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Abstract 

Locally-acting orally inhaled and nasal drug products (OINDP) are complex dosage 

forms which depend on a combination of device, patient, and formulation. Its localised 

effect inside the human body adds further intricacies when developing a generic drug 

product. To facilitate the development of locally-acting topical products, the US Food 

and Drug Administration (FDA) proposed the concept of Q3 microstructural 

equivalence, suggesting that any differences for products with qualitative (Q1) and 

quantitative (Q2) sameness can be related to the arrangement of matter and/or its 

state of aggregation. This study investigates the introduction of this concept to 

OINDPs by evaluating and validating several scientifically robust techniques that can 

be used to characterise the microstructures of OINDPs. 

The use of a newly developed technique, morphologically-directed Raman 

spectroscopy (MDRS), and dissolution to characterise the in situ particle size 

distribution (PSD) of complex nasal drug products was studied by tracking the PSD 

of the drug substance before and after formulation. These two techniques were 

sensitive to differences in PSD of the drug substance in the final product and may be 

used in an orthogonal approach to demonstrate equivalence of the drug substance 

PSD in the final product. 

For orally inhaled drug products, an aerosol dose collection (ADC) apparatus able to 

capture the aerosolised dose onto a filter was developed, validated, and used to 

evaluate microstructural differences by dissolution and MDRS. These techniques 

were able to capture differences in the microstructure of products Q1 equivalent and 

Q2 dissimilar, but also between products Q1 and Q2 equivalent although sourced 

from different regions. 

In vitro release testing with a novel immersion cell apparatus and rheology were also 

used to characterise differences between locally-acting nasal drug products with a 

distinct concentration of a thickening agent. 

This work highlights that the concept of Q3 microstructural equivalence may be 

applied to the development of OINDPs with scientifically robust and validated 

techniques.  
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Chapter 1. Introduction 

Orally inhaled and nasal drug products (OINDPs) are complex drug products that 

combine a device and formulation to deliver therapeutics agents to the nose and lung.  

There is increasing political and economic pressure to approve generic OINDPs for 

entry to the United States (US) market. The success of OINDP generic development 

programs demands that the current regulatory barrier for achieving therapeutic 

equivalence is overcome. Demonstration of therapeutic equivalence between a 

proposed generic product and the reference listed drug (RLD) product within an 

abbreviated new drug application (ANDA) requires the establishment of therapeutic 

equivalence through both pharmaceutical equivalence and bioequivalence (BE) (Lu 

et al., 2015). 

Bioequivalence is defined in the 21 Code of Federal Regulations (CFR) 320.1 US 

regulation as “the absence of a significant difference in the rate and extent to which 

an active ingredient or active moiety in a pharmaceutical equivalent becomes 

available at the site of drug action when administered at the same molar dose under 

similar conditions in an appropriately designed study” (US Food and Drug 

Administration, 2019a). BE also plays an important role in supporting formulation 

changes during a new drug development phase as well as certain post-approval 

supplemental changes in drug applications. The rate and extent of drug absorption 

are usually assessed using in vivo pharmacokinetic (PK) studies in which generic and 

reference drug plasma concentrations are characterised and compared. However, for 

locally-acting products such as OINDPs, where the local site of action is proximal to 

systemic absorption, there may be little or no relevance of PK data to the drug delivery 

and therapeutic efficacy at the drug-receptor level (Saluja et al., 2014; Lu et al., 2015). 

Determining and achieving bioequivalence for such products has proved to be a major 

challenge for both the pharmaceutical industry and the regulatory agencies. However, 

for an increasing number of locally-acting drug products, well-designed and validated 

in vitro approaches have been able to qualitatively predict the presence of the drug at 

the site of action and specifically assess its performance (Shah et al., 2015).  

Under the Generic Drug User Fee Acts (GDUFA) initiatives, the US Food and Drug 

Administration (FDA) has published 17 Product-Specific Guidance documents (PSG) 

related to inhalation and nasal products (Lionberger, 2018). A common theme in these 
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PSGs is the reliance on qualitative (Q1) and quantitative (Q2) sameness of the 

formulations and device comparability with the RLD product together with the 

recommendation to establish equivalence through in vitro performance testing, 

human PK studies for the assessment of systemic exposure and clinical endpoint 

studies. The major barrier to both generic competition and on-going product 

improvements of OINDPs is the cost and requirements for clinical endpoint BE 

studies. Patient numbers can be significant, sometimes larger than the originator’s 

efficacy study. Furthermore, considering the high variability, low sensitivity, and the 

inability to detect formulation differences, these studies are only confirmatory of local 

equivalence.  

To address the need to establish equivalence in local delivery, the FDA Office of 

Generic Drugs, through GDUFA I and II, have explored alternative pathways for these 

complex drug-device combination products that can reliably ensure equivalence in 

bioavailability without the need for a clinical endpoint BE study. The general pathway 

that FDA has adopted for BE testing of locally-acting topical dosage forms applies Q3 

microstructural equivalence where differences between the same components (Q1) 

in the same concentration (Q2) under a non-equilibrium state can be related to the 

arrangement of matter and/or its state of aggregation (Kryscio et al., 2008). 

1.1. OINDP Generic Market 

In the United States (US), more than 4 billion generic products were prescribed in 

2018, which corresponds to 90 % of the total number of prescriptions (Association for 

Accessible Medicines, 2019). The same study reports that nearly two trillion dollars 

have been saved by the US over the last decade resulting in enormous savings for 

the US government, patients, and taxpayers. Nevertheless, the generic market only 

accounts for 22 % of the total drug spending (Association for Accessible Medicines, 

2019). Therefore, it is critical to further stimulate the generic market to tackle the most 

prescribed products and reduce its cost to patients and healthcare systems. In reality, 

the high price of drug products has a direct impact on patient health since those that 

are not able to afford these products and/or do not have the support from the 

government will most likely ration their doses or stop taking their life-saving 

medications. This will then result in the worst clinical outcome, which will have a 

further impact on healthcare costs (Association for Accessible Medicines, 2019; 

Newman and Witzmann, 2020).  
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For a generic product to go into the market, it must not infringe any patent of the 

reference product and be considered bioequivalent to the brand product. 

Bioequivalence can be defined as the absence of a significant difference between the 

test and reference products in the rate and extent of the drug substance availability 

at the site of action (US Food and Drug Administration, 2019a). For oral drug products 

that have a systemic action, it is generally accepted that the concentration of a 

pharmaceutical active ingredient in plasma is representative of the drug delivery to 

the site of action through the systemic circulation (Saluja et al., 2014). Therefore, to 

assess the bioequivalence of oral drug products for systemic delivery, 

pharmacokinetic (PK) studies are the most appropriate tool. After performing a 

pharmacokinetic study, for a test product to be equivalent to a brand drug product, 

the 90 % confidence interval of the ratio between test and reference least-square 

means of the maximum concentration in the blood (Cmax) and area under the curve 

(AUC) after log-transformation must lie within a 20 % acceptance range (García-

Arieta and Gordon, 2012). However, for a locally-acting orally inhaled or nasal drug 

product, this type of study might not be enough (García-Arieta and Gordon, 2012; 

Saluja et al., 2014). 

Patients with asthma or chronic obstructive pulmonary disease (COPD) require 

constant access to one or more inhalers to control their disease. If these patients do 

not adhere to their therapy, they will be at an increased risk of death and will generally 

have more exacerbations, with the consequent requirement of hospital services. Even 

though adherence to therapy is a crucial factor in controlling these diseases, the cost 

of the inhalers for a continued chronic therapy can be prohibitive for certain patients 

and has been reported as the main contributor to non-adherence with orally inhaled 

products (Castaldi et al., 2010). Therefore, the existence of cheap alternatives to 

these brand products is key for orally inhaled and nasal drug products. These reduced 

prices alternatives may be achieved by facilitating the approval process of these 

products, which will result in a faster approval process and more abundant 

alternatives (US Food and Drug Administration, 2007). 

Although asthma and COPD appear to be an attractive market, worth $21.3 billion in 

2014 in the US and five major European markets (France, Germany, Spain, UK and 

Italy), there are still several obstacles that make it challenging for generic products 

(Syed et al., 2015).  
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OINDPs are complex products to develop from both a scientific and patent point of 

view. Besides having patents on the APIs and formulation, these products also have 

patents on their devices, which might delay the development of generic products. 

Symbicort Turbuhaler is an excellent example of a product with the 

molecule/formulation patents that expired in 2012-2014 but only had the device patent 

expired in 2019 (AstraZeneca, 2014; Syed et al., 2015). To overcome this barrier, 

manufacturers have followed two approaches: developing their device for an off-

patent molecule or wait for all device patents to expire. Orion has followed the first 

approach to develop a competitor to Symbicort® in Europe with its proprietary device 

(Easyhaler®) (Haikarainen et al., 2017). However, both approaches result in extra 

costs and risks. Also, only the first generic products to reach the market are profitable 

(Syed et al., 2015).  

Furthermore, since Europe does not classify these products as substitutable generics, 

this requires an extra investment in a sales team to inform physicians who will have 

to prescribe a specific inhaler brand. The latter makes Europe a less attractive market 

for certain products (Syed et al., 2015). The costs involved in clinical trials for inhaled 

products might get to values around $57 million, as for Teva’s DuoResp® Spiromax®, 

and be prohibitive for some companies (Pogorelc, 2013; European Medicines 

Agency, 2014; Syed et al., 2015). Therefore, the upfront costs to develop an inhaled 

generic are significantly greater than for a generic tablet. 

OINDPs brand products generally have less generic competition due to the 

complexity of these drug products that include the formulation, device, site of delivery, 

local effect and patient dependency aspects (Figure 1). While for systemic orally 

delivered drug products the blood concentration of the drug substance may be seen 

as representative of the amount of drug reaching the action site and enough to assess 

bioequivalence of a drug product qualitatively (Q1) and quantitatively (Q2) the same, 

this does not apply for locally-acting OINDPs (Saluja et al., 2014). For locally-acting 

OINDPs assessing blood concentrations of drug substances delivered to the nasal 

cavity or lungs does not provide any indication of the amount of drug on the site of 

action and any insight into therapeutic equivalence (Newman and Witzmann, 2020).  

Moreover, the complexity of these formulations (powder, powder blend, solution or 

suspension) such as the rheology, cohesive and adhesive forces, pH, osmolarity, 

chemical and physicals stability, API particle size, morphology, solubility and 
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polymorphism may affect its aerodynamic particle size and site of deposition, 

dissolution rate and rate of absorption with a direct effect on the therapeutic outcome 

(Lee et al., 2009; Sheth et al., 2017). Furthermore, the device design (shape and 

size), aerosolization energy source, airflow resistance, and interaction with both the 

formulation and patient need to be considered (Lee et al., 2009).  

Patient aspects such as age, gender, training and disease severity must be 

considered when choosing the right dosage form and drug product since the device 

and formulation interaction with the patient will have an impact on the therapeutic 

outcome (Lee et al., 2009; Saluja et al., 2014; Newman and Witzmann, 2020). 

 

 

Figure 1. Key factors affecting the therapeutic effect in OINDPs. 

1.2. OINDP Product Development 

Due to the complexity involved in these products, different countries and regulatory 

agencies have different approaches to assess bioequivalence and facilitate the 

introduction of these products into the market. These approaches will be described 

and compared later in this chapter to determine their feasibility and space for 

improvement. Nonetheless, during the development of a generic OINDP, the 

development presented in Figure 2 is usually followed.  
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This process involves the development and validation of analytical methods capable 

of performing the de-formulation, facilitate the product development and conduct the 

in vitro and in vivo comparison of the reference and test product (Sheth et al., 2017). 

Then, the reference listed drug (RLD) product should be characterised through in vitro 

performance and any other test capable of giving extra information on the formulation 

and dose details, container closure system and device dimensions and materials 

(Sheth et al., 2017). Later, the generic product will be designed through a Quality by 

Design approach where the drug substance and excipient critical material attributes 

(CMA) and the drug product critical quality attributes (CQA) will be defined and 

evaluated (Buttini et al., 2018). Finally, while scaling up the formulation up to a 

commercial scale, the in vitro equivalence shall be assessed (Lionberger, 2008; 

Lionberger et al., 2008). 

 

Figure 2. Generic OINDP product development process. 
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review and approval process in activities such as facility inspections, communication 

to industry and enhancing regulatory science. This resulted in the creation of the 

generic drug user fee act (GDUFA), which has been mainly focused on improving the 

communication with the industry through several workshops and publications where 

the agency expectations for ANDA submissions are clarified with a significant focus 

on complex formulations such as OINDPs. This was later renewed as GDUFA II, 

which released guidance on pre-ANDA meetings (US Food and Drug Administration, 

2012b; US Food and Drug Administration, 2017a; US Food and Drug Administration, 

2017b; US Food and Drug Administration, 2018c).  

During this period, general guidance for OINDPs was released (US Food and Drug 

Administration, 2002a; US Food and Drug Administration, 2002b; US Food and Drug 

Administration, 2003; US Food and Drug Administration, 2018b). Furthermore, the 

FDA has been funding several different universities, including the University of Bath, 

in different areas. These studies resulted in the development of further scientific 

knowledge around these products and culminated in the publication of product-

specific guidance for OINDPs to facilitate their introduction into the market (US Food 

and Drug Administration, 2012a; US Food and Drug Administration, 2019c; US Food 

and Drug Administration, 2019d; Newman and Witzmann, 2020). 

One of the main goals of GDUFA was to develop a better scientific understanding of 

these complex formulations. Since OINDPs have numerous factors affecting their 

performance and safety, the FDA issued a weight-of-evidence approach to 

demonstrate bioequivalence between a reference and test product. This weight-of-

evidence approach generally proposes that for a Q1/Q2 formulation with an 

equivalent device, the following tests must be performed to ensure equivalence in 

systemic exposure and local drug delivery: in vitro tests, pharmacokinetic studies and 

pharmacodynamic (PD) or clinical endpoint studies (Lionberger, 2008; Lavorini et al., 

2013; Saluja et al., 2014; Al-Numani et al., 2015; Lu et al., 2015). 

1.3.2. European Medicines Agency (EMA) approach 

Although both Europe and the US have the same goal: to facilitate the introduction of 

equivalent and cheaper drug products into the OINDP market, these regions have 

used different approaches. In Europe, the generic substitution process may vary from 

country to country. However, generally, doctors prescribe the drug product per 
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strength and active ingredient. Then, the pharmacist can dispense any bioequivalent 

product. As for the US, pharmacokinetic studies are usually used to demonstrate the 

bioequivalence of systemic action products (Al-Numani et al., 2015). 

Nevertheless, due to its complexity and local actions, bioequivalence studies are not 

appropriate for inhaled and nasal products. For these products, therapeutic 

equivalence must be demonstrated between a test and reference product (European 

Medicines Agency, 2009). Moreover, locally-acting OINDPs are not submitted to 

generic approvals; these are considered hybrid medicines instead (Lavorini et al., 

2013; Al-Numani et al., 2015). These can be submitted via a purely national approval, 

which follows the rules of each country, or via mutual recognition procedure or 

decentralised procedures (Fuglsang, 2012; CMDh, 2020).  

To facilitate the introduction of these products into the European market, several 

guidelines have been introduced (European Medicines Agency, 2006a; European 

Medicines Agency, 2009; Al-Numani et al., 2015). To assess therapeutic equivalence 

between reference and test product, the EMA recommends a step-wise approach 

(Figure 3) where initially in vitro equivalence tests should be performed, followed by 

pharmacokinetic studies which evaluate the regional deposition and systemic 

exposure and, as a final step, pharmacodynamic or clinical endpoint studies may be 

required to demonstrate local deposition equivalence (Fuglsang, 2012). However, 

unlike the US, Europe allows the demonstration of therapeutic equivalence at any 

step without the requirement of a full weight-of-evidence approach.  

Therefore, in theory, in vitro only approvals are possible if the following criteria are 

met: the product must contain the same API in the same solid-state as the reference 

product (same salt, ester, etc.); the pharmaceutical dosage form must be identical; 

qualitative or quantitative differences in excipients should not influence product 

performance and safety; inhaled volume through the device, its handling and 

resistance should be similar (within +/- 15 %); target delivered dose and particle size 

distribution profiles should be similar (within +/- 15 %). 

Yet, if an applicant is not able to demonstrate in vitro similarity with all the 

requirements above, in vivo pharmacokinetic studies to measure total systemic 

exposure (for assessment of safety) and pulmonary absorption (for assessment of 
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pulmonary deposition and efficacy should be performed (European Medicines 

Agency, 2009; Lavorini et al., 2013; Lu et al., 2015). 

Ultimately, if the in vitro studies (first step) and pharmacokinetic studies (second step) 

fail to demonstrate therapeutic equivalence, pharmacodynamic or clinical efficacy 

studies should be performed. Generally, there should be no need for this third step, 

unless it is assessed by the manufacturer that the PD study might provide a 

competitive advantage or the regulatory agencies requested these specifically for this 

product (European Medicines Agency, 2009; Lavorini et al., 2013; Lu et al., 2015; 

Syed et al., 2015). The following three sections of this chapter will present the main 

aspects of the three studies required for bioequivalence: in vitro, pharmacokinetic and 

pharmacodynamic studies.  

 

Figure 3. EMA and FDA approach to bioequivalence of OINDPs. 

1.3.3. In Vitro BE Studies 

In vitro studies are a key element of demonstrating bioequivalence between different 

products. Although these are not always correlated with in vivo results, their ability to 

provide meaningful sensitive and less variable results makes them ideal for product 

development comparison. Depending on the dosage form, different in vitro tests may 

be required, as presented in Table 1 (Saluja et al., 2014; Lu et al., 2015). 

In general, the single actuation content and aerodynamic particle size distribution are 

the main in vitro tests required for orally inhaled and nasal products (The United 

States Pharmacopeial Convention, 2021c). The parameters measured through these 

in vitro tests influence the regional deposition of the aerosolised drug, consequently 

affecting the efficacy and safety of these products. These two tests are performed for 
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dry powder inhalers (DPI), pressurized metered dose inhalers (pMDI) and nasal 

products. Since these products are mostly multidose, it is recommended to 

demonstrate equivalence at multiple product life stages. This allows the study 

comparison in accumulation of electrostatic charge, the build-up of formulation and 

resistance of the device to erosion (European Medicines Agency, 2006a; US Food 

and Drug Administration, 2018b). Pressurised metered dose and nasal sprays have 

an active aerosolization mechanism that allows for a single flow rate (28.3 L/min) or 

no flow rate to be used. However, dry powder inhalers are mostly passive devices 

that rely on the patient flow to aerosolise. Therefore, it is essential to demonstrate 

equivalence on both tests at three different flow rates (European Medicines Agency, 

2006a; US Food and Drug Administration, 2018b). These tests will evaluate a 

combination of formulation, API and device properties and their interaction with each 

other. For nasal products, the aerodynamic particle size distribution is not used to 

provide an insight into an in-depth regional deposition of the drug in the lungs; it is 

only used to assess the drug in small particles that might go beyond the nasal cavity 

(European Medicines Agency, 2006a; Saluja et al., 2014; Lu et al., 2015; US Food 

and Drug Administration, 2018b). 

For active aerosol inhalers such as pMDIs and nasal sprays, the shape and geometry 

of the plume originated may affect the mouth, nose, and lung deposition (US Food 

and Drug Administration, 2003; Trows et al., 2014). Therefore, spray pattern and 

plume geometry should be evaluated for pMDIs and nasal sprays. For nasal sprays, 

droplet size distribution shall also be performed (US Food and Drug Administration, 

2003). If the reference product requires any priming, priming, and re-priming studies 

should be performed against the test product (US Food and Drug Administration, 

2003; Saluja et al., 2014). 

For locally-acting nasal solutions, this battery of in vitro tests is enough to demonstrate 

bioequivalence if the reference and test product are Q1/Q2 similar and the container 

and closure systems are comparable. For a suspension product, this does not apply 

since differences in API particle size may result in differences in availability, rate, and 

extent of dissolution of the drug substance (US Food and Drug Administration, 2003). 
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Table 1. In vitro tests for dry powder inhalers, pressurised metered dose inhalers and locally-

acting nasal sprays. 

Test 
Life 
stage** 

Equipment Parameter evaluated DPI pMDI Nasal 

Single 
Actuation 
Content 
(SAC) 

Beginning 

Middle 

End 

USP** 
<601> 
apparatus 
A, B or 
other 

Emitted dose per single 
actuation with population 
bioequivalence (PBE) 
analysis. 

X X X 

Aerodynamic 
Particle Size 
Distribution 
(APSD) 

Beginning 

End 

USP 
<601> 
apparatus 
1, 3, 5, 6 or 
other 

Impactor-sized mass 
(ISM) PBE analysis. 
Impactor profiles, mass 
median aerodynamic 
diameter (MMAD), 
geometric standard 
deviation (GSD), and 
fine particle mass (FPM) 
as supportive evidence. 

X X X* 

Spray 
Pattern 
(SP)*** 

Beginning 

Laser 
sheet high-
speed 
camera or 
impaction 

Ovality ratio and area or 
longest diameter PBE. 
Qualitative analysis. Two 
distances 3 cm apart. 

 X X 

Plume 
Geometry 
(PG)***  

Beginning 

Laser 
sheet high-
speed 
camera 

Plume angle and width 
on fully developed 
phase. Ratio of 
geometric mean of three 
batches of test and 
reference (log-
transformed). 

 X X 

Droplet Size 
Distribution 
(DSD) 

Beginning 

End 

Laser 
diffraction 

D50 and span by PBE 
analysis 

  X 

Priming and 
Re-priming 

- 

USP 
<601> 
apparatus 
A or other 

PBE on a single emitted 
dose following the 
specified number of 
actuations for the 
priming. 

 X X 

*Beginning only for nasal with analysis of drug in small particles by PBE. 

** USP – United States Pharmacopeia (USP) 

*** Not required by EMA 

1.3.4. Pharmacokinetic Studies 

Depending on the jurisdiction, in vivo studies might be necessary to demonstrate 

equivalence. These in vivo studies include pharmacokinetic studies, 

pharmacodynamic studies and clinical endpoint studies.  
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Although locally-acting orally inhaled and nasal drug products are not designed to 

achieve systemic delivery and high concentrations on the blood, drug deposited in the 

respiratory system may enter the systemic circulation. The increased surface area of 

the alveoli enhances drug absorption into blood circulation. However, at a lower rate 

and extent, drug deposited in other regions of the lung, mouth, nose, and pharynx 

may reach systemic absorption as well (Byron and Patton, 1994; Saluja et al., 2014). 

Generally, locally-acting drug products are administered directly into their site of 

action due to their harsh side effects (Fardon et al., 2004). Therefore, for locally-acting 

OINDPs determining the drug concentration in plasma is critical to ensure comparable 

systemic exposure and safety profile (US Food and Drug Administration, 2003).  

A PK study for orally inhaled and nasal drug products is usually designed in a similar 

way to solid oral dosage forms. For these studies, healthy individuals are preferred 

since they present less variability than patients due to the differences in the extent of 

the disease and are more reliable and sensitive to differences between products. 

Ideally, a single dose is administrated (US Food and Drug Administration, 2003). 

However, since these products are locally-acting drugs, their systemic absorption is 

generally low, resulting in low concentrations. Therefore, the dose is usually adjusted 

according to the sensitivity of the method. In this situation, the minimum number of 

actuations is used, preferably no more than the single maximum label adult dose 

(Saluja et al., 2014). For DPI, pMDI, and nasal suspensions, these studies are 

generally designed as a single dose, randomized, crossover study comparing test and 

reference products. Since the current understanding of the relationship between 

product characteristics, including strength and PK dose is limited, it is necessary to 

performed PK equivalence studies for all strengths (US Food and Drug 

Administration, 2003; Saluja et al., 2014). 

After performing the PK study, the area under the curve and maximum concentration 

are log-transformed. A test product is considered bioequivalent to a reference product 

if the 90 % confidence interval of the geometric mean ratio of AUC and Cmax (Figure 

4) fall within 80.00–125.00 %. One of the key aspects of these studies is the sample 

size. The sample size required to demonstrate BE increases with a higher within-

subject variability or coefficient of variation. For highly variable reference products, 

different approaches have been proposed to prevent an extremely high increase in 

sample size and costs (US Food and Drug Administration, 2003; Haidar et al., 2008; 

Saluja et al., 2014). 
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Figure 4. Typical pharmacokinetic study result. 

For Europe, PK studies on orally inhaled and nasal drug products are usually 

performed with the same objective as the US, investigating systemic exposure to the 

drug and safety. In addition to this goal, there is a second purpose for the studies in 

Europe, assessing pulmonary deposition, absorption, and efficacy by blocking the 

gastrointestinal absorption with charcoal (European Medicines Agency, 2009). Also, 

while the FDA proposes healthy subjects, the EMA suggests that patients from the 

intended use population should be included in these studies (Al-Numani et al., 2015; 

Lu et al., 2015). 

1.3.5. Pharmacodynamic / Clinical Endpoint (CE) Studies 

Although in vitro testing and pharmacokinetic bioequivalence studies provide 

considerable support for bioequivalence testing, these do not provide enough 

information on the amount of drug in the site of action. Since for locally-acting OINDPs 

pharmacokinetic studies do not provide any evidence of the amount of drug on the 

site of action and direct sampling from the lungs or nose is not feasible, 

pharmacodynamic or clinical endpoint studies are required to support bioequivalence 

between a test and reference products (Saluja et al., 2014).  

1.3.5.1. PD Studies to Demonstrate Systemic Safety for Orally Inhaled Drug Products 

(OIDP) 

Even though pharmacokinetic studies are not able to demonstrate therapeutic 

equivalence for the class of drugs herein being studied, for the FDA, these studies 

are usually enough to demonstrate systemic safety. Nevertheless, whenever it is not 

possible to perform PK studies due to the low drug level in the blood, both the FDA 

and EMA propose using PD studies for safety assessment which will depend on the 
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drug class being evaluated (European Medicines Agency, 2009). For bronchodilators 

(beta2-agonists and anticholinergics), safety can be assessed through 

pharmacodynamic studies by investigating and recording any adverse effect, vital 

signs, electrocardiograms with measurement of corrected QT interval and measuring 

plasma glucose and serum potassium levels after administrating the maximum 

recommended dose (European Medicines Agency, 2009). For inhaled corticosteroids, 

most of the systemic adverse effects expected, such as reduced growth velocity in 

children, skin thinning, osteoporosis, cataracts, and glaucoma, are accompanied by 

inhaled corticosteroid (ICS) suppression of hypothalamic–pituitary–adrenal (HPA) 

axis function (Derendorf et al., 2006). Hence, demonstrating safety through PD 

studies can be achieved by placing a group of patients with asthma in a maximum 

recommended daily dose regimen and assessing the effect on the HPA axis 

(European Medicines Agency, 2009; Hendeles et al., 2015; Lu et al., 2015).  

1.3.5.2. PD and CE Studies to Demonstrate Therapeutic Equivalence for OINDPs 

Although pharmacodynamic studies may be used to demonstrate systemic safety, PD 

and clinical endpoint studies are generally used to demonstrate therapeutic 

equivalence. These are part of the weight-of-evidence approach from the FDA for the 

approval of generic OINDPs (US Food and Drug Administration, 2002a; Lu et al., 

2015). A key aspect of clinical endpoint studies to demonstrate therapeutic 

equivalence is to be able to establish a dose-response relationship which would 

confirm that the similarity observed between test and reference is genuinely due to its 

similar effect and not because of the lack of sensitivity for these studies (Al-Numani 

et al., 2015).  

Though demonstrating dose-response equivalence for orally inhaled and nasal drug 

products may be challenging. Unlike pharmacokinetic studies for oral products, which 

present a linear dose-response, PD dose-response studies do not have a linear result 

(Saluja et al., 2014). Therefore, it is necessary to carefully design these experiments 

to ensure that they are relevant and capable of providing a fair assessment of 

therapeutic equivalence. To facilitate these studies and establish a clear dose-

response relationship, it is essential to choose the ideal biomarker for these studies. 

These biomarkers, besides being validated and objective, must possess specific 

characteristics such as being clinically relevant for the disease and lung function, 

reproducible, with reversible effects and being linked to the drug pharmacological 
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mechanism (Saluja et al., 2014; Al-Numani et al., 2015). Hence, depending on the 

drug substance therapeutic class (bronchodilator and corticosteroids), different 

approaches may be necessary to demonstrate therapeutic equivalence. 

The orally inhaled bronchodilators pharmacological class includes short-acting and 

long-acting beta2-agonists (SABA and LABA) and anticholinergics. For these 

products, two types of studies are generally proposed in different regulatory guidance: 

bronchodilatation and bronchoprovocation studies (European Medicines Agency, 

2009; US Food and Drug Administration, 2016b). While the FDA only recommends 

these studies for SABAs, the EMA proposes that both studies might be used as well 

for LABAs and anticholinergics if their different characteristics, particularly the onset 

of action and duration of the effect, are taken into account (European Medicines 

Agency, 2009; US Food and Drug Administration, 2016b). 

While SABA drug products demonstrate an immediate effect with an appropriate 

dose-response study, there is currently no available dose-response studies for LABA, 

anticholinergics and inhaled corticosteroids. For ICS, several pharmacodynamic 

bioequivalence options have been evaluated, such as exhaled nitric oxide, 

eosinophils count and induced allergen challenge (Kharitonov et al., 1994; Silkoff et 

al., 2001). Although different studies have suggested that exhaled nitric oxide and 

AMP challenge have potential as markers for drug bioavailability at the site of action, 

its potential for biomarkers in equivalence testing is questionable and requires further 

investigation (Saluja et al., 2014; Hendeles et al., 2015). The current approach 

proposed by the FDA on the product-specific guidance for fluticasone propionate 

pressurised pMDI and for fluticasone propionate and salmeterol xinafoate DPI 

suggests that a clinical endpoint study is necessary to demonstrate bioequivalence 

(US Food and Drug Administration, 2016c; US Food and Drug Administration, 2018a).  

For nasal sprays, only suspension products require clinical endpoint studies since 

their availability on the site of action will depend on the drug substance physical 

structure (size and shape) (US Food and Drug Administration, 2003). For nasal 

sprays used for seasonal allergic rhinitis, the clinical endpoints to demonstrate 

bioequivalence are based on a total nasal symptom score which categorically 

classifies the symptoms into a scale of 0 (absence of symptoms) to 3 (severe 

symptoms) and is the result of the sum of each rating for runny nose, sneezing, nasal 

itching and congestion (Saluja et al., 2014; US Food and Drug Administration, 2019d). 
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1.4. Challenges and Drawbacks of the Current Approach  

The FDA and other regulatory agencies have been focussing their attention 

enthusiastically on guaranteeing the quality of generic orally inhaled and nasal drug 

products through a science-based approach. Nevertheless, due to its inherent product 

complexities, there are still major obstacles and drawbacks in the current weight-of-

evidence approach, which need to be addressed. Moreover, the scientific knowledge 

around these products must be further developed to facilitate innovation in this area 

through the development of new techniques and, consequently, of new clear 

regulatory guidance. 

1.4.1. Lack of In Vivo Correlations with Current In Vitro tools  

Although aerodynamic particle size distribution and other in vitro tests are well-known 

quality control tests that are used for orally inhaled and nasal drug products, the ability 

of these being used to correlate to in vivo lung deposition and absorption is 

questionable.  

First of all, impactors used for assessment of APSD generally utilize a standardised 

inlet port with fixed dimensions that does not replicate the oropharyngeal deposition 

(Daley-Yates and Parkins, 2011). Secondly, unlike in vivo lung deposition, where drug 

deposition occurs through impaction, sedimentation, Brownian diffusion, interception 

and electrostatic precipitation, drug deposition on an impactor occurs via impaction 

solely at a constant flow rate. Thirdly, the use of a constant square volumetric flow 

rate on an impactor with an increasing air velocity on a sequence of stages does not 

represent the in vivo dynamic profiles, which involve variable flow rates and an air 

velocity decreasing towards the periphery (Apiou-Sbirlea et al., 2013).  

While these discrepancies might suggest that current in vitro tools are not appropriate 

for inhaled products and that these techniques have not been developed to their full 

potential, this is not true. The scientific community has focussed over the last two 

decades on developing an impactor that is able to assess the aerodynamic particle 

size distribution specific for orally inhaled products which is accurate and sensitive to 

small differences between products, which resulted in the design of the Next-

Generation Impactor (NGI) (Marple et al., 2003). This impactor can characterise the 
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APSD of an OIDP with reproducibility and accuracy by standardizing dimensions and 

removing other variabilities.  

Nevertheless, while for comparison and regulatory purposes an impactor stage 

grouping that might be therapeutic relevant is being used, these impactors do not 

mimic the lung deposition and should not be used as in vitro in vivo correlation (IVIVC) 

tools on their own (European Medicines Agency, 2006a; Newman and Chan, 2008; 

Mitchell et al., 2010). Current in vitro testing tools have been developed for quality 

control evaluation of OINDPs. Although these are powerful tools to evaluate 

aerodynamic particle size distribution and emitted dose, their use as IVIVC tools is 

limited. Therefore, other tools such as PK and PD studies are still necessary to 

demonstrate therapeutic equivalence. 

1.4.2. Absence of Therapeutic Relevance for PK Studies  

Pharmacokinetic studies are generally used for the assessment of safety equivalence 

in OINDPs. Even though the low drug concentrations in the blood might rise analytical 

challenges for these studies, it is vital to understand the systemic safety profile for 

these products. Besides the analytical challenges, recently, Getz et al. demonstrated 

that batch-to-batch variability of the reference product should be evaluated and 

considered on bioequivalence testing (Burmeister Getz et al., 2016).  

For locally-acting drugs, these PK studies may not be representative of the amount 

of drug on the site of action. Thus, therapeutic equivalence through PD studies seems 

to be necessary to complement these studies, as suggested by the FDA weight-of-

evidence approach (Daley-Yates and Parkins, 2011; Apiou-Sbirlea et al., 2013; Saluja 

et al., 2014). 

