most likely require lifelong treatment, hence in-depth toxicity studies of these 

formulations over extended periods are required. 

Brain uptake of nanomaterials via the olfactory epithelium is relatively rapid 

compared to other routes and it appears to be faster than the physiological clearance of 

particles. Thus, with long term exposure, bioaccumulation in brain tissues might occur 

even with low doses, and this is particularly the case for insoluble nanomaterials (Boyes 

and Van Thriel, 2020). Moreover, once entry to the CNS is attained, directing the 

formulation even more selectively to a specific site of action is still problematic (Pardeshi 

and Belgamwar, 2013). Particles randomly distribute to both diseased and healthy brain 

tissues, potentially causing serious adverse reactions to the CNS (Hu and Gao, 2010). 

While animal models have been successfully utilized to investigate drug-brain 

distribution following nasal administration, applying the same procedure in humans is not 

practical. Consequently, there is a demand for a reproducible model linking in vivo drug 

nasal epithelium permeation and brain distribution in order to predict the efficiency of a 

system targeting specific sites of interest in the human CNS (Inoue et al., 2020). 

However, it is possible that ligand modified PNPs with IN administration might overcome 

the possible cytotoxicity issues. Targeting moieties, e.g., lactoferrin, transferrin and 

insulin, for diseased neuronal cells, as well as nasal epithelia, could be used to produce 

“dual targeting delivery systems” (Gao, 2016). Such a strategy has the potential to 

minimize formulation incompatibility while improving selective delivery to diseased cells 

in preference to healthy ones upon reaching the brain tissues (Chu et al., 2018; Ullah et 

al., 2020). 
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1.6.2. Drug release dilemma: Premature/strict drug release 

Nanosized delivery systems are being developed to overcome drug molecule 

shortcomings and produce maximal therapeutic effects. An excellent NTBDD system 

provides drug transport with zero or very limited premature drug leakage during the 

delivery phase and, at the same time, attains the therapeutic goal via enough burst and 

later sustained intracellular drug release at the target sites. However, the balance 

between the rates of these two components is an enduring challenge in the production 

of nanoformulations. Drug release kinetics is greatly influenced by particle composition, 

charge, and nanostructure. For instance, less than 5% of simvastatin was released within 

24 h when encapsulated in Tween®80- and sodium caproyl hyaluronate-PCL 

nanocapsules, whereas 20% initial burst-release was observed during the first hour with 

lecithin/chitosan nanosystem (Clementino, A.R. et al., 2021). On a similar drug model 

Yang et al. reported about 38% burst release from different sizes of PLGA NPs (120, 

175, 215, and 400 nm) by 8 h when sink conditions were maintained. Interestingly, their 

identical chitosan containing counterparts didn’t delay the release kinetics and higher 

amount (47%) of the payload was released by 8 h (Yang, F. et al., 2022). Recently, 

various biodegradable nanocarriers have been designed to achieve the release balance, 

such as enzyme sensitive carriers (Wong et al., 2011), high mechanical strength, and 

pressure resistant carriers (Li, J. et al., 2019). These systems are made of polymers that 

retain the drug cargo until they reach their target. Once there, they change their chemical 

or physical characteristics and are degraded by single or multiple internal and/or external 

stimuli such as pH, temperature, enzymes, redox potential, or irradiation (Wen, Zhenfu 

et al., 2019). Akilo, et al. developed an in situ nanogel composite as a controlled NTBDD 

system. The system holds several advantages owing to its dual sensitivity to temperature 

and electrical potential as internal and external stimuli, respectively. It exists in a liquid 

form at room temperature for facile nasal administration, then forms a mucogel structure 

in situ at physiological temperature for prolonged nasal mucosa residence time. This 

nasal formulation displayed excellent mucoadhesion as well as conductivity and a highly 

controlled particle release from the nanogel with a pulsatile “on-off” pattern was 

achieved. Upon applying 5 V exterior potential as an electrical simulation for 1 min/cycle, 

10.24% of the particulate formulation was released per application for onward brain 

targeting (Akilo et al., 2019). Samaridou, et al. electrostatically engineered RNA-

conjugated nanocomplexes which were then encapsulated within a polymeric envelope 

using different protective but biodegradable polymers namely PEG-PGA and hyaluronic 

acid. Despite the rapid enzymatic degradation of RNA-based therapeutics, and the 

susceptibility of electrostatically formed nanocomplexes to salt containing environment 

(biofluids), the steric blockage of the polymeric envelope efficiently prevented system 

dissociation by ions and/or enzymes. In vitro investigations showed that the polymeric 
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coating remained associated with 100% of the miRNA cargo and the enveloped 

nanocomplexes were successful at maintaining their physiochemical properties under 

simulated physiological conditions as well as storage conditions (at 4°C and 25°C) and 

no premature miRNA release occurred (Samaridou et al., 2020). 

 

1.6.3. Uniformity of the designed NTBDD system 

On a lab scale, it is laborious, if not impossible, with conventional bulk preparation 

methods to generate a nanosystem with a high degree of uniformity and mono-

functionality based on characteristics such as dimensional properties amongst other 

physical attributes represented by surface modifications. Of course, controlling these 

characteristics is crucial for the effectiveness and suitability of nano-formulations for a 

particular drug administration route. In addition, although the commonly used PNP 

preparation methods are relatively simple and easy to apply, in reality they are not 

efficiently scalable and reproducible for industrial purposes, and the consequences of 

particle property heterogeneities within a single batch and/or from batch-to-batch through 

the manufacturing process to the final product has not been well investigated and is 

considered a fundamental challenge to producing commercial PNP-based products. We 

have stated previously that potential NP NTB transport routes have been reported in the 

literature (Mistry, Stolnik and Illum, 2009). However, little information is available 

concerning the ideal hydrodynamic radius of the particles required for efficient transit 

across the olfactory epithelium and/or via olfactory and trigeminal neurons. Indeed, 

despite the rapid development of the nanomedicine field, the impact of particle sizes on 

their transport pathways and delivery efficiency is still not fully understood, mainly due to 

the restricted number of controllable as well as reproducible methods that create PNPs 

with well-defined hydrodynamic sizes and narrow distribution.  

The global message which can be taken from the literature as discussed previously, 

is that the particles should be small enough to diffuse freely through the first barrier, the 

mucus regardless of particle-mucus interactions. While the mucus mesh pore size (10-

1000 nm) is determined by the distances between polymer bonds, particles much smaller 

than the bio-gel mesh order can pass through and are more efficient in reaching their 

target, whereas particles much larger than the mesh order are more likely to be trapped 

in the mucus (Witten and Ribbeck, 2017). As for the epithelial barrier (cellular uptake), 

the cells can passively take up NPs between 10-60 nm size, however smaller NPs could 

produce cytotoxicity and tissue damage (Mitchell et al., 2020). Intracellular axonal 

transport only occurs for NPs with a diameter smaller than the average axonal diameter 

of human olfactory neurons, which is between 100 and 700 nm (Mistry, Stolnik and Illum, 

2009). Cerebral transport is also known to be a greatly size-dependant process. The first 

question should be raised here, is whether NP sizes a perfectly evaluated? When, for 
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example, a monodisperse NP batch with 200 nm diameter is described in the literature, 

this means symmetrical distribution centred at 200 nm. Average NP size means nothing 

without accurate determination of its overall distribution and counting on standard 

deviation and coefficient of variation to describe particle size variations is often not 

precise, especially when it comes to asymmetric property distributions (Stavis et al., 

2018). Particle size distribution variances could be estimated using PDI, where high PDI 

values indicate wide and/or polymodal size distribution and vice versa, stressing that PDI 

when calculated, particle mean hydrodynamic diameter, solvent refractive index, 

observation angle used, and distribution variances are considered. The second question, 

however, would be what is the “ideal” PDI value? In fact, it is difficult to draw a linear 

association between the real dispersity state of a particle batch and the PDI value. 

Conflicting data might be obtained using different size measurement techniques, and a 

combination of at least two methods for accurate particle characterization and thus the 

associated outcomes, could be considered a necessity (Gaumet et al., 2008). 

Another significant challenge, and one which needs to be more accurately 

determined in NTBDD system development, is characterization of the particle surface 

properties which influence particle fate and interaction with biological systems (Sonvico 

et al., 2018). Heterogeneity and irreproducibility are often exacerbated by additional 

stabilization and functionalization steps. In general, the mean ratio for Nanoparticle/ 

surface functional ligand rather than the mode, is the only accessible information about 

nanosystem surface modification, which ultimately is insufficient to describe ligand 

distribution diversity, a major obstacle against the promise of nanosystem applications 

in NTBDD. Overly dense functionalization may result in immunogenicity leading to rapid 

particle clearance. Moreover, if the conjugation sites on NP surfaces overnumbered the 

available active ligands, increased heterogeneity in experimental ligand modification 

distribution will be obtained compared to the theoretical predictions. This phenomenon 

is more important with multiple ligand functionalisation (e.g. therapeutic agent, targeting 

agent and a dye on the same particle) where the delivery system is more likely to undergo 

site blocking effect for one or more of the targeting components (Mullen and Banaszak 

Holl, 2011). On the other hand, inadequate surface-coating could reduce targeting 

efficiency. Xu, et al. provided evidence that in order to formulate nanoparticles with 

mucus penetrating characteristics, specific PEG length and surface density are required 

(Xu, Q. et al., 2015). Differences in batch-to-batch efficiencies might also stem from 

residual surfactants, which will eventually affect particle surface properties (Gaumet et 

al., 2008).  

These issues highlight the need for more developed methods to generate PNPs with 

highly controlled and narrow physical property distributions as a further step forward 

towards clinical translation of nano-based drug delivery systems. Flow-based 
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preparation methods which regulate the mixing dynamics of polymer solutions utilizing 

microfluidic (Samaridou et al., 2020) or flash nanoprecipitation devices (Tao, Chow and 

Zheng, 2019) provide mass transfer in a highly efficient and homogenous manner within 

a time frame of a few milliseconds, allowing excellent control over a wide range of PNP 

sizes and shapes. Template assisted preparation methods have also been utilized to 

overcome the heterogeneity of bulk PNP generation. These include layer by layer self-

assembly where PNPs are produced by deposition of polymer layers on organic or 

inorganic core NPs with well-defined sizes, which are subsequently removed at the end 

of the process (Deng et al., 2013). Particle Replication In Nonwetting Templates (PRINT) 

is another versatile template-based approach makes a use of a mould built from 

extremely low surface energy materials to help easy collection of the prepared particles 

(Canelas, Herlihy and Desimone, 2009). These approaches have demonstrated an 

excellent capacity to auto fabricate highly uniform NPs in terms of size and surface 

properties, rapidly and efficiently. Nevertheless, several factors explain their current lack 

of successful translation to market. For some techniques it is the limited scalability or the 

associated high cost, for others it is the reproducibility and the limited number of 

copolymers that can be used. Hence, more efforts are required to develop new methods 

which drive the clinical translation of NP NTBDD systems (Hickey et al., 2015; Teixeira 

et al., 2020).  

 

1.6.4. Particle cloaking with protein coronae and other bioactive materials 

Once nanocarriers are exposed to biological systems, unplanned interactions with 

cellular components, membrane structures and/or biological fluids may occur, leading to 

complex biomolecule adsorption and the formation of a protein shell (a corona) at NP 

surfaces (Ge et al., 2015). This corona results in significant particle surface changes, 

producing new particle identities which can critically and diversely impact selective 

trafficking (Bros et al., 2018), cellular internalization mechanisms (Yan, Y. et al., 2013) 

and can influence the targeted cells’ function and signal transduction (Deng et al., 2011). 

Moreover, the size of the particles could be increase up to 50% once they are in contact 

with protein-enriched biological fluids due to the particle-serum protein aggregation 

(Gaumet et al., 2008). Therefore, it is crucial not only to understand the biological 

responses of particle-corona nanocomplexes, but also to govern the way these proteins 

adsorb at NP interfaces, which consequently affects how these NPs interact with cells 

and tissues. The mechanisms of NP-protein corona interactions are yet to be thoroughly 

investigated in NTBDD systems and most, if not all, of the research outputs in the NTB 

field have not evaluated the consequences of the protein corona on system targeting 

efficiency and/or potential adverse events. 



 

47 

 

On a similar front, aged/stored NPs might undergo crucial surface modifications 

represented by the adsorption of bioactive contaminants which might have cell noxious 

consequences. Murali et al reported enhanced neuronal cytotoxicity effect for aged PS-

NPs (stored in distilled water for six months at 4°C) although no NP aggregate 

accumulations occurred for some cell types. Interestingly, one of the aging dependant 

changes was the contamination with lipopolysaccharides (LPS), bacterial endotoxins 

which may have been introduced to the particles by air, equipment or the chemicals used 

in fabrication and subsequently adsorbed on NP surfaces causing cell toxicity. Moreover, 

although PEGylated PS-NPs significantly decreased protein adsorption, particle cell 

ingestion and toxicity with the various tested neuronal cell models, the used PEG had a 

relatively small chain length (0.3-2 kDa) and PEG coating couldn’t prevent the LPS from 

adsorbing on the active NP surfaces and thus PEGylated particles showed damaging 

effects (Murali et al., 2015). Such findings highlight the ability of PNPs to concentrate 

bioactive molecules on their surfaces and therefore highly sensitive screening methods 

are needed to tackle NP surface alterations and cloaking with substances which may 

otherwise be harmless.  

 

1.7. NTBDD clinical trials – How far are PNPs from the clinic 

Despite the rapid growth within the field of NTBDD research, the clinical translation 

of this delivery route remains limited, mainly due to the uncertainty regarding transport 

mechanisms involved in NTB pathways along with extremely low drug dosing that could 

be deposited in the targeted olfactory area with conventional nasal formulations and 

commonly used nasal spray devices. There has been however, clinical research 

progress yet restricted to conventional dosage forms with well-documented safety 

profiles, many have shown great success with chemotherapeutic agents (Fonseca, 

C.O.D. et al., 2013), insulin (Craft et al., 2017; Kullmann et al., 2018; Wingrove et al., 

2019), oxytocin (Quintana et al., 2017), while others have concluded negative results 

(Cacciotti-Saija et al., 2015; Guastella et al., 2015). As for NTB particulate formulations, 

despite the high degree of success, their active application in human is disappointingly 

still on hold. In fact, extrapolating the results from these models to humans is largely 

debatable, not only due to the anatomical and physiological differences (Figure 1.7), but 

also because different species have discreate breathing patterns (Corley et al., 2012). In 

addition, similar to conventional formulations, the performance of the developed nasal 

PNP systems will be greatly influenced - along with system and device feature 

combinations (e.g., plume angle and plume geometry), by human elements or 

administration related factors such as head orientation, actuation force, actuation angle 

and nostril insertion depth (Maaz, Blagbrough and De Bank, 2021), such variables are 

absent and could not be applied in the reported PNP NTB in vivo studies.  
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In an attempt to overcome the shortcomings of employing animal models in NTBDD, 

studies using both numerical modelling (Garcia, Schroeter and Kimbell, 2015; Vachhani 

and Kleinstreuer, 2021) and in vitro nasal replicas (Deruyver et al., 2021; Wilkins et al., 

2021) have been proved to be suitable and closely simulate nasal drug delivery process 

in human nose. Indeed, these two approaches have offered useful information on nasal 

regional deposition including the olfactory region for NTBDD. However, while 3D-printed 

nasal casts have been widely utilized to reflect the anatomical characteristic of human 

nasal cavity as easier and cheaper tools than performing clinical trials, to the best of our 

knowledge, polymeric nanocarriers have not been tested in such models, and their 

application as the current conducted clinical trials is still limited to conventional nasal 

formulations. Moreover, the absence of physiological features of the human nose and 

the differences in human nasal geometries, which can be considerable between 

individuals according to their age, gender, and ethnicity, are some of the major limitations 

of human nasal replicas. Therefore, it is speculative that a single nose cast model might 

generally demonstrate improved regional targeting within the nasal cavity. 

 

 

Tying up all the over mentioned points together, commencing human trials to screen 

nasal PNPs for brain drug delivery has considerable room for improvement. Of course, 

these underlined challenges should not discourage formulators continuing their 

investigation around PNP NTBDD powerful combination. Proposing innovative regional 

specific delivery techniques (Flamm et al., 2022) and/or devices (Djupesland, Per Gisle, 

Figure 1.7. A comparison between human and rodent nasal key anatomical 

features 
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2008) may pave the way to the olfactory region and further encouraging to take step 

forward towards the clinic.  

 

1.8. Conclusions and future perspectives  

The unsatisfactory outcomes of the currently available treatment for the most of CNS 

diseases, due to the impermeable structure of BBB for systemically administrated drugs 

or the highly invasive nature of other administration approaches, make the scientific 

endeavours in great need for alternatives. The nasal route, however, offers invaluable 

direct avenue for the actives to circumventing the BBB and access CNS tissues along 

olfactory and trigeminal neurons and/or through the uppermost olfactory epithelium. 

Polymeric nanostructured delivery systems have been put forward as an outstanding 

strategy with plethora of advantages to overcome the boundaries associated with the 

nasal route and to efficiently deliver the active to the brain via the nose. Undoubtedly, an 

impressive growth in the number of published in vivo research papers reported, providing 

a comprehensive proof of concept of the validity of PNP-NTBDD systems for a wide 

range of neurotherapeutics and CNS diseases. As such, PNPs have shown the capacity 

for offering a potent and biocompatible NTB platform with minimal systemic exposure. 

They protect the active payloads from chemical/ enzymatic degradation, prolong the 

residence time in the nasal passage, enhance mucus penetration and the uptake via 

nasal epithelia, and eventually achieve considerable bioavailability in the brain where 

they release their cargoes in a controlled/ sustained manner. The efficiency of PNP-

NTBDD is highly impacted by particle physicochemical features in terms of composition, 

size and surface charge which are key factors in carrier bio-distribution and elimination. 

Many strategies have been proposed to maximize formulation depositions in the nasal 

olfactory region in order to optimize PNPs brain uptake following nasal administration 

and particles with mucosa adhesive and penetrating properties have been introduced. 

Moreover, efficient transport and olfactory targeting was achieved via PNP surface 

modifications with lectins, CPPs and various moieties of biorecognition was reported. 

These targeted PNPs have been promising strategy to address potent NTBDD system 

with minimal systemic exposure.  

Despite the extensive research studies on PNP-NTBDD in animals, e.g., mice, rats 

and sheep and their promise, there is still uncertainty in the translation to the clinic and 

only conventional formulations have been evaluated in NTB clinical studies. However, 

we can declare from the encouraging preclinical outcomes that, with continuous efforts 

in this field and the use of proper nasal device, NTB PNPs are likely to have bright clinical 

future as remedies for wide range of CNS disorders. To achieve this goal, more 

conclusive studies of the effectiveness of nanosystem NTB targeting are required. A 

clearer understanding of the underlying mechanisms, comprehensive pharmacokinetic 
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and pharmacodynamic data, solid evidence for the correlation between brain-drug 

biodistribution, the efficiency of doses and last but not least high formulation tolerability, 

are all key factors required in order to make progress into the four phases of clinical trials. 

Of course, such progress will ultimately reduce this massive element of the healthcare 

burden on society, it will also benefit carers, but especially it will be to the benefit of 

patients. 
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In Vitro Evaluation of Nasal Aerosol Depositions: An Insight 

for Direct Nose to Brain Drug Delivery 

 

1.1. Introduction 

There has been some progress in drug delivery systems (DDS) for treatment for 

neurological disorders. However, effective drug delivery to brain tissues is still a great 

challenge due to complex anatomical and physiological barriers that selectively limit the 

entry of drugs into the brain. To work towards overcoming these challenges, recent 

advancements in the field of nanoparticle-based drug delivery have demonstrated 

promising results for nanotherapies in the possible treatment of CNS disorders [1]. 

Studies have revealed that nanocarriers enhance efficiency and are promising feasible 

formulations, making them an important target for research in both preclinical and clinical 

practice. However, the presence of the blood–brain barrier (BBB), which protects the 

brain from the entry of toxic substances, is a crucial obstacle for therapeutics to access 

the CNS. Therefore, novel brain targeting DDS are required to overcome this barrier and 

to enhance drug potential to treat CNS diseases [2,3]. The advantages of pulmonary 

DDS over oral delivery, such as rapid absorption and onset, enhance drug transport 

across the BBB when formulated in suitable sized and lipophilic aerosolized particles [4]. 

Promising outcomes for delivering CNS therapeutics via the lungs with the aid of different 

inhaler technologies have been reported for Parkinson’s disease [5], anxiety [6], 

analgesia [7], and migraine [8]. The olfactory region is the uppermost region in the nasal 

cavity exclusively connecting the external environment to the brain, unimpeded by the 

BBB. Over the last few decades, intranasal administration has emerged as an attractive 

non-invasive and direct route for the therapeutics to enter the CNS bypassing the BBB 

and avoiding hepatic metabolism and unacceptable systemic side-effects from other 

administration routes [9] 

In 1990, Frey II was the pioneer in proposing the nasal route for the delivery of neuro-

therapeutic molecules, e.g., nerve growth factor (NGF) to the brain [10-12]. Research 

interest in nose to brain (NTB) drug delivery (NTBDD) systems continues to grow rapidly 

in an attempt to develop formulations that directly reach the brain at therapeutic 

concentrations [13-15]. Although the exact mechanism for NTB transport is not fully 

understood, three main pathways are involved: an epithelial pathway via the olfactory 

epithelium and neuronal pathways via olfactory and trigeminal nerves. The olfactory 

region is the uppermost region in the nasal cavity, which exclusively connects the 

external environment to the brain, unimpeded by the BBB (Figure 1.1) [13]. Drugs could 

then be transported via the olfactory epithelium intracellularly along the nerve axons or 

across the olfactory mucosa, transcellularly through the cells as well as paracellularly 

through the gaps between the cells [13]. In addition to delivery to the olfactory region of 
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the brain, drugs can also find their way to the brainstem via the trigeminal nerve, which 

extensively innervates the respiratory mucosa in the nasal cavity. The branching of the 

trigeminal nerve makes it difficult to differentiate if the trigeminal pathway, olfactory 

pathways, or all are involved in NTBDD [13]. Significant efforts have been made in 

tailoring nasal formulations to enhance the efficiency of drug olfactory deposition, and 

the transportation in the olfactory region towards the brain is also being investigated by 

employing novel conjugates [16], semisolid formulations [17,18], particulate formulations 

[19-22], and lipid-based formulations [23,24]. 

 

 

 

Despite the wealth of studies that claim successful NTBDD, the majority are limited 

to preclinical stage research mainly because of the lack of adequate clinical evidence. 

Most of the available quantitative and qualitative data in the literature addressing the 

deposition profiles produced by conventional nasal formulations/devices reported limited 

drug delivery to the olfactory region—the target region for direct NTBDD [25,26]. Potential 

Figure 1.1. Anatomy of the human nasal cavity. Squamous mucosa (green) is located at the 

frontal parts of the nasal vestibules. The three turbinates (inferior, middle, and superior) humidify 

and warm the inhaled air. The area covered predominantly with respiratory mucosa is labeled in 

blue. The olfactory mucosa (yellow) is located next to the cribriform plate at the skull base down 

to the superior turbinate. Nasally transmitted substances can cross the cribriform plate via 

different pathways to enter the brain. Nasopharynx-associated lymphatic tissue (NALT) is located 

in close proximity to the tonsils at the nasopharynx. Reproduced from [13], MDPI, 2018. 
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limitations may arise from the narrow and small duct olfactory cleft (1–2 mm width), which 

is hidden deeply in the nose above the main nasal airways, and thus only a small fraction 

of the air flow can pass through the olfactory region [27]. 

To develop a suitable NTBDD system, challenges in nasal drug delivery have to be 

addressed, some of which are formulation- and device-related, while others are 

physiological constraints that determine drug retention and permeation in the nasal cavity 

[28-30]. For instance, limited nasal residence time due to mucociliary clearance requires 

the use of non-harmful excipients in nasal formulations, e.g., adsorption enhancers and 

mucoadhesive agents [31]. Despite the relatively high surface area of the nasal cavity 

(150–200 cm2) [32], the absorption and subsequent physiological response of inhaled 

medicines is unpredictable due to the variety of epithelia and morphological 

characteristics in the human nose. As a result, there is significant variability in nasal 

spray device performance within the confined structure of the nasal cavity [33]. Moreover, 

considerable additional differences in sprayable droplet deposition occur in the nasal 

cavity due to interindividual anatomical and physiological variability in addition to the 

administration procedure adapted by the individual patient [33,34]. To predict nasal 

product bioavailability and bioequivalence, the United States Food and Drug 

Administration (FDA) recommends that the physical characterization of the device-

released aerosols, e.g., droplet size distribution, viscosity, and plume geometry, should 

be well determined [35]. However, while considering spray properties alone is useful to 

differentiate between various nasal devices, this alone cannot precisely predict in vitro 

regional deposition of aerosols in the nasal cavity and further translation to in vivo 

measurements. Nasal aerosol deposition profiles are critical for the clinical success of 

nasal drug delivery. In fact, deposition patterns are of great importance not only in the 

process of developing efficient nasal devices and pharmaceutical formulations, but also 

to optimize delivery protocols and administration instructions for more targeted delivery 

to specific regions, e.g., the olfactory region in the nasal cavity, while achieving less off-

target drug loss. 

As it is unlikely that nasal product developers will be able to carry out encyclopaedic 

testing in human volunteers and patients, in vivo models such as mice, rats, and 

monkeys have been generally used as surrogates for humans in order to evaluate the 

distribution of airborne materials within the nasal cavity and to provide a proof of concept 

for olfactory targeting and efficient brain delivery via pharmacokinetic and 

pharmacodynamic studies [16,17,19,20,36]. However, translating the results from these 

models to humans is largely debatable, not only because of the anatomical and 

physiological variations but also because different species have discrete inhalation 

patterns [37-39]. 
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The use of cell culture models is a common in vitro approach in the study of nasal 

and NTB drug delivery. These include primary cells such as reconstructed human nasal 

epithelium [40,41], porcine respiratory and olfactory cells [42], or cell lines such as RPMI 

2650 [43,44] and Calu-3 [45]. Cell models have been utilized to provide information on 

drug absorption and permeability, therefore predicting in vivo bioavailability of nasally 

applied formulations. The human olfactory mucosa is also under development to reflect 

the neuronal transport from the mucosa and to simulate the NTB pathway [46]. Important 

parameters should be considered while validating in vitro models for NTBDD. Primary 

cell lines have a short lifespan even with proper nutrient supplementation, whereas tumor 

cells are immortal, but lack some nasal epithelium function, e.g., mucociliary clearance, 

as they are unable to differentiate into ciliated or mucus-producing cells, which 

significantly affect drug transport through the epithelium [42]. As an alternative to cell 

cultures, ex vivo models have also been used in NTBDD studies. Intact nasal tissues 

were isolated from animal or human donors and used for detailed examination of time-

related transportation of nasal formulations across the tissue with control over 

physiological conditions, e.g., temperature, pH, glucose, and oxygen concentrations [47-

49]. NTBDD is a strategy to bypass the BBB whereby therapeutic antibodies can be used 

to treat neurological diseases. The neonatal Fc receptor (FcRn) plays an important role 

in the transepithelial transcytosis of immunoglobulin G (IgG). The functional FcRn is in 

nasal respiratory mucosa; evaluating its role in drug delivery was determined in ex vivo 

porcine olfactory mucosa [50]. 

Although experimental validation is essential to predict in vivo aerosol distribution 

patterns, a possible means of overcoming the shortage of human participants in NTBDD 

studies and limitations of animal models is the use of computational fluid-particle 

dynamics (CFPD). Simulations using CFPD are a well-established research tool in 

exploring total and sub-zonal dosimetry of sprayed particles in the nasal cavity [51,52] 

[51, 52]. The numerical meshes, which originate from realistic in silico nasal airways, 

offer useful deposition information over a wide range of parameters, i.e., particle size 

distribution, velocity, and aerosol pattern, and they are considered a simple and relatively 

time-saving methodology in comparison to in vitro/in vivo validation [51,52]. 

A physical alternative to CFPD is the use of nasal casts. The enormous development 

in 3D printing technologies such as stereolithography (SLA), fused deposition modelling 

(FDM), and selective laser sintering (SLS) and their promising applications in the 

healthcare sector [53], alongside the advances in qualitative and quantitative analytical 

methods, have enabled building explicit nasal replicas as practical and efficient tools for 

in vitro evaluation of nasal formulations and delivery devices, and they could provide 

valid preliminary data for clinical trials [54]. Three dimensional nasal replicas were first 

described in 1978 [55], successfully derived from computer tomography (CT) scans and 
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magnetic resonance imaging (MRI) and widely utilized to reflect the anatomical 

morphologies of the human nasal cavity and to measure the deposited nasal doses in 

vitro. 

Nasal casts offer the advantages of resolving deposition partitioning in the nasal 

cavity yet avoiding exhaustive testing in humans and animals. Simultaneously, this 

approach enables nasal product manufacturers to understand thoroughly the elements 

that influence their product quality, and therefore they can define the limitations 

associated with safety and/or efficacy quality aspects of the product. Moreover, it has 

been suggested that it is possible to enhance the bio-relevance of the fabricated nasal 

replicas by using printing materials that imitate physiological conditions, e.g., being soft 

and stretchable with an adjustable nasal valve. Other approaches include coating the 

inner surface of the cast with artificial nasal mucus or introducing cells to manifest the 

characteristics of nasal epithelia [28]. 

Studies that have investigated in vitro aerosol deposition using nasal replicas have 

some limitations. The majority of them have dealt with a single nasal morphology model 

of an adult individual. Obviously, there are intersubject variabilities according to their age 

[56], gender [57], and ethnicity [58]. Therefore, it is speculative that a single nose 

morphology model will generally demonstrate approved regional targeting within the 

nasal cavity among widely different populations. Moreover, despite the improved 

methods for alignment and segmentation of different nasal regions in the model cast, 

there is a lack of standards that deposition studies can follow, e.g., the vertical line that 

splits anterior-posterior regions in the nasal cavity is still problematic where minor 

variations in replica cutting planes may ultimately lead to major shifts in regional aerosol 

nasal distribution. Table 1.1 shows the advantages and shortcomings of the preclinical 

models mentioned above, which are commonly used to evaluate nasal formulations and 

devices. 

This review comprehensively and critically covers in vitro evaluation of nasal 

formulation deposition by utilizing human nasal replicas for a better understanding of the 

correlation between the various interacting factors with respect to the formulation’s 

physical properties, the device used, the validity of the nasal cast, and qualitative and/or 

quantitative analysis methods. A deeper insight is being gained into the posterior 

deposition, where the olfactory region is located in the nasal cavity and which is being 

thoroughly investigated as an interesting target area for direct NTBDD. 
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Table 1.1. Preclinical models used for nasal formulations and device characterization. 

Model Type Advantages Limitations Ref 

Cell 

cultures 

Primary cells, e.g., 

human nasal 

epithelium, porcine 

respiratory and 

olfactory cells 

In vitro 

Close simulation of nasal mucosa 

Miscellaneous cell composition and 

diseased cells could be obtained 

Limited subculture 

numbers 

High risk of 

contamination 

Short lifespan 

Lack of sufficient 

reproducibility for powder 

formulations due to 

concentrations’ 

heterogeneity at the cell 

layers. 

Deposition method could 

affect the cell layer integrity 

[40-42,46] 

Immortalized cells 

e.g., RPMI 2650, 

Calu-3 

Excellent uniformity 

Easy to handle and culture 

Undesired morphological 

changes 

Limited differentiation 

and the absence of 

some physiological 

functionalities 

[21,43-45] 

3D-printed nasal replicas In vitro 

Useful tool to compare different nasal 

devices, formulations, and inhalation 

protocols 

Provides detailed deposition pattern of an 

aerosol in the nasal cavity 

Could be combined with other techniques, 

e.g., NGIs to collect data over the entire 

respiratory tract 

 

 

Single-block casts are only qualitative 

Monotonousness, where one cast represents one 

patient’s nasal anatomy, which cannot be generalized 

to the larger population 

Lack of important factors for nasal drug delivery, e.g., 

mucociliary clearance 

[59-62] 
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Table 1.1. Preclinical models used for nasal formulations and device characterization. 

Model Type Advantages Limitations Ref 

CPFD In silico 

Quality simulation of total and regional 

deposition over wide parameter scope, 

e.g., particle size, velocity, airway 

geometry, airflow 

Relatively rapid experiment in comparison 

to in vitro or in vivo models 

Often depends on ideal assumptions, e.g., simplified 

airway geometries, monodispersed particles, and 

stable inhalation patterns, which otherwise make 

numerical simulation challenging 

Many inhalation devices and aerosol generation 

process cannot be fully simulated 

[51,52] 

Excised nasal mucosa from 

animal or human donor 
Ex vivo 

Genuine nasal tissue with preserved 

integrity and permeation properties 

Same tissue could be utilized for other 

tests, e.g., histological analysis for 

formulation safety 

Complicated model due to differences between 

species, e.g., tissue thickness and enzymatic activity 

Proficient tissue handling is required 

Analytical interference could occur with other bio-

composites 

[47-50] 

Animal models, e.g., mice, rats, 

monkeys 
In vivo 

Surrogates for humans where extensive 

preclinical testing can be conducted 

Pharmacokinetic (Cmax, Tmax, AUC, %DTE 

*, %DTP **) and pharmacodynamic data 

are obtained 

Inter-species anatomical and physiological variations 

as well as different inhalation profiles 
[16,17,19,20,36] 

* Drug targeting efficiency percentage (%DTE); ** Nose-to-brain direct transport percentage (%DTP). 
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1.2. Nasal-Formulation-Related Factors 

1.2.1. Aerosol Droplet Size Distribution 

Whereas some researchers reported a minimum influence of droplet size on 

deposition efficiencies [63], others pointed out that droplet size is an important factor in 

the deposition pattern, where the larger it is, the less penetration beyond the anterior 

region will be obtained and the more concentrated droplets in the nostrils and at the nasal 

valve will be [64]. As for dry powder formulations, the ideal particle size suitable for nasal 

delivery is on the microscale (<10 µm) [54,65]. However, particles below this range tend 

to agglomerate spontaneously due to their high surface-to-volume ratio and subsequent 

cohesive forces, which makes the final acquired nasal localization is governed by the 

auxiliary airflow along with the capability of device to segregate particle mass [66]. 

Wingrove et al. carried out an in vitro comparison of the spray characteristics of two 

simple commercial nasal spray pumps with three different actuator models for their best 

upper nasal cast deposition [67]. Of these devices, the design that produced droplet sizes 

considerably larger than 50 µm favored anterior deposition (mainly at the nasal vestibule), 

and particles were unable to flow freely within the nasal perplexed anatomy. Schroeter 

et al.’s numerical model showed that within the 2.6–14.3 µm particle size range, particles 

of 10–11 µm diameter achieved maximum deposition in the central nasal areas. The 

fabricated replica cast was sectioned into six regions, within which particle distributions 

were 15% at the anterior turbinates—the region that confines the anterior segments of 

the middle and inferior turbinate, 7% at the olfactory region, and 12% at the turbinates, 

which include the majority of the middle and inferior turbinates posterior to the nasal 

valve. These values were in a good agreement with the simultaneous experimental 

measurements conducted in a replica cast [68]. The authors explained that the significant 

discrepancy in their results from previous studies was due to the variation in their 

anatomical definitions. For instance, in the studies of Shanley et al. [69] and Ghalati et 

al. [70], the nasal valve region covered a considerably larger surface area and thus much 

higher deposition estimation (~50% and 64% respectively) than the 29% deposition at 

the nasal valve reported by Schroeter et al. [68]. Similarly, the three-sectioned nasal cast 

in Liu et al.’s study [71] showed maximal deposition for 8 µm particles in the main middle 

region, which could not be further subdivided into anterior turbinates, turbinates, and 

olfactory regions clearly defined in Schroeter et al.’s nasal model.  

Swift et al. performed nasal deposition studies for nanoparticles over the volumetric 

flow rate from 1.4 to 50 L/min [72]. Four different nasal replicas at different research 

institutions were tested. The authors expressed one equation to estimate the diffusional 

nasal deposition of particle mean sizes between 4.6–200 nm, where the ultrafine particle 

depositions were mainly associated with particle diffusion coefficient and the applied flow 

rate with no significant correlation with age or nasal passage dimensions [72]. Xu et al. 
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studied the feasibility of the nasally administered OVA/AS04 vaccine to induce local and 

systemic immunity in a mouse model, supported by in vitro vaccine deposition efficiency 

in the posterior nasal cavity, where the immune response is mainly produced [73]. In their 

study, the posterior section of the 7-year-old subject nasal cast represents the three 

turbinate regions. Using an Intranasal Mucosal Atomization Device (MAD Nasal™), the 

OVA/AS04 vaccine with droplet diameters with median volume distribution (Dv50) of ~266 

± 42 µm achieved more than 40% posterior deposition compared to 25% for the control 

vaccine formulation OVA/MPL, which was mainly recovered in the nasopharynx region 

(~50%) and was more likely to travel down to the lung due to its smaller droplet size of 132 

± 36 µm [73]. Table 1.2 shows the reported regional deposition of some nasal 

formulations in comparison to their particle/droplet size distribution. 

 

1.2.2. Formulation Viscosity 

Rheological properties that influence spray droplet sizes have a great impact on 

spraying behavior and deposition pattern. Nižić et al. used a combination of pectin, gellan 

gum, and sodium hyaluronate as a polymeric in situ gelling system to develop a 

sprayable fluticasone nasal suspension with an increased turbinate deposition posterior 

to the nasal valve as a targeted area for the treatment of nasal polyps. The chosen high-

turbinate deposited formulations showed enhanced viscosity upon gelation. However, 

even high-viscosity formulations corresponded to a general decrease in turbinate 

deposition when the inspiratory air flow was reduced (the studied range was 0–60 L/min), 

as it caused a wider cone angle [74]. Moraga-Espinoza et al. achieved 84% turbinate 

deposition when the highest viscosity formulation containing the highest hydroxypropyl 

methylcellulose (HPMC, hypromellose) concentration (0.4%) was applied, giving a 

viscosity of 6.6 cP [59]. However, they pointed out that using viscosity as a factor to 

improve distal nasal delivery could be at the expense of patient comfort where the 

aerosolization efficiency will decrease and a jet-like spray will be formed [75]. Kundoor 

and Dalby’s study showed a remarkable decrease in the spray deposition region of nasal 

spray with increased viscosity and droplet sizes [54]. A Dv50 of 207 ± 5.4 µm and focused 

plume were obtained with the highest viscosity formulations (1565 ± 116 cP at 1 rpm), 

leading to a higher anterior deposition.  
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Table 1.2. Particle/droplet size distributions of nasal aerosol and the reported experimental regional depositions. 

Particle/Droplet Sizes (µm) Formulation Device Regional Deposition * Ref 

48.3 

Suspension 

Four nasal spray pumps 

VP-7 
35.4% anterior, 64.4% turbinates 

[64] 
60.7 PF-35 37.5% anterior, 62.5% turbinates 

61.6 PF-60 43.4% anterior, 56.5% turbinates 

58.1 
PF-80 

(20 L/min flow rate) 
59.4% anterior 

5.4 for the particulate formulation ** 

37.1 aerosol droplets following actuation 
Dry Powder 

Uni-dose DP™ 

(25 L/min flow rate) 

50–65% was deposited in the nasal vestibule and 30–40% 

in deeper compartments all together:  olfactory, 

turbinates, and nasopharynx 

[66] 

37 ** Aqueous Solution 

Nasal spray pump SP270+ 

with 3959-actuator 

(15 L/min flow rate) 

~50% at the nasal vestibule 

~18% middle/upper turbinates 

(including the olfactory) 

[67] 

1–2 

Aqueous Solution 
Vibrating orifice aerosol generator 

(15 L/min flow rate) 

4% total and <1% each section 

[68] 
5.1 16% total and 1–4% each section 

10.3 40% anterior, 12% turbinates, 5% in the olfactory 

14.3 65% anterior, 10% turbinates, 2% in the olfactory 

5–7 
Oily Solution 

Vibrating orifice aerosol generator 

(30 L/min flow rate) 

25–40% anterior, 8% middle, 0–1% posterior 
[71] 

8–10 55–70% anterior, 5% middle, 0–1% posterior 

15.7 for the particulate formulation ** 

266 aerosol droplets following actuation 
Suspension MAD NasalTM atomization device 

25% vestibule, 42% posterior, 33% nasopharynx 

[73] 
47.3 for the particulate formulation ** 

132.4 aerosol droplets following actuation 
22% vestibule, 25% posterior, 52% nasopharynx 

* Regional definitions and cast sections are somewhat subjective for each author. ** Dv50.  
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Guo et al. showed that compared to high viscosity formulation (2% v/w 

methylcellulose, 18.2 ± 0.9 cP), the low viscosity formulation (0.25% v/w Avicel CL611, 

a microcrystalline cellulose (MCC), 4.0 ± 0.2 cP) provided wider surface coverage with 

higher middle and posterior deposition at 0 and 20 L/min and a slow inhalation pattern 

[76]. Similarly, formulations with lower viscosity produced smaller droplets (Dv50 = 37.7 ± 

0.3 µm), which were swept by the air stream deeper into the nose, in contrast to bigger 

aerosol droplets (Dv50 = 199 ± 9 µm) created with high viscosity formulation, which were 

resistant to direction change due to inertial impaction at the front of the nasal cavity [76]. 

The deposition profile of low viscosity formulations, which is maximized in the middle 

nose where the respiratory region rich in blood flow is located, could lead to an increase 

in systemic drug delivery. Pu et al. studied in vitro spray deposition of nasal solution 

formulations with different viscosities by adding Avicel or HPMC as a viscosity enhancer 

[77]. Interestingly, the authors found that spray properties and subsequent deposition 

were not only influenced by the overall formulation viscosity, but also by the type of 

viscosity enhancer used, with HPMC having a much greater effect, although Avicel 

produced a higher formulation viscosity. At higher concentrations, both excipients 

reduced formulation anterior deposition and frontal drainage as straightforward results 

of increased formulation viscosity and droplet sizes. However, Avicel- and HPMC-

containing formulations showed significant differences. While Avicel eliminated ‘forward’ 

dripping (down the nostrils) without changing the total deposition footprint, HPMC 

substantially altered the deposition towards the nasopharynx with clear ‘backward’ 

drainage, mainly because of its moderate viscosity-enhancing effect [77]. 

 

1.2.3. Dry Powder Aerosolization Properties  

One of the main challenges of any inhaled drug delivery system, including nasal 

products, is to produce particle sizes that are suitable for aerosolization. This is 

especially true for dry powder formulations, where particles are prone to aggregate 

lowering the fraction that is inhalable. Loading/mixing the therapeutic particles with non-

active ingredients having favorable physiochemical properties is a common approach to 

enhancing particle flowability. Selecting proper excipients is critical for formulators as the 

lowest possible amount is required due to safety concerns and considering that the 

human nose cannot accommodate more than 10–25 mg of powder per nostril per shot 

[78]. Lactose, a disaccharide and FDA-approved excipient for inhalation, is an efficient 

carrier for dry powder formulations that can improve aerosolization and deposition 

performance [79]. As a hydrophilic excipient, lactose eases powder wetting with the 

mucosal aqueous fluid and thus enhances drug release and the dissolution profile. 

Moreover, it can also influence formulation mucoadhesion and the transport of poorly 

soluble drugs across the nasal barrier [78]. Nižić et al. reported a significant improvement 
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of total turbinate and olfactory region deposition (from 13.5% up to 40%) of nasal 

pectin/HPMC microspheres blended with lactose monohydrate 1:9 w/w [60]. Human 

serum albumin (HSA) is another endogenous material used to improve physical 

characteristics and aerosolization properties for powder formulations [79] and is 

repeatedly reported as an efficient particulate system for NTBDD [80,81]. Moreover, in 

vivo studies showed that both epithelial and neuronal transport and overall brain 

targeting efficacy were enhanced when albumin nanoparticles were applied nasally [82]. 

Kaye et al. developed microparticulate dry powder nasal formulations of human 

antibodies (IgG) to enhance their efficiency against airborne infections [66]. A 

combination of albumin, sodium chloride, and disaccharides as excipients was used to 

produce aerosolized spray-dried IgG microparticle standard formulations. While these 

deposited mostly at the nasal vestibule (~55%), adding leucine 1% w/w and Aerosil® 10% 

w/w as additional excipients further improved the nasal “bioavailable” deposition (~45% 

of total delivered dose) on the turbinates, olfactory region, and nasopharynx. These 

results could be attributed to the enhanced microparticle aerosolization properties of 

leucine- and Aerosil®-containing formulations, mainly by reducing inter-particulate forces. 

 

1.3. Device-Related Factors 

1.3.1. Device System 

It was reported that the mechanism by which a nasal device delivers its cargo has 

an immense impact on cargo destination within the nasal cavity. Djupesland et al. were 

interested in the postsurgical liquid deposition of different nasal device systems in 

chronic rhinosinusitis patients [83]. Three devices containing liquid medications were 

tested: high-volume low-flow (HVLF) nasal irrigation, conventional low-volume nasal 

spray, and a breath-powered nasal device (exhalation delivery system, EDS) (Figure 1.2); 

EDS is explained in detail in the EXHANCE-12 clinical trial [84]. The delivery efficiencies 

into sinus cavities of the three studied devices were assessed using a silicon cast 

produced from a postsurgical 47-year-old chronic rhinosinusitis patient (Draf II and Draf 

III procedures). HVLF and EDS mechanisms induced deeper penetration throughout the 

anatomically corrected sinuses, including the posterior/superior region in the nasal cavity. 

Both systems were superior to conventional spray, which produced limited liquid 

distribution within the anterior nasal section. HVLF showed deposition differences with 

head tilting and anatomy between Draf II and Draf III. Similar distribution patterns were 

observed with EDS, which may also be considered a more efficient and user-oriented 

device for nasal drug delivery. Xi et al. experimentally and numerically quantified and 

compared nasal deposition profiles of jet and vibrating mesh nebulizers with two different 

breathing patterns: normal and bidirectional [85]. The bidirectional nasal delivery 

technique was originally invented by Djupesland et al. [86] and limits lower airway 
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deposition following nasal administration. The technique makes use of the fact that oral 

exhalation naturally uplifts the soft palate closing the nasopharynx. Blowing into the 

delivery device allows formulation release into an airstream to enter the nasal passage 

from one nostril, and as the posterior connection with the mouth is blocked by the soft 

palate, the formulation will travel through the other nasal passage and eventually come 

out from the other nostril. The bidirectional technique holds many advantages for nasally 

applied formulations: it increases formulation residence time in the nasal cavity, the 

resulting positive pressure could enlarge the narrow compartments (nasal valve) in the 

nose, and, most importantly, it suppresses lung formulation deposition [86].  

Xi et al. confirmed that for both tested nebulizers, the bidirectional breathing pattern 

was superior to standard nasal delivery in improving both overall and olfactory deposition. 

However, the advantage of this approach was much more prominent when a vibrating 

mesh nebulizer was used, where a 2.2-fold deposition increase was achieved in the 

nasal cavity and a 3.3-fold increase was achieved in the olfactory region [85]. As 

expected, different deposition patterns were observed in the two nasal passages using 

the bidirectional delivery technique, where much less of the aerosol dose was deposited 

in the second (out) passage. The same research group also compared four commercially 

available nasal spray pumps with four other nebulizers with different aerosol creating 

mechanisms: vibrating mesh, ultrasonic waves, jet with pulsating flow, and high-speed 

jet [87]. The point-release administration technique for the nebulizers was also tested, 

where four points in the nostril were selected to release the aerosol rather than the entire 

nostril. The deposition of nasal spray was mainly in the anterior region and, as such, the 

pumps are not suitable devices for olfactory targeting. Nebulizers, on the other hand, 

achieved considerable deposition beyond the nasal valve, and the best performance with 

the highest aerosol dose in the upper nose (8%) was observed for the mesh nebulizer. 

Although the point-release protocol applied resulted in 9.0 ± 1.7% aerosol deposition 

fraction in the olfactory region, for all nebulizers, a negligible dose was measured at the 

olfactory region. Kundoor and Dalby also showed that nebulizers resulted in significantly 

greater deposition beyond the anterior region when compared to a nasal spray pump 

[86]. Similarly, the authors explained their findings with nebulizers as they create smaller 

droplet size, with low exit speed, and a boost of airflow generated from the compressed 

air was used to create the nebulized aerosol [61]. 
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Djupesland et al. clinically compared their bidirectional OptiNose powder device with 

a conventional liquid aerosol delivered with a spray pump [88]. The Opt-Powder device 

showed higher upper posterior formulation accumulation of 18.3% ± 11.5 compared to 

2.4% ± 1.8 for the spray, in which the deposition in lower regions was three-fold higher 

than with the Opt-Powder [88]. Another other clinical proof of concept study demonstrated 

that the bidirectional nasal delivery device precluded lung contamination with zero or 

minimal deposition observed (0.8 ± 2.0%; range −4.1–5.6%) in 16 participants in 

comparison to (22 ± 8%; range 12.2–39.3%) with a commonly used nebulizer [86]. 

Suman et al. conducted a clinical study to investigate nasal deposition patterns using a 

conventional aqueous aerosol spray pump and a modified nasal nebulizer [89]. The 

authors suggested that nasal delivery systems should create small and slow movable 

particles to cover a larger surface area. Nebulizers have the potential to fulfil these 

requirements as they result in increased deposition in the superior and posterior regions 

and a greater coverage area than a spray pump. This is more likely to be due to the 

Figure 1.2. EDS mechanism. The EDS has a flexible mouthpiece and a nosepiece. The sealing 

nosepiece is shaped to transfer pressure from the mouth, to avoid compression of soft tissue in 

a way that could obstruct air flow, and to “stent” the nasal valve, particularly superiorly. Exhalation 

through the EDS (1) creates an airtight seal of the soft palate, isolating the nose from the mouth 

and lungs; (2) transfers proportional air pressure into the nose; and (3) helps “float” medication 

around obstructions to high/deep sites in the nasal labyrinth, such as the OMC. The transferred 

intranasal pressure is proportional, across various exhalation forces, to oral pressure, 

counterbalancing pressure on the soft palate. This assures a patient communication behind the 

nasal septum and allows air to escape through the opposite nostril. “Positive-pressure” expands 

passages narrowed by inflammation (vs. negative pressure delivery, “sniffing”). Use is simple and 

quick. A patient inserts the nosepiece into one nostril and starts blowing through the mouthpiece. 

This elevates and seals the soft palate, as with inflating a balloon, separating the oral and nasal 

cavities. The patient completes use by pressing the bottle to actuate. This causes a coordination-

reducing valve to release the exhaled breath concurrently with aerosol spray in a “burst” of 

naturally humidified air. Reproduced with permission from [84], John Wiley & Sons, Inc., 2018. 
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smaller droplets produced by nebulizers (2–10 µm) but, nevertheless, a significant 

fraction (33.3% and 58% in two participants) of the nebulized aerosol found its way down 

into the lung [89].  

Four different nasal spray pumps, VP-7, PF-35, PF-60, and PF-80, were tested in a 

study by Cheng et al. [64]. The depositions of the tested spray pumps were primarily in 

the anterior and turbinate regions, and differences between devices were associated 

with droplet distribution size as well as spray angles, which might be controlled by the 

spray pump design. Suman et al. compared in vitro tests to in vivo performance in human 

volunteers for two different spray pumps regarding formulation deposition and its 

pharmacokinetic and pharmacodynamic activity [33]. Although remarkable differences 

were found in the performance between the two tested devices in terms of droplet 

diameters and spray angle and pattern, no significant variations were observed in the 

nasal deposition profile between the two, where the p value was 0.4 and 0.32 for 

inner:outer and upper:lower regional deposition ratios, respectively. The authors 

proposed that a major fraction of the spray impacts the nasal cavity near the release 

point, notwithstanding the device’s in vitro performance. As such, in vitro tests of nasal 

spray pumps with relatively similar droplet sizes might be clinically irrelevant in terms of 

deposition and response. This is mainly because nose anatomy, administration 

technique, and the degree of variability in physiological parameters are dominant factors. 

The authors also stressed that well-validated nasal casts and/or computer models are 

needed for acceptable in vitro–in vivo correlation of deposition [33]. The outlet design of 

the nasal device has also shown a considerable effect on aerosol deposition. Hosseini 

and Golshahi demonstrated an enhanced inhaled dose by using a modified nasal 

adapter characterized by a narrow tip [90]. Similar findings were reported by Dong et al. 

[91] who investigated a nebulization device attached to three different inhalation units: a 

mask, a single-headed nozzle, and a double-headed nozzle. They delivered methylene 

blue solution to 3D-printed nasal models of paediatric and adult nasal cavities and also 

an adult postsurgical sinonasal tract. The single-headed nozzle had the smallest outlet 

size and therefore the highest aerosolization velocity, which eventually led to deeper 

droplet travel into the nasal passage and more effective sinonasal deposition compared 

to the other two inhalation units [91].  

Table 1.3 shows qualitative deposition efficiencies for commonly used nasal drug 

delivery devices [92]. 
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Table 1.3. Nasal drug delivery devices. 

Device Specifications Regional Deposition Reported Ref 

Squeeze bottle 

Liquid formulations, distributing relatively large 

volume, e.g., 80 mL, not recommended for 

children 

Wide and deep distribution in the nasal cavity but 

poor delivery to the superior and posterior 

regions 

[83] 

Spray pumps (metered-dose, 

single/duo-dose) 

Most dominated, liquid, and powder formulations 

and different systems of pumps were introduced to 

avoid the use of preservatives 

Smaller coverage area than nebulizers with high 

anterior and lower deposition, not suitable for 

olfactory delivery 

[61,64,83,87,88] 

Powered nebulizers/atomizers 

Liquid formulations, need compressed 

gasses/mechanical power/ultrasonics to produce 

small and low-speed aerosol droplets 

Middle and superior meatuses. Mesh-type 

nebulizers achieved greater dorsal deposition 

than Jet-type when normal or bidirectional nasal 

delivery is applied. 

Deeper deposition could be achieved when 

using a narrow-tip adaptor. 

A nitrogen-driven nasal atomizer is under 

development for N2BDD 

[61,85,87,91,93] 

Breath-powered bidirectional 

technique combined with any 

nasal devices, e.g., nasal sprays, 

nebulizers 

Liquid and powder formulations, exhalation 

delivery mechanism that causes velum closure 

preventing formulation run off into the oral cavity, 

minimize lung deposition 

Throughout the nasal cavity with an improved 

superior and posterior deposition where the 

olfactory region is located 

[83,85,88,90,94] 
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1.3.2. Droplet Velocities 

It was presumed that high initial droplet speed favors deposition at the anterior region 

of the nasal cavity, especially as large particles with high velocity are more likely to 

experience anterior inertial impaction due to the sudden airstream direction changes at 

the nasal valve [95]. In comparison to spray pumps, small and slow droplets generated 

by nebulizers attained more superior and posterior deposition in the nasal cavity [89]. 

Likewise, Sosnowski et al. stated that high particle momentum results in a remarkable 

inertia-driven localization not too far in from the nostril and is not expected to achieve 

deep penetration along the narrow airducts in the nasal cavity [62]. 

 

1.3.3. Spray Geometry 

Plume spray pattern and plume geometry, which outline the shape of the extending 

aerosol mist following actuation, are FDA recommended in vitro tests for the 

bioavailability and bioequivalence of nasally administrated products [94]. Indeed, plume 

characteristics have some important influence on drug deposition in the nasal cavity and 

are equally dominated by the nasal device and the formulation. Aerosol plume geometry 

could be evaluated indirectly by applying high-speed imaging techniques with or without 

laser illumination, which gives the advantages of focusing on a single plane at the plume 

centerline aligned with the laser sheet and capturing images free of blur due to motion. 