1.4.3. Current Limitations of PD Studies  

These gaps in the current in vitro testing and Pharmacokinetic studies may suggest 

the requirement for Pharmacodynamic or clinical endpoint studies. Yet, these studies 

are not flawless and present significant drawbacks.  

The ability to demonstrate dose-response is a crucial requirement to demonstrate the 

sensitivity of the method and therapeutic equivalence for OIDPs. However, for orally 
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inhaled drug products, this dose-response activity is not linear. This limitation is 

particularly evident for muscarinic antagonists and inhaled corticosteroids, which 

present a flat dose-response, making this requirement difficult to achieve (Adams et 

al., 2010; O’Connor et al., 2011).  

Moreover, after summarising in vitro, PK and PD data for several inhaled products, 

Daley-Yates et al. concluded that there is a lack of understanding of the relationship 

between in vitro, PK and PD studies (Daley-Yates and Parkins, 2011). These studies 

also suggest that PD studies variability may not allow for a meaningful assessment of 

bioequivalence due to its lack of discriminatory ability and, thus, lack of scientific 

purpose (Daley-Yates and Parkins, 2011; Al-Numani et al., 2015).  

Furthermore, these studies are prohibitively expensive since these might require 

thousands of patients to be meaningful. These findings, together with the cost 

limitations involved in the development of a generic product, have started to raise 

some concerns that they may provide questionable and variable data on this weight-

of-evidence approach without any significant added value (Saluja et al., 2014). 

1.5. Alternative Approaches to the Comparative Clinical Endpoint 

BE Study 

These limitations, in particular the ones on PD studies, have been acting as a barrier 

to the development of generic products. However, the FDA is committed to a 

continuous improvement approach and is currently evaluating different approaches 

that might facilitate the entrance of generic products into the market (Lionberger, 

2008; Saluja et al., 2014). Therefore, the evaluation of new validated tools that provide 

strong scientific and regulatory support for an ANDA application is required. 

1.5.1. Enhanced PD studies: Biomarker Strategies 

Finding new biomarkers that can provide sensitivity, low variability, and that can be 

easily validated is one possible approach to demonstrate therapeutic equivalence. 

Recent research has been mainly focused on the analysis of the exhaled breath 

condensate with a particular focus on the exhaled nitric oxide but also on other 

promising biomarkers such as ethane, 8-isoprostane, hydrogen peroxide, nitrite, 

nitrotyrosine, lipid mediators and exhaled breath temperature (Kharitonov et al., 1994; 



Chapter 1 

41 

Rahman and Kelly, 2003; Kharitonov, 2004; Melo et al., 2010). However, as reported 

elsewhere, the credibility of these biomarkers is currently being questioned, and more 

research should be performed to demonstrate their capabilities (Saluja et al., 2014). 

Functional respiratory imaging has also been investigated as an auxiliary tool for 

clinical endpoint studies. Besides being more sensitive, this tool provides additional 

insights into the mode of action of drug substances used for inflammatory reaction 

(De Backer et al., 2014; Hendeles et al., 2015). Nevertheless, more studies need to 

be conducted to assess the utility of this tool.  

Although alternative biomarkers have been proposed, these still require further 

studies and do not solve one of the main limitations of pharmacodynamic studies: its 

cost. Some authors have questioned the need for clinical endpoint studies at all due 

to its lack of discriminatory ability compared to PK studies and its poor correlation to 

these studies (Daley-Yates and Parkins, 2011; Al-Numani et al., 2015). Others have 

suggested that the lung cannot be seen as a “topical” organ where the concentrations 

in the site of action will not correlate to the blood drug concentration since it is one of 

the most highly perfused organs. Hence, the drug substance can only act locally if it 

is in solution and once in solution, its concentration should also be in equilibrium with 

systemic circulation (O’Connor et al., 2011; Al-Numani et al., 2015).  

In fact, for multiple strength inhalation products, the FDA only requires PD studies to 

be conducted in lower strength product, which is the most sensitive for these studies 

and offers waivers for higher strengths. Nonetheless, for these ANDA applications to 

be successful, in vitro and PK studies must be performed to all strength products since 

dose proportionality for PK studies and in vitro in vivo correlations are still not well 

established (Lu et al., 2015; US Food and Drug Administration, 2016c). 

1.5.2. Imaging Techniques 

Even though PD studies are not entirely reliable due to their high variability and low 

sensitivity and PK studies may provide essential information on the deposition of the 

drug in the most highly perfused areas of the lung (alveoli), PK studies do not offer a 

full insight into the lung deposition profile of a drug product which is widely accepted 

to have a vital role on the therapeutic effect. Moreover, current in vitro testing is not 

able to provide a good in vitro in vivo correlation. Therefore, three lung deposition 

imaging techniques have emerged as possible tools to be used to fill this current 
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scientific gap in demonstrating bioequivalence: planar gamma scintigraphy, single-

photon emission computed tomography (SPECT) and positron emission tomography 

(PET) (Berridge et al., 2000; Fleming and Conway, 2001; Newman et al., 2003).  

Gamma scintigraphy and SPECT require the use of a radionuclide, such as 99mTc 

(Technetium-99m), to radiolabel the particles/droplets (Fleming and Conway, 2001; 

Newman et al., 2003). In PET, a positron-emitting radionuclide may be incorporated 

in the structure of the drug substance, which allows the qualitative and quantitative 

analysis of the drug deposition and clearance from the site of action (Berridge et al., 

2000). However, this technique is more expensive, time consuming and inconvenient. 

Also, while gamma scintigraphy is a 2D technique, both SPECT and PET are 3D 

methodologies that have an enhanced spatial resolution and sensitivity. Generally, 

these techniques have been used to classify the lung deposition as peripheral, and 

central and a peripheral-central ratio has been determined and used as an index of 

regional lung deposition (Adams et al., 2010; Newman et al., 2012; Apiou-Sbirlea et 

al., 2013).  

Although these techniques may provide scientific evidence of lung deposition, there 

are still some scientific and regulatory challenges that need to be evaluated. Firstly, 

both SPECT and gamma scintigraphy use 99mTc to radiolabel particles in general, 

without specificity for the drug substance (Adams et al., 2010; Apiou-Sbirlea et al., 

2013). Secondly, there are significant inter-laboratory variations in methodology 

(Adams et al., 2010; Apiou-Sbirlea et al., 2013). Thirdly, passive labelling changes 

the formulation composition, which might result in an adulterated product that is not 

representative of the commercial reference product (Adams et al., 2010; Apiou-

Sbirlea et al., 2013). Finally, the relationship between lung deposition and therapeutic 

effect is yet to be fully understood (Adams et al., 2010; Apiou-Sbirlea et al., 2013). 

These challenges reflect the current need for standardizing and validating these 

techniques in a case-by-case scenario with appropriate comparative methods. Efforts 

have already been made to standardize these techniques, which should be assessed 

by regulatory agencies (Newman et al., 2012). Regarding method validation, Newman 

obtained a good in vitro in vivo correlation between gamma scintigraphy lung 

deposition data and percentage of particles below 3 µm on an impactor with 

commercial products, suggesting that IVIVC studies that compare size distributions 

on an impactor and radiolabelled lung deposition might be conducted to validate these 
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techniques (Newman and Chan, 2008). Furthermore, it should be demonstrated that 

radiolabelling does not result in adulteration of the formulation through in vitro testing, 

such as aerodynamic particle size distribution (Devadason et al., 2012; Apiou-Sbirlea 

et al., 2013). 

1.5.3. In Vitro In Vivo Correlations for OIDPs 

Lung deposition may also be assessed through in vitro methodologies instead of the 

above reported in vivo techniques. Nevertheless, as stated by different authors, the 

currently approved in vitro techniques are not able to be used as IVIVC tools to 

evaluate the lung deposition (Adams et al., 2010; Daley-Yates and Parkins, 2011; 

O’Connor et al., 2011; Apiou-Sbirlea et al., 2013). 

Combination of More Realistic In Vitro Tools with In Silico Models to Assess 

Regional Deposition 

Existing in vitro techniques are not currently representative of the in vivo lung 

deposition, mainly due to three aspects: a standardised USP inlet is not 

representative of the oropharyngeal deposition; the deposition mechanisms of an 

impactor are artificial and not representative of in vivo; using a constant flow rate 

through the impactor does not mimic the device/patient/formulation dependent 

aerosolization profile (Adams et al., 2010; Daley-Yates and Parkins, 2011; O’Connor 

et al., 2011; Apiou-Sbirlea et al., 2013). 

To overcome these challenges, more realistic throat models have been developed, 

and initial studies suggest that these models, which simulate the human upper airway 

anatomy, may be used to better characterise the whole lung deposition (Newman and 

Chan, 2008; Delvadia et al., 2012; Olsson et al., 2013; Wei et al., 2018). Moreover, 

realistic breathing profiles are also being currently used in recent studies. These are 

collected from healthy or unhealthy volunteers, placed onto a breathing simulator and 

govern the aerosolization profile of an inhaler (Adams et al., 2010; Daley-Yates and 

Parkins, 2011; Olsson et al., 2013).  

Nevertheless, most of these studies have been performed with an NGI, which does 

not mimic lung anatomy and physiology. To be able to accommodate the anatomy 

and physiology of the lung in a lung deposition test with the repeatability of an in vitro 
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test, using a mathematical model appears to be the only feasible option (Apiou-Sbirlea 

et al., 2013; Olsson et al., 2013). Although using a next-generation impactor for these 

studies still does not provide a realistic deposition mechanism, it can offer reliable 

aerodynamic particle size data which, together with a realistic throat model offering 

accurate oropharyngeal deposition, a realistic breathing profile delivering a simulated 

aerosolization profile and the predictive model, may provide an accurate prediction of 

the in vivo lung deposition (DeHaan and Finlay, 2004; Delvadia et al., 2012; Olsson 

et al., 2013; Delvadia et al., 2016; Kannan et al., 2017; Martin and Finlay, 2018; Wei 

et al., 2018).  

Evaluating lung deposition through in vitro studies is a promising cost-effective 

approach that has the potential of offering great sensitivity with low variability and a 

strong scientific basis, and thus, this might be an excellent tool for bioequivalence 

studies. 

In Silico Models to Characterise the Pharmacokinetics of OIDPs 

Current guidelines for assessing BE of DPIs require PK studies to be completed, 

which are known to have low sensitivity and may be a barrier to generic entry to the 

market (Saluja et al., 2014). Therefore, regional deposition models are not enough, 

and there is a need to establish an appropriate PK model which can be guided by in 

vitro characterisation to not only add to a prospective new drug application but also 

to guide the formulation and device design of generic products towards PK targets 

prior to undertaking studies in vivo (Hochhaus et al., 1997; Borghardt et al., 2015b).  

The PK of poorly soluble inhaled corticosteroids are likely to be kinetically limited by 

the dissolution of the drug into the lung lining fluid; thus, an appropriate model must 

take this into account (Bäckman et al., 2014; Borghardt et al., 2015a). It has recently 

been shown that a family of compartmental models which split the lung into multiple 

regions (representing upper and peripheral airways) containing dissolution 

compartments and pre-absorption depots can capture both dissolution and absorption 

limited kinetics and are appropriate treatments for the PK of the poorly soluble 

fluticasone propionate (FP) and the more soluble olodaterol (Weber and Hochhaus, 

2013; Borghardt et al., 2015a; Bhagwat et al., 2017).  
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Further development of these models could be used to assess local pharmacokinetics 

and provide a more accurate assessment of bioequivalence (Borghardt et al., 2016; 

Bhagwat et al., 2017). 

1.5.4. In Vitro In Vivo Correlations for Nasal Sprays 

As part of the “weight-of-evidence” approach designed by the FDA, a battery of in 

vitro tests is required to demonstrate bioequivalence for nasal sprays, which provide 

information on the emitted dose, amount of drug in small particles, droplet size 

distribution, spray pattern and plume geometry (US Food and Drug Administration, 

2003). Although these tests demonstrated being able to link the formulation and 

device properties with their performance, these are still quality control (QC) tests and 

provide limited information on drug deposition and absorption (Doub et al., 2012; 

Trows et al., 2014; Forbes et al., 2020). 

Combination of More Realistic In Vitro Tools with In Silico Models to Assess 

Regional Deposition 

Similarly to OIDPs, the regional deposition of nasal droplets plays a major role in its 

absorption and bioavailability (Gonda and Gipps, 1990; Gonda, 1998; Forbes et al., 

2020). Thus, both in silico models and realistic in vitro tests have been proposed to 

better understand the regional deposition of nasal drug products (Leclerc et al., 2014; 

Le Guellec et al., 2014; Rygg et al., 2016a; Rygg et al., 2016b; Xi, Kim, et al., 2016).  

Computational fluid dynamics is a useful research tool to predict regional deposition, 

particularly while developing a new device (Rygg et al., 2016a; Rygg et al., 2016b). 

Nevertheless, these regional deposition patterns generally require experimental 

verification via more realistic nasal cast models (Forbes et al., 2020).  

Nasal casts are more realistic in vitro techniques that model a real nasal cavity and 

provide more information on the deposition profile of a nasal product (Le Guellec et 

al., 2014; Salade et al., 2019). These nasal casts were mostly built from medical 

databases compiling imagery nasal data from computed tomography, magnetic 

resonance imaging scans and sectioned scans (Subramaniam et al., 1998; Yu et al., 

1998; Hörschler et al., 2003; Lin et al., 2014). After building the nasal cast in 3D, these 

can be 3D-printed, and the test can be performed by actuating the nasal product into 
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the cast (Xi and Longest, 2008; Xi and Longest, 2009; Leclerc et al., 2014; Le Guellec 

et al., 2014; Xi, Kim, et al., 2016; Xi, Yuan, et al., 2016). The regional deposition data 

can be just qualitatively evaluated, or the amount deposited on each region may be 

quantified by high-performance liquid chromatography (HPLC) or digital camera 

software after coating the nasal cast with water-indicating dye (Kundoor and Dalby, 

2011; Le Guellec et al., 2014; Lungare et al., 2016).  

The main disadvantage of using a nasal cast to evaluate regional deposition is the 

difficulty of standardization: it might be challenging to make a representative nasal 

cast and account for the mucus and mucociliary clearance (Salade et al., 2019). 

Firstly, the main areas of interest in the nasal cavity should be quantified separately, 

and these should include: nostrils, vestibule, turbinates, olfactory region and 

rhinopharynx (Leclerc et al., 2014; Le Guellec et al., 2014; Salade et al., 2019). To 

further optimize these models, some studies suggested moistening the nasal cast 

(Shah et al., 2014). Furthermore, several actuating parameters must be controlled, 

such as the tilt angle, actuation force, insertion depth in the nostrils, and airflow 

applied (Kundoor and Dalby, 2011; Trows et al., 2014; Salade et al., 2019). A few 

studies have attempted to validate these models; however, these may still be further 

optimized (Le Guellec et al., 2014; Forbes et al., 2020). 

Evaluation of Formulation Mucoadhesion 

After the formulation is delivered into the nose and has deposited in the different 

regions of the nasal cavity, this product will be exposed to mucociliary clearance 

(Salade et al., 2019). The nasal mucociliary clearance is the main obstacle to nasal 

delivery since it generally reduces the residence time in the nasal cavity to 15-20 

minutes (Marttin et al., 1998; Suman et al., 1999). The different excipients may be 

used to increase the residence time of the formulation in the nasal cavity by acting as 

thickening agents via electrostatic attraction or specific receptor interactions (Davis 

and Illum, 2003; Pathak, 2011; Martin and Lansley, 2018). Besides resulting in 

mucociliary clearance and, consequently, poor bioavailability of the drug, the low 

bioadhesion of the nasal formulations may result in higher deposition on the throat 

and bad taste for the patient (Pu et al., 2014). 

Hence, it becomes critical to evaluate the mucoadhesion of different formulations to 

the nasal cavity. The thickening properties of a formulation have been explored by 
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characterising the rheology of these products. However, this technique alone does 

not provide information on the interaction of the mucus with the formulation, 

particularly for other mucoadhesion mechanisms (Passali et al., 1995; Sharpe et al., 

2003; Dayal et al., 2004).  

To evaluate the interaction of nasal formulations to artificial mucus, in vitro dripping 

experiments have been proposed. These evaluate the dripping distance and speed 

with a digital camera and coloured dyes, after actuating the nasal suspensions into a 

perpendicularly oriented thin layer chromatography plate previously coated with 

artificial mucus and positioning the plate vertically to assess the dripping (Masiuk et 

al., 2016). 

Since the nasal mucus is mainly composed of water and 2.5-3 % of negatively 

charged glycoproteins (mucins), several methods involving mucins have been 

explored (Salade et al., 2019). These involve the direct quantification of the drug after 

applying an airflow to the formulation, assessment of flow properties or indirect 

quantification of the mucins bound to the formulation, after soaking a filter or glass 

plate in a mucin solution and depositing the nasal formulation on this system (Gavini 

et al., 2005; Kulkarni and Shaw, 2016; Lungare et al., 2016; Salade et al., 2019). 

Instead of using artificial nasal mucus, some studies evaluated the interaction 

between the formulations and animal nasal tissue by using a “falling liquid film” 

technique, “wash-off technique”, or a texture analyser apparatus (Jain et al., 2004; 

Banik et al., 2012; Kulkarni and Shaw, 2012; Pathak et al., 2014; Colombo et al., 

2016; Salade et al., 2019). 

Permeation Evaluation and In Silico Models to Characterise the 

Pharmacokinetics of Nasal Products 

The formulation mucoadhesion is not the only step limiting the bioavailability of the 

drug product. Its permeation rate to the site of action is also a key parameter to study 

and develop IVIVC tools (Salade et al., 2019). Different biorelevant models have been 

used during product development to assess the drug product permeability and 

dissolution in simulated nasal environments (Forbes et al., 2020). The formulations of 

interest must be placed on the permeation membrane in a homogeneous and 

reproducible manner (Salade et al., 2019). The permeation membrane may be 
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synthetic; however, standardized cell culture models with primary cells or 

immortalized cells such as RPMI 2650 and Calu-3 are usually preferred (Schmidt et 

al., 1998; Grainger et al., 2006; Reichl and Becker, 2012; Lungare et al., 2016; Pozzoli 

et al., 2016; Salade et al., 2019; Forbes et al., 2020). Ex vivo methods using excised 

nasal mucosa from animals, such as rabbit, sheep and goats, may also be used (Illum, 

1996; Colombo et al., 2016; Pandey et al., 2017; Salade et al., 2019). After 

equilibrating the mucosa and cell layers for 30-60 min, the permeation test will be 

performed by collecting aliquots from the basal compartment at defined time points 

(Lungare et al., 2016; Salade et al., 2019). 

Although it might be challenging to develop an accurate IVIVC model able to 

characterise the regional deposition, clearance and absorption that determine both 

local and systemic exposure, a few in silico models have been developed (Gonda and 

Gipps, 1990; Gonda, 1998; Forbes et al., 2020). Gonda and Gipps developed a 

mathematical model that describes the pharmacokinetics of nasal drug products 

(Gonda and Gipps, 1990). This modelling of disposition kinetics includes the regional 

deposition on the anterior and posterior part of the nasal cavity and parallel, 

sequential and irreversible first-order processes representing the drug release from 

the carriers and its absorption, the drug and formulation flow through the nose and 

gastrointestinal tract via mucociliary clearance and peristalsis, and drug 

decomposition (Gonda and Gipps, 1990).  

1.5.5. Microstructural Equivalence (Q3) in Locally-Acting Drug Products  

The limitations observed in demonstrating BE are not limited to OINDPs, these are a 

common problem for all locally-acting drug products (Yu, 2003). The complexities 

associated with demonstrating therapeutic equivalence for these products have been 

requiring the inclusion of clinical endpoint studies as part of the BE testing and 

creating obstacles to the introduction of generic products into the market. 

Nonetheless, recent progress has been achieved for locally-acting topical products 

with the introduction of a new concept: Q3 microstructural equivalence. 

Similarly, to orally inhaled drug products, for locally-acting topical drug products 

performing a PK study is not enough to demonstrate therapeutic equivalence. 

Therefore, a similar strategy has been adopted for these products where a clinical 

endpoint study is required to demonstrate equivalence. Still, clinical endpoint studies 
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are lengthy, costly and require the recruitment of several subjects. This has resulted 

in hurdles to generic development of topical products and limited competition of 

topical generic products (Lionberger, 2008; Lu et al., 2016).  

To address this challenge, the FDA has been supporting the identification of 

alternative pathways to demonstrate bioequivalence (Lionberger, 2008). For a topical 

drug product having the same components (Q1) in the same amounts (Q2) is not 

enough to demonstrate bioequivalence since the formulation may have different 

physicochemical attributes that might affect product performance. Hence, if a range 

of in vitro tools are able to fully characterise the physicochemical attributes of a topical 

formulation, demonstrating microstructure equivalence (Q3) and, consequently, 

bioequivalence, clinical endpoint studies might not be required (Yu, 2003; Yacobi et 

al., 2014; Lu et al., 2016). 

Q1 and Q2 are well-known concepts that define the similarity between a test and 

reference product by having, respectively, the same components (qualitative 

similarity) in the same amounts/concentration (quantitative similarity). Q3 is a newly 

introduced concept into topical products which defines the arrangement of matter, 

state of aggregation and physicochemical properties of the product and can be used 

to assess microstructural similarity (Q3) (Yu, 2003).  

Topical solutions of small molecules and other pharmaceutical dosage forms in 

thermodynamic equilibrium are generally considered to qualify for a waiver of in vivo 

bioequivalence study as long as they are Q1 and Q2 similar (US Food and Drug 

Administration, 2010). For these products, it is generally accepted that being Q1 and 

Q2, similar automatically grants Q3 equivalence (Yu, 2003). For all the other dosage 

forms which are not in thermodynamic equilibrium, their physicochemical properties 

will depend on their history, raw material properties, manufacturing process and 

storage conditions. 

Differences in the particle size, shape and polymorph of the raw materials and the 

impact of the manufacturing process on these properties may result in various 

microstructural changes. A Quality by Design (QbD) approach allows a certain degree 

of understanding during the development of a generic product, particularly during the 

selection of the most appropriate raw materials (US Food and Drug Administration, 

2002b). However, characterising the properties of the raw materials is not enough 
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since the manufacturing process and storage conditions will have an impact on the 

final product. Therefore, techniques that are able to measure in situ the 

physicochemical properties of the final product are preferred to demonstrate 

microstructural equivalence (Yu, 2003; Herkenne et al., 2008; Leal et al., 2017). In 

the next paragraphs of this section, some of the methods that have been used for 

topical products will be introduced to better understand if these techniques could be 

also used to demonstrate Q3 microstructural equivalence in OINDPs. 

Dermatopharmacokinetic studies (DPK) 

DPK appeared as a natural alternative for topical products to the bioequivalence 

testing in oral products. This technique relies on the application of pharmacokinetic 

principles to the drug concentration in the stratum corneum, which are recovered 

through tape stripping. Thus, in 1998, the FDA issued a draft guidance where this 

method was being proposed as a universal method for demonstrating BE for all topical 

products (US Food and Drug Administration, 1998). However, this draft guidance was 

withdrawn in 2002 after a DPK study with commercially available tretinoin gel products 

resulted in contradictory results from two different laboratories (Franz, 2001; 

Pershing, 2001).  

This method still allows the robust assessment of drug products acting in the stratum 

corneum and is generally associated with low inter-subject variability since both the 

test and reference product are studied on the same subject (Herkenne et al., 2008; 

Nicoli et al., 2009; Russell and Guy, 2009; Yacobi et al., 2014; Lu et al., 2016). 

Nevertheless, there are still several outstanding limitations to this method, such as 

being only a bioavailability valid tool for drug products targeting the stratum corneum, 

only being applicable for healthy skin, still being associated with high variability and 

its invasive nature (Pershing et al., 2003; Boix-Montanes, 2011).  

Dermal microdialysis (DMD) and Open flow microperfusion (OFM) 

DMD is another technique that was developed to measure the rate and extent of drug 

permeation through the skin. Unlike DPK, DMD allows the determination of the target 

site concentration for most topical products in both healthy and diseased skins 

(García Ortiz et al., 2008; García Ortiz et al., 2009). This technique consists of 

installing a thin, semipermeable linear probe in the dermis with a sterile buffer running 
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through at a constant low flow rate by a microdialysis pump. This probe functions as 

a blood vessel into which the drug product will permeate, exit the skin, and be 

collected into a collection vial (Brunner and Derendorf, 2006; Benfeldt et al., 2007; 

Tettey-Amlalo et al., 2009). Although this method has its limitations, such as the 

analysis of lipophilic high molecular weight protein-bound drugs and being an invasive 

procedure, its ability to be used with ill skin and providing real-time bioavailability 

information make it a promising alternative for clinical trials (Herkenne et al., 2008; 

Wiedersberg, 2008; Tettey-Amlalo et al., 2009; Yacobi et al., 2014; Lu et al., 2016). 

OFM appeared has an alternative do DMD since it does not have the limitations 

associated with molecular size, lipophilicity and protein-binding drugs by using probes 

with an open exchange area (Bodenlenz et al., 2012; Yacobi et al., 2014). 

Spectroscopic Methods 

Spectroscopic methods such as confocal Raman spectroscopy (CRS) and Near-

infrared spectrometry emerged as novel in vivo non-invasive alternatives for real-time 

assessment of drug permeation through the skin (Mak et al., 1990; Alvarez-Román et 

al., 2004). Both techniques are non-destructive, rapid, and straightforward. Although 

these allow the real-time analysis of the penetration of the drug through the skin, these 

are still a semi-quantitative tool that only provides relative drug concentration and are 

in the exploratory phase (Caspers et al., 2001). Recent studies which have compared 

CRS data with DPK and in vitro release studies suggested that these spectroscopy 

techniques are promising alternatives to in vivo invasive testing (Herkenne et al., 

2008; Mateus et al., 2013; Mohammed et al., 2014; Yacobi et al., 2014; Lu et al., 

2016). 

In Vitro Permeation Tests (IVPT) 

IVPT are commonly used during generic product development for fast screening of 

different formulations (Grandgirard et al., 2002; Franz et al., 2009; Ng et al., 2010; 

Lehman and Franz, 2014; Yacobi et al., 2014). Typically, skin samples are mounted 

in a vertical diffusion cell which separates two compartments: the donor and receptor 

compartment. An amount of drug product that simulates the clinical application will be 

added to the donor compartment. The permeation rate of the drug through the skin 

into the receptor compartment, which contains a fluid that mimics the physiological 

conditions, will then be evaluated. Although a certain degree of variability has been 
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observed with using human skin for these studies, different studies suggested that 

this can be a useful tool to demonstrate bioequivalence through microstructure 

equivalence (Grandgirard et al., 2002; Franz et al., 2009; Ng et al., 2010; Lehman 

and Franz, 2014; Yacobi et al., 2014). This technique, DPK and DMD or OFM, are 

summarised in Figure 5. 

 

Figure 5. Alternative methodologies for topical BE studies: (A) dermatopharmacokinetic 

studies (adapted from Lademann et al., 2009); (B) in vitro release or permeation testing; (C) 

dermal microdialysis or open flow microperfusion. 

In Vitro Release Testing (IVRT) 

As an alternative to using skin samples, IVRT utilizes synthetic membranes for 

permeation studies since these are readily available, simple and less expensive (Lu 

et al., 2016). Besides, using synthetic membranes seems to solve one of the main 

issues associated with IVPT, its variability.  
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Also, IVRT is a technique that allows the analysis of microstructural differences, being 

sensitive to differences in drug solubility (different polymorphs), particle size and 

rheological properties of the final product (Flynn et al., 1999). In fact, this testing is 

already accepted as a valuable tool for quality control for scale-up and post-approval 

changes (US Food and Drug Administration, 1997). Furthermore, this test has 

recently been part of the draft guidance to demonstrate BE for acyclovir (US Food 

and Drug Administration, 2016a). The successful use of this methodology has set up 

a precedent to use in vitro testing for topical products without any requirement for 

clinical studies. This BE assessment is based on the assumption that if the generic 

product is qualitatively (Q1) and quantitatively (Q2) equivalent and the IVRT is able 

to demonstrate microstructure equivalence (Q3), no further clinical endpoint studies 

are required. Indeed, different studies have shown in vitro release testing is the most 

promising approach for demonstrating BE (Wiedersberg, 2008; Franz et al., 2009; 

Chang et al., 2013; Yacobi et al., 2014; Leal et al., 2017). 

Biowaivers and Decision Tree 

Although different techniques, particularly IVRT, have demonstrated potential use as 

Q3 methods, these must be validated and related to therapeutic performance to be 

considered for bioequivalence. For topical products, techniques such as DPK, DMD 

and OFM can be applied to validate Q3 methodologies (Yu, 2003).  

A decision tree for determination of topical equivalence where the BE decision 

process includes Q1, Q2 and Q3 equivalence and a topical drug classification system 

also including Q3 have been proposed (Yacobi et al., 2014; Shah et al., 2015). In 

summary, both suggest that a generic product that demonstrates being Q1, Q2 and 

Q3 similar to a reference product should be considered for a biowaiver. In contrast, if 

this generic product is only Q1 and Q2 similar and does not demonstrate Q3 similarity, 

then a biowaiver cannot be granted, and an in vivo BE study is required. Also, if a 

product is not able to demonstrate Q1, Q2 and Q3 equivalence, a full in vivo study will 

be necessary to show BE. However, if a product that is not Q1 and Q2 similar 

demonstrates Q3 similarity, this product might be considered for a biowaiver. This 

approach emphasizes that the “one-size fits all” model might be outdated for dermal 

delivery. To facilitate the introduction of generic products in this area, a more scientific 

approach by evaluating case by case might be required.  
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1.6. Aim of the Study 

Despite all the efforts by the regulatory agencies in facilitating the development of 

OINDP generic products, the current weight-of-evidence approach has its flaws and 

still involves the clinical endpoint studies, which require an investment that can be 

prohibitive for this class of products. Nevertheless, the FDA has pledged to explore 

more efficient and cost-effective methodologies to demonstrate BE in OINDPs. 

Topical products share the complexity and face similar challenges to OINDPs: the 

systemic concentration may not be correlated to the amount of drug in the site of 

action, low doses reach the blood, resulting in high variability in PK studies and 

achieving a dose-response in clinical studies might not be possible. For topical 

products, alternative approaches have been proposed by academics and industry and 

explored openly by the FDA. Out of these approaches, demonstrating Q3 equivalence 

through product dependent in vitro release testing has been considered the most 

promising methodology culminating in the release of product-specific guidance for 

Acyclovir which proposes this BE route (US Food and Drug Administration, 2016a).  

This study aims to investigate techniques that are able to characterise and capture 

differences in the microstructure of an OINDP that might have an impact 

therapeutically. These techniques should be scientifically robust, able to capture the 

relationship between patient, device, and formulation, validated and possibly 

supplemented with other orthogonal methods. Chapter 2 presents the key relation 

between material properties and product performance and the scientific background 

behind some of these techniques used to connect these properties. Chapter 3 

proposes a method development procedure for Morphologically-Directed Raman 

Spectroscopy (MDRS) and discusses the potential of this technique, coupled with an 

orthogonal technique such as dissolution, to characterise the microstructure of nasal 

products. In Chapter 4, an aerosol dose collection (ADC) apparatus for DPI and pMDI 

is presented and its ability to be used for in vitro dissolution testing discussed. In 

Chapter 5, different strengths and origins of a commercial dry powder inhaler are used 

to investigate if MDRS and in vitro dissolution testing after collecting the aerosol via 

the ADC can be used as orthogonal techniques for demonstrating microstructural 

equivalence. In Chapter 6, a few more techniques, rheology and in vitro release 

testing, are used to investigate differences in the microstructure of locally-acting nasal 

suspensions. Finally, a general conclusion and proposed future work are presented 

in Chapter 7. Figure 6 summarises the Thesis structure. 
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Figure 6. Thesis structure. 

Hypothesis: Q3 equivalence may be demonstrated for OINDPs, which 

ultimately may expedite the development of generic/hybrid products.

Chapter 1: Introduction

Chapter 2: General Materials and Methods

Chapter 3: A Systematic Approach in the Development of the 

Morphologically-Directed Raman Spectroscopy Methodology 

for Characterising Nasal Suspension Drug Products

Chapter 4: Development of an Aerosol Dose Collection 

Apparatus for In Vitro Dissolution Measurements of Orally 

Inhaled Drug Products

Chapter 5: Demonstration of Q3 Structural Equivalence of Dry 

Powder Inhalers

Chapter 6: Evaluation of Emerging Tools to Characterise 

Nasal Suspensions for Regulatory and Scientific Purposes

Chapter 7: General Conclusions and Future Work
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Chapter 2. General Materials and Methods 

This chapter introduces the theoretical background of the experimental methods 

central in this project by presenting these from a Quality by Design (QbD) perspective, 

where the critical material attributes (CMAs), the critical process parameters (CPPs) 

and its impact on the critical quality attributes (CQAs) for orally inhaled drug products 

(OINDPs) will be investigated. The theoretical background and experimental details 

of the techniques specific to each of the studies will be outlined in the different 

chapters. 

Whilst current pharmaceutical manufacturing practices in the development of OINDP 

drug products remain empirical in nature, the future direction of pharmaceutical 

manufacturing is in the generation of products with well-defined properties and 

functionality. This is the primary goal of pharmaceutical product engineering, which is 

achieved by controlling the product “property function” (Price et al., 2002; Peukert et 

al., 2005). 

Rumpf defined the “property function” as the link between the physicochemical 

properties of particulate systems (i.e. particle size, morphology, surface properties) 

and product properties (Rumpf, 1967). A further consideration in producing products 

with well-defined properties is the “process function”, which relates specific process 

parameters (e.g. unit operations such as mills, centrifuges etc.) to the 

physicochemical properties of the product (Krekel and Polke, 1992). Hence, both 

process and property functions need to be understood and controlled to achieve 

products with defined functionality and properties that can be built into the product by 

design (Peukert et al., 2005). 