However, high-speed laser imaging cannot provide data about the plume electrostatic 

profile, which ultimately influences aerosol performance [96]. The captured images could 

then be analyzed with imaging processing software for reproducible spray plume 

geometry outputs.  

Sosnowski et al. reported that wide aerosol cones were not compatible with the nostril 

geometry and that only the central part of the jet was able to penetrate deeply in the cast 

model [62]. Wingrove et al. described the pattern of plume jets narrower than 30° with 

relatively large droplet size as a duct rather than a mist, which is not ideal for upper 

superior region deposition [67]. The selected plume angles in this Wingrove et al. study 

for subsequent NTB insulin delivery in humans were in the range 30–45° in agreement 

with [74]. Adding gellan gum to make an in situ gelling fluticasone suspension led to a 

narrower plume angle (Figure 1.3) and thus higher turbinate deposition [74]. On the other 

hand, Hosseini et al. showed similarities in deposition patterns between two commercial 

metered dose nasal sprays when they were applied on the same nasal replica, with about 

60% deposition in the anterior region. Both devices created different droplet sizes and 

plume angles: Dν50 57 ± 1.25 µm, 35°, for Flonase® Sensimist™ and Dν50 126 ± 3 µm, 

20°, for Flonase®. As the former has smaller droplet sizes but a wider plume angle than 

the latter, these two crucial factors might have neutralized each other’s outcomes [97]. 

Moraga-Espinoza et al. used the Plume Induction Port Evaluator (PIPE) apparatus to 
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evaluate the mass median plume angles (MMPAs) of four nasal formulations with 

increased viscosities (Figure 1.4) [75]. PIPE is an alternative protocol to laser imaging to 

characterize spray plumes by direct quantification of the deposited drug in the sectioned 

PIPE, which is caused by the direction of aerosolized droplets [98]. The results were in a 

similar trend to previous studies that used laser-assisted and high-speed imaging 

techniques where viscous formulations created narrower plume angles and higher 

turbinate deposition [75]. 

 

 

 

Sawant and Donovan also emphasized the importance of assessing the plume 

angles when developing nasal formulation/device composition and considered whether 

the anterior deposited dose, while using >26° plumes, was within the acceptable range 

[99]. Xi et al. compared different nasal devices along administration protocols for 

formulation distribution in the nasal cavity, and they were particularly interested in the 

olfactory region deposition [87]. Although the four tested nasal sprays in Xi et al.’s study 

were mainly deposited in the anterior/nasal valve region, the spray with the narrowest 

plume 19° ± 0.6° could indeed infiltrate into the superior meatus, depositing a small 

fraction at the olfactory region, ~4.6% of the total nose dose [87]. A comparable trend 

was also observed in the Foo et al. study, which provided a proof of concept that spray 

plume angle alone is a valid and accurate factor in predicting nasal deposition profile [63]. 

Almost 90% of deposition efficiencies were achieved at the turbinates for small plume 

angle sprays <30° when combined with 30° administration angle, whereas 55–65° plume 

angle sprays caused ~75% turbinate deposition when a similar administration angle was 

Figure 1.3. Spray cone angles of in situ gelling fluticasone (0.05%, w/w) suspensions prepared 

with (left) pectin (0.5%, w/w) and (right) pectin and gellan gum (0.5% and 0.2%, w/w, 

respectively). Reproduced with permission from [74], Elsevier, 2019  
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applied [63]. The authors stressed the fact that in order to obtain greater turbinate 

deposition with narrow plume geometries, the administration angle should direct the 

aerosol towards the nasal valve but not to walls, which otherwise requires plume angles 

wide enough to direct a sufficient fraction of the plume to the valve. 

 

 

1.4. Patient-Related Factors 

Device administration instructions for insertion into the nose have also been reported 

in some studies. Although Kundoor and Dalby acknowledge the significance of nozzle-

tip depth and orientation effect on nasal droplet deposition [54], these two factors might 

not be of such great importance for children due to the relative large tip size in proportion 

to a child’s nostril, as demonstrated by Sosnowski et al. [62]. Sawant and Donovan 

reported essentially 100% anterior deposition in a nasal model from a 12-year-old subject. 

This effectively total loss was mainly due to the test setup and the use of stiff material for 

the cast anterior piece, hindering reasonable insertion of the spray nozzle into the nostril 

[99]. Similarly, in the study of Wilkins et al., a 16-month-old subject’s nasal model showed 

Figure 1.4. Experimental layout for use of the Plume Induction Port Evaluator (PIPE) with nasal 

sprays. The illustration represents in colors the effective angles used to calculate mass median 

plume angles (MMPA). Reproduced with permission from [75], Elsevier, 2018. 
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the lowest deposition efficiency in the nasal cavity and highest anterior loss compared to 

the other four studied infant models. This was potentially due to the low device insertion 

depth into the nostril as well as the longer anterior length of the 16-month-old subject 

[100]. On the other hand, Hosseini et al. used elastic material to build the anterior section 

of their studied casts to further simulate realistic conditions. Such flexibility allowed 3 and 

5 mm proper device insertion through the nostril for the studied pediatric and adult nose 

models, respectively [97]. In their study, the anterior spray loss was ~60% for both the 2-

year-old and 5-year-old subjects’ nasal casts when formulations with relatively similar 

size distribution to those of the Sawant and Donovan study were used. 

Likewise, the administration angle, which represents the angle between the nasal 

cast floor and the device tip, with the head perpendicular to the horizontal, seems to be 

a critical factor for efficient aerosol delivery in the nasal cavity. Foo et al. reported ~90% 

turbinate deposition efficiency at a 30° administration angle along with a narrow plume 

angle [63], whereas Kundoor and Dalby, who evaluated three marketed nasal sprays 

(Ayr, Afrin, and Zicam), showed that a reduced deposition area resulted from smaller 

administration angles, e.g., 0°, compared to larger ones (75°), with the greatest 

deposition in the nasal valve area achieved at angles ≥60° (Figure 1.5). The nasal spray 

was unable to expand within the constricted small area at small administration angles, 

leading to formulation accumulation [54]. Warnken et al. used patient-specific 

administration angles to evaluate turbinate deposition of Cromolyn sodium nasal solution 

in five pediatric-subject and five adult-subject nasal replicas. A general increase in 

turbinate deposition efficiencies with all casts was observed when the administration 

angle was decreased from 75° to 30°. However, the use of subject-specific administration 

angles improved the deposition to ~90% compared to 73% when the standard 30° angle 

was applied. Moreover, the advantages of subject specific administration parameters 

resulted in a decrease in deposition variabilities amongst the studied casts, which ranged 

between 75.7% and 97.8% compared to 46.4% and 87.9%, with the idealized 

administration angle of 30° [59].  

Manniello et al. explored the variability in posterior nasal deposition amongst twenty 

nasal replicas from adult subjects (10 males and 10 females) using two locally acting 

nasal sprays, Flonase® and Flonase® Sensimist™ [93]. The study showed significant 

variability in deposition patterns associated with intersubject anatomical differences. The 

tested replicas exhibited a wide range of nasal posterior delivery in both sides, right (22–

90%) and left (12–99%), when a 7.2 kg actuation force was applied. A smaller range of 

delivery variations was measured with Flonase® Sensimist™ sprays than with Flonase®, 

which means that nose anatomical features could be less important for some nasal 

devices. The authors suggested that it is useful to report the posterior delivery range 

during nasal drug development and bioequivalence protocols of nasal products [93]. 
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Figure 1.5. Deposition pattern of Afrin nasal spray at different administration angles (insertion 

depth = 5 mm). Reprinted by permission from [54], Springer Nature, 2011.  
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1.5. Other Factors 

1.5.1. Airflow Rate 

The association between the inspiratory airflow and aerosol deposition patterns in 

the nose is a debatable point. While some studies have concluded that there is no or 

only scant effect of the breathing profile on deposition [59,63,76], others showed deeper 

deposition beyond the nasal valve by increasing the flow rate [74,75]. Foo et al. confirmed 

that by tuning the spray plumes and administration angles, they could achieve mass 

deposition up to 90% in the three (physiological) turbinate regions, and increasing the 

inspiratory airflow to 60 L/min caused no change in turbinate localization [63]. However, 

Sosnowski et al. showed that adjunct airflow improved nasal drug transport by 2–3 cm 

towards the nasopharynx [62], but the authors considered that secondary spreading 

occurred as a result of active displacement of already-deposited drug layers covering the 

nasal surface was a more reasonable explanation for the enhanced drug transport, as 

illustrated in Figure 1.6. Such a phenomenon has great importance in the paediatric 

narrow nasal airways investigated by Sosnowski et al. [62]. Nižić et al. reported that the 

dry powder nasal deposition and recovery efficiency were decreased upon applying 20 

L/min inspiratory airflow, which could be due to carrier/microsphere de-agglomeration 

associated with the assisting airflow, producing smaller particles that can easily leave 

the nasal cavity [60]. 

 

 

 

Figure 1.6. Proposed mechanisms of drug penetration during the simultaneous air inspiration: (a) 

droplet entrainment by air during spray application (probably less important for large droplets), 

(b) spreading of already deposited drug along the nasal surface due to the interactions with the 

air stream. Reproduced with permission from [62], Elsevier, 2020.  
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In the Moraga-Espinoza study, where the authors used a mass-based PIPE protocol 

to measure nasal spray plume angles, spray-cone angles narrowed with increasing 

viscosities, and this effect was more significant under hard-sniffing-like flow (45 mL/min) 

for all formulations except for the highest in viscosity using 0.4% HPMC. Their results 

showed that breathing conditions had an influence on the spray performance and caused 

distal drug distribution in the middle and lower turbinate areas, especially through a 

single open nostril [75]. They explained the argument around the airflow-deposition 

relationship in the literature by either utilizing low inspiration airflow or keeping both 

nostrils open, which limits the air velocity within the nasal cavity [75]. Xi et al.’s in vitro 

and numerical study revealed that higher inhalation flow rates reduced the total nasal 

surface coverage but enhanced the olfactory dose with both jet and vibrating mesh 

nebulizers [85]. The authors speculate on this phenomenon as follows: at a higher flow 

rate, gravitational sedimentation is less significant and particles become more inertial 

and more likely to escape the airstream. As such, particles will occupy the nasal floor if 

they enter from the lower nostril, as most of the particles do, and reduced total nasal 

deposition rate (vestibule and turbinates) will occur, whereas particles entering the nostril 

tip, with 60° from the horizontal plane, will deviate from the main airflow and keep their 

upward trajectory and most probably penetrate deeper towards the olfactory region when 

the inhalation flow rate is high [85]. Formulation with Avicel 0.25% at airflow 10 L/min 

achieved higher upper deposition compared to 20 L/min [76]. This could be attributed to 

the turbulence induced by higher airflow, which led to unpredictable directions. Moreover, 

the increased upper surface coverage at 10 L/min increases the chance of drug delivery 

to the olfactory region and possibly, therefore, to the CNS [76]. 

 

1.5.2. Cast-Related Factors 

Kundoor and Dalby studied different head positions according to the label 

instructions of two marketed nasal products: Flonase (GSK) suggests tilting the head 

forward, whereas Nasacort (Rhone-Poulenc Rorer) promotes tilting the head backwards. 

While anterior deposition (at the nasal valve) was observed with forward tilting, the 

sprayed droplets reached deeper areas until the middle of the nose with the head tilted 

backwards [54]. High administration angles (≥60°) allowed spray droplets to expand 

better within the nasal cavity and to pass through the nasal valve. Their results agreed 

with those of other studies [59,63] on the importance of administration angle and hence 

head tilting for targeted deposition. Doughty et al. were interested in some manually 

actuated nasal sprays’ variabilities, which include head position, breathing patterns, and 

hand techniques, and how together with formulation and device parameters, they can 

affect in vitro spray performance and, ultimately, the deposition in the nasal cavity [101]. 

Force- and velocity-controlled settings were investigated to mimic hand-actuating profile 
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in adult and paediatric patients. Flonase nasal spray (Fluticasone propionate, GSK) was 

used in the study. The results showed that the reduction in actuation force and 

compression velocity during spraying, which are two paediatric related parameters, 

caused a significant decrease in spray weight, and the paediatric patients might receive 

only a partial dose or even no dose at all. Significant differences were observed in the 

spray droplet size distribution test, which was more sensitive than spray mass to 

actuation force, compression velocity, and force rise time variabilities [101]. 

Le Guellec et al. conducted a validation study of two nasal anatomical models 

obtained from a preserved cadaver head and its prototyped nasal cast from CT images 

by comparing the data with in vivo aerosol deposition in seven healthy volunteers [102]. 

Sonic jet and mesh nebulizers were used as delivery devices in the study, and the 

authors defined the deposition in three main regions, namely nasal, upper, and maxillary 

sinus. In contrast to the 3D-printed replica, which was constructed via fused deposition 

modeling, the plastinated-head model gave satisfactory predictions of regional 

deposition when both were compared to the in vivo scintigraphic measurements. 

Furthermore, although the two models had a similar anatomical background, different 

nasal deposition profiles were attained. The authors explained the differences being due 

to the method used to fabricate the models where the anatomical and geometrical 

features of the nasal airways in the plastinated model closely mimicked human nasal 

anatomy. The roughness of the prototyped cast inner face could have caused flow 

disturbances and is more likely to increase aerosol impaction and holding in some parts 

in the nose. Lastly, the materials used to build each model are not similar and might have 

affected the radioactivity counted. The plastinated-head model is made by replacing the 

water and fat in a cadaver with certain plastics. The radioactive attenuation pattern in the 

studied areas was more homogeneous in such a model than in a 3D-printed cast, which 

was made of plastic [102]. In a previous study, Kelly et al. investigated the deposition 

efficiency of nanoparticles in two replicas made from the same source but via different 

stereolithography procedures, which could lead to alterations in the surface smoothness 

[103]. The authors extended their study by comparing their results with other nasal 

models featuring different nasal airway geometries. Deposition efficiency was mainly 

associated with particle diffusivity, with minimal nasal deposition observed for particle 

ranging from 30 to 150 nm, suggesting particle filtration down to the lung, whereas 

increased deposition was noticed with increased diffusivity for particles smaller than 30 

nm. Neither the processes applied to build the nasal models nor the small variations in 

the nasal airways between the models had a pronounced impact on nasal deposition of 

ultrafine particles (<150 nm) [103]. Conflicting findings were reported by the same 

research group and in a similar study on the nasal deposition of microparticles (1–10 

µm), where the deposition patterns of inertial particles were sensitive to replica 
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manufacturing methods, replicas surface roughness, and nasal geometry differences 

[104]. Zhou et al. found some differences between experimental and CFD data that could 

be attributed to the fact that the computer model surface is smoother than the nasal 

replica used with unavoidable artefacts and surface roughness due to the limitation of 

the applied prototyping techniques [105]. 

Djupesland et al. compared a Koken silicon cast (Koken Co.), which is often reported 

in the literature for in vitro evaluation of nasal deposition [73,74,82,86], with an Optinose 

nasal model, which is designed to mimic the oropharyngeal geometries while using the 

EDS system where the soft palate is elevated, sealing the velum that separates nasal 

and oral cavities [106]. Geometry and shape assessments showed that the Koken cast 

had a significantly larger nasal volume and minimal cross-sectional areas compared to 

the Optinose model, as well as the typical in vivo ranges for both genders. The authors 

questioned the validity of nasal replicas for accurate and definitive in vitro drug delivery 

studies, where such differences will ultimately influence the intranasal pressure and flow 

characteristics and therefore drug deposition patterns [106]. 

 

1.5.3. Airway Expansion 

Expanded nasal geometries can enhance the ventilation of the upper nose and 

eventually elevate the olfactory region drug delivery, as was shown by Xi J. et al. [107]. 

They investigated deposition alterations relative to different nasal dilation degrees while 

using two nasal delivery methods: the conventional unilateral method and a novel 

bidirectional method invented by Djupesland et al. [86]. Although the overall delivered 

dosage to the nose was lower with airway dilation, reduced pressure and increased 

airflow fraction were produced at the superior meatus, which is normally under-ventilated 

in the nasal cavity. As a result, olfactory delivery was improved by 2.2-fold and 4-fold 

with unilateral and bidirectional protocols, respectively. Using numerical modeling, the 

authors noticed two distinctive flow partitions that could explain the enhanced olfactory 

localization in enlarged noses. The first was generating a low pressure-recirculation area 

in the mid-meatuses, which enhanced the upper nose ventilation and was noticed in both 

nasal pathways (left and right), whereas the second flow pattern was dense ventilation 

observed at the outlet nostril (second nasal pathway) when the bidirectional protocol was 

employed. Xi J. et al. concluded by suggesting active nasal dilution, e.g., using an 

expiratory flow resistor, nasal decongestants, and nasal dilation devices as an effective 

parameter to increase olfactory region targeting in the nasal cavity in line with nasal 

positive pressure using a bidirectional delivery approach. 
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1.6. Nasal Deposition Studies in Pediatrics 

Little information is available about the performance of nasal devices and formulation 

deposition for paediatric subjects. There is an unmet need for nasal drug delivery 

assessment in the child population owing to the developing demand for nasal 

pharmaceutical products for paediatric patients. In fact, there are distinct child/adult inter-

individual differences in the nasal morphologies as well as inhalation patterns [97]. Laube 

et al. were the early researchers who investigated the paediatric nasal deposition profile 

using a 9-month old Sophia Anatomical Infant Nose–Throat (SAINT) model [108]. 

Radioactive dry powder formulation was delivered via a Solovent dry powder inhaler 

equipped with a holding chamber (125 mL volume spacer) to avoid force inhalation, 

which is not practical with an infant or young child, especially with the tidal breathing 

conditions used in the study. Three different tidal volumes were investigated, 50, 100, 

and 200 mL, and regional deposition was demonstrated as a ratio between the inner 

zone (most posterior third) to the outer zone (most anterior third). Although the device 

achieved 90% delivery efficiency, a significant amount of powder was retained in the 

spacer for all three tidal volumes, and the deposition was low in both regions studied. 

The deposition trend was tidal volume-dependent with the highest at 200 mL. As such, 

a lower deposited powder dose would be expected in infants breathing 50 mL compared 

to children breathing 100 and 200 mL. 

Golshahi et al. characterized in vitro deposition of microparticles (0.5–5.3 µm) in 13 

nasal airway casts (extended to the upper trachea) obtained from 4–14-year-old children 

in an attempt to find an association between nasal airway geometric features and child 

inhalation patterns [109]. Moreover, five adult replicas were chosen for comparison. 

Deposition in child nasal replicas was impaction dominated and increased with higher 

flow rates and greater particle sizes. In addition, the dimensional parameters, trans-nasal 

pressure drop, and the two dimensionless Stokes and Reynolds numbers considerably 

reduced inter-subject deposition variabilities in child nasal airways. The impaction 

parameter is a factor that describes nasal deposition predominantly by particle 

impactions for different sizes on different flow rates [110]. By comparing deposition over 

different age groups while maintaining a steady impaction parameter, child (13 subjects) 

and adult (5 subjects) data were relatively close, but lower than previously reported infant 

data (11 subjects, 3–18-months old) [109]. 

Two marketed metered dose nasal sprays and a MAD Nasal™ (a syringe-based and 

hand-actuated device commonly used for the delivery of some CNS-therapeutics such 

as Midazolam, Fentanyl, and Ketamine to children via intranasal administration (Figure 

1.7) [111]) were tested by Hosseini et al. for dose deposition in the three nasal models of 

a 2-year-old toddler, a 5-year-old child, and a 50-year-old adult [97]. In general, the two 

device types showed significant sub-regional nose deposition dissimilarities between 
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adult and paediatric subjects. The nasal spray products caused higher formulation loss 

at the anterior region in child and toddler models (~60%) compared to adults (~40%). 

Olfactory deposition was not detectable in the two paediatric models, not reproducible 

(high RSD), and less than 2% in adults. For the MAD atomizer, the anterior filtration 

measured was ~10–15% in all three tested replicas. However, nearly 30% of the 

formulation that escaped down into the throat was detected. Additionally, no olfactory 

region deposition and meaningful variations in turbinate depositions were observed 

between the three subjects. The poor olfactory localization of both nasal sprays and the 

atomizer in all three replicas could be explained as being due to the large droplet size 

distribution (nearly 46–164 µm), lack of diffusion movement, and limited inspired air 

(~14%) passing through the olfactory region [112]. Surprisingly, the sub-regional 

deposition profile showed no correlated tendency with the nasal geometry of the three 

subjects. Turkey’s post hoc test revealed that the deposition differences were 

significantly and typically ascribed to the variations between paediatric and adult nasal 

replicas rather than the variations between the two tested nasal sprays or between the 

child and toddler nasal models [97]. 

 

 

 

The nasal valve is characterized by a minimal cross-sectional area (0.3–0.4 cm2), on 

each side, in the nasal cavity. It is a substantial barrier for the airstream to pass through 

and reach the main nasal cavity where the wide and highly vascularized nasal turbinate 

region is located. As children have a narrower nasal valve than adults, it will not be 

Figure 1.7. The Mucosal Atomizer Device (MAD) used to deliver medications via a fine spray 

in the nasal cavity. Reproduced from [111], Springer Nature, 2014.  
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surprising to expect a greater anterior localization of nasal sprays in children compared 

to adults. Indeed, Sawant and Donovan detected no deposition beyond the nasal valve 

in a model made from a 12-year old for testing Valois VP-7 devices [113], and 100% of 

the drug was filtered by the anterior region, while 60–90% succeeded in entering the 

turbinate region in the nasal cast from a 53-year old when the same conditions were 

applied [99]. Although coating the inner surface of the cast with simulated mucus solution 

caused better spreading of the formulations throughout the cast, a slight improvement in 

the spray turbinate distribution was observed. These findings are most likely due to the 

child’s smaller nose geometry and narrower nasal valve. The authors explained the 

contradiction of their results compared with those of Laube et al. [114] as being due to 

various factors that seem to have a significant impact on the deposition in the turbinate 

region such as the child’s age, anatomical differences, the device tip insertion depth and 

angle into nose nostril, and the released plume angle. The Accuspray™ device used in 

the by Laube et al. was well-fitted into the nostril due to the flexibility of the nostril material 

and produced a narrower plume angle plume, allowing a greater jet fraction to enter the 

turbinate region beyond the nasal valve. Sosnowski et al. used a nasal cast from a 7-

year-old with an elastic vestibule for a more realistic tip fitting in the nostril, and five nasal 

spray pumps with different atomizing nozzle shapes were tested [62]. The small 

dimensions of the child nose model along with the airflow allow the secondary 

mechanism of formulation transport deeper into the nose (an additional 2–3 cm). This 

phenomenon accounts for the liquid bridges created from deposited formulation layers 

that plug the very narrow airways in the paediatric nose. Such bridges could be breached 

by the airflow causing secondary aerosolization distally towards the nasopharynx [62]. 

Inter-subject nasal geometrical disparities remain a great challenge in aerosol 

deposition studies not only between adults and children but also within the same age 

group. For that reason, Javaheri et al. have developed an infant nose model that could 

be used as a simplified reference in aerosol delivery studies [115]. The idealized model 

has average geometrical features obtained from 10 previously presented nasal replicas 

of 3–18-month old infants [116], and the main aim of the developed model was to 

represent average nasal deposition and imitate realistic nasal passage. The reported 

deposition data from the 10 realistic infant nose models showed wide discrepancies due 

to geometrical variations. However, deposition in the idealized version displayed 

satisfactory agreement with the average of the 10 subjects considered in the Storey et 

al. study. The authors concluded their results by considering their model as an 

acceptable in vitro reference for aerosol distributions in infant airways [115]. Zhou et al. 

conducted computational calculations supported by in vitro tests for total and regional 

aerosol deposition in 5-year-old nasal airways [105]. Experimental and numerical data 

were relatively close in the overall deposition. Alongside particle size and flow rate, nasal 
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geometry effects on deposition were evident in terms of surface area and pressure drop 

(impaction parameter), in agreement with Golshahi et al.’s results [109]. Regional 

deposition comparisons with an adult replica were also included in the study. Increased 

particle size enhanced the deposition in all regions. In particular, the anterior region 

received more particles in adult than in child replicas as it is doubled in length and more 

complicated morphologically in adults than in children [105]. Wilkins et al. have 

investigated regional vaccine nasal depositions in five nasal models of infant subjects 

aged 3, 5, 11, 16, and 24 months [100]. Despite inter-subject geometric variations, no 

significant differences were found in the total deposition efficiencies between the five 

models in general. Significant differences in the regional deposition efficiency were only 

observed in the anterior delivery in the 16 month model when compared to the 5-month-

old and 24-month-old models [100]. 

 

1.7. Deposition Assessment Methods 

Various qualitative and quantitative protocols have been investigated for spray 

deposition assessment following nasal administration to be a well-grounded analytical 

option for subsequent clinical studies [102,117,118]. Sartoretti et al. tested the validity of 

computed tomography (CT) imaging of iodinated nasal spray for in vitro deposition 

evaluation [119]. Unidose nasal device and a solution of 92.5 mg/mL of iodinated contrast 

agent (ICA) to be aerosolized within the nasal replica were used for the experiment. 

Unalloyed CT imaging utilizing ICA and a low-dose CT procedure (CTDIvol 7.6 mGy) 

enabled rapid and precise visualization and localization of individual droplets before their 

gravitational agglomeration and overcame the drawbacks of other methods such as 

gamma-scintigraphy 2D-imaging where the image brightness is based on the particle 

concentrations. It is considered a slow imaging protocol, it lacks the hidden anatomical 

structure and/or overlapping surface observations, it could be influenced by camera 

direction/distance, and it still needs professional handling of the gamma-pharmaceuticals 

(radiolabeled aerosol with gamma-emitters such as technetium-99 m) [120]. Moreover, 

attenuation of gamma-rays could occur while penetrating body tissue, with about 50% of 

the released photons being scattered, causing poor measurement reproducibility [87]. 

However, Sartoretti et al. acknowledged some shortcomings of their developed CT-

based imaging and its further application in deposition studies [119]. For instance, 

method parameters, e.g., slice thickness, have a great influence on the obtained image 

resolution and accuracy. The two tested software programs induced different volume 

recovery rates, and some of them were greater than 100%, which could be due to 

different thresholds and algorithms between the two software solutions. The 

considerable density differences between the nasal cast substance (or the air) and the 

iodine made even low iodinated voxels (3D pixels) show high Hounsfield unit values and 
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high density, and therefore higher deposited droplets were assumed. Thus, Froehlich 

and co-workers [119] suggested further investigations into other software programs and 

nasal casts, considering the inspiration via the nose and using a technique that offers a 

greater distinction of materials that are required to determine accurately nasal aerosol 

deposition patterns. 

3D single-photon emission computerized tomography (SPECT) is another imaging 

technique that requires radioactive aerosols and has been utilized to visualize particle 

depositions in the nasal cavity. SPECT-CT accurately associates 3D nuclear images to 

anatomical structures as used by Leclerc et al. to access the nasal and particularly 

sinusal deposition of micron (2.8 µm) and submicron (230 nm) radioactive aerosol [117]. 

2D gamma-scintigraphy was also investigated, and both techniques were compared 

relative to radioactive counting as a reference. SPECT-CT approach proved to be 

efficient and was in good agreement with the radioactivity analysis, whereas the planar 

scintigraphy produced a nine-fold overestimation of maxillary sinuses deposition [117]. 

Despite SPECT providing valuable 3D aerosol spatial distribution details, especially 

when it is used with high-resolution computed tomography (HRCT), its cost, complexity, 

and the lack of relative anatomical distribution without HRCT are some of the 

shortcomings that cannot be ignored [116]. A quantitative temporal and spatial testing 

protocol for new radio-nanotherapeutic agents was also investigated in vivo. Intranasal 

aerosolized radiolabeled polymeric micellar nanoparticles were tracked with positron 

emission tomography/computer tomography (PET/CT) imaging in a rat model to 

measure NTBDD quantitatively [121]. 

The color-based method using moisture-sensitive Sar-Gel has been repeatedly 

reported in the literature as a valid qualitative procedure for in vitro nasal deposition and 

drug delivery studies [54,83,87]. Sar-Gel has a color-changing property from transparent 

to purple, which is highly sensitive to tiny amounts of water as low as 0.5 µL, and the 

fluctuating color depths, when digitally photographed, are proportional to the settled 

vapor mass from the released droplets, representing aerosol delivery. Control trials 

showed no noticeable variations occurred in Sar-Gel color on exposing the cast to 

ambient moisture within a 5 min period, which is sufficient to complete one test [54,61]. 

Xi et al. studied human mouth–lung replica deposition of three different nebulized 

aerosols [120]. Their qualitative results were in good agreement with computational 

modeling and in vitro experiments depending on Sar-Gel visualizing when the same 

conditions were applied. Although Sar-Gel imaging holds combined advantages with its 

straightforward application, sensitivity, simple processing, and relatively considered 

clinically acceptable imitation of inhaled drug delivery, it is limited to qualitative analysis. 

Several research groups have reported quantitative estimates using the color-based 

method. Pu et al. demonstrated the fractional nasal deposition as a percentage of overall 
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deposition footprint using imaging software [77], whereas Nižić et al. and Xi et al. used 

an electronic scale for gravimetric analysis to determine the aerosol deposition rate as a 

weight difference between the empty nasal cast and following formulation administration 

to the delivery unit output [74,85]. Xi et al. reported 32 ± 4% underestimation of aerosol 

deposition using the colorimetry-based method compared to the mass weighing method, 

and they acknowledged the necessity of using the same materials and lightning 

conditions for satisfactory deposition-colorimetry correlation [87]. 

Aerosolized fluorescent particles passing through a six-section nasal cast were used 

in Schroeter et al.’s study [68]. The deposition was evaluated in each section by 

measuring the amount of deposited fluorescein using a typical 96-well microplate reader, 

and the sections were soaked beforehand in 0.1 M ammonium hydroxide to collect the 

particles. Swift et al. used four different nasal casts to investigate the deposition of 

radioactive 218Po and 212Pb aerosols formed by well-characterized set-ups [72]. Alpha- 

and gamma-counting protocols were used to measure the radioactivity of receiving 

membrane filters fitted at the inlet and the outlet of the used cast. The same study used 

a condensation nucleus counter to measure the upstream and downstream NaCl aerosol 

concentrations passing through the cast model [72]. 

Shah et al. conducted a clinical study compared to in vitro nasal spray deposition 

assessment in a sectional nasal cast to provide a proof of concept that deposition of 

radiolabeled formulations is a valid surrogate for drug distribution in the nose [122]. 

Gamma-imaging and HPLC were used as quantification techniques to determine the 

regional distribution of radiolabeled and unlabeled mometasone furoate sprayable nasal 

suspension formulations, respectively. The deposited dose of radiolabeled (87%) and 

unradiolabeled (93%) formulations was essentially equal. The regionally depositions of 

the two were also closely matched within each section. The authors concluded that 

radiolabeling is an accurate method and reflects drug nasal deposition [122]. Magnetic 

resonance imaging (MRI) was reported in aerosol lung deposition studies [123] where a 

contrast agent was added to the aerosolized particles to determine regional deposition. 

Thorough characterisation in NTBDD studies is important, even qualitative/quantitative 

assays which can be assessed using functional MRI as elegantly demonstrated by 

Forbes and co-workers [67]. We look forward to MRI studies of nasal deposition. 

 

1.8. Conclusions 

The nasal drug delivery market continues to expand, fuelled by the increased demand 

for alternative routes of administration for novel drugs and to reach different targets. 

Therefore, comprehensive nasal deposition analysis of aerosolized formulations is 

essential to validate the performance and efficiency of nasal products. If deeper nasal 

penetration beyond the nasal valve can be achieved, this increases the chance for the 
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formulation to reach the olfactory region and achieve direct brain targeting. Such 

deposition profiles are significantly influenced by the physical properties of formulations, 

as well as device design and the method of administration. 

Despite nasal replicas being widely used as a simple and valuable procedure in 

deposition evaluation, little information is available about their validation. They have 

limitations, including using one blocked airway models and applying simplified 

geometries instead of multi-sectional ones with more precise morphological structures. 

Research has also often used non-physiological experimental conditions, e.g., steady 

airflow rather than tidal inhalation patterns, lack of mucus, and no consideration of cilia. 

Patient administration instructions for the device have also not been considered. 

Moreover, the analytical methods used in some of the published work for deposition 

quantification were colorimetry-based, which could lack accuracy, especially for 

underlying nasal structures. More extensive studies into in vitro nasal deposition using 

nasal cast models are now required in order to obtain a useful tool to predict aerosol 

performance and pave the way for formulation and device innovation. More sophisticated 

and precise nasal replicas that overcome these current shortcomings are needed, 

together with their use in combination with in vivo studies, to associate deposition profiles 

with drug response. Hence, there are still numerous opportunities for future research into 

the optimization of drug deposition for local, systemic, and NTB delivery via the nasal 

route. 
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CHAPTER 2 

 

Gold Nanoparticles: Tunable Characteristics and Potential for 

Nose to Brain Drug Delivery (NTBDD) 

 

2.1. Introduction   

The useful characteristics of gold nanoparticles (GNPs) such as tunable morphology 

associated with unique optical properties, high stability, easy conjugation and surface 

functionalization with small- as well as macro-molecules, have made them an attractive 

tool in sensing (Üzer et al., 2017), imaging (Betzer et al., 2017; Chen, M. et al., 2020), 

tissue engineering (Yi et al., 2010), gene and drug delivery (Coelho et al., 2019), and 

also as novel theranostic carriers (Zhu et al., 2018). On a cellular level, GNPs have the 

potential to target cells of interest, achieve high cellular uptake and also multi-drug 

resistance (MDR) overturn in tumour cells (Orza et al., 2013). Despite the scant 

understanding of the long-term biological fate of GNPs and the general perception that 

the inertness of the noble metal-based nanostructures hinders their biodegradation, a 

recent report has shown that GNPs can be intracellularly metabolized via a two-step 

process of degradation and recrystallization (Balfourier et al., 2020).  

The expanding range of biomedical applications of GNPs in diagnostics and 

therapeutics take advantage of strong localized surface plasmon resonance (LSPR), an 

optical characteristic of the metal particles, where strong absorbance and intense light 

scattering occur due to the interaction between the surface electrons and 

electromagnetic waves at specific frequencies. This feature is fundamentally dependent 

on the physical properties of the GNPs such as shape, size (thus, aggregation 

conditions), crystal structure, surface functionalization and dielectric environment 

(Dreaden et al., 2012). As such, while the corresponding LSPR for a specific GNP shape 

and size could be clearly observed in the visible region of the spectrum (500-600 nm), 

highly branched anisotropic GNPs exhibit a longitudinal LSPR maximum shifted into the 

near-infrared region (NIR) within the range 780-1000 nm, which is associated with the 

bio-transparent window where a NIR laser could be used as a plasmonic photothermal 

therapy against GNP-internalized tumours with minimal damage to the surrounding 

normal tissues (Ali, Wu and El-Sayed, 2019).  

Recently, GNPs have been proposed as promising nanocarriers suitable for brain 

targeting via nasal delivery (Ye et al., 2018; Gallardo-Toledo et al., 2020; Yin et al., 2020; 

Wang et al., 2021). The intranasal (IN) route is emerging as an effective therapeutic 
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approach for various central nervous system (CNS) disorders where therapeutic 

molecules can directly access the brain via olfactory and trigeminal pathways in the nasal 

cavity circumventing the blood-brain barrier (Gänger and Schindowski, 2018).  

Along with the great potential of direct CNS drug delivery, the IN route offers various 

benefits such as large surface area, rapid onset of action, ease of administration and 

non-invasiveness. IN administration is increasingly considered when developing new 

therapeutics and drug delivery systems. For example, Wang et al. successfully 

developed temozolomide-conjugated GNPs functionalized with anti-EphA3 to overcome 

MDR  of glioblastoma via IN administration with 4-fold glioma cell apoptosis (Wang et 

al., 2021). Ye et al. demonstrated that 5 nm glucose-functionalized GNPs improved the 

tracking and brain delivery of IN-administered exosomes for diagnostic purposes and 

potentially as exosome-based remedies for various CNS disorders (Betzer et al., 2017). 

Similarly, GNPs were used as a biomarker for IN resveratrol-loaded transferosomes 

developed for Alzheimer’s disease treatment. Computed tomography and histological 

studies clearly showed GNP accumulation in the brain tissue of treated animal models 

(Salem et al., 2019).  

Deposition and retention of inhaled nanoparticles in the nasal cavity and their 

translocation towards the brain are greatly dependent on particle sizes and time of 

inhalation exposure (Patchin et al., 2016). Gallardo-Toledo et al. showed that different 

GNP morphologies i.e., shape, and size, behaved differently when evaluated for nose-

to-CNS delivery, where gold nanospheres (47 nm) achieved higher concentrations in the 

brain than gold nanoprisms (78 nm). Moreover, the gold nanospheres’ brain levels were 

55-fold higher when delivered IN compared to IV (Gallardo-Toledo et al., 2020). 

Despite the appealing potential, efficient brain targeting via IN administration poses a 

great challenge to pharmaceutical scientists. The human nose has extremely complex 

cross-sectional geometries and the targeted olfactory region covers a small surface area 

(< 10%) above the three turbinates (Illum, 2004) and, therefore, nasally applied 

formulations require a deep penetration towards the internal nasal structures to achieve 

therapeutic levels. In principle, the alternative approach to traditional nasal formulations 

should first reduce the swallowed amount quickly escaping the nasal passage, should 

reduce the off-nose deposition and should enhance the posterior delivery bypassing the 

nasal valve. We hypothesized that pressurized metered-dose inhalers (pMDIs), which 

have been traditionally used for treatment of asthma and other pulmonary disorders, 

could be suitable to achieve this aim. In this work, monodispersed anisotropic-GNPs, in 

particular gold nanourchins (GNUs), were produced via a facile chemical procedure in 

an aqueous medium. The peculiarity of these multibranched GNUs, which also can be 

described as gold nanostars or gold nanoflowers is due to their larger surface area, high 

electric conductivity and the adjustable LSPR peak, and thus their optical properties, 
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between 550-800 nm in accordance with the aspect ratio of the spikes on their surface. 

When LSPR is tuned to occur in the near-infrared (NIR) spectral region (780-1000 nm), 

where the biological tissues have low absorption whilst deep penetration, the GNUs 

become a popular system for in vivo applications relevant to human health, such as drug 

delivery, in vivo imaging, immunotherapy, photodynamic therapy (PDT) and 

photothermal therapy (PTT).  

To explore the influence of the synthesis procedure on particle physical 

characteristics, many parameters were monitored in this study, and the optimized 

formulation was investigated further for aerosolization performance and the subsequent 

deposition profile in a human nasal replica. The novelty of the present study comes from 

the successful incorporation of GNUs in a pMDI as a potential formulation and nasal 

device for direct nose to brain drug delivery (NTBDD). 

 

2.1.1. Chapter aims 
 

The overall goal of this study was to investigate in vitro the possibility of delivering 

anisotropic gold nanostructures to the CNS following IN administration by targeting the 

olfactory region utilizing a nasal pMDI device and human nasal replica. The specific aims 

as depicted in Figure 2.1 were: 

▪ To produce monomodal anisotropic GNPs by chemical reaction, and to examine the 

effect of reaction parameters on particle morphological characteristics. Greater focus 

was on producing urchin-like particles with high aspect ratio and LSPR shifted towards 

the NIR region for their potential as diagnostic and theraputic tools for NTBDD 

applications. The investigated parameters were the reducing agent, where two 

hydroxylated aromatic compounds either dopamine hydrochloride (DA) or hydroquinone 

(HQ) were tested, the shape producing agent (silver nitrate), the presence of 

polyethylene glycol (PEG) as a stabilizing agent, and the reaction temperature (30-70 

°C). 

▪ To monitor the gold colloidal stability following six-month storage at 4 °C and during 

the lyophilisation process for complete redispersibility in Milli-Q water.  

▪ To formulate the synthesized GNPs in an HFA-based pMDI formulation and test their 

integrity and aerosolization performance using an aerosol deposition system. 

▪ To evaluate the regional nasal deposition of the developed formulation under 

controlled conditions by utilizing a sectioned anatomical replica of human nasal airways.     

▪ Finally, to study the influence of the developed GNPs on the viability of the nasal 

epithelial cell line RPMI 2650 at different concentrations. 
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Figure 2.1. A summary of the main objectives of this study. HAuCl4; chloroauric acid, Na3Ct; 

sodium citrate, Ag+; silver ions, PEG-SH; thiol-terminated polyethylene glycol, DA; dopamine 

hydrochloride, EtOH; ethanol, HFA134a hydrofluoroalkane propellant, and RPMI 2650; the nasal 

epithelial cell line. 
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2.2. Materials and Methods   

2.2.1. Materials 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O), dopamine hydrochloride 

(DA), hydroquinone (HQ), sodium citrate dihydrate (C6H5Na3O7.2H2O), poly(ethylene 

glycol) methyl ether thiol (mPEG thiol, average Mn 6 kDa), silver nitrate (AgNO3), apple 

pectin, porcine stomach mucin-type II, Tween®80, hydrochloric acid (HCl, 34-37%) and 

nitric acid (HNO3, 68%) for trace metal analysis were purchased from Sigma-Aldrich. 

TraceCERT®, gold standard for ICP, 1000 mg/L Au in hydrochloric acid was purchased 

from Merck. All glassware and magnetic stirrer bars were rigorously cleaned with aqua 

regia (HCl: HNO3 3:1 v/v) and then thoroughly rinsed with Milli-Q water (18.2 MΩ.cm 

resistivity at 22 °C) before use. For the cell work, the RPMI 2650 cell line was purchased 

from ECACC (European Collection of Authenticated Cell Cultures, ECACC 88031602, 

UK), Eagle’s minimal essential medium (EMEM) with L-glutamine, heat-inactivated foetal 

bovine serum (FBS), non-essential amino acids solution (NEAA), penicillin/streptomycin 

antibiotic solution, and Hank’s balanced salt solution (HBSS) were purchased from 

Sigma Aldrich. 

 

2.2.2. Preparation of gold urchin-like nanocrystals (GNUs) 

To produce quality urchin-like GNPs, henceforth GNUs, with high monodispersity, the 

reduction of AuCl4- was performed in the presence of pre-synthesized spherical gold 

seeds, which were prepared via the citrate reduction method first reported by (Turkevich, 

Stevenson and Hillier, 1951) and further developed by (Frens, 1973). The Au seeds 

served as catalyst centres that enable the reduction and selective accumulation of gold 

atoms onto the seeds’ surface by the reducing agent, thus preventing secondary 

nucleation (Perrault and Chan, 2009). In a typical reaction, 100 mL of 0.3 mM (0.04%) 

HAuCl4.3H2O aq. was heated under reflux for 20 min and then 300 µL of 0.388 M (11.4%) 

sodium citrate dihydrate was added with continuous stirring at 800 rpm. A rose wine-

coloured solution was observed within 15 min of heating indicating the seeds’ formation. 

The citrate-capped gold seeds were purified from any excess of reagents with three 

cycles of pelleting by centrifugation at speed 20,000 rpm for 2 h (Beckman J2, fixed angle 

rotor JA-20.1, USA), and washing with Milli-Q water.  

The preparation of GNUs followed a method described by Ong et al. (Ong et al., 

2017). In a 10 mL vial of ultra-pure water, maintained at 30 ± 1 °C in an oil bath, 20 µL 

of 0.1 M gold salt HAuCl4.3H2O, 100 µL of 0.1 mM AgNO3, 60 µL of citrate capped seeds, 

80 µL of 1.7 mM mPEG thiol and different volumes of either  15 mM HQ (100, 300, 500 

and 1000 µL) or 15 mM DA (300, 600, 800 and 1000 µl) were subsequently added and 

the mixture was thoroughly stirred at 800 rpm and allowed to react for 2 h. The resulting 

dark blue-coloured solution reflected the successful nucleation and growth of gold 
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particles, which were purified from any excess of reagents by ultra-centrifugation at 800 

× g for 10 min and washed 3 × with Milli-Q water. Finally, 1 mL of the optimized 

GNUformulation was lyophilised within a pectin matrix (Jauregui-Gomez et al., 2017) for 

pMDI formulation, where 14% v/v of 0.25% w/v of pectin solution was used. For GNU 

synthesis, the effect of some reaction parameters such as Ag:Au ratio (1:0, 1:10, 1:100, 

1:500 and 1:1000) and reaction temperature (30°C and 70°C) on the particle growth 

process and the final morphology was investigated. 

 

2.2.3. Characterisation of GNUs 

Particle size distribution (PSD), polydispersity index (PDI) and zeta potential (ZP) of 

the gold colloid dispersions were measured via dynamic light scattering (DLS) using a 

Malvern Zetasizer Nano ZS90 (Malvern Instrument, UK) equipped with a He-Ne laser, at 

a scattering angle of 173° at 25 °C. Measurements were conducted in three replicates 

per sample and recorded as the mean ± SD of three runs. The size distribution was 

further investigated by nanoparticle tracking analysis (NTA) using NanoSight NS500 

(Malvern Instrument, UK). At least five recordings per sample were performed, and the 

data were acquired employing NanoSight NTA software v3.40 and reported as the mean 

± SD. The synthesis of GNUs was confirmed by UV-Vis spectrophotometry (Jenway 

6850, Cole-Parmer, UK), observing the LSPR band for the optimized GNUs formulation. 

Particle imaging before and after filling in pMDI devices was performed by Transmission 

Electron Microscopy (TEM) (JEOL/EO JEM-2100 Plus) operating at 200 kV acceleration 

voltage. Samples were prepared by placing a drop of gold suspension on a carbon-

coated copper grid and placing under vacuum for 16 h prior to imaging. Aerosol samples 

were sprayed directly onto the grid, which was placed on a receiver membrane in a 

sample collection apparatus. Grids were then removed and placed under vacuum for 16 

h prior to coating with a 10 nm layer of chromium (Edwards sputter coater, S150B) and 

imaging using Field Emission-Scanning Electron Microscopy (FE-SEM) (JEOL JSM-

631F) at 5.0 kV acceleration voltage. SEM with energy dispersive X-ray (EDX) analysis 

was also conducted to investigate the elemental gold within the membrane. The 

quantitive analysis of elemental gold to screen the deposited dose of AuNPs in the nasal 

cast was carried out using inductively coupled plasma-optical emission spectroscopy 

(ICP-OES, Agilent Technologies) operating with ICP Expert II Software. A calibration 

curve was generated from six calibration standards of aqueous gold standard solution 

over the range 0.05-2 ppm.  

  

2.2.4. Gold colloidal dispersions in HFA134a 

GNU formulation for pMDI was investigated by means of controllable particle-particle, 

particle-propellant, and particle-device hardware interactions. The optimized GNU 
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formulation was prepared within the pectin matrix and lyophilised to be redispersed in 

the pMDI formulation. Throughout the work, pMDI devices were prepared by an expert 

team on-site at Nanopharm Ltd (Newport, UK). The GNUs (0.025% w/w) of the total 

pMDI formulation mass were firstly redispersed in Milli-Q water (2% w/w) within a 17 mL 

uncoated aluminium canister followed by 3 min sonication (Ultrasonic bath USC, VWR). 

EtOH (2% w/w) was subsequently added and mixed thoroughly by vortexing for 30 s. 

The canisters were crimped with a 50 µL Ethylene Propylene Diene Monomer (EPDM) 

Aptar valve using a manual bench-top crimper (Laboratory Plant 2016, Pamasol Willi 

Mäder AG, Switzerland). The balance of HFA134a propellant was filled through the valve 

using HFA 134a propellant filler and the final product was vortexed for 90 s. The filled 

canisters were kept inverted (i.e., valves down) for 72 h at 20 °C to allow valve expansion 

before aerosol performance testing. 

 

2.2.5. Shot weight measurements 

The shot weight is defined by the mass difference between two actuations of the 

pMDI. In a general procedure, pMDI canisters were manually shaken a few times (3-5) 

and three actuations were primed to waste before the test. Atomization was performed 

with the same printed actuator used for the deposition studies (section 2.7). An accurate 

analytical balance (VMP0281, Sartorius, Germany) was utilized to record the device 

weight and thus the actuated puff mass before and after each experiment to confirm the 

mass uniformity throughout the study. 

  

2.2.6. GNU integrity in pMDI formulation 

To test the integrity of GNUs in terms of size and shape within the propellant system, 

particle collection from the spray mist was performed using an aerosol deposition system 

consists of a glass apparatus (Sample Collection Apparatus for FP/Salmeterol Powders, 

Cat. No. 8640, Copley Scientific, UK), which is normally used for delivered dose 

uniformity tests for inhaled powders. The apapratus was fixed upside down as its 

intended use was to imitate nasal delivery as demonstrated in Figure 2.2A. A mixed 

cellulose ester membrane (MCE Millipore, 1.2 µm) was placed at the top of the glass 

tube to receive the fired shot. To simulate moderate nasal human breathing (between 9-

20 L/min for adults) (Rennie et al., 2011), a vacuum pump was connected to the top of  

the apparatus to generate the inspiratory flow, and a flow controller and a flow meter 

were used to manually adjust the airflow to a 15 ± 0.2 L/min (Figure 2.2B). A piece of 

mica and a carbon-coated microgrid were carefully placed on the membrane to collect 

particles for imaging via SEM and TEM, respectively. EDX testing was performed on the 

membrane to confirm elemental gold deposition. Prior to aerosolisation, the canisters 
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were shaken ~10 times, sonicated for 90 s and finally primed three times to waste. 30 

actuations were carried out per test. 

 

  

Figure 2.2. A) The glass apparatus used to test the inhaler and contain the aerosolized particles. 

B) The aerosol deposition system components and accessories.  
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2.2.7. Gold aerosol nasal deposition 

The regional nasal deposition of aerosolized GNUs was investigated using a seven-

sectioned nasal model based on the Carleton-Civic standardized human nasal geometry 

developed by Liu et al. (Liu, Y. et al., 2009) and detailed in chapter 3. The 3D model of 

the nasal replica was created by De Bank, P. (Figure 2.3A) and the prototyping was 

performed via fused deposition modelling (FDM) printing technology (Ultimaker 2+) using 

polyamide (nylon) as printing material (Figure 2.3B). An in-house 3D printed bespoke 

nasal device made of polylactic acid (PLA) and attached to a needle (1.6 mm O.D. × 40 

mm) was used for formulation delivery. Using a brush, the inner face of the cast was 

coated with 4% w/v mucin-based mucus simulant. The simulated mucin-based mucus 

was prepared by suspending lyophilized type III porcine gastric mucin in isotonic 

phosphate buffer (pH 6.5) containing 0.02% w/v sodium azide NaN3 as a preservative to 

prevent microbial growth in the buffer. The suspension was mixed for 24 h at 4 °C. The 

undissolved residuals were removed by centrifugation (Beckman J2, USA) at 800×g for 

an hour. The final reconstituted mucus solutions were stored at -20 °C before use. All 

the experiments were carried out by manual actuation, and repeated shaking by hand 

(~10 times) between actuations was applied considering shake-fire delays to avoid 

formulation creaming effect as such improving dose uniformity. Following assembling the 

cast sections with nuts and bolts, silicon grease (Korasilon® medium viscosity) was 

appliewd to coat the anterior and posterior surfaces of each section and achieve a tight 

seal for the cast. For the deposition experiment, the cast was clamped at 120° to the 

horizontal plane (Figure 2.3C). 30 shake-fire cycles were performed with a 5 s flush time. 

No airflow was applied. To achieve this, a sealed section 5 (which represents the back 

of the nasal cavity and the entrance to the nasopharynx) was adopted. Following each 

run, the cast was disassembled, and each section was rinsed thoroughly with up to 10 

mL of an aqueous solution of Tween®80 (0.01% w/v) using a pipette.  

ICP-OES was used to determine the amount of elemental gold in each section of the 

cast. The aqueous wash samples from each section were dried using a rotary evaporator 

(Rotavapor R II supplied with a vacuum pump V-700, BŰCHI, Switzerland) to prepare 

the samples for digestion. The GNUs and any organic residues were digested by adding 

1 mL of aqua regia and then heating the samples until complete evaporation at 90 °C. 

The procedure was repeated until no particulates remain. The samples were finally 

prepared for analysis by further dilution with 1M HNO3 solution up to 5 mL with final aqua 

regia strength of 10% v/v. A blank sample was also prepared by adding 150 µL mucin 

mucus simulant to a glass vial and following the same digestion process for the gold 

samples. The absorbance of the samples was measured, and gold concentrations in 

each section were determined by comparison with a calibration curve of gold solutions 
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with known concentrations (50, 100, 500, 1000, 1500, and 2000 µg/L). The lower limit of 

detection for the ICP-OES was found to be 0.05 µg/L. 
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Figure 2.3. A) The 3D model of the nasal cast with a closed outlet to mimic no airflow condition, B) 

the nylon 3D-printed cast with the sections numbered as: 1; the vestibule, 2; the nasal valve, 3; the 

front turbinates, 4T; the olfactory region, 4B; the rear turbinates, and 5; the nasopharynx. C) device 

fitted into the sealed nasal cast positioned at 120° to the horizontal plane. 
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2.2.8. RPMI 2650 cell culture maintenance  

 RPMI 2650 nasal epithelial cells were first cultured according to ECACC protocol in 

culture flasks (surface area 75 cm2) at seeding density 2-4×103 cell/cm2 and using EMEM 

culture medium supplemented with 10% FBS, 1% L-glutamine, 1% NEAA and 1% 

penicillin/streptomycin antibiotic mixture. The culture flasks were incubated at 37 °C, in 

a humidified 5% CO2 atmosphere and split every 5-6 days when 80% confluence is 

achieved. 

 

2.2.9. In vitro cytotoxicity  

The compatiability of the GNU formulation with nasal epithelial cell model RPMI 2650 

was assessed by Resazurin cell viability assay. RPMI 2650 cells were seeded in 96-well 

plates at 5 × 103 cells/well and cultured for 96 h. An aqueous GNU suspension (1% w/v) 

was diluted with culture medium to make incremental concentrations (0.01% - 0.08% 

w/v) which were maintained for 24 h at 25 °C. The cell cultures were incubated with 100 

µL of the pre-equilibrated NP suspension for 4 or 24 h at 37 °C. The medium was then 

removed, and the cells were rinsed gently with PBS three times before 200 µL of fresh 

pre-warmed medium containing 10% of stock resazurin solution (0.15 mg/mL) was 

added. Finally, the cells were incubated for 2 h (37 °C, 5% CO2), and 100 µL of medium 

was transferred into a 96-well plate. The fluorescence emission of the medium was 

measured at λex 540 nm / λem 590 nm using a microplate reader (FLUOstar Omega, BMG 

LABTECH, Germany). The measurements were correlated to the value of 100% 

metabolic activity control represented by the cells treated with a pure culture medium. 

Negative control of cells treated with Triton X-100 (0.2% w/v, 15 min) was also included. 

The cytotoxicity was further evaluated with live-cell imaging using confocal 

microscopy. For this experiment, the GNU samples at different concentrations were 

prepared as above (0.01-0.2% w/v). Cells were seeded in a 35 mm glass-bottom cell 

culture dish (No. 1.5 glass coverslip, IBIDI, Germany) at a seeding density of 3.5 × 106/ 

dish and incubated for 4 days (37 °C, 5% CO2). Subsequently, the cell culture medium 

was replaced with GNU suspensions, and the dishes were incubated for 24 h at 37 °C. 

Cells without NP treatment were considered as a control. The medium was removed, 

and the cells were washed three times with HBSS prior to viability testing with the 

Live/Dead double staining kit. The assay kit is composed of the green calcein-AM and 

the red propidium iodide dyes, the assay solution was prepared in PBS at 2 µmol for 

calcein AM and 4 µmol for propidium iodide and. The cell cultures were stained with 100 

µL of the assay solution and incubated for 15 min at 37 °C and then, were washed twice 

with HBSS before being observed by confocal microscopy.  
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2.3. Results and Discussion 

2.3.1. Characterisation of GNUs 

A “bottom-up” seed-mediated method based on wet chemical reduction of a gold salt 

in aqueous medium was applied to produce monodisperse GNUs. A wine-red solution 

was obtained for the prepared seeds (Figure 2.4A) which were ~20 ± 5 nm in size, with 

relatively narrow size distribution and negative surface charge with Z.P. -22.9 ± 1 mV 

according to the DLS measurements. As PSD is a critical physical property for regional 

nasal deposition, particle diameter for the gold seeds and the subsequent GNUs was 

evaluated by more than one technique along with DLS. Microscopic analysis by TEM 

was consistent with DLS results. Figure 2.4 (B and C) shows TEM images for 

monodispersed spherical particles with sizes in the range of 15-25 nm.  

 

5 nm 

50 nm 

C 

B 

A 

Figure 2.4. A) Aqueous suspension of the citrate-capped Au seeds, B) TEM image 

shows the spherical seeds, and C) single spherical seed with higher magnification view. 
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Figure 2.5 shows the NP Tracking Analysis (NTA) for the pre-prepared seeds. The 

NTA technique utilises single-particle light scattering along with Brownian movements to 

acquire PSD information. Not surprisingly, NTA data disagree with the other sizing 

methods (DLS and TEM). As shown in Figure 2.5 the data displayed larger particle 

diameters with a peak at ~45 nm and a broad tail towards 150 nm. Although NTA is a 

powerful technique for determination of PSD and concentration in terms of high 

sensitivity, high resolution and being generally unbiased towards large particles or 

aggregates in comparison to other techniques, the obtained results are subjected to the 

instrument settings adjusted by the user, sample concentration (which may have resulted 

in multiple scattering effects) and dispersity (Gallego-Urrea, Tuoriniemi and Hassellöv, 

2011).  

 

This size overestimation could also be explained by an inhomogeneous laser beam 

illuminating the particles. The intensity of the scattered light from a given particle 

corresponds to the particle spot on the laser beam. As such, according to the laser beam 

shape, variation of the beam intensity profile may have shifted the instrument sensitivity 

(detection volume) towards larger particles with strong scattering cross-sections far from 

the centre of the beam  (Gallego-Urrea, Tuoriniemi and Hassellöv, 2011). In addition, the 

diffusion coefficient is measured by the instrument and is used to determine the particle 

diameters; this is assumed to be linear with particle concentrations, but such linearity 

might actually be uncertain even in sufficiently diluted samples (< 0.1% w/v) due to the 

likely particle clustering around any agglomerates present (Tuoriniemi et al., 2014). The 

variance between the hydrodynamic diameter for liquid samples determined by light 
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Figure 2.5. PSD for the preprepared Au seeds measured by NanoSight NS500. 
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scattering dependent techniques (DLS, NTA) and the physical diameter for dry particles 

determined by microscopic techniques (TEM), is also a critical aspect to consider when 

conducting PSD comparisons between different methods. 

In order to estimate the molar concentration (M) of the spherical Au seeds according 

to Liu et al. (Liu, X. et al., 2007), the average of Au0/particle (N) was first calculated in 

accordance with the particle diameter (D) as shown in equation (1) assuming the seeds 

were uniformly spherical with face-centred cubic (fcc) structure and the reaction was 

complete: 

𝑁 =  
𝜋 𝜌 𝐷3

6 𝑀
                (1) 

 

Where ρ is the fcc gold structure density (19.3 g/mL) and M is the gold atomic mass (197 

g/mol). As such for the prepared seeds when D = 20 nm, N = 247,168 atoms/ 

nanoparticle.  

       

The molar concentration of the colloidal gold solution was then calculated following 

equation (2):  

 

𝑀 (𝑚𝑜𝑙. 𝐿−1) =  
𝑁𝑡𝑜𝑡𝑎𝑙

𝑁 × 𝑉 ×  𝑁𝐴
 =

𝐴𝑢 𝑚𝑜𝑙𝑒𝑠

𝑁 × 𝑉
          (2) 

 

where Ntotal  is the total number of gold atoms in the seed solution (N = 1.8 × 1019 atoms), 

V is the reaction volume (L), NA is Avogadro’s constant (6.02 × 1023 mole-1). Following 

the equation, the final molar concentration of the seed suspension would be 1.2 nM.  

According to Haiss et al, the size and concentration of spherical GNPs (as for the seed 

aqueous suspension) could be precisely and directly determined from UV-Vis spectra 

due to their unique optical properties without the need to apply calculations (Haiss et al., 

2007). Figure 2.6 shows the UV-Vis spectrum for the seed hydrosol (20 nm) with an 

LSPR band centred at 523 nm and the molar concentration could be extracted according 

to equation (3): 

 

𝑀 (𝑚𝑜𝑙. 𝐿−1) =  
𝐴450

𝜀450
⁄        (3) 

 

where ɛ450 is the molar extinction coefficient at λ450 which was theoretically and 

experimentally verified according to (Haiss et al., 2007). Excellent agreement was 

obtained between the calculated concentration above and the determined value from 

UV-Vis spectra (M = 1.4 nM).  
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The preparation of the seeds was followed by selective reduction of the gold ions in 

the growth solution with an increased added volumes of either HQ (100, 300, 500, 1000 

µL) or DA (300, 600, 800, 1000 µL). DA (a catechol) and HQ (p-quinol hydroxylated 

aromatic) have been widely employed as reducing-cum-capping agents which efficiently 

reduce Au3+ onto the seed surfaces and give zerovalent Au atoms promoting the 

formation of multibranched GNPs. The superiority of this procedure is that narrowly 

dispersed anisotropic GNPs could be successfully produced without any additional 

conjugation steps or using toxic surfactants. As expected, when using incremental 

concentrations of HQ or DA as reducing agents during the particle growth stage, blue 

colour solutions (Figure 2.7A) and similar morphologies in terms of particle shape and 

size were observed (Figure 2.7C-E and 2.8A-D). Both reductants have quite similar 

chemical structures and mild reducing power with standard reduction potentials of HQ 

(E° = 0.714 V) (Perrault and Chan, 2009) and DA (E° = 0.801 V) (Liu, T. et al., 2014). 

The reduction reaction of gold is complicated due to the variety of species present in 

gold chloride solution with the Au+ ions seeming to be the most stable (Perrault and 

Chan, 2009). Whilst reducing gold salts in the presence of metal seeds (Au4+/Au; E° = 

1.002 V, Au3+/Au+; E° = 1.36 V, Au3+/Au; E° = 1.52 V) considerably differs from reducing 

isolated Au+/Au0 in the solution (E° = 1.83 V), the latter is more likely to be a non-

spontaneous reaction with both reductants used. Likewise, the slow growth kinetics of 

GNPs (the rate at which the Au3+ ions are reduced) in the presence of gold clusters, 

resulted in the formation of anisotropic urchin-like GNPs (GNUs) with low aspect ratio 

(Yoo et al., 2022). While the amount of Au seed and HAuCl4 salt were kept fixed, lower 

feeding concentrations / volumes of HQ and DA were not enough to produce a branched 

structure rather than creating a considerable amount of new seeds, due to poor reaction 

reproducibility (stepwise Au3+/Au0   reduction), which is needed to supply the branch 
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Figure 2.6. The UV-Vis absorbance spectrum for the GNP seeds (20 nm). 
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growth. No branched structures were generated when volumes below 300 µL of HQ (15 

mM) (Figure 2.7B) and DA (15 mM) were added. As the volume of both reductants 

increased, a further decrease in particle aspect ratio was observed (Figure 2.7D, E and 

2.8D).  

 

 

This phenomenon is similar to that when using a reducing agent with a stronger 

reducing power e.g ascorbic acid (E°= -0.08 V), where the Au3+ ions are reduced rapidly 

with no sufficient time for the branches to grow. These results are in agreement with 

100 nm B 200 nm C 

100 nm D 100 nm E 

A 

B C D E 

Figure 2.7. A) GNU suspensions and the corresponding TEM images at different volumes of 

HQ (15 mM) when used as a reducing agent; B) 100µL; C) 300µL; D) 500µL; and E) 1000µL 

respectively. 
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those reported by Li et al. who studied the effect of different parameters on the size and 

shape of multi-branched Au-Ag nanoparticles as a potential tool for photothermal therapy 

(Li, J. et al., 2015). Moreover, new nuclei (about 10 nm in size) were formed when 

volumes ≥ 600 µL of DA were added (Figure 2.8E) suggesting that secondary nucleation 

took place, a major obstacle while producing anisotropic metal nanostructures. From the 

previous outcomes, 300 µL of DA (15 mM) was chosen in this study as a reducing agent 

to form GNUs for further testing. 

 

 

100 nm A 100 nm B 

50 nm C 100 nm D 

E 200 nm 

10 nm 

Figure 2.8. TEM images for GNUs at different volumes of DA (15 mM) when used as a reducing 

agent  A) 300 µL; B) 600 µL; C) 800 µL; D) 1000 µL and E) new nuclei produced at 600 µL DA with 

core measurement (inset). 
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It was previously proposed by Du et al. that when employing DA as a reductant to 

produce GNPs, it not only oxidizes, but it also self-polymerizes to yield amorphous 

polydopamine (PDA) molecules. These PDAs could further interact with the surface of 

GNPs via Au-quinone interactions forming the PDA capping layer and therefore 

increasing the stability of the particles without an additional stabilizing agent being used 

(Du et al., 2018).  

The previous theory was examined in this study by preparing gold nanourchins with 

and without PEG as a stabilizing agent. PEG is a well-known biocompatible molecule 

with a plethora of benefits, thus mPEG-SH was used in this study as a steric stabilizing 

agent that binds to GNP surfaces via thiol oxidative addition to Au (SH-Au bond 47 

kcal/mol) shielding the metal centres, preventing agglomeration and enhancing the 

colloidal shelf-life. Moreover, PEGylation protects the particles from formation of protein 

coronae which might cause substantial modulation of particle hydrodynamic size and 

surface functionalization and also from clearance by the reticular-endothelium system 

(RES), and therefore, increasing formulation circulation time.  

The effect of the presence of PEG on particle stability and physical properties was 

monitored. As shown in Figure 2.9, noticeable aggregation took a place in some parts of 

the sample when PEG was not used in the reaction, confirming the vital role of adding a 

stabilizing agent alongside electrostatic repulsion for longer shelf life under the reaction 

conditions used in this study. These findings are in disagreement with the ones reported 

by Du et al., where PDA-coated GNPs were produced when using DA as a reducing 

agent. In their study, no additional stabilizing agent was added, and the particles were 

stable in an aqueous solution for about 6 months (Du et al., 2018). The authors proposed 

the dependency of DA autoxidation rate on the pH values, and that the PDA shell was 

produced when the reductant DA solution was maintained at mildly alkaline pH (8.0), at 

which the dopamine-quinone species could be easily formed. This might have not been 

the case in the present study as the pH parameter was not considered and kept neutral 

at pH 6.9 (Milli-Q water). As such DA was not employed as a reducing-cum-stabilizing 

agent during the GNU synthesis and PEG was used instead to stabilize the GNUs. 
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In the next set of experiments, the effect of varying silver ion (Ag+) concentration on 

GNU morphologies was examined. The inclusion of AgNO3 mediated the synthesis of 

anisotropic GNPs (Yuan et al., 2007; Personick et al., 2011) however, there is a debate 

about the exact role of Ag+ in GNP geometry control. This is mainly because of the 

complicated particle growth mechanism with numerous reactants being present in the 

growth medium often working in synergy or in a competing way. Many studies have 

ascribed the underpotential deposition as an underlying pathway of the Ag+ shape 

directing effect, where silver occupies and blocks specific facets and provokes the growth 

of other facets causing anisotropic particle evolution (Personick et al., 2011; Zhang et 

al., 2016; Atta, Beetz and Fabris, 2019). Figure 2.10B- E shows TEM images of the 

GNUs obtained at incremental Ag: Au molar ratios and fixed concentrations of HAuCl4, 

gold seeds, DA and PEG. No remarkable differences in terms of shape, size and aspect 

ratio were noticed between samples as Ag+ concentration was progressively increased 

i.e. 1:1000, 1:500, and 1:100 Ag: Au ratios (Figure 2.10B, C and D). However, an 

interesting purple colloid (Figure 2.10A) of particles with a flower-like morphology was 

produced at higher silver concentrations (Ag: Au = 1:10). These nanoflowers were 120-

150 nm in size (Figure 2.10E). Zhang et al reported nanorod-derived anisotropic 

Figure 2.9. TEM images for PEGylated (A) and non-PEGylated GNUs (B and C). 

100 nm B 1 µm C 

A 200 nm 
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morphologies when Ag+ was increased in the growth solution. While elongated 

trisoctahedral GNPs were produced in the absence of Ag+, dog bone-like nanorods were 

formed with a relatively low [Ag+]: [Au salt] molar ratio (> 0.02) which were further 

evaluated into arrow-headed nanorods when the ratio had been increased. The authors 

proposed that the obtained geometries in their work resulted from the interswitch 

between two main pathways, Ag underpotential deposition discussed earlier and  Au-Ag 

co-deposition where Ag and Au atoms are mixed with each other at distance far deeper 

from the surface atomic layer forming Ag/Au alloy structures (Zhang et al., 2016).  

 

200 nm B 100 nm C 

100 nm D 50 nm E 

A 

B C D E 

Figure 2.10. A) GNU suspensions and the corresponding TEM images at different Ag: Au ratios; 

B) 1:1000 C) 1:500; D) 1:100; and E) 1:10 where GNFs were formed. 
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Similarly, Atta et al. investigated the role of the increased addition of AgNO3 (30 µM-

110 µM) in the 6-branched gold nanostar growth mechanism. An increase in the spike 

length was noticed as AgNO3 concentrations were increased with a gradual red shift of 

the UV-Vis spectra, whereas a blue shift was observed when higher concentrations of 

AgNO3 (>100 µM) were introduced. By tracking the deposition of the metallic silver using 

spectroscopic and microscopic techniques, it was found that at first Ag played a role of 

a stabilizing agent by saturating the deposition sites on the spikes preventing other shape 

impurities. When more Ag was present in the growth medium, i.e. high concentrations of 

AgNO3 were used, the silver was also detected at the core of the nanostars and between 

the adjacent spikes (Atta et al., 2019). The authors also stated that polyhedral NPs (not 

branched) were formed in the absence of silver ions which is in agreement with our 

attempt to produce trisoctahedra and rhombic dodecahedra particles (data not shown). 

Both stated studies indicate that Ag+ ions at certain concentrations in the growth solution 

could lead to interesting anisotropic GNU morphologies, and that is when Ag starts to 

intermix with Au at the centre of the particles and not only as adatoms at the particle 

surface.  

Detailed investigations using structural characterization techniques such as energy 

dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and 

surface enhanced raman spectroscopy (SERS) might give clear answers to how and 

why these flower-like structures were produced. However, as producing monodisperse 

and reproducible anisotropic GNUs for further aerosolization testing rather than the deep 

understanding of the role of silver ion in controlling GNUs morphology was the main 

focus of this study, a 1:1000 ratio of [AgNO3] / [HAuCl4] was adopted as a shape 

controlling agent to produce GNUs.  

As it was shown previously that physiochemical parameters such as gold precursor / 

reducing agent ratio are vital in such redox systems (Figures 2.7 and 2.8), reaction 

temperature was another determining variable in GNU synthesis which was also 

considered. Mountrichas et al. reported a kinetic study of GNPs formation in correlation 

with reaction temperature between 30-60 °C and a homopolymer with tertiary amino 

groups as a reducing-cum- stabilizing agent. In their work, elevated reaction 

temperatures had a positive impact on GNP synthesis in terms of reaction efficiency and 

uniformity. In contrast, at lower temperatures (30 °C), different kinetic profile was 

obtained, where the size of the particles rather than the number was evolving over time. 

Moreover, precipitation occurred after 24 h indicating the failure of polymer chains in 

stabilizing the particles where larger sizes and hybrid morphologies were formed. The 

authors also stated that at higher temperatures (50 and 60 °C), the reaction occured in 

three well-defined stages whereas the synthesis was more complicated and less 

predictable at low temperatures (Mountrichas, Pispas and Kamitsos, 2014). Tran et al., 
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who used the citrate reduction method to produce spherical GNPs, found that a reaction 

temperature below 50 °C resulted in a high degree of polydispersity whereas 

temperatures between 50 and 100 °C only had a minor effect on particle sizes and 

morphologies and those were strongly dependent on Na3Citrate/ HAuCl4 ratios instead 

(Tran et al., 2016). The results in this study are in disagreement with both research 

groups, where increasing the reaction temperature from 30 °C to 70 °C when all other 

parameters remained unchanged had a noticeable negative impact on the morphology 

of GNUs (Figure 2.11A and B) as well as gold nano-flowers obtained at a 1:10 Ag: Au 

ratio (Figure 2.11C and D). In both cases, random and hybrid shapes with larger size 

particles were formed. 

 

 

 

To this end, and after screening various reaction parameters to produce monomodal 

GNUs suitable for inhalation and preferably with a high aspect ratio of their branches, 

the formulation optimized parameters at 30 °C are shown in Table 1. The spike aspect 

ratio (spike length/spike base width) of the obtained particles was measured using 

ImageJ 1.53t software and was found to be ≤ 2.0 as shown for some particles in Figure 

2.12. According to DLS measurements, the average hydrodynamic size for the GNUs 

was 98.6 ± 0.6 nm, which is suitable for intranasal administration with narrow size 

200 nm A 100 nm B 

200 nm C 100 nm D 

Figure 2.11. Reaction temperature effect on GNU morphologies; A) Ag: Au 1:1000 at 30 °C, B) Ag: 

Au 1:1000 at 70 °C, C) Ag: Au 1:10 at 30°C and, D) Ag: Au 1:10 at 70 °C. 
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distribution (PDI 0.06 ± 0.01) which could be observed by TEM images (Figure 2.12). 

This feature is desirable for a reliable interpretation of particle size-dependent nasal 

regional deposition and the subsequent bioeffects.  

 

 

Table 2.1. The optimized formulation parameters for GNU synthesis at 30 °C. 

 Reagent (Concentration) Volume added 

Reaction medium Milli-Q H2O 10 mL 

Catalysts Au seeds (1.4 × 10-6 mM) 60 µL 

Gold salt HAuCl4 (100 mM) 20 µL 

Shape directing agent AgNO3 (0.1 mM) 100 µL 

Stabilizing agent mPEG-SH (1.7 mM) 80 µL 

Reducing agent DA (15 mM) 300 µL 

Cryoprotectant Pectin (0.25% w/v) 0.14 mL 

 

Figure 2.13 shows NanoSight NS500 data for particle number distribution ranging 

from 65-95 nm in agreement with DLS and TEM techniques. Zeta potential 

measurements indicated that the particles had a surface charge of -10 ± 0.6 mV greater 

than the intermediate seeds (-23 mV), which could be a result of partial coverage and 

citrate exchange with mPEG-SH.  

Figure 2.12. The GNUs for the optimized formulation with some of the spike aspect 

ratio measurements. 
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The UV-Vis spectra in Figure 2.14 show that the LSPR absorbance peak was red-

shifted to 590 nm compared to the initial seeds, which by increasing the aspect ratio of 

the GNU tips could easily be adjusted towards the near-infrared (NIR) region where 

biological tissues and blood are transparent, a favourable property for biomedical 

applications (Ong et al., 2017; Gallardo-Toledo et al., 2020). Although the formation of 

irreversible aggregation of nanoparticle formulations over time is inherent, which halts 

the functionality of the particles (Yeh, Creran and Rotello, 2012), the fabricated GNUs 

showed high stability over long-term storage (> 6 months) at 4 °C as shown in Figure 

2.14 where the LSPR peak, indicative of metallic NP size and shape, remained 

unchanged six months after synthesis.  
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Figure 2.13. Size distribution of GNUs in comparison to the initial seeds 

against particle numbers measured with NanoSight NS500. 
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Figure 2.14. The UV−Vis absorbance spectra of GNUs with LSPR peak red-shifted 

towards the NIR region in comparison to the intermediate Au seeds. 
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The high stability profile for the GNUs could be due to the addition of mPEG-SH 

chains during the synthesis. PEGylation prevents Au adatoms i.e. Ostwald ripening and 

other sorts of particle fusions in the GNP ageing process, undesirable phenomena that 

occur as a result of the large surface area and high surface energy of Au atoms by which 

the particles favour to rearrange into thermodynamically favourable morphologies 

causing particle aggregation and reshaping (Gubicza et al., 2013). However, PEGylation 

did not preserve particle physical stability during the lyophilisation process and a 

collapsed lyophilisate was visually observed following the 16 h process. The dry powder 

GNUs was also not redispersible in water and clear aggregates resistant to breakup even 

after 15 min sonication were formed. Although lyophilization is considered gentle and 

one of the promising approaches to convert NP suspensions into a dry powder, is also 

known to pose several stresses causing colloidal instability by means of NP fusion, 

aggregation or content leakage for loaded particles (Trenkenschuh and Friess, 2021). 

To this end, many reports have proposed various approaches for the freezing process 

and formulation to yield lyophilized products which are easy to redisperse upon 

reconstitution with preserved colloidal physiochemical properties. 

A simple and efficient procedure reported by Jauregui-Gomes et al. utilizing a diluted 

pectin solution to stabilize gold nanosuspensions (Jauregui-Gomez et al., 2017) was 

adapted. The freeze-drying procedure in the absence of pectin resulted in a collapsed 

powder with clear and irreversible aggregations after redispersing in water. However, 

when an aqueous pectin solution was added, lyophilization resulted in a sponge-like 

mass, which was easily resuspended in Milli-Q water (to 2% w/w of the total pMDI 

formulation) followed by gentle shaking and sonication for 3 min. Figure 2.15 

demonstrates the normalised UV−Vis spectrum for the resuspended pectin-stabilised 

GNU product after lyophilisation Little spectral blue-shift was observed for the purified 

particles with three wash cycles using a standard centrifuge. However, the spectra for 

the purified GNU with and without pectin and after the lyophilisation were identical 

indicating that pectin did not cause any adverse effects on the NP morphologies and 

rather preserved them throughout the process. 
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Despite the homogeneous appearance for GNU-pectin dispersion, DLS data showed 

an increase in particle hydrodynamic diameter to 170 ± 0.2 nm in comparison to the 98.6 

± 0.6 nm sizes for the as-synthesized non-lyophilised GNUs, with however a narrow size 

distribution (PDI < 0.22). These results were confirmed with Nanosight NS500 analysis 

(Figure 2.16) with a broad peak extending between 100-200 nm. Considering the data 

obtained with DLS and NTA techniques, the presence of some aggregates in the sample 

cannot be ignored. However, the larger sizes obtained could be explained by the 

presence of pectin (Mw 110 -150 kDa) on GNU surfaces after reconstitution in water, 

which also resulted in a decrease in NP surface charge to -35.9 ± 0.2 mV from -10 ± 0.6 

mV due to the anionic polysaccharide. The stability of the pectin-GNFs lyophilizate was 

further visualised with TEM imaging (Figure 2.17). The particles exhibit morphologies 

similar to non-lyophilised ones.  

Although the pectin concentration used in our study is relatively high, testing lower 

concentrations or other cryoprotectants’ ability to maintain particle stability was out of our 

scope and the gold colloidal with the parameters listed in Table 1 was further tested for 

the dispersion in pMDI formulation. 
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Figure 2.15. The UV−Vis absorbance spectra of GNU final product showing the effect of 

purification, pectin addition and lyophilisation procedure. 
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Figure 2.16. Size distribution of lyophilised pectin-based GNUs in comparison to the 

as-synthesised non-lyophilised GNFs measured with NanoSight NS500. 

Figure 2.17. TEM images showing the stability (unchanged 

morphology) of pectin-coated GNUs following the lyophilised 

process (upper 1 µm, lower 100 nm). 
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2.3.2. GNU integrity in a pMDI formulation 

In contrast to nebulizers and dry powder inhalers (DPIs), pMDIs utilize a liquified gas 

propellant as a bulk medium which provides the energy to generate the aerosol cloud 

and presumably could enhance NP dispersion and aerosolization performance. The 

GNUs (0.025% w/w) were introduced as a highly concentrated aqueous suspension 

along with EtOH (2% w/w) as a cosolvent to an HFA 134a based-pMDI formulation. No 

other non-volatile surfactants were added. The use of non-volatile solvents i.e. H2O and 

EtOH in the developed formulation was kept to a minimum in order to reduce the 

proportional effect of the atomized droplet sizes due to the slow rate of evaporation and 

consequently diminished respirable deposition (Buttini et al., 2014). The effectiveness of 

the developed pMDI formulation was assessed for the capability, on the one hand, to 

generate a gold particle aerosol with unchanged physiochemical properties and, on the 

other hand, to aid the deposition of these particles in the targeted region in the nasal 

cavity i.e. olfactory region represented by section 4T in the 3D printed model (Figure 

2.3B). 

 Preliminary appearance testing of the gold formulation was carried out using clear 

transparent polyethylene terephthalate (PET) pMDI canisters. The gravitational stability 

and, therefore, the released dose of a suspended formulation is subjected to density 

differences between the formulation and the rest of the system. As the aqueous gold 

suspension was less dense than the propellant, a creaming effect occurred, and a two-

phase system was generated. A homogenous suspension was obtained by several 

manual shakes of the device (3-10) with enough time left for actuation before complete 

phase separation. Spray-to-spray reproducibility or pump delivery test was assessed as 

one of the U.S. Food and Drug Administration guidance for nasal product performance 

evaluation (FDA, 2002). Throughout this study, the shot weights of the developed GNU-

pMDI formulation between different canisters were consistent within the range 57-63 mg 

with a manual actuation force (~5.8 kg) in agreement with Doughty et al. observations, 

where in contrast to pediatric force settings, no significant differences were found in 

spray weights when adult-hand-spraying settings were applied (Doughty, Hsu and Dalby, 

2014).  

Following atomization, the released particles were tested for the maintenance of their 

morphological integrity prior to nasal distribution testing by utilizing the set-up shown in 

Figure 2.2B, and the deposited particles on copper-coated carbon grids, mica substrates 

and MCE membranes were observed with TEM and FE-SEM imaging. As shown in 

Figures 2.18 and 2.19, not only were the size and shape of the GNUs perfectly 

preserved, but the particles were also highly dispersible with no clustering or aggregation 

observed. As for the collected particles on the receiver membrane, EDX spectra were 



141 
 

recorded to confirm the presence of metallic gold within the organic material (Figure 

2.20).    

 

 

 

 

 

 

 

10 µm A 1 µm B 

1 µm C 100 nm D 

200 nm 100 nm 

Figure 2.18. TEM images showing the integrity of the atomized GNUs based-pMDI (collected from 

the TEM grid placed on the membrane in the glass collection apparatus).  

Figure 2.19.  FE-SEM images showing the integrity of the atomized GNU-based pMDI (A and B 

were collected from the mica substrate, C and D were collected from the receiver MCE membrane). 
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2.3.3 Regional nasal deposition of aerosolized GNUs 

It is widely recognized that inhaled particulate formulation characteristics (i.e particle 

aerodynamic size, shape, mass, density and hygroscopicity) (Buttini et al., 2014; Stein 

et al., 2015), device (i.e. expansion chamber and nozzle design) (Duke et al., 2019; 

Nguyen, Duke and Honnery, 2019; Duke et al., 2021) along with patient use (i.e. 

administration technique and inhalation pattern) (Melani et al., 2011; Chierici et al., 2020) 

are key parameters governing aerosol performance and regional distribution in the 

Figure 2.20. FE-SEM-EDX analysis for element composition for A) the mica substrate sample, 

and B) the MEC membrane. 
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respiratory system. However, a comprehensive understanding of the role of each 

parameter and the interactions between them are extremely complicated and yet to be 

made clear. Utilizing a nasal cast allows easy drug deposition sampling and provides 

data that closely represent aerosol performance in the human nasal cavity. As such, 

these in vitro tools offer the ability to optimize aerosol parameters under controlled 

conditions.  

HFA-based pMDIs have been the most utilized devices for pulmonary drug delivery 

with little information regarding their nasal distribution (Siu et al., 2022). The concept of 

nasal pMDIs was introduced for allergic rhinitis treatment to overcome aqueous pump 

spray limitations such as running back down the throat or dripping out the nose and the 

subsequent unpleasant taste and burning sensation which reduce both the delivered 

dose and patient compliance. From a deposition point of view, pMDIs generate much 

smaller droplet sizes (≤ 5 µm) compared to aqueous nasal sprays, where larger particles 

are expected to develop inertial impaction in the nasal anterior vestibule and 

nasopharynx (Suman, Laube and Dalby, 1999; Djupesland and Skretting, 2012; 

Rangaraj, Pailla and Sampathi, 2019), whereas smaller particles (0.5-5 µm) are 

expected to travel further down to the lower respiratory tract (Murnane, Hutter and 

Harang, 2013). The possibility of enhanced deposition of ultra-small particles in the 

posterior region of the nasal cavity where the olfactory region is located for brain drug 

delivery utilizing a pMDI device has not yet been well investigated in vitro. This has 

become an attractive topic as a computational fluid dynamic model, an alternative 

numerical approach to predict flow behaviour and nanoscale aerosol distribution for 

optimal posterior nasal deposition and therefore a potential for efficient NTBDD (Garcia, 

Schroeter and Kimbell, 2015; Vachhani and Kleinstreuer, 2021; Li, B. and Feng, 2022).   

The in vitro nasal deposition of the GNU-pMDI formulation was determined using a 

human nasal replica generated from an open-access source for the human nasal 

geometry (Liu, Y. et al., 2009) and further segmented as suggested by Hughes et al. 

(Hughes et al., 2008). A canister-to-Luer needle adaptor was used to actuate 30 shots 

of formulation and the procedure was repeated in triplicate for deposition data collection. 

The needle (which represents the nozzle in this study) had a regular wall and bevel. As 

no airflow was applied, the aerosolized gold particles deposited on the cast sections with 

the aid of the propellant force and according to particle aerodynamic diameters and 

morphology. The elemental gold recovered from each section was determined by ICP-

OES and the deposition pattern was described as a percentage of the total Au recovery 

(Figure 2.21).  
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The results showed that, despite the majority of the released particles (~80%), 

depositing in the anterior vestibule (section 1), 13% of the nanoscale aerosol was able 

to penetrate further downstream beyond the nasal valve region, and relatively even 

distributions were noticed between the nasal valve (section 2; 6%) and the turbinates 

(section 3; 5.7% and 4; 7%) including the targeted olfactory region (section 4T; 5.6%).  

The likely deposition profile, with most of the dose being deposited in the anterior 

nasal cavity, could be associated with the restrictive geometry of the nasal passages 

which limit the full development of the aerosol plume (Inthavong et al., 2014). The 

material and shape of the nozzle in use (represented by the needle) along with the 

reduced vapour pressure of the pMDI formulation due to the addition of non-volatile 

solvents (total 4% w/w), could have produced a narrow plume angle (< 20°) as previously 

stated by Chen et al, where, for pMDI aerosols,  plume geometry can be modified by the 

formulation vapour pressure, physicochemical characteristics of actuator material 

(electrostatic charges and hydrophobicity) and nozzle geometry (Chen, Y. et al., 2017). 

As such, the homogenous dispersion of the ultrafine GNUs together with the narrow 
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Figure 2.21. Estimated percentage (%) of Au deposited (mean ± SD, n = 3) for GNU-pMDI in 

each section of the mucus coated-nylon nasal replica determined by ICP-OES and under the 

following conditions: in-house actuator and a needle (1.6 × 40 mm) were used to aerosolize the 

particles, 30 actuations by hand, 0 L/min air flow, cast tilting angle was kept at 45° from the 

vertical plane. The inset is for the rear turbinate and olfactory region distribution. 
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aerosol plume allow the particles to navigate through the extremely small and convoluted 

nasal passages and achieve measurable dosing beyond the nasal valve. Vachhani et al. 

carried out a numerical analysis to optimize nanoformulation delivery. In their study, a 

particle release map approach was utilized, which involved uniform and targeted injection 

of the particles at the nostril plane to study their nasal deposition, with particle deposition 

sites traced back to the initial injection position (Vachhani and Kleinstreuer, 2021). Under 

normal breathing conditions (5-20 L/min), 100 nm particles achieved 8.7% olfactory 

deposition which is within the particle size and deposition ranges of this study. Using a 

pMDI device, Siu et al. studied sinus targeting in the nasal cavity employing a post-

functional endoscopic sinus surgery model. In comparison to the nasal spray, nasal pMDI 

produced superior overall sinus deposition (14.5% vs 2.6%) where low-inertia particles 

were generated under the optimized conditions (0 L/min flow rate, 45° administration 

angle) (Siu et al., 2022).   

 Despite the controlled procedure in the current study, in terms of the single nasal cast 

geometry, cast tilting, nozzle insertion depth, minor shake-fire delays and actuation force, 

a range of variability in the posterior delivery (4.0–13.5%) for replicate runs was 

observed. Such variabilities were also recently reported in a similar study (Manniello et 

al., 2021). Suspension pMDI formulations inherently demonstrate dose uniformity 

concerns (Myrdal, Sheth and Stein, 2014). The density difference between the 

suspended aqueous colloid to that of the propellant continuous phase could have created 

a heterogeneous suspension gradient over the device usage. As such, in this study, a 

relatively high number of actuations (30 shots) were performed per run to ensure 

detectable concentrations in the olfactory region. A single run represented a different 

phase of the device life (beginning, middle, and end) and therefore low- or high-dose 

deliveries might have occurred towards the end of the canister life causing such 

variabilities (Chierici et al., 2020). By increasing the gold colloid load (> 0.025% w/w) 

within the pMDI formulation, fewer actuations per test would be required, thus dose 

variability could be overcome. Other factors such as the manual actuation with repeated 

shakes (3-10) in between, and the lack of a device tip holder to ensure consistent 

positioning of the device tip (the needle) might have also been associated with those 

variabilities. The flow rate was set to 0 L/min (breath-hold) despite the logic that nasal 

inspiration could aid the particle’s deep penetration across the nasal cavity. In fact, within 

the studied size range of the GNUs, inspiration is more likely to have a negative impact 

on their nasal deposition with more, if not most, of the particles escaping the nasal 

passages down to the lower respiratory tract.  

The correlation between the urchin-like shape of the particles, particle density, aerosol 

performance and the subsequent nasal distribution could not be established in this study 

due to the lack of aerosol laser-based diagnostic techniques such as laser diffraction, 
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phase doppler anemometer, laser doppler anemometer, and high-speed laser image 

analysis.   

 

2.3.4. In vitro cytotoxicity of GNU formulation  

RPMI 2650 nasal epithelial cells were used to evaluate the safety of GNUs as a 

potential carrier system for NTBDD after 4 and 24 h of exposure. The formulation was 

mixed as an aqueous colloidal dispersion of pre-determined mass of the pectin-based 

lyophilised GNUs with the culture medium to prepare incremental concentrations (0.01. 

0.02, 0.04, 0.08% w/v), and then applied to the cell culture and analysed by the resazurin 

assay for cell metabolic activity and hence the formulation effect on cell viability. The 

assay allows detection of cellular metabolic activity via enzymatic reduction of resazurin 

to the water soluble, cell membrane permeable, and highly fluorescent resorufin via 

cytoplasmic or mitochondrial reductases with the aid of biological reductive species such 

as NAD(P)H. The fluorescence intensity of the formed resorfurin is relative to control 

cells with no NP treatment. As shown in Figure 2.22, no harmful effects were observed 

for all the concentrations with more than 80% cell metabolic activity was maintained after 

4 h incubation. The excellent cell activity was also preserved after 24 h incubation with 

the concentrations < 0.08% w/v. Similarly, catechol-functionalized gold nanoflowers (64-

90 nm) were described to be biocompatible with human breast epithelial cells (Ong et 

al., 2017) and Wang et al also reported high viability (> 80%) values towards human 

bronchial epithelial cells when incubated with PEGylated gold nanoparticles (spheres, 

~46 nm) for 6 h (Wang et al., 2021). 
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Figure 2.22. RPMI 2650 nasal cell metabolic activity (%) (mean ± SD, n = 6) following 

exposure to incremental concentrations of GNU aqueous dispersion for 4 h and 24 h.  
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A noticeable cytotoxic effect (~50%) occurred at the highest concentration, 0.08% 

w/v, after 24 h incubation, which might be due to the presence of aggregated NPs formed 

when the colloid was introduced to the cell culture media. Such stability issues are more 

likely to occur when collisions between particles increase, as such in case of high NP 

concentrations (Moore et al., 2015). Although it was previously stated that GNP 

aggregation did not induce any toxic responses in three different cell lines (HeLa, A549, 

and MDA-MB-435), the aggregate sizes reported were 26-98 nm (Albanese and Chan, 

2011), smaller or equal to the particle sizes prepared in this study. The same study 

reported different aggregate behaviours in regard to their uptake and subsequent 

accumulation in the cells, which was found to be difficult to predict with many factors 

being involved such as the concentration, diffusion speed, sedimentation rate and 

irregular morphology (Albanese and Chan, 2011).  

The unique shape of the urchins might be another reason for the reduced cellular 

proliferation at elevated concentrations. Unlike gold nanorods and nanoprisms, 

nanospheres and nanourchins have greater interaction points with the cell surfaces 

which further facilitate the cellular internalization and penetration process. Gallardo-

Toledo et al reported a gradual decrease in BV-2 microglial cell viability when using 

concentration ≥ 1 nM of gold nanospheres, whereas gold nanoprisms did not cause any 

harm to the cells at similar concentration range (Gallardo-Toledo et al., 2020). Similar 

findings were demonstrated by Carnovale et al, where gold particles with flat and broad 

interfaces were taken up in lower numbers and were well tolerated by the cell model than 

spherical ones (Carnovale et al., 2019).   

Despite the great, yet unpredicted, influence of GNU shape and size on cellular 

uptake and accumulation mechanisms, some variations might cause the inhibition of 

cellular enzymatic activity via different pathways without causing cellular death (Mrvová 

et al., 2015). To explore that aspect further, the nasal cells were subjected to a similar 

GNU treatment with concentrations up to 0.2% w/v for 24 h and then a Live/Dead assay 

was performed. Interestingly, the prepared GNUs did not cause any cellular death even 

at concentrations that are considered to be supra-physiological (2000 µg/mL) as shown 

in Figure 2.23. The RPMI 2650 nasal cell multi-layers were viable to a large extent, and 

very few red fluorescence caused by propidium iodide staining of nonviable cells. 

Instead, a uniform green fluorescence was observed, resulting from calcein-AM uptake 

by viable cells at all concentrations tested (0.01-0.2% w/v).  
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Figure 2.23. Fluorescence confocal micrographs for the viability of the RPMI 2650 

nasal cells exposed to incremental concentrations of GNU aqueous dispersion for 24 

h at 37 °C. The green and red dyes indicate the live and dead cells respectively.  
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2.4. Conclusions 

In this study, GNUs were prepared via a facile seed-mediated chemical reaction, 

contained in an HFA-1234a-based pMDI device, and aerosolised into a human nasal 

cast to investigate the system potential use for NTBDD applications. Identical particle 

morphologies were obtained when using reducing agents with similar and mild reducing 

power, either Dopamine hydrochloride or Hydroquinone. GNU formation was dependent 

on the added amounts of the reductant and the shape directing agent, silver nitrate salt. 

PEGylation and medium reaction temperature 30°C were essential for particle stability 

during synthesis. Although the GNUs were incorporated into the pMDI in an aqueous 

dispersion form, they were successfully released from the device and were intact and 

discrete following aerosolization potentially due the presence of EtOH as a co-solvent in 

the pMDI formulation which further helped dispersing the particles within the lipophilic 

propellant.  
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Figure 2.23 (continued). Fluorescence confocal micrographs for the viability of the RPMI 

2650 nasal cells exposed to incremental concentrations of GNU aqueous dispersion for 

24 h at 37 °C. The green and red dyes indicate the live and dead cells respectively.  
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As for the regional nasal deposition, 13% of the atomised particles bypassed the 

extremely narrow nasal valve out of which 5.6% was collected in the olfactory region, 

whereas the majority of the dose ~ 81% deposited in the anterior vestibule. The observed 

deposition profile was more likely affected by the presence of pectin residual in the pMDI 

formulation, which was added to preserve the particles during lyophilisation, however, 

might have increased the size of the droplets containing the particles. Moreover, GNUs  

showed excellent compatibility with nasal epithelial cell model RPMI 2650 within the 

concentration range used in the inhaler and therefore could be utilised as a viable dug 

carriers for IN administration. 

This work demonstrated that GNUs-co-pMDI is a valid approach for olfactory region 

delivery in human nasal cavity hence NTBDD practice. Other formulation excipients 

could be used to enhance the efficacy of the system and to better understand the impact 

of GNP morphologies on the overall nasal distribution. In addition, the aerosolised form 

of the described formulation should be tested on epithelial as well as neuronal (olfactory 

neurons) in vitro models in future work to ascertain formulation safety for nasal 

administration. 
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CHAPTER 3 

 

The development of aerosolized poly(lactic acid-co-glycolic acid) 

nanoparticles (PLGA NPs) delivered via pressurized-metered 

dose inhaler pMDI for nose-to-brain drug delivery (NTBDD) 

 

3.1. Introduction 

Since the olfactory region in the nasal cavity was recognized as the gateway to the 

brain and the central nervous system (CNS), the formulation of CNS-active drugs such 

as antiparkinson, anticonvulsants and CNS stimulants, into a convenient and efficient 

nasal dosage form is of continuing interest for pharmaceutical scientists. However, 

olfactory drug deposition is a major obstacle to ensure the clinical neuro-outcomes for 

nasal administration of these formulations. In addition, drug delivery to wet tissues such 

as the nasal epithelium lined with biological hydrogels is challenging, as the 

physicochemical features required for the delivery system to penetrate the mucosal 

network are often unsuitable for cellular uptake (Schneider et al., 2017; Yu et al., 2018). 

Polymeric nanoplatforms are regarded as superior amongst other delivery systems 

for CNS targeting via nasal route, due to their facile preparation and functionalization 

protocols, high loading capacity for a wide range of APIs, protection of their payload from 

deterioration and/or pumping out via efflux systems back to the nasal cavity (Rabiee et 

al., 2020). Moreover, their ability to exploit physiological transport mechanisms involved 

in the nasal route, overcoming mucus and epithelial barriers has demonstrated potential 

for application to NTBDD. 

Many reports aimed at producing polymeric nanocarriers for NTBDD utilizing natural 

polymers such as alginate (Sorrentino et al., 2020), chitosan (González et al., 2021) as 

well as synthetic poly(lactic acid) (PLA) (Su et al., 2020), polycaprolactone (PCL) (De 

Oliveira Junior et al., 2019) and poly(lactic-co-glycolic acid) (PLGA) (Dhas and Mehta, 

2021). Despite the outstanding success, most of the literature has provided a proof of 

concept for olfactory targeting via pharmacokinetic and pharmacodynamic studies in 

animal models which have been a debatable point, due to the anatomical and 

physiological differences to the dynamic characteristics of the human nose (Corley et al., 

2012). In addition, in the previous reports, the formulations were often instilled into the 

surrogate animal’s nostril using a pipette or microliter syringe. it is well known that the 

device used for intranasal administration along with other formulation- and patient-use-

related variables greatly impact inhaled formulation performance and therefore drug 

delivery differences for brain targeting. 
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Realistic physical nasal models have been attractive in vitro testing tools to screen 

the interaction between formulation, device and patient usage parameters and the 

consequent regional nasal deposition (Azimi et al., 2017). They offer a rapid and cost-

effective approach over in vivo testing for early product development and bioequivalence 

regulatory assessment between original and generic nasal products hence methods for 

nasal casts standardization and testing protocols optimization have been proposed 

(Suman, Laube and Dalby, 2006; Djupesland, P. G. and Skretting, 2012; Djupesland, P. 

G. , Messina and Mahmoud, 2020). 

This study is aimed at generating PLGA NPs for dispersion in hydrofluoroalkane 

(HFA) propellant and using a nasally applied pressurized metered-dose inhaler (pMDI) 

device for NTBDD. PLGA is an FDA-approved polymer, and one of the most attractive 

polymers used for drug delivery applications. It is biocompatible and biodegradable with 

a wide range of abrasion times, as such PLGA-NPs have been extensively studied as 

excellent carriers for a variety of small and macromolecules (Makadia and Siegel, 2011). 

pMDIs on the other hand, are portable and key aerosol devices used for the delivery of 

orally inhaled therapy, where a liquefied gas propellant (the bulk component of MDI 

formulation) is used to provide the driving force to break up droplets accommodating API 

alone or with excipients and subsequent aerosolization for targeted deposition (Myrdal, 

Sheth and Stein, 2014). 

To the best of our knowledge very few studies, if any, have considered HFA-based 

pMDIs devices as a potential for intranasal nanoformulation delivery for brain targeting. 

Newman et al. conducted in vivo study of the nasal distribution of radiolabelled particles 

(3.2 µm) dispersed in an MDI device. Within the studied particle size range, the majority 

of the dose (~80%) was detected at the anterior part of the nose and no significant 

radioaerosol was deposited beyond the vestibule towards the turbinates (Newman, 

Morén and Clarke, 1987). Although these findings suggest that nasal MDIs could neither 

be ideal for NTBDD nor general nasal disorder treatments, we were intrigued to screen 

the nasal deposition profile of nanoformulation-based pMDI. The use of nasal MDIs has 

several advantages that could push the efforts toward developing and commercializing 

HFA-based MDI nasal pharmaceuticals. In addition to their features as prevalent 

inhalation devices such as portability, accurate multi-dosing, cost efficiency, and 

resistance to humidity/microbial contamination, therefore unlike nasal pump sprays, 

nasal MDIs avoid preservatives added to the formulation which could cause swelling to 

nasal mucosa upon prolonged exposure. Moreover, asthma corticosteroid therapies 

could be directly applied for allergic rhinitis treatment, as such the same manufacturing 

and optimization protocols including the closure system can be followed. Another benefit 

is that with some nasal pump sprays, a dripping sensation could happen, but this is not 
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true for pMDI products which make them a system of choice for many patients (Stein et 

al., 2014). 

We hypothesize that suspended nano-formulations in HFA-based pMDIs have a 

great potential to enhance API deposition in the olfactory region in the nasal cavity and 

therefore NTBDD. To achieve this aim, there are some challenges while formulating 

pMDI suspensions which will be addressed in this chapter. First of all, most surfactant/ 

stabilizers commonly used in NP preparations to prevent particle aggregation, are poorly 

or even insoluble in HFA propellant, therefore, ethanol will be used as a co-solvent. 

Ethanol is a primary cosolvent often utilized to increase APIs/excipients solubility in pMDI 

formulation and to improve overall physical stability as well as valve functionality of the 

pMDIs (Myrdal, Sheth and Stein, 2014). However, a balance should be considered while 

using ethanol, as the rise of less-volatile excipients (in comparison to the propellant) will 

produce larger atomized droplets, retarding droplet evaporation rates and the 

subsequent respirable deposition (Buttini et al., 2014). In addition, creaming and 

sedimentation are two gravitational stability phenomena that could occur to the 

suspended particles upon density difference compared to the system, impaired shaking 

or firing-shaking delays, and typical inhaler errors in practice (Melani et al., 2011), which 

could therefore lead to a heterogeneous suspension gradient and poor emitted dose 

uniformity, as such high- or low-concentrated deliveries towards the end of the canister 

life (Chierici et al., 2020). Moreover, in contrast to solution formulations, the residual 

aerodynamic particle size distribution (APSD) which plays a key role in defining the 

amount and position of the aerosolized particles and thereby the inhaler efficacy, is more 

complex in suspension formulations (Sheth, P., Stein and Myrdal, 2015; Stein et al., 

2015). Although some useful mathematical models were proposed to predict the APSD 

of suspended pMDI formulations and optimize their performance (Sheth, Poonam, Stein 

and Myrdal, 2013; Sheth, P., Stein and Myrdal, 2015; Stein et al., 2015), these models 

are focused on pulmonary delivery, and yet do not put an end to the need of thorough, 

collateral in vitro testing of pMDI formulations. 

It was previously stated that a deep and slow (30 L/min) inhalation immediately 

following pMDI activation and then a breath-hold for more than 4 seconds are some of 

the recommendations to maximize the deposition of the emitted dose in the pulmonary 

airways while using pMDI devices. To avoid some potential however critical errors in 

pMDI application, especially with suspensions, the concept of a spacer or valve holding 

chamber was introduced in the 1950s, which helps to slow down the aerosolised particles 

and enhance further airway deposition of respirable particles (Vincken et al., 2018). 

In these studies, some of the general recommendations and administration 

techniques for ideal pMDI delivery (airflow hold, using a spacer, device insertion depth) 

will be screened in vitro using an in-house generated human nasal replica. Considering 
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the small area, the unique morphology of the nasal cavity and the ultra-fine size range 

of the particulate formulation, the outcomes of the studies will provide answers to follow 

this direction or not.  

 

3.1.1. Chapter aims  

The objectives of this chapter are illustrated in Figure 3.1 as follows: 

▪ To synthesise a carboxylic end capped PLGA copolymer and determine its key 

properties such as the molecular weight and the lactide: glycolide (L: G) ratio. 

▪ To synthesise a fluorescent PLGA by chemical conjugation (esterification) between 

fluorescein isothiocyanate (FITC) and the pre-prepared acid capped PLGA polymer. 

▪ To prepare PLGA NPs by conventional nanoprecipitation method and characterise the 

NPs in terms of particle morphology, hydrodynamic diameter, and surface charge. 

▪ To incorporate the PLGA NPs into an HFA134a propellant-based pMDI and investigate 

the best approach to do so in form of a dry powder, aqueous suspension alone or with 

EtOH as a co-solvent. 

▪ To monitor the particle integrity in terms of their size and shape within the HFA134 

propellant environment in the device using an aerosol deposition system and define the 

optimized pMDI-nanosuspension formulation.  

▪  To fabricate a multi-sectioned human nasal replica with different materials using Fused 

Deposition Modelling (FDM) 3D-printing for aerosol performance testing. 

▪  To evaluate the aerosol performance of a commercial pMDI-salbutamol suspension 

Ventolin® Evohaler in the nasal cast in order to explore the optimal experimental settings 

for the olfactory targeting in the nasal cavity.  

▪ To Investigate the regional nasal deposition of the PLGA NP-based pMDI formulation 

in accordance with the chosen settings in the Ventolin® Evohaler study as a point of 

comparison. 

▪ To evaluate the performance of a simple assembly as a new nozzle design in 

enhancing the nano-aerosol olfactory deposition along with other administration 

parameters such as breathing pattern and the number of actuations and conclude the 

potential of the proposed system for olfactory region delivery. 
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3.2. Materials and methods 

3.2.1. Materials 

For polymers synthesis: DL-lactide, glycolide, stannous octoate Sn(Oct)2, lactic acid, 

acid terminated poly(D,L-lactic-co-glycolic acid) (RG503H, lactide: glycolide 50:50, Mw 

24,000-38,000 Da), ester terminated poly(D,L-lactic-co-glycolic acid) (RG502, lactide: 

glycolide 50:50, Mw 7,000-17,000 Da), O-methyl polyethylene glycol (2k-mPEG), and 5-

fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich. Ethylenediamine 

(EDA), N-hydroxysuccinimide (NHS), 1,3-dicyclohexylcarbodiimide (DCC), anhydrous 

dichloromethane (DCM), diethyl ether, ethyl acetate (EtOAc), methanol (MeOH), 

anhydrous dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), deuterated chloroform 

(CDCl3), and deuterated acetonitrile (C2D3N) were purchased from Thermo-Fisher 

Scientific. 

For nanoparticle synthesis: poly(lactide-co-glycolide)-fluorescein (FITC-PLGA) 

(lactide: glycolide 50:50, Mw 10,000-20,000), Kollidon® 25, Tween® 80, Pluronic® F-127, 

and sodium chloride were purchased from Sigma-Aldrich, polyvinyl alcohol (PVA, 88% 

hydrolyzed, Mw 22000) was purchased from Acros Organics, egg phosphatidylcholine 

(Lipoid E PC S) was kindly gifted from Lipoid GmbH. 

Regional deposition in 

human nasal replica 

Integrity test with the 

aerosol exposure 

system 

aqueous nano-

suspension 

Surfactant 2 

Surfactant 1 

PLGA NPs 

FITC-PLGA 

EtOH 

HFA 134a 

propellant 

pMDI 

device 

Figure 3.1. A diagram summarizes the main objectives of this chapter. 
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For mucus simulant preparation Tween® 20, glycerol, and Brij® 35 were purchased 

from Sigma-Aldrich. 

For aerosol testing: 2H,3H-perfluoropentane (HPFP) was purchased from 

Fluorochem, Ventolin® Evohaler® 100 µg (salbutamol sulphate, GSK), Volumatic and 

Aerochamber VHCs (GSK), polylactic acid (PLA) and polyamide (PA) filaments (Ø 2.85 

mm) were obtained from Ultimaker, ethanol absolute (EtOH), acetonitrile (MeCN), 

acetone were all at analytical grade and purchased from VWR, Milli-Q water was used 

throughout the work (Millipore purification system, resistivity 18.2 MΩ.cm at 25 °C). 

  

3.2.2. pMDI device 

Standard uncoated aluminium pMDI canisters, 17 mL brim capacity (H&T Presspart 

GmbH & Co. KG, Marsberg, Germany), equipped with 50 µL ethylene propylene diene 

monomer (EPDM) metered valves (Aptar, UK) and 1,1,1,2-tetrafluoroethane (HFA 134a) 

at pharmaceutical grade (Mexichem, batch: RB19563-2) were used for modelling pMDI 

formulations. MRX002 polyethylene terephthalate (PET) transparent vials were obtained 

from Merxin Ltd, UK. 

 

3.2.3. The synthesis of polymers  

3.2.3.1. PLGA-COOH polymer 

Carboxylic acid end-capped polymer (PLGA-COOH) was synthesized according to 

Garner et al. with some modifications (Garner et al., 2015). Before the synthesis, the 

lactide and glycolide monomers, were crystallized three times by dropwise addition of 

EtOAc and THF respectively with cycles of heating (using a heat gun) and cooling (within 

a water bath). All starting materials were dried under vacuum for 24 h prior to use. Lactic 

acid (2.1 mg, 0.02 mmol) was used as an alcohol-carrying initiator for the ring-opening 

polymerization (ROP) and was firstly added to a 100 mL single neck round bottom flask. 

The monomers lactide (1.88 g,13 mmol) and glycolide (0.62 g, 5.38 mmol) were added 

subsequently. Stannous octoate (7.5 mg, 0.02 mmol) served as a catalyst and was used 

without purification as a 10% w/v solution in dried hexane to ease pipetting. The flask 

was sealed with a stopcock and purged under vacuum for 15 min to remove the solvent 

and air from the flask which was then heated to 170-180 °C and stirred under nitrogen 

for 30-60 min. The flask was opened, and the gel-like polymer mixture was dissolved in 

DCM under vigorous stirring and precipitated three times in ice-cold MeOH (three 

solvation-precipitation cycles) before finally drying under vacuum for 16 h at 20 °C. 