This concept is shared by the QbD approach, where using predefined goals provides 

a guarantee to control the final formulation development and manufacturing process 

(Juran, 1992). Therefore, according to the QbD ICH guideline Q8, a quality target 

product profile (QTPP) that contains a set of attributes of the final product which are 

related to its quality, efficacy and safety, must be defined (US Food and Drug 

Administration, 2009b; European Medicines Agency, 2017; Salade et al., 2019). This 

QTPP could include: intended use, route of administration, dosage form and strength, 

delivery systems, information on the container closure system, further drug product 

quality criteria (sterility, stability, purity, etc.) and drug release, dissolution or 
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aerosolization properties that might affect the pharmacokinetic characteristics defined 

(US Food and Drug Administration, 2009b; European Medicines Agency, 2017). 

After establishing a QTPP that identifies the CQAs of the drug product, the product 

will be designed by identifying the CMAs and CPPs and linking these to the CQAs 

(Yu et al., 2014). Figure 7 presents some of the key CMAs, CPPs and CQAs that 

require consideration when implementing a QbD approach for DPIs and locally-acting 

nasal suspensions (US Food and Drug Administration, 2002b; Pallagi et al., 2016; 

Bartos et al., 2018; Buttini et al., 2018; US Food and Drug Administration, 2018b; 

Sallam, 2019). This Ishikawa diagram is generally used as a risk assessment tool to 

identify potential variables that could impact the CQAs (US Food and Drug 

Administration, 2009b; European Medicines Agency, 2015; European Medicines 

Agency, 2017; Sallam, 2019). A mathematical model that is able to use the inputs and 

independent variables (CMAs and CPPs) to optimize and ensure consistency in 

meeting the desired output (CQAs) should be used (Box and Wilson, 1951; Buttini et 

al., 2018). 

 

Figure 7. Ishikawa diagram illustrating the parameters influencing the quality of DPIs and 

locally-acting nasal suspensions. 

2.1. Characterisation of Raw Materials for OINDPs 

As part of this QbD approach, it is crucial to control the raw materials' properties that 

might impact the final product CQAs. These are usually defined as Critical Material 

Attributes (CMAs) and can be a physical, chemical, biological, or microbiological 

property or characteristic of an input material that should be within an appropriate 

limit, range, or distribution to ensure the desired quality of that drug substance, 

excipient, or in-process material (Yu et al., 2014; Buttini et al., 2018). The next few 
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sections focus on describing some of the raw materials' properties (both drug 

substance and excipients) that should be considered as CMAs during the 

development of an OINDP. Particular emphasis will be given to the particle size 

distribution, shape and morphology since these will be fundamental to the scope of 

this Thesis. 

2.1.1. Physicochemical Characterisation of the Drug Substance 

The physicochemical properties of the drug substance that can impact the final 

product quality should be identified and discussed early in the development (US Food 

and Drug Administration, 2009b; European Medicines Agency, 2017).  

For oral products, several structure-bioavailability relationships are well established 

and successfully applied during drug development for the screening of different drug 

candidates (Lipinski et al., 1997; Bergström et al., 2003; US Food and Drug 

Administration, 2017c). For OINDPs, the lipophilicity, partition coefficient, pKa, 

solubility and molecular weight have also demonstrated to impact the permeation and 

bioavailability of the drug substance (McMartin et al., 1987; Donovan and Huang, 

1998; Arora et al., 2002; Tronde et al., 2003; Telko and Hickey, 2005). 

The purity of the active pharmaceutical ingredient (API) and its impurities (organic and 

inorganic impurities, residual solvents, contaminants, polymorphs and enantiomeric 

impurities) should be characterised and controlled up to a defined limit, as these may 

impact the quality and safety of the final product (US Food and Drug Administration, 

2000; US Food and Drug Administration, 2002b; European Medicines Agency, 2006b; 

US Food and Drug Administration, 2008; US Food and Drug Administration, 2009a; 

US Food and Drug Administration, 2018b). Depending on the impurities of interest, 

numerous methods can be used to identify and/or quantify them:  thermal analysis 

methods, such as differential scanning calorimetry (DSC) and thermal gravimetric 

analysis (TGA), and the most commonly used chromatography techniques, such as 

HPLC with or without mass spectrometry and gas chromatography (Grady et al., 

1973; Earnest, 1984; Van Rompay, 1986; Gorog et al., 1997; Alsante et al., 2007; 

Sharma and Murugesan, 2017).  

Most pharmaceutical drug products possess a crystalline structure (polymorphism), 

in which the molecules are arranged in an ordered pattern governed by noncovalent 
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interactions such as van der Waals forces, π-π stacking, hydrogen bonding and 

electrostatic interactions (Haleblian and McCrone, 1969; Moulton and Zaworotko, 

2001; Telko and Hickey, 2005). Different polymorphic forms involve differences in the 

crystal structure and in the energy state, which is related to their molecular binding 

energies and will have distinct physicochemical properties, such as shape, density, 

melting point, solubility, dissolution, hygroscopicity, interparticle forces and, possibly, 

bioavailability (York, 1983). These can include highly unstable amorphous material 

which will tend to crystallise and alter the structure of the drug product (shape, 

morphology, agglomeration), but also pseudopolymorphism (solvates or hydrates) 

which incorporate a solvent into their lattice (York, 1983; Rodríguez-Spong et al., 

2004; Telko and Hickey, 2005). Hence, it is crucial to understand, determine and 

control the different polymorphic forms of the raw API to ensure that there will be no 

impact on the final drug product. Techniques such as X-ray powder diffraction (XRPD) 

and thermal analysis can be used to characterise crystallinity and polymorphism 

(Buckton et al., 1991; Saleki-Gerhardt et al., 1994; Giron, 1995; Clas et al., 1999; 

Wunderlich, 1999; Giron et al., 2002; Newman and Byrn, 2003; Rodríguez-Spong et 

al., 2004; Bates et al., 2006; Shah et al., 2006).  

Hygroscopicity and water content have a significant impact on interparticle forces 

since it might lead to the dissolution of particles, followed by the formation of solid 

bridges, irreversible aggregation and poor aerosolization (Hickey and Martonen, 

1993; Dunber et al., 1998). The water content of the raw material can be tracked by 

Karl Fischer or dynamic vapour sorption (Kontny, 1988; Buckton and Darcy, 1999; 

Burnett et al., 2006; Mansour and Zografi, 2007; Young, Edge, et al., 2007). Other 

properties such as solubility, particle size distribution, particle shape and morphology 

(rugosity, surface area, shape), dissolution or permeation of the drug substance and 

drug-excipient interaction (deagglomeration, cohesive and adhesive balance, 

compatibility) may also need to be controlled (US Food and Drug Administration, 

2002b; European Medicines Agency, 2006a; US Food and Drug Administration, 

2018b). 

2.1.2. Physicochemical Characterisation of the Excipients 

Depending on the QTPP and the properties of the drug substance, certain excipients 

may be added to the formulation to alter a particular functionality in the final product 

(stability, bioavailability, safety). The physical, chemical and microbiological 
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properties of the excipients should be carefully selected and identified early on in the 

development. Examples of potential CMAs for the excipients used for OINDPs can 

include purity, particle size, morphology and shape, flowability, amorphous content, 

surface charge, moisture content, hygroscopicity and microbial limits (US Food and 

Drug Administration, 2002b; US Food and Drug Administration, 2018b). Also, 

compatibility between different excipients and the API should be assessed (US Food 

and Drug Administration, 2009b; European Medicines Agency, 2017). 

2.1.2.1. Dry Powder Inhalers (DPI) 

Generally, excipients are used to alter the mechanical or pharmaceutical properties 

of a drug product, to augment the physical, chemical or biological stability of the drug 

substance and allow the manufacture of a robust and reproducible drug product 

(Telko and Hickey, 2005; Shur, Price, et al., 2016). Predominantly, DPIs are single 

excipient platforms composed of a carrier and a potent micronized drug substance 

(Telko and Hickey, 2005; Shur, Price, et al., 2016). This carrier provides the bulk of 

the drug product, which facilitates the handling and manufacture process. Still, this is 

just a small portion of its functionality. These excipients reduce the cohesive forces of 

the API, enabling its aerosolization and deagglomeration to generate fine particles 

able to reach and deposit in the lung (Staniforth et al., 1982; Price et al., 2002; Begat 

et al., 2004a; Jones and Price, 2006). These often provide physical and chemical 

stability to the drug product (Telko and Hickey, 2005; Shur, Price, et al., 2016). 

Due to the higher sensitivity of the lungs and, consequently, its requirement for lung 

toxicological studies, the array of potential excipients is limited (Telko and Hickey, 

2005; Pilcer and Amighi, 2010). Lactose is currently the main excipient used for DPIs 

due to its well-studied physicochemical and safety profile. Even though it is a reducing 

sugar and it is incompatible with drug substances with primary amine moieties, its 

reduced cost, crystallinity, tight production controls, flowability and versatility are 

crucial for its success (Telko and Hickey, 2005). Other sugars, such as mannitol and 

glucose, have also been used in commercial (Atrovent® Aerocaps®) or diagnostic 

products (Aridol®, Exubera® or Osmohale®), while trehalose, dextrose, maltose, 

sorbitol and xylitol are still being explored (Steckel and Bolzen, 2004; Telko and 

Hickey, 2005; Pilcer and Amighi, 2010; Pallagi et al., 2016; Shur, Price, et al., 2016).  
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Although most of the DPI excipients are commonly termed as “carriers”, their critical 

material attributes play a crucial role in content uniformity, manufacturability, 

aerosolization performance, dissolution and, ultimately, safety, stability and efficacy 

of the drug product (Telko and Hickey, 2005; Shur, Price, et al., 2016). The particle 

size, shape and addition of fines has been shown to affect the adhesion between 

different components, impact the content uniformity and formulation performance 

(Staniforth et al., 1982; Begat et al., 2004a; Begat et al., 2004b; Shur et al., 2008). 

Surface roughness and shape also influences the deagglomeration and the need for 

preconditioning the raw materials (Podczeck, 1999). As earlier discussed, the 

excipient impurities and water content may impact interparticle interactions and 

stability (Price et al., 2002; Rowley and Mackin, 2003; Edge et al., 2008).  

Even though DPIs are generally used as a mixture between a carrier and one or more 

APIs, the use of a second excipient (magnesium stearate) is also being employed on 

commercial products like Ultibro® Breezhaler®, Relvar® Ellipta® and Foster® 

NEXThaler®. Magnesium stearate was initially used on a DPI platform in 1987 as a 

lubricant to mitigate potential issues with the dosing mechanism of a reservoir DPI 

commercialised as Pulvinal® Beclometasone® (Chiesi and Pavesi, 1987). Later on, 

magnesium stearate started being investigated as a performance enhancer in DPI 

ternary mixtures due to its ability to improve the fine particle dose (Staniforth et al., 

1982; Staniforth, 1995). This performance enhancement has been recently described 

and resulted in associating the terminology “force control agent” to name this 

functionality (Young et al., 2002; Begat et al., 2004a; Begat et al., 2004b; Frijlink and 

De Boer, 2004; Begat et al., 2005; Begat et al., 2009). This excipient can also protect 

the formulation from moisture by acting as a water barrier and, thus, enhancing the 

DPI product physical and chemical stability (Guchardi et al., 2008; Shur, Price, et al., 

2016). Other excipients have been explored, such as lipids, amino acids (particularly 

leucine), surfactants (polysorbates), absorption enhancers (cyclodextrins, chitosan) 

and biodegradable polymers (poly(lactic-co-glycolic) acid polymer) (Pilcer and 

Amighi, 2010). 

2.1.2.2. Locally-Acting Nasal Suspensions 

In general, locally-acting nasal suspensions are more complex than DPIs. They 

include several different excipients that will alter the functionality of the final product 

by making it safer, more efficient and stable. Besides the API, the locally-acting nasal 
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suspensions generally include a wetting agent, a suspending agent, iso-osmotic 

agent, preservatives, and buffers. 

A wetting or dispersion agent is used to lower the surface tension between the 

hydrophobic API and the aqueous media, resulting in an increased homogeneity and 

stability, thereby facilitating the manufacturing process. Hydrophilic, non-ionic 

surfactants with one or more fatty alcohols, esters, and ethers, such as Span®, 

Tergitol® and Tween®, are the preferred options for the wetting agent (Lulla and 

Malhotra, 2008; Hernandez Herrero et al., 2018).  

One of the critical aspects of nasal suspensions is their viscosity and rheology 

properties (thixotropic behaviour) that allow the storage of the API on a stable 

suspension which is also able to break into fine droplets once the device is actuated 

(Figure 8). The use of an agent that is able to increase the viscosity of the medium 

and overcome the agglomeration of dispersed particles is essential. The suspending 

agent is usually selected from cellulose and/or cellulose derivatives wherein the 

hydroxyl groups of cellulose have been partially or fully substituted to provide 

cellulose ethers (-OR) such as microcrystalline cellulose (MCC), methylcellulose, 

carboxymethylcellulose, sodium carboxymethylcellulose (CMC) and hydroxypropyl 

methylcellulose. The combination of CMC and MCC is commercially available under 

trade name Vivapur® MCG (JRS Pharma) or Avicel® RC-591 (FMC Biopolymer) (Troy 

et al., 2005; Lulla and Malhotra, 2008; Hernandez Herrero et al., 2018).  

 

Figure 8. Schematic representation of the microstructure of a nasal suspension. The nasal 

suspension in its gel-like state (upper) and the nasal suspension at rest (lower). 
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Previous studies by Ohwaki have demonstrated in rats that isotonic solutions are ideal 

for nasal delivery as these prevent irritation of the nasal mucosa and facilitate the 

permeation of the drug through the mucosa (Ohwaki et al., 1985; Ohwaki et al., 1987; 

Dondeti et al., 1996; Arora et al., 2002; Kulkarni and Shaw, 2012). Therefore, usually, 

the aqueous pharmaceutical composition comprises a tonicity agent, which may help 

to maintain the osmolarity of the nasal suspension as close as possible to the 

physiological values. The following iso-osmotic agents may be used: anhydrous 

glycerine, anhydrous dextrose, anhydrous glucose, sorbitol, calcium chloride, 

mannitol or propylene glycol (Andrieux and Terrassin, 2012; Hernandez Herrero et 

al., 2018).  

To enhance the stability of the suspension against antimicrobial growth, preservatives 

should be considered for the formulation. Preferably benzalkonium chloride is used 

as a preservative since it also has wetting properties. However, thiomersal, 

chlorhexidine, chlorobutanol and phenylethanol, potassium sorbate, and parabens 

have also been previously used (Lulla and Malhotra, 2008; Andrieux and Terrassin, 

2012; Ehrick et al., 2013; Hernandez Herrero et al., 2018). 

The pH of the formulation should be adjusted to 4.5-6.5 to avoid nasal irritation, 

prevent bacterial growth and enhance drug permeation. Therefore, a buffering agent 

capable of setting suitable pH characteristics to the aqueous suspension is desirable. 

One of the following buffering agents may be used: sodium hydrogenphosphate, 

potassium dihydrogenphosphate, dipotassium phosphate, anhydrous sodium 

dihydrogenphosphate, crystalline sodium dihydrogenphosphate, boric acid, borax, 

sodium acetate, citric acid, citric anhydride, sodium citrate, sodium glutamate and 

creatinine (Arora et al., 2002; Lulla and Malhotra, 2008; Hernandez Herrero et al., 

2018). 

2.1.3. Particle Size Distribution (PSD) analysis by Laser Diffraction 

The particle size distribution of an API has been commonly accepted as a critical 

material attribute on pharmaceutical products (European Medicines Agency, 2000; 

Zhang and Mao, 2017). In fact, for dry powder inhalers (DPI), it is known that the 

aerosolization efficiency of a powder for inhalation is highly dependent on its API 

characteristics such as particle size distribution, shape and surface properties. The 
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PSD will also affect the dissolution and release rate and, consequently, in vivo 

absorption (Mitchell et al., 2006; Pallagi et al., 2016). 

API particles have a complex multidimensional structure which can even be 

challenging to characterise with only three dimensions. However, using a unique 

number to define the particle size of these 3-dimensional objects is vital to facilitate 

the analysis of this critical material attribute, track any changes and how these might 

affect the quality of the final product. There is only one shape that can be described 

by one unique number: the sphere (Malvern Panalytical, 2013a). By measuring a 

particular property of a particle and assuming it is a sphere, one unique number, such 

as the diameter, can be used to describe one or multiple particles. 

Several different techniques can be used to evaluate the diameter of an equivalent 

sphere particle. The most appropriate technique for each application will depend on 

the particle size range (Figure 9), sampling methodology, robustness and resolution 

of the method (Malvern Panalytical, 2013b). 

 

Figure 9. Particle size range for different particle sizing techniques. 

These different techniques will generate unique particle sizing data according to its 

limitations and basic principles since it measures a specific physical property of the 

sample. After measuring this physical property, the particle size data will be generated 

by reporting frequency/cumulative distributions, central values (d50 or median) and the 

distribution width (span), which can be calculated by the formula below. In Equation 

1 and Figure 10, d10, d50, and d90 is the diameter below which 10 %, 50 %, and 90 % 

respectively (based on particle mass, number, or volume) of the population of 

measured particles reside. The particle size distribution can be calculated as a 
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number or volume/mass distribution. These distributions express the percentage that 

each size class occupies of the overall distribution, either when calculated as a 

percentage of the total volume of particles or number of particles. While volume 

distribution is mainly affected by large particles, number distribution is more sensitive 

to differences in smaller particle sizes. Both models offer correct distributions and are 

just different ways of expressing size data. Depending on the technique method of 

analysis and main application, one of the models is used (Horiba Scientific, 2010). 

 

Figure 10. Schematic representation of a mono-modal particle size distribution and the main 

parameters used for comparison. 

Equation 1. Span equation. 

𝑠𝑝𝑎𝑛 =
𝑑90 − 𝑑10

𝑑50
 

 
2.1.3.1. Laser Diffraction 

Laser diffraction, or more correctly called low angle laser light scattering , has evolved 

such that it is now the preferred method for the determination of particle size 

distributions across many industries (International Standards Organization, 2009). 

These analyses operate on the basis that particles with different sizes will scatter light 

at different angles. 

When light encounters a particle, different phenomena can occur (Figure 11). 

Depending on the particle size, material, optical properties and light source, the light 

may be reflected, refracted, absorbed, and diffracted.  
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Figure 11. Schematic representation of the light properties upon incidence of laser light into a 

particle. 

Laser diffraction operates under the principle that particles scatter light in all directions 

with an intensity pattern that is dependent on particle size. When a monochromatic 

light source (laser) encounters a smaller particle, the light is scattered at wider angles, 

while larger particles scatter the light at smaller angles (see Figure 12). In addition to 

particle size, particle shape and the optical properties of the particulate material 

influence the scattering pattern. 

 

Figure 12. Schematic representation of scattering pattern of a larger particle on the top and a 

smaller particle on the bottom. 
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After being scattered at various angles by particles, the light is measured by multi-

element detectors, and numerical values relating to the scattering pattern are 

recorded for subsequent analysis. These values are then transformed into a 

volumetric particle size distribution by an optical model. Two main optical models can 

be used: Mie theory and Fraunhofer approximation. Fraunhofer approximation 

ignores the optical properties of the particles by assuming that no interactions other 

than scattering take place upon the interaction between the light and a particle. This 

theory also requires that the particles be much larger than the wavelength of the 

incident light. Mie theory requires knowledge of the optical properties of the particles 

(refractive index and imaginary refractive index), which allows the accurate analysis 

of particles lower than 50 µm. The general setup for a laser diffraction instrument is 

presented in Figure 13 (International Standards Organization, 2009). 

 

Figure 13. Schematic representation of the general setup for a laser diffraction instrument. 

Laser diffraction became the standard technique to evaluate the particle size 

distribution of powders, droplets, and aerosols due to its easiness of use. This 

technique is very rapid (several thousand measurements can be performed per 

second), reproducible (coefficients of variation below 3 % are easily achieved), and 

can be used for a wide range of PSD (typically from 0.1 µm to several mm) (Mitchell 

et al., 2006). However, this technique has disadvantages, such as the lack of 

specificity and the full assumption of perfect spheres.  

Raw Drug Substance Particle Size Distribution 

Laser diffraction is mainly used for the determination of the PSD of active ingredients. 

For this analysis, a representative amount of powder should be analysed by adequate 

sampling procedures. The powder must be dispersed by dry or wet dispersion to 

ensure that the particles analysed are the primary particle size. Dry dispersion is 

usually used for larger non-cohesive particles, while wet dispersion is generally the 
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preferred dispersion method for small cohesive API particles (Malvern Panalytical, 

2010; Horiba Scientific, 2013). 

Wet dispersion is the dominant tool to evaluate the PSD of drug substances within 

the inhaled range. For this method, a subsample of powder is dispersed on a 

dispersant which is then analysed through laser diffraction. The dispersant used must 

meet some criteria: being transparent to the laser beam, having a different refractive 

index to the particles being measured, does not dissolve the material being analysed, 

can wet and stabilize the particles and does not create bubbles easily. To aid the 

dispersion, a surfactant might be needed to lower the surface tension of the 

dispersant and consequently, reducing the contact angle between the dispersant and 

the particles enhancing the wettability of the powder being analysed. Sonication and 

stirring are also usually used to break the agglomerates into primary particles and 

circulate the primary particles through the system. 

2.1.3.2. Automated Imaging 

Imaging techniques such as microscopy may also be used to analyse the PSD. These 

techniques allow the direct measurement of particle size distribution and shape. Thus, 

it may also be used to differentiate between excipients or APIs with different shapes 

or chemical nature when coupling with other spectroscopic techniques (Rogueda et 

al., 2011). Nonetheless, its size resolution and the extensive amount of time required 

to measure a representative number of particles are two major drawbacks of this 

sizing technique (Dunber et al., 1998). The first disadvantage can be overcome by 

using microscopy techniques with higher resolution, such as scanning electron 

microscopy (SEM) and transmission electron microscopy. The second drawback may 

not be entirely overcome, even when using automated methods of image analysis. 

As observed for laser diffraction, to be able to analyse a cohesive micronized powder 

under a microscope, a wet or dry dispersion technique should be used (Malvern 

Panalytical, 2013a). 

2.1.4. Particle Shape and Morphology 

Particle shape and morphology play a key role in interparticle forces, charge retention, 

water adsorption and, consequently, in product quality, safety and stability. This is 

particularly important for OINDP particles, which are small and have a high surface 
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area (Telko and Hickey, 2005). Sphericity is commonly associated with flowability and 

is considered the target in powder formulation (Dunber et al., 1998). The way 

elongated particles interact with other particles is usually weak and may enhance 

fluidisation, deagglomeration and API lung deposition (Chan and Gonda, 1989; 

Hickey et al., 1992; Fults et al., 1997). Techniques such as automated optical 

microscopy and scanning electron microscopy may be used to qualitatively and 

quantitatively measure shape and morphology (Dunber et al., 1998). 

Surface roughness also has a significant impact on the interparticle forces. Therefore, 

measuring the surface area and surface energy becomes critical, particularly for dry 

powder inhalers (Telko and Hickey, 2005). The surface area of a powder is commonly 

determined by measuring the volume of gas adsorbed to the powder surface and 

applying a model able to describe gas-solid adsorption behaviour, such as Brunauer, 

Emmett, and Teller equation (Brunauer et al., 1938). Newly developed techniques, 

such as inverse gas chromatography and atomic force microscopy, allow further 

characterisation of the surface of the particles by evaluating the cohesive-adhesive 

balance (CAB), surface energy and vapour adsorption (Binnig et al., 1986; Ticehurst 

et al., 1996; Louey et al., 2001; Cline and Dalby, 2002; Grimsey et al., 2002; Price et 

al., 2002; Begat et al., 2004a; Begat et al., 2004b; Begat et al., 2005). 

2.2. Relevant Process Parameters for Locally-Acting Nasal 

Suspensions and DPIs 

The manufacturing process of pharmaceutical products generally involves a series of 

operations from manufacturing or size reduction of the API to processing, mixing and 

packing to generate a product with the desired quality profile (US Food and Drug 

Administration, 2009b; European Medicines Agency, 2017). This process must be 

fully understood by identifying the primary sources of variability, establishing in-

process controls and managing these sources of variability, and predicting the product 

quality attributes accurately (Juran, 1992; US Food and Drug Administration, 2004b; 

Yu et al., 2014). Hence, it is crucial to identify and control the critical process 

parameters to achieve a consistent and robust final product. 

CPPs can be defined as the combination of input operating parameters (mixing speed 

and time) and process state variables (temperature, humidity and pressure) of an 

operation, where its variability has a significant impact on the final product critical 
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quality attributes and, should be monitored or controlled to ensure the desired CQAs 

are achieved in a robust manner (Yu et al., 2014; Buttini et al., 2018). These can 

include the equipment being used for a specific operation, mixing order, speed and 

time, batch size and environmental conditions (US Food and Drug Administration, 

2002b). 

After performing a risk assessment based on prior knowledge reported in the 

literature, process development studies will be performed, usually through a design 

of experiments. These experiments will identify the CPPs, identify new CMAs for 

intermediate products and establish limits for both CPPs and CMAs to assure the 

CQAs are constantly met, as represented in Figure 14 (US Food and Drug 

Administration, 2009b; Yu et al., 2014; European Medicines Agency, 2017). The initial 

process development studies will provide the basis for process optimization, 

validation, continuous improvement and establishing any in-process controls (US 

Food and Drug Administration, 2009b; European Medicines Agency, 2017). The next 

subsections will discuss in more detail some of the CPPs for locally-acting nasal 

suspensions and DPIs. 

 

Figure 14. Relationship between CMAs and CPPs that impact the CQAs. 

2.2.1. Locally-Acting Nasal Suspensions CPPs 

As presented in earlier sections, locally-acting nasal suspensions commonly use 

several different excipients to ensure the quality target profile of these products (US 

Food and Drug Administration, 2002b). Therefore, the addition and mixing order, 

speed and time of these excipients need to be carefully considered to avoid applying 

too much energy to API particles, which might result in modification of its PSD, shape, 

morphology, amorphous content and stability concerns via Ostwald ripening 

(Voorhees, 1985; Lulla and Malhotra, 2008; Chudiwal and Dehghan, 2016; 
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Hernandez Herrero et al., 2018). Also, dispersion time and speed might also impact 

the homogeneity of the final product and the generation of foam due to the presence 

of surfactants. Equipment type, temperature, batch size, and headspace could also 

affect content uniformity, chemical and biological stability (Lulla and Malhotra, 2008; 

Andrieux and Terrassin, 2012; Chudiwal and Dehghan, 2016; Hernandez Herrero et 

al., 2018). For nasal aqueous suspensions, sterility may be critical if a preservative is 

not used (Pathak, 2011; The United States Pharmacopeial Convention, 2021e).  

2.2.1.1. Viscosity Modifier Polymer Activation 

The viscosity modifier concentration and activation process appear to have a major 

on the formulation rheological properties, and consequently, droplet size distribution, 

spray pattern, plume geometry and shot weight (Trows et al., 2014; Chudiwal and 

Dehghan, 2016). Hence, homogenization speed and time are CPPs that impact the 

variability of the CQAs hitherto described (FMC Corporation, 1994; Yuen et al., 2001). 

2.2.2. Dry Powder Inhalers CPPs 

Several different techniques are currently being applied in dry powder inhaler 

formulations, such as spray drying, freeze-drying, and supercritical fluids (York, 1999; 

Seville et al., 2007; Verma et al., 2015). Nonetheless, binary and ternary mixtures 

composed of a micronized API and lactose are still the most common formulation 

strategy for DPIs. The selection of appropriate equipment, mixing order, time and 

speed, batch size, environment conditions and in-process controls must be 

considered when evaluating the CPPs for DPIs (US Food and Drug Administration, 

2009b; European Medicines Agency, 2017). 

The blending process of a DPI aims at manufacturing a homogeneous adhesive 

mixture, where drug particles adhere to a large carrier, which is stable during 

processing and storage and deagglomerates easily upon aerosolization (Kaialy, 

2016). This process is usually a three-step procedure involving the break-up of drug 

agglomerates, the distribution and adhesion of drug particles onto the surface of large 

carrier particles and the generation press-on forces that might result in a strong 

interaction between drug-carrier particles (Hersey, 1975; Kale et al., 2009; Kaialy, 

2016). Extruding the material through a sieve, performing geometric dilutions for low 

or high concentration blends, adding lactose fines to coarse lactose particles, or 
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mixing a force control agent with the carrier might be necessary pre-blending steps 

that will facilitate the homogeneous distribution of the API onto the carrier (Hartmann, 

T; Steckel, 2004; Telko and Hickey, 2005; Young et al., 2005; Jones et al., 2010; Le 

et al., 2012; Kaialy, 2016).  

Powder mixing is generally accomplished through a combination of different 

mechanisms, particularly diffuse, convective and shear blending (Hickey and 

Ganderton, 2010; de Boer et al., 2012; Bridgwater, 2012; Kaialy, 2016). Although all 

three mechanisms will occur, their impact will depend on the type of mixer, dose, flow 

properties and mixing parameters (Garcia and Prescott, 2008). For both low-shear 

tumbler and high-shear mixers, the main CPPs are the mixing time and speed. 

Although using a high-shear mixer may enhance process control, efficiency and 

scalability, it may also impact the particle size of the lactose, particulate interactions 

and increase the electrostatic charge of the powder (Bridson et al., 2007; Kaialy, 

2016). Mixing creates disorder in a powder bed until it reaches an equilibrium, where 

the sample is homogeneous (Venables and Wells, 2001; Jones et al., 2010). For 

mixtures of powders with highly different properties, such as size, shape and density, 

the mixing time and speed should be increased to obtain a homogenous mix (Lacey, 

1997; Venables and Wells, 2001; de Boer et al., 2012). If mixing is continued, 

segregation based on the physical differences of the particles and increased adhesion 

of drug and carrier particles may occur (Podczeck, 1997; de Boer et al., 2012; 

Grasmeijer et al., 2013).  

The environment relative humidity during manufacturing and storage conditions 

should be carefully assessed, as these might lead to an increase in adhesive forces, 

and consequently, a reduce fine particle fraction due to irreversible powder 

aggregation (Jashnani et al., 1995; Price et al., 2002; Young et al., 2003; Young, 

Edge, et al., 2007; Young, Sung, et al., 2007). 

2.2.2.1. In-process Controls 

In-process controls aim at evaluating the quality of intermediate products and 

controlling the variability of the CQAs at different stages of the manufacturing process 

(US Food and Drug Administration, 2004b). Evaluating the powder rheology of 

intermediate products and the blend homogeneity are some of the analysis that might 

be performed. Novel methodologies such as near-infrared spectroscopy, attenuated 
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total reflectance Fourier transform infrared spectroscopy, Fourier transform Raman 

spectroscopy, and laser-induced fluorescence may be used as process analytical 

technology methods, which can provide real-time in-process data to better control the 

manufacturing process (Hailey et al., 1996; Lai et al., 2001; Vergote et al., 2004; El-

Hagrasy and Drennen, 2006; De Beer et al., 2008). 

2.3. Investigating Critical Quality Attributes of Locally-Acting 

Nasal Suspensions and DPIs 

After evaluating the CPPs and CMAs, a multivariate data analysis method should be 

used to take raw data from process analytical technology methods, CPPs and CMAs 

and connects it back to the CQAs to establish process controls and adjust critical 

variables that ensure that the CQAs are regularly met (Yu et al., 2014; Buttini et al., 

2018). 

A critical quality attribute can be defined as “a physical, chemical, biological, or 

microbiological property or characteristic that should be within an appropriate limit, 

range, or distribution to ensure the desired product quality” (US Food and Drug 

Administration, 2009b; European Medicines Agency, 2017). These are closely linked 

to the API, excipients, intermediate products and final drug product and can be 

modified during product development as further understanding is gained. 

2.3.1. Locally-Acting Nasal Suspension CQAs 

For locally-acting nasal suspensions, potential product CQAs typically include assay, 

identity, impurities and degradation products, preservatives assay, spray content and 

mass uniformity, spray pattern and plume geometry, droplet size distribution, API 

particle size distribution, particulate matter, microbial limits, pH, osmolality, viscosity, 

net content and stability (leachables and weight loss) (US Food and Drug 

Administration, 2002b). After demonstrating their role as a CQA, acceptance criteria 

should be defined as part of the drug product specifications and validated test 

procedures should be established for each of these parameters to be used during the 

manufacturing process or release testing (US Food and Drug Administration, 2002b). 

These potential CQAs, methods commonly used to measure them and their 

relationship with CMAs, CPPs and QTPP will be briefly discussed in this section. 
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2.3.1.1. Assay, Identity, Impurities and Degradation Products 

The identity, assay, impurities and degradation products are commonly regarded as 

CQAs for all pharmaceutical products. These will impact the product strength, purity, 

chemical stability and, thus, safety, efficacy and quality of the final product. Ideally, 

the API should be quantified in the final drug product with a validated assay and 

stability indicating method able to tackle stability issues related to the degradation of 

the drug substance, solvent evaporation or leakage, presence of intermediate 

products and related substances, and adherence of the drug to the container closure 

system (US Food and Drug Administration, 2002b; European Medicines Agency, 

2006a; Kalkotwar et al., 2012). Known and unknown impurities or degradation 

products appearing at levels above 0.1 % should be reported (US Food and Drug 

Administration, 2000; European Medicines Agency, 2006b; US Food and Drug 

Administration, 2008; US Food and Drug Administration, 2009a). For identity, a 

second independent spectroscopy test or a second chromatographic procedure with 

a different separation principle (HPLC coupled with mass spectrometry) is required to 

demonstrate specificity. Also, if the drug substance is a salt, the counterion should be 

identified.  