Finally, the product was stored at -20 °C.  
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3.2.3.2. FITC-b-PLGA copolymer 

FITC-PLGA was synthesised following the protocol of Kim et al. (Kim et al., 2005). In 

a typical reaction, a total mass of 100 mg (1.2×10-3 mmol) of the pre-synthesized PLGA-

COOH was dissolved in 5 mL anhydrous DCM and then esterified in the presence of 

DCC:NHS (1:1) (3.5×10-3 mmol) with continuous stirring under nitrogen. After 4 h, the 

resulting white precipitate was filtered off. Assuming the esterification reaction was 100% 

complete, the filtrate which contains the dissolved PLGA-NHS in DCM was collected and 

converted to amine-terminated PLGA (PLGA-NH2) by reaction with a 10-fold excess of 

EDA (0.7 mg, 11.6×10-3 mmol) in 5 mL anhydrous DCM for 4 h at 20 °C with magnetic 

stirring. The crude product was precipitated with cold diethyl ether, three cycles of 

dissolving (DCM) and precipitating with cold diethyl ether were carried out and the final 

compound was left to dry under vacuum for 16 h. The FITC-PLGA conjugate was 

synthesized by reacting PLGA-NH2 (0.6×10-3 mmol) with FITC (3×10-3 mmol) in 

anhydrous DMSO. The final product was dialyzed against water (SnakeSkinTM dialysis 

tubing, 3.5k MWCO) for 48 h at 4 °C. The precipitated FITC-PLGA was collected, washed 

three times with MeOH and dried by lyophilisation to be finally stored at -20 °C.  

 

3.2.3.3. mPEG-b-PLGA copolymer  

In a similar reaction to PLGA-COOH synthesis, the mPEG-PLGA diblock copolymer 

was prepared by ROP adopting the method of Liu et al. (Liu, P. et al., 2012). A total mass 

of 5 g (2.5 mmol) of mPEG was dried under vacuum for 16 h and used without further 

purification, D, L-lactide (130 mmol, 18.6 g) and glycolide (55 mmol, 6.4 g) were added 

to a 100 mL single neck round bottom flask with a magnetic stirrer bar. The catalyst 

Sn(Oct)2 (0.15 mmol, 0.06 g) was then added as a solution in dried hexane (0.2% w/v). 

The hexane was evaporated under vacuum before sealing and purging the flask with 

nitrogen. The reaction was kept for 3 h at 130 ± 5 °C within an oil bath. The final product 

was purified with repeated cycles of dissolving and precipitating in DCM and MeOH and 

finally drying under vacuum for 16 h at 20 °C and stored at (2-8 °C).   

  

3.2.4. Characterization of the polymers 

3.2.4.1. Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy was carried out using a 500 MHz Bruker Avance III spectrometer 

using MestReNova software (version 14.1.2-25024) equipped with 5 mm triple-axis-

gradient indirect and direct observations probes (BBI/BBFO) for both 1H NMR and 13C 

NMR. The lactide: glycolide molar ratio (ML: MG) of the synthesized PLGA was examined 

by 1H NMR spectroscopy. The PLGA sample was dissolved in CDCl3 (0.7 mL) for 

analysis and ML: MG was calculated by comparing peak integration (ʃ P) for each unit as 

follows (Garner et al., 2015): 
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𝑀𝐿 =
∫ 𝑃𝐿

∫ 𝑃𝐿 +  (∫ 𝑃𝐺 /2)
 

 

𝑀𝐺 =
(∫ 𝑃𝐺 /2)

∫ 𝑃𝐿 +  (∫ 𝑃𝐺 /2)
 

where PL and PG are the peaks associated with the 1H (-CH-) for lactide and 2H (-CH2) 

for glycolide.   

 

3.2.4.2. Gel permeation chromatography (GPC) 

The molecular weight of the synthesized polymers was determined by GPC using an 

Agilent 1260 GPC/SEC MDS equipped with three detectors: differential refractive index, 

viscometer and dual-angle light scattering. The elution was performed with a 1 ml/min 

flow rate of THF as a mobile phase across two columns: PLgel 5 µm MIXED-D 300 × 7.5 

mm (with a guard column PLgel 5 µm MIXED Guard 50 × 7.5 mm). Instrument calibration 

was performed using a series of polystyrene or poly(methyl methacrylate) (PMMA) 

standards. GPC also discloses data about the molecular weight spectrum or 

polydispersity index (PDI) (which is calculated as PDI = weight average molecular weight 

Mw / number average molecular weight Mn). These data are useful to predict drug release 

profiles from polymeric carriers. Before elution, polymer samples were first prepared by 

dissolving in chromatography grade THF (2 mg/mL) and passed through 0.45 µm PTFE 

and transferred into a 2 mL HPLC vial for analysis.  

 

3.2.5. Preparation of PLGA NPs  

Fluorescent PLGA NPs were produced at 20 °C by conventional nanoprecipitation 

as previously described, using two organic and aqueous miscible solvents (1:2 v:v). In 

brief, a 1% w/v solution of FITC-PLGA in acetone was prepared. Using a syringe driver 

coupled to a 0.8 (i.d.) x 40 (L) mm needle, 1 mL was added dropwise at 0.25 mL/min to 

2 mL Milli-Q water containing two surfactants PVA and PVP K25 0.5% w/v under 

continuous magnetic stirring (400 rpm). Then, the colloidal suspension was quickly 

diluted to 5-fold of NaCl solution 25 mM and kept for 2h until complete removal of the 

polymer solvent. The pellets were collected and purified from any excess of surfactants 

by three cycles of centrifugation (Beckman J2) at 20,000 rpm (using fixed angle rotor JA-

20.1) for 30 min at 20 °C and washing with Milli-Q water. Then, the particles were 

resuspended with 3 mL of Milli-Q water. filtered through a 0.45 µm filter to remove any 

accidental aggregates and then lyophilized by first snap freezing with liquid nitrogen and 

then dried for 16 h (Lyoquest-55, Azbil Telstar Technologies, Spain). Figure 3.2 shows 

the overall NP preparation process including the schemes for polymer synthesis. 



165 
 

 

3.2.6. Physiochemical characterisation of the PLGA NPs  

3.2.6.1. Dynamic light scattering (DLS) and laser doppler anemometry (LDA) 

The hydrodynamic size and PDI of the prepared NPs were measured at 20 °C in 

triplicate by DLS using Zetasizer Nano ZS (Malvern Instruments, UK) at a fixed angle 

(173°) and a 633 nm laser that precludes any light excitation for our fluorescent NPs. For 

the zeta potential, LDA was employed in Zetasizer Nano ZS (Malvern Instruments, UK) 

using DTS1070 cells. NPs suspension was sonicated (USC200TH, VWR) for 3 min 

before measurements. For accurate analysis, proper dilution of 1:400 (5 µL/ 2000 µL) 

with Milli-Q water was chosen to keep the particle count rate below 5×105 counts. Three 

measurements were performed for each sample and the data were reported as mean ± 

SD. 

 

Figure 3.2. Synthetic scheme for FITC-PLGA polymer synthesis with NP preparation setup. 

Sn(Oct)2, stannous octoate; x and y represent the repeating units of lactide and glycolide 

respectively; DCC, 1,3-dicyclohexylcarbodiimide; NHS, N-hydroxysuccinimide; and EDA, 

Ethylenediamine. 
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3.2.6.2. Electron microscopy analysis 

Surface morphology analysis of the NPs was investigated using field emission-

scanning electron microscopy FE-SEM (JSE-5200, JEOL, Japan). For suspended NPs, 

a 50 µL of the nanosuspension (in Milli-Q water or HPFP propellant model) was added 

directly on the mica surface, which was then left to dry for imaging preparation. For 

atomised pMDI-NPs the samples were directly aerosolised onto the mica as well as MCE 

membrane within the aerosol exposure system. The mica-based and membrane 

samples were placed on an aluminium stub with a carbon tape and allowed to dry for 16 

h under vacuum. Prior to imaging, chromium coating was applied by sputtering using 

(Quorum 150V S plus, UK). 

 

3.2.6.3. NP Quantitative analysis 

Quantitative determination of the particles was indirectly performed by detecting the 

fluorescence signal for the released FITC-PLGA chains after dissolving the particle. A 

predefined mass of the lyophilized NPs was dissolved in acetonitrile and serial dilutions 

were prepared. The correlation between fluorescence intensity and initial particle amount 

was analysed using a plate reader (CLARIOstar, BMG Labtech, Germany) to obtain a 

linear calibration curve.  

 

3.2.7. pMDI formulation  

An appropriate mass of the lyophilized NPs (0.1 or 0.2 % w/w of the total pMDI 

formulation) was resuspended in Milli-Q water (2% w/w) and transferred into 17 mL 

aluminium canisters. Ethanol (2%) as a cosolvent was subsequently added and a 50 µL 

valve was crimped onto the canister using a manual single-unit crimper (Laboratory Plant 

02016, Pamasol Willi Mäder AG). The balance of HFA134a propellant was filled through 

the valve using propellant filler and the final product was vortexed for 90 seconds. Clear 

transparent PET vials were used to visualise any occurring agglomerations. The 

canisters were stored with the valve facing down for at least 72 h at 20 °C to allow the 

valve to expand before aerosol performance testing. For consistent conditions, the 

devices were initially primed 3-5 times to waste in all experiments.    

 

3.2.8. Particle stability in HFA134a-based pMDI  

To further test the integrity of PLGA-NPs pMDI, particle collections from the spray 

mist were performed using an aerosol deposition system (Sample Collection Apparatus 

for FP/Salmeterol Powders, Cat. No. 8640, Copley Scientific, UK). The apparatus is 

commonly used for dose uniformity analysis for inhaled powders, however, in our study, 

it was fixed upside-down of its intended use to imitate the nasal delivery as demonstrated 

in Figure 3.3. A mixed cellulose esters membrane (MCE, Millipore, 1.2 µm) was placed 
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at the top of the glass tube - henceforth referred to as the exposure chamber - to receive 

the fired shot. A rotary pump was used to generate inspiratory flow, which was then 

manually adjusted to a flow rate of 15 ± 0.2 L/min by a calibrated flow meter (DFM 2000, 

Copley, UK) to simulate moderate breathing. A HEPA filter seperating the pump from the 

apparatus was intalled to trap any aerosolised particles escaping the system. Besides, 

a piece of mica as a substrate was placed on the membrane for collected particle imaging 

by SEM. Before aerosolization, the pMDI canister was firstly shaken by hand 5-10 times, 

sonicated for 90 s and then actuated manually into the exposure chamber using a 

bespoke nasal actuator Figure 3.4. Ten actuations per test were carried out to ensure a 

considerable particle amount was delivered to the receiver membrane. 

 

   

  

Pump 

Receiver 

membrane 

Flow controller 
pMDI device 

Flowmeter 

HEPA 

filter 

Figure 3.3. The setup for the aerosol exposure system for testing the stability of the 

NPs in the HFA134a-based pMDI. 

Figure 3.4. The pMDI device with the bespoke nasal actuator.  

pMDI canister 

Nozzle 

actuator 
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3.2.9. Aerosol performance 

3.2.9.1. Shot weights 

The canisters were shaken several times 5-10, sonicated for 90 seconds and primed 

before use until the shot weight was stabilized (approximately 4-5 actuations were 

needed). Using an accurate analytical balance (TB-323DS, Denver instrument) the 

weight difference between two actuations was measured by weighing the device before 

and after each actuation with the assumption that the formulation is homogeneously 

distributed in the device. 

 

3.2.9.2. Emitted dose/Single Actuation Content (SAC) 

The NP output from the canister after each actuation (six sets of five shots each) was 

determined by firing the formulation into a sealed glass vial which was kept untouched 

for 15 min. The vial was then rinsed thoroughly with MeCN to dissolve and recover the 

released particles. The collected solutions were concentrated to 1 mL and the fluorescent 

intensity, indicating the delivered NP dose was quantified using a plate reader 

(CLARIOstar, BMG Labtech, Germany) against standard solutions of known masses of 

NP dissolved in MeCN. The dose recovered from the nozzle was also considered. The 

device was oriented vertically during spraying to mimic patient inhalation and samples 

were taken from the beginning of the canister life (between 4 – 33 shot numbers). 

 

3.2.10. Aerosol deposition 

3.2.10.1. The nasal cast model 

The nasal model was based on the Carleton-Civic human nasal geometry (Liu, Y. et 

al., 2009) (Figure 3.5A). Based on geometric linear averaging, the model was 

standardised from a set of coronal CT scans taken as a part of the hospital examinations 

from thirty healthy individuals, 13 males and 17 females, adults aged between 17-78 

years and known to have normal nasal anatomy e.g., non-deviated nasal septum and no 

obstructing lesions. As for the subject ethnicity, no data was available, however, was 

expected to be unbiased and diverse according to the admission statistics of the 

associated health centre. The described nasal model was chosen since it reflects general 

population rather than representing a particular individuals which is the commonly 

followed approach in nasal aerosol deposition in vitro studies in the literature. Along with 

differences in aerosol properties, one factor that explains the possible poor in vitro - in 

vivo correlation in nasal deposition measurements, is the high variability in physiological 

and morphological parameters among individuals, and therefore, it is unlikely that nasal 

airway replicas derived from single individuals would benefit predicting nasal drug 

delivery for a wider population. Alternatively, the better university of an idealised cast 

created from a number of subjects would be extremely useful to accelerate nasal product 
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development (formulation and/or device) by overcoming the complexity and inter-subject 

variability of human nasal geometries, hence reducing the experimental burden. Indeed, 

in vitro deposition data of an aerosolised microparticles in the Carleton-Civic human 

nasal geometry showed good correlation with the in vitro data derived from different 

single individual-based models previously available in the literature (Liu, Y. et al., 2010). 

Ultimately, utilising a validated reference nasal geometry as an intermediate step to 

explore the ideal parameters would be more suitable to anticipate deposition profiles and 

guide the subsequent clinical nasal drug delivery trials. In addition, idealised geometries 

are generally more simplified than realistic ones and comprise fewer complex features 

and convolutions in a particular region which make experimental analysis considerably 

easier (Kiaee, M. et al., 2019). Furthermore, a single standardised nasal geometry could 

be a starting point to develop population subdivision-specific geometries for experimental 

as well as numerical aerosol deposition studies.  

As for this study, the CAD design of the final nasal model was created by Dr P De 

Bank using SketchUp Make software (version 17) with the inlet extended to enable 

connection to the inhaler device. The model was then enclosed within a casing and 

connectors were designed to fit on the inlet and outlet and then added to the model which 

then was exported as an STL file and opened in 3D Builder (version 18), where it was 

manually sectioned. Each part was saved as a separate STL file and imported back into 

SketchUp, where the whole casing was trimmed to minimize wall thickness (and hence 

print time), and holes for bolts were added along with pegs and holes to enable accurate 

locating of the pieces. Figure 3.5B displays the 3D model for the seven-section cast. 

Each piece (separated by the fine blue line in Figure 3.5B) was exported as a separate 

STL file ready for printing using fused deposition modelling (FDM) printing technology 

(Ultimaker 2+, Netherland). Although the stereolithography (SLA) process offers higher 

resolution and a smoother internal surface finish, the SLA resins have a short lifespan 

and tend to leach substances when exposed to the washing solvents used to recover 

the formulation from the cast model (Hughes et al., 2008).  

The printing material was chosen according to its solvent compatibility, mechanical 

properties, and durability: A PLA- and nylon made casts were fabricated where Tween® 

80 (0.01% w/v) in Milli-Q water and MeCN were used as rinsing solutions respectively. 

Figure 3.5C shows the seven printed sections of the PLA nasal model and Table 3.1 

presents the printing parameters for both materials/casts. 
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Figure 3.5. A) Carleton-Civic standardised nasal geometry, B) The 3D design of the seven-

sectioned nasal cast. C) the PLA-printed individual sections (between brackets refer to the 

3D-model), 1, vestibule (section 1); 2, nasal valve (section 2); 3, front turbinate (section 3); 

4, assembled front turbinates; 5, olfactory region (section 4T); 6, rear turbinates (section 4B); 

7, assembled rear turbinates with the olfactory region; and 8, nasopharynx (section 5). 
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Table 3.1. The printing parameters used for the nasal cast phototyping (Ultimaker 2+)  

 PLA Nylon 

Nozzle diameter 0.4 mm 0.4 mm 

Layer height 0.2 mm 0.2 mm 

Infill 100% 30% 

Extrude speed 45 mm/s 40 mm/s 

Nozzle temperature  210 °C 260 °C 

Build plate temperature 60 °C 60 °C 

Build plate adhesion  Brim  
Brim with Magigoo Pro PA (3D printing 

adhesive for polyamide) 

   

 

3.2.10.2. pMDI nozzle development  

It has been shown that the performance of aerosol droplets, and thus the pMDI 

trowperformance, when used for lung delivery is greatly influenced by the formulation 

properties together with the actuator design e.g. the orifice shape and length (Smyth, 

Hugh et al., 2006; Smyth, H. et al., 2006), the internal geometry and the size of the 

mouthpiece and using multiple but smaller nozzles (Duke et al., 2021). A similar effect is 

expected when using a pMDI device for targeted nasal drug distribution, and for that, a 

bespoke actuator design was developed and printed in-house (Figure 3.6A) to enhance 

the delivery of the ultrafine particles towards the uppermost olfactory region in the nose. 

The printed model was created with the help of Joe Turner, a PhD researcher in chemical 

engineering department, University of Bath. For the printing, the Form 3 printer, High 

Temp V2 Resin and PreForm software (FormLabs, UK) were used. The supports were 

automatically generated with a touchpoint size of 0.4 mm. The layer thickness was set 

at 0.025 mm. After printing, the part was washed in IPA using the Form Wash (FormLabs, 

UK) for 10 minutes. The part was then UV/Heat treated at 80° C for 2 h using the Form 

Cure (FormLabs, UK)  (405 nm light). Finally, the supports were removed by snapping 

at the touchpoint using a scalpel. The printed model was generated as a proof of concept 

for the efficiency of the initial assembly tested which is composed of a PLA-3D-printed 

actuator attached to a syringe needle (i.d. 1.6 x L 40 mm) representing a 37mm long 

nozzle (Figure 3.6B).  

As for the deposition test, the number of actuations was relatively high (n = 15-60) 

for each run, a lag time of 5 seconds whilst shaking was undertaken between actuations 

to prevent ice build-up on the nozzle. 
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3.2.10.3. Mucus simulants 

Different mixtures of mucus simulants previously reported in the literature were tested 

to wet the polymeric surface of the cast and improve particle deposition. The ideal 

simulant was chosen based on no interference with the tested formulation during 

fluorescence analysis. Each mucus model (150 µL) was added to a standard solution of 

the dissolved FITC-PLGA NPs (6 µg/mL), and fluorescence intensity was measured 

(CLARIOstar, BMG Labtech, Germany) against a control of a mucus-free FITC-PLGA 

solution (6 µg/mL). The tested mucus simulants were EtOH: glycerol 3:1 w/w, propylene 

glycol 1:1 w/w, Brij 35 1% w/v: glycerol: EtOH 15% w/v, Tween 20: MeOH 1% w/v, tween 

80: EtOH 1% w/v, span 80: EtOH 1% w/v and mucin-based mucus 4%. The simulated 

mucin-based mucus was prepared by suspending lyophilized type III porcine gastric 

mucin in isotonic phosphate buffer (pH 6.5) containing 0.02% w/v sodium azide as a 

preservative to prevent microbial growth in the buffer. The suspension was mixed for 24 

h at 4 °C. The undissolved residuals were removed by centrifugation at 800×g for an 

hour. The final reconstituted mucus solutions were stored at -20 °C before use. 

 

3.2.10.4. Aerosol distribution in the cast 

The aerosol deposition was investigated in the case of dry surface and mucus 

simulant-coated cast sections. For comparison and in order to choose the initial 

experimental setting, a Ventolin Evohaler 100 µg (GSK), microparticle suspension pMDI 

formulation was also investigated. All experiments were conducted by manual actuation, 

and repeated shaking by hand (5-10 times) between actuations was applied to avoid any 

delay and minimize the formulation creaming effect hence improving dose uniformity. 

Figure 3.6. A) The printed nasal pMDI-actuator, B) The initial 

tested assembly composed of 3D-printed actuator piece attached 

to a syringe needle (i.d. 1.6 x L 40 mm). 

A B 
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For each experiment, the pMDI device was primed three times prior to use. To attach 

the MDI to the cast, different configurations were examined; 3D-printed nose piece 

(Figure 3.4), 3D printed actuator with an induction port, a commercial spacer with a 

mouthpiece, 3D-printed valveless spacer with a mouthpiece and finally the proposed 

assembly shown in Figure 3.6B. Using a brush, the inner surface of the cast was coated 

with a mixture of EtOH: glycerol (3:1 w/w) as a mucus simulant, and to avoid loss of the 

mucus through the joint spaces between sections of the cast, the anterior and posterior 

surfaces of each section were coated with silicone grease (Korasilon® medium viscosity). 

The airflow was generated by connecting the cast to a rotary pump, which was controlled 

with a flowmeter. To prevent turbulence, the airflow was set before activating the pMDI 

device and a flush time (airflow hold following device actuation) was maintained for 5 

seconds. Finally, the cast was clamped at different positions according to the experiment 

with an optimized cast angle of 120° to the horizontal plane.  

A number of actuations (15, 30, 60 or 90) were carried out to ensure that the 

deposited formulation in each section was above the detection limit. In this study, the 

effect of a spacer use was also investigated where a valveless 3D printed tube-like 

extension (120 mm/166.3 mL or 60 mm/83.2 mL) was used to distance the pMDI from 

the nostril and further increase the deposition in the nasal cast. As a point of comparison, 

commercially available large volume-Volumatic® (750 mL) and medium-volume 

Aerochamber Plus® (149 mL) spacer devices (GSK) were also investigated. Following 

each run, the cast was disassembled into its seven sections and each section was rinsed 

thoroughly with suitable solvent using a pipette (as previously mentioned 0.01% Tween® 

80 in Milli-Q water when using PLA cast, and MeCN when using the Nylon cast). The 

solvent was removed via a rotary evaporator/lyophilization to further concentrate the 

sample to a final volume of 1 mL. Using a plate reader (CLARIOstar, BMG Labtech, 

Germany), the fluorescent intensity of the collected samples from each section was 

measured in triplicate and compared to the controls which were the collected samples 

from rinsing aerosol-free mucus-coated nasal cast. Based on the calibration line obtained 

by plotting FITC-PLGA fluorescence against mass, the total recovered dose and the 

distributed regional fractions were calculated as follows: 

 

Deposition fraction (%) =  
Individual section recovery

Total recovery from all sections 
 × 100 

 

 

Each experiment was repeated three times and expressed as a mean ± SD. As a 

final step, the cast sections were placed in a cleaning solution (Nalgene L900, Thermo 

Fisher) in a sonication bath and sonicated for 30 min, and lastly rinsed thoroughly with 
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70% ethanol and left overnight to air-dry for the next experiment. This type of 

experimentation has much potential variability and therefore, good control of parameters 

throughout the procedure, e.g., cast tilting, actuation angle, flush time, washing step was 

assured to improve the reproducibility between individual tests.  

 

3.2.11. Validation of olfactory region deposition  

In addition to the quantitative spectrofluorometric analysis for the washes collected 

from each section, the olfactory deposition was further verified qualitatively using the 1H 

NMR spectroscopy (500 MHz Bruker Avance III, USA), and the confocal laser scanning 

microscope (LSM 880, ZEISS, UK). The 1H NMR analysis was performed to detect the 

PLGA polymer residual in the olfactory section washes. The solvent was removed via 

evaporation and the dried samples were redissolved in deuterated MeCN and transferred 

into NMR tube to measure the proton NMR spectrum. The same procedure was followed 

for the vestibule section as a point of comparison since it is expected to contain a high 

concentration of NPs. For the confocal analysis, the dissolved samples were 

concentrated via evaporation and then placed on a glass slide with a cover slip on top to 

observe the fluorescent residues via the microscope.   

 

3.2.12. Statistical methods 

When applicable, statistical sample variabilities were evaluated using unpaired two-

tailed student’s t-test or one-way ANOVA followed by post-hoc Tukey’s HSD analysis 

using GraphPad Prism 9.4.1 software. All data were expressed as mean ± SD. When 

the p-value < 0.05, the differences across samples were considered statistically 

significant. 

Figure 3.7 shows the experimental process including the NP manufacturing, 

purification, lyophilisation, the pMDI formulation optimisation and the deposition studies 

in the nasal cast.  
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Figure 3.7. The experimental protocol throughout this study. The main objectives are represented 

in red. They include NP formulation, purification, lyophilisation, pMDI manufacturing, and the 

deposition studies in the nasal cast. The dashed line represents the unsuccessful  approach. 



176 
 

3.3. Result and discussion 

3.3.1. The characterisations of the synthesised PLGA polymers 

3.3.1.1. PLGA-COOH and PLGA-b-FITC  

The synthesis of PLGA with an acid end cap was performed by ROP where the 

terminal alcohol of lactic acid acted as a macrointiator in the presence of stannose 

octeoate and underwent random propagation with the monomers. Since glycolide is 

more reactive than L,D lactide it was used as ~30% molar ratio of the monomer feeds. 

In this experiment the highest conversion of the polymer was reached after 60 min 

reaction. By leaving the reaction beyond this point, discolouration started to occur with 

PLGA polymer turning from pale yellow to dark brown with time indicating increasing 

instability over the time under the experimental conditions. Discolouration is a common 

issue comes upon polyester synthesis when reaction proceeds at higher temperatures 

(> 180 °C) and for longer times due to side reactions (branching or unzipping) and 

polymer decomposition (Little et al., 2021). Polymer synthesis and the L:G ratios were 

confirmed by 1H NMR and compared with commercially manufactured PLGA-COOH 

(Resomer® RG503H, Sigma Aldrich). 1H NMR spectra of PLGA-COOH polymers are 

shown in Figure 3.8. The peaks at 4.82, 1.58, and 5.22 ppm correspond to (m, 2H; –

OCO–CH2–COO–) for glycolic backbone protons, (m, 3H; –OCO–CH(CH3)–COO–), and 

(m, 1H; –OCO–CH(CH3)–COO–) for lactic backbone protons respectively. By comparing 

peak intensity integrations at 4.82 ppm and 5.22 ppm the [L]: [G] molar ratio is 57:43.  

In contrary to small molecules and depending on the synthesis process, polymers 

display a range of molecular weights. The mean molecular weight as well as the 

distribution of the molecular weights are important polymer characteristics and should be 

defined. The molecular weight could be estimated by number average molecular weight 

(Mn) which is defined by the total weight of polymer molecules by their numbers. This 

parameter is  associated with the physical properties (e.g., osmotic pressure and boiling 

point) of the mixture rather than the size of single molecule/particle. The molecular weight 

(Mw) however, is defined by properties sensitive to the number and the size/weight of 

polymer molecules (e.g., light scattering). The Mw is biased to the chains with larger 

molecular weight which have greater contribution to the mean molecular weight. The Mp 

defines the molar mass of the value of the maximum peak of the polymer chromatogram. 

Finally, the dispersity (Ð) is characterised by either the molecular weight-distribution 

standard deviation or the Mw/Mn ratio (Margiotta et al., 2016). According to the GPC 

analysis, the retention time of the synthesised polymer PLGA-COOH was found to be 

13.9 min whereas Table 3.2 shows the described parameters, Mn, Mw, Mp and Ð. 
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As for the FITC-labelled PLGA copolymer, the synthesis was performed via direct 

reaction of FITC with the pre-synthesised carboxyl-capped PLGA after introducing an 

amine function (Figure 3.2). Figure 3.9 presents the 1H NMR for the fluorescent polymer 

where the fluorescein 10-aromatic protons were clearly observed between 6.5-8.0 of the 

spectrum (Figure 3.9 inset). The conjugation was further confirmed by the diffusion-

ordered NMR spectroscopy (DOSY) the 2D separation technique “chromatography by 

NMR” which distinguishes the 1H NMR signals correspond to different species in a 

solution depending on their diffusion coefficients hence sizes. The set of diffusion 

coefficients is extracted after measuring signal decays when different pulsed field 

strengths are applied (Li, D. et al., 2009). The 1H DOSY dataset for FITC-PLGA is shown 

in a 2D DOSY form in Figure 3.10. The spectrum of the two components; FITC and PLGA 

polymer have identical diffusion coefficient and is well separated from the CHCl3 solute 

residual in the diffusion dimension. The retention time was relatively similar to the PLGA-

COOH (13.8 min) indicating that no significant change in the polymer molar mass was 

occur following the reaction with FITC. Table 3.2 shows the molecular weight information 

for the FITC-PLGA conjugate, the observed increase in Mn, Mw and Mp for the FITC-

PLGA conjugate might be due to different factors related to the instrument, evaluation 

Synthesised PLGA-COOH  

Resomer® RG503H 

* 

y x 

c 

a 

b 

a 

b 

c 

Figure 3.8. 1H NMR spectra (500 MHz, CDCl3) of the PLGA-COOH synthesized by ROP with 

Sn(Oct)2 as catalyst and LA as initiator (a), and the commercially manufactured Resomer® 

RG503H (Sigma-Aldrich). The x and y in the polymer formula represent the repeating units of the 

monomers lactide and glycolide respectively. The asterisk corresponds to the residual solvent 

peak.   
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method, and data processing, which are described in detail in Kilz, P. book chapter (Kilz, 

2009). These factors can fundamentally influence the GPC data accuracy, precision, and 

reproducibility which could be addressed by proper method validation which was out of 

the scope of this study. Since the FITC linking was confirmed successful, the synthesised 

fluorescent polymer was used as a core material for the NP production. 

 

Abbreviations: I, initiator; LA, lactide; GA, glycolide, C, catalyst Sn(Oct)2; T, reaction time; Mp, the 

molar mass at the peak maximum; Mn, number average molecular weight; Mw, weight average 

molecular weight; and Ð, is the polydispersity index.    

 

 

 

 

 

 

 

Table 3.2. GPC data for Mp, Mn, Mw, and Ð of the synthesized copolymers   

 
Polymer 

Feed ratio (mol %) 
T (h) 

Molecular weight (g/mol) 
Ð 

I LA GA C Mp 

(calc)a 

Mn Mw 

PLGA-COOH 
0.1 70.6 29.2 0.1 0.5 

24700 19250 33000 1.7 

FITC-PLGA 28900 23500 36600 1.5 

mPEG-PLGA 1.3 69.3 29.3 0.1 3 18990 12700 23600 1.8 

Figure 3.9. 1H NMR spectra (500 MHz, CDCl3) of the PLGA-b-FITC synthesized by esterification 

reaction. The asterisk corresponds to the residual solvent peak. The inset shows the signals 

corresponds to the 10-aromatic protons of FITC between 6.5-8.0.   

a 

b 

c 

x y 

c 

a 

b 

* 

* 
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3.3.1.2. mPEG-b-PLGA 

The amphiphilic mPEG-PLGA copolymer was synthesised by direct conjugation 

between the mPEG, lactide and glycolide monomers. The alcohol end of mPEG acted 

as macroinitiator and with the presence of Sn(OCt)2 assisted the ROP with active chin 

end mechanism. The 1H NMR spectra is shown in Figure 3.11.  As mentioned for the 

carboxy-terminated PLGA, The peaks at 1.59 ppm and 5.21 ppm were ascribed to the 

lactic backbone protons, whereas the peak at 4.84 ppm was assigned to the glycolic 

backbone protons. mPEG proton peaks appear at 3.40 ppm (s, 3H; CH3O–) and 3.66 

ppm for the methylene groups (s, 2H; CH2-CH2O-). According to the peak intensity 

integrations at 4.84 ppm and 5.21 ppm, the [L]: [G] molar ratio is 68:32 which reflects the 

monomer ratios in the reaction feed solution. Similar to the FITC-PLGA, the conjugation 

between the two polymers; PEG and PLGA was confirmed by 1H DOSY experiment. 

Figure 3.12 displays that the aligned diffusion is in a good agreement with the 1H 

chemical shifts of each component. According to GPC data the PEGylated polymer 

elution time was 14.3 min, and the copolymer corresponding Mn and Mw were 12,700 

g/mol and 23,600 g/mol respectively, whereas the size dispersity was 1.8 indicating a 

range of molecular weights (Table 3.2). 

Figure 3.10. 1H DOSY NMR spectrum (500 MHz, CDCl3) of the FITC-b-PLGA shows the aligned 

main signals correspond to PLGA chemical shifts at 4.82 and 5.22 and to the aromatic proton 

chemical shifts of FITC between 6.5-8.0.  The asterisk corresponds to the residual solvent peaks.   

PLGA FITC PLGA 

* * 
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5 

 

Figure 3.11. 1H NMR spectrum (500 MHz, CDCl3) of the mPEG-b-PLGA synthesized by ROP 

with Sn(Oct)2 as catalyst. The asterisk corresponds to the residual solvent peak. 

a 

b 

c 

x y 

c 

a 

d 

z 

b 

d 

* 

Figure 3.12. 1H DOSY NMR spectrum (500 MHz, CDCl3) of the mPEG-b-PLGA shows the 

alignment of the main signals correspond to PLGA peaks at 4.84 and 5.22 and to the methylene 

groups of PEG at 3.66. The asterisk corresponds to the residual solvent peak. 

PLGA PLGA PEG 

* * 
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3.3.2. PLGA NP preparation, characterisations, and their integrity in HFA134a 

dispersion 

The PLGA NP formulations were mainly prepared by the conventional 

nanoprecipitation (also called solvent displacement) technique first developed by Fessi 

et al. According to Fessi, despite the simplicity of the process, particle formation includes 

complex interfacial polymer deposition phenomena between two miscible, unbalanced 

liquid phases such as diffusion, flow, and the decrease in surface tension (Gibbs-

Marangoni effect) which eventually leads to supersaturation, and generate ultra-small 

droplets of the organic solvent with high surface area, containing the polymer and 

encapsulating the payload molecule (Fessi et al., 1989). This method usually includes 

three basic elements, namely the polymer (natural or semi-/synthetic), the polymer 

solvent or the organic phase which should be miscible with the polymer non-solvent or 

the aqueous phase. The latter is usually water or buffer solution while the former could 

be acetone, EtOH, MeCN, THF, hexane or sometimes a binary mixture of solvents. Since 

AcOEt has the lowest boiling point among these and, thus, is easy to remove via 

evaporation, it is often the polymer solvent of choice when following this method. 

Parameters including polymer concentration, surfactant structure/concentration, solvent 

to non-solvent ratio, stirring rate, addition rate and addition order (organic to aqueous 

phase and vice versa) influence the properties of the produced NPs in terms of 

hydrodynamic diameter, surface charge and stability (Rao and Geckeler, 2011). For 

emulsification-based techniques, a single- (W/O or O/W) or double-emulsion (W/O/W or 

O/W/O) is first formulated by dispersing the polymer-containing phase (volatile water-

immiscible solvent e.g., DCM, chloroform, or ethyl acetate), within the continuous phase 

(typically water), which is then allowed to diffuse by evaporation and eventually the 

solvent droplets are converted into a suspension of nanoparticles. High energy 

techniques using a probe sonicator or ultra-speed homogeniser are commonly used to 

disperse the polymer solvent (Jenjob et al., 2019). Similar to nanoprecipitation, 

experimental parameters including the emulsion stabilising agent, mixing procedure and 

evaporation rate could influence the final particle properties. 

Preliminary attempts using unlabelled polymer were performed to optimize the 

procedure parameters and produce particles with tailored sizes (100-1000 nm) to further 

investigate their stability in the inhaler formulation. The overall aim for the pMDI-co-NP 

production process was to obtain an optimal delivered NP dose from the device within 

which the particles are intact and discrete. The first adapted approach was to introduce 

the NP formulations to the pMDI canister in a form of an aqueous suspension, where the 

particles were prepared, lyophilised, and then resuspended at a specified mass in Milli-

Q water to be added to the pMDI canister. This will be discussed in the following section. 
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3.3.2.1. PLGA NP-pMDI - The aqueous suspension approach 

Nanoprecipitation was followed as the main method for most prepared formulations 

except when failing to produce larger particles (> 300 nm), for which emulsion-based 

methods were applied. The nanoprecipitation method has advantageous features over 

other processes. It is an instantaneous one-step procedure with high reproducibility and 

offers NPs with narrow size distribution and high loading capacity for lipophilic molecules. 

The size of the prepared NPs is a very critical attribute in this study because it should be 

large enough to avoid the lower respiratory delivery deep down the lung, but small 

enough to diffuse through the nasal cavity and reach the targeted posterior olfactory 

region. Hence preliminary experiments were carried out to produce NPs with incremental 

and homogenous sizes in order to determine the optimum size for olfactory targeting. 

Table 3.3 shows the formulation parameters for eight formulations and their 

correspondent properties in terms of size distribution and surface charge. As mentioned 

above, the rationale behind the stated parameters is to increase the particle size within 

the range of interest (~100-1000 nm) employing nanoprecipitation method hence 

investigate NP size-nasal deposition association once delivered via a pMDI. 

Unexpectedly, instead of generating greater particle sizes when larger PLGA polymer 

was used (33,000 g/mol), particles with identical sizes were produced instead compared 

to the ~17,000 g/mol polymer (~147 nm for F2 and F3, Table 3.3), this could be due to 

the presence of the negatively charged carboxylate group per polymer chain for the 

PLGA-COOH which according to Reisch et al. can greatly reduce the polymeric NP sizes 

prepared via nanoprecipitation due to the increase of particle nucleation rates over 

growth and aggregation rates (Reisch et al., 2015). However, in disagreement with 

Reisch et al., the effect of the polar end group was greater when using Milli-Q water as 

a continuous phase (F1 ~107 nm) rather than using 20 mM of phosphate buffer (F2 ~147 

nm). One would expect that in a phosphate buffer environment the carboxylate groups 

on PLGA chains should be completely deprotonated, as such, bearing more charges and 

having a greater decreasing size effect than in water. This could be due to the larger 

polymer Mw (33,000 g/mol) compared to their study (24,000 and 7000 g/mol) which might 

have led to some conformations during polymer rapid precipitation leaving the polar 

groups less exposed to the surface.  

PEGylation approach was also followed to produce larger and monomodal particles. 

PEG at given density and configuration (e.g., brush, mushroom, loop, and pancake) is 

likely to increase NP sizes along with other advantages discussed in Chapter 1. In this 

study however, the hydrodynamic size slightly increased by ~15 nm with the PEGylated 

polymer, when all other parameters were kept the same (F4 compared to F1, Table 3.3). 

The slight increase likely to be due to the repulsion forces between particles when the 

PEG surface density is optimized; such density is achieved for smaller particles when 
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the Mw of the polymer is smaller (PLGA-P Mw 23,600 g/mol < PLGA-COOH Mw 33,000 

g/mol). However, when the polymer solvent was changed to THF instead of MeCN which 

is also known to increase the mean particle due to its higher boiling point, about 50 nm-

increase were obtained (F5 163 nm vs F4 121 nm, Table 3.3). In general, the fewer 

polymer/solvent interactions, the faster the diffusion (affinity) between solvent/non-

solvent and thus polymer precipitation becomes more efficient producing smaller 

particles (Beck-Broichsitter, 2021). Huang et al, determined the diffusion coefficient of 

acetone, MeCN, and THF in water by NMR with MeCN having the highest value (thus 

favouring the formation of smaller NPs) and THF having the lowest water diffusivity 

(Huang, W. and Zhang, 2018).  

As for the surfactants, In addition of being an excellent stabilising agent, PVA has 

also the effect of increasing NP sizes (Michailidou et al., 2020), hence it was considered 

in this study. Using PVA as a surfactant as high as 5% w/v in the dispersing phase did 

indeed increase the particle size (F6 ~195 nm, Table 3.3) however was still far smaller 

than the intended size range (> 300 nm).  

Overall, although similar trend as reported in the literature in terms of enhancing NP 

sizes using different parameters with nanoprecipitation (the core polymer, PEGylation, 

low volatile polymer solvent and bulky surfactant), producing NPs > 300 nm was not 

possible with the nanoprecipitation method and therefore O/W emulsification was 

employed to prepare larger particles. For that PVA was maintained as a stabiliser of 

choice as it overperformed PF-127 in such role. The addition of surfactants is not 

essential for NP formation via nanoprecipitation and surfactant-free particles could be 

obtained (Lepeltier, Bourgaux and Couvreur, 2014). However, the choice of the 

surfactant in this study was mainly based on their efficiency in stabilising the particle over 

a long storage period or during the purification and lyophilisation process. Pluronic F-127 

was used at a relatively low concentration (0.1% w/v) here compared to other studies; 

(2%) (Salatin et al., 2017), (~1.2% w/v) (Albisa et al., 2017), and consequently in most 

of the prepared batches it failed to preserve the particles morphology after lyophilisation 

even when PEGylated-PLGA was used (F1-F5), and clear aggregates were formed after 

redispersing the NPs and therefore, PVA was used instead as a stabilizing agent in the 

continuous phase.  

Sizes of 547 and 1035 nm (F7 and F8, Table 3.3) were obtained with single emulsion 

(O/W)-solvent evaporation protocols described by Choi et al using DCM as a polymer 

solvent and an ultra-speed homogeniser at 30,000 rpm for 5 min to generate the 

polymeric droplets before removing the solvent via evaporation (Choi et al., 2014). Since 

emulsifications techniques produce wide size distribution, extra purification steps via 

gradual centrifugation were carried out to ensure narrow size distribution with a PDI of 

0.02 and 0.17 for F7 and F8 respectively.  
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Abbreviations: OP, organic phase, AP, aqueous phase; PB, phosphate buffer; S, surfactant.  

PLGA-COOH, the acid capped PLGA synthesised for FITC conjugation (MW 33,000 g/mol, L:G 57:43). 

PLGA-P, PLGA-PEG MW 23,600 g/mol, L:G 68:32. 

RG502, ester terminated PLGA, Resomer® RG502 MW 7,000-17,000 g/mol, L:G 50:50. 

PF-127, Pluronic® F-127.   

 

 

 

 

  

Table 3.3. Process parameters for NP preparation with increased sizes to be introduce as an aqueous suspension into the HFA134a-based inhaler. 

Batch Polymer (%w/v) OP AP OP:AP S (%w/v) Z-Ave (nm) ζ (mV) 

F1 PLGA-COOH 0.2% MeCN MQ-H2O 0.1 PF-127 0.1% 107.5±0.4 -31.2±0.5 

F2 PLGA-COOH 0.2% MeCN PB 7.4 0.1 PF-127 0.1% 147.7±1.8 -34.9±1.5 

F3 RG502 0.2% MeCN PB 7.4 0.1 PF-127 0.1% 146.8±2.2 -31.2±0.5 

F4 PLGA-P 0.2% MeCN MQ-H2O 0.1 PF-127 0.1% 121.4±0.9 -35.9±0.8 

F5 PLGA-P 2% THF MQ-H2O 0.1 PF-127 0.1% 163.4±1.5 -27.6±0.3 

F6 PLGA-P 2% THF MQ-H2O 0.5 PVA 5% 194.5±1.3 -20.3±0.3 

F7 RG502 0.5% DCM MQ-H2O 0.3 PVA 1% 546.8±6.0 -19.1±0.1 

F8 RG502 2% DCM MQ-H2O 0.2 PVA 1% 1035.2±0.02 -29.2±0.5 
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As for the surface charge, the overall tendency of the prepared NPs showed a 

negative surface charge ≤ -20 mV as expected for an anionic polymer as 

PLGA/deprotonation of particle surfaces bearing carboxy groups. Since all the formed 

particles described above were spheres with smooth surfaces, negatively charged, and 

were intended to be added in a form of aqueous suspension to the pMDI device with the 

propellant, only formulations highlighted in blue in Table 3.3 were considered for 

aerosolization testing as an aqueous suspension to include sizes of ~ 147 nm (F4), 195 

nm (F6), 546 nm (F7), and 1035 nm (F8).  

For the HFA134a dispersion, the selected batches were first lyophilized as previously 

described in section (2.5), the dry cake (0.1 % w/w) was then redispersed in 200 µL Milli-

Q water which counts for 2% w/w of the total pMDI formulation. The aqueous 

nanosuspension for each four formulations was hand-filled into the canisters, crimped 

sealed and then filled with the balance of HFA134a with an average of 10.5 ± 0.8 g. The 

prepared pMDI devices were rested in upright position with the valve facing down for at 

least 3 days prior to use. 

The aerosol exposure system described in section 3.2.8 was used to collect the 

aerosolized samples on the MEC membrane and mica substrate to confirm their integrity 

within the canisters. The samples were prepared for SEM imaging as described in 

section 3.2.6.2 and the images are presented in Figure 3.13. While mixing the aqueous 

nanosuspension with the propellant preserved the NPs for all sizes, an inconsistent 

delivered dose was noticed. Out of 10 actuations, very few detectable particles in the 

sprayed mist were observed for some formulations (Figure 3.13A2 and D2) whereas a 

high load was delivered for others (Figure 3.13B2 and C2). A correlation between the 

particle size and the delivered dose was not apparent. This might be due to the particle 

mass variations between different formulations which were assumed to be unaltered 

during NP preparation and purification steps. Density differences and thus formulation 

creaming effects might have occurred within a relatively short time. One study reported 

the significance of this effect for suspension-pMDI formulations where high variability 

between an increase up to 380% and a decrease down to 32% of the claimed label dose 

was observed in case of any shake-fire delay (Chierici et al., 2020).   

Although alternating shake-fire cycles were followed in this study, the NP suspension 

might have still creamed within a matter of seconds due to its aqueous nature and 

therefore minor firing delays could impact the received dose close to minimal in some 

cases, especially with the relatively low NP load for the studied formulations. As a result 

of the presented data, and in order to maintain particle stability and simultaneously 

improve aerosol performance, another approach rather than the aqueous one was 

explored in the next section.  
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Figure 3.13. FE-SEM images for the collected NPs of varied sizes; A for F4, B for 

F6, C for F7, and D for F8 using the aerosol deposition system on the receiver 

membrane (left) and the mica substrate (right). The scale bar is 1 µm. The arrows 

refer to the observed particles. 
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3.3.2.2. PLGA NP-pMDI – The dry powder approach 

The poor particle delivery efficiency when Introducing the aqueous nanosuspension 

into the pMDI formulation is more likely due to the creaming effect of the particle-

containing phase along the overall low loaded dose which might have led to the particle 

adsorption onto the canister and valve. Since addressing the low payload was rather 

laborious, producing a homo-dispersion where the nanoparticles are freely suspended 

in hydrofluoroalkane propellant without any other additions seemed to be extremely 

challenging, but ultimately once achieved, it would improve the physical stability of the 

final pMDI formulation hence excellent aerosolization efficiency and dose uniformity. The 

current approach focuses on producing NP lyophilisate designed to be directly dispersed 

in the HFA134a propellant and hence a pure pMDI nanosuspension formulations for 

inhalation. To the best of our knowledge generating such form is a novel technique to 

follow and the proposed formulations in the literature are all relying on including co-

solvents to produce nano-sized particles in HFA134a propellant.     

Historically, the use of HFAs as alternative nonozone-depleting propellants has been 

problematic due to the very limited solubility of surfactants commonly employed to 

stabilise pMDI-suspension formulations. As a result, co-solvents such as EtOH have 

been utilized. However, the inclusion of EtOH is more likely to be disadvantageous for 

certain formulations, for example, containing biological therapeutics or nanoparticles, 

and it might also cause a damaging effect at a later stage of in vitro evaluation tests on 

cells/tissues of interest. In addition, due to its low volatility, it may reduce the vapour 

pressure of the system and ultimately the overall aerosol performance. Therefore, even 

though producing a pMDI inhaler that contains self-dispersible NPs in the hydrophobic 

HFA propellant might seem dreadfully challenging, it is desirable. Several studies 

reported innovative methods to produce pMDI nano-formulations for pulmonary drug 

delivery. Li et al developed drug nanoparticles (salbutamol and insulin), that were smaller 

than 50 nm, and generated from a spray-dried water/isooctane (W/O) microemulsion, 

where the water was the drug-containing phase. The microemulsion was stabilised with 

lecithin and using isopropanol as a cosolvent and the spray-dried particles were first 

dispersed in 8% v/v pentane with the balance of HFA134a propellant was added for the 

final pMDI formulation (Li, H.-Y. and Xu, 2017). Using a similar concept, and to overcome 

sedimentation instability of salmon calcitonin peptide in a pMDI, an anhydrous reverse 

micelle system was developed by Huang, Z. et al. The micellar nanoparticles were 148 

nm in diameter and were generated by a simple stirring of a lecithin-tertiary butyl 

alcohol/water system, which was then lyophilised and inverted by adding EtOH to the 

lyophilisate followed by sonication. The peptide-containing pMDI formulation was 

prepared with a EtOH:HFA134a ratio of 0.79:10 and >12-week stability was achieved at 

4-6 °C (Huang, Z. et al., 2017). 



188 
 

Despite the above-mentioned systems being different from the approach in this 

study, it is intriguing to investigate if the surface chemistry of the particles i.e., the NP 

surfactant shell, might enhance their stability to some extent. In addition, with the aid of 

the propellant force, there might be a possibility for any likely formed aggregates to 

dissociate, improving their aerosolization performance for targeted olfactory nasal 

deposition. To explore this possibility further, the formulations were prepared, 

lyophilised, and within a glass vial were redispersed in 2H,3H perfluoropentane (HPFP) 

solvent as a surrogate propellant for HFA134a. The formulation predicted stabilities were 

visually examined by noticing any phase separation or particle aggregation, in addition 

any occurring NP growth was determined in HPFP suspensions by DLS, and SEM. HFPF 

is an alkane which is partially fluorinated and has a low number of hydrogen substituents. 

Its physical properties were previously defined and compared to pMDI propellants (HFA 

134a and HFA 227) by Rogueda G.A.P., and were found to be similar, especially in terms 

of pharmaceutical excipient solubilities with the advantage of HPFP being a non-volatile 

solvent suitable for testing under standard conditions in laboratories (boiling point 53.6 

°C) (Rogueda, 2003). 

Unless stated all the formulations (Table 3.4) were prepared by nanoprecipitation  

and the selection of the surfactants was based on the balance between: 1. ensuring good 

particle stability during the preparation process, and 2. sufficient HFA134a propellant 

(HPFP propellant model for this experiment) affinity. The latter could be achieved by the 

probability of H-bonding between the particle surfaces and charge-positive hydrogen 

substituents adjacent to the electron-withdrawing fluorine atoms according to the 

literature (Ridder, Davies-Cutting and Kellaway, 2005). HFA134a is a low dielectric 

solvent (ɛ20 = 9.46) whereas the surrogate propellant HPFP (ɛ25 = 15.05) (Rogueda, 

2003), and therefore particle electrostatic stabilization should be insignificant. However, 

particle charging and the subsequent physical stability due to the absorption of trace 

impurities or H+ exchange in non-polar solvents is a valid theory but often is overlooked 

(Kosmulski, 1999; Jones, S.A., Martin and Brown, 2006). Table 3.4 shows the process 

parameters and Table 3.5 shows the size distribution and surface charge values 

determined by DLS for the as-prepared NPs and when lyophilised and redispersed in 

the model propellant (HPFP) in comparison to the aqueous nano-suspension. 

As a starting point, pristine particles with no added surfactants showed monomodal 

size distribution when freshly prepared. However, obvious aggregates were observed for 

the dispersed lyophilisate in both water and HPFP (Figure 3.14A). As stated above, 

surfactants might not be necessary for generating the NPs via nanoprecipitation but are 

required for stabilizing them during long time storage and for any additional harsh 

procedure like lyophilisation. Similarly, the 2k-PEGylation of PLGA followed to produce 

the NPs (FPEG) via nanoprecipitation by simple addition 2k-PEG-OCH3 into the aqueous 
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dispersing phase, failed to preserve the 125 nm-particles in both solvents, water and 

HPFP (Figure 3.14B). For the aqueous solvent, this could be explained by the insufficient 

anchoring of PEG chains on particle surfaces and thus low PEG density on the NP 

surfaces and poor stability. As for the HPFP, although PEG is known to have relatively 

good propellant solubility (PEG 1000 ~2% w/w) (Myrdal, Sheth and Stein, 2014), 

increasing the PEO chain was reported to significantly limit the solubility of PEG in HPFP 

as well as in HFA propellants, as such PEG-2k did not preserve the NP morphology in 

HPFP here either (Rogueda, 2003; Ridder, Davies-Cutting and Kellaway, 2005).  

To overcome the possible low surface density of PEG, the conjugated PLGA-PEG 

(as synthesised in section 3.2.3.3) was used instead of polymer solvent addition to the 

PEG containing phase, and PVA (1% or 2% w/v) was included in the continuous phase 

(FPPVA1 and FPPVA2). PVA is one of the leading excipients used to stabilise polymeric 

nanoparticles by forming a linked network with the polymer chains at the interface 

between the solid surface and the liquid dispersant (Cortés et al., 2021). The two PVA 

concentrations (1% or 2% w/v)  were tested in parallel to examine if the stabilisation 

effect is concentration dependant under the experimental settings of this study. Figure 

3.15 shows a blue-opalescent colloidal aqueous suspension indicating that PVA did 

indeed protect the particles during the purification and lyophilisation processes. By 

doubling PVA concentration (2%) only a 37 nm size increase was observed after 

lyophilisation (176 nm to 213 nm) compared to ~370 nm (167 nm to 539 nm) when 1% 

PVA was used. However, for the HPFP, both PVA concentrations produced obvious 

aggregates as shown in Figure 3.15A and B. 

 

  

Figure 3.14. Photographs for the dispersions of the lyophilised pristine- (A), and 

FPEG NPs (B) in the water and the model propellant HPFP. 

Pristine (HPFP) Pristine (water) FPEG (HPFP) FPEG (water) 

A B 
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Abbreviations: OP, organic phase; AP, aqueous phase; S, surfactant. 

PLGA-P, PLGA-PEG MW 23,600 g/mol, L:G 68:32. 

RG502, Resomer® RG502, ester terminated PLGA MW 7,000-17,000 g/mol, L:G 50:50. 

RG503H, Resomer® RG503H, acid terminated PLGA MW 24,000-38,000 g/mol, L:G 50:50. 

* FPPC prepared by O/W emulsification where PC:PLGA 1:2 solution in DCM was the homogenised with 1% PVA aq. solution at 15k rpm for 20 min and then the O/W 

emulsion was poured into 3% PVA aq. solution with magnetic stirring to remove the solvent and solidify the NPs.   

 

Table 3.4. The process parameters to prepare stable nano-formulations by nanoprecipitation method with the best compatibility with the model propellant HPFP 

Batch Polymer (%w/v) OP AP OP:AP S1 (%w/v) S2 (%w/v) 

Pristine RG502 1% ACN Milli-Q water 0.5 - - 

FPEG RG503H 1% ACE Milli-Q water 0.5 mPEG 2000 2% - 

FPPVA1 PLGA-P* 1% ACE Milli-Q water 0.5 PVA 1% - 

FPPVA2 PLGA-P* 1% ACE Milli-Q water 0.5 PVA 2% - 

FPVPVA0.25 RG502 1% ACN Milli-Q water 0.5 PVP-K25 0.25% PVA 0.25% 

FPVPVA0.5 RG502 1% ACE Milli-Q water 0.5 PVP-K25 0.5% PVA 0.5% 

FPVPT800.5 RG502 1% ACN Milli-Q water 0.5 PVP-K25 0.25% Tween 80 0.5% 

FPVPT801 RG502 1% ACN Milli-Q water 0.5 PVP-K25 0.5% Tween 80 1% 

FPVPT802 RG502 1% ACN Milli-Q water 0.5 PVP K25 0.5% Tween 80 2% 

FPVPF1270.5 RG502 1% ACN Milli-Q water 0.5 PVP K25 0.5% Pluronic F-127 0.5% 

FPVPF1271 RG502 1% ACN Milli-Q water 0.5 PVP K25 1% Pluronic F-127 1% 

FPPC* RG502 0.66% DCM Milli-Q water 0.33 PC PVA 1%-PVA 3% 
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* Following lyophilisation 

  

Table 3.5. The size distribution and surface charge values determined by DLS for the prepared formulations, lyophilised and resuspended in water and HPFP 

Batch Z-Ave (nm) PDI Z.P. (mV) Z-Ave (nm) (water)* PDI (water)* Z-Ave (nm) (HPFP)* PDI (HPFP)* 

Pristine 170.5 ± 1.1 0.07 ± 0.02 -35.0 ± 2.0 ND ND ND ND 

FPEG 125.1 ± 1.4 0.12 ± 0.01 -26.0 ± 0.6 ND ND ND ND 

FPPVA1 166.5 ± 2.1 0.06 ± 0.02 -6.4 ± 0.3 538.7 ± 14.4 0.33 ± 0.03 ND ND 

FPPVA2 176.1 ± 1.7 0.05 ± 0.02 -7.1 ± 0.7 212.9 ± 1.1 0.17 ± 0.01 ND ND 

FPVPVA0.25 194.1 ± 0.8 0.05 ± 0.02 -7.5 ± 0.6 1216.3 ± 58.5 0.60 ± 0.1 2752.5 ± 513.9 0.5 ± 0.26 

FPVPVA0.5 190.5 ± 1.7 0.05 ± 0.01 -3.6 ± 0.5 349.3 ± 9.7 0.38 ± 0.03 2184.7 ± 477.9 0.35 ± 0.04 

FPVPT800.5 186.7 ± 1.6 0.08 ± 0.02 -26.1 ± 0.01 ND ND ND ND 

FPVPT801 192.3 ± 0.6 0.06 ± 0.01 -32.6 ± 0.7 ND ND ND ND 

FPVPT802 183.6 ± 1.1 0.09 ± 0.02 -25.0 ± 0.33 ND ND ND ND 

FPVPF127 0.5 186.8 ± 0.4 0.07 ± 0.02 -23.1 ± 0.3 ND ND ND ND 

FPVPF1271 216.4 ± 1.8 0.06 ± 0.01 -20.0± 0.4 ND ND ND ND 

FPPC 411.5 ± 7.3 0.24 ± 0.002 -13.3 ± 0.7 385.9 ± 4.7 0.2 ± 0.01 1946.7 ± 86.2 0.12 ± 0.04 
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Although 2% PVA was required for better stability during particle production, as a 

hydrophilic polymer with low solubility, such a concentration might be too high in non-

aqueous solvents and might have led to surfactant aggregation, a phenomenon 

described by Ridder et al for other surfactants where small pre-aggregates reshaped into 

spherical aggregates at higher surfactant concentrations (Ridder, Davies-Cutting and 

Kellaway, 2005). In a previous study, the addition of PVA into spray-dried enzyme 

particles improved the suspension stability in HFA134a-based pMDI for 26 weeks (Liao, 

Y.-H. et al., 2005). PVA was shown to function as a “sacrificial molecule” against any 

stress caused by high interfacial tension during the spray-drying process and was 

successfully employed to protect labile biologics. In another study, a combination of PVA 

and trehalose preserved 85% of spray-dried microparticles of deoxyribonuclease I when 

used (1:1:1) in HFA 134a-based pMDI, whereas 100% was retained when PVP was also 

included (1:1:1:1). PVA and PVP composite exhibit greater hydrophobicity than each 

polymer independently, and thus the surfactant orientation would be rather towards the 

interface while simultaneously associated with the protein hydrophobic regions. The 

assumed conformation along the likely particle surface charging by particle-propellant 

proton exchange did indeed protect such a highly denaturation-susceptible molecule 

during the harsh process of spray drying, and when suspended in HFA solvent (Jones, 

S.A., Martin and Brown, 2006). To investigate if a PVA/PVP combination would induce 

similar stabilisation effect for PLGA-NPs, FPVPVA0.25 (0.25% PVP-K25, 0.25% PVA), 

and FPVPVA0.5 (0.5% PVP-K25, 0.5% PVA) were prepared. Medium molecular weight 

PVP-K25 was reported to have low but defined solubility in pMDI propellants > 0.1% w/w 

(Myrdal, Sheth and Stein, 2014). This, however, could lead to “solvation effects” and 

Figure 3.15. Photographs for the dispersions of the lyophilised FPPVA1- (A), and 

FPPVA2 NPs (B) in the water and the model propellant HPFP. 

FPPVA1 (HPFP) FPPVA1 (water) FPPVA2 (HPFP) FPPVA2 (water) 

B A 
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enhance steric stabilisation through limited polymer chain extension at the particle 

surfaces towards the HFA propellant. As it is shown in Figure 3.16A for both 

concentrations, and in parallel with the aqueous suspension, a homogenous appearance 

of one phase suspension in HPFP which remained stable over 1 h (Figure 3.16A), 

indicated that the formulation-HPFP density balance was achieved.  

This initial visual examination seemed promising and might be the true reflection of 

the suspension behaviour in HFA134a as the densities between the two solvents are not 

so different (HPFP d20 = 1.583 and HFA134a d25 = 1.208). However, DLS (Table 3.5) 

and FE-SEM (Figure 3.16B) data showed that for both concentrations, particle 

agglomeration occurred in HPFP with a size range of ~ 2.1-2.7 µm. Despite PVA having 

limited propellant solubility, its inclusion was essential to produce stable particle 

lyophilizate. In another formulation, using Tween 80 as a surfactant, did not also preserve 

the NP morphology during lyophilisation even at high concentrations of 2% (FPVPT800.5, 

1, 2). Similar outcomes were obtained with using 0.5% and 1% Pluronic F-127 

(FPVPF1270.5, 1). 

In another attempt to produce stable NP dispersion in HPFP, hybrid polymeric/lipidic 

NP formulation (FPPC) using emulsion solvent evaporation method and containing 

phosphatidylcholine (PC) from egg: PLGA (1:2) was also tested for their dispersion in 

HPFP and stability thereof. The hydrophobic PC has low surface energy and thus might 

promote NP stability by decreasing the attractive forces between particles (Tarara et al., 

2004). The particles remained within the same size range after the FD (~385-411 nm) 

and a one-phase colloid was obtained in HPFP (Figure 3.17A). Similar to the FPVPVA 

formulation, DLS and FE-SEM data were consistent and indicated the formation of 

particle clusters of around 1.9 µm in the non-aqueous solvent (Figure 3.17B). 

Although we speculate that the relatively small aggregates (< 3 µm) of 

FPVPVA/FPPC formulations in the model propellant may break up into their discrete 

nanoparticles with the aid of the propellant energy when aerosolized, the outcomes of 

the dry powder approach were not ideal and further investigations were needed to avoid 

forming bulky aggregates. As such, the described protocol was not considered further. 

From these data, FPVPVA0.5 was better more effective than FPVPVA0.25 against 

the lyophilisation process (191 nm to 349 nm size increase vs 194 nm to 1216 nm, Table 

3.5), Hence, these conditions were  used to optimize a  an aqueous/ethanolic suspension 

of fluorescent 200 nm NPs for dispersion in HFA134a and to be studied further for their 

aerosol performance in the nasal cast.  
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Figure 3.16. A) Photographs for the dispersions of the lyophilised FPVPVA0.25 and FPVPVA0.5 

NPs in the water (left), the model propellant HPFP at t = 0 (middle), and the model propellant 

HPFP at t = 1h (right). B) FE-SEM photographs show cluster of particles for FPVPA0.5 in HPFP. 
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Figure 3.17. A) Photographs for the redispersed the lyophilized FPPC NPs in the 

water (left), and the model propellant HPFP (right). B) FE-SEM photographs show 

cluster of particles for FPPC in HPFP. 
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3.3.2.3. Fluorescent PLGA NP-pMDI – Aqueous suspension in HFA/EtOH mixture 

Fluorescent FITC-PLGA NPs were prepared for the optimized pMDI-formulation. 

Along with single emulsion solvent evaporation method (O/W), nanoprecipitation is the 

most commonly used protocol to encapsulate lipophilic compounds. Since FITC is a 

relatively lipophilic molecule (log P 5.25) (Shah, D. et al., 2019), both methods could be 

used to produce FITC-encapsulated PLGA NPs. While this approach is likely to produce 

small and ultra-bright particles with high dye loading capacity, it might not reflect the 

deposition of the particles themselves during in vitro testing. Instead leaked/released dye 

from degraded/dissolved NPs may result in misinterpretation of particle distribution 

(Zhukova et al., 2021). Therefore, an alternative “covalent” strategy following the 

nanoprecipitation process parameters previously described for the optimised 

FPVPVA0.5 formulation (Table 3.4) but using the synthesized FITC-b-PLGA instead of 

Resomer® RG502 was employed. The FITC-PLGA particle size distributions for all the 

batches prepared throughout the study were recorded by DLS within the range of 187 - 

203 nm with narrow dispersity PDI ≤ 0.1, whereas the particle surface charge was 

negative within the range of -15.1_-9.3 mV. For the preparation of pMDI-formulations, A 

water-EtOH-HFA134a system was used to aid particle suspension in the propellant and 

enhance the delivered dose, the equally important aim, however, was to minimize the 

solvent content (water and EtOH) and thus particles trajectories and deposition would be 

solely driven by their morphological characteristics while preserving their integrity in the 

inhaler. Table 3.6 shows the experimental design for FITC-PLGA NP-pMDI.  

 

 

Two levels of the NP content (0.04 and 0.1% w/w) and three levels of water (0.5, 1, 

2% w/w) were used whereas the amount of EtOH was kept the same (2% w/w) of the 

total formulation weight. Initial visual examination revealed a creaming effect for all 

batches (Figure 3.18); this is because the NP formulation is less dense than the 

propellant due to the high mass ratio of the latter (> 96% w/w). The particles, however, 

seemed to be easily redispersed by a few cycles of manual shaking (3-5) and the 

Table 3.6. PLGA NP-pMDI formulation composition, the highlighted batch is the optimized one 

Batch 
PLGA  

(%w/w) 

Water 

(%w/w) 

EtOH 

(%w/w) d 0.791 

HFA 134A 

(%) d 1.226 

#1 0.1% 2% 2% 95.90% 

#2 0.1% 1% 2% 96.90% 

#3 0.1% 0.5% 2% 96.40% 

#4 0.04% 1% 2% 96.96% 

#5 0.04% 0.5% 2% 97.46% 

#6 0.04% 1% NA 98.96% 
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creaming time was long enough to perform one puff actuation at a time. The water 

content of 2% w/w was the nominal amount required to produce a well-dispersed 0.1% 

w/w NP suspension, while lower water percentages (0.5 and 1% w/w) were insufficient 

(#2 and #3), and a significant amount of the formulation was lost due to adhesion to the 

inner wall of the glass test tubes used. The delivered particle dose increased when the 

aqueous nanosuspension load increased #1 > #4 > #5 (Figure 3.19). The EtOH inclusion 

was important and irreversible aggregations were observed when it was not added for 

#6 (demonstrated by the yellow arrows in Figure 3.18), in addition to very few particles 

being released from the device (#6, Figure 3.19). However, low EtOH content (2% w/w) 

was utilized in the system to avoid any safety concerns. It should be mentioned that the 

canisters used in this experiment were made of PET material which has a positive 

surface charge. Chen et al reported that the electrostatic charge of different materials 

used in pMDI hardware, could be significantly reduced by EtOH addition into the 

formulation (Chen, Yang et al., 2014), hence less charge exchange between PET 

canisters and the negatively charged particles. Such interactions might have caused the 

formation of irreversible aggregations when the formulation was included as an aqueous 

suspension alone (#6) which could also explain the poor delivered dose when uncoated 

aluminium canisters were used in section 3.3.2.1.   

 

 

1 4 5 6 

Figure 3.18. Photographs of the different PLGA NP-pMDI formulation (#1, #4, #5, and #6) 

in clear PET vials for visual examination. The arrows refer to the aggregates on the vial 

walls. 
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Figure 3.19. FE-SEM photographs for the aerosolized NPs from the different pMDI-formulation 

compositions presented in Table 3.6. 
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The previous data demonstrate that adding a minimum amount of EtOH to the 

aqueous suspension of nano-formulations with 2% w/w water content kept the particles 

relatively intact with a considerable quantity delivered from the pMDI as it was shown in 

Figure 3.19, batch #1. Table 3.7 summarizes the final PLGA NP-pMDI formulation 

parameters to be examined for regional nasal deposition. 

 

Table 3.7. Optimized pMDI suspension formulation composition  

* A dilution phase of NaCl (25 mM) was used as 5-fold of the aqueous phase for better dispersity 

and homogeneity of the nanosuspension. 

 

3.3.3. FITC-PLGA NP quantitative analysis 

In this section the NP assay development will be covered as follows: 

- FITC-PLGA qualitative analysis by verifying the excitation/emission spectra of the 

fluorescent polymer in the deposition assay solution (MeCN). 

- Verify the performance of two fluorescence spectrophotometry instruments; a 

conventional cuvette based spectrofluorometer and a microplate reader. The two 

instruments will be compared in terms of their sensitivity to low concentrations of FITC-

PLGA. 

- Generate a calibration curve out of the fluorescent intensity against incremental FITC-

PLGA concentrations in the assay solution MeCN.   

It was previously reported that physical encapsulation of a fluorescent dye into 

nanoparticles to produce fluorescently labelled ones might alter the photophysical 

properties of the dye molecule (Ma et al., 2016; Zhukova et al., 2021). Although this 

possibility is less likely to occur when the covalent approach between the polymer PLGA 

and the fluorophore FITC is used instead, the experimental excitation/emission spectra 

were recorded for the dissolved fluorescent polymer in MeCN, since it is the form in which 

the NP deposition will be quantified hence to verify the analytical method. A 

predetermined concentration of NP aq. suspension was first prepared from the 

lyophilisate and then the particles were dissolved in MeCN for a final concentration 0.05 

% w/v for spectrometer measurements in an analogous manner to the sample 

preparation procedure followed for regional nasal deposition quantification. As shown in 

NP formulation pMDI formulation 

 %w/v  % w/w 

Organic phase Acetone OP:AP ratio 

1: 2 

HFA134a Propellant 95.9% 

Aqueous phase* Milli-Q water NPs 0.1% 

Polymer FITC-PLGA 1% Milli-Q water 2% 

Surfactant PVP-K25 0.5% EtOH 2% 

Stabilising agent PVA 0.5% Total density g/cm3 1.207 
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Figure 3.20 the fluorescent properties of the polymer used for the NP synthesis, are 

identical fluorescein with excitation peaks within the range 495-507 nm, while the 

emission is over 520-530 nm. 

 

 

 

As another primary test for particle content analysis, the performance of two 

fluorescence spectrophotometry instruments were examined, a conventional cuvette 

based spectrofluorometer (medium PMT detector voltage) and a microplate reader (1752 

gain) for sensitive and precise measurements of the test formulation. A quartz cuvette 

and black wall 96-well plates were used for the spectrofluorometer and the plate reader 

respectively. A predetermined mass of the lyophilized NPs was dissolved in MeCN and 

diluted to make the calibrants. The fluorescence intensity of the test formulation at λex = 

494 nm measured by the microplate reader showed superior sensitivity, greater 

consistency and lower detection limit compared to the fluorimeter as shown in Figure 

3.21. The filter-based plate reader is considerably more efficient at transmitting light to 

the sample, whereas the monochromator fluorimeter at a chosen wavelength, only 

delivers a small light fraction to the sample and most of the light source gets lost, 

weakening the fluorophore excitation. Moreover, the fluorescence intensity could be 

reduced further by the time the emitted signal at specific wavelength reaches the detector 

since it passes across a set of mirrors and slits which correlates with reduced energy 

and thus sensitivity. To this end the plate reader platform was chosen as an easy and 

Figure 3.20. The excitation and emission spectra of the fluorescent polymer FITC-

PLGA solution following dissolving the NPs (0.05% w/v) in MeCN. 
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efficient method to analyse the throughputs of the test formulation when conducting the 

regional nasal deposition experiment in a simple and efficient way. 

Using the plate reader, Figure 3.22 shows excellent linear regression (r2 = 0.994) 

between the fluorescent intensity and the standard concentrations of the polymer 

dissolved in MeCN within the range (1.5-15 µg/mL).  
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Figure 3.21. The reported fluorescence intensities at λex = 494 nm for the FITC-PLGA standard 

solutions using a cuvette-based fluorimeter and a microplate-reader. The standards are made 

up of known PLGA NP concentrations dissolved in MeCN. 

Figure 3.22. The standard curve of known polymer FITC-PLGA concentrations against 

fluorescence intensities at λex = 494 nm. 
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3.3.4. Aerosol performance 

3.3.4.1. The shot weight and particle content analysis 

Following the pMDI device priming procedure and as one of the nasal product 

specification criteria (FDA, 2002), the canister weight before and after individual and 

repetitive actuations was measured to ensure shot-to-shot reproducibility. Using a highly 

precise analytical balance, a consistent shot mass of 61.2 ± 0.8 mg was recorded 

throughout the study. In addition, and since the used actuator was not optimized for this 

study, the performance of the formulation was closely monitored in regard to the content 

uniformity per 5 shots. The total NP concentration was 0.1% w/w, and this correlates with 

a theoretical NP dose of 60.4 µg per single puff for the 50 µL metering valve. This 

however could be increased to about 180 µg when using 150 µL metering valve and 

further by increasing the NP suspension fraction in the pMDI-formulation. 

Notwithstanding, that the NPs themselves feature a high drug loading capacity, this is a 

potential for even less potent therapeutics which require high delivery efficiencies to 

achieve pharmacological concentrations at the olfactory region in the nasal cavity.  

According to the FDA guidance for nasal product testing, spray content uniformity 

should be performed throughout the life cycle of a single device for two sprays per 

determination, in this study however, since the NP content is rather low, five shots per 

determination were performed. Figure 3.23 shows NP emitted dose (six sets of five 

shots, between 4-33 metered dose) represented as the polymer mass (µg) following 

dissolving the particles in ACN. The particle mass deposited on the nozzle walls was 

also recovered by rinsing the actuator thoroughly with EtOH and the collected samples 

were processed same way for the canister samples. The sets of five were relatively 

comparable apart from the 14-18 set, with higher projected NP dose in the first set 

between 4 – 8 shot number. The average delivery between all sets was ~231.9±75.6 µg.  

In general, such differences in suspension-based pMDIs-delivered doses are expected 

due to heterogeneous particle mass fraction distributed in the aerosol droplets or to the 

variations in the aerosol density overall. Notwithstanding, in our study the two immiscible 

phases in the suspended formulation may have caused shake-fire delay impact to be 

more prominent.  
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As such, variations and inconsistency of the delivered dose would be expected 

(Chierici et al., 2020). On pMDI spray structure level, Duke et al. investigated ipratropium 

bromide mass fraction in pMDI aerosols in in situ time (transient drug distribution in the 

spray) by employing a novel technique that combines X-ray scattering and fluorescence 

simultaneously. 39 positions were recorded for total N = 33 sprays of suspension 

formulation (Duke et al., 2019). The mass fraction of the drug, calculated as drug density 

to total spray density ratio, varied across the spray on the y axis. Indeed, spray density 

and spray drug distribution never reached steady state. The two factors control not only 

dosing repeatability but also inhalable fraction (Duke et al., 2016; Duke et al., 2019). In 

addition, it is possible that the 15 min lag time between the dose firing, and recovery 

analysis was insufficient for complete NP deposition on walls/bottom of the sample 

collecting vial, and differences in the NP sedimentation velocities might have caused 

such variances in the delivered dose across the 33 collected actuations.  

 

3.3.4.2. Nasal deposition pattern evaluation of the test formulation PLGA NP as an 

HFA134a-based nano-suspension pMDI  

In order to validate the whole deposition evaluation process for the tested pMDI-

nanoformulation including the experimental settings, device/accessories in use as well 
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Figure 3.23.  Delivered Dose Uniformity test (mean ± SD, n = 5) for six sets of five shots of 

NP-based pMDI represented by the recovered FITC-PLGA mass (µg). The dashed red line 

indicates the average delivery (~ 232 µg) between the six groups. 
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as the protocol of sample collections from the cast sections, preliminary nasal deposition 

investigations were performed on the commercial product Ventolin® Evohaler (100 µg, 

GSK). Ventolin® is an HFA134a-based pMDI formulation composed of micronized 

salbutamol sulphate (SS) as an API suspended in the propellant. SS is a short-acting 

bronchodilator indicated for bronchospasm prevention induced by pulmonary disorders 

such as asthma and chronic obstructive pulmonary disease (COPD). Giving the larger 

particle size in Ventolin® compared to the tested formulation, one would not expect 

comparable aerosol performance, however, the choice of Ventolin® was based on some 

similarities with the tested formulations such as pMDI device, HFA134a propellant, no 

other excipients are present other than the pure suspended SS microparticles, and finally 

SS-fluorescent based analysis. This study would ultimately provide a direction for the 

optimal deposition assessment procedure which will be discussed in detail in the 

following section. 

 

3.3.4.2.1. Nasal deposition pattern evaluation of Ventolin® Evohaler as an 

HFA134a-based micro-suspension pMDI  

The performance of the Ventolin® pMDI aerosol was assessed for its nasal deposition 

pattern and the effect of various experimental parameters was investigated. As 

mentioned above, one of the advantages of testing Ventolin® product as a point of 

comparison is that SS is a fluorescent molecule and therefore, spectrofluorometry, which 

is efficient and as sensitive as HPLC-UV analysis, could be used for in vitro aerosol 

evaluation (Srichana, Suedee and Srisudjai, 2003; Jones, M.D. and Buckton, 2016). 

After aerosolization into the cast, the cast was disassembled to its seven sections, each 

section was washed with 5 mL of Tween® 80 (0.01% w/v), and the recovered samples 

were directly analysed. The analysis of salbutamol mass in the aqueous sectional 

samples  was performed using a fluorescence spectrophotometer (Cary Eclipse, Agilent) 

at λex 274 nm/ λem 305 nm against a calibration curve of SS standards. Since the dose 

per shot of Ventolin® is known and validated, the deposition pattern of the commercial 

inhaler model was reported as either the % or mass fraction of the total recovered dose  

recovered throughout the study. Negative controls of the sectional fractions from a blank 

nasal cast were also considered.  

The ideal use of a pMDI inhaler is to be held in the upright position with the valve 

facing down so the canister ferrule gasket is completely wetted with the liquid propellant. 

Otherwise, the device might fail and a significant decrease in the respirable dose and 

deposition may occur. As such, the device was kept at least 30° from the horizontal to 

ensure the gasket was in contact with the propellant. Two different actuators were first 

tested to assess the Ventolin® inhaler nasal performance: a nozzle-like actuator (Figure 

3.24A, the actuator was also shown in Figure 3.4), and a custom-made printed actuator 
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for nasal pMDI with a curved induction port to enable tilting the device (Figure 3.24B). 

Both actuators were inserted into the inlet at a distance of ~ 1.75 cm from the nasal cavity 

to relatively reduce the “cold freon effect” caused by the high-speed aerosol following 

the expansion of the compressed propellant (Djupesland, P. G., 2013). Giving the 

presented administration procedure in Figure 3.24A and B, the angles of the manual 

actuators, and therefore the angles of the atomized aerosol, were 90° and 140° to the 

horizontal in the sagittal plane (showed in red lines) for the nozzle-like- and the rounded 

actuator with the curved adaptor respectively. 

Figure 3.25 shows the comparison of regional nasal deposition obtained from both 

devices, indicating that the dose was mainly distributed between the actuator and the 

vestibule section. While the majority of the dose was deposited in the vestibule for the 

nozzle actuator (~83%), the curved induction port received a significant fraction (~80%) 

for the circular actuator. No deposited dose was measured in the nasal valve and beyond 

for both aerosol delivery settings.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24. The delivery settings of Ventolin® inhaler into the PLA nasal cast using (A) 

bespoke nozzle-type actuator (B) custom-made actuator with a curved linker. The red lines 

represent the actuation angle from the horizontal line in the sagittal plane (cast plane) 90° for 

A and 140° for B. 

A B 
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According to the literature, the mass median aerodynamic diameter of Ventolin® 

suspended particles is within the range (2.3-2.4 µm). In terms of the spray properties, 

the Ventolin® formulation does not contain  co-solvents such as EtOH therefore,  with the 

0.25 mm-nozzle diameter of the mouth actuator, the mean spray force (75.9±12.0 mN) 

is relatively high, with a short-lasting plume of 156±58 ms (McCabe et al., 2012). As an 

orally inhaled aerosol indicated for lung delivery, poor deep lung deposition and rather a 

high impaction in the oropharynx are directly attributed to the high spray force. Given the 

small and convoluted nasal passage, it was not surprising when delivery settings (A) 

were applied, that the perpendicular aerosol with high-speed inertial particles would 

impact and deposit in the vestibule, the first barrier in the nasal cavity. As for the (B) 

delivery settings, the first impaction point was the bent induction port where most of the 

dose was deposited. The physical design of the actuator is also a crucial determinant of 

the aerosol performance, the rounded actuator has a relatively large orifice diameter of 

~1.5 mm which might have further increased the aerosol force and velocity while 

decreasing aerosol duration, three main factors that cause the aerosol impaction at the 

early phase of its generation when the turbulence is the most (Longest and Hindle, 2009). 

In addition, different polymer materials used to manufacture pMDI devices have different 
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Figure 3.25. The average deposition (%) (mean ± SD, n = 3) of the total recovered dose of SS 

(Ventolin®) from the nasal cast sections and the device using the nozzle actuator and the 

custom-made actuator shown in Figure 3.24. A dry surface cast was used, 15 L/min airflow, 

and two manual actuations were performed (a total of 200 µg of SS). ND: not determined. 
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charge accumulation/decay properties (Carter et al., 1998), and hence the actuator 

material and design could influence the electrostatic charges of the aerosolized particles 

and their deposition performance (Chen, Yang et al., 2014). The PLA polymer used for 

the actuator components in case (B), and the dry surface of the cast are negatively 

charged and, since the HFA134a propellant is also strongly negatively charged, the 

generated aerosol tended towards high negativity magnitude. The unipolar particles are 

more likely to enhance the effect of space charging effect explained by (Chen, Yang et 

al., 2014) where the particles repel each other reducing the particle mass/number in the 

aerosol cloud while increasing deposition on the wall surface at early stages. The fine 

particle fraction of the diffusive rather than inertial particles might have also been altered 

with the charge interactions along with the flat nozzle design actuator used in this study 

(Figure 3.26). The flat nozzle design was reported to cause plume angle expansion 

(Chen, Y. et al., 2017), this effect may result in overall undetectable nasal deposition 

within the narrow and small nasal pathway.  

 

 

 

Oral inhalation delivery actuators with a rectangular mouthpiece and orifice 

diameters between ~0.3-0.5 mm were found to produce a higher fine particle fraction 

than the rounded nozzle actuators intended for nasal delivery with orifice diameter ~1 

mm (Berry et al., 2003). In order to minimize the aerosol force and initial momentum to 

enhance the deposition in the nasal cast, the orifice diameter of the actuator and the 

distance between the actuator tip and the nasal cavity were considered. For that, a 

mouthpiece and two commercial valved holding chambers (VHCs); AeroChamber Plus® 

(Figure 3.27A) and Volumatic® (Figure 3.27B) with different sizes and shapes intended 

for orally inhaled medicines were used. VHCs are pMDI-add-on devices, equipped with 

a one-way valve to allow the patient to inhale but not exhale through. Similar to valveless 

spacers, they help to overcome coordination issues between pMDI activation and 

Figure 3.26. The 3D model of the designed rounded flat nozzle actuator 

used to activate the developed NP-based pMDI. 

Top 

view 
Bottom 

view 
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inhalation by the patient and also, they filter out the coarse/large particle fraction hence 

reducing the throat deposition and enhancing the lung delivery (Vincken et al., 2018). In 

this experiment, AeroChamber Plus® and Volumatic® VHCs were used with no 

precoating procedure of their inner surface with an anti-static material and no prior VHC 

priming was performed. The nasal cast was also used as a dry surface and no mucus 

simulant was applied. The air flow was normal constant at 15 L /min and was then 

increased to 30 L/min for Volumatic® spacer. 

 

 

Figure 3.28 shows the average percentage regional delivery of two actuations at 15 

L/min airstream for both spacers and at 30 L/min for AeroChamber Plus® VHC. Almost 

the total dose was collected from the mouthpiece and the tested VHC with only 1.5% 

detected in the turbinates when the large oval-shaped Volumatic® spacer (750 mL) was 

used. In fact, for the two activated shots, the collected dose from the whole assembled 

Figure 3.27. The delivery settings of Ventolin® inhaler using (A) an 

AeroChamber Plus®, and (B) Volumatic® VHCs with a mouthpiece, 

dry surface cast, two manual actuations were performed (total of 

200 µg of SS).  

A 

B 
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model was 200.9±8.6 µg accounts for 100.4% of the claimed dose. This could be 

explained by the electrostatic charge build-up in the chamber, as well as the longer 

residence time of the aerosol within the VHC at a relatively slow flow rate of 15 L/min 

(Wildhaber et al., 1996). Despite the low-resistance valve in the VHC, the inspiratory 

pressure produced at 15 L/min might have been insufficient to unlock the unidirectional 

valve, or the sophisticated design of the valve itself might have been detrimental to 

aerosol delivery beyond it (Nikander et al., 2014).  

 

 

 

While a similar deposition pattern was obtained when the airstream was increased 

to 30 L/min, with 100% of the total collected dose in the AeroChamber® VHC (Figure 

3.28), this only represented 138.7±15.4 µg (69.4%) of the 200-µg claimed label. It is likely 

that the rest of the dose was passed through the nasal cavity down to the lung at 30 

L/min respiratory flow, however no post-cast delivery assessment was performed in this 

study. 

The little improvement when using Volumatic® in the turbinate region is likely due to 

inconsistencies in the fine particle mass of the emitted aerosol available for inhalation 

Figure 3.28. The average deposition (%) (mean ± SD, n = 3) of the total recovered dose of SS 

(Ventolin®) from the nasal cast sections and the device using commercially available VHCs for 

orally inhaled medicines; AeroChamber Plus® at a flow rate (FR) 15 L/min, AeroChamber Plus® 

at FR 30 L/min, Volumatic® at FR 15 L/min. ND: not determined. The inset is for the turbinate 

region distribution when using Volumatic® at FR 15 L/min. 
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between the two VHCs (Barry and O'Callaghan, 1997; Lavorini et al., 2020). In addition, 

Volumatic® is normally the recommended add-on device with Ventolin® pMDI and since 

the paired pMDI-VHC/spacer is a distinctive delivery system and should not be 

interchangeable (Lavorini et al., 2020), the shape of Ventolin® aerosol plume might have 

matched the Volumatic® shape but not that of the AeroChamber® causing less impaction 

to the VHC inner walls and thereby a slight potential for better deposition beyond the 

chamber in the nasal cavity was observed. This is especially true when non-axial aerosol 

injection occurs (Yazdani et al., 2014). 

As shown in Figure 3.29, an in-house 3D printed valveless tubular spacer (120 mm 

length, 166.25 mL) was used in order to investigate if the presence of the valve in the 

previously used VHCs had an undesirable effect on the aerosol delivery to the nasal 

cavity, either by the turbulence generated at the valve or the insufficient inspiratory 

pressure to open the valve at the shallow nasal breathing condition (15 L/min). In 

addition, a filter (MCE, 0.65 µm, 25 mm, MF-MilliporeTM) within a suitable housing 

(Swinnex 25 mm, Millipore) was put in-line close to the outlet of the system to collect any 

expected dose escaping the nasal cavity to the lower respiratory tract. A direct 

comparison between two- and four-actuated puffs to enhance the nasal deposition were 

carried out.  

Figure 3.29. The apparatus setup utilised for Ventolin® inhaler testing using a custom-

made valveless PLA spacer with a mouthpiece and dry surface PLA nasal cast. A filter 

was installed at the outlet to collect any dose escaping the nasal cavity. Two and four 

manual actuations were performed (total of 200 µg and 400 µg of SS).  
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Figure 3.30 shows the deposition pattern in the delivery model for the doubled 

delivered doses. With the two shots of the pMDI, 45% of the SS particles left the 

valveless spacer body, of which 5% reached the vestibule region. However, no other 

nasal deposition was measured except for a tiny fraction in the nasopharynx (0.5%). This 

could be due to the perpendicular delivery of the aerosol with respect to the dry surface 

nasal cast. The remaining available dose for inhalation, about 39% of the aerosolized 

particles and presumably with a smaller cut-off diameter, followed the flow stream deeper 

into the lower respiratory tract represented by the installed filter. Interestingly, doubling 

the dose produced an identical profile with the dose distributed between the spacer body 

(81.3%) and the filter (11.9%). Similar to the tested commercial VHCs (AeroChamber 

Plus® and Volumatic®), the employed spacer was made of PLA, which is also a 

nonconducting material and, therefore, the inner surface of the spacer is likewise 

susceptible to electrostatic charging capturing the majority of the dose. 

  

 

The overall effect of the coupled VHCs/spacer on the distribution of micron-sized 

particulate formulation of SS in this study is, in fact, not surprising and well explained in 

the literature (Oliveira et al., 2014; Yazdani et al., 2014). The unfavourable particle 

entrapment in the spacer chamber is due to recirculatory flow regions which are mainly 

attributed to the geometry of the chamber. Despite the relatively small dimensions of the 
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Figure 3.30. The average deposition (%) (mean ± SD, n = 3) of the total recovered dose of SS 

(Ventolin®) from the nasal cast sections and the device using the custom-made valveless PLA 

spacer and a mouth piece (apparatus shown in Figure 3.29), the filter dose represents the Lower 

respiratory Tract (LRT) dose, dry cast surface was used and 15 L/min flowrate. Two-, or four 

actuations for a total of 200 µg and 400 µg respectively. ND: not determined. *P-value < 0.05. 
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in-house tubular spacer, it showed the lowest spacer deposition for two consecutive 

actuations compared to the other two commercial VHCs used. The chosen dimensions 

might have been sufficient to harness the initial aerosol force. In addition, the simple 

design with no valve or any extra plastic sets might have reduced the flow turbulence 

inside the spacer hence the particle spacer deposition is predominantly influenced by 

inertial impaction and not by turbulent diffusion (Yazdani et al., 2014). 

The significant increase in the spacer dose when four successive actuations were 

carried out could be explained by the correlation between the multiple actuations and the 

higher spacer retention and thus less available dose for inhalation (Nikander et al., 2014). 

In fact, for orally inhaled products, it was reported that when using a spacer, the practice 

of actuating several puffs was inefficient and associated with an increase in the mass 

median aerodynamic diameter of the atomized particles, indicating that more particle 

collision, aggregation, and agglomeration incidents took place within the spacer body 

increasing their entrapment (Csonka et al., 2021). 

Following repetitive trials to configure the ideal settings to enhance SS formulation 

deposition within the nasal cavity hence as a starting point to test the nanoformulation, 

the next raised question was not about the formulation, or the devices being used but 

rather about the nasal cast itself. It is true that SS is barely gets into the cast and either 

pre-cast (spacer) or post-cast (filter) depositions are obtained as presented in Figure 

3.30, however, according to the total recovered mass, the deposition corresponds to 

86.6±5.7 % and 93.8±1.5 % for the 2- and 4-shots respectively. It would be intriguing to 

explore if the remaining mass is due to present variabilities between Ventolin® doses 

(80-120%) (FDA, 2002), or it was indeed contained within the cast but was not detected 

for cast-related factors. for instance, the roughness and lack of the wet surface hence 

potential of particle-cast surface interactions (e.g., adhesion, and electrostatic attraction), 

does not support containing the particles within the cast. 

In fact, artificial roughness is inherent in rapid prototyping approaches such as FDM 

3D printing and is caused by the potential variations between the successive layers 

during the transition from one layer to another. Kelly et al, reported differences in the 

nasal deposition profiles of inertial particles (1-10 µm), due to differences in the resolution 

of the manufacturing method (SLA), the presence of plastic assembly plates as well as 

the smoothness of the replica inner surface (Kelly et al., 2004). Moreover, when 

employing the FDM-3D printing technique, incomplete infill densities might be favoured 

to produce realistic printing time, risking however a potential porosity of the printed parts 

where the cast could absorb a fraction of the deposited dose. This could result in 

misleading recovery figures for micronized as well as ultra-fine particles, especially when 

airflow is applied in the cast (Deruyver et al., 2021). This issue can be more problematic 

for multi-sectioned casts and when the olfactory region is targeted, where the expected 
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dose is relatively low as for this study. Since 0.01% Tween® 80 in water was the rinsing 

solution used to recover the deposited SS, most of the commercial plastic FDM filaments 

are resistant to the solvent and hence are suitable candidates to build the cast. 

 To this end, and in order to address any overlooked cast deposition due to latent internal 

(e.g., porosity) as well as surface defects (e.g., roughness state) in the fabricated cast, 

the SS distribution efficiency was investigated following two approaches, first using 

acrylonitrile butadiene styrene (ABS) as an alternative cast material (including the 

spacer), and second, wetting the inner surface of the PLA cast by coating with a mucin-

based mucus simulant. The in vitro model and settings shown in Figure 3.29 were 

utilised. 

Although ABS requires a higher nozzle and bed temperature to print, it is considered 

a better plastic for prototyping applications with FDM because of its superior durability 

and mechanical properties. It was also reported that FDM has little effect on ABS 

crystallinity compared to PLA which means more control over the viscosity level in the 

nozzle during the FDM process hence better print quality under the selected printing 

parameters. The same report stated, however, that both polymers showed high voids 

and gaps between layers with FDM (Lay et al., 2019). As for the cast-mucus coating, in 

general, it is a good practice to follow for in vitro deposition studies to better simulate the 

nasal cavity and induce an adhesive natural finish by overcoming the manufacturing 

roughness and porosity of the plastic. 

The printed parts showed notably better quality and a smoother finish with mucus-

coated ABS cast (Stratasys 270 FDM printer), however, no significant differences were 

observed in the SS distributions throughout the system compared to a mucus-coated 

PLA cast (Figure 3.31) where 82.8% (204.2 µg) was detected in the spacer for ABS vs 

74.2% (161.9 µg) for PLA, and 15.3% (37.7 µg) was on the filter for ABS vs 19.3% (41.9 

µg) for PLA. This could be explained by the fact that both PLA and ABS are closely 

located at the positive end of the triboelectric series (Żenkiewicz, Żuk and Markiewicz, 

2015), which means the corresponding spacers might display similar electrostatic 

charging and similarly attract the aerosolized particles.  
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A direct comparison of the PLA cast with and without mucus was plotted to have a 

closer look at the influence of the mucus cover on the deposition. Figure 3.32 

emphasizes  the particle distribution in between the spacer and the filter. This behaviour 

however is expected since the spacer effect in filtering out a significant fraction of the 

atomized particles with little available to enter the cast conceals any potential 

improvement the mucus coating in the cast might cause. Interestingly, when the 

deposition profile was plotted as the actual collected mass (µg) rather than a fraction 

(%), a significant decrease in the spacer dose was noticed with the mucus-covered 

surface (161.9 µg) compared to the dry surface (304.9 µg) (Figure 3.33). Collectively 

with the filter dose (41.9 µg) this accounts for 54.5% of the claimed dose. Although these 

observations require further investigations, they could be explained in different 

possibilities, either by the common dose inconsistencies caused when using spacers 

(Nikander et al., 2014), and/or by the fact that the cast without mucus is not completely 

airtight hence extra turbulence eddies emerged alternating the flow force in the spacer 

required to pull the inertial particles towards the cast, and/or the aerosolized particles did 

deposit within the airtight mucus coated cast, however, the chosen mucus simulant might 

have interfered with the fluorescence analysis of the SS recovered from the parts, hiding 

its presence from the spectroscopy. 
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Figure 3.31. The average deposition (%) (mean ± SD, n = 3) of the total recovered dose of SS 

(Ventolin®) from PLA-, and ABS nasal cast sections with the custom-made valveless spacer and 

a mouthpiece (apparatus shown in Figure 3.29), mucus coated, the filter dose represents the 

Lower respiratory Tract (LRT) dose, 15 L/min airflow, and four manual actuations were performed 

(a total of 400 µg of SS). ND: not determined. 
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Figure 3.32. The average deposition (%) (mean ± SD, n = 3) of the total recovered dose of SS 

(Ventolin®) from the PLA nasal cast sections and the device (using the apparatus shown in Figure 

3.29) before, and after coating the inner surface of the cast with mucin-based mucus at 15 L/min 

flowrate. The filter dose represents the Lower respiratory Tract (LRT) dose. Four shots for a total 

of 400 µg were performed. ND: not determined.  

Figure 3.33. The average deposition as actual collected mass (µg) (mean ± SD, n = 3)  of the 

total recovered dose of SS (Ventolin®) from the nasal cast sections and the device (using the 

apparatus shown in Figure 3.29) before, and after coating the inner surface of the cast with mucin-

based mucus at 15 L/min flowrate. The filter dose represents the Lower respiratory Tract (LRT) 

dose. Four actuations for a total of 400 µg were performed. ND: not determined. The inset shows 

the difference in the fluorescence intensity of 10 µg/mL SS standard in the aqueous washing 

solution (Tween® 80 0.01% w/v) after the addition of 150 µL mucin-based mucus.  
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To investigate the latter possibility further, a known concentration of the SS standard 

(10 µg/mL) was mixed with an estimated volume (150 µL) of the collected artificial mucus 

from each part during washing. Indeed, as shown in the inset of Figure 3.33, ~8.5-fold 

fluorescence quenching was recorded for the mucus-containing SS standard solution. 

As such, and considering the low dose recovered from the filter (41.9 µg), the SS might 

have deposited in the nasal cavity, but the weakened intensities, due to quenching, were 

below the detection limit of the fluorospectrometer. 

Given the presented data for the Ventolin® inhaler as micronized particles suspended 

in the HFA134a propellant, neither the nozzle-like nor the circular actuators were optimal 

for olfactory or any nasal deposition, and the aerosol distributed between the device and 

the anterior vestibule. Likewise, when using the oral rectangular actuator with 

AeroChamber Plus® and Volumatic® VHCs, the bulk of the dose was entrapped in the 

chamber body with no olfactory or any significant regional nasal deposition. The oral 

actuator with the valveless tubular spacer, however, notably decreased the undesirable 

spacer deposition when lower actuation repeats were conducted (2 puffs instead of four 

puffs), and yet the particles escaped the nasal cavity towards the lung, where a third of 

the dose hit the inline filter at the cast outlet. The cast material (PLA or ABS) did not 

influence the aerosol deposition under the studied conditions, whereas the mucus 

coating might have enhanced the delivered dose to the nasal cast but due to its 

interference with SS fluorescence, different mucus simulants should be investigated. 

To this end, for the developed nanoformulation-pMDI, the delivery system shown in 

Figure 3.29 will be used with a mouthpiece, valveless actuator, PLA cast, inline filter for 

capturing lung delivery and an artificial mucus model which has no interference with 

FITC-PLGA NP signal. 

 

3.3.4.2.2. Aerosolised FITC-PLGA NP nasal deposition 

Despite the great potential of the nasal passage as an entryway for therapeutics to 

reach the CNS via the olfactory nerves and mucosa, the posterior uppermost location of 

the olfactory region beyond the extremely narrow nasal valve in the nasal cavity exhibits 

complexities for this administration route to be efficient. Understanding the interplay 

between the three crucial factors involved in the delivery of nasally inhaled medicines 

namely, the formulation, device and patient-administration techniques requires more 

work to translate the success of the reported NTBDD in vivo studies into the clinic. As 

such, the focus of this work was to study the influence of different parameters associated 

with the above-mentioned elements on the deposition of FITC-PLGA NP in a human 

nasal cast. As for the device, various nasal devices were investigated for their olfactory 

delivery efficiency. In one study, nebulizers delivered 9% of the administered formulation 

to the olfactory region compared to less than 4.6% when traditional nasal spray pumps 
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were used (Xi et al., 2016). In another study on human subjects, nasal spray bottles 

achieved 60% posterior dosing beyond the nasal valve. Although the followed radiolabel 

deposition was in vitro validated using a nasal cast, only 0.47% of the radiolabel olfactory 

deposition was measured in the cast (Shah, S.A. et al., 2015). Bidirectional system is 

another nasal administration technique and has been claimed to have better nasal 

deposition pattern, where the device takes the advantages of soft palate closure while 

patient expiration through the mouth blocking the nasopharynx pathway and thus 

avoiding inhaled formulation escape into the lungs (Djupesland, P. G., 2013). Xi et al 

reported improved over all as well as olfactory nasal deposition with the bi-breathing 

pattern compared to the traditional delivery when nebulizer devices were used (Xi et al., 

2017). However unidirectional device was more efficient in the olfactory deposition of 

caffeine dry powder formulation ~22% compared to the bidirectional device ~7% (Rigaut 

et al., 2022). 

From formulation perspective, liquid nasal sprays have shown to achieve nominal 

olfactory deposition compared to dry powder formulations. The numerical model used by 

Calmet et al, demonstrated less than 0.3% olfactory deposition in hold, constant and sniff 

breathing patterns for the nasal spray (Calmet et al., 2019). Similarly, Warnken et al, 

empirical study reported 2.2% as a maximum deposition in the upper region according 

to 3D-printed nasal cast designed by the authors and that was for different tested liquid 

formulations and administration angles (Warnken et al., 2018). Whereas Lapidot et al 

demonstrated 51% olfactory deposition for naloxone dry powder despite the relatively 

large particle sizes 77.7 µm and employing unidirectional nasal spray device specifically 

designed for olfactory targeting (Unidose, Aptar) (Lapidot et al., 2022). 

Over the rich literature investigating the NTBDD potential of different devices and 

formulations and by employing human nasal replicas as in vitro evaluation method, to 

the best of our knowledge, this study is the first to report the manufacturing of HFA134a-

pMDI device containing polymeric NP formulation and investigate their synergetic 

performance for potential NTBDD applications. 

 

3.3.4.2.2.1. Aerosolised FITC-PLGA NP deposition over the pMDI canister lifecycle 

with a dry surface nasal cast 

In accordance with the experimental section and the data described for Ventolin® 

Evohaler in vitro deposition, the optimized framework shown in Figure 3.34 was initially 

used to test the PLGA NP formulation performance. For all deposition experiments the 

canister storage orientations were remained with the valve facing down. PLA was kept 

as the cast printing material for its advantageous features particularly with FDM 

technique such as facile printing and minimal warping issues. As a result of PLA’s solvent 

solubility characteristics, the rinsing solution used to recover the deposited particles from 
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each cast section had to be aqueous. Following elution of particles, the water was then 

completely removed via evaporation/lyophilization before redissolving the particles in 

MeCN for the polymer mass quantification. The cast positioning at 90° to horizontal 

plane, was solely driven by the requisite of keeping the pMDI device vertical with the 

metered valve facing down for the best inhaler performance, and therefore the 

administration angle parameter could not be investigated in this study; instead, the cast 

(head) tilting was altered. However, the insertion angle has been demonstrated as an 

important deposition-influencing factor for other nasal devices (Hughes et al., 2008; 

Warnken et al., 2018; Rigaut et al., 2022). As a first step a direct comparison between 

the deposition of SS suspension-pMDI formulation presented in Figure 3.30 was 

performed using similar in vitro setup (Figure 3.34). 

 

 

 

 

Figure 3.34. The initial setup used for in vitro deposition testing for the developed NP-

based pMDI formulation using a mouthpiece and valveless in-house printed spacer, 

cast tilting angle is kept 90° from the horizontal plane, hand-actuation, no hold time 

between device actuation and sample analysis, no mucus simulant, a filter close to the 

cast outlet was installed and 15 L/min airflow was applied. 
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Since the suspended NP-pMDI formulation showed some emitted dose variabilities 

(Figure 3.23), four repetitions were carried out, with 15 actuations for each test to cover 

the beginning and the middle contents of the tested canister. To prevent icing around the 

nozzle walls over repeated aerosol rounds, a pause time for at least 30 s between 

actuations was applied with alternating fire-shake cycles throughout the experiment. As 

demonstrated in Figure 3.35 relatively similar delivery profile to SS was observed in 

terms of the majority of the dose being collected from the spacer (64.1 ± 12.5 %) across 

the four sets of actuations. However, in contrast to SS, the NP formulation was 

measurable in all cast sections, with about 15.6 ± 10.8 % collected from the vestibule 

and 3.1 ± 1.4 % reaching the olfactory region.  

No association was observed between the canister life stage and the deposition 

profile. In other words, no gradual increase or decrease of the deposited dose occurred 

towards the canister mid-life indicating that the product could be easily redispersed after 

shaking the inhaler. As for the high recovery in the spacer, as was discussed previously 

for SS inhaler this was more likely due to the electrostatic charges attracting the 

aerosolized particles onto the spacer wall with up to 50% of the aerosol cloud available 

for inhalation (Vincken et al., 2018). One way to overcome this effect is by priming the 

spacer with few actuations from the pMDI. This, however, is a significant waste of the 

product. Another way is by using antistatic materials when manufacturing spacer 

devices, but again the impact on the aerosol dosage and deposition is sometimes 

marginal according to some studies on the lung delivery (Newman and Newhouse, 1996; 

Coppolo, Mitchell and Nagel, 2006). The rationale behind using a spacer was first to slow 

down the velocity of the aerosolized particles, thus enhancing their overall nasal 

deposition, and second to trap any aggregates and thereby reducing the particle 

impaction in the anterior region of the nasal cavity. However, spacers are also subjected 

to produce further delivered dose inconsistency hence it is more likely that the spacer in 

this experiment had greater impact than the formulation itself on the emitted dose 

available for nasal inhalation and therefore the deposition. The dose recovered from the 

filter, which represents particles escaping the nasal cavity down into the lung, did not 

exceed 6% for all sets indicating low lung contamination for the developed formulation. 
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According to the presented data, and since the spacer is dominating the deposition 

profile, it would be interesting to examine the effect of the spacer dimension on the 

formulation deposition by means of using smaller/shorter spacer. Presumably, the 

benefit of reducing the initial particle momentum will be maintained but with lower spacer 

dosing compared to the 64% obtained here. Before exploring this further, wetting the 

inner surface of the nasal cast with some sort of mucus simulant is desirable for the 

Figure 3.35. A comparison of the average deposition (%) (mean ± SD, n = 5)  of the developed 

PLGA NP-based pMDI formulation at different stages of the canister life (between 30-96 shot 

number). Each set represents 5 shots (30-44, 48-62, 65-79, and 82-96 shot number out of total 

210 shots in the studied canister). The test configurations: a mouthpiece and valveless in-house 

printed spacer were used, cast tilting angle was kept 90° from the horizontal plane, hand-actuation, 

no hold time between device actuation and sample analysis, no mucus simulant, a filter close to 

the cast outlet was installed representing the lower respiratory tract (LRT) dose and 15 L/min 

airflow was applied. The blue inset shows the deposition (%) in the olfactory region and the rear 

turbinates (the top and bottom parts of section 4 of the nasal cast respectively), whereas the green 

inset shows the average recovered dose of the 4 sets of 5 shots from each section. 
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subsequent deposition studies to relatively mimic real-life settings. In doing so, 

comparable deposition profile is expected since the spacer is the roadblock for any nasal 

deposition improvement. The attained deposition pattern however would be a starting 

point for logical comparison between parameters and this is the aim of next section. 

 

3.3.4.2.2.2. Aerosolised FITC-PLGA NP deposition using a 120 mm spacer with a 

mucus simulant-coated PLA nasal cast, and mucus simulant validation  

The deposition of the pMDI-NP suspension formulation after coating the inner 

surface of the nasal cast with a thin film of a mucus simulant was studied and compared 

with the pattern obtained on a dry surface cast without mucus (presented in Figure 3.35) 

under similar conditions. Since the 4% w/v mucin-based mucus simulant had some 

fluorescence quenching effect in SS study (Figure 3.33, inset), different mucus models 

previously reported in the literature were chosen and a preliminary experiment was 

carried out to examine any effect the mucus models might have on the FITC-PLGA 

fluorescent signal, possibly due to impurities or autofluorescence. Mixtures of a standard 

solution of the dissolved FITC-PLGA NPs in MeCN (6 µg/mL) with different mucus 

simulants (150 µL) were prepared and the fluorescence intensity was measured and 

compared with a mucus-free FITC-PLGA solution (6 µg/mL) as a control. Figure 3.36 

shows that for all the mixtures, a relatively similar fluorescence signal to the control was 

obtained. However, a 5-fold increase in the intensity was observed for the mucin-based 

mucus blend. Some biological molecules become inherently fluorescent when excited 

by UV-Vis light source at a specific wavelength. Native fluorescence is a well-known 

phenomenon and should be distinguished from the signal originating from exogenous 

labels (Croce and Bottiroli, 2014). Since this phenomenon is more common for cellular 

components, lysosomes, and coenzymes, it was not expected to be noticed for mucin-

mucus simulant. It is however an interesting observation and put the validity of the mucin-

based mucus into a question when used for similar studies and fluorescence analysis 

procedure since it seemed to be a fluorophore source. In accordance with the presented 

data, the mixture composed of EtOH: glycerol 3:1 was chosen as a mucus simulant for 

further testing to humidify the nasal cast and produce some adhesiveness improving NP 

retention. 
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As for the deposition experiment, using a brush, the inner surface of the cast was 

coated with the chosen mucus model (EtOH: Glycerol, 3:1), and 15 actuations were 

performed under the settings shown in Figure 3.34. Both deposition profiles with and 

without coating were comparable (Figure 3.37) and the highest deposition fraction of 

70.2 ± 1.3% was measured in the spacer, confirming the findings described above 

(Figure 3.35). Despite the mucus simulant not showing any significant differences in NP 

deposition compared to the dry surface, with the majority of the dose trapped in the 

spacer, it was interesting to notice that the total recovered dose from rear turbinates + 

olfactory region sections, represented by the two part-section 4 (Figure 3.34), again 

received a significant fraction of ~9% of the emitted dose. The difference, however, from 

the dry surface cast was also not significant. 

The effect of mucus coating on nasal deposition was studied by Sawant and Donovan 

in a 12-year-old subject derived nasal model. The authors tested the distribution of a 

nasal spray containing different mixtures of glycerine/water to produce a range of plume 

angles between 26° and 62°. No differences were observed between the dry cast and 

after coating the cast inner surface with 4% mucus except for the narrow plume angle 

sprays where only a small fraction (0.08 for 32°) was recovered from the turbinate region. 

However, the difference in turbinate region became more significant with the presence 

of 10% mucus and after tilting/holding the cast at 45° for 5 min as a result of the 

mechanical transfer effect (Sawant and Donovan, 2018). In this study, the interpretation 

Figure 3.36. The fluorescence intensity (mean ± SD, n = 6) of different mucus simulant mixtures 

with a standard solution of the dissolved FITC-PLGA NPs in MeCN (6 µg/mL) in comparison to 

the mucus-free standard (The orange bar). The dashed line sets the control fluorescence 

intensity for all mixtures. 
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of the effect of the presence or absence of mucus could not be conclusive since ~70% 

of the aerosolized particles deposited in the spacer. 

 

 

At this stage and following mucus simulant validation, the PLA nasal cast was also 

reconsidered and replaced with a nylon (polyamide) cast. This was mainly due to the 

material properties and the fabrication process. Most organic solvents which are able to 

dissolve the particle while washing steps of the cast parts and the spacer are not 

compatible with the PLA, and only water or water mixtures with EtOH could be used. 