2.3.1.2. Preservatives and Stabilizing Agents Assay 

Preservatives and other stabilizing agents, such as antioxidants and chelating agents, 

may be added to aqueous suspensions as an easy, robust and effective way of 

enhancing the final product biological, chemical and physical stability (Ehrick et al., 

2013). Nonetheless, the long-term use of these substances may also have adverse 

effects on the nasal mucosa with reported discomfort and irritation of the nasal 

mucosa, altered taste and smell of the formulation, compatibility issues with other 

excipients or device, and impact on the mucociliary clearance (van de Donk et al., 

1980; van de Donk et al., 1982; Bernstein, 2000; Merkus et al., 2001). Hence, if these 

additives are used in nasal formulations, the FDA recommends that the minimum 

concentration required to be microbiologically effective is used and that a validated 

assay is used to determine if its concentration in the final product is within a previously 

determined acceptance criteria (US Food and Drug Administration, 2002b; European 

Medicines Agency, 2006a).  
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2.3.1.3. Spray Content Uniformity and Delivered Dose 

The assay analysis of API delivered dose and its uniformity will have a clear impact 

on the product strength, purity, stability, and consequently, safety, efficacy and quality 

of the final product. This analysis should be carried out by discharging the nasal spray, 

under controlled actuation parameters, through the product's life, for different bottles 

and batches, followed by its assay analysis (US Food and Drug Administration, 

2002b; European Medicines Agency, 2006a). 

This test provides an overall performance evaluation that assesses the formulation, 

pump and manufacturing process. The composition of the formulation (presence of 

surfactants and thickening agents), API physical stability, but mainly the dimension of 

the pump metering chamber will impact this parameter (Trows et al., 2014). 

Acceptance criteria for this analysis are well-defined (US Food and Drug 

Administration, 2002b; European Medicines Agency, 2006a). 

2.3.1.4. Spray Pattern (SP) and Plume Geometry (PG) 

Unlike the EMA, the FDA typically considers spray pattern and plume geometry as a 

CQA since it provides further information between the interaction of the formulation 

and device and might impact the regional deposition of the spray droplets with 

consequences on the clinical efficacy of the drug product (US Food and Drug 

Administration, 2002b; European Medicines Agency, 2006a; Trows et al., 2014). 

These parameters can be measured with a laser sheet and a high-speed digital 

camera or impaction system (thin layer chromatography plates) (Guo and Doub, 

2006; Trows et al., 2014). Controlling the actuation parameters, particularly actuation 

force and velocity, by using an automated actuator appears to be critical to reducing 

the variability of the method (Trows et al., 2014). 

While plume geometry analysis is only required to be used for characterisation 

purposes, spray pattern should be included in the drug product specification (US Food 

and Drug Administration, 2002b). Therefore, acceptance criteria should be defined for 

shape (ovality ratio) and area, and it should be assessed during release testing unless 

it is previously performed on incoming pumps with a formulation simulating media (US 

Food and Drug Administration, 2002b). Spray pattern and plume geometry are 

strongly linked to the viscosity of the formulation and device pump design, size and 
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shape of the nozzle and size of the metering chamber (US Food and Drug 

Administration, 2002b; Guo et al., 2008; Pennington et al., 2008; Trows et al., 2014). 

2.3.1.5. Droplet Size Distribution (DSD) 

One of the critical quality attributes of a nasal spray is the DSD since it has a major 

influence on the regional deposition of the drug in the nasal cavity: large droplets 

(>120 μm) land in the anterior parts of the nose while fine droplets (<10 μm) can reach 

the lungs and lead to systemic absorption (Trows et al., 2014). 

According to the FDA, laser diffraction has become the standard technique to 

determine droplet size distribution (US Food and Drug Administration, 2002b). Laser 

diffraction is a fast and efficient method, and its principle is described in an earlier 

section of this chapter. For a nasal spray, the DSD should be determined over the 

entire spray event, which can be divided into three phases: formation phase, fully 

developed phase and dissipation phase (Figure 15). Initially, large and few droplets 

are released from the device, which is immediately followed by a rapid decrease in 

droplet size and transmission (formation phase). Then, a plateau of transmission and 

droplet size is reached (fully developed phase), followed by a rapid increase in droplet 

size and transmission, which corresponds to the dissipation phase. The FDA 

recommends that the full event is captured; however, droplet size distribution should 

only be analysed during the fully developed phase (International Standards 

Organization, 2009; Trows et al., 2014; US Food and Drug Administration, 2019c). 

 

Figure 15. The droplet size distribution of a nasal spray over time. Transmission is 

represented in red and d50 in blue. 

 Sample : 0,5 A_3cm
 Supplier
 Batch no.
 Event: 3 +0.0488 (s) ::  +0.5500 (s)     

0.00

25.00

50.00

75.00

100.00

P
a
rt

ic
le

 D
ia

m
e

te
r 

(u
m

)

0.00

25.00

50.00

75.00

100.00

T
ra

n
s
m

is
s
io

n
 (

%
)

Time (h:m:s)

Transmission and Percentiles

sTitle Legend Average Min Max Correction Equation

 Trans (%) 93.2 8.463 73.0 99.9  ---

 Dv(50) (µm) 46.22 134.8 0.9075 494.9  ---

1253 Records Averaged (average scatter, weighted)

 24JUNE19_OBnasal_MFM_0.5% A.smea\Exp 001 - 24 Jun 2019\0,5 A_3cm 1.psh



Chapter 2 

77 

Acceptance criteria should be defined for d10, d50, d90, span and percentage of droplets 

less than 10 µm and this analysis should be part of the drug product specifications 

and release testing unless it is performed on the incoming pumps for nasal solutions 

only (US Food and Drug Administration, 2002b; European Medicines Agency, 2006a; 

Trows et al., 2014). Trows et al. have compiled a complete review on the main factors 

affecting the different analytical tests proposed by the FDA, including droplet size 

distribution. In this review, it is suggested that changes in the formulation aspects 

have the most significant influence on the DSD. In fact, the formulation's viscosity is 

presented as the main factor affecting the DSD (Trows et al., 2014). Through different 

studies, an increase in viscosity has been suggested to lead to an increase in droplet 

size distribution (Harris et al., 1988; Dayal et al., 2004; Dayal et al., 2005; Guo et al., 

2008; Pennington et al., 2008). 

2.3.1.6. API Particle Size Distribution 

For nasal suspensions, the API particle size distribution will impact the PK profile of 

these drug products with possible influence on the safety, efficacy and quality of these 

products. A validated method should be used to assess this parameter (US Food and 

Drug Administration, 2002b). 

Acceptance criteria should be established for the PSD of the API in the suspension. 

This CQA should be linked with other CMAs (size of the API raw material) and CPPs 

(energy induced on the formulation after adding the API) and evaluated during stability 

(US Food and Drug Administration, 2002b). 

2.3.1.7. Other CQAs 

Other CQAs should be controlled with validated methods upon batch release after 

defining acceptance criteria, mainly to ensure the efficacy, safety and quality of the 

final product, such as particulate matter, microbial limits, net content and device 

appearance, shape, size, materials and robustness (US Food and Drug 

Administration, 2002b; The United States Pharmacopeial Convention, 2021d; The 

United States Pharmacopeial Convention, 2021j; The United States Pharmacopeial 

Convention, 2021h). To avoid the irritation of the nasal cavity and ensure the efficacy 

and stability of the product, sterile conditions, buffers, tonicity and thickening agents 

might be required (Harris et al., 1988; Harris et al., 1989; Behl, Pimplaskar, Sileno, 
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Xia, et al., 1998; Martin and Lansley, 2018). If any of the above is part of the final 

product, they should be controlled at release and assessed against an acceptance 

criterion (US Food and Drug Administration, 2002b; The United States Pharmacopeial 

Convention, 2021a; The United States Pharmacopeial Convention, 2021e; The 

United States Pharmacopeial Convention, 2021i; The United States Pharmacopeial 

Convention, 2021k; The United States Pharmacopeial Convention, 2021l; The United 

States Pharmacopeial Convention, 2021m).  

2.3.1.8. Bioequivalence on Locally-Acting Nasal Suspensions 

A battery of in vitro analytical tests is recommended by the FDA for bioequivalence 

purposes, and these tests are presented in Table 1. Recently, morphologically-

directed Raman spectroscopy (MDRS) was also added to this battery of testing. 

2.3.1.9. Morphologically-Directed Raman Spectroscopy as a Combination Between 

Automated Imaging and Raman Spectroscopy 

Although particle size distribution (PSD) can be readily determined by a number of 

methods prior to formulation and manufacture of the finished product, the primary 

challenge has been to determine the PSD of the drug substance in the finished nasal 

aqueous suspension in the presence of undissolved excipients (Doub et al., 2007; 

Mitchell et al., 2011). Excipients such as microcrystalline cellulose (MCC) typically 

have a median particle size that is larger than the API. However, such excipients often 

exhibit a broad PSD, and a substantial number of particles may exist in the same size 

range as the drug substance itself, thus complicating drug substance particle size 

determination. MDRS measures particle morphological characteristics (size and 

shape) using its microscopic component and performs chemical identification by 

analysing Raman spectra. The observed particles in a given sample can be classified 

based on morphology and/or Raman spectra. The selected particles are then 

characterised for size distribution using the microscopic technique. Hence, the MDRS 

method has been introduced for ingredient (API)-specific particle size measurement 

in a sample containing both API and excipient particles (Liu et al., 2019). 

While laser diffraction is the standard technique for the evaluation of particle size 

distribution, several other techniques can also be used, as formerly discussed. 

Automated imaging is one of those techniques. Laser diffraction assumes particles as 
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a perfect sphere and uses volume distribution, whilst automated imaging records all 

particle images. Hence, automated imaging PSD methods are sensitive to differences 

in shape and employ number distribution. These characteristics also enable the 

quantification of different shape parameters, which are critical material attributes that 

might influence the blending, flow properties and aerosolization behaviour (Brewer 

and Ramsland, 1995). Shape parameters (Figure 16) such as circularity (how close 

the shape is to a perfect circle), convexity (the measurement of the surface 

roughness), elongation (defined as one minus width divided by length), solidity (the 

measurement of the completeness of a particle), light intensity and standard deviation 

in the light intensity of a particle may be used (Malvern Panalytical, 2017). Quantifying 

shape parameters is a critical part of the MDRS technique, which enables the 

classification of particles based on their morphology. This initial morphological 

classification then allows measurement time to focus on API particles in suspension 

rather than excipient and enhance the efficiency of the analysis (Liu et al., 2019). 

 
 
Figure 16. Schematic representation of the morphology characteristics of particles for 

automated imaging. 

Nonetheless, either of these particle sizing techniques has the ability to analyse the 

API particles on its own only. Due to this lack of specificity, a chemical analysis 

technique such as Raman spectroscopy is required.  

In 1930, Chandrasekhara Venkata Raman was awarded the 1930 physics Nobel 

Prize for discovering that when a monochromatic light sees a specific material, a very 

tiny fraction of the scattered light has a different colour. This is currently known as 

Raman scattering and is a result of a frequency and energy change due to an 

interaction of light with the molecular vibrations of the material (Raman, 1928; Raman 

and Krishnan, 1928; Raman and Krishnan, 1929). Whenever a light source illuminates 

a sample, the light can be absorbed, reflected, or scattered (Figure 11). Most of the 
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scattered photons are unchanged energy which corresponds to Rayleigh scattering. 

For 1 x 10-7 photons, there is an exchange of energy with molecular vibrations in the 

material, which corresponds to Raman scattering. When there is a loss of energy, this 

process is termed Stokes scattering. The reverse and weaker process where there is 

an energy gain is called Anti-Stokes scattering (Figure 17) (Smith and Dent, 2019). 

The change in energy depends on the frequency of vibration of the molecule and 

consequently on the nature of the bonding within the compound. This process relies 

on the molecule polarisation or creation of an induced dipole, the modification of this 

dipole by molecular vibration and scattering of the photon from the modified dipole 

(Gordon and McGoverin, 2011). 

 

Figure 17. Schematic representation of Rayleigh and Raman scattering energy diagram. 

In pharmaceutical products characterisation, Raman spectroscopy has been widely 

used due to its unique properties of providing a distinct chemical fingerprint for a 

specific material (Gordon and McGoverin, 2011). It is also a non-invasive and non-

destructive method, requires only a small amount of analysing material, and the 

analysis is not affected by the presence of water, which is a weak Raman scatterer 

(McCreery, 2000; Vankeirsbilck et al., 2002). These properties allow Raman 

spectroscopy to be used to identify raw materials, support polymorphic screening 

(low-frequency Raman), quantify active substances within complex formulations and 

support scale-up activities (Vankeirsbilck et al., 2002). 
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MDRS is a powerful technique that combines high-resolution microscopic imaging 

with Raman spectroscopy. Thus, this technique is able to measure the particle size, 

identity, morphology, and agglomeration of different materials (Rogueda et al., 2011). 

During an analysis, several pictures of a sample are taken, and particles are analysed 

in terms of size and morphology. After or during this imaging analysis, a Raman 

spectrum of each particle with a previously fitlered morphology characteristics is 

collected and compared to previously collected reference spectra and classified as 

API or excipient based on a chemical correlation score, signal-to-noise ratio or cluster 

analysis (Liu et al., 2019). The abilities of MDRS to track particles and apply imaging 

filters to preferentially select API particles instead of excipient particles are two of its 

key features which save a considerable amount of time compared to traditional 

Raman imaging techniques in measuring a representative number of particles 

(Thomas et al., 2021). 

Since its development, MDRS has been used in a wide range of applications: illicit 

and counterfeit drug analysis, identification of degradation products of a surfactant in 

biopharmaceutical products, characterization of API particles within a powder feed, 

cyclodextrin-based metal-organic frameworks and forensic soil analysis (Saggu et al., 

2015; Gamble et al., 2017; Li et al., 2017; Kammrath et al., 2018; Koutrakos et al., 

2018). Concerning OINDPs, it has been used to evaluate the agglomeration of dry 

powder inhalers and, more remarkably in the approval of a locally-acting nasal 

suspension generic in lieu of a clinical endpoint study (Kinnunen et al., 2015; Liu et 

al., 2019). Raman chemical imaging has also been used to evaluate the 

agglomeration state of pressurized metered dose inhalers (Rogueda et al., 2011). 

Recently, the FDA has published product-specific guidances (PSG) for locally-acting 

nasal suspensions recommending the use of MDRS in an alternative approach to 

comparative clinical endpoint studies (US Food and Drug Administration, 2019c; US 

Food and Drug Administration, 2019d). To facilitate the introduction of this novel 

methodology into the industry, two papers have also been published proposing a 

method development and validation strategy, which comprise an optimization of the 

sample preparation (sample dispersion, volume and particle settling time), particle 

imaging and morphology analysis (light, threshold, aggregate filters), particle Raman 

measurements and classification (pre-processing, background subtraction, spectra 

masking, chemical correlation), morphology filter selection (discriminatory filters) and 

determination of minimum number of particles (Liu et al., 2019; Thomas et al., 2021). 
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The last step is critical to ensure that the API PSD results are statistically relevant, 

representative and has been defined by different methods, which generally involve 

the random re-sampling of different number of particles and assessment of the 

accuracy and variability against the original population (Matsuyama, 2018; Clarke et 

al., 2019). 

2.3.2. Dry Powder Inhalers CQAs 

For DPIs, the following CQAs should be considered: assay, identity, impurities and 

degradation products, delivered dose, aerodynamic particle size distribution, volatile 

and semi-volatile leachables, moisture content, particulate matter, microbial limits, 

device characteristics, net content and stability (European Medicines Agency, 2006a; 

US Food and Drug Administration, 2018b). As for locally-acting nasal suspensions, 

for the confirmed CQAs, acceptance criteria must be defined and evaluated with 

validated test procedures. The CQAs that were not discussed in the previous section 

will be presented with a particular focus on the APSD by Next-Generation Impactor 

(NGI). For this PhD project, it is essential to understand the basics of this primary tool 

for quality control (QC) testing of DPIs, since a modification of this tool has been used 

to propose a new apparatus for aerosol sample collection. The data from an NGI was 

used to demonstrate that new techniques with greater sensitivity should be used to 

support bioequivalence applications. 

Moisture has a significant impact on interparticle forces over time, affecting the 

aerosolization efficiency, stability and efficacy of the product (Hickey and Martonen, 

1993; Dunber et al., 1998). A validated method should be used to assess if the water 

content is within the acceptance criteria as part of the drug product specification 

(European Medicines Agency, 2006a; US Food and Drug Administration, 2018b). The 

properties of the raw materials, relative humidity during the manufacturing process 

and permeability of the container closure system are the key factors to consider. 

2.3.2.1. Bioequivalence on DPIs 

To assess the performance of dry powder inhaler for development or bioequivalence 

purposes, two main in vitro tests are currently being performed: single actuation 

content (SAC) and aerodynamic particle size distribution (APSD). Both tests should 

be performed through life and at three different flow rates, representative of the wide 
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range of peak inspiratory flow rates that patients achieve, which is usually specified 

in product-specific guidance’s (PSG). For SAC, U.S. Pharmacopoeia (USP) <601> 

Apparatus B or another appropriate apparatus may be used with one actuation per 

determination and a 2L of inhaled volume through the device. For APSD, USP <601> 

Apparatus 3, Apparatus 5, or another appropriate method may be used with 4L of 

inhaled volume through the device (US Food and Drug Administration, 2019c; The 

United States Pharmacopeial Convention, 2021c). 

2.3.2.2. Single Actuation Content 

The delivered dose of a dry powder inhaler and its uniformity will also impact the same 

properties as the nasal sprays (strength, purity, stability, safety and efficacy). 

Nevertheless, for DPIs, there is a dependence between this parameter and the flow-

rate used. Thus, this test should be performed at a flow-rate that is able to generate 

a pressure drop of 4 kPa across the device for release testing (European Medicines 

Agency, 2006a; US Food and Drug Administration, 2018b; The United States 

Pharmacopeial Convention, 2021c).  

This technique is able to assess the interaction between the device and the 

formulation and will depend on the flowability of the formulation, its manufacturing 

process and electrostatic charges (Visser, 1989; Young, Sung, et al., 2007; Kaialy, 

2016). 

2.3.2.3. APSD by Next-Generation Impactor 

APSD is a critical parameter of dry powder inhalers since it might give some insights 

into the regional deposition of the drug into the lungs, which has a significant impact 

on safety and pharmacodynamic effect. Moreover, due to its method specificity by 

high-performance liquid chromatography (HPLC) and ability to measure the 

aerodynamic particle size distribution instead of geometric PSD, impactors seem to 

be the ideal method for this type of testing. 

Although metered-dose inhalers have been commercially available since 1955, it was 

only in 1969 that a cascade impactor was used to study aerosol particle size of a 

pharmaceutical product (Polli et al., 1969; Marple et al., 2003). Nevertheless, this and 

other impactors were being developed and designed around the same period for non-
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pharmaceutical applications. The Andersen cascade impactor (ACI) was created in 

1958 to sample airborne particles onto agar gel held in a Petri dish (Anderson, 1958). 

In 1966, May developed the Multistage Liquid Impinger to test viable particles into a 

liquid (May, 1966). Marple introduced the first cascade impactor explicitly designed 

for pharmaceutical aerosol applications in 1995, the Marple-Miller Impactor (Marple 

et al., 1995). This impactor addressed some of the issues observed with the 

previously used ones, such as the capability of being used at different flow rates. 

However, there was still space for improvement. Therefore, in the mid-1990s, a 

consortium of pharmaceutical companies involved in inhalation was established with 

the ultimate aim of developing a universal impactor capable of operating over a range 

of flow rates and less labour intensive, with the possibility of automating the testing 

procedure (Marple et al., 2003). As a result, the Next-Generation Impactor was 

developed, and a schematic picture is presented in Figure 18. 

 

Figure 18. Schematic representation of the Next-Generation Impactor for DPI testing with a 

USP Induction port and a pre-separator. This image is reproduced from USP <601> (The 

United States Pharmacopeial Convention, 2021c). 

Generally, the NGI set-up for a DPI analysis comprises an induction port that mimics 

the oropharyngeal region of the respiratory tract, the pre-separator that mimics the 

upper airways and removes the large lactose particles and the impaction body that 

will collect the fine particles. The principle of operation of the NGI for a DPI relies on 

the aerosolization of an inhaler through fluidisation of the powder bed, 

deagglomeration and particle entrainment with the air that is drawn through an 

impactor by means of a laminar air stream. This aerosol stream passes through a 

series of stages within which nozzles or jets are directed towards impaction plates. 

Particles will start depositing on each stage depending on their aerodynamic size 

(morphology, density, and geometric size), being the finer particles deposited on the 

latter stages of the impactor. 
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Operational Principle 

To operate a Next-Generation Impactor, a dry powder inhaler is connected to a 

specific mouthpiece adaptor that is used to connect the device to the standard USP 

induction port. The induction port acts as a rough model of the oropharyngeal region 

with a simple geometry composed of a 90º bend cylindrical tube. The particle 

deposition on this inlet is thought to be dominated by the inertial moment of the 

particles. While fine particles have low inertia and will be able to adapt to a sudden 

change in the direction of the airflow, large particles have high inertia and will impact 

in the 90 ° bend, which acts as the back of a human throat. Recent developments 

have been focused on creating in vitro in vivo correlation (IVIVC) models that can 

predict the regional deposition of the drug inside the different parts of the lung. Since 

throat deposition has a major effect on lung deposition and a consequent effect in 

vivo, several different anatomical throats have been idealized, such as the anatomical 

throat developed in a consortium project and the University of Alberta's throat (Zhang 

and Finlay, 2005; Borgström et al., 2006; Burnell et al., 2007; Lastow and Svensson, 

2014) (Figure 19). 

 

Figure 19. Photograph of different throat models: ACI USP throat, NGI USP throat, 

Oropharyngeal Consortium (OPC) throat and University of Alberta throat from left to right. 

For carrier-based dry powder inhalers, the pre-separator add-on unit was developed. 

This high-capacity unit was created to prevent oversize lactose particles and any drug 

particles adhering to the surface of these large carrier particles from reaching and 

saturating the impactor stages (Marple et al., 2003). Deposition on this unit is believed 

to be governed by gravitational forces rather than impaction. This unit must be 

positioned on the NGI between the USP inlet and the first stage of the impactor. 

Four parts compose the impactor body: the top frame with internal passages, a sealed 

body with nozzles, and a cup tray positioned on top of the bottom frame. The impactor 

body is attached to the inlet port or pre-separator, which allows the size determination 

based on the inertial impaction of the particles in the aerosol cloud that go through 
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decreasing nozzle apertures and increasing number of nozzles onto the succeeding 

deposition stages. Particles with high inertia (larger and more dense particles) are 

unable to react to sudden changes in the direction of the airflow, resulting in its 

deposition on the collection cup with the aid of a sticky coating agent (Figure 20). The 

particles with a smaller aerodynamic size will be able to remain suspended in the 

aerosol cloud until they impact into the lower stages of an NGI (Marple et al., 2003). 

Therefore, to separate particles with a different particle size distribution, it is 

necessary to place a series of impactor stages with different aerodynamic design 

parameters (Figure 21).  

 

Figure 20. Schematic representation of the particle impaction phenomena through an NGI 

nozzle of width (W) and separation from the collection plate (S). 

The design of this impactor is governed by three main factors: the Reynolds number 

(Re), nozzle-to-plate distance (S) and cross-flow parameter. These factors will ensure 

a highly efficient deposition and separation of particles according to its APSD (Marple 

and Willeke, 1976; Fang et al., 1991; Marple et al., 2003). Reynold’s number is a 

dimensionless parameter that characterises the extent of turbulence within the airflow. 

In a turbulent airflow, particle deposition will be inefficient, unpredictable and will not 

follow the aerodynamic properties of the aerosolized powder particles. Therefore, an 

impactor must have a laminar airflow to allow the classification according to the 

aerodynamic particle size. To achieve a laminar flow, Reynold’s number should be 

between 500 and 3000. This value can be defined by Equation 2, where v is the 

velocity, ρ is the density, η is the viscosity of the fluid and W is the diameter of the 

tube through which the fluid is flowing. On an NGI, the particles are entrained into an 

aerosol cloud and carried at a constant flow rate (Q), passing through n nozzles with 

a specific diameter (W). The velocity of the air running through the nozzles can be 

calculated as per Equation 3, and this value can be replaced in Equation 2 (Marple et 

al., 2003; The United States Pharmacopeial Convention, 2021c). 

Collection Plate

Nozzle

S

W

Aerosol Flow



Chapter 2 

87 

Equation 2. Reynold's number equation.  

𝑅𝑒 =
𝜌. 𝑊. 𝑣

𝜂
=

4. 𝜌. 𝑄

𝑛. 𝜋. 𝜂. 𝑊
 

 
Equation 3. Velocity through an NGI stage equation. 

𝑣 =  
4. 𝑄

𝜋. 𝑛. 𝑊2
 

 

Figure 21. Schematic representation of a stage of an NGI. This image is reproduced from 

USP <601> (The United States Pharmacopeial Convention, 2021c). 

To keep the airflow through the impactor laminar while decreasing the nozzle 

diameter W at constant air velocity, the number of nozzles n needs to be increased. 

Figure 22 presents the increasing number of holes on an NGI and its reduction of 

diameter from the earlier stages to the later ones. 

 

Figure 22. Schematic representation of the seal body with nozzles number. This image is 

reproduced from USP <601> (The United States Pharmacopeial Convention, 2021c). 

The second design factor that needs to be considered to ensure a high collection 

efficiency is the nozzle-to-plate distance. The nozzle-to-plate distance (S) should be 

at least one to ten times the nozzle diameter (W) (Marple et al., 2003). 

For multiple-nozzle impactor stages, there can be a “crossflow” problem, where the 

air passing through the inner air jets can move towards the outer air jets preventing 



Chapter 2 

88 

the air jets located near the edge of the cluster from reaching the impaction plate. 

Therefore, the cross-flow parameter should be less than 1.2 and can be defined by 

Equation 4, where Xc is the cross-flow parameter, and DC is the cluster diameter (Fang 

et al., 1991). 

Equation 4. Cross-flow equation.  

𝑋𝐶 =
𝑛. 𝑊

4. 𝐷𝐶
 

 
Another unique feature of the NGI when comparing with other impactors is the Micro-

orifice collector (MOC). This stage is composed of 4032 nozzles, each with 70 µm in 

diameter. This final stage is able to replace the last filter usually found in other 

cascade impactors. With this innovation, the particles deposited on the MOC can be 

handled and analysed in the same way as any other collection cup and the particles 

will be more easily dissolved when comparing to a fibrous filter. A large number of 

nozzles in this stage is essential to keep the pressure drop within the feasible limits 

of an analytical laboratory. 

Data Analysis 

The mean particle size (D50, Q) of the material collected on an impactor can be 

calculated with Equation 5, where ρp is the particle density and √St50 is the square 

root of Stokes’ number calculated for a stage, based on the mean cut off diameter of 

the stage. 

Equation 5. Mean particle size equation. 

𝐷50,𝑄 = √
9𝜋𝜇𝑊3

4𝜌𝑝𝑄
√𝑆𝑡𝑘50 

Nevertheless, for routine analysis, the D50, Q has been simplified according to a 

calibration performed on the Next-Generation Impactor (Marple et al., 2003). 

According to this calibration, the cut-off diameters of each of the individual stages of 

the impactor, at the value of Q (flow rate) = Qout employed in the test, can be 

calculated by the formula in Equation 6, where D50, Q is the cut-off at the flow rate, Q 
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is the flow rate employed in the test, and the subscript, n, refers to the nominal value 

Qn = 60 L/min. The values for exponent x are listed in Table 2. 

Equation 6. Cut-off diameter equation. 

𝐷50,𝑄 =  𝐷50,𝑄𝑛 × (
𝑄𝑛

𝑄⁄ )𝑥 

 
Table 2. Constants x and D50, Qn used to calculate the cut-off diameter at different flow rates 

(The United States Pharmacopeial Convention, 2021c). 

Stage D50,Qn x 

1 8.06 0.54 

2 4.46 0.52 

3 2.82 0.50 

4 1.66 0.47 

5 0.94 0.53 

6 0.55 0.60 

7 0.34 0.67 

 

Mean Mass Aerodynamic Diameter (MMAD) and Geometric Standard Deviation 

(GSD) 

The MMAD corresponds to the average particle size of the material collected from the 

impactor stages and the GSD the width of the distribution. Both these parameters are 

calculated from the cumulative impactor stage-by-stage deposition data (The United 

States Pharmacopeial Convention, 2021c). 

To perform this analysis, the cumulative mass of the drug recovered from the stages, 

starting from Stage 8, should be plotted against the logarithm of the D50, Q for the 

stage. The MMAD is the size of the 50th percentile of the cumulative distribution Figure 

23. The GSD is defined based on the 16th (y) and the 84th (x) percentiles of the 

distribution as per Equation 7. 

Equation 7. GSD equation. 

𝐺𝑆𝐷 = √
𝑥

𝑦
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Figure 23. Schematic representation of the plot of cumulative mass less than stated 

aerodynamic diameter (probability scale) versus aerodynamic diameter (log scale). This image 

is reproduced from USP <601> (The United States Pharmacopeial Convention, 2021c). 

Fine Particle Mass (FPM) and Fine Particle Fraction (FPF) 

The mass of particles <5 μm (FPM) can be obtained from the cumulative drug mass 

versus stage cut-off size plot is shown in Figure 23, either by extrapolation or 

regression. However, according to the pharmacopeial specifications, only the data 

points falling between 16th and 84th percentiles should be used for both obtaining the 

fine particle mass and defining the MMAD. This is because the points outside these 

limits may skew the distribution in case of abnormal particle deposition pattern on the 

highest or the lowest stages. Then calculate the total mass, M, of the drug found on 

the stages of the apparatus and the filter that captured the drug in the fine particle 

size range appropriate for the drug being tested. The fine particle dose is calculated 

by the Equation 8, where M is as stated above, and ns is the number of doses 

discharged during the test (The United States Pharmacopeial Convention, 2021c). 

Equation 8. Fine particle mass equation. 

𝐹𝑃𝑀 =
𝑀

𝑛𝑠
 

The fine particle fraction that would be delivered from the inhaler is then calculated by 

the formula in Equation 9, where ΣA is the total mass of drug delivered from the 

mouthpiece of the inhaler into the apparatus. 

Equation 9. Fine particle fraction equation. 

𝐹𝑃𝐹 = 𝑀 ∑ 𝐴⁄  
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3.1. Introduction 

The determination of bioequivalence (BE) for locally-acting drugs has been a long-

standing challenge in the pharmaceutical industry as the site of action is typically 

difficult to analyse directly, and there is no guarantee that local drug concentration is 

at equilibrium with systemic distribution (Daley-Yates and Parkins, 2011; Li et al., 

2013; Trows et al., 2014). Complex formulation/device interactions, manufacturing 

process and patient factors add further barriers in addressing BE for nasal suspension 

drug products.  

As for other complex generic products, BE for locally-acting nasal suspensions must 

be based on the definition of the 21 CFR 320.23(b)(1): "Two drug products will be 

considered bioequivalent drug products if they are pharmaceutical equivalents or 

pharmaceutical alternatives whose rate and extent of absorption do not show a 

significant difference when administered at the same molar dose of the active moiety 

under similar experimental conditions, either single dose or multiple dose" (US Food 

and Drug Administration, 2020a). Since it is not feasible to measure the absorption 

directly at the site of action for locally-acting nasal suspensions, the US Food and 

Drug Administration (FDA) relies on cumulative weight-of-evidence of indirect 

measurements to establish equivalence. Therefore, for a 505(j) abbreviated new drug 

application (ANDA), the FDA recommends a "weight-of-evidence" approach to help 

determine local equivalence between test and reference products for locally-acting 

nasal suspensions as presented in Figure 24 (US Food and Drug Administration, 

2003; Li et al., 2013). In line with the Generic Drug User Fee Act (GDUFA) program, 

the FDA has published a number of product-specific guidances (PSGs) for a number 

of nasal suspension drug products (US Food and Drug Administration, 2019c; US 

Food and Drug Administration, 2019d). A common thread in all PSGs for locally-acting 

nasal products is the recommendation that the test nasal product formulation is 

qualitatively (Q1) and quantitatively (Q2) the same as the nasal reference product in 

terms of inactive pharmaceutical ingredients. The device should have a similar design 

and user interface with equivalent external operating principles and external critical 

design attributes, size and shape, and the number of doses (US Food and Drug 

Administration, 2019d). A further recommendation is to perform in vitro studies to 

determine comparable single actuation content (SAC), droplet size distribution by 

laser diffraction (DSD), drug in small particles by cascade impactor, spray pattern 

(SP), plume geometry (PG) and priming and repriming studies (US Food and Drug 
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Administration, 2019d). In vivo pharmacokinetic (PK) studies to demonstrate 

equivalence in systemic exposure should also be performed. Since PK studies and 

current in vitro studies may not fully describe the fate of the drug in the nose with high 

resolution, demonstrating equivalence on local delivery should also be performed 

through clinical endpoint (CE) studies (US Food and Drug Administration, 2002b; US 

Food and Drug Administration, 2003). Although the weight-of-evidence approach 

comprises a robust strategy to demonstrate bioequivalence, the inclusion of a CE 

study is a limitation to generic product development. Clinical endpoint BE studies are 

expensive and can add up to $2-50 million to the cost, are time-consuming, pose 

challenges with recruiting patients during allergic rhinitis season, and the results can 

be highly variable and are unpredictable in many cases (US Food and Drug 

Administration, 2004a; Lionberger, 2008; Syed et al., 2015).  

 

Figure 24. Weight-of-evidence approach for demonstrating bioequivalence of locally-acting 

nasal suspensions (US Food and Drug Administration, 2019d). 

Nasal suspension drug products consist of active pharmaceutical ingredient (API) 

particles suspended in an aqueous system in the presence of a range of different 

excipients. For nasal suspension products, the API particle size is a key critical 

material attribute, which affects emitted API particle size and regional deposition of 

API in the nose (Doub et al., 2007; Doub et al., 2012; Rygg et al., 2016a). In addition, 

the particle size of the API will affect the rate of dissolution and absorption at the site 

of deposition into the nasal epithelium and systemic circulation (Burgess et al., 2004; 

Liu et al., 2019). 
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In March 2016, the FDA's Office of Generic Drugs (OGD) approved a mometasone 

furoate nasal suspension generic. The application was approved using an in vitro tool 

called Morphologically-Directed Raman Spectroscopy (MDRS) in lieu of a clinical 

endpoint BE study (Liu et al., 2019). This particle-sizing technology first became 

available in 2012 (US Food and Drug Administration, 2016d; Liu et al., 2019). It 

measures morphological characteristics (size and shape) using its microscopic 

component and performs chemical identification by Raman spectra. This technology 

enables a comparison of the particle size of an API in the generic and innovator drug 

products in situ. Since API particle size would control the local rate and extent of 

absorption from the delivery of the active to the nose, the measurement of API particle 

size in the formulation was deemed suitable for removal of the CE study. 