This led to the sample collection protocol for eight parts including the spacer to be 

laborious and extremely time consuming especially with the large volumes of the 

collected aqueous rinsing solutions. Indeed, solvent removal was problematic and both 

lyophilisation and evaporation processes were not efficient and therefor nylon material 

Figure 3.37. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation in the nasal cast with and without mucin-based mucus, 15 

actuations, a mouthpiece, a valveless in-house built PLA spacer, and filter close to the outlet 

representing the lower respiratory tract (LRT) dose were used. The PLA cast tilting angle was 

kept 90° from the horizontal plane, hand-actuation, 15 L/min airflow. The inset shows the 

deposition (%) in the olfactory region and the rear turbinates (the top and bottom parts of 

section 4 of the nasal cast respectively). ns: not significant. 
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was chosen for its superior organic solvent resistance. In addition, PLA cast porosity 

issue causing the NPs to be trapped inside the parts while washing was speculated. 

Despite FDM being widely used as an additive manufacturing technique for various 

polymers, FDM printed parts can display innate porosity issue. For instance, PLA is the 

most popular FDM polymer due to its advantageous features, however FDM-PLA prints 

have been shown to have anisotropic structure between ordered and crystalline forms 

affecting their morphology and mechanical stability. Indeed, Liao et al investigated the 

morphology of thin (0.2 mm) and thick (0.5 mm) PLA printed samples, and up to ~30% 

and 55% porosity was observed in the middle and bottom layers of the thick prints in 

respect to 40° C and 80° C build plate temperature (Liao, Y. et al., 2019). To examine 

the likelihood of PLA nasal cast porosity under the optimized printing settings, 100 µL of 

a concentrated solution of FITC was pipetted from the inlet into the assembled and 45° 

tilted cast to distribute the FITC solution, which was then disassembled, and the parts 

were visualized for FITC staining. While the dye was only observed in the first two 

sections, the stain seemed to be penetrated into the deeper layers away from the cast 

inner surface (Figure 3.38) indicating the presence of voids between the layers of the 

fabricated parts. Despite FITC solution not replicating the almost liquid-free aerosol of 

the tested product, this porosity issue might be more problematic during washing steps 

when 5 mL of rinsing solution was used to recover the polymer from each section pushing 

the substance of interest deeper inside the parts between the layers and causing 

incomplete recovery.  

 

 

Figure 3.38. The vestibule section of the PLA nasal cast 

showing the penetration of FITC solution throughout the inner 

layers.  
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Although finding the optimal printing parameters to produce high quality FDM-PLA 

prints would be possible with a trial-and-error approach, it was beyond the scope of this 

study and a different material, nylon, was used instead to create the nasal cast. Nylon 

displays good physical properties which make it ideal for rapid prototyping of the nasal 

cast in terms of sufficient strength, toughness, durability, and resistance. Utilizing 

different 3D-printing technologies, a nylon nasal cast fabricated via selective laser 

sintering (SLS) was superior compared to SLS printed-glass-filled nylon and selective 

laser melting-stainless steel models with over 95% recovery of the spiked drug from the 

olfactory region as well as the fully assembled cast (Hughes et al., 2008).  

Taking together the covered finding in this section, along with the optimised mucus 

model (EtOH: Glycerine 3:1), nylon was utilised as cast and spacer material for the 

subsequent deposition studies. The same computer-aided design adopted for the PLA-

cast model was used to fabricate a nylon-cast, with extra flanges to tighten the parts 

together as presented in Figure 3.39.   

 

 

 

 

3.3.4.2.2.3. Aerosolised FITC-PLGA NP deposition using a 60 mm spacer and a 

mucus-coated nylon nasal cast   

As discussed in the previous section, 70% of the dose was collected from the PLA-

120 mm-spacer which could be due to the spacer material and/or design. In fact, and as 

it was shown in SS study (Figure 3.28 vs Figure 3.30), the spacer function and efficacy 

are greatly dependant on its design (volume and shape), structure (material, antistatic 

coating and built-in valve), and the compatibility with the pMDI in use as well as the drug 

Figure 3.39. The nylon-nasal cast parts. 1; vestibule, 2; nasal valve, 3; front turbinate, 

4; assembled olfactory region and the rear turbinates, and 5; assembled nasopharynx. 
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formulation. In order to achieve a balance between the beneficial role of the spacer while 

minimizing the dose loss, hence enhancing the respirable fraction, a nylon spacer with a 

smaller tube extension (60 mm, 83.13 mL) was printed, and NP deposition compared to 

the previously designed spacer (120 mm, 166.25 mL), printed using nylon instead of 

PLA. In addition, the cast itself was also nylon-made and its inner surface was coated 

with the EtOH: Glycerine (3:1) mucus model. Figure 3.40 shows the deposition pattern 

when spacers with different lengths were used. While 62.5% decrease in the spacer 

dose was observed for the 60 mm-spacer compared to the 120 mm-spacer (14.2% vs 

22.7%), a significant reduction was also achieved for the latter when nylon material was 

utilized in comparison to the PLA spacer with similar dimensions (Figure 3.37 70.2% vs 

Figure 3.40 22.7%). In fact, nylon is an example of antistatic plastic hence does not 

accumulate static charges over use, reducing the attraction of charged aerosol particles 

onto the spacer wall. Moreover, nylon was patented as innovative pMDI-spacer material 

in 1990 (Lulla and Rao, 2008). As for the optimal spacer dimensions, it is still a 

controversial area. For instance, the shift towards using smaller spacers to improve 

pulmonary targeting was not supported by some in vitro deposition studies while using 

conical and large (200 mm length, 750 mL volume) spacers was preferable (Barry and 

O'Callaghan, 1996; Nikander et al., 2014). Other studies however, stated that aerosol 

quality for small capacity spacers (150 -250 mL) is comparable to larger devices and yet 

more convenient and enhance compliance (Mitchell and Nagel, 2007).  

Since this study is the first to report using spacer devices for nasal delivery, a 

comparative conclusion could not be drawn. As was stated above, the purpose of the 

spacer use is to slow the plume momentum and, thus, help the particles to navigate the 

small nasal passage rather than impacting in the anterior regions at high velocities. 

Simultaneously, a high dose fraction should be available for inhalation beyond the 

spacer. This seemed to be achieved for both tested nylon spacers where a significant 

reduction in the spacer dose to < 30% which confirms, as mentioned, the improvement 

with nylon as a plastic material compared to the PLA. However, low, and comparable 

distributions for all the sections including the olfactory region between ~2-9% were still 

the deposition trend. Coating the cast (PLA and nylon) with a similar mucus model could 

neutralise any differences in the cast surface-particle interactions between the two 

materials. For both spacers, The majority of the dose between 47.5-73.4% collected from 

the filter indicating that the NP passing through the nasal tract and carried by the air 

stream down to the lung (Figure 3.40). This performance put another parameter into a 

question which is the applied airstream rather than the spacer use which will be explored 

in the next section.  
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3.3.4.2.2.4. Spacer-free aerosolised FITC-PLGA NP deposition with a needle-like 

nasal nozzle, and 60 L/min airflow (sniff) conditions 

In accordance with the previous data collectively, with the majority of the NP 

deposition being either in the spacer (pre-cast) or in the filter (post-cast), new 

experimental settings were carried out. Although smaller nylon spacer (60 mm) seemed 

to be promising approach compared with the 120-mm spacer, ~ 14% vs 23% spacer 

dose (Figure 3.40) is still a significant waste, therefore the use of a spacer was not taken 

forward and  instead a modified actuator to atomize the particles directly into the cast 

was developed. It has been reported that the nozzle design used to actuate pMDI 

devices when used as orally inhaled therapy has a great impact on the delivery efficiency 

and oropharyngeal deposition (Duke et al., 2019). Considering the anatomical 

characteristics of the human nasal cavity, and instead of using the standard commercial 
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Figure 3.40. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation, using 120 mm, and 60 mm valveless in-house built nylon 

spacer, nylon cast and a mouthpiece, 30 actuation each test, a filter close to the outlet representing 

the lower respiratory tract (LRT) dose was installed, the inner surface of the cast was coated with 

EtOH: glycerol (3:1) as mucus simulant, cast tilting angle was kept 90° from the horizontal plane, 

hand-actuation, no hold time between device actuation and sample analysis, 15 L/min airflow was 

applied. The inset shows the deposition (%) in the olfactory region and the rear turbinates (the top 

and bottom parts of section 4 of the nasal cast respectively). 



228 
 

mouthpiece with a spacer, a specialised pMDI nasal actuator with a tubular construction 

was produced in an attempt to improve the formulation delivery to the olfactory region. 

The initial device consisted of two parts, a PLA printed actuator and a syringe needle 

which ensured a tolerable insertion in human nose (Figure 3.41A). Similar to 

conventional a pMDI actuator, the bespoke device included an expansion chamber (also 

known as sump depth), cylindrical in shape to allow the phase change once the liquid 

formulation enters the chamber. Its small dimensions (volume ~ 16 mm3) were estimated 

according to the remaining space after fitting the pMDI-canister stem into the needle hub 

(Figure 3.41B). The performance of the initial model of the device (Figure 3.41A) was 

evaluated and used for the deposition investigations in the nylon cast whilst the printed 

model (Figure 3.41C, printing procedure were described in section 3.2.10.2) was not 

tested but created as a proper actuator and a proof of concept for the efficiency of the 

model for future work. 

As simulated in Figure 3.41D the device nozzle was designed to deliver the aerosol 

6-8 mm deep in the nasal cavity, which is about 15 mm from the nasal valve (Menegatou 

et al., 2022). Table 3.8 compares the geometric properties of a standard pMDI device to 

the modified device used in this study. 

 

Table 3.8. Geometric properties of the standard- and modified (used in this study) pMDI devices 

 Standard pMDI* Modified pMDI** 

Nozzle outer diameter - 3.6 mm 

Nozzle inner diameter 0.33 mm 1.6 mm 

Nozzle length 0.6 mm 37 mm 

Expansion chamber width 2.5 mm 3.2 mm (Diameter) 

Expansion chamber height 7 mm 2 mm 

Expansion chamber depth 2.6 mm - 

Expansion chamber volume ~ 60 mm3 16 mm3 

Valve stem outer diameter - 3 mm 

Valve stem inner diameter 2 mm 1.5 mm 

Valve stem length 10.5 mm 9 mm 

* According to Duke et al. for conventional pMDI devices (Duke et al., 2019) 

** designed using Microsoft 3D Builder design software. 
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Since the constant normal breathing pattern of 15 L /min was not successful in 

improving the particle distribution using nylon spacers and, instead, the majority of the 

atomized particles escaped the nasal cavity indicating lung delivery, a sniffing breathing 

profile was tested in two different manners, either by actuating 30 puffs and then applying 

a transient air stream at 60 L/min (hold-sniff manner), or by timing 2-seconds of air flow 

after each puff for 30 puffs (actuate-sniff manner). The special interest of the mentioned 

conditions arises from the fact that hard sniff and breath hold are often reported 

instructions for patients when using particular inhaled products (Moraga-Espinoza et al., 

B C 

D 

The expansion 

chamber 2 mm 

height   

A 

Figure 3.41. A. Initial assembly for the nasal device composed of the rounded actuator and an 

attached needle (16 x 40 mm), B. 3D illustration of the device showing the expansion chamber, 

C. the printed device, D. a simulation for the device inserted into the nasal cast from two different 

angles. 
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2018). Figure 3.42 displays the distribution profile for both cases. No significant 

differences were noticed between the two sniffing-like procedures for all the sections, 

where a decrease in the anterior dose in the vestibule was associated with an increase 

in the nasal valve and front turbinate dose. The deposition in the mid-turbinate and 

nasopharynx was comparable, however, with the constant flow pattern (15 L/min) when 

using 120 mm spacer. This is in agreement with Foo et al, who also reported no 

significant influence for the inspiratory airflow between 0-60 L/min on turbinate deposition 

(Foo et al., 2007). While the deposition was enhanced in the main nasal passage, this 

indicates that high flow rates provide greater deposition even when the particles are 

diffusive and not only inertial. Such performance was also reported for a range of micro-

sized particles Dʋ50 10-50 µm (Calmet et al., 2019). A high flow rate increases the particle 

inertial parameter, which, along with the additional turbulence eddies produced, might 

explain the nominal dose collected from the filter under both conditions.  
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Figure 3.42. A comparison of the  average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation in the nylon cast, when applying 60 L/min airflow for 2 

seconds after each actuation, or as a one-off at the end of the experiment/hold-sniff pattern. 

An in-house actuator and a needle (1.6 × 40 mm) were used to actuate the device and 

aerosolize the particles, 30 hand-actuation, a filter close to the outlet representing the lower 

respiratory tract (LRT) dose was installed, the inner surface of the cast was coated with EtOH: 

glycerol (3:1) as mucus simulant, cast tilting angle was kept 45° from the vertical plane. The 

inset shows the deposition (%) in the olfactory region and the rear turbinates (the top and 

bottom parts of section 4 of the nasal cast respectively). 
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Since the cast model used in this study was single-sided, it represents inhalation 

manner with the opposite nostril closed and the insignificant effect of the inspiratory 

airflow was also reported by Guo et al. whose nasal model was also one-sided nasal 

cavity (Guo, Laube and Dalby, 2005).  

Overall, the sniff-breathing conditions along with using the needle-like nasal actuator 

showed a noticeable deposition improvement within the cast main passage, especially 

in the vestibule, nasal valve and front turbinate regions but not as expected in the 

targeted olfactory region. Again, the advantage of the nano-sized particles is their 

diffusivity towards deeper regions in the nasal replica bypassing the narrow nasal valve. 

The air flow seemed to have two effects on the aerosolised NP performance. As normal 

flow (15 L/min), it carried the particles all the way through the cast passage towards the 

lower respiratory tract (filter), whereas as sniff-like (60 L/min), the generated turbulence 

might have limited the NP diffusivity potential, causing the particles to deposit onto the 

anterior cross-sectional areas. Nulling such effects with no streamed flow being applied 

0 L/min (as such breath-hold) might therefore make a difference in the deposition in 

favour to the nasal posterior regions. This will be explored in the next section. 

 

3.3.4.2.2.5. Aerosolised FITC-PLGA NP deposition using a needle-like nasal 

nozzle, and 0 L/min airflow (breath hold) conditions  

For this set of experiments, the air flow was set to be 0 L/min, simulating breath hold 

condition. In a recent study, a zero-airflow configuration was chosen along with other 

parameters to deliver 43% of dry powder formulation to the olfactory region (Rigaut et 

al., 2022). As was presented in previous experiments, although normal inspiratory air 

flow could possibly carry the particles deeper into the posterior regions of the nasal 

cavity, this effect seemed to be negated with a high fraction of the particles leaving the 

nasal passage towards the lower respiratory tract upon inhalation. A sniff pattern, 

however, did not improve the olfactory deposition either and a high fraction impacted at 

the anterior parts. Therefore, to avoid lung delivery whilst enhancing the deposition in 

the nasal cavity, henceforth no airflow was applied, and the nasopharynx part (section 5 

of the nasal replica) was reprinted with a sealed end to produce the configuration shown 

in Figure 3.43A and B. In fact, it should be mentioned that the impact of airflow on the 

deposition is debatable. A recent study reported insignificant differences in sinus 

deposition between 12 L/min and 0 L/min inhaled air flow for Flixonase® nasal spray and 

Flixotide® inhaler. In addition, the administration angle at 45° had more pronounced 

effect and the inhaler achieved better overall sinus deposition than the conventional 

nasal spray at the stated delivery angle (Siu et al., 2022). 

Because of the small particle size of the FITC-PLGA NPs (~ 200 nm), their deposition 

mechanisms from the atmospheric aerosol are more likely to be either by diffusion 
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induced through Brownian motion (known as dry deposition), or via diffusion following 

coagulation with larger particles. It is also possible that the size could increase from the 

nano range through gas condensations as such gravitational settling occurs. Depending 

on the mechanism, the  time prior to the NP deposition on the cast surface might vary 

between minutes to days (Anastasio and Martin, 2001). Based on this theory, and since 

the NP deposition time is uncertain, no hold-, 5 min-, and 15 min hold times between the 

NP delivery and disassembling the cast were investigated in this experiment. In other 

words, for no hold, the cast was directly disassembled for deposition testing after NP 

atomisation, while for 5 min- and 15 min hold, the nasal cast was kept untouched for 5 

and 15 min after firing the device before being disassembled for the deposition testing. 

 

 

 

 

 For the 15 min-hold as shown in Figure 3.44 the anterior section, representing the 

vestibule, received more than 70% of the dose. The turbinate dose (section 4) reached 

10.4%, of which 6.4% was deposited in the olfactory region. Under these static conditions 

(breath hold) very little (0.2%) was found at the back of the nose indicating that the dose 

remained within the cavity. Interestingly, Figure 3.44 also displays that the hold time had 

no significant effect on the overall deposition pattern, as for the olfactory region p-value 

is 0.44 between the no-hold and 15 min-hold groups. Since the size of the particles falls 

within a range rather than being completely uniform using the conventional NP 

preparation methods, it might be difficult to predict the sedimentation/ settling times of 

A B 

Figure 3.43. A) The nylon 3D-printed cast with a closed outlet to mimic the zero-airflow condition 

with the sections numbered as: 1. the vestibule, 2.the nasal valve, 3. the front turbinates, 4T. the 

olfactory region, 4B. the rear turbinates, and 5. the nasopharynx. B) device fitted into the sealed 

nasal cast positioned at 45° to the vertical plane. 
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the formulation. In fact, according to Anastasio and Martin, these 200 nm particles fall 

within what is called accumulation mode particles where the particles are too large for 

atmospheric removal mechanism by diffusion (> 50 nm), however small for gravitational 

settling (1-1000 µm). This particle category has the longest residence time (days to 

weeks) (Anastasio and Martin, 2001), as such the 15-min hold which is physiologically 

relevant, was insufficient for the complete particle deposition and similar performance 

was observed with or without breath hold. Hence the hold time before disassembling the 

cast was not considered crucial for this study however the 15 min hold protocol after 

delivering the formulation and before disassembling the cast for the analysis was kept 

as a point of comparison for further studies since the settling/deposition time of the NPs 

is not predicted.  
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Figure 3.44. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation with 15 min, 5 min, or no hold-time following actuation before 

disassembling the cast, an in-house actuator and a needle (1.6 × 40 mm) were used to aerosolize 

the particles, 30 hand-actuation, no airflow was applied, the inner surface of the cast was coated 

with EtOH: glycerol (3:1) as mucus simulant, cast tilting angle was kept 45° from the vertical plane. 

The inset shows the deposition (%) in the olfactory region and the rear turbinates (the top and 

bottom parts of section 4 of the nasal cast respectively). 
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The focus afterwards in this study would be to increase the number of NP contained 

in the pMDI aerosol to increase the total delivered dose which is according to Stein S., 

(Stein, 2008) when assuming the aerosol is monodisperse, it could be achieved by 

decreasing the EtOH concentration and the actuator orifice diameter (the needle inner 

diameter in this study). The latter parameter will be studied in the next section.  

 

3.3.4.2.2.6. Aerosolised FITC-PLGA NP deposition using a needle-like nasal nozzle 

with smaller output orifice  

Using a nozzle with a smaller orifice diameter has the advantage of producing a 

narrower and less forceful plume with HFA propellants (Gabrio, Stein and Velasquez, 

1999). such plume characteristics could improve the aerosol deposition within the small 

nasal passage, and also could induce less discomfort sensation due to the impaction of 

the propellant cold blast at a close distance from the nasal walls (Lavorini and Fontana, 

2009). To investigate this effect on the nasal deposition, a needle with smaller orifice 

diameter (0.8 mm) and identical length (40 mm) was used as a nozzle and was compared 

to the (1.6 × 40) needle. The wider needle relatively performed better and deposited a 

higher dose in the turbinate (Figure 3.45). Although the wide variabilities between 

repetitions for both needles did not show significant differences when applying t-test 

analysis (p-value = 0.33), the deposited fraction onto the turbinates reached as high as 

14% with the wider orifice nozzle. Smaller orifice diameter produces aerosol with higher 

velocity magnitude (Abd Rahman et al., 2021) which might not be as beneficial for the 

short and narrow nasal passage as for the alveoli targeting, instead the diffusivity of the 

particles is more important factor to reach the olfactory region.  

In addition, although there is an evident correlation between the plume 

characteristics and the actuator orifice diameter (narrower plume for smaller orifice), this 

correlation was not linear over the studied diameter range by Smyth et al, (Smyth, H. et 

al., 2006). As such other factors related to the formulation and device component could 

have been involved. For instance, little impact was observed for the orifice size on the 

pMDI-spray pattern whilst the jet length and sump depth, which are set to be 37 mm and 

11 mm, showed the greater effect on the spray formation and characteristics (Smyth, 

Hugh et al., 2006). As for this study, decreasing the needle (nozzle) orifice diameter had 

no significant effect and the 1.6 mm needle-inner diameter was remained unchanged, 

however, increasing the aerosol droplets hence the delivered NP was examined by 

different approaches in the next section either by doubling the NP payload or the number 

of actuated puffs. 
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3.3.4.2.2.7. Aerosolised FITC-PLGA NP deposition when doubling the formulation 

load in the device or doubling the number of actuations   

In an attempt to increase the deposited dose in the olfactory region under the previously 

described settings, two different approaches were investigated: increasing the NP 

concentration by 2-fold to 0.2% w/w of the total pMDI formulation (solvent fractions 

remaining fixed) or increasing the number of actuated puffs from 30 to 60 or 90 

actuations. Although the deposited dose was almost doubled in each section (Figure 

3.46), the deposition profile for both concentrations were almost identical (Figure 3.47) 

and the difference in the turbinate deposition as for the olfactory dose was insignificant. 

Since the tested formulation includes suspended NPs, water and EtOH as suspended 

and dissolved excipients, a model developed by Stein et al to predict the size of the 

atomized particles/droplets could be relevant (Stein, Sheth and Myrdal, 2012). According 

to the model, for low suspended concentrations, a greater number of the released 

Figure 3.45. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation, using an in-house actuator attached to a needle with either 

(1.6 × 40 mm)-, or (0.8 mm × 40 mm) orifice diameter to aerosolize the particles, 30 hand-

actuation, no airflow was applied, 15-min hold time between actuation and sample analysis, the 

inner surface of the cast was coated with EtOH: glycerol (3:1) as mucus simulant, cast tilting 

angle was kept 45° from the vertical plane. The inset shows the deposition (%) in the olfactory 

region and the rear turbinates (the top and bottom parts of section 4 of the nasal cast 

respectively). ns: not significant. 
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droplets have no drug or a single drug particle hence the size distribution of the residual 

particles is similar to the drug microparticles. When the concentration is increased or 

when using small size particles, a substantial increase in the residual particle size occurs 

outweighing the size of the actual drug particles since the majority of the droplet in such 

case contains many drug particles. Consequently, the particle distribution profile will 

change (Stein, Sheth and Myrdal, 2012; Stein et al., 2015). As the tested formulation is 

nano scale size, one would expect the behaviour of the particles for both concentrations 

would follow the multiple NPs/agglomerate contained in a single released droplet. 

Doubling the concentration could be insufficient to observe different particle performance 

since the concentration is still relatively low. These data however confirm the deposition 

pattern obtained for the previously tested formulation.  
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Figure 3.46. A comparison of the average deposition (µg) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation with two different concentrations of the NPs in the device 0.1% 

and 0.2% w/w, an in-house actuator attached to a needle (1.6 × 40 mm) were used to aerosolize 

the particles, 30 hand-actuation, no airflow was applied, the inner surface of the cast was coated 

with EtOH: glycerol (3:1) as mucus simulant, cast tilting angle was kept 45° from the vertical 

plane. The inset shows the deposition (%) in the olfactory region and the rear turbinates (the top 

and bottom parts of section 4 of the nasal cast respectively). 
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The second approach where the number of shots was increased showed more 

efficiency in enhancing the overall deposition. Figure 3.48 compares the deposition 

profiles when 30, 60 and 90 successive actuations were performed. For the 60-actuation 

group, 17.8% of the emitted dose recovered from the rear turbinates and the olfactory 

regions out of which 8% collected from the superior olfactory region. Despite the 

variations between repeats for all the studied groups, the deposition enhancement in the 

targeted olfactory region was evident when doubling the number of actuations from 30 

to 60 puffs. Interestingly, a significant decrease in the posterior depositions was noticed 

for 90-actuations where only 1.5% was recovered from the olfactory region with overall 

2.4% for the turbinates (Figure 3.48). As it was described before, since the creaming 

effect is present due to the less dense formulation compared to the propellant, it is 

expected that the proportion of water/EtOH will increase over the device use (Chierici et 

al., 2020). The increased fraction of the non-volatile solvent (water) leads to larger 

atomized droplets and thus larger residual particles with limited diffusivity and impacting 
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Figure 3.47. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation with two different concentrations of the NPs in the device 0.1% 

and 0.2% w/w, an in-house actuator attached to a needle (1.6 × 40 mm) were used to aerosolize 

the particles, 30 hand-actuation, no airflow was applied, the inner surface of the cast was coated 

with EtOH: glycerol (3:1) as mucus simulant, cast tilting angle was kept 45° from the vertical 

plane. The inset shows the deposition (%) in the olfactory region and the rear turbinates (the top 

and bottom parts of section 4 of the nasal cast respectively). ns; not significant. 



238 
 

on the anterior parts by the nasal valve, this may explain the unusual high dose (20.3%) 

in the nasal valve sections  for the 90-puff group. 

 

 

Over the various parameters discussed in this section, it should be emphasized that 

the obtained deposition profiles of the NP-pMDI aerosols in the nasal cast are a function 

of the aerodynamic diameter of the generated aerosol rather than the size of the loaded 

NPs (~200 nm). Understanding the complicated physical processes associated with 

pMDI formulation aerosolization has been ambiguous giving the eminently short time 

within which the small sale aerosol forms. In addition, it is experimentally difficult to 

collect precise flow information in such transient and dense aerosol environment close 

to the orifice region and therefore, particle size prediction and measurement of the 

emitted pMDI aerosols have been extremely challenging. The pMDI spray is developed 

through distinctive two-phase mechanism of primary atomisation phase and the following 

secondary aging phase. The initial pMDI droplets are produced during the atomisation 
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Figure 3.48. A comparison of the average deposition (%) (mean ± SD, n = 3) of the developed 

PLGA NP-based pMDI formulation when performing 30- ,60- , and 90-hand actuations, an in-

house actuator attached to a needle (1.6 × 40 mm) were used to aerosolize the particles, no 

airflow was applied, the inner surface of the cast was coated with EtOH: glycerol (3:1) as mucus 

simulant, cast tilting angle was kept 45° from the vertical plane. The inset shows the deposition 

(%) in the olfactory region and the rear turbinates (the top and bottom parts of section 4 of the 

nasal cast respectively). *P-value < 0.05. 
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process. The propellant expansion and flash evaporation during this mechanism involve 

the development of two-phase flow between the valve and the actuator orifices within 

the pMDI device, and the variations of the interphase propellant flow dynamic are the 

determining factor of aerosol main characteristics such as velocity and particle/droplet 

size (Gavtash et al. 2017). This process was found to be greatly impacted by the actuator 

design and the formulation properties such as viscosity and volatility (Smyth et al. 2006). 

The second phase of the aerosol formation mechanism is defined by the secondary 

aging phase which occurs when the initial droplets undergo vaporisation process fuelled 

by the heat obtained from the ambient environment shifting the initial droplet/particle size 

distribution. The dynamics of the final stage of spray evolution or the fully developed 

aerosol define the aerodynamic sizes of the “residual” particle delivered into the nasal 

cast and thereby their regional deposition (Sheth et al., 2017). For instance, a 

computational model developed by Sheth et al suggested that for solution- and 

microsuspension pMDI formulations (~500 nm), the mass median aerodynamic diameter 

of the residual particles is highly sensitive to the increases in the initial droplet diameter 

(up to ~ 79% increase) (Sheth, Stein and Myrdal, 2013), wherease Legh-Land et al 

proposed a sequence of evaporation distillation processes during aerosol aging within 

relatively humid environments, as such, particles/droplets experiencing higher 

hygroscopic growth upon inhalation are more likely to induce different deposition pattern 

(Legh-Land et al., 2021).  

The substantial vestibule deposition under different settings investigated in this work 

could be due to various factors, the highly dynamic pMDI aerosol with great and 

instantaneous changes of spray velocity and direction as well as droplet sizes nearby 

the orifice region as reported by Versteeg and co-workers (Versteeg et al., 2017), the 

potential of condensational growth (Legh-Land et al., 2021) within the wetted inner 

surface of the nasal cavity along with the ballistic nature of the pMDI aerosol causing 

significant NP dose fraction being deposited in the anterior region regardless of the NP 

size distributions which might be otherwise deposited deeper in the nasal cast. Overall, 

it is important to understand the dynamic character of the proposed NP-based pMDI 

aerosol development processes under the described delivery conditions, to accurately 

interpret their implications on the regional nasal distribution. 

Optical diagnostic techniques such as Particle Image Velocimetry, Laser Doppler 

Anemometry, Phase Doppler Anemometry, Laser Diffraction, High-Speed Laser 

Imaging, and more importantly a combination of these tools to overcome the challenging- 

rapidly changing pMDI spray, would ultimately provide useful information about the 

aerosol properties and the elements responsible for any differences in the particle sizes 

and momentum at the point of inspiration hence improving the resulting deposition 

profiles of the developed NP-pMDI formulation. 
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3.3.4.3. Validation of aerosolised FITC-PLGA NP deposition in the olfactory region  

Two qualitative analysis methods, 1H NMR and confocal fluorescent microscopy 

were performed to confirm the olfactory deposition of FITC-PLGA NPs while applying the 

optimal parameters in terms of the developed pMDI nasal actuator and the nasal cast 

conditioning. Following NP aerosolization into the cast, the olfactory region wash solution 

containing PLGA polymer residual was analysed. The wash collected from a mucus-

coated olfactory region exposed to NP-free aerosol (HFA134a aerosol) was also 

considered as a control. Prior to the 1H NMR analysis, the MeCN solutions were 

completely dried using a rotary evaporator and the dry residues were redissolved in 

deuterated acetonitrile C2D3N.  Figure 3.49 shows the 1H NMR spectra for both olfactory 

region samples with and without NPs. The aim was to detect the signals distinguishing 

the PLGA polymer as a core material for the aerosolized NP. A sample of the FITC-

PLGA used to generate the NPs was also measured as a reference (Figure 3.49A). 

Despite the low polymer mass expected in the olfactory region, the intensities at 4.82 

ppm and 5.21 ppm assigned to the 2H in the glycolide (-CH2) group and H in the lactide 

(-CH-) group, respectively, were detected (Figure 3.49B). The blank sample did not show 

the described signals (Figure 3.49C) indicating that the polymer, and therefore the 

particles, did reach the olfactory region. 

 
Figure 3.49. 1H NMR spectra showing the lactide and glycolide peaks at 5.21 ppm and 4.82 

ppm for the: A) standard FITC-PLGA used for the NP synthesis and B) sample recovered 

from the olfactory section after NP aerosolization via a pMDI in the nasal cast. As a control 

C) is the sample recovered from a blank olfactory section without particle aerosolization. Prior 

to analysis, all samples were dissolved in C2D3N NMR solvent. 
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To confirm this further, the described samples (olfactory region wash and the control) 

were imaged using confocal microscopy, the vestibule section wash sample also imaged 

since it received the majority of the fluorescent particles. As displayed in Figure 3.50 a 

clear green, fluorescent signal was captured in both sections (Figure 3.50B and D) which 

was not seen in the controls (Figure 3.50A and C), indicating the olfactory deposition. 

 

Figure 3.50. Confocal micrographs of the samples recovered from the vestibule and olfactory 

sections for the NP sample and the controls without particle aerosolization. 
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3.4. Conclusions  

In this study fluorescent polymeric PLGA NPs (~200 nm) were prepared by 

conventional nanoprecipitation method with the use of Poly(vinyl alcohol) (PVA) and 

Polyvinylpyrrolidone (PVP-K25) as surfactants. The surfactants were selected according 

to their ability to preserve the NP morphologies during manufacturing, lyophilisation 

processes and to aid the dispersity of the particles within 2H,3H perfluoropentan HPFP 

propellant model. Although a single-phase nanosuspension in the HPFP propellant 

model was obtained, clear irreversible agglomerations were formed of the particles when 

added as a dry lyophilisate which might reflect the particle behaviour in the HFA134a 

propellant. As such, for the final pMDI formulation, the chosen surfactants (PVA and 

PVP-K25) were taking forward but the nanoformulation was added as an aqueous 

suspension 0.1% w/w in 2% w/w of Milli-Q water and with 2% w/w EtOH of the total mass 

of pMDI formulation. Although the limited amount of EtOH (2% w/w) as a co-solvent was 

insufficient and yet biphasic preparation was produced in rested devices due to the 

creaming effect, the product appeared to be easily redispersed after device shaking, and 

the creaming time was long enough to enable device actuation. In addition, the NPs were 

found to be respirable and intact within the developed pMDI formulation. 

For in vitro nasal deposition studies, a fluorescence-based analytical method was 

optimized to quantify the deposited NPs in a one sided-multi sectioned-3D-printed 

human nasal replica. Over the many investigated factors in this study including spacer 

dimension, actuator design, airflow pattern, breath hold conditions, NP payload in the 

device and number of the delivered puffs, only increasing the number of actuations had 

statistically significant effect on the NP deposition. The best configuration obtained with 

the nasal pMDI device was by using an actuator nozzle (1.6 × 40 mm), mucus-coated 

cast tilted 45° from the vertical plane (head tilting), 0 L/min respiratory airflow (breath 

hold) and higher actuation number on the account of the formulation concentration in the 

device. Following this procedure 17.8% deposition was measured in the middle 

turbinates and the olfactory, out of which 8% was recovered from the targeted region.  

The resulted nasal deposition profiles utilizing a nasal cast are associated with many 

factors including the design of the cast, the formulation and the used pMDI actuator. The 

extended part of the fabricated cast (~2.5 cm) made of rigid material was needed to 

create an inlet to fit the device, however it did limit the control over the device insertion 

depth and angle. Direct contact of the device nozzle with the nasal cavity while using 

flexible materials to build the inlet, presumably would enable aiming the tip of the 

proposed actuator deeper towards the olfactory region. These settings would allow an 

aerosol angle between 30-45° to the main nasal passage rather than the 90° used here 

which could further favour high olfactory deposition. As for the formulation, the delivered 

dose could be also enhanced by achieving the gravitational stability and density 



243 
 

matching between the particulate formulation and the whole pMDI system to produce 

homogenous suspended particles hence consistent performance for the actuated puffs. 

Finally, the actuator geometrical features influencing the spray pattern and their impact 

on NPs deposition should be thoroughly investigated. For instance, the modification over 

orifice length, orifice diameter which is generally within the range of 0.14-0.6 mm, and 

sump depth could produce more suitable plume geometry for better nasal deposition 

scenario and could also be useful to interpret the derived deposition pattern under the 

studied experimental settings. 

In a nutshell, this study demonstrates 6.4% olfactory region delivery when using a 

NP-based pMDI device and the deposition was enhanced to 8% when the actuated puffs 

were doubled. This is an excellent delivery under the study limitations mentioned above 

in terms of the non-ideal formulation components and inhaler use. In addition, this study 

evidently showed that nasal replicas provide an in vitro tool to obtain regional distribution 

data, allowing good control over the experimental conditions to closely mimic inhaler use 

and hence the aerosol performance in real life. Therefore, they could be utilised as an 

intermediate step during nasal product development to guide in vivo studies and clinical 

trials which are vital to verify the deposition and efficiency of nasal formulations and 

devices. 
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CHAPTER 4 

 

Nasal cell-based model for parallel deposition and permeation 

screening of aerosolized PLGA nanoparticles delivered via 

pressurised metered-dose inhaler (pMDI) 

 

4.1. Introduction 

Over the last two decades, the nasal route has emerged as an attractive and non-

invasive approach for direct central nervous system (CNS) drug delivery, circumventing 

the blood-brain barrier (BBB), which is the major obstacle to effective treatment for 

neurodegenerative diseases (Illum, 2004). The targeted region for efficient nose-to-brain 

drug delivery (NTBDD) is the olfactory epithelium, the uppermost region in the nasal 

cavity. It is a concealed structure that is difficult to attain and accounts for less than 10% 

of the human nasal cavity. In fact, the clinical translation of NTBDD has yet to be well-

established due to limitations associated with anatomical and physiological features of 

the nasal cavity e.g. mucociliary clearance, the complex interplay between formulation-, 

device- and patient-related factors, in addition to the ambiguities in the in vitro – in vivo 

correlation (IVIVC) of NTBDD outcomes (Le Guellec, Ehrmann and Vecellio, 2021).  

Efficient and novel nasal formulation strategies (Sonvico et al., 2018) are needed with 

a suitable nasal device to aerosolize the formulation and achieve high deposition in the 

nasal cavity while avoiding formulation escape deep down to the lower respiratory tract 

(Djupesland, 2013). One way to evaluate the potential of NTBDD systems is the use of 

3D-printed nasal replicas which have been a useful tool in bridging nasal formulation 

properties, administration device features, and the subsequent nasal transport and 

deposition (Deruyver et al., 2021). However, nasal casts do not reflect the functional 

features of the nasal mucosa e.g. mucus secretion or provide information about the 

diffusion of the formulation of interest across the nasal epithelium.  

During intranasal (IN) dosage form development, the optimization process of nasal 

active pharmaceutical ingredients (APIs) or formulations requires bio-relevant in vitro 

screening platforms, potentially to ease the laborious and time-consuming in vivo and 

clinical studies, and simultaneously to meet the regulatory aspects for nasal drug delivery 

systems. Nasal deposition, mucoadhesion, and permeation tests utilize ex vivo models 

in which the whole nasal tissue is excised from an animal or human donor, and/or in vitro 

primary or immortalized cell culture models e.g. RPMI 2650 and Calu-3 cell lines 

(Sibinovska et al., 2022). While the ex vivo models involve critical tissue handling 

procedures and exhibit species-specific characteristics such as tissue thickness and 



255 
 

enzyme types and activity variations (Chamanza and Wright, 2015), cell-based in vitro 

models are more facile for routine testing and present a reliable and high throughput 

evaluation tool in early stages of nasal product development (Salade et al., 2019). In 

addition, compared with in vivo animal studies, cell models offer adequate predictability 

of not only the potential drug pharmacokinetics in humans, but also the bioequivalence 

assessment for IN drug products with much lower cost and fewer ethical considerations 

(Sarmento et al., 2012).   

The human nasal epithelial RPMI 2650 cell line has been the in vitro model of choice 

for nasal drug transport and permeation studies. It was first isolated in 1963 from an 

anaplastic squamous cell carcinoma of the nasal septum in the respiratory region. With 

a nearly normal diploid human karyotype, the RPMI 2650 cell line is considered unique 

among other permanent human cell lines (Moore, G.E. and Sandberg, 1964). Under 

submersed culturing conditions i.e. liquid-liquid interface (LLI), the nasal epithelium 

model has shown poor expression of tight junction (TJ) proteins and a tendency to form 

clusters with cell-free spaces in between rather than growing as a confluent polarized 

monolayer (Werner and Kissel, 1996). However, when physiological conditions are 

simulated and the cells are cultured at air-liquid interface (ALI-RPMI 2650) where the cell 

culture medium is absent from the apical face of the cells, an appropriate permeation 

barrier is able to express TJs, induce differentiation (producing mucoid substance and 

developing beating cilia) and demonstrate sufficient transepithelial electrical resistance 

(TEER) values (Bai et al., 2008; Wengst and Reichl, 2010; Kreft et al., 2015; Mercier, 

Clément, Perek and Delavenne, 2018). 

An outstanding work was recently reported to closely simulate the respiratory system 

in vitro and mimic the air-mucosa interface, for instance, a realistic cell-stretch ALI model 

to represent a “breathing” lung was developed (Doryab et al., 2021). There are however 

a few studies demonstrate the upper respiratory tract to evaluate the performance of 

nasal formulations. A polydimethylsiloxane (PDMS) Transwell® support cast was 

fabricated to culture the RPMI 2650 cell line within an adjustable nose-on-chip device, 

which enabled the application of specific mechanical characteristics associated with 

different regions in the nasal cavity. Moreover, this novel platform was in tandem with an 

air delivery system to generate the bi-directional airflow found in normal human breathing 

patterns (Brooks et al., 2022). In another interesting study, a microfluidic platform was 

used to culture RPMI 2650 cells on a chip device for drug permeation assessment across 

the barrier. The in vitro model not only can facilitate quantitative analysis for drug 

transport in real-time, but also integrated platinum electrodes in the chip enabling TEER 

values for the microfluidic cell culture to be measured (Gholizadeh et al., 2021).  



256 
 

While the mentioned in vitro models represent innovative strategies to screen nasal 

drug transport under more realistic and biorelevant conditions, other models are needed 

to assess the equally important deposition and uptake behaviour for nasal formulations. 

Traini and co-workers studied the deposition and the bioeffect of their developed anti-

epistaxis nasal formulation. The aerosol deposition was evaluated using a cascade 

impactor in lined with an expansion chamber, a recommended apparatus by the US Food 

and Drug Administration (FDA) to monitor particle/droplet size distribution for nasal 

products. In separate experiments, the formulation transport and pharmacological effect 

were investigated using ALI-RPMI 2650 culture seeded on Snapwell® facility within 3D-

printed chamber fabricated for drug distribution screening (Gomes Dos Reis et al., 2020). 

Whereas Pozzoli et al, successfully carried out deposition and permeation testing of the 

nasal aerosol in a single experiment. The authors incorporated RPMI 2650 cells into the 

expansion chamber of a cascade impactor. The modified chamber was designed to 

house three Snapwell® cell cultures facing an inlet, where the nasal device is placed and 

actuated (Pozzoli et al., 2016).  

Despite the promising findings of the previous work, the reported nasal in vitro models 

do not reflect the morphological and physiological features of the nasal cavity. In addition, 

the performance of a nasal aerosol not only associated with the developed formulation 

but also to a large extent with device in use and the administration techniques. This is 

particularly important for NTBDD purposes. Once such parameters are optimized the 

bio-effect on nasal epithelia will be biologically relevant. In accordance with the previous 

chapters, a nasal biocompatible nano-formulation was suspended in a pressurised 

metered-dose inhaler (pMDI) and the administration procedures were evaluated for 

olfactory targeting utilising 3D-printed human nasal cast. For the first time, the RPMI 

2650 nasal cell line was incorporated into the nasal replica using Snapwell® support 

system to replicate geometric and physiological conditions of the nasal drug delivery. As 

such, simultaneous deposition, barrier integrity and permeation testing could be 

performed for the aerosolized nano-formulation. To the best of our knowledge, no similar 

work has been reported for nasal aerosol validation to date.   

 

4.1.1. Chapter aims 

The overall focus of this chapter is the nasal regional deposition, as well as 

permeation across a human nasal epithelial model, of PLGA NP aerosol delivered via a 

nasal pMDI device and using a 3D-printed human nasal replica. The nasal cast is split 

into two sections to demonstrate the anterior and posterior nasal delivery. The novelty 

and contribution of this work are in the nasal cast design, which accommodates a custom 

cell insert with RPMI 2650 multilayers as a nasal cell model, thus aerosol deposition and 

permeation can be assessed simultaneously in the olfactory region for efficient NTBDD 
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delivery. To achieve this goal, three specific aims are included in this chapter as 

illustrated in Figure 4.1: 

▪ Optimization of the RPMI 2650 cell culture conditions and full characterisation of the 

barrier properties on ThinCert® inserts in terms of TEER measurements, mucus 

production, TJ protein development, cell compatibility with the test formulation 

(fluorescent PLGA NPs), passive permeability, and cell uptake studies. 

▪ The development of an aerosol deposition system including cell culture Snapwell® 

insert, to test the integrity of the cell multilayer (TEER measurement, Live/Dead assay), 

and aerosol transport across the barrier following formulation aerosolization from the 

device. 

▪ Fabrication of the custom-made nasal cast with 3D printing technology to 

accommodate a single Snapwell® cell culture insert to perform biorelevant pMDI 

formulation nasal deposition and cell compatibility tests. Once validated, the nasal 

model could also be used as in vitro tool for nasally inhaled formulation transport 

studies across the nasal epithelium. 

 

 

Figure 4.1. A schematic of the main aims of this chapter. 
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4.2. Materials and Methods  

4.2.1. Materials 

The RPMI 2650 cell line was purchased from ECACC (European Collection of 

Authenticated Cell Cultures, ECACC 88031602, UK), Eagle’s minimal essential medium 

(EMEM) with L-glutamine, heat-inactivated fetal bovine serum (FBS), non-essential 

amino acids solution (NEAA), penicillin/streptomycin antibiotic solution, collagen (type I 

solution from rat tail), fluorescein sodium salt (Flu-Na, MW 376.27 Da), fluorescein 

isothiocyanate–dextran (FITC-Dextran, MW 4 kDa), Alcian Blue 8GX, Entellan™ new and 

Hank’s balanced salt solution (HBSS) were obtained from Sigma Aldrich, Live/Dead cell 

double staining kit, Molecular Probes™ SlowFade™ Diamond Antifade Mountant with 

DAPI, phosphate buffered saline (PBS), 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 

acid (HEPES), Snapwell® (3801) 6-well Plate with Polyester (PET) membrane inserts 

(0.4 µm pore size, 1.12 cm2 surface area) were from Thermo Fisher Scientific, ThinCert® 

(PET) culture inserts (0.4 µm pore size, 1.13 cm2 surface area) were purchased from 

Greiner Bio-One (Kremsmünster, Austria) and commercially available silicone sealant 

(white) from 151 (UK). 

 

4.2.2. Cell culture maintenance and RPMI 2650 multilayer development 

RPMI 2650 cell inserts were coated according to the manufacturer’s procedure with 

rat-tail collagen type-I (10 µg or 50 µg/1.12 cm2) prior to seeding. Collagen stock solution 

(3 mg/mL) was diluted with sterile water to make a 1.5 mg/mL intermediate solution which 

was then further diluted using ethanol (50% v/v) to make the working solution (0.1 mg or 

0.5 mg/mL of coating solution concentrations). 100 µL of the final collagen solution was 

cast onto the insert membrane and air-dried in the cell culture hood for 4 h. The cells 

were seeded at different densities (1×105, 1.5×105, 2×105, 3.5×105 and 5×105/1.12 cm2 

insert), and the cultures were kept immersed in a liquid-liquid interface for 48 h (37 °C, 

95% air humidity, 5% CO2) where 800 µL and 200 µL of pre-warmed medium (37 °C) 

were added to the basolateral and apical compartments respectively. Air-liquid interface 

(ALI) cell cultures were developed by removing the apical medium and were maintained 

for 14 days, replacing the basal medium every 2-3 days. 

 

4.2.3. Transepithelial electrical resistance (TEER) 

Using an epithelial voltohmmeter (EVOM, World Precision Instruments, USA), TEER 

values were monitored every 2-3 days during cell growth and differentiation to evaluate 

the tightness of the epithelial barrier and its validity for the transport studies. Before the 

TEER measurements, 500 µL medium was introduced to the apical compartment and 

allowed to balance in the incubator (30 min, 37 °C, 5% CO2). The reported TEER values 
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were corrected by subtracting cell-free filter values and multiplying by the surface area 

of the inserts in use (1.12 cm2).  

 

4.2.4. Mucus production 

Mucus secretion from RPMI 2650 cell model at different seeding densities was 

visualized after 14 days of culturing, using an inverted light microscope (Leica, DMI 

4000B, Leica Microsystems, Germany). The glycoproteins contained in the mucus were 

stained using Alcian blue as previously described (Ong et al., 2016). In brief, culture 

inserts were washed with 300 µL of prewarmed PBS (37 °C) and subsequently fixed with 

4% v/v paraformaldehyde (PFA) in PBS for 20 min at 20 °C. The inserts were then 

washed twice with PBS before adding 1% w/v Alcian blue solution (3% v/v glacial acetic 

acid, pH 2.5) to the apical compartment for 15 min at room temperature. The cells were 

then washed three times with PBS (500 µL) and the inserts allowed to air-dry for 3 h. 

The ThinCert® membrane was cut off and mounted onto a glass microscope slide with 

EntellanTM new mounting medium, sealed and cooled to 4 °C before imaging under the 

light microscope. Semiquantitative analysis was performed with imaging processing 

using ImageJ/Fiji software (www.imagej.net/software/fiji) by measuring Red-Green-Blue 

(RGB) for each image and the RGB (blue) ratio was calculated as following equation 

where b is for blue, g for green and r for red : 

 

𝑅𝐺𝐵𝑏 𝑟𝑎𝑡𝑖𝑜 =
𝑅𝐺𝐵𝑏

𝑅𝐺𝐵𝑏 + 𝑅𝐺𝐵𝑔 + 𝑅𝐺𝐵𝑟
 

 

4.2.5. Tight junction visualisation (immunocytochemistry visual protocol) 

Tight junction proteins zonula occludens-1 (ZO-1) and E-cadherin were visualised by 

immunolabelling following 14 days of ALI culture according to Ong et al. (Ong et al., 

2016). Cells were rinsed three times with PBS to wash away residual mucus and improve 

visualization, then fixed with 4% v/v PFA for 10 min. The cells were permeabilized and 

the non-specific binding sites were blocked by incubating the inserts first with Triton X-

100 (0.2% w/v) for 10 min and then with a blocking buffer containing Triton X-100 (0.1% 

w/v) and bovine serum albumin (BSA; 1% w/v) in PBS for 60 min at 20 °C. Then, the 

cells were washed with PBS and incubated with 50 mM ammonium acetate in PBS for 

another 10 min. Another brief washing step was performed with PBS before incubating 

the cells for 16 h at 37 °C with primary antibodies, either rabbit anti-zona occludens-1 

(D7D12, Cell Signalling Technology; 1:500) or rabbit anti-human E-cadherin (24E10, Cell 

Signalling Technology; 1:200) in blocking buffer. The cells were then washed three times 

with PBS, and then incubated for 1 h at 37 °C with secondary antibody, goat anti-rabbit 

IgG labelled with Alexa fluor 488 (InvitrogenTM; 1:100) in PBS. The samples were then 
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rinsed three times with 500 µL PBS. In the final step, the ThinCert® insert membrane was 

detached from the plastic support, placed onto a glass microscope slide with cells facing 

up, and mounted with a mounting medium containing 4′,6-diamidino-2-phenylindone 

(DAPI) for nuclei staining (SlowFade™ Diamond Antifade Mountant with DAPI, 

Molecular ProbesTM), and stored at 4 °C prior to imaging with a confocal laser scanning 

microscope (LSM 880, ZEISS, Germany). 

 

4.2.6. Cell compatibility 

To assess the compatibility of the PLGA nanoparticles with the nasal epithelium, 

RPMI 2650 cells were seeded at 5×103 cells/well in 96-well plates, left to attach for 96 h 

and maintained as described above. To prepare the NP samples for the cells, a 

previously reported protocol was followed (Schlachet and Sosnik, 2019). A 1% w/v 

aqueous suspension of NPs was diluted with culture medium to give three concentrations 

(0.2%, 0.1% and 0.05% w/v) and maintained for 24 h at 25 °C. A 100 µL aliquot of the 

fresh medium containing NPs was introduced to the cells and incubated for 4 h or 48 h. 

The medium was then removed and replaced with 200 µL of fresh prewarmed medium 

(37 °C) containing 10% of stock resazurin solution in PBS (0.15 mg/mL). Finally, the cells 

were incubated (2 h, 37 °C, 5% CO2) and a 100 µL sample from each well was 

transferred into 96-well plates and the fluorescence measured at excitation (ex) and 

emission (em) wavelengths λex 540 nm/λem 590 nm using a FLUOstar Omega microplate 

reader (BMG Labtech, Germany). The measurements (% of the live cells) were 

correlated to the value of 100% viability control represented by the cells incubated with 

only the culture medium. A negative control of nonviable cells treated with Triton X-100 

(0.2% w/v, 15 min) was also prepared.  

 

4.2.7. Paracellular permeability prior to aerosol exposure  

Two hydrophilic paracellular markers with different molecular weights were used to 

evaluate the barrier formation and apical to basolateral permeability (A-B direction) of 

the ALI RPMI 2650 model following 14 days of culture. Fluorescein sodium Flu-Na and 

FITC-Dextran were separately dissolved in a mixture of HEPES (1% v/v) in HBSS to give 

10 µg/mL of each compound, then 250 µL was introduced into the apical chamber, 

whereas the buffer alone (1 mL) was added to the basolateral chamber. The culture 

inserts were then incubated at 37 °C for 4 h. At 30 min intervals over a 4 h period, 100 

µL samples were withdrawn from the receiver chamber and replaced with HBSS 

containing HEPES. Fluorescence readings were taken using a CLARIOstar Plus 

fluorescence microplate reader (BMG Labtech, Germany) at λex 490 nm/ λem 520 nm. 

The cumulative mass of the fluorescent tracer transported across the barrier was 
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determined by calculating the apparent permeability Papp coefficient (cm/s) using the 

following equation:  

 

 

where V is the volume of the receiver chamber (cm3), C0 is the initial concentration 

of the fluorescent marker (µg/mL), A is the surface area of the insert (cm2), and [dC/dt] 

is the rate of change of mass of the marker in the receiver chamber (µg/s), in other words 

the slope of the regression line obtained by plotting the cumulative mass of the 

permeated substance collected in the acceptor chamber against time, considering only 

the linear part of the graph. 

 

4.2.8. Cell uptake of PLGA nanoparticles 

To confirm that NPs were taken up by the cells and to monitor intracellular particle 

trafficking, confocal microscopy was performed (Schlachet and Sosnik, 2019). For this 

experiment, the NP suspensions were prepared as described above in the compatibility 

test (section 4.2.6) at two concentrations of 0.05% and 0.1% w/v and used following 2 h 

equilibration in cell culture medium. The cells were cultured in 35 mm glass-bottomed 

dishes (No. 1.5 glass coverslip; IBIDI, Germany) at a seeding density of 3.5 × 106/dish 

and incubated for 4 d (37 °C, 5% CO2). Subsequently, the cell culture medium was 

replaced with NP suspensions, and the dishes then incubated for 2 h, 4 h and 24 h at 37 

°C. The medium was then removed, and the cells washed three times with HBSS (1 mL), 

then kept immersed in HBSS for observation by confocal microscopy. A negative control 

of untreated cells was considered as baseline.  

For a quantitative analysis of the cell uptake, fluorescence-activated cell sorting was 

performed (FACSCanto, BD, US). The cells were seeded in a 12-well plate at 1×106 

cell/well and incubated for 3 days (37 °C, 5% CO2). The medium was replaced with a NP 

suspension (0.1% w/v in culture medium) and the cells then incubated at 37 °C for 4 h 

and 24 h. Then the medium was removed, and the cells were gently washed twice with 

fresh prewarmed medium. The cells were then harvested with trypsin, and finally 

resuspended in 200 µL fresh medium for FACS analysis. For each test, 20,000 events 

were measured, and the data were analysed using the software FCS Express (v 

7.14.0020). 

4.2.9. Aerosol deposition system 

The described system was used for three different experiments, to determine the 

deposited dose of PLGA-FITC NPs on cell-free Snapwell® inserts, to test the integrity of 

the RPMI 2650 cell layer seeded on the same support system after aerosol exposure, 

and also to screen aerosol permeability which is detailed later in the manuscript. The 

𝑃𝑎𝑝𝑝 =  (
𝑉

𝐶0 × 𝐴
) × (

𝑑𝐶

𝑑𝑡
)             
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system was assembled to place the NPs onto the insert membrane as shown in Figure 

4.2A and B. A glass apparatus (Sample Collection Apparatus for FP/Salmeterol 

Powders, Cat. No. 8640, Copley Scientific, UK) commonly used for dosage uniformity 

analysis for inhaled powders was utilized, however, the glass tube henceforth referred 

to as the exposure chamber has a deposition surface of 36 mm diameter and was 

modified with a 3D printed 6-well sized Snapwell® insert housing (Ø = 69 mm) to 

accommodate a single insert for cell aerosol exposure experiments (Figure 4.3). At the 

outlet, the apparatus was connected to a rotary pump to generate inspiratory flow, which 

was manually adjusted to a continuous flow rate of 15 ± 0.2 L/min by a calibrated flow 

meter (DFM 2000, Copley, UK) to simulate moderate human breathing. The 

aerosolisation unit was placed at the inlet. This consisted of the pMDI device attached to 

an actuator and a needle (i.d.×L = 1.6×40 mm) and fitted on the top of the exposure 

chamber using a rubber adaptor at a distance of 150 mm from the cell culture inserts 

(Figure 4.2B). In order to allow the airflow to pass through the chamber without damaging 

the membrane, four holes were made in the insert holder. The apparatus was sterilized 

with 70% IPA, and cell culture inserts for each test were carefully rinsed with PBS and 

individually placed on the insert plate.  
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Figure 4.2. The cell-aerosol exposure system, A) 1 is the inlet connected to a flow meter, 2 the 

exposure chamber, 3 the Snapwell® insert housing, and 4 the outlet connected to a pump to 

generate 15 L/min airflow. B) The deposition system with the pMDI device fitted using a rubber 

adapter. 

Figure 4.3. The 3D-printed Snapwell® housing in the aerosol deposition system for cell inserts 

seated when seeded on the both side of the membrane.  
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4.2.9.1. Dose deposition on ThinCert® inserts 

The polyester membrane of the cell-free ThinCert® insert was covered with a glass 

coverslip (Ø = 12 mm) and the insert placed onto the holder in the expansion chamber 

of the deposition system. Prior to the experiment, pMDI canisters were shaken manually 

10 times, sonicated for 90 s, and primed to waste three times. 20 actuations were 

performed, and the aerosol deposition factor based on the recovered NP mass from the 

insert, with and without applying the airflow (15 L/min), was calculated. The coverslip 

surface was rinsed with Milli-Q water (1 mL) and the samples were quantified by 

fluorescence spectroscopy using a plate reader (CLARIOstar, BMG Labtech, Germany) 

against a calibration curve for the dispersed particles. A control of a formulation-free 

inhaler (Milli-Q water 2% w/w + EtOH 2% w/w in HFA134a) was also tested. Three 

repetitions were performed for each experiment with a total exposure time of ~1.5 min 

and the data were reported as the mean ± SD.  

 

4.2.9.2. Cell layer integrity following aerosol exposure  

The procedure was performed under aseptic conditions in a cell culture hood. One 

insert at a time was placed onto the holder in the exposure chamber. In order to facilitate 

live cell imaging without the need of cutting out the insert membrane and damaging any 

cells, an inverted cell culture was developed. The cells were plated onto the bottom side 

of the Snapwell® insert membrane, pre-coated with collagen as described in section 

4.2.2. At first, a cell seeding suspension at density 3.5×105/cm2 was prepared, and the 

six-well Snapwell® plate system was flipped upside-down, so the inserts rested on the 

lid, and then the plate was carefully taken off without touching the inserts or the plate 

chambers. Using a pipette, 200 µL of the cell suspension was added to the membrane 

of the flipped inserts, which were incubated at 37 °C and 5% CO2 for 4 h to allow the 

cells to attach. Following the attachment phase, the inserts were transferred into a fresh 

6-well plate, turned back to their standard position and a prewarmed culture medium (37 

°C) was added to the apical (400 µL) and basolateral chamber (3 mL). The cell cultures 

were incubated under submerged conditions for 48 h before shifting them into ALI 

conditions where they were maintained for 14 days as described in section 4.2.2. 

The polarized cell cultures were used in the aerosol deposition system as either (a) 

a blank, kept in the chamber for the time of the experiment (30-90 seconds) without being 

exposed to the aerosol, or (b) a sham, where the cell layer was exposed to a formulation-

free pMDI aerosol, or (c) a test, where the cell layer was exposed to the PLGA NP aerosol 

from the pMDI device. Before aerosolization, the canisters were shaken, sonicated and 

primed as described above (section 4.2.9.1), and 10 or 20 actuations per test were 

carried out.  
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Following the exposure experiment, each insert was snapped into its original 

housing, placed in a fresh 6-well plate containing prewarmed media and prepared for 

TEER measurement to predict initial cell layer integrity. For this test, the inserts which 

achieved TEER > 35 Ω.cm2 were further tested with the Live/Dead double staining 

viability assay to confirm cellular health. The assay kit is composed of the green calcein 

AM and the red propidium iodide dyes, the assay solution was prepared in PBS at 2 

µmol/mL for calcein AM and 4 µmol/mL for propidium iodide. The medium was removed 

from the inserts, and the cells were rinsed with HBSS, after which they were stained with 

100 µL of the assay solution and incubated for 15 min at 37 °C. Then the cell inserts 

were washed free of any excess stain before being immediately transferred into an 

imaging dish (35 mm with a glass bottom, Ibidi) so that the cells were facing downwards 

and rested on a drop of HBSS to prevent drying prior to imaging by confocal microscopy 

(LSM 880, ZEISS, Germany). 

 

4.2.10. Transepithelial transport of PLGA NPs 

After 14 days of ALI-RPMI 2650 cell culture, seeded on ThinCert® membrane at 

3.5×105/cm2 density, the inserts were exposed to the test formulation as a 

nanosuspension and via pMDI aerosolisation using the deposition system described in 

section 4.2.9. For the suspension permeability measurement, 1% w/v of NP dispersion 

was diluted 10-fold with HBSS to a final concentration of 0.1% w/v, and the pH of the 

medium adjusted to 7.2 with HEPES (25 mM, final concentration 1% v/v). The cell inserts 

were rinsed twice with warm HBSS and incubated with HBSS in the apical and 

basolateral chambers (15 min, 37 °C, 5% CO2) to allow cells to adjust to the transport 

medium (HBSS + 1% v/v HEPES). Then 250 µL of NP suspension was added to the 

apical chamber and HBSS (1.5 mL) into the basolateral chamber. Samples (200 µL) 

were collected every 30 min over a 4 h period from the basolateral chamber and then at 

24 h. An equal volume of fresh HBSS was added to the basolateral chamber at each 

timepoint to maintain sink conditions. For this experiment, NP mass was determined in 

the acceptor chamber by fluorescence spectroscopy (λex = 495 nm/λem = 520 nm) in 

comparison to a calibration curve for the dispersed particles. The samples were 

transferred into a black 96-well plate and the permeation coefficient (Papp) was calculated 

using the equation stated in section 4.2.7. To confirm that the ThinCert® insert membrane 

was not the rate-limiting step for the permeation process, the permeability of the 

formulation through cell-free inserts was also tested (PB) and the epithelial permeability 

(PE) was calculated according to the following equation, where PT is the total 

permeability of the whole system.  
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Aerosol permeability measurements used a similar setup to the cell aerosol exposure 

experiments in the deposition system as described for the integrity test, but with cells 

being seeded on the apical side of the insert membrane. The ThinCert® inserts were 

transferred into a fresh 12-well plate containing the transport medium (1.5 mL) in the 

basolateral chamber. Throughout the transport experiment for both NP suspensions and 

aerosols, cell inserts were incubated at 37 °C and 5% CO2 humified atmosphere. Similar 

to the suspension permeability test, 500 µL samples from aerosol exposed cell cultures 

were collected every 30 min over a 4 h period and at 24 h, with HBSS being replenished 

at each timepoint. The permeation was mainly determined as transport fraction (%). The 

permeation could also be described as a transport rate [
 𝑓𝑚𝑜𝑙 (𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑)

𝑐𝑚2×𝑠
] according to 

Röhm et al (Röhm et al., 2017). For the aerosol formulation, the initial dose deposited on 

each layer (100%) was back calculated by summing the drug content found in the two 

ThinCert® chambers with that associated with the cells at the end of the transport studies. 

For both NP suspension and aerosol studies, the fluorescence was measured in both 

compartments at the end of the transport experiment. The donor chamber was washed 

five times with fresh HBSS (100 µL) to recover the non-permeated particles and the 

collected samples were analysed as described above. 

 The dose associated with the cells, which could decrease the efficient permeability 

of the particles across the barrier, was calculated following sample collection. Cells were 

lysed by osmotic shock with 500 μL of Milli-Q water for 1 h followed by multiple 

freeze/thaw cycles (5 cycles for efficient lysis). The cells were harvested and centrifuged 

at 18,879×g for 5 min. The supernatant was collected and analysed for NP content. NP 

dose contained within the cell layer could also be calculated as follows: 

 

% NPs = C0
 - %Cdonor-%Cacceptor 

  

where C0 is the initial NP suspension concentration used, Cdonor is NP concentration 

recovered from the donor chamber, and Cacceptor is NP concentration recovered from the 

basolateral chamber. 

 

4.2.11. Nasal cast and custom Snapwell® inserts fabrication 

The nasal cavity model used in this study was based on the the Carleton-Civic 

standardized human nasal geometry described by Liu et al. (Liu et al., 2009). The 

Snapwell® support mould and the nasal replica were designed by De Bank, P. with 

SketchUp (Trimble Inc.) and 3D-printed on an Anycubic Photon Mono SE printer using 
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clear blue coloured standard resin (Eono, 3D printer photopolymer resin). Figure 4.4A 

shows the 3D model of the custom designed cell module in the upside-down position of 

it is intended used. The cell module is composed of the base media reservoir where the 

Snapwell® insert will be fitted on one end (i.d.18.5 mm) whereas a conical extension 

stemmed from the other end of the base to allow sealing the reservoir with a stopper. 

The stopper is made of polydimethylsiloxane (PDMS). The latter was fabricated using 

Sylgard®184 silicon elastomer two-part kit, where the elastomer base and the curing 

agent in a ratio of 10:1 (w/w) were mixed smoothly with a glass Pasteur to avoid 

introducing any excess air. The transparent medium viscosity mixture was further 

degassed by centrifugation (1300×g, 2 min), and then was poured into a stopper-shape 

resin mould (Figure 4.4B). The mix in the mould was allowed to cure in the oven at 60 

°C for 16 h and was pulled out of the mould using tweezers.  

 

 

 

Figure 4.4. A) The 3D design of the custom cell module; 1, the module base; 

2, the extension for the PDMS stopper; 3, the base end where the Snapwell® 

insert is fitted with the basolateral side facing up; 4, the inner end to be sealed 

with the PDMS stopper. B) the four-well printed stopper mould. C) The 

assembly of the Snapwell® inserts; 5, the basolateral side of the insert 

membrane where the cells are seeded facing the inner surface of the nasal 

cast; 6, the cell culture medium reservoir. 
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The Snapwell® insert was detached from its housing and glued onto the support cell 

module using a silicone glue with the apical side of the membrane facing inside the 

reservoir in contact with the cell culture media (Figure 4.4C). The basolateral side of the 

insert membrane (henceforth the bottom of the base) where the RPMI 2650 cell will be 

seeded facing the inner surface of the nasal cast at the olfactory region.  

The nasal cast (Figure 4.5) was divided into two parts, the anterior (Figure 4.5A, 2) 

and the posterior (Figure 4.5A, 3) which were held together with two M5 nuts and bolts. 

The posterior part had one cylindrical opening located right at the uppermost of the 

posterior region (olfactory region) to house the custom Snapwell® support. 

 

2 

4 

3 

5 

B 

1 

A 

Figure 4.5. The nasal cast with the custom Snapwell® inserts, A) 1, the inlet of the 

cast where the inhaler is inserted; 2, the anterior part; 3, the posterior part which is 

sealed from the end to simulate no airflow condition (breath hold); 4, the Snapwell® 

shown as placed on the cast at the olfactory region. B) 5, the cell insert custom fitted 

in the olfactory region in the nasal cast.  



269 
 

4.2.12. Cell cultivation in the nasal cast and the subsequent pMDI formulation-cell 

compatibility and deposition studies 

The custom Snapswell® insert was thoroughly washed with PBS, sterilised under UV 

in the biological hood for 30 min, and then kept for 2 h to air dry. The insert was inverted, 

and the exposed side of the membrane was coated with 100 µL of collagen solution 

(50:50 EtOH: Milli-Q water, 50 µg/cm2), air-dried in the cell culture hood and then gently 

washed with PBS. 100 µL of RPMI 2650 cell suspension (3.5×106 cell/mL which is 

3.5×105 cell/cm2) was pipetted on the coated side of the membrane and allowed to 

spread evenly over the surface. The cells were allowed to adhere to the membrane by 

incubating (37 °C, 5% CO2) for 4 h. The excess medium was removed with care using a 

gauze swab and the custom Snapwell® then placed back into its housing in the normal, 

upright position. 400 µL of fresh, prewarmed medium was added to the apical 

compartment and 3 mL was added to the basolateral chamber. The Snapwell® was 

incubated under immersed conditions for 48 h and then the transferred to ALI by 

removing the basolateral medium and maintained for 14 days to allow cell differentiation 

as described previously in section 4.2.2. 

The cell integrity and formulation deposition experiments were carried out in a 

stationary non-airflow mode where the custom Snapwell® was mounted in its allocated 

space in the nasal cast (Figure 4.5B) and 1 mL of fresh transport medium was added 

into the reservoir.  

For the integrity test, the  cell layers were either (a) a blank, kept in the cast for the 

time of the experiment (90 seconds) without being exposed to the aerosol, (b) a sham, 

where the cell layer was exposed to a formulation-free pMDI aerosol within the cast, or 

(c) a test where the cell layer was exposed to the PLGA NP aerosol (20 actuations) from 

the pMDI device within the cast. 

For the deposition studies, 30 actuation were performed to ensure a clear fluorescent 

signal. Following the aerosol exposure, the medium was removed from the assembly 

reservoir and the inserts were carefully detached from their support with a fine spatula 

and then transferred into a glass bottomed dish for imaging with the confocal microscope. 

The NP permeation across the nasal barrier was not performed in the cast 

experiment since similar outcomes would be expected to the typical aerosolised PLGA 

NPs transport study described in section 4.2.10.  

Figure 4.6 shows different culture procedures with ThinCert®/Snapwell® cell inserts 

followed for the aerosol deposition, barrier integrity and transport throughout this study. 
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4.2.13. Statistical method 

When applicable, statistical sample variabilities were evaluated using unpaired two-

tailed student’s t-test or one-way ANOVA followed by post-hoc Tukey’s HSD analysis 

using GraphPad Prism 9.4.1 software. All data were expressed as mean ± SD. When 

the p-value < 0.05, the differences across samples were considered statistically 

significant.   

 

Figure 4.6. Illustrations for the three different culture procedures with ThinCert®/Snapwell® cell 

inserts. The A, B, C, and D refer to the row in each procedure where: A) collagen coating for the 

ThinCert® on the apical side and for the Snapwell® on the basolateral side of the membrane, B) 

the addition of cell suspension on the collagen-coated surface (*) the suspended cells were 

allowed to rest for 4 h before the next step, C) the cell culture were maintained for 48 h under 

immersed condition, and D) the culture medium facing the cells was removed and ALI-cultures 

were developed for 14 days. 

Conventional upright 

ThinCert® culture 

Reverse upside down 

Snapwell® culture 

Reverse upside down Snapwell® 

culture with the custom cell model  

A 

B 

C 

D 

* * 
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4.3. Results and Discussion 

4.3.1. TEER measurements of ALI-RPMI 2650 model  

Transepithelial electrical resistance (TEER) is a real-time quantitative technique, 

broadly used as an index for the integrity of the in vitro epithelial barrier and TJ dynamics 

before evaluating a cellular model for drug/formulation permeation studies. The ohmic 

resistance of the cell layer is determined when applying a voltage with an alternating 

current in the form of square waves using two electrodes without damaging the cells 

(Srinivasan et al., 2015). The effect of different seeding densities (1.0, 1.5, 2.0, 3.5, and 

5.0×105/cm2) for RPMI 2650 cells cultured on ThinCert® inserts at ALI conditions were 

examined along with two collagen membrane coating densities (10 and 50 µg/cm2). 

Figure 4.7A shows the developing TEER values with respect to time over 18 d. For 

all seeding densities, a regular TEER increase was reported, with the highest value 

achieved around 102 Ω.cm2 at day 10 for 3.5×105 cells/cm2 and 50 µg/cm2 collagen 

coating, with the formation of a homogenous and confluent multilayer (Figure 4.7B). 

Higher seeding densities with lower collagen coating densities led the cells to detach 

from the insert membrane within 7 d, whereas lower densities experienced a sudden and 

steep TEER decrease on day 12 of seeding. No plateau phase of consistent TEER 

values was observed for the applied conditions, but for 1.0×105/cm2 cell density which 

kept maximum TEER value around 60 Ω.cm2 between 8-12 days. 

Various TEER values have been described in the literature for ALI-RPMI 2650. 

Pozzoli et al reported progressive values between 90-150 Ω.cm2 up to day 17 when the 

cell layer started to lose its integrity (Pozzoli et al., 2016), whereas Mercier et al. 

observed no decline in TEER before 21 day of culture with maximal plateau at 80 Ω.cm2 

(Mercier, Clément et al., 2018). Schlachet and Sosnik considered only inserts where 

TEER was > 130 Ω.cm2 for transport study (Schlachet and Sosnik, 2019), while others 

reported permeability assays at even lower TEER values of > 25 Ω.cm2 (Sibinovska et 

al., 2022), ~ 66 Ω.cm2 (Ladel et al., 2019), and ~ 40 Ω.cm2 (Kreft et al., 2015) within 2 to 

3 weeks of culture. The evaluation of RPMI 2650 multilayer integrity depending on TEER 

values has been reported to be difficult due to the “leaky” characteristics of the multilayer 

nasal epithelium model (Sibinovska et al., 2022). In this case, TEER values are expected 

to be within 50-100 Ω.cm2 (Srinivasan et al., 2015), and as a solo indicator might not 

reflect the cellular barrier integrity. Hence, alternative parameters alongside TEER such 

as TJ marker expression and paracellular permeation are needed to draw a definite 

answer. As for an excised human nasal mucosa 90-180 Ω.cm2 (Wengst and Reichl, 

2010) and 40-120 Ω.cm2 (Schmidt, 1999) were described in comparison.  

RPMI 2650 cells seeded at 3.5 × 105/cm2 on 50 µg/cm2 collagen-coated inserts were 

chosen as the optimal seeding conditions for this study as the TEER values were within 

the ranges reported in the literature up to 14 d of cell culture and the formation of non-
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homogenous multi-layers was observed at higher cells density. In the remaining studies, 

cell culture inserts with values above 60 Ω.cm2 were considered as a polarized epithelia 

and a starting point for testing. 
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Figure 4.7. A) Average reported TEER (mean ± SD, n = 6) for RPMI 2650 cells seeded on a 

coated ThinCert® membranes (1.12 cm2) with 10 µg/cm2 collagen and ALI after 48 h. (*) 

Discontinued at day 10. (**) The ThinCert® membrane was pre-coated with 50 µg/cm2 collagen. 

B) Light microscope image for the confluent ALI-RPMI 2650 cell layers grown on collagen-coated 

ThinCert® inserts. 
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4.3.2. Mucus production 

Mucus is the frontline defensive barrier for the dissolution and permeation of any 

substance across the nasal mucosa, and a suitable RPMI 2650 nasal epithelium model 

which expresses specific mucin types, should be able to produce mucus with specific 

properties in terms of thickness, rheology and biochemistry. For mucus production, 

analysis via qualitative imaging following Alcian blue labelling of mucin proteins was 

performed. Alcian blue is a cationic dye which contains copper, giving it a dark blue 

colour. It is commonly used for mucus detection, where the Alcian blue complex reacts 

with the acidic muco-polysaccharides and sialylated glycoproteins present in mucus 

exhibiting a blue hue. As such, the darker the blue colour the denser the mucus.  

Mucus secretion from multilayered RPMI 2650 cells at various seeding densities was 

observed by colour density mapping using the ImageJ Color Inspector 3D (v2.5) plugin 

and the level of blue shading in optical images of nasal mucosa following Alcian blue 

staining was quantified. Using all colour and median cut algorithm (a function used for 

colour quantization by sorting the data into the best representative colour subsets), the 

density of colour mapping is created within a cube space in which the three axes x, y, 

and z represent red, green, and blue, respectively and each pixel in the image is 

projected with a colour value which is then allocated in the cube space. The images were 

also analysed by calculating the average blue ratio (RGBb) of three images for each 

growth condition. Figure 4.8A shows microscopic images of the cells at different seeding 

levels following Alcian blue staining after 14 d of culture with the density of colour 

mapping with all colours (Figure 4.8B) and median cut algorithm (Figure 4.8C). It can be 

seen that mucus was produced and distributed over the entire cell layer with a uniform 

and intense colour covering all the areas for the studied densities with more darker blue 

spots observed for densities ≥ 2.0×105/cm2. 
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Figure 4.8. Analysis of mucin protein labelling with Alcian blue for different RPMI 2650 cell 

seeding densities grown on ThinCert® inserts. A) optical microscopic images. B) colour density 

mapping for all colours, and C) after modification using median cut algorithm. 
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Further relative quantification of the mucus secretion was determined by the RGBb 

ratio analysis as shown in Figure 4.9. Under all seeding conditions no significant 

differences (P-value > 0.05) were noticed between them after 2 weeks of culture. These 

observations along with TEER data confirm that 14 days is sufficient for RPMI 2650 cells 

to proliferate with complete physiological functionality in terms of building up a 

homogenous mucus layer. That said, the similarity between increasing plating levels 

could be due to the same static system, the ThinCert® inserts, being used where the 

durability of cell culture has a greater impact on mucus production rather than the initial 

seeding density, and the cells were fully developed by two-week culture (Pozzoli et al., 

2016). Brooks et al. used Alcian blue staining along the qualitative imaging tools 

described above to characterise the mucus production of the ALI-RPMI 2650 cells 

cultured in a novel nose-on-chip device developed by the authors. The device was 

designed to allow testing static or dynamic air stream patterns. Interestingly, whilst no 

changes in the mucus secretion were observed over a 6 h period of the stationary air 

simulation, a significant increase occurred (RGBb dynamic 0.5 vs RGBb static 0.4) under 

bidirectional airflow after 6 h of exposure (Brooks et al., 2022).  

 

 

   

Another reason for the comparable data could be the detection technique used, 

which is qualitative in theory and might have led to colour saturation after 2 weeks of 

culture as reported by Young, Traini and co-workers (Haghi et al., 2010). Alternative 

mucus/mucins assessment approaches at different levels could be used to overcome 
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Figure 4.9. The average of RGBb ratio (mean ± SD, n = 3)following mucus staining 

with Alcian blue against different RPMI 2650 cell culture densities at day 14. 
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the limitations of visual staining methods such as molecular and genetic techniques 

which investigate the expression of mucin at mRNA levels (e.g., Northern blot and 

quantitative RT-PCR) or direct mucus/mucin protein analysis (e.g., ELISA and western 

blotting assays). The advantages and limitations of many strategies that examine 

mucus/mucin production in the airways were described in detail in an excellent recent 

review by Atanasova  and Reznikov (Atanasova and Reznikov, 2019).  

 

4.3.3. Tight junction protein visualisation 

Nasal epithelium acts as the primary physical barrier against the entry of inhaled 

pathogens and other harmful substances. The integrity and functionality of the epithelial 

barrier are directly correlated with the formation of the tight junctions (TJs). TJs are 

adhesion complexes located at the most apical edges between epithelial cells and made 

up of over 40 proteins in a form of integral membrane- or cytoplasmic actin-binding 

proteins (Nur Husna et al., 2021). They govern the paracellular transport of water and 

solutes through the intercellular spaces and therefore produce “barrier” function. Also, 

due to their outermost position, TJs themselves are considered polarized structures 

producing cell membrane polarity or “fence” function. In addition to their evident 

regulatory roles in epithelial cell proliferation, differentiation, gene expression, and signal 

transduction (Kojima et al., 2013).  

The expression of two essential TJ proteins (ZO-1 and E-cadherin), and therefore 

the functional integrity of the RPMI 2650 cell model was examined by 

immunocytochemistry and visualization using confocal microscopy as shown in Figure 

4.10. ALI-RPMI 2650 revealed the presence of both proteins at the periphery of the cells 

in agreement with previous studies for RPMI 2650 cultured under ALI conditions 

(Mercier, Clément et al., 2018; Gerber et al., 2022). Gerber et al. investigated the 

expression of selected TJ proteins namely, ZO-1, claudin-1, and F-actin chains on the 

ALI-RPMI 2650 cell membranes in comparison to excised sheep nasal epithelial tissues. 

Although some variations were observed in the TJ positions as well as distribution 

between the two models, the permeability coefficient of 4.4 kDa FITC-dextran was 

comparable. Whilst claudin-1 presented predominantly on the basolateral side and the 

ZO-1 occupied the apical side of the ALI-RPMI 2650 cell membranes, the F-actin chains 

appeared to be concentrated in the middle of the epithelial mucosa (Gerber et al., 2022). 

Mercier et al studied the morphological and pharmacological characteristics of the 

primary human nasal epithelial cell model MucilAirTM with examination of ZO-1, claudin-

1, occludin and E-cadherin expression (adherens proteins). ZO-1 and claudin-1 showed 

similar membrane distribution patterns to those reported by Gerber et al., whereas 

confocal microscopic images showed that occludin and E-cadherin presented on both 

the lateral and apical sides of the cell layers (Mercier, C. et al., 2019).  



277 
 

   

4.3.4. Cell compatibility with the PLGA NP formulation 

Nanoscale delivery systems have been a tempting strategy to enhance the local, 

systemic, and targeted (i.e. the olfactory region for NTBDD) drug bioavailability and also 

to overcome some limitations of the nasal route such as the restricted administered 

dose/volume (25-200 µL per nostril), short residence time and enzymatic activity. 

Fluorescent PLGA NPs within the size range 180-200 nm were used as a nanosystem 

model for delivery to the olfactory region and, thus, to the CNS. Any gross adverse effects 

of the formulation on the cells were monitored using the resazurin bioassay, which is a 

redox indicator used to evaluate cell proliferation and metabolic activity. The active 

component is resazurin, a blue weakly fluorescent dye (the oxidized form) which is 

converted into the pink highly fluorescent resorufin (the reduced form) by the reducing 

environment of the living cells. This fluorometric change allows accurate quantitative 

detection of the cellular health (Rampersad, 2012). Three incremental working 

concentrations of PLGA NPs (0.05, 0.1, and 0.2% w/v) were tested following direct 

dilution with the growth medium.  

Figure 4.11 shows RPMI 2650 the metabolic activity of the treated cells compared to 

the control following 4 h and 48 h of treatment. The aqueous suspension of the studied 

formulation demonstrated a good compatibility in RPMI 2650 culture with an average of 

100% cellular activity at both incubation times indicating that the nanoformulation has no 
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Figure 4.10. Confocal laser scanning microscopy images for ALI-RPMI 2650 grown on ThinCert® 

transwells, showing the expression of TJ proteins ZO-1 and E-cadherin. 



278 
 

adverse effect on the cell viability. Ensuring high cell compatibility is crucial when 

assessing the concentration thresholds for the permeability assay. In addition, in this 

study, the formulation mass loading into the device and the likely total number of 

administered doses should be within the range of the non-harmful concentrations 

observed here. 

 

 

Historically, PLGA nanoformulations have been reported to be safe to normal 

tissues whilst selective to diseased tissues in in vitro (regardless of the cell line type) and 

in animal studies. Since PLGA as a compatible and FDA-approved material for drug 

delivery, the biotoxicity concerns are likely to be due to the physiochemical properties of 

the nanoformulation i.e. particle size and surface charge rather than PLGA polymer itself 

which is according to FDA is considered  Generally Recognised as Safe (GRAS)-

substance (Chiu et al., 2021).  

   

4.3.5. Paracellular permeability prior to aerosol exposure 

As mentioned above, RPMI 2650 cells exhibit TEER values below 100 Ω.cm2 and 

form of a loose multi-layered epithelium. Thus, paracellular transport is predominant with 

the emphasis on the complete formation of the TJ proteins as shown in section 4.3.3. 

Flu-Na and FITC-dextran were used as fluorescent tracers to determine upper-to-lower 

compartment (A-B) permeation. The nasal barrier was grown at 3.5×105/cm2 seeding 

density under ALI conditions for 14 d. Many workers reported that RPMI 2650 epithelial 
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Figure 4.11. RPMI 2650 cell metabolic activity (mean ± SD, n = 6) when exposed to FITC-PLGA 

NPs at different concentrations (0.05, 0.1, and 0.2% w/v) for 4 h and 48 h using the resazurin 

assay. 
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cells differentiate better, and thus form a tighter structure, when they are in direct contact 

with the ambient air rather than the liquid cell culture medium. The head-to-head 

permeability comparison between LLI and ALI was beyond the scope in this study as it 

is well investigated elsewhere (Wengst and Reichl, 2010; Schlachet and Sosnik, 2019; 

Gerber et al., 2022). Figure 4.12 shows the ALI-RPMI 2650 cells presented a Papp value 

of 3.5×10-6 cm/s for Flu-Na. This value corresponds well with the permeation coefficient 

of 3.12×10-6 cm/s for excised human nasal mucosa reported by Wengst and Reichl, 

although the authors also stated high interindividual variabilities 3.12±1.99×10-6 cm/s 

(Wengst and Reichl, 2010). For FITC-dextran the permeation coefficient of 1.7×10-6 cm/s 

was around 2-fold lower than Flu-Na due to the higher molecular weight and which is 

also ~0.5-fold lower than the value stated for 4 kDa-FITC-dextran 2.48×10-6 cm/s by 

Wengst and Reichl.  

 

The RPMI 2650 paracellular permeability under ALI conditions has been 

characterized by many research groups and various values were reported due to the 

differences in seeding densities (thus, the subsequent formation of multi-layered 

cultures), the adhesion of the cell layers (according to the support material of the inserts 

and the density of collagen coating), and the tightness of the barrier (according to the 

TEER). Table 4.1, lists some of the reported permeation coefficients across ALI-RPMI 

2650 cells for similar tracers to this study described in previous literature. 
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Figure 4.12. The paracellular permeability (mean ± SD) of Flu-Na and 4 kDa FITC-

dextran after 4 h-incubation (n = 3) and the TEER of the studied nasal cells (n = 9). 
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Table 4.1. Comparisons between Papp values (×10-6 cm/s) of Flu-Na and FITC-dextran across ALI-RPMI 2650 cells  

Seeding density 

(× 105) cell/cm2 
Cell culture substrate 

Culture time 

(days) 

Study period 

(hours) 

Flu-Na  

Papp (× 10-6) (cm/s) 

FITC-Dextran  

(Papp × 10-6) (cm/s) 
Ref 

3.5 
ThinCert™ 

(1.13 cm2 PET, 0.4 μm) 
14 4 3.54 ± 0.7 4 kDa (1.77 ± 0.2) This study 

6  
ThinCert™ 

(1.13 cm2 PET, 0.4 μm) 
21 3 - 4.4 kDa (0.48) (Gerber et al., 2022) 

4.4  
PDMS chip with a sandwiched PET 

membrane (0.4 µm) 
14 4 3.27 ± 1.73  - 

(Gholizadeh et al., 

2021) 

4  
ThinCert™ 

(0.33 cm2 PET, 0.4 μm) 
2 4 - 4 kDa (12.0) (Röhm et al., 2017) 

1.5  
ThinCert™ 

(1.13 cm2 PET, 0.4 μm) 
21 1 2.40 ± 0.20   - 

(Gonçalves et al., 

2016) 

442  
SnapwellTM 

(1.13 cm2 PET, 0.4 µm) 
14 4 2.68 ± 0.60  - (Pozzoli et al., 2016) 

6 
Millicell®-24  

(0.7 cm2 PET, 1.0 µm) 
21 3 - 10 kDa (0.61) (Kreft et al., 2015) 

2 
ThinCert™ 

(1.13 cm2 PET, 3.0 µm) 
21 Not stated 2.04 ± 0.10  4 kDa (0.69 ± 0.04) 

(Reichl and Becker, 

2012) 

2 
Transwell® 

(1.13 cm2 PC, 3.0 µm) 
21 Not stated 6.09 4 kDa (2.48 ± 0.04) 

(Wengst and Reichl, 

2010) 
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4.3.6. RPMI 2650 cell uptake of PLGA NPs 

The association between FITC-PLGA NP concentrations and their uptake efficiency 

into the nasal epithelial cells was studied over a 24 h period. The visualisation of 

individual NPs within the epithelial cells is not straightforward using confocal microscopy, 

and only aggregates of particles could be observed. As such, the green fluorescence 

intensity of FITC, as an indicator of uptake of the formulation, was screened under the 

confocal microscope after 2 h, 4 h, and 24 h exposure. The formulation was applied in 

triplicate as an aqueous suspension at two different concentrations (0.05% and 0.1% 

w/v). Figures 4.13 and 4.14 show the fluorescent confocal micrographs for the studied 

time points. The particles were taken up by the cells even after 2 h exposure for both 

concentrations (Figure 4.13b and 4.14b) and, as expected, the uptake significantly 

increased with time with the maximum uptake was visualized following 24 h formulation 

exposure, which was also confirmed using Z-stack setting analysis (Figure 4.13e and 

4.14f).  

Most studies have reported high cellular uptake efficiency and viability for polymeric 

NPs as NTBDD systems due to their suitable sizes and biocompatibility. Schlacht et al. 

developed a NTBDD nanosystem which was produced by the self-assembly of two 

amphiphilic polymers (1:1); chitosan-g-poly(methyl methacrylate) and poly(vinyl alcohol)-

g-poly(methyl methacrylate). The particles were within a similar size range (193-249 nm) 

and concentration (0.1% w/v) used in this study and the authors reported high uptake 

efficiency at 37 °C by RPMI 2650. Since no uptake was observed at 4 °C, the authors 

suggested that the uptake mechanism was energy-dependent via the transcellular 

pathway. Moreover, regardless of the incubation time (4 h or 24 h), more than 98% of 

the cells were stained by the fluorescent particles out of which 85-87% achieved 

complete uptake into the cytosol and not only on the cell membrane (Schlachet and 

Sosnik, 2019).  

Although both studied concentrations (0.05, and 0.1% w/v) in this study followed a 

similar uptake pattern in terms of time dependency, varying uptake levels were observed, 

and the green fluorescence intensities were lower for 0.1% w/v NPs compared to 0.05% 

w/v at the initial time point (2 h). Using the same formulation batch low- (Figure 4.14c) to 

mid-fluorescence intensities (Figure 4.14b) were measured for (0.1%/2 h). After 4 h 

treatment fluorescent intensities were also comparable between the low (0.05%) and the 

high (0.1%) NP working concentrations (Figure 4.13c and 4.14d), whereas were 

significantly distinct after 24 h (Figure 4.13d and 4.14e).  
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Figure 4.13. Confocal micrographs of the RPMI 2650 nasal cells exposed to FITC-

PLGA NPs (0.05% w/v aqueous suspension) for 2h, 4h and 24 h at 37 °C. The blank 

shows the cell layers with no NPs exposure. 
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Figure 4.14. Confocal micrographs of the RPMI 2650 nasal cells exposed to 

FITC-PLGA NPs (0.1% w/v aqueous suspension) for 2 h, 4 h and 24 h at 37 °C. 

The blank shows the cell layers with no NPs exposure. 
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The inconsistent NP accumulation when high concentration was used could be due 

to many reasons. The formation of some aggregates and larger particles when the NPs 

were introduced to the complex cell culture medium could have had a great impact on 

the particle cellular translocation. Such stability is ultimately concentration-dependant 

since the rate of NP collision increases (Moore, T.L. et al., 2015). The rate and the extent 

of small, nasally delivered polystyrene NPs (20 nm) into the systemic circulation in rats 

was higher than the larger ones (100, 500, and 1000 nm) (Brooking, Davis and Illum, 

2001). The likely formed aggregates in this study were at the expense of smaller particles 

and might have been excluded from some size-dependent cellular entry pathways. As 

such, the translocation might be dominantly paracellular across the leaky cell layers 

(Chen, 2013; Bejgum and Donovan, 2021). Bejgum and Donovan stated that, in contrast 

to the larger NPs, the ultrafine quantum dots (< 20 nm) were able to access all the 

energy-dependent/independent uptake pathways present in the nasal epithelial tissues. 

Moreover, the authors stated an increased uptake across the olfactory mucosa 

compared to the respiratory epithelial tissues due to the presence of an additional 

paracellular pathways (Bejgum and Donovan, 2021). Since RPMI 2650 cells are isolated 

from the respiratory nasal epithelium and not from the olfactory epithelium, less energy-

independent pathways are available for relatively large particles. It should be mentioned 

that, despite the advantageous high uptake efficiency that ultrafine particles (< 50 nm) 

have, higher drug loading capacity could be obtained with larger ones (as for this study 

200 nm), and eventually they can therefore attain higher therapeutic concentrations into 

the CNS for nasally administered drugs. 

Particle steric hindrance by surface functionalization with a combination of two large 

polymers poly(vinyl alcohol) (PVA) and polyvinyl pyrrolidone (PVP-K25) could also be a 

possible reason for the uptake behaviour in this study and could have had more 

significant impact at higher concentrations. Whilst similar to polyethylene glycol (PEG) 

these polymers shield the particles from protein coronae and other macromolecules, and 

they limit particle interactions with the epithelial cell surface components necessary for 

cellular uptake. The effect of surface chemistry on endocytic mechanisms and cellular 

internalization is well established in previous literature (Cho, Zhang and Xia, 2011; Pozzi 

et al., 2014; Bejgum and Donovan, 2021). 

Particle sedimentation and diffusion rates, which are associated with particle 

hydrodynamic sizes, were found to have a great impact on NP-cell interactions (Cho, 

Zhang and Xia, 2011). It might be possible under these study conditions, that the 

diffusion effect was greater than the sedimentation effect and smaller particles with lower 

concentration and higher diffusive transfer attained more efficient uptake at early stages.  

Another study suggested that small details such as the NP introducing technique to 

the cell culture also alters how NPs perform in an in vitro environment (Moore, T.L. et al., 
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2019). In the study reported by Moore et al., the authors demonstrated that adding the 

particles to the cell culture as a “concentrated bolus” and then mixing them with the 

medium via pipetting was shown to be more efficient and produced higher cell 

internalization in comparison to introducing the desired concentrations of pre-mixed 

particles to the cell layers, which was the procedure followed in this study. According to 

Moore et al. the bolus delivery will provide a concentrated film of particles in contact with 

the cell surfaces which is10-fold higher than the rest of the solution due to the layering 

effect (Moore, T.L. et al., 2019). FITC-PLGA NPs are biodegradable and were fabricated 

using chemically conjugated FITC to the PLGA as a polymeric core and thus, to some 

extent, the method used to track the particles might not reflect the direct NP quantification 

themselves rather than the measurement of fluorescent polymer chains released from 

any potentially degraded ones throughout the manufacturing, storage, and handling 

processes. 

The extent of NP uptake was further quantified by FACS analysis, where the cells 

were treated with the 0.1% w/w NP suspension for 4 h and 24 h, harvested and 

resuspended in fresh, prewarmed medium for the assay. The quantitative output is the 

percentage of the cells stained with the NPs following the washing steps. Each 

experiment was performed three times and data are shown as mean ± SD. The statistical 

significance for the FITC median fluorescent intensity between the different exposure 

times was tested by Student’s t-test or one-way analysis of variance ANOVA. Regardless 

of the incubation time at 37 °C, > 99% of the cells were found to be stained. As shown 

in Figure 4.15, significant differences (P < 0.0005) were observed between the stained 

and unstained groups as well as between the two incubation times 4 and 24 h. An 

approximate 2-fold increase in the fluorescent intensity was achieved with 24 h exposure 

compared to the 4 h time point.   
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4.3.7. PLGA NP dose deposition onto ThinCert® inserts 

The formulation delivery performance of the modified cell exposure system, with and 

without a passing airflow, was characterised by assaying the deposited dose of 20 

actuations of the pMDI onto a cell free ThinCert® covered with a circular glass coverslip. 

For the system used in this study, the active surface area was ~10.2 cm2 and 11% was 

covered with the central cell insert (1.12 cm2). If the deposited dose was solely correlated 

with propellant force, the ideal expected insert dose would be 11% of the total “invested 

formulation” aerosolized in the 20 actuations. The latter, theoretically, equals 1.208 mg 

assuming perfect shot-to-shot NP dose uniformity (60.4 µg) and, therefore, the maximum 

cell insert dose under those conditions would be 0.13 mg. However, in the current 

experiment, with no air flow applied, 1.80 ± 0.37 µg of NP dose was collected from the 

insert surface compared to 1 ± 0.40 µg recovery with 15 L/min flow passing through the 

cylindrical system. The low recovered dose in both conditions might be associated with 

different reasons. Firstly, the 90 second exposure time is too short for the aerosolized 

NPs (~200 nm) to diffuse or sediment. The formulation output rate of the inhaler and 

dose homogeneity may also not be ideal due to the two-phase formulation in the inhaler 

and therefore, such differences in the aerosolised dose density and surface tensions 

cause the theoretical and experimental “invested dose” not to be identical. In addition, 

the aerosol plume angle could have caused significant formulation dose lost by impacting 

on the lateral walls of the apparatus. 

Unlike nebulizers, pMDI devices generate no to a very low liquid output rates, 

especially when the content of non-volatile solvents with respect to HFA propellant is 

Figure 4.15. FACS analysis of RPMI 2650 cells treated with 0.1% w/v FITC-PLGA NPs 

for 4 and 24 h at 37 °C (P < 0.005****). 
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relatively low (4% w/w in the studied formulation). Therefore the aerosol-to-cell delivery 

in the exposure chamber would be predominantly driven by, first, the force of the 

propellant and, second, by the single particle characteristics and motions i.e. particle 

impaction and sedimentation mechanisms rather than by a cloud of dense droplet 

motions as reported for the ALICE-CLOUD system (Lenz et al., 2014). With that system, 

three delivery phases for nebulized fluorescein solutions were described, where firstly a 

narrow and dense droplet cloud was generated which decelerated at the bottom of the 

chamber, and then uniformly distributed horizontally and vertically around the entire 

chamber with the most concentrated mist near the bottom, finally the mist will deposit 

onto the six-well cell culture plate at the bottom within the recommended exposure time 

of 3.5 min. 16% of the total dose was deposited onto the six cell inserts and this 

corresponds to 84% of the ideal expected amount considering the fraction of the surface 

area occupied by the inserts (Lenz et al., 2014).  

It is extremely unlikely for the described system in this study to achieve a similar 

deposited dose into the insert or to follow the delivery phases suggested by (Lenz et al., 

2014), where nebulized formulations with relatively large droplet sizes (mass median 

aerodynamic diameter 4-6 µm) with high sedimentation rates were tested.  

One would expect that the airflow would greatly improve the dosing onto the cell 

insert. In fact, despite the relatively high variabilities between the runs, a consistent trend 

with a relatively lower dose achieved with flow compared to the no-flow was observed. 

This could be due to the fact that the deposited dose was predominantly propellant-

driven and the main particle deposition mechanisms, sedimentation, and diffusion, occur 

in a low airflow environment which is physiologically preferable and relevant to the deep 

posterior regions in the human nasal cavity where the targeted olfactory region is located. 

Table 4.2 shows the main characteristics of the studied inhaler and the calculated 

aerosol-to-cell dose with and without airflow. 

Despite the scarce in vitro deposition systems proposed for nasally inhaled drug 

deposition and transport testing, many reports presented simple, yet innovative ALI-

deposition in vitro models for aerosols delivered to the lung.  Using the “Pharmaceutical 

Aerosol Deposition Device On Cell Cultures” developed by Hein et al, the highest 

sedimented dose for 2-5 µm particles was 2.23 µg/1.13 cm2 Snapwell® with a budesonide 

dry powder inhaler (HandiHaler®) and the achieved dose was a 2.5-fold increase when 

a short ventilation flow 6 L/min (2.0 s) was applied (Hein et al., 2010). Cingolani et al. 

also developed an in vitro deposition system to test the mucus impact on the dissolution 

and adsorption of drugs delivered to the lung. Using PennCentury™ Insufflator, a dry 

powder of salbutamol and indomethacin were generated and aerosolised within the 

system composed of a desiccator and 8 ThinCert® inserts (1.12 cm2) seeded with Calu-

3 cells or coated with a layer of porcine tracheal mucus. The inserts were rested 
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individually on a petri dish lid and distributed on the periphery of the desiccator internal 

support. The particle size distribution for both model drugs was in the range of 2-5 µm. 

As for the deposited dose, although the centred insert directly positioned under the 

device received much higher dose (salbutamol ~3.2 µg and indomethacin ~11.0 µg) 

compared to the six other peripheral inserts, having an average deposited dose of 0.85 

µg salbutamol and 0.93 µg indomethacin per insert, the inertial impaction was the 

predominant deposition mechanism for particles with diameter > 100 µm onto the central 

insert, while the sedimentation of smaller particles that followed the airflow occurred for 

the inserts at the periphery of the deposition chamber (Cingolani et al., 2019).  

   

Table 4.2. The main features of the studied PLGA NP-based inhaler and the 

estimated delivered dose to the cell insert 

pMDI-formulation 

components 

Density 

g/mL 
%w/w (mg) (µl) 

Formulation density 

(g/mL) 
1.207 

NPs* 1.3 0.1 (16.3) Shot volume (µL) 50 

H2O 1 2 (326) (326) 
NPs dose per shot 

(µg) 
60 

EtOH 0.791 2 (326) (412) Shot weight (mg) 58-61 

HFA134a 1.226 
95.9 (15632) 

(12750) 
Dose number (~) 270 

Total mass (mg)                              16300 

NP dose without AF (µg)  1.80 ± 0.37 % of the total NP 

mass in the 20 shots 

0.11% 

NP dose with AF (µg) 0.98 ± 0.40 0.09% 

* PLGA polymer density. AF, airflow (15 L/min) 

 

The same ALI-system for the same purpose was utilized to test liquid aerosols of the 

fluorescent dye Lucifer yellow using MicroSprayer® aerosolizer. As one would expect, 

the insert positioning in the chamber had an impact on the deposited dose. Four inserts 

with four geometric patterns to cover 20, 50, and 100 cm2 of the chamber surface were 

tested. For all the geometric patterns, the higher was the spray volume, the higher was 

the deposited dose per insert. Although a different aerosolization device was used, a 

dose variability up to 72% between the inserts was reported when they were arranged 

close to the centre of the deposition support similar to the variability found in this study 

between three repetitions. Under the optimized conditions (50 cm2 area coverage and 

200 µL aerosolized volume), an average dose of 0.12 ± 0.04 nmol of the fluorescent dye 

equivalent  to ~120 nL (0.6 × 10-3% of the invested dose) were deposited onto each well  

(Alqahtani et al., 2020). To simulate the semi-adherent alveolar macrophage 

environment, the VITROCELL® Cloud system was used to grow the cells at the ALI which 



289 
 

then were coated with a lung surfactant by nebulization utilizing Aeroneb® Lab 

Micropump Nebulizer, before being treated with aerosolized TiO2 NPs by the same 

device. By reducing the NP concentration but doubling the nebulized volume (114 µL of 

15 mg/mL instead of  57 µL of 30 mg/mL NP suspension), similar cell-deposited mass 

dose was attained in both protocols (~ 5 µg/cm2), however much less variations in the 

cell-delivered doses (± 0.8 µg/cm2) and identical exposure time (5 min) were obtained 

between the seeded inserts in the system (Leroux et al., 2022).      

 

4.3.8. RPMI 2650 cell layer integrity following aerosol exposure 

The polarized growth and functionality of the nasal epithelial RPMI 2650 cells when 

seeded on the bottom side of the insert membrane were assessed under the light 

microscope and after performing the mucus staining protocol described in section 4.2.4. 

Figure 4.16 shows a confluent layer of mucus-producing cells where mucin proteins are 

stained blue, confirming that the inverted cell culture could be used for the integrity and 

the subsequent deposition and permeability tests in the nasal cast featuring a feasible 

live cell imaging.  

 

 

As a key factor for the follow up deposition and permeation studies, the integrity of 

the cellular barrier after aerosol exposure was initially evaluated by monitoring the TEER 

values. For a tight cell layer, high TEER values are a reliable indicator for the cell layer 

integrity. However, as RPMI 2650 cells generate a rather leaky barrier, sufficient TEER 

values > 30 Ω.cm2 were considered. After the aerosol exposure (10 or 20 puffs), the cells 

100 µm 

Figure 4.16. Light microscopic image for RPMI 2650 cells 

seeded at density (3.5 × 105/cm2) upside-down on the Snapwell® 

insert. The mucus secretion was analysed with Alcian Blue 

staining. 
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were gently washed with HBSS buffer, and the TEER was evaluated following the 

protocol described in section 4.2.3. Figure 4.17 shows that no significant differences 

were detected before (measurments were taken directly prior to the experiment) and 

after the aerosolization process under all the studied conditions. All TEER values were 

higher than 30 Ω cm2, the threshold value for an adequate cell barrier in this study and 

as reported previously (Sibinovska et al., 2020; Sibinovska et al., 2022).  

 Since the expected low TEER values reported here might not be conclusive on 

their own for the maintained barrier properties, the integrity of the cell model was further 

deemed by viability-LIVE/DEAD double staining as a better indicator, at the end of the 

aerosol exposure and following TEER assessments. Figure 4.18 compares the confocal 

micrographs for the cell layer of the blank (no aerosol), sham aerosol (formulation-free 

aerosol), and PLGA NP aerosol. A confluent green layer was visualized when the insert 

was kept in the deposition system subjected to a 15 L/min airflow for 30s (Figure 4.18a) 

and 90s (Figure 4.18b) indicating an intact cellular barrier under the used experimental 

settings. When 10 puffs of the sham aerosol were applied, similar undamaged barrier 

status to the blank was observed (Figure 4.18c), indicating the propellant driven aerosol 

had no harmful effect on the nasal cells at 150 mm distance from the insert. 

  

 

 

While no differences were noticed across sham inserts when applying 10 puffs, the 

apical damage was higher in some spots than others and between repetitions for the 20 

puff-sham (Figure 4.18d, and 4.18e). A similar trend was noticed for the 10 puff- (Figure 

4.18f) and 20 puff-NP aerosols (Figure 4.18g, and 4.18 h). These results indicate that 
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Snapwell® inserts before and after the aerosol exposure within the deposition system. 



291 
 

the propellant force rather than the formulation itself, has a greater influence on the cells 

which agrees with the previous cell viability values. In fact, it is not surprising that a 

propellant driven aerosol perpendicularly falling onto the cell layer at relatively close 

distance and high particle velocity, might have harmful impact on the biological barrier. 

However, as for the tested formulation in this study, that effect was limited to a few cells 

in the uppermost layer and only subjected to a high dose number (20 actuations) over a 

long exposure time of 90 seconds, thanks to the formulation non-inertial nanoscale 

particles and its composition of more than 96% w/w of swiftly evaporating HFA134a 

propellant.  

Different research groups described the integrity of respiratory cell models after 

exposure to inhalable formulations under various deposition experimental settings. 

Pozzoli et al, confirmed the unaltered permeation properties of the RPMI 2650 cell layer 

seeded on Snapwell® inserts and treated with six sprays of HBSS solution by a VP3 

Aptar nasal pump to simulate the nasal deposition process of budesonide nasal 

suspension (Rhinocort, Astrazenca). No difference in the translocation of the paracellular 

marker Flu-Na across the barrier was found compared to the untreated cells. Three 

inserts were fitted in a 3D-printed modified expansion chamber in line with a Next 

Generation Impactor pharmacopeial apparatus to evaluate the performance (deposition 

and transport) of Rhinocort nasal spray (Pozzoli et al., 2016). Cingolani et al reported a 

drop in TEER of a Calu-3 cell layer (~400 Ω cm2) when treated with a puff of 0.5ml of 

ambient air or with salbutamol sulfate dry powder delivered via PennyCenturyTM 

insufflator at distance of 200 mm from the cell inserts. However, the barrier permeability 

properties were maintained after the exposure and the transepithelial flux of the Lucifer 

yellow marker was within the acceptable range for Calu-3 cell model (Cingolani et al., 

2019). 

Taking the data presented from two evaluation methods together, it can be concluded 

that neither the aerosolized formulation, nor the Snapwell® insert handling during the 

deposition process had a significant adverse effect on the RPMI 2650 cells and the nasal 

barrier relatively maintained its integrity after exposure to HFA134a-based pMDI aerosol.  
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Figure 4.18. RPMI 2650 cell viability following PLGA NP aerosol exposure delivered 

via pMDI inhaler within the aerosol deposition system. Live cells are stained green while 

dead cells are stained red. The live cells (positive control) are untreated cells whereas 

the dead cells (negative control) are cells incubated in 70% ethanol for 30 min. 
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Figure 4.18 (continued). RPMI 2650 cell viability following PLGA NP aerosol 

exposure delivered via pMDI inhaler within the aerosol deposition system. Live cells 

are stained green while dead cells are stained red. The live cells (positive control) 

are untreated cells whereas the dead cells (negative control) are cells incubated in 

70% ethanol for 30 min. 
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4.3.9. Transepithelial transport of PLGA NPs 

The developed ALI-RPMI 2650 model on ThinCert® inserts was used to evaluate the 

transport profile of the aerosolized pMDI-PLGA NPs delivered directly on to the nasal 

epithelium hence simulating the administration mode for IN drugs. The aqueous colloidal 

suspension was also examined as a point of comparison. The permeability coefficient of 

the aqueous suspension of the NPs was found to be 2.77 ± 0.08 × 10-6, this value 

however was not tested for the NP-aerosol because of the high variability of the localised 

dose on the cell insert surface for the 20 actuated puffs (1.80 ± 0.37 µg without flow and 

0.98 ± 0.40 µg with flow described in section 4.3.7), and also uneven distribution with 

cellular areas having higher particle concentrations may occur for suspended 

formulations (Sibinovska et al., 2022), especially when some aggregations are present, 

this explains  the poor linearity of the regression line for the accumulated mass of the 

permeated NP against time in the case of the aerosol. Although the Papp values could 

not be compared, it is reasonable to build the comparison between the pipetted and 

aerosolised forms upon the transported amount across the cell inserts as a percentage 

of the total recovered dose from the whole system as presented in Figure 4.19.  

 

It is a common notion that nanoparticles enhance the transport of the cargo across 

the biological barriers (Mitchell et al., 2020). This was also confirmed in this study since 

the nano-formulations in the three considered conditions were detected in the receiver 

compartment 30 min following application (Figure 4.19). Relatively similar transport 
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Figure 4.19. The percentage (mean ± SD, n = 3) of PLGA NPs transported across RPMI 2650 

cell layers over 4h following delivery as an aqueous suspension or as an aerosol with and without 

a 15 L/min airflow. The NP suspension control is the NP permeation across cell free-free 

membrane (n = 1). 
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profiles were presented for the atomized NPs with and without airstream (15 L/min) in 

the first 2 hours and about 50% transportation across the barrier was achieved. However, 

continuous positive slope was noticed for the flow permeation profile whereas it became 

considerably flat for the no flow condition beyond 2 hours. One would expect that This is 

because of the depletion of NP mass on the cell surface, decreasing the gradient (A-B) 

and hence no further accumulated doses were attained after this point. Another reason 

could be due to the interactions between the NP and mucus covered-nasal cells under 

no flow condition. To explore the two possibilities further the cell layer was thoroughly 

washed and then lysed at the end of experiment to determine any non-permeated and 

internalized particles as shown in Figure 4.20. Indeed, similar to the donor compartment 

about 19% of the total recovered dose was retained in the cell layer despite the 24 h 

treatment window. The saturated (not linear) curve and the accumulation in the cell 

layers for no flow condition indicate that sink conditions were not maintained hindering 

the efficient transport after 2 hours. In addition, complex and unpredicted 

interactions/pathways that the NPs could follow could have occurred along the 

transmucosal process giving the supramolecular arrangement of the PVA/PVP-25 on 

particle surfaces which might have limited the particle ability to navigate the mucus layer 

and/or open the TJs. NP association with the nasal mucosal barrier was also described 

for different muco-adhesive and muco-penetrating nanosystems by Clementino et al. 