Subsequently, the FDA has issued new PSGs for locally-acting nasal suspensions 

that include the MDRS approach in lieu of clinical endpoint studies (US Food and 

Drug Administration, 2019c; US Food and Drug Administration, 2019d).  

3.1.1. Dissolution Testing 

Dissolution is a well-established methodology, which can evaluate the microstructure 

as a whole and capture changes that might affect drug bioavailability. However, it was 

only during the second half of the last century that dissolution started being used for 

the analysis of drug release. Before that, physical chemists were the only ones 

studying this process and setting up the basic laws governing the dissolution process. 

The first reference to dissolution was in 1897 when Noyes and Whitney noticed that 

the rate of dissolution is proportional to the difference between the concentration (C) 

at time t and the solubility (CS), as presented in Equation 10. The authors stated that 

the dissolution rate is governed by a saturated thin diffusion layer which is formed 

around the surface of the dissolving material and through which the molecules diffuse 

to the bulk (Noyes and Whitney, 1897; Dokoumetzidis and Macheras, 2006). 

Equation 10. Noyes-Whitney equation. 

𝑑𝐶

𝑑𝑡
= 𝑘(𝐶𝑆 − 𝐶) 

A few years later, Brunner demonstrated that the rate of dissolution depended on the 

exposed surface area, temperature, rate of stirring and the rugosity of the surface. In 

1904, Brunner and Nernst adapted Fick's Law of diffusion to develop the Nernst-
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Brunner equation (Equation 11), where D is the diffusion coefficient, V the volume of 

the dissolution media, SA the surface area and h the thickness of the diffusion layer 

(Brunner, 1904; Nernst, 1904). 

Equation 11. Brunner-Nernst equation. 

𝑑𝐶

𝑑𝑡
=

𝐷𝑆𝐴

𝑉ℎ
(𝐶𝑆 − 𝐶) 

 

After intranasal application of the aqueous glucocorticoid suspension, the drug 

crystals must dissolve in the epithelial mucous fluid layer. A sustained dissolution of 

drug particles contributes to prolonged nasal contact time (Sharpe et al., 2003; 

Mitchell et al., 2011; Rygg et al., 2016a). Since the dissolution of the drug substance 

is directly related to the particle size of the API, the measurement of dissolution of 

APIs in the nasal suspension formulation may be an orthogonal technique to the 

measurement of API particle size (i.e. differences in test and reference product 

dissolution can confirm similarities or differences in the API particle size in the 

formulation). Furthermore, the EMA Committee for Medicinal Products for Human Use 

considered in an Assessment report for Mometasone Furoate Sandoz and associated 

names “the rate of dissolution to determine the availability of the active substance 

locally” and concluded that dissolution data demonstrating equivalence between 

reference and test product would be sufficient to demonstrate that there would be no 

impact in the benefit-risk of the proposed products (European Medicines Agency, 

2012). Therefore, it is proposed that the API dissolution of nasal suspensions is a 

critical measurement that links to the API particle size in suspension. Moreover, 

measurement of the dissolution may help to validate the particle size tools for 

assessing the size of the drug particle substance in suspension. 

The key objective of this study was to use a combination of techniques to investigate 

the drug substance particle size in nasal suspensions and dissolution rate to 

characterise test and reference nasal suspensions. In this study, MDRS and 

dissolution were evaluated for their discriminatory capability in the measurement of 

API particle size in nasal suspension formulations.   
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3.2. Materials and Methods 

Four batches (Batch 1, 2, 3 and 4) of micronized mometasone furoate monohydrate 

(Sterling, Perugia, Italy) were procured and formulated into aqueous nasal 

suspension sprays. A commercial blend (Avicel® RC-591) of microcrystalline cellulose 

(MCC) and carboxymethylcellulose (CMC) was supplied by FMC Biopolymer 

(Brussels, Belgium) and used as a suspending agent for the manufactured nasals 

suspensions. The formulation design was designed to be similar to the reference 

listed drug (RLD) product Nasonex® (Merck, US). After being formulated, these were 

filled into white high-density polyethylene (HDPE) bottles and fitted with a screw-on 

VP3 pump supplied by Aptar Pharma (18/415, Le Vaudreuil, France). Nasonex® was 

also sourced for the investigations (Lot No. 14MAA532A, expiry: 10/2016). Solvents 

and excipients were supplied by Fisher Scientific UK (Loughborough, UK) as High-

Performance Liquid Chromatography (HPLC) and reagent grade, respectively. Ultra-

pure water was prepared by Milli-Q® using reverse osmosis (Merck, Darmstadt, 

Germany). 

3.2.1. Particle Size Distribution of As-Received Mometasone Furoate Monohydrate 

(MFM)  

PSD analysis of the as-received API batches was performed using wet-dispersion 

laser diffraction particle sizing (Spraytec® with a wet dispersion unit, Malvern 

Panalytical, Worcestershire, UK). The API was dispersed in 0.05 % Lecithin in 

Cyclohexane with internal sonication for 1 minute. A sample was then added into the 

wet dispersion cell until 4-12 % obscuration was reached at 3000 rpm. The average 

PSD over a 15s period was performed, and Mie theory was used to analyse the data 

(Mie, 1908). 

Automated imaging by Morphologi G3-ID® (Malvern Panalytical, Worcestershire, UK) 

was also used to measure the as-received particle size distribution. The API was 

dispersed in 0.05 % lecithin in cyclohexane with internal sonication for 1 minute. A 

sample of 0.5 mL was then pipetted with a plastic Pasteur pipette and slowly 

dispersed onto a slide with circular movements to ensure full coverage of the 

microscope slide. A plastic lid was placed over the slide to cover it partially and allow 

the slow evaporation of the volatile solvent to prevent agglomeration of the API in the 

centre of the slide.  
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Both techniques, the automated imaging by Morphologi G3-ID® and laser diffraction 

by Spraytec® with a wet dispersion unit, were used to assess the particle size 

distribution in volume distribution of the raw materials. Each experiment was 

performed in triplicate. 

3.2.2. Manufacture of Nasal Suspensions 

Four batches of nasal sprays were prepared with different raw API batches to be 

Q1/Q2 similar to Nasonex®. An aqueous solution of the polysorbate 80 (0.01 % w/w, 

Spectrum, UK) was prepared into which mometasone furoate monohydrate (0.05 % 

w/w, Batch 1, 2, 3 or 4, Sterling, Perugia, Italy) was dispersed (Yuen et al., 2001). In 

a separate mixing vessel, the viscosity agent composed by MCC/CMC (2.00 % w/w, 

Avicel® RC-591, FMC Biopolymer, Brussels, Belgium) was dispersed in purified water 

by homogenisation. These two suspensions were combined with continuous stirring. 

Other agents such as benzalkonium chloride, sodium citrate dihydrate and citric acid 

monohydrate were added to the formulation (Fisher Scientific UK, Loughborough, 

UK). All formulations, with the ingredients from Table 3, were filled into white HDPE 

bottles and fitted with a screw-on VP3 pump (18/415, Aptar Pharma, France). Ten 

bottles per batch were manufactured. Ten bottles of a placebo suspension were also 

manufactured with the same procedure and all the excipients in Table 3, except the 

API. 

Table 3. List of pharmaceutical ingredients which comprise the nasal suspension formulation. 

Total fill amount of all formulations was 18.0 g. 

Component Description 

Mometasone Furoate Monohydrate API 

Benzalkonium Chloride Antimicrobial preservative 

MCC/CMC (Avicel® RC-591) Suspending agent 

Polysorbate 80 Wetting agent 

Glycerine Osmotic agent 

Citric Acid Monohydrate Buffer 

Sodium Citrate Dihydrate Buffer 

Purified Water Diluent 
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3.2.3. Single Actuation Content of Nasal Suspensions with Mometasone Furoate 

Monohydrate 

SAC was performed after priming the device ten times before collecting an individual 

sample into a scintillation vial (Merck & Co., 2011). Each actuation was collected by 

manually actuating a nasal spray pump and recovering the actuated dose in 100 mL 

of diluent (32.5 acetonitrile: 32.5 methanol: 35 water). Ten repetitions of each product 

were analysed on a suitable HPLC method (described below). 

3.2.4. Droplet Size Distribution Analysis of Nasal Suspensions  

DSD was measured using a Spraytec® (Malvern Panalytical, Worcestershire, UK) 

equipped with a 300 mm lens. The nasal spray was manually actuated at 3 cm from 

the laser in a carefully defined position with an extraction hood on top to capture the 

spray and prevent droplets' fallback through the beam. The RT Sizer software was 

used to capture the droplet size data at a frequency of 2.5 kHz for 0.6 s after the 

transmission dropped below 98 % while capturing the 0.1 s before dropping to this 

value. The average of 10 %, 50 % (volume median), and 90 % of the cumulative 

volume undersize (d10, d50, and d90, respectively) during the fully developed phase of 

the spray were analysed. All determinations were performed in triplicate after ensuring 

that the device was primed. 

3.2.5. Spray Pattern and Plume Geometry Measurements of Nasal Suspensions  

SP and PG were determined using Oxford Laser's Envision system (Oxford Lasers, 

Didcot, UK). This system combines a laser sheet and a high-speed camera 

specifically designed for the characterisation of nasal sprays. While for the spray 

pattern, the laser sheet was positioned at 3 cm from the nasal pump nozzle tip; for 

plume geometry analysis, the whole plume was captured. All actuations were 

actuated upward manually, and an extraction unit was positioned above the laser line 

to avoid fallback of droplets. Data were analysed with Oxford Lasers EnVision 

Patternate software. The plume width and angle, spray pattern area and the ratio of 

maximum and minimum diameter (ovality ratio) were calculated on a single frame 

during the fully developed phase. All determinations were performed in triplicate by 

evaluating one actuation per repetition after ensuring that the device was primed. 
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3.2.6. Dissolution Analysis of Nasal Suspensions 

Dissolution analysis was performed on the manufactured nasal suspensions. These 

suspensions were actuated ten times into a scintillation vial, and a sample of 0.5 mL 

was pipetted into a dissolution vessel. All dissolution studies were conducted in a USP 

apparatus II, also known as the rotating paddle apparatus (The United States 

Pharmacopeial Convention, 2021f). All dissolution measurements were performed at 

37 °C in 600 mL pH 7.4 Phosphate Buffered Saline (PBS) containing 2.0 % w/v 

sodium dodecyl sulphate (SDS) dissolution medium with a stirring speed of 75rpm in 

USP Apparatus II (Erweka GmbH, DT 126, Heusenstamm, Germany). For all 

dissolution experiments, 3 mL aliquots were withdrawn at 2.5, 5, 10, 15, 20, 25, 30, 

60, 120, 180, and 240 minutes time intervals and filtered directly into HPLC vials. To 

maintain a constant volume in the dissolution vessel, the sampling volume was 

replaced with pre-warmed dissolution media. Each sample was analysed on a 

suitable HPLC method (described in 3.2.7). The fractional percentage of the drug 

dissolved at each time point was determined by dividing the amount of drug by the 

total mass loading. Sink conditions were maintained during dissolution studies. The 

dissolution data reported here focused on MFM for all of the drug products analysed. 

Each experiment was performed in triplicate. 

The similarity between batches was assessed by evaluating the similarity factor, 𝑓2, 

of the average dissolution profile for the first 60 min as proposed for in vitro dissolution 

testing conducted by the current FDA guidance, SUPAC-IR: Immediate-Release Solid 

Oral Dosage Forms: Scale-Up and Post-Approval Changes: Chemistry, 

Manufacturing and Controls, In Vitro Dissolution Testing, and In Vivo Bioequivalence 

Documentation (November 1995) (US Food and Drug Administration, 1995). This 

similarity factor is calculated as discussed in Chapter 4. An 𝑓2 value between 50 and 

100 suggests the two dissolution profiles are similar.  

The dissolution half-life was also evaluated through a first-order kinetics model for the 

first 20 min to describe the dissolution profile of MFM (Costa and Sousa Lobo, 2001). 

This model is discussed in Chapter 4. 
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3.2.7. HPLC Analysis of Mometasone Furoate Monohydrate (MFM) 

Quantification of MFM utilised reversed-phase HPLC method coupled with ultraviolet 

(UV) detection. The system consisted of an Agilent 1260 Infinity HPLC System 

comprising of binary pump flowing at 2.0 mL/min through a Thermo Scientific ODS 

Hypersil, 150 x 4.6 mm 5 μm column, within a temperature controlling column oven 

at 45 °C and a UV detector set to 250 nm. The mobile phase consisted of a gradient 

of a buffered solution of Sodium Dihydrogen Orthophosphate Solution, pH 3.0, and 

HPLC grade Acetonitrile at a proportion of 65:35 for 5.0 min, followed by a change of 

gradient to 33:67 until 5.5 min when it changed back to the original gradient for three 

more minutes. The injection volume was 100 µL. 

This method was evaluated for precision, accuracy, linearity, and specificity. This 

method presented linearity between 0.05 and 5 µg/mL. To assess precision and 

accuracy three different stock solutions were prepared and diluted at three different 

concentration levels. The ratio of the peak area for both injections was within a 98-

102 % range for all samples and their recovery between 90-110 %. No interference 

with the MFM peak was observed. 

3.2.8. Method Development of a Morphologically-Directed Raman Spectroscopy 

(MDRS) to Measure the PSD of MFM 

The morphology and particle size of API within the manufactured nasal suspension 

formulations was characterised using a Morphologi G3-ID® Morphologically-Directed 

Raman Spectroscopy system (Malvern Panalytical, Worcestershire, UK). The method 

development route for analysis of API in nasal formulations is shown in Figure 25 and 

utilised the approach of optimising imaging settings, sample preparation, applying 

imaging and API discriminatory morphological filters and chemical analysis by Raman 

spectroscopy (Liu et al., 2019). 
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Figure 25. Process diagram of the method development stages for the particle sizing of MFM 

nasal suspension formulations. 

3.2.8.1. Sample Preparation 

The method development started with the assessment of an optimised sample 

preparation method where the number of actuations and distance from the nozzle to 

the scintillation vial necessary to have a repeatable homogenous sample, volume and 

pressure required to spread the suspension below the coverslip, settling time and 

actuation effect on the PSD were investigated. Since this method is being developed 

for the in situ analysis of a reference product and its generic version, no modifications 

to the sample were performed (dilution or addition of surfactants). Therefore, the 

impact of sample concentration, de-agglomeration and surfactants was not evaluated. 

After actuating the nasal spray into a scintillation vial, volumes between 1-5 µL were 

pipetted onto a microscope slide with a coverslip placed on top of the sample to 

spread a thin layer of sample on all the coverslip area. Volumes below 3 µL were not 

able to cover the whole coverslip, while volumes above 3.5 µL resulted in the sample 

overflowing the coverslip borders. A volume in the middle (3.3 µL) was pipetted onto 

a microscope slide without applying any pressure and could spread a thin layer of 

sample on all the coverslip area (sealed with silicon grease) with repeatable size 

measurements for d50 and span by automated imaging. Applying pressure onto the 

coverslip was avoided to prevent any alteration on the sample and reduce the 

analyst's input to a minimum. 

Sample Preparation

• Evaluate the number of actuations, 
volume and pressure required.

• Settling time.

• Comparison of pre and post actuation

Automated Imaging
• Identify best light contrast.

• Set-up grayscale threshold.

Imaging Filters
• Remove large aggregates, air bubbles and 

poorly imaged particles.

• Convexity and solidity filters are suggested.

Morphological Analysis 
/ Discriminatory Filters

• Compare placebo, API only and final nasal suspension.

• Choose suitable filters to distinguish between API and excipients.

• Elongation, high sensitivity circularity and mean intensity are 
suggested.

Chemical ID
• Identify API particles through Raman 

Microscopy.
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Settling time is a crucial feature that allows the analyses to be performed correctly. If 

the morphological analysis starts while particles are still moving, there is the risk of 

these being counted more than once, and, more importantly, the system won't be able 

to track them for the chemical analysis. Three separate samples of one batch of 

reference product were prepared and analysed visually on the manual microscope to 

assess the settling time in five different areas with a 50x magnification. The visual 

analysis suggested that leaving the sample to rest for at least 60 minutes before the 

analysis was essential to allow the particles to settle until no movement is observed. 

During this initial stage, the minimum number of actuations was also determined by 

evaluating the repeatability of the measurements with one, three, five and ten 

actuations. Five actuations were required to ensure optimum repeatability. Also, the 

PSD of the pre- and post- actuation sample was found to be comparable. 

3.2.8.2. Automated Imaging and Primary Filters 

During the microscopic measurement, the light settings and thresholds were defined 

to ensure good contrast between particles and background and to capture the whole 

perimeter of the particles being analysed. Diascopic bottom light is generally used 

with nasal suspension analysis since it provides a clearer contrast for the particles. 

Light set up is crucial since the particle threshold criteria are evaluated in a digital 

grayscale ranging from 0 to 255, hence being strongly influenced by the image's 

luminosity. The bottom light was evaluated with different intensities to ensure the best 

contrast between particles and background (Figure 26). The darkest settings (60 % 

and 70 %) and brightest settings (90 % and 85 %) provide poorer contrasts for the 

smallest particles. Hence, the light setting chosen was 80 %, allowing a balanced 

identification of both the larger and smaller particles. An adequate threshold should 

be chosen to ensure that the complete perimeter of the particle is analysed, and no 

noise is observed. A restrictive threshold can leave behind the smallest and clearest 

particles, biasing the final PSD obtained. Conversely, excessively wide thresholds 

might cause particles to be oversized by extending their pixel area over a clear 

aureole around the particle, and it can also lead to the identification of background as 

fictional particles (Malvern Panalytical, 2017). The ideal threshold values were 

assessed on the same sample and suggested that a threshold of 150 is ideal for the 

current light settings and sample (Figure 27). 
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Figure 26. Light settings comparison at 90 %, 85 %, 80 %, 70 % and 60 % of luminosity 
respectively for the same image of a Nasonex® sample (left to right). 

 

 

 
Figure 27. Particles captured with threshold settings at values of 136, 150 and 165 (values as 

greyscale tones) respectively (left to right) on top. In the middle, a general capture of threshold 

settings at values of 136, 150 and 165 (values as greyscale tones) respectively (left to right). 

At the bottom, a comparison of the PSD of the same sample with different thresholds applied: 

136 (red), 150 (green) and 165 (blue). All these images were captured with the same 

Nasonex® sample. 
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Considering the particle size distribution of the MFM as raw powder, the larger 

magnification (50x) was chosen, hence enabling the analysis of particles between 0.5 

to 50 µm. Then, morphological filters, such as convexity<0.9 and solidity<0.9, were 

used to remove poorly imaged particles. To precisely remove any air bubbles on the 

sample, a class with intensity standard deviation between 35.000 to 80.000 and a 

solidity higher than 0.8 was used to exclude these particles from chemical analysis. 

3.2.8.3. Secondary Filters Able to Discriminate Between API and Excipient Particles 

Before the chemical analysis, a nasal formulation was compared with a placebo 

composed of all the excipients in Table 3 and not the API. The main goal of this 

comparison was to identify particle morphology filters that could be used to improve 

the targeting of API particles for chemical analysis. Figure 28 suggests that excipient 

particles (red boxes) in Nasonex® were more elongated than drug particles (blue 

circles). Applying a filter based on elongation percentage within a range of 0.3 – 0.5 

increased the sampling of many thousands of API particles, as per Figure 29, Figure 

30 and Figure 31. An elongation filter of 0.3 was used. 

 

Figure 28. Image of a Nasonex® nasal spray sample with some cellulose particles selected 

with red boxes and API particles selected with blue circles. 
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Figure 29. Comparison of the elongation distribution graph of Placebo (red) and Nasonex® 

(green) of a combined analysis (n=3). 

 
Figure 30. Comparison of different elongation filters and their impact on the particle size 

distribution of a combined analysis of Nasonex® (n=3). 

 

Figure 31. Particles removed from the analysis with a 0.3 elongation filter (red) and particles 

still present on the analysis (green) of a combined analysis of Nasonex® (n=3). 

 



Chapter 3 

106 

3.2.8.4. Chemical Identification 

Upon applying these filters, the chemical analysis was carried out using the Kaiser 

Optical Systems RamanRxn1 Spectrometer integrated with the Morphologi G3-ID® 

equipment. The Raman spectrum from each of the particles of the same scanning 

area was collected using 60 s of exposure time with excitation at a wavelength of 785 

nm over the spectral range of 100–1825 cm-1 at a resolution of 6 cm-1. This laser time 

was selected after subjecting the same API particles to different exposure times (10, 

30, 60 and 180 s) and assessing the minimum amount of time required to classify 

these API particles. Particles with a circular equivalent diameter below 2 µm were 

filtered from the analysis due to the system low efficiency in tracking these. 

The spectra of all the insoluble materials in the formulation were built into a library 

(Figure 32). After chemical analysis, the collected spectra of each particle was 

compared against the reference spectra of mometasone furoate monohydrate, and a 

correlation score was given to each particle. Particles with a score above 0.6 were 

classified as MFM after calculating that this value of correlation score corresponded 

to a signal-to-noise ratio of the main mometasone peak greater than 3. To facilitate 

the analysis of the collected spectra with minimum noise, only the spectra range 

between 1350-1750 cm-1 was used for correlation to the library spectra since the main 

identifiable peaks for mometasone furoate monohydrate (1397 cm-1, 1471 cm-1,1660 

cm-1 and 1708 cm-1) are within this range. Moreover, a scaled background subtraction 

followed by the application of Savitsky-Golay filtering over 31 points (intermediate 

smoothing) and a second derivative of the signal was applied to reduce the noise in 

the spectrum while preserving the underlying signal (Malvern Panalytical, 2012). 
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Figure 32. Reference Raman spectra of MFM (upper) and cellulose particles (lower) with the 

masking range between 1350-1750 cm-1 selected in white. 

The minimum number of particles to be analysed was determined by estimating the 

impact of sample size on the relative standard deviation of d50 measurements. 

Bootstrap resampling from a large number of measured particle diameters was 

conducted at different sample sizes, and the expected standard deviations of the 

mean d50 were calculated. A minimum sample size of 250 particles allowed a relative 

standard deviation in d50 no greater than 5 %. All determinations were performed in 

triplicate after ensuring that the device was primed. 

3.2.9. Statistical Analysis 

Statistical analysis between the different populations was carried out using one-way 

analysis of variance (ANOVA) followed by Tukey's post hoc analysis. All statistical 

analyses were performed using Minitab 17 software (Minitab, Coventry, UK). 

Probability values of <0.05 were considered statistically significant.  
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3.3. Results and Discussion 

The local rate and extent of absorption of an API delivered intranasally via a 

suspension nasal spray is related to the size of the drug crystals in suspension. The 

particle size of the API will govern the dissolution rate of the drug crystals and, 

therefore, absorption of the drug locally in the nasal cavity. Hence, measurement of 

the particle size of the API in situ within the nasal spray suspension would provide 

relevant data that would help predict the local rate and extent of absorption of the API 

within the nose. With the advent of the MDRS approach to measure the particle size 

of APIs in situ within locally-acting nasal suspension drug products, it is important to 

determine if the technique is able to track the particle size of the API pre- and post-

manufacture of a locally-acting suspension nasal spray. This is vitally important to 

ensure the technique is able to discriminate between the particle size of the 

suspended APIs from those of the undissolved excipients in the nasal suspension. 

Also, it will be helpful to determine if particle size differences determined by MDRS 

are likely to result in trends in the dissolution kinetics.  

3.3.1. Particle Sizing of As-Received Mometasone Furoate Monohydrate 

Four batches of API were procured and sized before being formulated into nasal 

suspension formulations. The PSD measured by laser diffraction of the as-received 

API batches 1, 2, 3 and 4 of mometasone furoate monohydrate is shown in Figure 33 

and Table 4. ANOVA followed by Tukey's post hoc analysis was conducted on these 

data. All batches had a significantly different d50 (p<0.05), and these data show that 

Batch 2 was significantly smaller than all other batches, followed by Batch 3, Batch 4, 

and Batch 1. Furthermore, the span was also significantly different between all 

batches. 

Table 4. The mean PSD in volume distribution of four batches of as-received MFM by laser 

diffraction. Standard deviations are included in the parenthesis (n=3).  

Batch d10 (µm) d50 (µm) d90 (µm) span 

1 2.14 (0.05) 6.36 (0.08) 12.57 (0.11) 1.64 (0.01) 

2 0.76 (0.01) 1.39 (0.01) 2.42 (0.03) 1.19 (0.01) 

3 1.14 (0.01) 3.97 (0.02) 8.11 (0.10) 1.76 (0.02) 

4 1.81 (0.05) 6.01 (0.15) 11.94 (0.25) 1.69 (0.01) 
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Figure 33. Mean PSD in volume distribution of four batches of as-received MFM by laser 

diffraction (n=3). 

The particle size of the different API batches was also analysed with automated 

imaging to account for any differences between methodologies (laser diffraction and 

MDRS). To be able to compare these data with laser diffraction results, a conversion 

from number to volume distribution was required. These data are presented in Table 

5 and Figure 34 and suggested that the same trends as laser diffraction was 

observed. However, a larger PSD was observed when comparing the results obtained 

using laser diffraction. This difference was largely attributed to the sizing method for 

both techniques. For example, MDRS is an image-based particle sizing tool whilst 

laser diffraction relies on laser light diffraction to determine the particle size. Both 

techniques have a different limit of detection, which corresponds to 0.1 and 0.5 µm 

for laser diffraction and MDRS, respectively (Malvern Panalytical, 2013a; Malvern 

Panalytical, 2015). Also, the particle size data from laser diffraction-based methods 

use an equivalent sphere fit which may explain the differences in PSD between MDRS 

and laser diffraction. Additionally, while laser diffraction analyses millions of particles 

with an algorithm that evaluates the data in volume distribution, automated imaging 

relies on the analysis of a limited number of particles (a few hundred) by counting and 

measuring every single particle individually and gathering the data as number 

distribution. Although volume distribution is generally preferred in the pharmaceutical 
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industry due to its ability to be sensitive to small changes in the amount of large 

material in the sample, in a conversion of number to volume distribution, the error of 

the measurement will be cubed (Burgess et al., 2004; Mitchell et al., 2011; Malvern 

Panalytical, 2013a).  

Despite these differences between techniques, there was good agreement between 

the rank order of particle size of the different batches, which followed the order Batch 

1~Batch 4>Batch 3>Batch 2. Hence, Batch 1 had the largest particle size (d50), which 

was not significantly different from Batch 4 but was significantly different from the 

other batches. While Batch 2 had the smallest median diameter significantly different 

from all other batches. Batches 3 and 4 d50 were not statistically different. No statistical 

differences were observed for the span between the different batches, with the 

exception of Batch 4 and Batch 3.  

Although a similar trend was observed in data captured by MDRS when compared to 

the laser diffraction data, unlike laser diffraction the differences in size between some 

batches do not appear to be significantly different, suggesting that laser diffraction is 

the most sensitive technique for measurement of PSD on the raw material. Though, 

this technique does not allow the measurement of the drug substance PSD in situ in 

the finished product. Therefore, it is critical to compare automated imaging results 

with a more sensitive technique such as laser diffraction to ensure that both 

techniques are providing comparable results, but also to measure the API particle 

size using MDRS before and after manufacturing the nasal suspension formulation 

batches to track any changes in API PSD during the manufacturing. Moreover, when 

comparing data from the same instrument, it is recommended to avoid number-

volume distribution conversion (Brewer and Ramsland, 1995; Malvern Panalytical, 

2013a). 

Table 5. Mean PSD in volume distribution of four batches of as-received MFM by automated 

imaging by MDRS. Standard deviations are included in the parenthesis (n=3). 

Batch d10 (µm) d50 (µm) d90 (µm) Span 

1 2.81 (0.05) 6.84 (0.50) 10.09 (0.48) 1.07 (0.02) 

2 1.63 (0.19) 2.54 (0.24) 3.77 (0.34) 0.84 (0.08) 

3 3.69 (0.15) 5.80 (0.04) 8.14 (0.26) 0.77 (0.02) 

4 2.60 (1.13) 6.54 (0.23) 9.72 (0.20) 1.09 (0.23) 



Chapter 3 

111 

 

Figure 34. Mean PSD in volume distribution of four batches of as-received MFM by automated 

imaging (n=3). 

3.3.2. Manufacturing of Nasal Formulations and In Vitro BE Testing 

In this study, four different particle size fractions of MFM were procured and 

formulated into four nasal suspension formulations (Batch 1, 2, 3, and 4) qualitatively 

(Q1) and quantitatively (Q2) similar to Nasonex®. These final batches were then 

submitted to most of the in vitro BE tests recommended in the PSG for Mometasone 

Furoate Nasal Spray, Metered (Recommended Sep 2015; Revised Feb 2019, Jun 

2020): SAC, DSD, SP and PG (US Food and Drug Administration, 2019c; US Food 

and Drug Administration, 2019d). There was no statistical difference for SAC, DSD 

(d50 and span), SP ovality ratio or area, and PG width and angle of these formulations, 

as presented in Table 6. Therefore, the only parameter that was purposely different 

between products and to Nasonex® was the particle size of the API included in the 

four test formulations, which did not appear to significantly impact these in vitro 

characteristics measured. This may suggest that the API particle sizes chosen in 

these manufactured batches were not impacted by the device design in these cases 

(i.e., formulation-device interactions) to achieve any significant differences upon 

actuation. In addition, this suggests an additional technique, such as MDRS, is 
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necessary to characterise PSD of the API once formulated, which is not characterised 

by these other in vitro BE tests. 

Table 6. Mean values of the in vitro characterisation of four batches of formulated MFM and 

Nasonex® by SAC, DSD, SP and PG. Standard deviations are included in the parenthesis 

(n=3). 

Batch 
SAC 
(µg) 

DSD 

d50 (µm) 

DSD 

span 

SP 
Ovality 

ratio 

SP Area 
(cm2) 

Plume 
Width 
(cm) 

Plume 
Angle 

(º) 

1 
49.45 
(0.62) 

42.17 
(2.26) 

1.37 
(0.07) 

1.45 
(0.09) 

4.31 
(0.80) 

4.26 
(0.35) 

41.39 
(2.97) 

2 
49.94 
(0.64) 

40.34 
(0.69) 

1.42 
(0.03) 

1.44 
(0.10) 

4.15 
(0.91) 

4.56 
(1.29) 

40.70 
(9.96) 

3 
49.88 
(0.45) 

40.06 
(1.16) 

1.42 
(0.06) 

1.37 
(0.11) 

4.81 
(0.55) 

4.33 
(0.85) 

41.24 
(8.61) 

4 
49.59 
(0.91) 

42.01 
(1.72) 

1.43 
(0.02) 

1.39 
(0.08) 

4.66 
(0.79) 

4.21 
(0.92) 

39.77 
(10.01) 

Nasonex® 
49.49 
(0.79) 

42.8 
(0.46) 

1.43 
(0.02) 

1.84 
(0.54) 

4.38 
(0.44) 

4.61 
(0.39) 

40.74 
(2.35) 

 

 

 
3.3.3. In Situ Particle Sizing and Morphology Analysis of Nasal Suspensions Using 

Morphologi G3-ID® 

The API batches were manufactured as aqueous nasal suspensions to be similar to 

Nasonex® but formulated with API batches with different particle sizes. The MDRS 

method was then employed to determine if the as-received drug substance particle 

size correlated with the formulated drug substance particle size in the formulation and 

released from the nasal spray device. These data are presented in Table 7 and Figure 

35.  

The API particle size in the formulated product was larger than the as-received API 

when measured by laser diffraction. Besides the previously discussed differences 

between the two techniques, this difference may also indicate that the API may have 

undergone Ostwald ripening in the aqueous vehicle (Marqusee and Ross, 1984; 

Voorhees, 1985; Verma et al., 2011). When comparing MDRS on the final product 

with a similar methodology (automated imaging), a general API particle size reduction 

was observed for all batches (Table 7). Even though these batches were 

manufactured under the same conditions, this reduction in API particle size was 
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particularly more pronounced for Batch 4 and can be associated with the higher 

friability of this API batch towards the high shear homogenisation (Dévay et al., 2006; 

Chitu et al., 2011). Although this reduction in particle size could also be associated 

with the forces involved during the formulation actuation from a nasal spray pump 

through a small nozzle orifice, there was no evidence of any actuation effect observed 

during MDRS method development.  

Moreover, these data show that Batch 2 d50 was significantly (p<0.05) smaller than all 

other test batches in the manufactured formulations (Table 7) as observed by laser 

diffraction (Table 4) and automated imaging analysis of the raw API (Table 5). Batch 

1 has a significantly (p<0.05) larger d50 when comparing to any other batch. Batch 4 

was significantly smaller than Batch 1 (Table 7), unlike the PSD of the raw material 

by automated imaging (Table 5) and not statistically different from Batch 3 (Table 7). 

Nevertheless, there was a good agreement in the rank order of particle sizes between 

the raw material and finished product, except for Batch 4, which might have 

undergone a more pronounced particle size reduction. For the finished product, the 

following rank order of particle size was observed: Batch 1>Batch 3~Batch 4>Batch 

2. Only Batch 1 and Batch 2 were assessed as having a statistically different span in 

comparison with each other. When comparing the test batches with Nasonex®, no 

significant difference was observed between Batch 2, 3, 4 and the reference product 

for both d50 and span. 

 
Figure 35. Mean MDRS PSD by volume distribution of four batches of MFM formulated into 

aqueous nasal suspension formulations and Nasonex® (n=3). 
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Table 7. Mean PSD by volume distribution of four batches of formulated MFM nasal 

suspensions and Nasonex® by MDRS. Standard deviations are included in the parenthesis 

(n=3). 

Batch d10 (µm) d50 (µm) d90 (µm) Span % < 5 µm 

1 2.72 (0.29) 5.64 (0.62) 10.26 (1.36) 1.36 (0.43) 39.48 (8.33) 

2 2.05 (0.01) 2.43 (0.03) 3.41 (0.15) 0.56 (0.06) 98.21 (2.19) 

3 2.47 (0.20) 4.21 (0.46) 6.60 (0.40) 0.98 (0.06) 64.91 (6.55) 

4 2.30 (0.01) 4.03 (0.04) 6.33 (0.07) 1.00 (0.01) 67.30 (1.47) 

Nasonex® 2.28 (0.14) 3.20 (0.92) 5.47 (1.28) 0.98 (0.14) 81.03 (11.36) 

 

3.3.4. Dissolution as an Orthogonal Technique to Support MDRS 

MDRS was utilised to track the API PSD prior to and once incorporated into a complex 

nasal product. However, MDRS is an optical microscopy technique with limitations to 

the lowest detectable particle size (between 0.5-2 µm) (Malvern Panalytical, 2015). 

Therefore, an orthogonal technique that can trace any difference in particle size of the 

API is required. Although various attempts have been made in the literature to model 

the PSD of the API from a dissolution profile based on the Noyes-Whitney equation, 

there is no universal approach for this prediction (Noyes and Whitney, 1897; Lu et al., 

1993; de Almeida et al., 1997; Tinke et al., 2005; Agata et al., 2010; Cao et al., 2016). 

Nevertheless, dissolution analysis is a measure of surface area and is still a valid 

technique to track differences in PSD of hydrophobic drug substances in which 

dissolution is the rate-limiting step involved in the drug release into the media. In fact, 

dissolution is more sensitive to particles with higher surface area and smaller particle 

size, making this tool an ideal orthogonal technique to evaluate any differences in the 

drug substance particle sizes. Other product attributes such as rheology and surface 

tension might also affect the release rate of the active ingredient, particularly for more 

hydrophilic drug products and depending on the dissolution or in vitro release testing 

setup (Flynn et al., 1999; Li et al., 2011; Trows et al., 2014).  

The dissolution analysis of the formulations made with drug substance of different 

particle sizes was performed, and the results are presented in Figure 36. The similarity 

between batches was assessed by evaluating the similarity factor 𝑓2 analysis, which 

is presented in Table 8. These data suggest that Batch 3, Batch 4 and Nasonex® have 

a similar dissolution profile which correlates well with PSD data measured by means 
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of MDRS, thus supporting the previously observed reduction of API particle size for 

Batch 4 during formulation to a similar PSD as that of Batch 3 and Nasonex®. 

Furthermore, Batch 1 had the slowest dissolution rate correlating well with the largest 

API PSD, and Batch 2 the fastest dissolution rate with a strong correlation to the 

smallest API PSD. 

Since the finer particles will have the most significant effect on dissolution rate, the 

percentage by volume less than 5 µm (% < 5 µm) (Table 7) was compared against 

the dissolution half-life (T0.5) as presented in Figure 37. These data suggested a good 

correlation between the % < 5 µm and T0.5 of the formulated products. Hence, an 

orthogonal approach combining MDRS and dissolution analysis will help support 

generic manufacturers to develop generic products of aqueous nasal suspensions 

and ensure they have control of the drug product quality and BE. These experimental 

data, particularly for poorly soluble drugs, may also be used in combination with 

regional deposition results obtained via realistic nasal casts to feed an in silico model 

able to characterise the regional deposition, mucociliary clearance and absorption 

that determine both local and systemic exposure (Gonda and Gipps, 1990; Gonda, 

1998; Weber and Hochhaus, 2013; Salade et al., 2019; Forbes et al., 2020). 

Moreover, the combination of these orthogonal techniques may be used for 

bioequivalence studies as part of the alternative approach to the comparative clinical 

endpoint BE study proposed on the draft PSG for Mometasone Furoate Nasal Spray, 

Metered (Recommended Sep 2015; Revised Feb 2019, Jun 2020) (US Food and 

Drug Administration, 2019d). This guidance was reissued in 2019 after a novel 

technology (MDRS) that was able to measure the API particle size within a complex 

nasal suspension emerged. This guidance reinforces the previous FDA approval of 

Apotex's ANDA application for a generic copy of Merck's Nasonex®, where the in vitro 

particle size data from MDRS was accepted in lieu of the clinical endpoint BE study 

(US Food and Drug Administration, 2016d; Liu et al., 2019). The data presented 

herein suggest that MDRS allows the comparison of the particle size distribution of 

an API within a complex nasal suspension test and reference product by tracking the 

particle size before and after formulation and taking into account any changes during 

manufacturing and storage. Furthermore, orthogonal techniques such as dissolution 

may be used to strengthen the MDRS data by compensating for its limitations and 

evaluating differences in the dissolution rate of the drug substance particles. 
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Table 8. Similarity factor 𝒇𝟐 analysis of the mean dissolution profile (n=3) of four batches of 

MFM formulated into aqueous nasal suspension formulations and Nasonex®. 

Batch 2 3 4 Nasonex® 

1 10.98 29.59 32.16 30.72 

2 - 21.71 21.10 21.63 

3 - - 54.12 59.03 

4 - - - 62.36 

 

Figure 36. Mean dissolution profile of four batches of MFM formulated into aqueous nasal 

suspension formulations and Nasonex® (n=3). 

 

Figure 37. Relationship between the percentage by volume less than 5 µm (% < 5 µm) of the 

formulated MFM measured by MDRS and the dissolution half-life (T0.5) of the MFM drug 

product. Error bars show standard deviations (n=3).  
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3.4. Conclusions 

A combination of morphological analysis and Raman spectroscopy of a nasal 

suspension was used to isolate the API population for drug-specific particle sizing in 

formulated locally-acting nasal suspension sprays. This approach allowed 

characterisation of the drug substance PSDs in the formulation and thereby facilitates 

comparative analysis of test and reference products. Hence, these data suggest that 

MDRS may be used to evaluate the PSD of the API only on a complex nasal 

suspension. Still, MDRS is a microscopy technique that has a limitation on the 

minimum particle size detected. To compensate for this tool drawback, the application 

of an orthogonal technique that is able to evaluate differences in API particle size is 

suggested. Herein, dissolution was successfully used as an orthogonal technique to 

track the API PSD of a complex nasal suspension. Hence, together these analytical 

methods may facilitate the determination of critical material and process attributes 

that may affect drug product quality and may aid BE studies to show comparability 

between test and reference formulations. 

This chapter provides an extensive method development strategy for a novel 

technique that is currently being applied as an alternative to clinical endpoint studies 

for locally-acting nasal suspensions. Two different studies from members of the OGD 

propose similar method development strategies to the one herein proposed (Liu et 

al., 2019; Thomas et al., 2021). The first study focuses on introducing the scope of 

this technique and briefly proposing a method development strategy with no 

experimental details (Liu et al., 2019). The second study proposes a detailed method 

development strategy for MDRS focused on the reference product (Thomas et al., 

2021). In this study, this technique is assessed from a product development 

perspective by tracking the API PSD before and after and after formulation and 

comparing it with the most commonly used sizing technique for micronized material 

(laser diffraction). Moreover, both OGD studies suggest that an orthogonal method 

might be required due to MDRS sizing limitations, but no methodologies are proposed 

or exemplified. Dissolution testing is herein proposed as an orthogonal technique that 

may be used for these studies.  

These two techniques will also be explored for orally inhaled drug products in the next 

chapters. Further techniques for locally-acting nasal suspensions will also be 

considered in Chapter 6. 
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4.1.  Introduction 

For a locally-acting inhaled drug product to elicit a pharmacological effect, the 

therapeutic dose must first reach the mucosal surface, lining the respiratory tract. 

Upon reaching the respiratory mucosa, the fate of the inhaled drug substance is not 

well understood. However, it is believed that the critical determinants that affect the 

local drug concentration at the sites of action, as well as the rate and extent of drug 

absorption through the lung, are the deposition pattern (i.e., the distribution of the 

respirable dose among mouth–throat regions, conducting and peripheral airways), the 

molecular properties of the active pharmaceutical ingredient (API) and the need for 

the drug to be in solution, that is, the in vivo dissolution kinetics (Patton et al., 2010). 

Currently, since local drug concentrations throughout the respiratory tract cannot be 

measured in a practical way, determining local equivalence between test and 

reference products in developing bioequivalent generic products is very challenging 

and more complicated than for systemically-acting drugs. Furthermore, with the 

limited understanding of the relationship among conventional in vitro performance 

parameters [e.g., aerodynamic particle size distribution (APSD) profiles, mass median 

aerodynamic diameter (MMAD), fine particle mass (FPM), and delivered dose] and 

the dissolution and absorption kinetics of the respirable dose, the development of 

bioequivalent orally inhaled drug products (OIDPs) is extremely challenging. As 

formerly discussed in previous chapters, the US Food and Drug Administration (FDA) 

currently recommend the aggregated weight-of-evidence approach to establish 

bioequivalence (BE) between test and reference OIDPs (Lu et al., 2015). This 

approach relies on comparative in vitro studies (for equivalence in product 

performance) and comparative in vivo studies, including pharmacokinetic (PK) for 

equivalence in systemic exposure and pharmacodynamic (PD) or clinical endpoint 

(CE) for equivalence in drug delivery at the sites of action. Furthermore, formulation 

sameness (Q1 and Q2, i.e., the same inactive ingredients and at the same 

concentration ± 5 % as the reference product) and device similarity should be 

demonstrated. This weight-of-evidence approach has been used by the FDA to draft 

individual product-specific guidance to assist in the development programs of generic 

OIDPs.  

In the case of generic OIDPs, the identification, validation, and standardisation of 

novel in vitro and in silico tools may provide an insight into the relationship between 
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regional drug deposition and the extent and rate of drug exposure at the local sites of 

action in the lungs. This may ultimately provide an alternative regulatory pathway for 

demonstrating bioequivalence of generic OIDPs without the need to conduct in vivo 

comparative PD or CE studies.  

For poorly soluble drugs, the correlation between aqueous solubility and mean 

absorption time (MAT) for a range of compounds in the lungs suggests that dissolution 

may be the rate-limiting step for absorption (Hastedt et al., 2016). Furthermore, 

dissolution of the respirable dose in the limited fluid lining the central airways is in 

kinetic competition with the pulmonary mucociliary clearance mechanism (Bäckman 

et al., 2014). Thus, the bioavailability of the pulmonary deposited dose, both locally 

and systemically, may be directly affected by the dissolution characteristics in the air-

liquid interface. In silico mechanistic modelling of the systemic exposure of a poorly 

soluble drug substance, with different aerodynamic particle size distributions, 

highlighted that the slight difference in deposition pattern could not explain the 

observed differences in plasma profiles and indicated that the rate of dissolution was 

the rate-limiting step of absorption into the systemic circulation (Olsson and Bäckman, 

2014). 

4.1.1. Different Dissolution Methodologies for Pharmaceutical Products 

Dissolution is a well-established methodology for oral products, which can evaluate 

the microstructure as a whole and capture changes that might affect the drug 

bioavailability. However, it was only during the second half of the last century that 

dissolution started being used for the analysis of drug release (Edwards, 1951; 

Dokoumetzidis and Macheras, 2006). In the 60s, the dissolution rate of an API was 

reported to have a significant impact on the bioavailability of a drug and the speed of 

onset, intensity, and duration of the pharmacological effect (Higuchi, 1961; Higuchi, 

1963; Dokoumetzidis and Macheras, 2006). In fact, during this time, it was believed 

that dissolution could be used to predict the bioavailability of a drug product. Although 

a master model that is able to predict the bioavailability from dissolution data is yet to 

be developed, all the observed in vivo in vitro correlations and bioavailability concerns 

prompted the introduction of dissolution analysis into the pharmacopoeias (The 

United States Pharmacopeial Convention, 2021f). In 1970, the basket-stirred-flask 

test was adopted as the first compendial test for dissolution (Dokoumetzidis and 

Macheras, 2006). In 1978, a chapter in drug release was published with another 
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apparatus (paddle) (Dokoumetzidis and Macheras, 2006; The United States 

Pharmacopeial Convention, 2021g). For extended-release products, the reciprocating 

cylinder and flow-through cell were developed in 1991 and 1995, respectively. More 

recently, the paddle over disk (POD), cylinder and reciprocating holder apparatus 

were established (Dokoumetzidis and Macheras, 2006; The United States 

Pharmacopeial Convention, 2021g). A summary of the current United States 

Pharmacopeia (USP) apparatus is presented in Table 9 and Figure 38.  

Table 9. USP dissolution apparatus date of release and associated dosage forms. 

USP Apparatus Type Dosage Form 

I Basket 
Immediate release, extended-release, 
delayed-release 

II Paddle 
Immediate release, extended-release, 
delayed-release 

III Reciprocating Cylinder Immediate release, extended-release 

IV Flow-through cell Extended-release, poorly soluble API 

V Paddle over disk Transdermal 

VI Cylinder Transdermal 

VII Reciprocating holder Transdermal, extended-release 
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Figure 38. Schematic representation of the USP dissolution apparatus (The United States 

Pharmacopeial Convention, 2021f; The United States Pharmacopeial Convention, 2021g). 

  

Apparatus I Apparatus II Apparatus III

Apparatus V Apparatus VIApparatus IV

Acrylic Rod Teflon Cylinder Spring Holder Reciprocating
Disc
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4.1.2. Dissolution on OIDPs 

The major challenges in developing an in vitro dissolution test for OIDPs have been 

reviewed by both the USP Ad Hoc Inhalation Advisory Panel in 2008 and the 

dissolution working group IPAC-RS in 2012 (Gray et al., 2008; Riley et al., 2012). 

They reviewed all published methodologies for aerosol collection and dissolution 

testing of OIDPs, available at those times. The major findings of both groups were 

that all methodologies lacked the robustness and the level of validation required for a 

standardised dissolution test, either as a quality control (QC) tool to assess batch 

consistency or in establishing a quantitative in vitro in vivo relationship between 

dissolution data and systemic PK profiles. To develop a well-designed and validated 

dissolution method for inhaled products, the following aspects must be considered: 

the dose collection apparatus, the choice and volume of the dissolution media and 

the dissolution apparatus (Gray et al., 2008; Riley et al., 2012; Verma et al., 2015). 

The lung is covered by a small amount of aqueous fluid (10-30 mL) composed of a 

mixture of phospholipids and proteins. Its exact composition differs in the various 

regions of the lungs and between healthy and lung disease individuals. This surfactant 

plays a crucial role in preserving normal respiratory mechanics by reducing alveolar 

surface tension to near-zero values (Shelley et al., 1982; Zuo et al., 2008; Verma et 

al., 2015). To allow in vivo predictions, licenced surfactant products for the treatment 

of respiratory diseases such as Curosurf and Survanta have been used as dissolution 

media (Davies and Feddah, 2003; Zuo et al., 2008; Riley et al., 2012; Verma et al., 

2015). Nevertheless, due to analytical and cost limitations, this media is not reported 

as the number one choice for dissolution analysis in inhaled products. Dissolution is 

a QC tool widely used with several different methods reported in the literature (US 

Food and Drug Administration, 2020b). Generally, these media involve aqueous 

diluents with phosphate buffers at 37 ºC to mimic average human temperature. 

Surfactants such as Tween 80, Dipalmitoylphosphatidylcholine and Sodium Dodecyl 

Sulphate (SDS) can also be added to aid with the wettability and dissolution of low 

solubility drug substances (Davies and Feddah, 2003; Zuo et al., 2008; US Food and 

Drug Administration, 2020b). 

Since there is no current regulatory requirement and guidance for dissolution testing 

of orally inhaled products, several setups have been evaluated. USP apparatus II has 

been used for the analysis of inhaled products by sieving the powder into the 
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dissolution bath or by using a sinker such as a basket (Alhusban and Seville, 2009) 

or a membrane cassette (Son and McConville, 2009). A modified USP apparatus IV 

has also been used to evaluate poorly soluble drugs since this setup can easily ensure 

sink conditions (May et al., 2012). For samples collected onto a filter, USP apparatus 

V is the preferred set up to evaluate the drug release profile (Davies and Feddah, 

2003; Son and McConville, 2009; Son et al., 2010; Mees et al., 2011). Nevertheless, 

diffusion-controlled cell apparatus has also been studied for inhaled products. These 

setups are used to characterise the diffusion of drug molecules between a donor and 

receptor compartments separated physically by a semi-permeable barrier. These 

apparatus can be an agitated (Franz Cell) or non-agitated setup (Transwell®) and are 

presented in Figure 39 (Salama et al., 2009; Arora et al., 2010). 

 

Figure 39. Schematic representation of two diffusion-controlled cell apparatus: modified Franz 

Cell (left) and Transwell® (right). 

4.1.3. ADC Apparatus for In Vitro Dissolution on OIDPs 

The major challenge in the development of a dissolution approach for OIDPs remains 

the aerosol collection system. OIDPs are combination products that will depend on 

the formulation, device, and patient flow. Therefore, analysing the dissolution profile 

of the aerosolised fraction is advantageous to generate data capable of reflecting in 

vivo dissolution (May et al., 2012). To evaluate the dissolution profiles of different 

inhalers, separating the non-respirable fraction from the respirable dose (less than < 

5 µm) and analysing the respirable dose is critical. Several apparatuses have been 

developed which are able to separate particles according to their aerodynamic particle 

size on a dry surface (impactors) and onto a liquid (impingers), and consequently, to 

analyse the respirable dose (as introduced in Chapter 2). 

These apparatuses have then been adapted by different researchers to allow the 

collection of the aerosolised respirable dose onto a filter for dissolution studies. 
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Davies and Feddah proposed positioning a filter at the base of the USP inlet on top 

of an Andersen Cascade Impactor (ACI), capturing the aerosolised particles onto a 

filter, without distinguishing between respirable and non-respirable fraction (Davies 

and Feddah, 2003). Arora managed to collect the respirable fraction of particles on 

the impaction stages of an ACI simply by placing polyvinylidene difluoride membrane 

filters on the stainless-steel collection plates (Arora et al., 2010). However, this setup 

might have an impact on the aerodynamic flow profiles of the particles (Riley et al., 

2012). In 2009, Son et al. introduced a modified Next-Generation Impactor (NGI) cup 

with a removable impaction insert, which can capture the respirable fraction onto a 

filter. Though, since this cup is positioned after the air jets of an NGI, the aerosolised 

material will follow these air jets and get deposited on a lower surface area site, 

resulting in dissolution rate dependence on drug loading (Son and McConville, 2009; 

Son et al., 2010). To try to increase the surface area and reduce the drug loading 

dependence, Mees positioned the collection filter on top of the air jets of an NGI (Mees 

et al., 2011). The fast screening impactor and twin stage impinger have also been 

evaluated as dose collection apparatus for dissolution since these are able to 

separate aerosols into two fractions according to the aerodynamic size, which is 

useful for capturing the entire respirable dose (Buttini et al., 2014; Verma et al., 2015). 

Although several approaches have been proposed (Figure 40), it has been highlighted 

that there is a need to collect a homogenous distribution of the aerosolised dose onto 

a membrane to increase the discriminatory capability of the dissolution measurements 

(Gray et al., 2008; Riley et al., 2012). 

Indeed, one of the drawbacks of commercially available aerosol filter-based collection 

systems is that the dissolution rate is highly sensitive to the collected dose and 

decreases with increasing collected mass of a given formulated product (May et al., 

2012). The effect is thought to be due to the formation of in situ agglomerates, created 

by the impactor jets, during collection onto the filter membrane surface. This results 

in agglomerates of drug particles that cannot be fully wetted by the dissolution media. 

Thus, these collection systems can lead to a significant increase in the probability of 

particle-particle aggregation, which directly influences the sensitivity and 

discriminatory capability of dissolution rate measurements. 
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Figure 40. Examples of dose collection apparatus for dissolution: A was adapted from Davies 

and Feddah (2003), B was adapted from Mees et al. (2011), C was adapted from Arora et al. 

(2010), and D was adapted from Son et al. (2010).  
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4.1.4. Comparison of Dissolution Profiles 

The type of drug, its crystallinity, particle size, surface area, solubility, morphology, 

polymorphic form, and drug product microstructure will govern the dissolution kinetics. 

To facilitate the comparison and description of dissolution profiles, kinetic models can 

be used. Mechanistic models may describe the diffusion process and are based on 

Noyes Whitney, Nernst Brunner, and derived equations discussed in Chapter 3 

(Noyes and Whitney, 1897; Brunner, 1904; Nernst, 1904; Costa and Sousa Lobo, 

2001). Nevertheless, in most cases, simple mechanistic models are not able to fully 

describe the practical experiment. Therefore, semi-empirical and empirical models 

may be used on these occasions.  

For pharmaceutical dosage forms that do not disaggregate and release the drug 

slowly without ever reaching equilibrium conditions, zero-order kinetics may be used 

to represent the dissolution kinetics. Products such as transdermal systems, matrix 

tablets and modified release products can be expressed by Equation 12, where Q0 is 

the initial amount in solution (0 for most of the times), Qt is the amount of drug 

dissolved in time t and K0 the zero-order release constant (Costa and Sousa Lobo, 

2001). 

Equation 12. Zero-order kinetics. 

𝑄𝑡 = 𝑄0 + 𝐾0. 𝑡 

Hixson-Crowell model may be applied to dosage forms such as tablets, where the 

dissolution occurs in parallel planes in which the initial geometrical form is kept 

constant at all time. Hixson and Crowell proposed Equation 13 in 1931, where 𝐾𝑆 is a 

constant incorporating the surface-volume relationship after acknowledging that the 

particle area is proportional to the cubic root of its volume (Hixson and Crowell, 1931; 

Costa and Sousa Lobo, 2001). 

Equation 13. Hixson–Crowell model. 

𝑄0
1/3

− 𝑄𝑡
1/3

= 𝐾𝑆. 𝑡 

Hixson and Crowell's equation applied Brunner adaptation of the Noyes-Whitney 

equation and Fick's law (see Chapter 3) to derive a first-order kinetics equation. This 
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equation was proposed by Gibaldi to explain the dissolution of drug substance with a 

constant area in idealised sink conditions (Noyes and Whitney, 1897; Brunner, 1904; 

Gibaldi and Feldman, 1967; Costa and Sousa Lobo, 2001). This theoretical equation 

is presented below (Equation 14), where K1 is the first-order release constant. 

Equation 14. First-order kinetics. 

𝑙𝑛 𝑄𝑡 = 𝑙𝑛𝑄0 × 𝐾1 × 𝑡 

Other models, such as the Weibull model, Baker–Lonsdale model and Hopfenberg 

model, can also be used for specific drug products (Costa and Sousa Lobo, 2001). 

Although describing the drug release can be too complex to define with a single model 

due to being a multistep event provoked by different physical and chemical inputs, all 

the models listed above can be used to define the rate-limiting step in drug release. 

To choose the most appropriate model, the coefficient of determination value, the 

correlation coefficient, the sum of square residues, the mean square error or Akaike 

information criterion can be used (Costa and Sousa Lobo, 2001; Verma et al., 2015). 

Ratio model-independent tests can also be used to evaluate the area under the curve 

(AUC) or mean dissolution time (MDT). The mean dissolution time is a parameter that 

can be used to link measured dissolution kinetics to clinical measurements. It uses 

the principles of statistical moment analysis from all the dissolution release data to 

estimate the dissolution time for 50 % of the dose. Equation 15 represents the 

calculation of mean dissolution time, where t is the sample number, n the number of 

dissolution time points, t̂t is the time between tt and tt-1 calculated by 
𝑡𝑡+𝑡𝑡−1

2
 and ∆Mj 

is the additional amount of drug dissolved between tt and tt-1. 

Equation 15. Mean dissolution time. 

𝑀𝐷𝑇 =
∑ 𝑡�̂�. ∆𝑀𝑡

𝑛
𝑡=1

∑ ∆𝑀𝑡
𝑛
𝑡=1

 

 
Pair-wise model-independent tests include the difference factor and similarity factor 

𝑓2. The similarity between reference and test products can be assessed by evaluating 

the similarity factor 𝑓2 proposed for in vitro dissolution testing conducted as proposed 

by the current guidance's (US Food and Drug Administration, 1995). This similarity 

factor is calculated as expressed hereunder (Equation 16), where Rt and Tt are the 
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percentages dissolved at each time point. An 𝑓2 value between 50 and 100 suggests 

the two dissolution profiles are similar.  

Equation 16. 𝑓2 similarity factor. 

𝑓2 = 50 × log10 {[1 +
1

𝑛
∑(𝑅𝑡 − 𝑇𝑡)2

𝑛

𝑡=1

]

−0.5

× 100} 

 

The goal of this study was to develop a bespoke aerosol dose collection (ADC) system 

together with an adapted USP Apparatus V, Paddle over Disk (POD) (Shah et al., 

1986), which may constitute a significant step toward providing reliable dissolution 

data to gain a better understanding of the potential relationships among OIDP 

formulations and local and systemic bioavailability. The major specific, technical 

objective of the study was to validate the impactor-sized mass (ISM) dose collected 

by the ADC, with respect to the ISM dose collected by the NGI, and to significantly 

improve the robustness and discriminatory capability of the in vitro dissolution test 

through uniform distribution of the aerosolised dose across a high surface area filter. 

All dissolution tests were undertaken with a selection of commercially available OIDPs 

containing glucocorticoids, which, with their poor water solubility and negligible oral 

bioavailability, were selected as suitable candidates for investigation.  
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4.2.  Materials and Methods 

Commercial 50, 125, and 250 μg fluticasone propionate (FP) pressurised metered-

dose inhalers (pMDI) (Flixotide® Evohaler®); 100, 250, and 500 μg FP dry powder 

inhalers (DPI) (Flixotide® Accuhaler®); 50/100, 50/250, and 50/500 μg fluticasone 

propionate/ salmeterol xinafoate combination (FP/SX) DPIs (Seretide® Accuhaler®); 

and 200/25 μg fluticasone furoate/ vilanterol trifenatate combination (FF/VIL) DPIs 

(Relvar® Ellipta®) were purchased from GlaxoSmithKline. Commercial 220 μg 

mometasone furoate (MF) DPIs (Asmanex® Twisthaler®) were purchased from Merck. 

All products were tested well before their expiry date. 

Reference standards (1 g) of FP, FF, and MF were purchased from LGC Standards 

(Middlesex, UK). Sodium phosphate-buffered saline (PBS) solutions were prepared 

using sodium phosphate monobasic dihydrate [NaH2PO4.2H20, Molecular Weight 

(MW)= 156.01 g/L], sodium phosphate dibasic (Na2HPO4, MW= 141.96 g/L), 0.1 M 

hydrochloric acid (HCl), and sodium chloride (NaCl, MW= 58.44 g/L), which were 

purchased from Fischer Scientific (Loughborough, UK). Pall A/E type glass fibre filters 

(47 mm diameter, 1 μm nominal pore size) were purchased from Copley Scientific 

(Nottingham, UK). Whatman Puradisc® polytetrafluoroethylene (PTFE) filters (13 mm 

diameter, 0.2 μm pore size) were purchased from Scientific Laboratory Supplies 

(Nottingham, UK). Water used during the studies was Milli-Q® Reverse Osmosis 

purified (Merck Millipore, Darmstadt, Germany). SDS, polyoxyethylene (80) sorbitan 

monooleate (Tween® 80), methanol and acetonitrile were of high-performance liquid 

chromatography (HPLC) grade and purchased from Sigma (Gillingham, UK). 

Adirondack Alcohol Ink (Raisin TIM22145) was purchased from Tim Holtz® (Ranger 

Ink, NJ, US). 

4.2.1. APSD by Next-Generation Impactor 

While validating the ADC system, the ISM dose of a commercial 250 μg FP DPI was 

evaluated with a standard in vitro NGI equipped with a pre-separator (Copley 

Scientific, Nottingham, UK). The flow rate was adjusted to 60 L/min using a flow 

controller (TPK Model, Copley Scientific, Nottingham, UK). The duration of 

aerosolisation was adjusted so that 4L of air was withdrawn through the system. Each 

determination was performed in triplicate. The NGI stages have different cut-off 

values at different airflow rates (see Chapter 2). To compare the performance of both 
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systems, the ISM dose from stage 2 to the micro-orifice collector (MOC) was 

quantified.  

4.2.2. Solubility Measurements 

Saturated solutions of FP were prepared by adding an excess of the drug into a PBS 

solution at pH = 7.4 containing 0.2 % w/v SDS. Solutions were held at 37 °C for 24 h 

prior to filtration and quantification by HPLC. All solubility measurements were 

performed in triplicate. 

4.2.3. Scanning Electron Microscopy (SEM) 

Drug filters were sputter-coated with gold (Edwards Sputter Coater S150B, Edwards 

High Vacuum, Sussex, UK) to achieve a thickness of approximately 20 nm. All SEM 

imaging was performed using a scanning electron microscope (JEOL JSM6480LV, 

Tokyo, Japan) using 15 kV accelerating voltage. The magnification was set to x1000. 

4.2.4. Dissolution Studies 

All dissolution studies were conducted in an adapted USP Apparatus V (Figure 41), 

also known as paddle over disk, traditionally used for transdermal delivery systems 

(Shah et al., 1988). All dissolution measurements were performed at 37 °C in a 300 

mL PBS and 0.2 % w/v SDS dissolution media with a stirring speed of 75 rpm. The 

USP disk assembly membrane holder for transdermal patches was adapted to enable 

a 47 mm glass fibre filter to be housed. A 50 mm diameter stainless steel disk 

assembly was used with a 74-mesh screen (NW-50-CR-SV-74, Nor-Cal Inc., US). For 

all dissolution experiments, 3 mL aliquots were withdrawn at 2.5, 5, 10, 15, 20, 25, 

30, 60, 120, 180, and 240 min time intervals and filtered with a 0.2 μm PTFE syringe 

filter directly into HPLC vials. To maintain a constant volume in the dissolution vessel 

and clean the cannulas, the sampling volume was replaced with pre-warmed 

dissolution media. Each dissolution study was performed in triplicate. The total 

amount of drug loaded onto the filters was determined by the sum of the cumulative 

mass released together with any mass retained on the membrane after 4 h. The 

fractional percentage of the drug dissolved at each time point was determined by 

dividing the amount of drug by the total mass loading. 
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Figure 41. Schematic representation of a USP Apparatus V (Paddle over Disk) (The United 

States Pharmacopeial Convention, 2021g). 

4.2.5. Kinetic Modelling of Drug Release and Dissolution Release Profile Comparison 

Testing 

The dissolution profiles of all commercial products were fitted to zero-order, first-

order, Higuchi, Hixson-Crowell, and Korsmeyer and Peppas models to ascertain the 

most appropriate kinetic modelling of drug release (see section 4.1). For all batches 

of commercial products, the most appropriate model was the first-order drug release. 

Model-independent methods were also applied to compare the dissolution release 

profiles. The mean dissolution time of the profiles was calculated by the equation 

discussed in section 4.1 (Costa and Sousa Lobo, 2001) 

A similarity factor (𝑓2) analysis was also calculated to compare dissolution release 

profiles of pMDI and DPI products containing FP between the initial sampling time 

point and the cumulative mass at 120 min. The 𝑓2 value was considered similar when 

not less than 50, which is equivalent to an average difference of no more than 10 %. 

The similarity factor analysis has been adopted by the regulatory authorities as a 

criterion for the assessment of similarity between test and reference in vitro 

dissolution profiles (Costa and Sousa Lobo, 2001). 
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4.2.6. High-Performance Liquid Chromatography 

Chemical analyses of active pharmaceutical ingredients were detected using an 

HPLC system which consisted of a binary pump coupled to an autosampler and a 

variable wavelength UV detector (Agilent 1200, Wokingham, UK) that was set to 235 

nm. The pump flow rate was set to 1.0 mL/min through a Hypersil ODS C18 column 

(Fisher Scientific, Loughborough, UK, column length of 50 mm, internal diameter of 

4.6 mm, and particle size of the packing material of 5 μm), which was placed in a 

column oven (Agilent, Wokingham, UK) set to 40 °C. The mobile phase consisted of 

methanol, acetonitrile, and water (32.5, 32.5, 35 % v/v). The experimental run time 

was 3.5 min. For all HPLC studies, a linear regression analysis was used for the 

assessment of the HPLC calibration. Quantification was carried out by an external 

standard method, and linearity was verified between 0.05 and 50 μg/mL. 

4.2.7. Design and Development of the Aerosol Dose Collection (ADC) System 

To overcome the apparent influence of the aerosol collection method on in vitro 

dissolution release profile, a bespoke aerosol dose collection system was designed 

and built. Briefly, the main objectives were the following: (1) to collect and validate 

against a standard NGI the whole ISM dose onto a high surface area filter, (2) to 

obtain dissolution release profiles independent of drug loading, and (3) to attempt to 

increase the overall ruggedness, reliability, and discriminatory capability of in vitro 

dissolution based measurements of OIDPs for QC and BE testing. 

A cross-sectional schematic of the ADC system that was incorporated within stage 2 

of an NGI, in this particular study, is shown in Figure 42. The impactor nozzle in the 

interstage plate of the NGI was removed and replaced with a tapered, circular orifice. 

The removal of the jets from the impactor nozzle led to a significant reduction in the 

exit air velocity, while laminar flow behaviour (i.e., Reynolds number 500 < Re < 3000) 

was maintained across the calibrated flow rates of the NGI (30–100 L/min). The 

difference in the air velocity exiting stage 2 was calculated to be an order of magnitude 

less with the use of a single, circular orifice (from 891 cm/s with the jets to 83.7 cm/s 

at 60 L/min). The combination of low airflow velocity and the distribution of the whole 

pneumatic air across a large diameter orifice was specifically designed to enable 

uniform deposition of the aerosol dose.  
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To harvest the aerosol dose, the collection system was directly mounted onto the 

tapered nozzle. The dose collection housed a removable holder for an appropriate 47 

mm diameter filter that was arranged orthogonally to the direction of the pneumatic 

flow. The dose collector was connected directly to a vacuum pump via a flow controller 

(TPK Model, Copley Scientific, Nottingham, UK). This enabled the collection of all the 

dose below any remaining NGI stage and allowed a direct unimpeded pathway 

extending from the orifice to the filter. pMDIs were tested at 30 L/min with a USP 

throat connected to the NGI. When testing a DPI, a pre-separator was added, and the 

flow rate was 60 L/min. 