The authors emphasized on first the presence of multiple permeation-enhancing 

constituents for efficient nasal epithelium transport, and second on the fact that 

enhanced nasal absorption could be prompted by NP degradation via nasal enzymes 

thereby the induced drug release into the nasal tissues (Clementino et al., 2021). Both 

scenarios however do not represent the system in this study and no enhancement but 

for the size of the particles is expected.  

Interestingly, the aerosol with flow performed differently not only by means constant 

positive slope over 4 h (Figure 4.19), but also the majority of the recovered dose (91%) 

was measured in the receiver chamber compared to a little amount remained in the donor 

chamber 4.8% and within the cell layer 3.4% (Figure 4.20). The respiratory air flow in 

both static and oscillatory patterns exposes the nasal epithelial to wall shear stresses 

which have shown to cause significant yet temporary structural and functional alterations 

of the ALI-human nasal epithelium (Even-Tzur et al., 2008; Nurit et al., 2011). It was 

reported that the main response to such stresses is an increase in epithelial cell mucus 

secretion (mucins and water) and hence logical decrease in the transport rate across the 

mucosa and simultaneous increase in NP accumulation on/within the cell layer. This 

impact however was subjected to the duration of the stress stimuli which is > 15 min 

rather than the magnitude of the wall shear stress according to (Even-Tzur et al., 2008). 

Since the flow exposure time in this study required to perform 20 actuations is about 1.5 
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min, it is unlikely to stimulate further mucus secretion on the cell layer surface and instead 

reasonable dryness for the first physical barrier - the mucus - occurred enhancing the 

diffusivity of the aerosolised particles in the flow state as demonstrated in Figures 4.19 

and 4.20.  

  

As for the suspended particles or submerged culture condition, the NP permeation 

was poor at the initial time points and only 13% was transported at 2 hours (Figure 4.19) 

however 83% transport was achieved 24 h upon treatment (Figure 4.20). The aerosol 

form did indeed enhance the transport rate through the nasal cells at all time points over 

the 24-hour study compared to suspended particles. The application type of the tested 

formulation has been reported to have a great influence on the permeability outcomes in 

both nasal and pulmonary cell models. For instance, Goncalves et al, studied the 

permeability across ALI-RPMI 2650 of ketoprofen-loaded microparticles with different 

compositions when applied as a solution, dispersion or dry powder followed by the 

addition of Krebs-Ringer buffer. The latter significantly improved the permeation for most 

of the studied compositions up to 2.4- and 1.9-fold in comparison to solution or dispersion 

administration type (Gonçalves et al., 2016). In a similar aspect, Meindl et al, studied the 

permeation of two different dyes, fluorescein, and rhodamine 123 employing the tighter 

Calu-3 lung epithelial cell line. In comparison to the submerged exposure, MicroSprayer 

IA-1C Aerosolizer achieved 4.3- and 3.2-fold transport increase for fluorescein and 

rhodamine 123 respectively whereas DP-4 Dry Powder Insufflator transport 

improvement was outstanding with 123- and 131.7-fold increase for the respected dyes 

(Meindl et al., 2015). The superiority of the aerosol could be explained by the high NP 

Figure 4.20. The distribution of the recovered NPs (mean ± SD, n = 3) over 24 h transport study 

from the donor-, receiver compartments and within the cell layer.  
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concentrations locally deposited on the cell layers prompting the concentration-

dependent intracellular and paracellular passive transport. As such, the required 

sedimentation time for the suspended particles to be in direct contact with the epithelial 

barrier further extends their diffusivity path which is the logic behind the 14% NP mass 

collected in the donor compartment upon 24 h exposure (Figure 4.20). These findings 

emphasize the fact that pipetting the inhaled drug formulation to fully cover the cell 

culture rather than being aerosolized for permeation testing, would ultimately provide 

some bias as it does not consider the clinical conditions of the aerosolization process 

and the nasal epithelium interface with the atmospheric air. Moreover, dispensing the 

nano-formulation in a relatively large volume of the transport medium ignores the 

possible interactions between the high-energy surfaces of the nanocarriers and transport 

fluids, where NP physiochemical alterations and/or poor formulation-cell contact might 

occur. It is worth mentioning that the obtained permeability outcomes for the studied 

applications across RPMI 2650 cells might be less conclusive in comparison to other cell 

lines due to the rather low TEER values ≤ 40 Ω.cm2. 

  

4.3.10. PLGA NP integrity and deposition studies in RPMI 2650 cultivated in the 

nasal replica 

In this study, the developed custom Snapwell® insert cultivated in the two-sectioned 

nasal cast at the olfactory region was utilized as a proof of concept for the deposition of 

pMDI-co-PLGA NP formulation in the targeted region as for their minimal adverse effect 

on the nasal barrier integrity. A normal and confluent cell multilayer growth (Figure 4.21 

and 4.22) was obtained with the insert custom indicating that the resin mould was 

compatible with the biological fluid (no colour change was observed in the cell culture 

medium). As for the epithelial integrity test, since the TEER measurements were not 

possible to perform with the system, the LIVE/DEAD double staining protocol was 

employed instead as previously described for the integrity test within the aerosol 

deposition system in section 4.2.9.2. The confocal micrographs for the 90 s-blank (Figure 

4.21a), the 20 puff-sham (Figure 4.21b), and the 20 puff-sample (Figure 4.21c) shows 

relatively similar damaging effect with few apical red spots referring to the deceased cells 

on the top of confluent green layers. These data support the integrity status of the barrier 

when the aerosol exposure system was used. To this end, it can be concluded that the 

cell culture handling, the high energy aerosol together with the studied formulation 

following aerosol exposure, displayed satisfactory physical impact on the nasal cell 

model giving the low number of damaged individual cells in relative to the healthy 

majority at a high number (20) of activated puffs. It should be mentioned that since no 

airflow was applied, the wall shear stress effect on the contained nasal cells within the 

cast was not considered.   
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Figure 4.21. Cell viability of RPMI 2650 cells following PLGA NP aerosol exposure 

delivered via pMDI inhaler within the nasal cast. Live cells are stained green while 

dead cells are stained red. The live cells (positive control) are untreated cells whereas 

the dead cells (negative control) are cells incubated in 70% ethanol for 30 min. 



299 
 

As for the deposition experiment, Figure 4.22a, b, and c shows the confocal 

micrographs for three different tested batches. The observed green fluorescent clearly 

demonstrates successful and considerable particle deposition on the cell layer contained 

in the olfactory region of the nasal cast. The difference in signal intensities however 

(Figure 4.22a and b compared to c) agrees with the variability of the reported dose 

deposited in the olfactory region when 30 actuations were performed 6.4 ± 2.9% 

(Chapter 3, Figure 3.44, 15 min hold time).     
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 Figure 4.22. The pMDI-aerosolized NP deposition onto the RPMI 2650 cells placed 

in the olfactory region within the nasal cast. The blank is the cells unexposed to the 

NP aerosol. 
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Although one of the aims of developing the cell-based nasal cast is to perform 

simultaneous permeation study across the nasal barrier along with the barrier integrity 

and the formulation deposition, this experiment could not be conducted due to the long-

term shortage of the Snapwell® inserts and giving the limited time to produce this work. 

One would expect comparable transport profile to the one presented in Figure 4.18 for 

the aerosol with no flow using aerosol exposure system. It is however an area to explore 

in future work. 

 

4.4. Conclusions 

RPMI 2650 is poorly polarizing human nasal cell line. The reported Low TEER value 

in the literature was also confirmed in this study. However, under ALI growth conditions 

a thick, multi-layered, and mucus producing barrier was formed. The cell model showed 

healthy expression of the studied tight junction proteins, where zonula occludens-1 (ZO-

1) and E-cadherin were densely distributed all over the nasal cellular model confirming 

its suitability for formulation testing.  

The polymeric NPs showed unchanged nasal cell metabolic activity indicating 

excellent compatibility when applied as a suspended formulation. In addition, The PLGA-

NP-cell internalisation for the two studied concentrations (0.05% and 0.1% w/v) was 

found to be significant and time dependent and measurable cell uptake even after 2 h 

treatment at 37 °C.  

The modified aerosol-cell exposure system introduced in this study was shown to be 

a valid model for aerosol medicine in vitro testing. It simulates the whole process of 

aerosol drug delivery including the aerosol generation, deposition onto the nasal 

epithelial cells, permeation across the cell layers as well as the equally important 

parameter in terms of the integrity of the biological barrier following aerosol exposure. 

The system is one of the very few ALI aerosol delivery systems that is easy-to-use, 

sterilize, disassemble, and can be placed in standard clean hoods. In this system, the 

pMDI-aerosolised formulation along with the culture handling procedure showed varying 

yet non-critical damaging effects on the epithelial barrier supported by the comparable 

TEER values before and after the aerosol delivery. Employing the developed system, 

high permeation rates across the nasal cell layers were generally observed for the three 

tested delivery conditions (NP aqueous suspension, NP aerosol with and without airflow) 

which could be due the leaky characteristics of the nasal barrier. However, the transport 

study significantly showed the superiority of NP aerosol application over the suspension 

with the highest transport rate obtained for the aerosolised NP under flow condition.  

Similar to the deposition device, but encompassing the human nose morphological 

features, the ALI cell exposure-nasal cast presented in this study offers an efficient and 
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dosimetrically accurate in vitro model for aerosol delivery to nasal cells under 

physiologically relevant conditions. Such a system ultimately paves the way for high-

throughput nasally inhaled medicine in vitro screening in terms of simultaneous nasal 

regional deposition, cellular uptake, and transport - the most realistic endpoint for aerosol 

delivery - in a more predictive manner than LLI cell cultures together with other proposed 

ALI models which lack the element of nasal morphology.   

The cell layer integrity within the cell-based nasal cast and following NP 

aerosolization showed comparable results to the ones obtained when using the aerosol 

deposition system. The confocal images demonstrated little damage which is limited to 

the uppermost layer. As for the deposition study, a custom cell culture insert intended to 

be fitted in the olfactory region within the nasal cast was fabricated. A clear green 

fluorescence signal was visualized on the cell surface following aerosolization indicating 

successful deposition of the pMDI-NPs in the targeted olfactory region and suggesting a 

great potential of the delivery system along with the in vitro model presented in this study 

for NTBDD application and screening. 
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Chapter 5 

 

Conclusions and future perspectives 

 

The focus of this thesis was to evaluate for the first time the in vitro behaviour of 

nanoparticle (NP)-based pressurised metered dose inhaler (pMDI) once aerosolised 

in a human nasal cast model, and to propose the combination as a system for nose-

to-brain drug delivery applications if adequate olfactory region dosing hence direct 

brain targeting was proven. Simultaneously, the fraction of NP-formulation delivered 

to the lower respiratory tract should be minimised if not avoided.  

Two colloidal delivery systems prepared from inorganic and organic materials 

with different physiochemical properties were intended to be delivered nasally via a 

pMDI. For both systems, three main themes were investigated:  first, the production 

of the system followed by full physiochemical characterisations; second the 

incorporation of the colloidal particles into the pMDI formulation where the 

compatibility with the propellant and the atomized particle integrity using a described 

aerosol deposition system were investigated; and third, the nasal deposition patterns 

of the aerosolized NPs under different administration conditions were screened 

utilizing a 3D-printed human nasal replica. We also presented in this work a novel 

nasal cell-inspired human nasal cast which allows full nasal aerosol in vitro screening 

including aerosol generation, formulation deposition, biocompatibility and transport 

across the nasal barrier, the final stage of aerosol delivery process.       

 

Gold nanourchin-based pMDI for NTBDD 

For the inorganic system, uniform urchin-like gold nanoparticles (GNUs) were 

synthesised via a facile “bottom-up” approach based on an aqueous chemical 

reduction of gold ions into gold atoms, utilising preprepared gold seeds as catalyst 

centres to enhance the reaction and allow selective accumulation of Au atoms onto 

their surfaces. The first aim was to fabricate GNUs with a relatively high spike aspect 

ratio, as such the correspondent localised surface plasmon resonance peak will be 

more shifted towards the bio-transparent near-infrared region of the electromagnetic 

spectrum and hence could be employed in a wide range of diagnostic and therapeutic 

applications. To obtain such an interesting morphology a reducing agent, a shape 

directing agent, and a stabilizing agent under controlled temperature (30 °C) were 

used. Reducing agents with comparable standard reduction potentials produced 

similar particle morphologies when other reaction parameters remained unchanged. 

Dopamine hydrochloride (15 mM, 300 µL) was selected as the reducing agent. Lower 
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concentrations failed to produce any branched morphologies whereas higher 

concentrations did not cause any change in the aspect ratio of the spikes. Silver ions 

as a shape-directing agent were necessary to obtain the GNUs; from Ag: Au 

(1:1000), no significant morphological changes were noticed up to Ag: Au (1:100) but 

the spikes randomly expanded, and flower-like particles were formed, when the ratio 

Ag: Au (1:10) was used. PEGylation (1.7 mM, 80 µL) preserved the particles during 

synthesis, but not at a higher reaction temperature (70 °C) nor during the 

lyophilization process where a polysaccharide matrix of pectin (0.25% w/v, 140 µL) 

was required to uniformly lyophilize the GNUs.  

The generated GNUs had suitable characteristics for inhalation in terms of  

morphological properties and particle size distribution with a hydrodynamic diameter 

of 170 ± 0.2 nm, size distribution index PDI < 0.22 and negative surface charge of -

35.9 ± 0.2 mV. The aspect ratio of the branched particles was found to be ≤ 2.0 and 

the corresponding localized surface plasmon resonance (LSPR) maximum was at 

605 nm. The GNU-pMDI formulation composed of 0.025% w/w, 2% w/w Milli-Q water, 

2% w/w EtOH and the balance of HFA134a propellant. This composition was found 

to be sufficient to redisperse the aqueous suspension in the propellant with a manual 

device shake until activating the device and atomizing the particles. Utilizing an 

aerosol deposition system, the GNUs were successfully aerosolized from the pMDI 

device and were observed to be intact and discrete. The shot weight, and hence the 

delivered dose, was also found to be consistent within 60 ± 3 mg.  

For examining the deposition pattern in a human nasal cast, optimized 

administration settings were determined. With respect to a manual actuation, a 

fabricated device with an elongated nozzle represented by a needle (i.d. 1.6 × L 40 

mm), 0 L/min airflow and a device administration angle inclined at 45° to the vertical 

plane, up to 13 % of the atomized GNUs were able to bypass the extremely narrow 

valve and reach the turbinate region, out of which 5.6% was recovered from the 

olfactory region. Since the formulation approach is one of the paramount factors in 

determining the effectiveness of the nasally inhaled delivery along with the device 

and administration technique, ultimately, the proposed design of the GNU system in 

terms of the size, shape, PEG functionalization and the presence of the pectin chains 

in the aqueous droplets would have impacted the aerosol performance depositing 

the majority of the dose ~81% in the anterior vestibule. In addition, the likely uneven 

distribution of the NPs within pectin matrix might have the greater effect on the varied 

olfactory deposition (1-13%) between repeats. The aqueous suspension form of 

GNUs was shown to be compatible with the nasal cell model RPMI 2650 at the 

inhaler concentrations and up to 0.2% w/v allowing a considerable drug loading 
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capacity. However, cellular viability along with cellular uptake and transport studies 

of the aerosolized form of GNUs should be explored in future work. 

 

PLGA NP-based pMDI for NTBDD 

For the organic nanoformulation, fluorescent poly(lactic acid-co-glycolic acid) 

nanoparticles (PLGA NPs) < 300 nm were prepared by the nanoprecipitation method, 

whereas an emulsion-based method was used for larger particles up to 1000 nm. 

Three approaches were followed to formulate the PLGA NPs for compatibility with 

the propellant-based pMDI device. The simplest approach was to add the PLGA NPs 

(0.1% w/w) pre-suspended in Milli-Q water (2% w/w of the total inhaler formulation) 

to the pMDI-canisters with the balance being the HFA134a propellant. Regardless of 

the NP sizes (100-1000 nm), they were successfully incorporated and released intact 

from the device. However, despite the correct inhaler application (upright position, 

device priming and shaking), the instant phase separation between the two 

immiscible and density-imbalanced phases led to significant inconsistencies in the 

delivered dose, with NP- free puffs at times. It was also noticed that the use of 

transparent, uncoated polyethylene terephthalate pMDI-vials, which have hydrophilic 

inner surfaces, also caused the little aqueous phase to be adsorbed and lost on the 

vial inner walls which further decrease the available respirable dose. Although 

dispersing the NPs in the propellant without the addition of any non-volatile solvents, 

e.g., H2O or EtOH, would be preferable in avoiding droplet containing NP deposition 

in the anterior region of the nasal cavity, it is an extremely challenging approach as 

most of the stability agents capable of preserving NP morphologies throughout the 

manufacturing process are insoluble or sparingly soluble in HFA propellants. This 

approach was clearly demonstrated in this study utilising 2H,3H-perfluoropentane 

(HPFP) model propellant for testing various surfactants used to disperse the NP in 

the HFA propellant-like environment, however, the attempts were not successful and 

clear aggregations occurred regardless of the surfactants employed. Although, it was 

noticed that a combination of polyvinylpyrrolidone (PVP-K25) and polyvinyl alcohol 

(PVA) was promising and maintained a good balance between NP stability during 

manufacturing and acceptable dispersity in the model propellant, TEM images 

showed aggregated particles and therefore the solvent-free approach proved 

inefficient and was not taking forward. The final NP-pMDI formulation which was 

tested for nasal deposition contained the NP (0.1% w/w) redispersed in water (0.2% 

w/w) with a limited mass of ethanol (2% w/w) as a cosolvent to achieve relative 

gravitational stability for the suspended particles. Although creaming and a biphasic 

product were produced, the suggested EtOH amount was found to be sufficient to 

mix the two phases and redisperse the NPs following manual device shaking, and 
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the creaming time was found to be long enough to enable device activation to 

aerosolize the formulated PLGA NPs. 

As for in vitro deposition studies in the nasal cast, the ideal delivery settings were 

first evaluated using the commercial Ventolin® Evohaler, a micronized salbutamol 

sulphate suspension-based pMDI formulation. Attaching the device close to the nasal 

cast using customised nasal actuators or distancing the device from the cast with 

various spacers did not result in any quantifiable dose being deposited in the cast. 

However, a small (120 mm), PLA made, and valveless tubular spacer was found to 

considerably reduce the spacer salbutamol sulphate dosing confirming the great 

impact of the spacer design and structure on the resulted deposition. The described 

spacer attached to a mouthpiece actuator and 15 L/min flow rate were initially 

selected for pMDI-PLGA NP formulation testing. The use of the spacer was preferred 

to reduce the high output momentum of the particles and avoid the propellant blast 

at the vestibule region. Although a significant fraction of the delivered particles was 

contained in the spacer, contrary to the Ventolin® microparticles, the PLGA NPs were 

measurable in all the cast sections with 4.6% of the total recovered dose in the 

olfactory region at 15 L/min respiratory flow. These results clearly demonstrate the 

advantages of ultra-fine particles over microparticles in enhancing the nasal overall 

deposition under similar delivery settings. 

In another attempt to improve the olfactory deposition further, rather than 

distancing the pMDI device from the nasal cavity by using a spacer, the opposite 

procedure was eventually followed by inserting the device directly into the nostril. A 

maximum perpendicular device insertion to the horizontal in the sagittal nasal cast 

plane was applied, whereas the cast itself (head) was tilted 45° from the vertical 

plane. To do so, a new pMDI-based nasal assembly made up of a rounded actuator 

and 37 mm long nozzle represented by an attached syringe needle (i.d. 1.6 × L 40 

mm) was utilized. A breath-hold pattern (0 L/min air flowrate), simulated by using a 

sealed outlet cast, was considered since neither the normal shallow (15 L/min) nor 

the sniff-like (60 L/min) breathing conditions were efficient in enhancing the olfactory 

delivery. Under the above-mentioned configurations, 10.4% of the dose deposited in 

the turbinate and olfactory regions out of which 6.4% deposition was achieved in the 

olfactory region. Using smaller nozzle orifice diameter (i.d. 0.8 mm needle), hold time 

(5-15 min) to allow the NPs to settle before cast disassembly or doubling the NP 

payload within the device did not improve olfactory dosing, only increasing the 

number of actuations of the device had a statistically significant enhancing effect on 

the turbinate and olfactory deposition where 17.8% was achieved out of which 8% 

deposited in the olfactory region. 
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Hence, this study presented > 15% of the dose passing the challenging trajectory 

at the intensely small and narrow nasal valve when using an NP-based pMDI device, 

an excellent delivery under some existing limitations. Undoubtedly, achieving 

superior gravitational stability for the formulation in the propellant environment, 

directing the actuator tip towards the posterior region at 30-45° (allowing an increase 

in the insertion depth), and the physical features of the proposed actuator (orifice 

diameter, orifice length and sump depth) and hence the plume geometry are all 

factors that could be adjusted to favour higher olfactory deposition scenario. Last but 

not least, the performance of the formulation under the optimised configurations in a 

two-sided nasal cast representing the complete passage should also be considered 

in future work to examine if the trajectories of the aerosolised particles hence their 

nasal deposition will alter. 

 

Nasal cell-based in vitro model for simultaneous deposition and 

permeation studies 

Based on their extensive use in the literature, RPMI 2650 human nasal septum 

squamous cell carcinoma cells were selected as a cell model and cultured under air-

liquid interface (ALI) conditions for 2 weeks. The PLGA-NPs showed excellent 

compatibility with RPMI 2650 nasal cell line with 100% metabolic activity for the 

treated culture with up to 0.2% w/v of NP suspension for 24 h in comparison to the 

control. In cellular uptake studies, the particle internalization was efficient even after 

a 2 h treatment time window and was found to be time and concentration-dependent 

where the higher is the NP concentration (0.1% w/v compared to 0.05% w/v) and the 

longer is the exposure time (24 h), the greater is the NP uptake. In this thesis, a 

modified aerosol-cell exposure system was introduced. This aims were to simulate 

the entire process of inhaled drug delivery, which involves aerosol generation from 

the pMDI after actuation, the transport and deposition of the aerosolized particles 

onto the nasal epithelial cell culture, and subsequent uptake and permeation. In 

addition, the system allows examination of the integrity of the epithelial barrier upon 

aerosol release. 

For the first time that we are aware of, an ALI-cell exposure nasal replica was 

introduced in this study, where an ALI-RPMI 2650 cell culture was incorporated into 

the nasal cast in the olfactory region using customised Snapwell® inserts. The 

proposed system is a comprehensive in vitro screening tool that not only combines 

the physiological and morphological features of the human nose, but also enables 

the correct evaluation of inhaler handling techniques and the subsequent olfactory 

dosing. After firing the fluorescent FITC-PLGA NPs via a pMDI into the nasal cast, 

this study showed, a bright green fluorescence signal on the cell layer indicating that 
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the aerosolized PLGA NP deposited on the cell culture insert fitted in the olfactory 

region. The described cell-integrated nasal cast could be used to meet the regulatory 

requirements for nasal product assessment where aerosol cellular deposition, 

uptake, and transport could be carried out in parallel. Moreover, since it maintains 

the cells under culture conditions within the cast and allows sampling the basal 

chamber, it could also be adapted to assess drug kinetics under real-life settings. 

 

Future perspectives 

Although only conventional formulations have been clinically evaluated for 

NTBDD due to uncertainties about the exact nasal pathway involved and the 

subsequent drug dosing and distribution in the brain tissues, substantial preclinical 

work has shown that nanosystems do indeed facilitate the transport of therapeutics 

to the brain when administrated intranasally. This promise could be further endorsed 

by using a proper device and targeted administration techniques.  

The current study supports the advantages of a nanosystem-co-pMDI nasal 

device and demonstrates encouraging outcomes for formulation olfactory deposition 

in the nasal cavity. Despite some limitations, the obtained deposition pattern for the 

proposed pMDI-PLGA NPs was 17.8% in the turbinate and the olfactory regions, 

presents a great potential of the described approach which entitles medicine 

developers to follow this direction. While nasal sprays and nebulizers offer large, non-

volatile droplets/particles delivered at high velocities that would expectedly settle in 

the anterior part of nasal cavity, propellant based pMDIs are more effective in 

producing a uniform dispersion of fine particles able to navigate through the 

extremely narrowed nasal valve and reach the targeted region. This feature becomes 

more pronounced when the pMDI device is loaded with low-inertia, ultrafine particles 

similar to those generated in this study. The propellant-driven device is more likely to 

transport the NPs deeper into the nasal cavity enabling olfactory targeting with low 

potential of the NPs escaping the nasal passage into the lower respiratory tract  under 

the breath hold condition (0 L/min) applied in this study. In addition, unlike other nasal 

devices, pMDIs are known to generate a narrower plume angle (< 20°) which 

prevents NP impaction by the nasal walls while allowing further penetration through 

the small nasal passages particularly through the constriction nasal valve. The 

proposed system in this study is classified as “smart particle aerosols” which offer 

several benefits for NTBDD over other nasal products (dry powders, nasal solutions, 

and suspensions) including conventional aerosols such as the homogeneous 

particles distribution within the aerosol droplets hence controlled deposition, the 

diffusivity of the NP-contained aerosols and therefore a better chance for a dose 
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fraction to attain the posterior regions in the nasal cavity, excellent absorption and 

overall bioavailability and rapid onset of effect.  

Despite the overmentioned advantages of the NP-co-pMDI, the high momentum 

of the delivered particle via a pMDI remains a challenge which was not overcome in 

this work causing the majority of the dose (74% for 30 puffs and 57% for 60 puffs) 

regardless of the particle size to deposit in the vestibule. There is however a room 

for improvement by fine-tuning the NP-pMDI formulation, the nasal cast design as it 

was previously suggested including the administration configurations such as 

investigating the spacer use further (aerosol dynamics within the spacer) which 

ultimately reduces the ballistic nature of the pMDI aerosol. 

Multi-sectioned human nasal casts display a reliable and efficient in vitro tool to 

investigate nasal deposition during the formulation/device development processes 

allowing the adjustment of various experimental conditions to closely typify the 

inhaler use and therefore evaluate the aerosol performance in clinical settings. Nasal 

casts together with validated numerical simulations, can help to achieve successful 

in vivo studies and hence great progress for NP-based NTBDD toward the clinic. 

There is room for further future work to innovate more sophisticated, and 

physiologically relevant human nasal replicas that reflect high in vitro / in vivo 

correlation. 

The described pMDI-nanoformulations were found to be highly stable in the 

device with no adverse viability effects on the nasal epithelial cell line. The aerosol 

exposure system presented in this study also has the potential for further 

improvement. For instance, the exposure chamber dimensions could be modified to 

accommodate a plate with multi-well capacity or by integrating many exposure 

chambers to carry out parallel experiments or coculture, add-on cell culture medium 

reservoir for longer aerosol-cell exposure time, and sampling techniques for real-time 

performance studies of inhalation products could be developed. In addition, in vitro 

cellular models that represent the olfactory epithelium and/or pathogenesis of CNS 

disorders are required to be assessed in the future since the aim is for NTBDD 

applications. 

Last but not least, for inhaled medicines as was demonstrated in this study, the 

device in-use has a fundamental role in successful delivery to the targeted sites. 

Although the long-term-validated pMDI devices were found to have a potential for 

enhanced delivery beyond the nasal valve hence the olfactory region, innovative 

medical devices for nasal inhalation are needed for the targeted deposition of nasal 

formulations. Of course, enduring development of the inhaled delivery systems and 

devices will ultimately benefit patients, caregivers, and society healthcare services at 

large. 
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Appendix 

 

Dissemination 

 

17-18th Nov 2022, Annual Aerosol Science Conference 2022 (York, UK): Inhalable 

PLGA nanoparticles via pMDI devices for nose-to-brain drug delivery (Abstract 

submitted) 

 

11-15th July 2022, Controlled Release Society CRS 2022 Annual Meeting and Expo 

(Montreal, Canada): A sniff to the brain – inspirable nanoparticles via pMDI device 

for nose to brain drug delivery (NTBDD) 

 

20-22nd April 2022, The 7th workshop on pulmonary drug delivery (Doblin, Ireland): 

Intranasal delivery of tailored pMDI-nanoformulations:  A potential for brain 

targeting  

 

25-29th July 2021, Controlled Release Society - CRS 2021 Annual Meeting (virtual): 

Nasally delivered nanoparticles - Could pMDIs be their guide to the CNS?  

 

11-14th May 2021, 12th World Meeting on Pharmaceutics, Biopharmaceutics, and 

Pharmaceutical Technology – PBP (virtual): Aerosolized nanoparticles for nose to 

brain drug delivery (NTBDD) (abstract, poster, and short oral presentation) 

(https://www.youtube.com/watch?v=6p6VHF_3-2M). 

 

26th Oct - 5th Nov 2020, American Association of Pharmaceutical Sciences - AAPS-

PharmSci 360 (virtual): Nose to brain drug delivery of aerosolized nanoparticles. 

 

 

 

 

 

 

 

 

 

 

https://www.youtube.com/watch?v=6p6VHF_3-2M
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Inhalable PLGA nanoparticles via pMDI devices for nose-to-
brain drug delivery 

Aida Maaz, Ian S. Blagbrough, Robert Price, and Paul A. De Bank 

Department of Life Sciences, University of Bath, Bath, BA2 7AY, U.K. 

Since the intranasal route has been recognized as an alternative for therapeutic delivery 

to the CNS, a colossal amount of research has been focused on developing efficient and 

convenient intranasal dosage forms (Goel et al., 2022). Innovative delivery systems 

based on nanocarriers have been presented as a potential strategy to address many of 

the nose to brain drug delivery (NTBDD) challenges (Lee et al., 2021), in particular drug 

deposition in the olfactory region, a gateway to the CNS. The application of 

nanotechnology in nasal aerosol science is a promising approach to produce “smart 

aerosols” and efficient NTBDD. This study was performed to investigate the delivery of 

PLGA nanoparticles (NPs) via a HFA134a-based pMDI device and their potential for 

NTBDD application by their deposition in the olfactory region in the nasal cavity. Here, 

we demonstrate the in vitro deposition profile of these aerosolized NPs using a realistic 

physical nasal cast model. Either 30 or 60 shots were actuated into the nasal cast to 

ensure a concentration of NPs above the detection limit in the targeted olfactory region. 

As shown in Figure 1A the NPs were successfully released from the pMDI and were 

intact following aerosolization. Moreover, for 60 actuated puffs, up to 17% of the 

delivered NP dose was detected in the posterior region, of which ~8% was in the olfactory 

region (Figure 1B). Hence, the proposed approach is promising for brain targeting via 

the nasal cavity, and a prompt for formulators for further work in this direction as a step 

forward to reduce the gap towards the treatment of neurodegenerative disorders. 

 

We thank the University of Bath and Prof Raymond F. Schinazi for funding AM 

studentship. 
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Figure 1. A) Representative FE-SEM image of NPs following aerosolization via a HFA134a-based 
pMDI device, B) Comparison of the test formulation average deposition (%) (mean ± SD) in a nasal 
cast performing 30 or 60 hand actuations via a bespoke nasal device attached to a needle (1.6 
O.D. x 40 mm) and no airflow. the inner surface of the cast was coated with EtOH: glycerol (3:1) 
as mucus simulant and cast tilting angle was kept 45° from the vertical plane.  
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(NTBDD) 
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Co-Authors: Ian S. Blagbrough, Robert Price, and Paul A. De Bank, Department of Pharmacy and 
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Introduction: Since the intranasal route has been recognized as an alternative for therapeutic delivery to 

the brain and CNS, a colossal amount of research has been focused on developing efficient and convenient 

intranasal dosage forms (1). Despite many advantages, the intranasal route is still challenging to 

formulators, not only due to the ambiguous delivery pathways to the brain, anatomical and physiological 

barriers, but also the interaction between device, formulation, patient usage variabilities and the 

consequent deposition and performance of nasal products (2). Innovative delivery systems based on 

nanocarriers have been presented as a conquering strategy to address many of nose to brain drug delivery 

NTBDD challenges (3), in particular drug deposition in the olfactory region, a gateway to the CNS. We have 

previously shown that PLGA nanoparticles (NPs) can be successfully delivered intact via a pMDI device. 

Here, we demonstrate the in vitro deposition profile for these aerosolized NPs using a realistic physical 

nasal cast model. 

Methods: Conventional nanoprecipitation methods were applied to prepare fluorescent PLGA NPs (195 ± 

5 nm). For pMDI suspension nanoformulations, an appropriate mass of lyophilized particles (0.1 or 0.2% 

w/w of the total pMDI formulation) was suspended in Milli-Q water (2% w/w) and transferred into 14 mL 

aluminium canisters. Ethanol (2% w/w) was subsequently added as a cosolvent and a 50 µL valve crimped 

onto the canister using a manual single unit crimper (Nanopharm Ltd, UK). HFA134a propellant (95.9% or 

95.8% w/w) was filled through the valve and the final product sonicated for 90 seconds. The integrity of 

the particles within the device was confirmed with FE-SEM imaging. A bespoke nasal device attached to a 

needle (1.6 O.D. x 40 mm) was initially used for dose delivery. A sectioned nylon cast (4) was used to carry 

out the regional deposition. The inner surface of the cast was coated with a mixture of EtOH: glycerol (3:1 

w/w) as a simulant mucus and clamped at 60° (Figure 1a). The canisters were sonicated for 2 min, and up 

to 60 actuations were carried out into the cast with shaking by hand in between, no airflow was applied. 

Following each run, the cast was disassembled, and each section was rinsed thoroughly with MeCN. The 

fluorescent intensity of the collected samples from each section was measured and the recovered particle 

dose was calculated. Figure 1b shows a simulation for the needle position in section 1. 

Figure 1. a) The 3D printed nasal cast, b) a simulation of the device inserted in section 1. 

a b 
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Results: This study was performed to verify the potential of nasal pMDIs for NTBDD application. As shown 

in Figure 2 the particles were successfully released from the device and were intact following 

aerosolization. In addition, it was interesting to note that the propellant energy force helped to disrupt 

particle aggregates when a higher concentration of ethanol (5% w/w) was used in the formulation. Figure 

3 shows the deposition profile of these particles in the nasal cast, the mass of the collective dose from 

each section reported as a percentage of the total recovered dose. 30 and 60 shots were actuated to 

ensure a dose above the detection limit in the targeted region (4T). Our findings highlight the interplay 

between the device, formulation, and insertion depth. Up to 17% of the delivered dose was detected in 

the posterior region, of which ~10% was in the olfactory region. Doubling particle concentration 

decreased the deposition in the posterior regions (sections 4 and 5; Figure 4) as a result of the increase in 

the residual aerodynamic particle size distribution indicating the potential of ultra-small particles to find 

their way to the brain via nasal application. 

 

 

Figure 2. A representative FE-SEM image for the NPs following aerosolization. 

 

Figure 3. Deposition (%) of the total recovered dose on each nasal cast section when applying 30 shots (  ) 

and 60 shots (  ) of 0.1% w/w NP formulation, hand-actuation, 15 min hold, 0 L/min airflow, 1.6 mm 

outer orifice diameter. The inset shows deposition in section (4) of the cast at the top (4T; the olfactory 

region) and the bottom (4B) of the cavity. 
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Figure 4. Deposition (%) of the total recovered dose on each nasal cast section when applying 30 shots of 

0.2% w/w formulation hand-actuation, 15 min hold, 0 L/min airflow, 1.6 mm outer orifice diameter. The 

inset shows deposition in section (4) of the cast at the top (4T; the olfactory region) and the bottom (4B) of 

the cavity. 

 

Conclusions: The presented pMDI-based PLGA NPs were able to reach the targeted olfactory region and 

a significant concentration of up to 10% was detected. The proposed approach is promising for brain 

targeting, and a prompt for formulators for further work in this direction as a step forward to reduce the 

gap towards the treatment of neurodegenerative disorders. 

Acknowledgements: We thank the University of Bath and Prof Raymond F. Schinazi for funding the 

studentship to AM. 
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Learning Objectives 

The device, formulation and patient use have a great impact on the performance of nasally inhaled 
products. 
In vitro testing using realistic nasal replicas is a useful and efficient tool for early product development. 
Nasal MDI device potential for NTBDD in in vivo studies. 

 

Keywords: Brain/BBB, Nasal, Biodegradable, Device, Nanoparticle, Polymer 

 

 

 

 

70

12
7.5

9

1.5

0

10

20

30

40

50

60

70

80

1 2 3 4 5

D
e
p
o
s
it
e
d
 d

o
s
e
 %

Nasal cast sections

5.4

3.6

0

5

10

4T 4B



319 
 

Intranasal delivery of tailored pMDI-nanoformulations:  A potential for brain targeting 

Aida Maaz, Robert Price, Ian S. Blagbrough, and Paul A. De Bank 

Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK 

 

INTRODUCTION:  The intranasal route is an alternative for therapeutic delivery to the brain and CNS, 

therefore efficient and convenient intranasal drug delivery dosage forms are needed (1). Due to the 

challenges associated with the interaction between the device, formulation, patient usage variabilities 

and the consequent aerosol deposition (2), innovative nanocarrier systems are an attractive strategy to 

address such challenges. We report that PLGA nanoparticles (NPs) were successfully delivered via a pMDI 

device yielding an interesting in vitro deposition profile using a nasal cast model.  

 

METHODS:  pMDI suspension nanoformulations were prepared containing fluorescent PLGA NPs (195 ± 5 

nm) (0.1 or 0.2% w/w of the total pMDI formulation) suspended in Milli-Q water (2% w/w), ethanol (2% 

w/w) as a cosolvent, and the balance was HFA134a propellant. The integrity of the NPs within the device 

was confirmed with FE-SEM imaging. A bespoke nasal device was used for dose delivery. A sectioned 3D 

printed nylon cast was used to carry out the regional deposition analysis. No airflow was applied. 

Following each run, the cast was disassembled and each section was rinsed thoroughly with MeCN. The 

fluorescent intensity of the samples collected from each section, the delivered NP dose, was quantified.  

 

RESULTS:  The NPs were successfully released from the device and were intact following aerosolization. 

Up to 17% of the delivered dose was detected in the posterior region, of which ~10% was in the olfactory 

region. Doubling particle concentration decreased the deposition in the posterior regions as a result of 

the increase in the residual aerodynamic particle size distribution indicating the potential for ultra-small 

particles to find their way to the brain via nasal application. 

 

CONCLUSIONS:  The proposed pMDI-based PLGA NPs approach is promising for nose to brain targeting. 

 

We acknowledge the University of Bath and Prof Raymond F. Schinazi for funding the studentship to AM. 

 

(1) Goel H., et al., J. Control. Release 341, 782-811 (2022).  

(2) Maaz A., et al., Pharmaceutics 13, 1079-1106 (2021). 
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Introduction: Efficient delivery of pharmaceuticals to the CNS is largely prevented by the blood-

brain barrier (BBB), hence alternatives to systemic administration are needed to improve 

therapeutic interventions. The olfactory region of the nasal cavity circumvents the BBB and 

offers a direct route to the brain. Therefore, brain-targeting nasal drug delivery which increases 

drug deposition in the olfactory region may be beneficial for CNS delivery (1). Polymeric 

nanoparticles (NPs) have been successfully applied in the treatment of challenging CNS diseases 

(2). We propose that pMDI devices will offer practical penetration for the nasally administered 

NPs towards the olfactory region in the nasal cavity in order to achieve targeted brain delivery. 

Methods: To investigate the efficiency of PLGA NPs delivery via pMDIs, conventional NP 

preparation methods were applied to produce PLGA NPs of various sizes (190-1035 nm) (Table 

1). Lecithin-PLGA (1:2 w/w) NPs were also made for comparison. The prepared particles were 

suspended as an aqueous nano-suspension or freeze-dried powder within HFA 134a propellant 

in aluminium canisters. A bespoke nasal device was used for dose delivery, and glass sample 

collection apparatus (Figure 1) was used for particle collection to investigate their integrity 

following aerosolization. Particle imaging was performed using FE-SEM of the cellulose ester 

receiver membrane (Figure 1). 

 

Figure 1. NP collection apparatus 

Results: Different NP diameters were produced (Table 1), and a range of coating surfactants 

were used to test the particles’ stability in the pMDI. Three different mix approaches were 

applied to optimize the delivered dose of NPs: aqueous nanosuspension/HFA, aqueous 

nanosuspension + EtOH/HFA and freeze-dried NPs/HFA. While mixing the aqueous 

nanosuspension with the propellant preserved the NPs. Inconsistent delivered doses with few 

detectable particles in the sprayed mist were observed for some formulations. The dried NP 
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approach was unsuccessful and clear irreversible aggregation occurred. However, adding a 

minimum amount of EtOH (2% w/w) to the aqueous nano-formulation kept the particles 

relatively intact with a considerable quantity delivered from the pMDI and collected. 

Table 1. NP characterisations used in the pMDI device 

Batch 
Surfactant (% 
w/v) 

Mean 

diameter 

(nm) 

PDI 
ζ Potential 

(mV) 
Status 

F10 PVA 1% 226±2 0.09±0.028 -14.9±0.6 
Aqueous 
suspension 

F14 PVA 1% 547±6 0.02±0.015 -19.1±0.1 
Aqueous 
suspension 

F15 
PVA 3% /1/-1% 
/2/1 

612±3 0.03±0.01 -22.6±0.2 
Aqueous 
suspension 

F16 PVA 1% 748±15 0.05±0.044 -23.9±0.9 
Aqueous 
suspension 

F17 PVA 1% 1035.2±0.02 0.17±0.018 -29.2±0.5 
Aqueous 
suspension 

FPP20 
PVP K25 0.5%-
PVA 0.5% 

191±2 0.05±0.01 -3.6±0.5 
Lyophilized 
powder/ Aqueous 
suspension2 

FSP24 
Span 80 1%-
PVA 1% 

224±3 0.11±0.04 -9.18±0.3 
Lyophilized 
powder/ Aqueous 
suspension2 

FPL30 
Lecithin 1%-
PVA 1% /1/-3% 
/2/1 

412±7 0.24±0.002 -13.3±0.7 
Lyophilized 
powder/ Aqueous 
suspension2 

1 In the aqueous dispersed phase/1/ and aqueous dilution phase/2/ respectively. 
2 To enhance water miscibility with HFA, EtOH was added with ratio (HFA134a: EtOH: H2O) (97.5:2:0.5 % 

w/w) 

Conclusions: PLGA NPs were successfully delivered via a pMDI device. Quantitative analysis for 

the emitted dose will be validated in further deposition studies in nasal cavity replicas. 
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INTRODUCTION 

The development of new therapies for 

neurodegenerative diseases is a challenging task to 

formulators. This is mainly due to blood brain barrier 

(BBB) which provides protection to the central 

nervous system (CNS). Intranasal pathway has 

emerged as a promising approach that circumvents 

BBB and enhances direct and rapid brain drug 

delivery.[1] Efficient brain targeting via intranasal 

administration requires deep penetration of nasally 

applied formulation towards the olfactory region in the 

nasal cavity which is BBB free and connects the CNS 

with the human body.  

We propose that using pressurized metered dose 

inhalers (pMDIs) which have been traditionally used 

for asthma and other pulmonary disorder treatments 

could be suitable to achieve this aim. While pMDIs are 

the most commonly used devices in oral inhalation 

remedies, to the best of our knowledge they have never 

been applied for NTBDD. The relatively recent 

generation of MDIs following the transition from 

chlorofluorocarbon (CFC) propellants to non-ozone 

depleting hydrofluoroalkanes (HFAs) has been 

problematic for the pharmaceutical industry, mainly 

due to the scarce solubility of most excipients 

employed in FDA-approved formulations in HFAs. 

Therefore, significant technological modifications 

have been put in place in the hardware components 

alongside the formulation approaches.[2]  

AIMS AND OBJECTIVES  

We are focused in this work on the delivery of poly 

(lactic-co-glycolic acid) nanoparticles (PLGA NPs) via 

pMDI. The nano-formulation will be suspended within 

the propellant in aluminum canisters and delivered via 

a bespoke nasal device (Figure 1). Upon actuation, the 

spray jet nozzle creates high velocity droplets carrying 

the therapeutic particles to be well dispersed into the 

nasal cavity. The main challenge is associated with this 

work, is the production of a compatible formulation 

with pMDI, by means of controllable particle-particle, 

particle-propellant, and particle-device hardware 

interactions. 

Figure 1. Nozzle-type actuator with the metallic can 

used 

METHODS 

Production of PLGA NPs with different sizes 

Nanoprecipitation (F1-F7)   

The following method was adapted from [3]. 50μL of 

PLGA solution (0.2-2% w/v) were quickly pipetted 

into 450μL of water or buffer (pH 7.4) containing a 

suitable stabilizer with continuous magnetic stirring 

until complete solvent evaporation. The particles were 

collected and washed thrice by centrifugation (8890×g, 

20min) for dispersing in the MDI.  

Emulsion-Solvent Evaporation (F8, F9)   

To produce PLGA NPs with diameter larger than 

200nm, a modified solvent evaporation method 

previously reported [4] was used. For F8 (600nm), 

3mL of polymer solution (1.6% w/v)/ DCM were 

introduced into 9mL of the aqueous phase containing 

PVA (3% w/v) and emulsified within an ice bath using 

ultra-speed homogenizer at 24k for 7min. The resulting 

O/W emulsion was directly poured into 20ml of (1% 

w/v) PVA solution and kept under stirring until 

complete polymer solvent evaporation. For F9 

(1000nm), a similar procedure was followed, 6ml of 

PLGA/DCM (2% w/v) were emulsified in 30mL (1% 

w/v) PVA solution by ultra-speed homogenizer at 24k 

for 7min. The target sizes of both formulations were 

obtained by centrifugation-based separation method 

and washed three times to remove the excess of 

surfactant. Table1 shows the components of the 

prepared NPs.  

Table 1. Formulations parameters for PLGA NPs 

Colloidal dispersions in HFA134a 

200μL of the aqueous colloidal suspension were added 

into a 17 mL plain aluminium canister. The canisters 

were crimped with EPDM Aptar valve 50µL, then 9.79 

g (9.53-10.03g) of HFA134a were added followed by 

sonication for 1min.  

Expt. 
Organic 

phase 

Polymer 

(% w/v) 

Aqueous 

phase 

Stabilizer 

(% w/v) 

F1 ACN 
PLGA 

0.2% 
H2O 

PF-127 

0.1% 

F2 ACN 
PLGA-H 

0.25% 
H2O 

PF-127 

0.1% 

F3 ACN 
PLGA-H 

0.2% 
PB 7.4 

PF-127 

0.1% 

F4 ACN 
PLGA-

PEG 0.2% 
H2O 

PF-127 

0.1% 

F5 THF 
PLGA-

PEG 2% 
H2O 

PF-127 

0.1% 

F6 THF 
PLGA-

PEG 2% 
H2O PVA 5% 

F7 ACE PLGA 2% H2O PVA 1% 

F8 DCM 
PLGA 
1.6% 

H2O 
PVA 3%- 
1% 

F9 DCM PLGA 2% H2O PVA 1% 

mailto:p.debank@bath.ac.uk
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PLGA NPs Integrity in HFA134a 

Particle collection was performed using glass sample 

collection apparatus Figure 2. Cellulose ester 

membrane was placed at the top of the glass tube to 

receive the fired shots.  

 

Figure 2. Aerosolized particle collection set-up 

A piece of mica was also fixed on the membrane for 

SEM imaging. The flow rate was (15 ± 0.2 L/min). 

Samples were primed by 20 shakes and 90s sonication. 

10 actuations per sample were applied. 

RESULTS AND DISCUSSION 

 

Conventional methods were applied to produces 

various sizes (150nm-1000nm) of PLGA NPs for 

future size-deposition correlation study in the nasal 

cavity.  

HFA134a was chosen as propellant and the ability to 

produce stable HFA134a-PLGA NPs suspension were 

evaluated by using the apparatus shown in Figure 2 

which was fixed upside down of its intended use to 

imitate the nasal delivery. 

The different parameters applied were to optimize 

particle target sizes as well as to narrow their 

distribution range.[3,4] Table 2 shows the prepared 

particle characterizations acquired by DLS 

measurements which correlate well with FE-SEM 

imaging. Out of nine formulations, only three (F5,7,8) 

delivered considerable amount of their particle content 

following aerosolization (Figure 3). The inconsistent 

delivered dose uniformity (DDU) could be attributed 

to the low water solubility in HFA134a (2200ppm at 

RT) which could not be overcome by the priming 

procedure applied rather than causing formulation lost 

by being adsorbed on canister walls. 

CONCLUSIONS 

PLGA NPs with different diameters and a minimum 

amount of water in their formulations (0.2mL) were 

successfully integrated into pMDIs. The stabilizers 

used stabilized the particles in the aqueous layer within 

HFA. Although for many formulations, few NPs were 

detectable in the sprayed mist, but they were intact; 

such preliminary results are promising. The PLGA 

NPs produced will be dispersed in HFA134a propellant 

in order to investigate their delivery potential via pMDI 

devices for NTBDD. 
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Expt. Z-Ave nm PDI  ζ mV 

F1 114.9±0.75 0.09±0.0017 -26.2±0.55 

F2 123.6±0.23 0.07±0.006 -30±0.83 

F3 92±0.5 0.06±0.013 -31±0.4 

F4 121.37±0.86 0.09±0.01 -35.9±0.79 

F5 163.4±1.46 0.06±0.008 -27.6±0.34 

F6 194.5±1.26 0.11±0.01 -20.25±0.3 

F7 226±2 0.09±0.028 -14.9±0.6 

F8 612.3±3.2 0.03±0.01 -22.6±0.17 

F9 1035.2±0.02 0.17±0.018 -29.2±0.49 

Table 2. PLGA NP characterization by DLS 

Figure 3. FE-SEM for the detectable formulations 

following aerosolization:  membrane (left), mica 

piece (right) 

F5 

1µm 1µm 

1µm 1µm 

F7 

2µm 2µm 

F8 
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1. Purpose 

Our research aim is to assess the performance of intranasal nano-formulations in vitro, 

particularly for CNS targeting delivery via the uppermost region within the nasal cavity. 

For the first time and in order to achieve, deep penetration into nasal cavity, this project 

is focussed on the delivery of nanoparticles via a liquified propellant contained within a 

pressurized metallic canister. The design of the nanocarriers in terms of their shape, size, 

surface charge and functionalization will be optimized to enhance the efficiency of 

carrier/drug in vitro deposition in the olfactory region. In addition, aerosol/device related 

parameters as well as administration instructions (cast tilting and actuator tip orientation) 

will also be investigated for nasal regional localization.  

 

2. Research methods 

Seed-mediated gold nanoflowers (AuNFs) was prepared following the protocol of (Ong 

et al., 2017) with slight modifications. Firstly, spherical Au seeds were synthesized: 100 

mL of HAuCl4.3H2O aqueous solution was boiled for 2h and then the reducing agent 

sodium citrate dihydrate was added with continuous stirring to produce a rose wine type 

solution, referring to the citrate capped seed’s formation.                                             

AuNFs were prepared in a 10 mL vial of ultra-pure water by adding specific amounts of 

the pre-prepared seeds followed by HAuCl4.3H2O, silver nitrate as a shape directing 

agent, methoxy-PEG thiol as stabilizing agent and dopamine as both a reducing agent and 

model therapeutic, followed by stirring for two hours. The resulting dark blue color 

solution reflected the successful growth of gold nanoparticles, which were concentrated 

by evaporation (F1) or freeze drying (F2) to be further suspended within metallic canister 

(Figure 1) with a hydrofluoroalkane propellant and delivered via a bespoke nasal device. 

Upon actuation, the spray jet nozzle creates high velocity droplets for transportation of 

the therapeutic particles into the nasal cavity.  

Glass collection apparatus (Copley Scientific, UK; Figure 1) was used to test the integrity 

of the AuNFs formulations after filling within the cans. F1 and F2- filled canisters were 

tested with the following procedure: 
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• The flow rate was adjusted at 15 ± 0.2 L/min. 

• The samples were firstly primed by shaking the canisters 20 times and sonicating 

for 90 seconds. 

• 10 actuations were carried out for each sample. 

• The spray mist was collected on a mixed cellulose ester membrane located at the 

top of the tube to receive the fired shot. A piece of mica and carbon grid was stuck 

on the membrane for SEM and TEM analysis, respectively. 

 

        
 

Figure 1: A) An illustration of Pressurized metered dose inhaler (Kesavan, Schepers, Bottiger, King, & 

McFarland, 2013);  B); Sample collection set up. 

 

In vitro deposition studies will be performed using nasal cast model recreated from MRI 

scans of human nasal airways. The model 3D printed in house to build copies with 

separated distinct regions. 

 

3. Results 

Both gold nanosuspension F1 and F2 were characterized and compared before and after 

the filling and spraying by the metered dose device. Figure 2A illustrates the concentrated 

gold nanosuspension, which is dark blue in color. DLS measurements showed that both 

formulations had a size range of 132.6 ± 0.95 nm and 137.8 ± 0.7 nm and were highly 

monodisperse, with PDI of 0.003 to 0.017, and positively charged (Z.P 5.42 ± 0.24 mV). 

These results were further confirmed with TEM imaging (Figure 2B and C). Interestingly, 

no changes were observed in terms of the shape and the size of the prepared particles 

following the filling within the propellant system (Figure 2E and F). However, very few 

particles could be detected on the TEM grids, so SEM-EDX analysis of the upper 

membrane was carried out to investigate elemental gold within the receiver membrane. 

Figure 3 shows tiny fluorescent dots distributed throughout the membrane and belong to 

Au element.  

A) B) 
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Figure 2: A) AuNFs suspension (F2); B and C) TEM images for F1 and F2 prior to filling within the cans; D) 

Nozzle-type actuator with a pressurized metallic canister filled with the formulation ready to test ; E and F) 

TEM images for F1 & F2 recovered from the cans. 

 

Figure 3: SEM-EDX analysis of the receiver membrane. 

4. Conclusion  

Aerosolized AuNFs were successfully prepared as a pioneer nasal system for further brain 

targeting. Their simple preparation, flexible morphologies together with high stability 

within the propellent based devices make them excellent candidates for nose to brain drug 

delivery studies.   

200nm E) 

B) 100nm C) 100nm 

100nm F) 

A) 

D) 
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What you are seeing, is a beautiful combination of ultrafine gold particles, captured 

by a cellulose membrane. These particles could be used as carriers for therapeutics for 

most brain diseases, including Parkinson’s, Alzheimer’s, and brain tumours. But what is 

more exciting is that these particles are not going to be given as a tablet or injection to 

reach the brain, instead they will be delivered as a sniff through the nose. There is an 

open gate in our nose called the olfactory region, which is responsible for smell and 

connects our brain with the outside world. With a little help from a device like an inhaler, 

these artful particles can be propelled into the nose as an aerosol and diffuse to the 

olfactory region for transport towards the brain. This image shows aerosolized gold 

particles collected intact on a cellulose membrane. They are discrete, intact, and ready 

for nose to brain drug delivery! 
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