 

Figure 42. Schematic representation of a cross-sectional diagram of the aerosol dose 

collection (ADC) system, which was incorporated into stage 2 of the NGI. 

 

4.3.  Results and Discussion 

As formerly discussed herein, the major challenge in developing in vitro dissolution 

methods continues to be the collection apparatus (Gray et al., 2008; Riley et al., 

2012). Dissolution analysis should be independent of the loaded dose and collection 

method. Though this is not observed for current approaches, where increasing the 
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mass loading by altering the number of actuations typically results in a slower 

dissolution rate (May et al., 2012). This dose-independence limits the in vitro 

dissolution test sensitivity to different formulations, particularly when evaluating 

products with distinct fine particle dose (May et al., 2012). This lack of consistency in 

dissolution rate measurements may be attributed to an artefact of the collection 

process. To investigate this artefact, a readily available dose collection apparatus was 

used to collect the aerosolised respirable dose of Flixotide® Evohaler® onto an NGI 

dissolution cup which was then placed inside a USP Apparatus II (Son and 

McConville, 2009; Son et al., 2010). The cumulative mass results in percentage are 

presented in Figure 43 and confirm a slower dissolution rate with an increased number 

of actuations. To further visually the collected dose homogeneity and link it to the 

dose-dependent dissolution profiles, a 0.5 % w/v solution-based pMDI formulated with 

alcoholic ink [Raisin (TIM22145), Tim Holtz® Adirondack Alcohol Inks, US]  was 

actuated into the same collection apparatus. As observed by the photographic images 

presented in Figure 44, this apparatus does not allow a uniform dose collection 

resulting in a dose-dependent dissolution. 

 

Figure 43. Mean cumulative mass (%) dissolution profiles of the FP ISM dose with increasing 

number of actuations of a 125 μg FP pMDI collected using the NGI dissolution cup system at 

30 L/min. Error bars show standard deviations (n=3). 
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Figure 44. Visualisation of the uniformity in deposition of an ISM dose using the NGI 

dissolution cup system with increasing number of actuations (1, 2 and 5 shots) of an alcoholic 

ink formulated as a 0.5 %w/v solution based pMDI. The flow rate was 30 L/min. 

Upon developing a novel ADC system, the dose collection efficiency was validated, 

and the apparatus was used to investigate loaded dose effects (approximately 50–

500 μg) on the dissolution release profiles of both 250 μg FP DPI and 125 μg FP 

pMDI. The system was also used to study the relationship between mean absorption 

time and dissolution kinetics of a series of low solubility inhaled corticosteroids. 

Finally, the dissolution characteristics of FP from the three different product strengths 

of FP pMDI, FP DPI, and FP/ SX DPI products were compared. 

4.3.1. Validation of the Dose Collection Efficiency of the ADC System 

To validate the collection efficiency of the ADC system, the ISM collected onto the 

glass fibre filter within the ADC, from a commercial 250 μg FP DPI, was compared 

with standard in vitro NGI recovery at a flow rate of 60 L/min. As shown in Figure 45, 

with increasing number of actuations (1, 2, 5, and 10), there is a good correlation 

between the ISM collected from the conventional NGI and the ADC system over the 

range of mass loadings studied.  
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Figure 45. Validation of the mean impactor-sized mass (ISM) collection of the ADC system 

(ISMADC) versus the mean ISM collection of the NGI (ISMNGI), for increasing number of 

actuations of the 250 μg FP DPI tested at 60 L/min. Error bars show standard deviations (n=3). 

The uniformity of deposition across a filter surface with the ADC system was 

visualised by formulating an alcoholic ink [Raisin (TIM22145), Tim Holtz® Adirondack 

Alcohol Inks, US] as a 0.5 % w/v solution-based pMDI. As shown in the photographic 

images in Figure 46, the uniformity and increasing intensity of the ink with an 

increasing number of actuations suggested that the aerosol dose was being uniformly 

deposited across the whole collection filter surface. 

 

Figure 46. Visualisation of the uniformity in deposition of an ISM dose using the ADC system 

with increasing number of actuations (1, 2, 5 and 10 shots) of an alcoholic ink formulated as a 

0.5 %w/v solution based pMDI. The flow rate was 30 L/min. 

Representative SEM micrographs of the ISM collected dose with increasing number 

of actuations of the 250 μg FP DPI tested at 60 L/ min and 125 μg FP pMDI tested at 

30 L/min are shown in Figure 47 and Figure 48, respectively. As indicated by the SEM 

micrographs, the local deposition density of the FP particles, which increased from 

2.6 to 26.6 μg/cm2 and from 3.9 to 38.3 μg/cm2 for 1 and 10 actuations of the 250 μg 

FP DPI and 125 μg FP pMDI, respectively, led to minimal aggregation and in situ 

agglomeration formation. 
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Figure 47. Representative scanning electron microscope (SEM) micrographs of the ISM dose 

collected using the ADC system for an increasing number of actuations of the 250 μg FP DPI 

at a flow rate of 60 L/min. Magnification × 1000 for all SEM micrographs shown. 

 

Figure 48. Representative scanning electron microscope (SEM) micrographs of the ISM dose 

collected using the ADC system for an increasing number of actuations of the 125 μg FP pMDI 

at a flow rate of 30 L/min. Magnification × 1000 for all SEM micrographs shown. 
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4.3.2. Solubility Determinations of FP for Dissolution Studies 

The solubility of fluticasone propionate (FP) at 37 °C in a 10 mM sodium phosphate-

buffered saline solution (pH = 7.4) with the addition of 0.2 % w/w SDS was 14.2 ± 3.4 

μg/mL. To ensure that sink conditions could be maintained over a wide range of FP 

drug loading, the concentration in the dissolution media should not exceed 10 % of 

the saturated solubility in the respective media (Shah et al., 1988; Costa and Sousa 

Lobo, 2001). The total volume of dissolution media (300 mL) was selected to maintain 

sink conditions with increasing drug loading while maintaining sufficient sensitivity to 

detect any formulation differences. 

4.3.3. Dissolution Release Profiles as a Function of Loaded Dose 

Drug coated filters from the ADC system were carefully loaded and secured onto a 

stainless-steel disk assembly for POD for dissolution measurements. The dissolution 

release profiles, plotted as cumulative mass (µg) after 4 h, of FP with increasing 

number of actuations (1, 2, 5, and 10) from a commercial 250 μg FP DPI and a 125 

μg FP pMDI, are shown in Figure 49. When normalising these data and transforming 

these plots to cumulative mass percentage of the total dose recovered (Figure 50), 

these plots suggest that the dissolution release profiles of FP were independent of 

drug loading (approximately 50-500 μg) even though the surface coverage of FP on 

the filters varied, on average, between 2.6 and 38.3 μg/cm2. These findings are 

supported by the similarity factor (𝑓2) analysis of the dissolution profiles. The 𝑓2 values 

between all the different numbers of actuations were between 84–85 and 86–88 for 

the DPI and pMDI dissolution profiles, respectively. 
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Figure 49. Mean cumulative mass (µg) dissolution profiles of the FP ISM dose with increasing 

number of actuations of a 250 μg FP DPI collected using the ADC system at 60 L/min, and b 

125 μg FP pMDI collected using the ADC system at 30 L/min. Error bars show standard 

deviations (n=3). 
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Figure 50. Mean cumulative mass (%) dissolution profiles of the FP ISM dose with increasing 

number of actuations of a 250 μg FP DPI collected using the ADC system at 60 L/min, and b 

125 μg FP pMDI collected using the ADC system at 30 L/min. Error bars show standard 

deviations (n=3). 
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In comparing the dissolution release profiles from the 250 μg FP DPI and 125 μg FP 

pMDI products, the dissolution rate of the ISM dose of FP appeared to be significantly 

faster from the DPI than the pMDI. These observations were supported by the 𝑓2 

analysis (𝑓2 = 35), mean dissolution time (MDT), and first-order release modelling 

results [First Order Release Constant (K1) and dissolution half-life (T0.5)] of the 

profiles, which are summarized together with the data from other product strength in 

Table 10. While these findings could be related to differences in the upper 

aerodynamic cut-off diameters of the collected ISM dose for the pMDI (≤ 11.7 μm) 

and the DPI (≤ 8.1 μm), there appears a link with observed in vivo differences in the 

mean absorption time of FP from pMDI and DPI products (de Villiers and van der 

Watt, 1990). Thorsson et al. (2001) indicated that the rate of absorption of FP upon 

inhalation in healthy patients was slower from the pMDI than the DPI (Thorsson et al., 

2001). These findings are further supported by recent animal testing by Kuehl et al., 

who indicated a marked decrease in the systemic absorption rates of FP from a 

commercial pMDI product with respect to dry powder formulation preparations (Kuehl 

et al., 2016). 

Table 10. Drug loading and dissolution kinetics mean values of the FP ISM dose for different 

portable inhaler devices and their different product strengths. Standard deviations are included 

in the parenthesis (n=3). 

Product 
Labelled 
Dose (µg) 

FP (% 
w/w) 

ISM (µg) k1 (min-1) T0.5 (min) 
MDT 
(min) 

FP pMDI 

50 0.08 
75.2 

(5.9) 

0.060 

(0.003) 

11.64 

(1.10) 

20.80 

(1.64) 

125 0.13 
118.0 

(6.4) 

0.064 

(0.003) 

10.78 

(0.84) 

19.41 

(1.02) 

250 0.32 
99.2 

(8.5) 

0.061 

(0.003) 

11.45 

(0.60) 

19.40 

(0.58) 

FP DPI 

100 0.79 
109.0 

(4.9) 

0.110 

(0.001) 

6.32 

(0.12) 

8.83 

(0.60) 

250 1.96 
97.4 

(7.2) 

0.097 

(0.003) 

7.15 

(0.28) 

9.85 

(0.83) 

500 3.85 
97.2 

(8.6) 

0.092 

(0.006) 

8.13 

(0.42) 

11.07 

(0.91) 

FP/SX 
DPI 

100/50 0.79 
110.3 

(2.9) 

0.138 

(0.003) 

5.03 

(0.17) 

6.30 

(0.49) 

250/50 1.95 
108.6 

(1.9) 

0.112 

(0.006) 

6.18 

(0.43) 

9.87 

(0.80) 

500/50 3.83 
109.4 

(4.8) 

0.106 

(0.008) 

7.35 

(0.61) 

10.49 

(1.03) 
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The increase in dissolution rate of FP from an interactive mixture is supported by a 

large body of evidence in solid dosage forms literature (Nyström and Westerberg, 

1986; de Villiers and van der Watt, 1990; de Villiers and Van der Watt, 1994; Kale et 

al., 2009). A significant increase in dissolution rate of low solubility, micronised drugs 

can be achieved when formulated as an interactive mixture with a soluble excipient 

(Nyström and Westerberg, 1986; de Villiers and van der Watt, 1990; de Villiers and 

Van der Watt, 1994; Kale et al., 2009). These studies indicate that the 

deagglomeration and distribution of discrete fine particles over the surface of a soluble 

carrier particle can lead to dissolution rates that are even higher than that of a well-

dispersed suspension of a micronised drug. The pre-requisite for these high rates of 

dissolution is directly related to the instantaneous dissolution of the fine carrier 

particles (Nyström and Westerberg, 1986). It could be argued that the aerosolisation 

and dispersion of the drug from a coarse carrier may lead to fully deaggregated drug 

particles. However, as indicated by the SEM micrograph in Figure 51, a proportion of 

the collected FP remains dispersed over the surface of fine lactose particles. The 

rapid dissolution of these fine excipient particles within the lining fluid of the lungs 

may, therefore, lead to a significant increase in the surface area of the FP particles 

available to be wetted by the dissolution media. Furthermore, studies have shown that 

the addition of fine lactose as a ternary additive with a coarse lactose carrier can lead 

to a further increase in the dissolution rate of drugs when formulated as a low-dose 

interactive mixture for oral drug delivery (Allahham and Stewart, 2007; Allahham and 

Maswadeh, 2014). 

 

Figure 51. Scanning electron micrograph of the typical microstructure of the aerosolised ISM 

dose collected from a 250 µg Flixotide Accuhaler® DPI at 60 L/min. The coarser particles 

appear to be fine particles of lactose. Magnification x3500.  
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4.3.4.  Relationship Between Dissolution Rate Measurements and In Vivo Mean 

Absorption Time 

Mechanistic-based predictions of drug absorption and plasma concentration profiles 

of low solubility, lipophilic inhaled corticosteroids have suggested that deposition 

patterns and pulmonary dissolution are the rate-limiting steps for local and systemic 

absorption of these permeable drugs (Riley et al., 2012; Olsson and Bäckman, 2014). 

In these models, the rate of dissolution is simulated based on solubility measurements 

and regional deposition patterns from particle size distribution measurements. While 

these simulated dissolution rates have been shown to correlate well with PK-based 

measurements of mean absorption time (MAT), attempts to confirm this relationship 

using in vitro based dissolution measurements have generally failed. 

To support these in silico models, the aerosol dissolution of a range of inhaled 

corticosteroid (ICS) pMDI and DPI drug products was compared to the MAT of PK 

measurements from elsewhere (Thorsson et al., 2001; Sahasranaman, 2004; 

GlaxoSmithKline, 2013). A plot of the literature values of MAT versus dissolution half-

life (experimental data from this study) is shown in Figure 52. These data and the 

dissolution kinetics are summarised in Table 11. In vitro dissolution data from this 

study correlated well with MAT measurements, in the sense that the rate of pulmonary 

absorption of low soluble, highly permeable ICS molecules is limited by dissolution. 

Solubility measurements are rather limited as they do not consider physicochemical 

differences in relation to particle size, surface area, and the actual process of 

dispersion and deaggregation of the API via an inhaler device. These effects are 

highlighted by the differences in the FP DPI and pMDI formulations, where only 

dissolution related studies can characterise the direct impact of formulation/device 

dependency on the dissolution behaviour of these compounds. 
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Figure 52. Plot of the mean absorption time (MAT) (de Villiers and Van der Watt, 1994) versus 

the first-order dissolution half-life (n=3) (experimental data from this work) for a series of 

inhaled corticosteroids. 

Table 11. Mean absorption time (MAT) and mean dissolution kinetics values (calculated using 

the experimental data from this work) of low aqueous solubility inhaled corticosteroids (Kale 

et al., 2009). Standard deviations are included in the parenthesis (n=3). 

Product 
Labelled Dose 

(µg) 
MAT (h) k1 (min-1) T0.5 (min) MDT (min) 

FF/VIL 
DPI 

200/25 10.5 0.046 (0.002) 15.14 (0.98) 23.81 (2.86) 

FP pMDI 125 7.1 0.064 (0.003) 10.78 (0.84) 19.41 (1.02) 

FP DPI 250 5.3 0.097 (0.003) 7.15 (0.28) 9.85 (0.83) 

MF DPI 220 4.1 0.138 (0.021) 4.99 (0.74) 6.57 (1.17) 

 

4.3.5. Influence of Product Strength on In Vitro Dissolution of FP 

To investigate the possible influence of different product strengths on the aerosol 

dissolution properties of micronised fluticasone propionate, dissolution release 

profiles of commercial 50, 125, and 250 μg FP pMDIs, 100, 250, and 500 μg FP DPIs, 

and 50/100, 50/250, 50/500 μg FP/SX DPIs were measured. The dissolution profiles 
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of the ISM dose collected from the three product strengths of FP pMDI are shown in 

Figure 53. The dissolution kinetics and percentage concentration of FP (% w/w) within 

the pMDI products are summarised in Table 10. The profiles indicate that the 

dissolution kinetics of FP was independent of the percentage concentration of the 

drug within the pMDI formulation. 

 

Figure 53. Mean cumulative mass (%) dissolution profiles of FP for 1 actuation of the 250 μg, 

2 actuations of the 125 μg and 5 actuations of the 50 μg FP pMDI collected at a flow rate of 

30 L/min. Error bars show standard deviations (n=3). 

The dissolution profiles, for an equivalent nominal-labelled dose (each product 

strength was actuated a different number of times to be equivalent to a 500 μg label 

claim dose: 1, 2 and 5 actuations for the 500/50, 250/50 and 100/50 strength, 

respectively), of the FP DPI and FP/SX DPI products formulated at three different 

strengths are shown in Figure 54. The dissolution kinetics of the different product 

strengths are summarised in Table 10. 
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Figure 54. Mean cumulative mass (%) dissolution profiles of FP for an equivalent label claim 

dose of the 100, 250, and 500 μg FP DPIs. b Cumulative mass % dissolution profiles of FP for 

an equivalent label claim dose of the 100/50, 250/50, and 500/50 μg FP/SX DPIs. Flow rate 

was set to 60 L/min. Error bars show standard deviations (n=3). 
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For a fixed concentration of salmeterol (SX) and a constant carrier fill weight (12.5 

mg), increasing the surface coverage of FP led to a concomitant decrease in the rate 

of dissolution in both mono- and dual-therapy combination products. Similarity factor 

(𝑓2) analysis suggested that none of the product strengths, for both FP DPI and FP/SX 

DPI, had a similar dissolution profile (𝑓2 values between 42-47 and 40-46 for FP and 

FP/SX, respectively). The decrease in rate of dissolution with increasing drug 

concentration is supported by previous studies that have shown that the dissolution 

rate of a poorly soluble compound in an interactive mixture is inversely proportional 

to the degree of surface coverage and more specifically to the surface area ratios 

between drug and carrier (Nyström and Westerberg, 1986; Allahham and Stewart, 

2007; Grasmeijer et al., 2013). These studies suggested that with increasing drug 

loading, there is a greater likelihood of drug-drug agglomerate formation over discrete 

drug particle-carrier interactions. 

Interestingly, the presence of a fixed dose of 50 μg micronised salmeterol (SX) within 

the carrier blends led to an increase in the rate of dissolution of the FP in the FP/SX 

DPI products. These observations are supported by 𝑓2 similarity factor analysis, which 

indicated that the dissolution profiles of FP from the collected ISM dose of the 100, 

250, and 500 μg FP DPIs were dissimilar to the respective concentrations of FP in 

the FP/SX DPI products (𝑓2 values between 45-49). The increase in the rate of 

dissolution of FP within the dual-therapy combination products may suggest that more 

soluble salmeterol could play a supporting role in facilitating the increase in the area 

of exposure of the FP, particularly due to the high solubility of the salmeterol and 

lactose within the dissolution media. 

4.4.  Conclusions 

In this chapter, we have designed and engineered a novel dose collection system for 

in vitro dissolution testing of orally inhaled drug products that uniformly distributed the 

whole impactor-sized mass onto a single membrane surface. The validated dose 

collection method was utilised to demonstrate that dissolution profiles of both 

commercial pMDI and DPI products were independent of loaded dose over a wide 

range of concentrations of drug loading. The independence of the dissolution rate 

measurements with loaded mass allowed quantitative comparisons to be made 

between formulation characteristics and dissolution behaviour. The increase in 

robustness and the discriminatory capability of the dissolution method developed in 
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this work may enable quantitative-based comparisons of orally inhaled drug products 

(inter and intra-batches) and may aid in the development of a standardised dissolution 

method for compendial testing of orally inhaled drug products. 

The results of this chapter are promising and suggest that a novel aerosol dose 

collection system may be used to perform dose-independent dissolution studies. 

Dissolution and in vitro release testing are widely used for more than 20 years in the 

pharmaceutical industry to assess scale-up and other post-approval changes (US 

Food and Drug Administration, 1997). In fact, these techniques have been recently 

proposed to be used for BE studies as part of product-specific guidances of topical 

products (US Food and Drug Administration, 2016a). Limitations from currently 

available dissolution methods and aerosol collection systems for OIDPs have 

postponed applying these methodologies to assess the microstructure of OIDPs for 

QC and BE purposes. Herein, a novel validated aerosol dose collection apparatus is 

proposed for dissolution studies, both BE and QC. This system is able to ensure dose-

independent dissolution with high repeatability and robustness, overcoming 

previously observed challenges (Gray et al., 2008; Riley et al., 2012). Moreover, 

comparison with in vivo studies suggest that this methodology might be used to 

assess the therapeutic impact of microstructural changes on the final product, unlike 

previously reported methods and solubility analysis. 

Likewise, this technique has been able to capture differences between the 

microstructure of products with difference strength, as previously reported elsewhere 

(Allahham and Stewart, 2007; Allahham and Maswadeh, 2014). Although SEM data 

and literature might explain the slower dissolution rate of higher strength products, 

further microstructural tools are required to investigate these differences (Nyström 

and Westerberg, 1986; de Villiers and van der Watt, 1990; de Villiers and Van der 

Watt, 1994; Kale et al., 2009). Chapter 5 explores another technique that may be used 

to investigate the microstructure of OIDPs by using the ADC apparatus herein 

proposed. Nonetheless, ADC-enabled dissolution, in conjunction with other 

orthogonal techniques, might facilitate the bioequivalence and product development 

process of OIDPs, resulting in lower costs and higher quality products. 
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Chapter 5. Demonstration of Q3 Structural Equivalence of Dry 

Powder Inhalers 
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5.1. Introduction 

The determination of bioequivalence (BE) for locally-acting drugs has been a long-

standing challenge in the pharmaceutical industry. The site of action is typically 

difficult to analyse directly, and there is no guarantee that local drug concentration is 

at equilibrium with systemic distribution (Patton et al., 2010; Daley-Yates and Parkins, 

2011). Complex formulation/device combinations such as dry powder inhalers (DPIs), 

further compound this issue by being dependent on formulation/device, 

patient/device, manufacturing and processing factors. The extent of this complexity 

has been illustrated by a recent study showing that multiple batches of the same DPI 

reference listed drug (RLD) product show bio-inequivalence based on systemic 

exposure via pharmacokinetic (PK) data (Burmeister Getz et al., 2016; Burmeister 

Getz et al., 2017). 

For a 505(j)-abbreviated new drug application (ANDA), the US Food and Drug 

Administration (FDA) recommends a “weight-of-evidence” approach to help 

determine both pharmaceutical and therapeutic bioequivalence between test and 

reference products (Lu et al., 2015). In line with the generic drug user fee act (GDUFA) 

program, the FDA has published a number of product-specific guidances (PSGs) for 

a whole series of DPI products (US Food and Drug Administration, 2020d). A common 

thread in all PSGs for DPI products is the recommendation that the test DPI product 

formulation is qualitatively (Q1) and quantitatively (Q2) the same as the reference DPI 

product, in terms of active and inactive pharmaceutical materials. A further 

recommendation is to combine in vitro studies to statistically determine 

pharmaceutical equivalence in single actuation content, aerodynamic particle size 

distributions (APSD) with in vivo pharmacokinetic (PK) studies for safety and 

comparative clinical endpoint studies to confirm local therapeutic equivalence 

between test and reference products (US Food and Drug Administration, 2016c).  

These comparative clinical trials that are generally insensitive to subtle differences in 

the formulation are currently the only option recommended by the agency for 

generating a comparison of therapeutic equivalence (Hendeles et al., 2015). 

Furthermore, clinical endpoint studies generally require a high sample size to be able 

to discriminate between subtle differences between products, making them 

prohibitively expensive and a highly inefficient way to detect a difference in product 
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performance of these locally-acting drug products (Lionberger, 2008; Daley-Yates 

and Parkins, 2011). 

The total lung dose and regional distribution of the total lung dose are believed to be 

critical with respect to the systemic absorption and therapeutic effect of the inhaled 

dose (Delvadia et al., 2016). In comparison to realistic tests of DPI drug products that 

pair mouth-throat models with realistic inhalation profiles, compendial APSD testing, 

used typically for quality control (QC) purposes, offers a standardised test in which 

the emitted aerosol is sampled at a constant flow rate that produces a four kPa 

pressure drop across the inhaler. Consequently, the current QC in vitro APSD 

approach has limited ability to predict the in vivo behaviour of DPI drug products in 

the hands of the patient. This has been highlighted by a recent publication by Moore 

et al., who indicated comparability in systemic exposure between two test and 

reference DPI products for albuterol delivered via a unit-dose and multidose DPI 

(Moore et al., 2017). This finding occurred despite significant differences in the APSD 

metrics between the test and reference products.  

Since the local concentrations of the total lung dose deposited throughout the airways 

cannot be directly measured, comparing the local performance of the test and 

reference products is onerous. With our limited understanding of the relationship 

between in vitro dosing parameters (i.e. APSD profiles, mass median aerodynamic 

diameter (MMAD), delivered dose etc.) and the actual fate of the inhaled dose in vivo, 

the development of bioequivalent generic DPI drug products is being severely 

hindered (Daley-Yates and Parkins, 2011; Syed et al., 2015). This has led to an 

increasing effort by FDA’s Office of Generic Drugs, through GDUFA II, to reduce these 

hurdles and identify alternative pathways for complex drug-device combination 

products such as DPIs that can reliably ensure the equivalence of product 

performance and quality (Hastedt et al., 2016; Gottlieb, 2017).  

The magnitude of the scientific challenge can be highlighted by the complexity of a 

carrier-based DPI drug product. Since a formulated blend does not attain 

thermodynamic equilibrium, the resultant formulation structure is dependent on the 

relationship between material properties and processing parameters (Saleem et al., 

2008). These include a series of critical material attributes, environmental conditions, 

critical manufacturing processes and conditions of storage (Pallagi et al., 2016; US 

Food and Drug Administration, 2018b). Some differences in the physical 
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microstructure of a formulated DPI blend may not only impact the aerosol dispersion 

performance of a device but could also affect drug delivery within the lungs. Examples 

include local dose variations, co-localisation differences and changes in the wettability 

and dissolution kinetics of the drug within the limited lung fluid (Olsson, 2011; Fröhlich 

et al., 2016). Hence, investigations into the state of aggregation for both the 

formulated blend contained within a unit dose blister, capsule or reservoir DPI device 

and the resulting state of matter contained within the dispersed dose may be 

important if attempting to demonstrate structural similarity and pharmaceutical 

equivalence between test and reference DPI products. Moreover, investigations into 

the formulation microstructure of existing RLD DPI drug products may enable a 

greater understanding of the relationship between those characteristics and systemic 

PK data and be useful when seeking to characterise differences between 

manufactured batches. 

The FDA has already described bioequivalence testing of locally-acting topical 

dosage forms, where differences between the same components (Q1) in the same 

concentration (Q2) under a non-equilibrium state can be related to the arrangement 

of matter and/or its state of aggregation. The FDA has termed this need for structural 

similarity as Q3 (Yu, 2003; Kryscio et al., 2008). For transdermal suspensions, 

creams, gels etc., if Q1 and Q2 are identical, the only potential differences between 

formulations are related to Q3 (Yu, 2003; Yacobi et al., 2014). For DPI products, the 

addition of a device and the variable energy source imparted by the inspiratory flow 

of the patient could have a secondary influence on the structural characteristics of an 

aerosol dose, and therefore its relationship to the original formulated blend for both 

test and reference products may need to be understood (Byron and Patton, 1994; 

Staniforth, 1995; Shur et al., 2015). Thus, for DPIs, there may be a requirement to 

investigate the structural relationship between both formulated and aerosolised forms 

of the product and the influence of device and patient factors in demonstrating the 

validity of Q3 for bioequivalence. It could also be envisaged that differences in Q2 

and Q3 within the formulated form of the product could possibly be modified by 

differences in the energy being imparted to the fluidised product by the mechanics of 

deagglomeration within different DPI devices and different inhalation flow profiles (de 

Boer et al., 1997; Delvadia et al., 2016). This presents a challenge to those wishing 

to compare test and reference devices and indicates the need for further tests that 

assure product similarity.  



Chapter 5 

154 

In 2016, the FDA issued a revised Draft Guidance on acyclovir where a fully in vitro 

bioequivalence option was recommended (US Food and Drug Administration, 2016a). 

This recommendation suggested that if the test and RLD products are Q1 and Q2 

similar, Q3 equivalence might be evaluated by comparing physical and structural 

properties (appearance, drug substance polymorphic form, particle size distribution 

and crystal habit, rheological behaviour, specific gravity, water activity, pH and other 

potentially relevant physicochemical properties of the formulation), and performing in 

vitro release test (IVRT) and in vitro permeation test (IVPT) with validated methods 

and pre-established acceptance criteria (US Food and Drug Administration, 2016a). 

Recently, the Office of Generic Drugs (OGD) demonstrated its support to the 

development of novel BE approaches for ANDA OINDP submissions with scientifically 

and statistically meaningful in vitro, in vivo and/or in silico studies by drafting a PSG 

on beclomethasone dipropionate inhaled solution with an alternative pathway to the 

clinical endpoint BE studies (US Food and Drug Administration, 2019b). In this PSG, 

the OGD proposed a few studies including in vitro tools such as more realistic APSD 

testing, characterisation of aerosol velocity and evaporation rate, dissolution and 

morphology comparisons of residual particle sizes, but also in silico studies 

(physiologically-based PK and computational fluid dynamic studies) (US Food and 

Drug Administration, 2019b). Determination of Q3 BE in DPI products requires an 

ensemble of orthogonal techniques that are both structurally sensitive and have a 

chemical resolution due to the complexity of these products. The assessment of the 

dissolution profile and state of agglomeration via Raman Spectroscopy of the 

aerosolised fraction of DPIs emerge as potential techniques to be used for 

assessment of Q3. 

5.1.1. Dissolution in Orally Inhaled Drug Products (OIDPs) 

The dissolution of low solubility compounds is sensitive to their structure due to a 

dependence on the wettable surface area. This can be increased by agglomeration 

with a more soluble component (such as lactose) which dissolves rapidly, leaving drug 

particles with a higher surface area (Nyström and Westerberg, 1986). This effect has 

been used to probe for the agglomeration state of furosemide formulations by using 

their dissolution kinetics (de Villiers and van der Watt, 1990). When micronized drugs 

are mixed with excipients prior to processing into DPI dosage forms, a complex array 

of particulate forms can exist due to cohesive and adhesive particle interactions 
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occurring within the mixture. These particulate forms include interactive units and 

agglomerates of varying compositions. 

The agglomerated state of the micronized drug will have an impact on the rate of 

dissolution of the active pharmaceutical ingredient (API). For example, dissolution 

studies of micronized drugs such as diazepam, nitrazepam, oxazepam and 

flunitrazepam in interactive mixtures have shown that dissolution rates were 

concentration-dependent with increasing drug concentration, decreasing the 

dissolution rate (Mosharraf and Nyström, 1995; Zhao and Stewart, 2004; Kale et al., 

2009). Moreover, Nyström and Westerberg showed that the rate-limiting step in the 

dissolution of griseofulvin as the raw material is the penetration of the dissolution 

medium into the agglomerates (Nyström and Westerberg, 1986). With an ordered 

mixture, these agglomerates were deaggregated during the mixing process, 

producing a system in which the entire external surface area of the primary particles 

was exposed to the dissolution medium. Their studies with an ordered mixture of 

sodium chloride and griseofulvin suggest a faster dissolution of griseofulvin. The 

faster rate of dissolution of griseofulvin was related to the high surface coverage with 

soluble excipients, such as sodium chloride, which enhanced the drug substance's 

wettability (Nyström and Westerberg, 1986). 

5.1.2. Morphologically-Directed Raman Spectroscopy (MDRS) to Assess the State of 

Agglomeration and Q3 in OIDPs 

Accompanying chemical composition analysis of the aerosolised agglomerate 

particles, together with dissolution studies, may help to probe the microstructure of 

DPI drug products. Chemical discrimination of agglomerate structures requires 

molecular rather than elemental specificity as many pharmaceutical materials are 

comprised of similar elements. Raman spectroscopy, in particular, has been used 

extensively in the analysis of tablets (Kann and Windbergs, 2013; Boiret et al., 2016), 

drug-eluting stent formulations (Belu et al., 2008) and particles aerosolised from 

inhalers (Theophilus et al., 2006; Rogueda et al., 2011; Kinnunen et al., 2015) to 

observe both drug and excipient distribution with a resolution of a few microns and 

has been used to track chemical changes occurring during tablet dissolution (Wray et 

al., 2015; Nie et al., 2016). Spectroscopic determination of molecules is a powerful 

technique as the information from full spectra can be combined using multivariate 

statistical techniques (Smith et al., 2015) to identify molecules even when their Raman 
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bands overlap (Šašić, 2007; Vajna et al., 2011). Single-particle aerosol mass 

spectrometry (SPAMS) has also been reported for the analysis of the microstructure 

of dry powder inhalers. However, its inefficiency in detecting poorly ionizable chemical 

identities such as lactose monohydrate, which are a major component of the 

formulation, might not provide critical information on the microstructure of the 

aerosolised drug product (Jetzer et al., 2017; Jetzer et al., 2018). 

In this study, morphologically-directed Raman spectroscopy (MDRS) is used to 

identify the chemical nature of aerosolised aggregates. This technique uses an 

automated microscope to track the position of individual deposited aerosol particles 

(typically of order thousands), record morphological information and measure the 

Raman spectrum of each one. The spectra are then processed and correlated with 

library spectra of the pure API and excipients to chemically classify each deposited 

aggregate (Malvern Panalytical, 2017). MDRS has previously been used to identify 

the association between budesonide and fine lactose collected from stage 2 of an 

NGI, providing evidence that the increase in fine particle delivery upon the addition of 

lactose fines is due to the aggregate formation (Kinnunen et al., 2015). 

The aim of this study was to explore the in vitro dissolution and MDRS as orthogonal 

techniques for the analysis of the impactor-sized mass (ISM) dose of DPI products 

using a novel aerosol collection device to establish evidence for Q3 bioequivalence. 

A relationship between the extent of agglomeration and dissolution kinetics in RLD 

products Seretide™ Accuhaler™, Advair® Diskus®, Flixotide™ Accuhaler™ and 

Flovent® Diskus® DPIs is investigated, and multivariate statistical methods are used 

to differentiate products of different type (single and combination product), different 

dose (100, 250 and 500 µg of fluticasone propionate) and different territory (fixed dose 

and type but marketed either in Europe or the United States).  
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5.2. Materials and Methods 

The following commercial dry powder inhalers (GlaxoSmithKline, Ware, UK) were 

procured and included in the study: (i) fluticasone propionate and salmeterol xinafoate 

(FP/SX) combination therapy – Advair Diskus 100/50 (lot 5ZP1526, exp: 02/2017), 

250/50 (lot 6ZP4158, exp 07/2017) and 500/50 (lot 6ZP4628, exp 09/2018) and 

Seretide™ Accuhaler™ 100/50 (lot L98F, exp: 09/2017), and (ii) fluticasone 

propionate (FP) monotherapy – Flixotide™ Accuhaler™ 100 (lot AE4R, exp: 03/2017) 

and Flovent Diskus 100 (lot 5ZP9260, exp: 09/2016).  

5.2.1. Characterisation of Commercial Dry Powder Inhalers 

In vitro aerosolization performance of the commercial products was measured using 

a Next-Generation Impactor (NGI) equipped with a pre-separator (Copley Scientific, 

Nottingham, UK). One dose from each inhaler was aerosolised at 60 L/min with a 

duration of 4.0s. Each measurement was performed in triplicate. Chemical analyse of 

fluticasone propionate was quantified using a validated High-Performance Liquid 

Chromatography (HPLC) method described previously in Chapter 4. Salmeterol 

xinafoate was not analysed during this study. 

5.2.2. Aerosol Dose Collection (ADC) Apparatus of the Impactor-Sized Mass (ISM) 

Dose for Dissolution Studies and MDRS 

A cross-sectional schematic of the ADC, which was housed at stage 2 of the NGI, is 

shown in Figure 55. The design of the apparatus, together with the removal of the 

nozzle jets, enabled uniform deposition of the whole ISM dose onto a single high 

surface area fibre filter (47 mm Pall A/E type glass fibre filters, Copley Scientific, 

Nottingham, UK) under laminar flow and an order of magnitude lower impaction 

velocity. The development and validation of this aerosol collection apparatus are 

discussed in Chapter 4 (Price et al., 2020).  

Commercial DPI formulations were aerosolised into the ADC system via a USP or 

Oropharyngeal Consortium (OPC) inlet attached to a pre-separator and NGI at a fixed 

flow rate of 60 L/min for 4.0 seconds and collected onto a 47 mm Pall A/E type glass 

fibre filters (Copley Scientific, Nottingham, UK). 
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Figure 55. Aerosol dose collection (ADC) apparatus which has been incorporated into stage 

2 of an NGI captured from three different perspectives: schematic representation of the whole 

unit (left), schematic representation of a cross-sectional diagram (middle) and photo of the 

whole unit (right). 

5.2.3. Dissolution Studies  

Dissolution studies of the ISM were conducted in a modified USP Apparatus V, also 

known as paddle over disk (POD), traditionally used for transdermal delivery systems 

(The United States Pharmacopeial Convention, 2011). The USP disk assembly 

membrane holder for transdermal patches was adapted to enable a 47 mm glass fibre 

filters to be housed.  

Powder dissolution was performed by harvesting powder from a 6-unit dose blister 

contained within the DPI device. A mass of 12.5 mg was pre-weighed from the 

harvested powder and sieved using a 74 mesh (250 µm) stainless steel screen 

directly into a USP Apparatus II. 

All dissolution measurements were performed at 37ºC in a 300 mL phosphate-

buffered saline (PBS) and 0.2 % w/v sodium dodecyl sulfate (SDS) dissolution media 

with a stirring speed of 75 rpm in a USP apparatus V (Erweka GmbH, DT 126, 

Heusenstamm, Germany). For all dissolution experiments, 3 mL aliquots were 

withdrawn at 2.5, 5, 10, 15, 20, 25, 30, 60, 120, 180 and 240 min time intervals and 

filtered directly into HPLC vials. To maintain a constant volume in the dissolution 

vessel, the sampling volume was replaced with pre-warmed dissolution media. The 

fractional percentage of the drug dissolved at each time point was determined by 
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dividing the amount of drug by the total mass loading. Sink conditions were 

maintained during dissolution studies (see Chapter 4). The dissolution data reported 

here focused on fluticasone propionate for all of the drug products analysed. The 

HPLC method in Chapter 4 was used for FP quantification. Since salmeterol is not 

dissolution limited, and 100 % of the dose was dissolved by the first-time point (data 

are not shown), SX was not evaluated for dissolution analysis (Hastedt et al., 2016).  

The dissolution profiles of all commercial products were fitted into a first-order drug 

release, which was used to calculate the dissolution half-life (t0.5) and the dissolution 

rate (k1). A model-independent method was also applied to compare dissolution 

profiles via calculation of the mean dissolution time (MDT) (Costa and Sousa Lobo, 

2001).  

5.2.4. MDRS Analysis of Agglomerate Structures Post-Aerosolization of Commercial 

DPI Formulations Containing FP, SX and Lactose 

The collected ISM dose using the ADC apparatus was also utilised for MDRS. Upon 

collection, the filter substrate was mounted on to the sample stage of a Morphologi 

G3-ID® automated image analysis and Raman Chemical Imaging system (Malvern 

Panalytical, Worcestershire, UK). The method development route for the analysis of 

the state of agglomeration comprised the optimization of sample preparation, imaging 

parameters and chemical analysis properties and is presented in Figure 56. 

 
Figure 56. Process diagram of the method development stages for the analysis of the state 

of agglomeration of a dry powder inhaler formulation. 
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5.2.4.1. Sample Preparation 

The ADC apparatus previously discussed in Chapter 4 was used to collect the 

aerosolised ISM dose onto a filter. The ADC was positioned under stage 2 of the 

impactor since it has a higher cut-off and captures particles below 4.46 µm at 60 L/min 

(The United States Pharmacopeial Convention, 2021c). The DPI drug products were 

actuated at a fixed flow rate of 60 L/min for 4.0 seconds (equivalent to 4L of inhaled 

volume). 47 mm cellulose acetate filters (Sartorius, Goettingen, Germany) were used 

for this analysis to allow the deposition of the particles onto a single layer to be easily 

detected under a microscope. One actuation was enough to get a representative 

number of particles to be detected under the microscope without any induced 

agglomeration (Figure 57). 

5.2.4.2. Automated Imaging 

During the microscopic measurement, the light settings and thresholds were defined 

to ensure good contrast between particles and background and to capture the whole 

perimeter of the particles being analysed. Diascopic bottom light with 70 % intensity 

ensured good contrast between particles and filter, and a corresponding threshold of 

155 on a greyscale provided delimitation and identification of the particles with a 

reduced background (Figure 57). Since the particles being analysed have an 

aerodynamic diameter lower than 4.46 µm, the highest magnification (50x) that is able 

to capture particles between 0.5 to 50 µm was selected. No filters were applied at this 

stage to enhance the efficiency of the system. 

 

Figure 57. Snapshot of a sample with 70 % light intensity and 50x magnification. 
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5.2.4.3. Chemical Analysis 

A reference spectra library of fluticasone propionate (FP), salmeterol xinafoate (SX) 

and lactose monohydrate (Lac) was built, as shown in Figure 58. Only the spectra 

range of 325-512 cm-1, 700-765 cm-1, 970-1055 cm-1, 1174-1226 cm-1 and 1554-1695 

cm-1 were selected for comparison to focus the analysis on the easiest and main 

identifiable peaks for the different chemical identities. Moreover, a scaled background 

subtraction followed by the application of Savitsky-Golay filtering over 31 points 

(intermediate smoothing) and a second derivative of the signal was applied to reduce 

the noise in the spectrum while preserving the underlying signal (Malvern Panalytical, 

2012). 

This reference library was then used for identifying the chemical composition of the 

particles collected on the aerosolized sample, which were classified into different 

chemical classes according to their correlation score against the reference spectra. 

The correlation scores threshold selected are presented in Table 12 and are higher 

for the individual chemical identities than when these are agglomerated. A laser time 

of five seconds of spectrometry acquisition per particle was chosen since a dry sample 

is being tested, and no major impact was observed when the laser time was reduced.  

 

Figure 58. Reference spectra collected for Lac (top), FP (middle) and SX (bottom) with 

evaluated areas selected in green. 
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Table 12. Correlation score limits for the different single compound and aggregate classes.  

Chemical identity Single compound thresholds Agglomerates thresholds 

FP 0.50 0.35 

SX 0.40 0.12 

Lac 0.50 0.19 
 

The scan area was set to 4.5 mm by 4.5 mm, and the minimum number of particles 

per repetition was selected after analysing around 23,000 particles from six individual 

MDRS runs of Advair® 100/50. This scan area was positioned on a random location 

of the filter after assessing that the results in different areas of the filter (top, centre, 

bottom, left and right) were similar. To estimate how many particles would be required 

to get statistically meaningful data, the main chemical class was selected: FP/Lac. 

This class is also expected to be the most meaningful for this study since its focus 

was on using MDRS as an orthogonal technique to dissolution and understanding 

how the agglomeration of a low solubility API (FP) with lactose impacted its dissolution 

(Nyström and Westerberg, 1986). Therefore, confidence intervals around the 

proportion of FP/Lac in a sample were estimated to determine the number of particle 

spectra required for accurate measurement of the chemical class fractions. The 

classification of a particle as an FP/Lac agglomerate was treated as a binomially 

distributed variable, and confidence intervals around its proportion were estimated 

using the normal approximation (which is valid at large sample sizes). Using a 

population mean estimate of 0.53 (equal to the proportion of FP/Lac particles in the 

large pooled sample), the 99 % confidence interval width fell below 10 % of this mean 

after around 3000 particle spectra were analysed (Figure 59). In the experiments 

described in the rest of the chapter, more than 3000 particle spectra were analysed 

in each individual MDRS experiment. 
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Figure 59. Confidence intervals of the sampling distribution for FP/Lac. 

5.2.5. Statistical Analysis 

Statistical analysis and principal component analysis were carried out using R version 

3.3.1 software. Probability values of <0.05 were considered statistically significant. 

The Shapiro-Wilk test was used to check for normality (α = 0.05) prior to carrying out 

t-tests, and the assumptions of the analysis of variance (ANOVA) model were 

checked visually using the diagnostic plots output by R. No violations of any test or 

model assumptions were found. 
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5.3. Results and Discussion 

5.3.1. Current Limitations of Existing In Vitro Bioequivalence Tests for DPIs 

The inability of current in vitro tools to determine the fate of the aerosol drug dose is 

further complicated for compounds with low aqueous solubilities. A comparison of the 

systemic PK profiles of fluticasone propionate following two-doses from Advair® 

Diskus® 100/50 versus a single dose from Advair® Diskus® 250/50 show different 

kinetic profiles (Daley-Yates et al., 2014). The administration of two-doses from 

Advair® 100/50 resulted in a higher maximum plasma concentration (Cmax) and a 

shorter time to reach Cmax (tmax) for the lower strength even though the total dose was 

slightly lower for this product, suggesting a faster absorption (Daley-Yates et al., 

2014). The plasma profiles suggested that systemic absorption of FP from the low-

dose Advair® 100/50 product was not comparable to that from Advair® 250/50 perhaps 

indicating that the regional drug deposition may be different for the two products 

(Newman and Chan, 2008). However, upon comparing with the in vitro APSD data 

generated in the current study, shown in Table 13 and Figure 60, there is no significant 

difference in either ISM fraction, fine particle fraction below 5 µm (% FPF < 5 µm), 

mass median aerodynamic diameter (MMAD) or geometric standard deviation (GSD) 

for both strengths. For these low solubility compounds, other mechanisms may also 

contribute to the differences in local and systemic drug absorption. 

Furthermore, no difference is observed for ISM fraction, FPF, MMAD and GSD for 

Seretide™ 100/50, Advair® 100/50 and Advair® 250/50. 

Table 13. The range of values for ISM fraction and FPF as a percentage of the delivered dose 

label claim, MMAD (µm) and GSD of FP for Seretide™ 100/50, Advair® 100/50, Advair® 

250/50, Advair® 500/50, Flixotide™ 100 and Flovent® 100 tested at 60 L/min. Cmax and tmax as 

reported elsewhere were normalized against the delivered dose label claim for Advair® 100/50, 

Advair® 250/50 (Daley-Yates et al., 2014). 

Product ISM /% 
FPF < 5 
µm /% 

MMAD/µm GSD 
Cmax 
/% 

tmax /h 

Seretide™ 
100/50 

17.3 – 22.0 12.1 – 16.9 3.8 – 4.6 2.0 – 2.1 - - 

Advair® 100/50 18.9 – 21.8 14.0 – 16.4 3.9 – 4.2 2.0 – 2.0 52.9 0.100 

Advair® 250/50 20.2 – 23.1 15.8 – 18.6 3.5 – 3.9 2.0 – 2.1 30.1 0.765 

Advair® 500/50 23.5 – 24.7 19.1 – 20.2 3.4 – 3.4 2.0 – 2.1 -  

Flixotide™ 100 9.8 – 11.5 6.9 – 8.1 4.7 – 5.0 2.1 – 2.2 -  

Flovent® 100 12.4 – 16.1 8.9 – 11.8 3.8 – 4.6 2.1 – 2.5 -  
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Figure 60. Mean normalized APSD mean profiles of FP against delivered dose label claim at 

60 L/min for Seretide™ 100/50, Advair® 100/50, Advair® 250/50, Advair® 500/50, Flixotide™ 

100 and Flovent® 100 (n=3). 

These issues concerning the lack of relationship between the in vitro tests for DPIs 

and in vivo PK studies are also apparent from in silico mechanistic modelling studies 

following intravenous and inhaled administration to assess the impact of pulmonary 

dissolution and pulmonary absorption processes on the PK of inhaled drugs 

(Borghardt et al., 2016; Bäckman et al., 2017). Bäckman et al. have shown there is a 

general lack of correlation between total lung dose deposition and systemic PK of 

poorly soluble compounds (Bäckman et al., 2017). This has been further explored by 

Borghardt et al., who confirmed that pulmonary dissolution strongly influences 

pulmonary PK of inhaled drugs (Borghardt et al., 2016). Their simulations showed that 

the PK differed depending on whether the pulmonary dissolution was faster than 

absorption or where pulmonary dissolution was slow compared to absorption. Indeed, 

previously reported differences in PK for FP could also be affected by differences in 

pulmonary dissolution behaviour of FP between the different product strengths 

(Chapter 4) (Daley-Yates et al., 2014; Price et al., 2020).  

These simulation-based studies not only highlight the challenges in achieving 

comparable local and systemic concentrations between test and reference products 
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but also the need for more advanced in vitro and ex vivo analyses of structural (Q3) 

differences contained within the aerosolised dose. The issue is compounded when 

searching for PK studies where inter-batch variability of DPI commercial formulations 

has been found to be large (Burmeister Getz et al., 2016; Burmeister Getz et al., 

2017). This may be explained by the difficulty in achieving identical DPI products in 

different batches owing to the high level of complexity between material properties, 

processing and environmental conditions. Thus, the possibility of identifying 

differences between two or more separately manufactured lots by adding a Q3 based 

approach to characterise formulations could further support the regulatory similarity 

testing requirement when attempting to compare two DPI products. 

5.3.2. Integrated Measurement of Q3 structure of DPI Drug Products Using In Vitro 

Dissolution 

In order to provide an improved way to sample OIDPs for dissolution studies, which 

have the potential to provide bridging information between local drug deposition and 

systemic absorption through the lung, a novel aerosol dose collection (ADC) 

apparatus has been developed (Chapter 4) (Price and Shur, 2018). The system was 

originally designed to uniformly deposit the whole impactor-sized mass (ISM) for in 

vitro dissolution studies of OIDPs (Chapter 4) (Price et al., 2020). The use of this novel 

aerosol collection method enabled the dissolution release profiles to be measured 

independent of drug loading, which significantly increased the ruggedness, reliability 

and discriminatory capability of these in vitro dissolution tests using an adapted USP 

Apparatus V with phosphate-buffered media (Chapter 4)  (Price et al., 2018; Price et 

al., 2020). This ADC apparatus is also being explored to evaluate the drug release 

and permeation of highly soluble drug substances (Chapter 4) (Price, 2020). 

The in vitro dissolution profiles of the FP component of the filter-borne aerosolised 

ISM from Seretide™ 100/50 μg, 250/50 μg and 500/50 μg FP/SX has been discussed 

by our group in a previous study (Chapter 4) (Price et al., 2020). In this study, the 

dissolution rate of the FP dose was inversely proportional to drug loading, in which 

the low strength exhibited the fastest rate of dissolution and the high strength product 

the slowest rate of dissolution. For a fixed concentration of SX and a constant blend 

fill weight (12.5 mg) for these unit dose carrier-based blister formulations, increasing 

the surface coverage of FP appeared to lead to a concomitant decrease in the rate of 

dissolution of the aerosolised drug dose. The decrease in the rate of dissolution with 
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increasing drug concentration is supported by previous studies for oral and topical 

drug products that have shown that the dissolution rate of a poorly soluble compound 

in an interactive mixture is inversely proportional to its degree of surface coverage 

and, more specifically to the surface area ratios between drug and excipients 

(Nyström and Westerberg, 1986; Allahham and Stewart, 2007). These data were 

consistent with findings that with increasing concentration of the drug, there is a 

greater likelihood of agglomerate formation as opposed to discrete drug particle-

excipient interactions (de Villiers and van der Watt, 1990). 

The dissolution of the FP component of the aerosolised ISM dose with the ADC 

apparatus coupled with a pre-separator and USP throat of Flixotide™ 100 µg, 

Flovent® 100 µg, Seretide™ 100/50 µg and Advair® 100/50 µg is shown in Figure 61. 

The dissolution kinetics of the different products are summarised in Table 14. All 

products have a fixed concentration of FP and a constant blend fill weight (12.5 mg), 

two of them have SX (Seretide™ and Advair®), and each pair of products was sourced 

from two different origins: US (Flovent® and Advair®) and EU (Flixotide™ and 

Seretide™). For the monotherapy drug products, sourcing them from different 

territories did not impact the dissolution rate. Interestingly, the same was not observed 

for the combined therapy products. These data suggested that the dissolution rate of 

FP in Seretide™ was slower than that of FP in Advair® even though these products 

are Q1 and Q2 similar. These observations were supported by the mean dissolution 

time (MDT) and first-order release modelling results of the profiles presented in Table 

14. As reported in a previous study (see Chapter 4), the presence of SX within the 

carrier blends led to an increase in the dissolution rate of FP in the combined therapy 

products (Chapter 4) (Price et al., 2020).  

The ISM dissolution of the same commercial products was also evaluated with a more 

realistic throat (OPC throat), as presented in Figure 62. The same trends as for the 

USP inlet were observed as summarised in Table 14. 
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Figure 61. Mean cumulative mass (%) dissolution profiles up to 120 min of the FP ISM dose 

of Flixotide™ 100 µg, Flovent® 100 µg, Seretide™ 100/50 µg and Advair® 100/50 µg DPI 

collected at 60 L/min with a USP inlet and pre-separator connected to the ADC apparatus. 

Error bars show standard deviations (n=3). 

 
Figure 62. Mean cumulative mass (%) dissolution profiles up to 120 min of the FP ISM dose 

of Flixotide™ 100 µg, Flovent® 100 µg, Seretide™ 100/50 µg and Advair® 100/50 µg DPI 

collected at 60 L/min with an OPC throat and pre-separator connected to the ADC apparatus. 

Error bars show standard deviations (n=3). 
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Table 14. Mean dissolution kinetics values of the FP ISM dose for different DPI products 

containing FP with three different sampling methods. Standard deviations are included in the 

parenthesis (n=3). 

Product Dose Sample 
k1 

(min-1) 

T0.5 

(min) 

MDT 

(min) 

Flixotide™ 100 µg 

EU Brand FP DPI 

ISM USP 0.110 (0.001) 6.32 (0.12) 4.98 (0.34) 

ISM OPC 0.109 (0.008) 6.32 (0.35) 5.02 (0.59) 

Powder 0.110 (0.003) 6.32 (0.15) 4.58 (0.16) 

Flovent® 100 µg 

US Brand FP DPI 

ISM USP 0.100 (0.012) 7.01 (0.11) 5.12 (0.48) 

ISM OPC 0.099 (0.002) 6.98 (0.15) 5.02 (0.30) 

Powder 0.115 (0.002) 6.00 (0.09) 4.48 (0.15) 

Seretide™ 100/50 µg 

EU Brand FP/SX DPI 

ISM USP 0.138 (0.030) 5.03 (0.16) 4.11 (0.18) 

ISM OPC 0.137 (0.005) 5.06 (0.17) 4.02 (0.05) 

Powder 0.141 (0.002) 4.93 (0.08) 3.28 (0.04) 

Advair® 100/50 µg 

US Brand FP/SX DPI 

ISM USP 0.194 (0.009) 3.57 (0.26) 3.12 (0.13) 

ISM OPC 0.177 (0.006) 4.06 (0.21) 3.53 (0.09) 

Powder 0.203 (0.010) 3.41 (0.26) 2.52 (0.07) 

 

These findings suggested that differences in the in vitro dissolution of the aerosolised 

form of the product maybe be directly related to dissolution differences observed 

within the formulated product. To assess this hypothesis, the dissolution of all 

commercial products powder without aerosolization was evaluated by weighing 12.5 

mg of the powder inside each blister cavity and sieving it into a USP II apparatus, as 

shown in Figure 63. The dissolution kinetics of these powders followed the same trend 

as the aerosolised material, and, once again, only the dissolution profiles of the 

monotherapy products was assessed to be similar. Whilst the cause of these 

difference between products sourced from different territories was unknown, they are 

likely to be related to differences in the physicochemical properties of the 

API/excipient ingredients in the formulation, physical or chemical attributes of the 

finished preparation, manufacturing variables between sites, shipping and storage, 

age and other critical-to-quality characteristics.  
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Figure 63. Mean cumulative mass (%) dissolution profiles up to 120 min of formulated powder 

containing FP of Flixotide™ 100 µg, Flovent® 100 µg, Seretide™ 100/50 µg and Advair® 

100/50 µg. Error bars show standard deviations (n=3). 

The differences in the rate and extent of dissolution of the low solubility FP from 

products obtained in different territories, as well as dissolution differences between 

dose strengths of FP/SX fixed-combination products, suggest that the local drug-drug 

and drug-lactose interactions within each drug product may not only dominate aerosol 

performance but also influence drug dissolution within the lung. The phenomenon has 

been reported previously for solid oral dosage forms where increased dispersion of a 

low solubility drug within a soluble matrix can significantly alter the dissolution rate of 

the less soluble component (Allahham and Maswadeh, 2014). To understand this 

behaviour in more detail, MDRS studies of the ISM dose were also investigated. 
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5.3.3. The Microstructure of the DPI Dose Using Raman Microscopy 

To elucidate the relationship between structure and in vitro dissolution, some form of 

high-resolution microscopy is needed. The recent combination of morphologically-

directed microscopy and chemical identification via Raman spectroscopy has enabled 

both drug- and excipient-specific data to be obtained within multi-component systems 

such as nasal suspension formulations (US Food and Drug Administration, 2016d). 

Moreover, the FDA’s current thinking is that if drug particle size distribution in the test 

and reference nasal spray suspension products can be accurately measured using a 

validated analytical method such as MDRS or any other advanced methodology, 

sponsors may submit comparative particle size distribution data as part of their drug 

characterisation within their ANDA application (US Food and Drug Administration, 

2019d). The use of MDRS to spatially map the state of aggregation of API and 

excipients delivered from DPIs is thus an interesting possibility that deserves 

investigation for both mono and combination formulations. 

Figure 64 shows the microstructural differences following MDRS analysis of samples 

taken from the impactor-sized mass collected from Advair® 100/50 µg, 250/50 µg and 

500/50 µg FP/SX DPI products. As expected, the data shows the presence of “free-

standing” API together with mixed agglomerates within the aerosolised dose. As 

shown, the percentage of free-standing FP increased with the greater concentrations 

of FP in the powder blend. Moreover, the presence of FP-Lac-SX agglomerates 

particles decreased as the dose strength of FP in Advair® increased. A comparison of 

these data with the dissolution data presented in Chapter 4 implies that faster 

dissolving FP in the low dose product may be related to the smaller amount of free-

standing FP in those formulations alongside the increased FP agglomeration with 

more soluble components, Lac and SX, that accelerate FP dissolution (Chapter 4) 

(Price et al., 2020). The slower rate of dissolution of FP from both the mid and high-

strength formulations was consistent with the greater amount of free-standing FP 

(Figure 64) and lower mixed agglomerate structures, perhaps resulting in poor 

wettability of FP and a reduction in dissolution rate. 
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Figure 64. Chemical classification of the ISM dose of Advair® 100/50 µg, Advair® 250/50 µg 

and Advair® 500/50 µg DPI collected at 60 L/min with a USP inlet and pre-separator connected 

to the ADC apparatus. Quantities are a percentage by number and an average of 6 separate 

measurements of at least 3000 particles. 

The microstructure differences of the ISM dose of a commercial US Advair® DPI 

100/50 µg and its equivalent European formulation Seretide™ DPI 100/50 µg, were 

also investigated using MDRS. As shown in Figure 65, the percentage of free-

standing FP was greater in Seretide™. Moreover, the percentage of FP particles 

agglomerated with SX and/or Lac was greater in Advair®. Hence, the faster rate of 

dissolution of FP in Advair® may be due to a greater number of FP particles 

agglomerated with particles of lactose and salmeterol, as previously suggested. 

Figure 66 illustrates the microstructure of the ISM dose of a commercial US Flovent® 

DPI 100µg and its equivalent European formulation Flixotide™ DPI 100 µg. As shown, 

the percentage of stand-alone FP is similar in both products. These results are in 

agreement with the dissolution data presented earlier.  
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Figure 65. Chemical classification of the ISM dose of Advair® 100/50 µg and Seretide™ 

100/50 µg DPI collected at 60 L/min with a USP inlet and pre-separator connected to the ADC 

apparatus. Quantities are a percentage by number and an average of 6 separate 

measurements of at least 3000 particles. 

 

Figure 66. Chemical classification of the ISM dose of Flovent® 100/50 µg and Flixotide™ 

100/50 µg DPI collected at 60 L/min with a USP inlet and pre-separator connected to the ADC 

apparatus. Quantities are a percentage by number and an average of 6 separate 

measurements of at least 3000 particles. 
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MDRS has been previously used to investigate the agglomeration and microstructure 

of different formulations and how it affects formulation performance (Theophilus et al., 

2006; Rogueda et al., 2011; Kinnunen et al., 2015). However, these samples were 

collected under the nozzles of an impactor which may result in particles depositing in 

a reduced area under the nozzles and induce an artificial agglomeration of particles, 

as presented in Figure 44 in Chapter 4 (Price et al., 2020). Other techniques such as 

aerosol time-of-flight mass spectrometry and SPAMS have emerged as alternatives 

to evaluate the agglomeration of dry powder inhalers (Jetzer et al., 2017). 

Nevertheless, their inability to detect lactose has turned out as a major drawback to 

understand how structure impacts performance (Jetzer et al., 2017; Jetzer et al., 

2018). Technical advances in MDRS and the development of the ADC apparatus 

have allowed the analysis of agglomerates in their natural state. One drawback of 

MDRS is still its ability to only detect particles greater than 0.5 µm; however, the use 

of an orthogonal technique that is more sensitive to smaller particles such as 

dissolution might overcome this obstacle. The MDRS data presented here support 

the possible role that in vitro dissolution testing of sparingly soluble compounds may 

play in vivo and be a suitable orthogonal based technique for investigating the effect 

of variability in critical material attributes and critical processing conditions on 

formulation microstructure. 

5.3.4. Statistical Analysis of Q3 Evidence  

The previous two sections have shown that the rate of dissolution and distribution of 

agglomerate structures in collected aerosol particles can be used to differentiate DPI 

products of different dose, manufacturing location and between monotherapy and 

combination products. An ANOVA and Tukey’s honestly significant difference posthoc 

test of the percentage of FP dissolved after 2.5 min (shown in Figure 61) was used to 

identify statistically significant differences between the products since this was the 

most discriminatory time point. The dissolution rates of Flovent® 100 and Flixotide™ 

100 are not statistically significantly different (p = 0.99). All other dissolution rates are 

statistically significantly different (p< 0.001 for all), most notably Advair® 100/50 and 

Seretide™ 100/50, which, based on their composition, would be expected to behave 

similarly. These results show the use of dissolution in a Q3 approach is able to 

differentiate not only formulations that are Q1 and/or Q2 different but also those that 

are Q1 and Q2 similar. 
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Figure 67. Principal component analysis of MDRS data for Seretide™, Advair®, Flixotide™ 

and Flovent® DPIs. Points show principal component scores for repeat measurements of each 

formulation and vectors represent the contribution of each chemical class to the principal 

components. 

The MDRS data shown in the previous section produces multi-dimensional results, 

the interpretation of which depends on the specific product being investigated, and 

therefore requires appropriate treatment. Multivariate statistical analysis, such as 

principal component analysis (PCA), can be used to project these data onto lower 

dimensions for structural comparisons of the DPIs to be made. Such approaches have 

been used previously with chemical imaging techniques to map the surface of tablets 

to a high degree of accuracy even when some components are present in vastly 

smaller quantities than others (Šašić and Harding, 2010; Gut et al., 2015). Here PCA 

was used to identify which agglomerate classes most varied between DPI products. 

Figure 67 shows the PCA of the individual MDRS measures from Figure 64 to Figure 

66. The first two principal components account for 93 % of the total variance and show 

a good separation of the various DPI products. The first principal component 

separates the mono and combination products and is composed to a significant extent 

by the fraction of free-standing FP, free-standing Lac and FP/SX/Lac. An ANOVA 

followed by Tukey’s test shows highly statistically significant differences in the fraction 
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of free-standing lactose between the mono and combination products (p << 0.001 for 

all), a somewhat statistically significant difference between the two mono products (p 

= 0.039) and no statistically significant difference in the fraction of free-standing 

lactose between Advair® and Seretide™ (p = 1.00). The second principal component 

(PC2) is composed primarily by the fraction of FP/Lac and shows segregation of 

Advair® 100/50 and Seretide™ 100/50. The difference between the fraction of FP/Lac 

particles between Advair® and Seretide™ are statistically significantly different 

(Welsh’s two-tailed t-test: p = 0.036). 

The segregation of Advair® 100/50 and Seretide™ 100/50 along the second principal 

component in Figure 67 shows a higher proportion of FP agglomerated with lactose 

in the Advair® particles and a higher proportion of FP agglomerated on its own or with 

SX (or SX and lactose) in the Seretide™ particles. This difference in FP agglomerate 

structure may explain the statistically significant differences in dissolution kinetics 

between Advair® and Seretide™ observed in Figure 61. Lactose is freely soluble in 

water (Yalkowsky et al., 2016), whereas SX is only sparingly soluble (Anwar et al., 

2015); therefore, lactose agglomerated with FP would be expected to dissolve more 

rapidly than SX agglomerated with FP or FP-only agglomerates resulting in a more 

rapid increase in surface area, and therefore dissolution rate of the FP as discussed 

above. This correlates well with the dissolution measurements shown in Figure 61 as 

FP dissolves much faster from Advair® than Seretide™, and Advair® contains a 

greater quantity of FP/lactose particles, as shown in Figure 65. The combination of 

MDRS and dissolution has revealed a structural difference in the particles deposited 

from Advair® and Seretide™ despite them being Q1 and Q2 similar showing that they 

are, in fact, Q3 dissimilar. 

Figure 67 also shows some within batch variability of Advair® as two of the Advair® 

samples are located within the Seretide™ cluster. It is unknown at this stage whether 

this between-dose variability is a feature of the drug product or indicative of variation 

in the MDRS measurement. To further develop the Q3 methodology for OIDPs, it is 

necessary to expand the study to multiple batches. A multivariate statistical approach 

such as PCA could then be used to identify the key combinations of chemical classes 

that vary within batch, between-batch and between-product. After establishing this for 

a given product, MDRS data for test products could be projected onto the most 

appropriate axes and, combined with dissolution data, function as a full Q3 test. A 

further advantage of projecting multivariate data onto low-dimensional axes is that a 



Chapter 5 

177 

single number can output for incorporation into statistical tests, such as population 

bioequivalence, that are already advised by the FDA for other in vitro tests for OIDPs 

(US Food and Drug Administration, 2012a). 

Recent PK studies of Advair® have shown batch-to-batch variability with Advair® 

products to the extent that the batches are bioinequivalent under current regulations 

(Burmeister Getz et al., 2016; Burmeister Getz et al., 2017), which is unexpected 

based on Q1 and Q2 equivalence criterion. This study has shown that Advair® and 

Seretide™, which are expected to be equivalent under qualitative and quantitative 

measures, show structural differences.  

 

5.4. Conclusions  

This study has shown that Q3 in vitro structural characterisation techniques can be 

used to compare DPI products and highlight differences between products that have 

not before been observed ex vivo. This improved understanding of the fate of inhaled 

aerosol particles offers methods to expedite both DPI development and approval of 

bioequivalent products. 

A combination of MDRS and dissolution was utilised to analyse the impactor-sized 

mass from various DPI products using a novel dose collection system that deposits 

the particles uniformly under laminar flow. The key findings in the dissolution studies 

were that the rate (taken as the cumulative % drug dissolved after 2.5 mins) of 

particles aerosolised from Advair® increased from 50.31 % to 70.86 % upon a 

decrease in the nominal FP dose from 500 µg to 100 µg, the mono FP products 

Flixotide™ (EU) and Flovent® (US) showed no difference (which would be expected 

as they are Q1 and Q2 equivalent) but, most interestingly, the combination products 

Seretide™ (EU) and Advair® (US) showed fractions of FP dissolved after 2.5 mins of 

58.48 % and 70.86 % respectively which was unexpected as they too are Q1 and Q2 

equivalent. 

These findings were supported by MDRS data. PCA was used to identify the most 

appropriate agglomerate classes to classify the different products. The fraction of 

free-standing lactose particles was around 37 % in the mono products and 18 % in 
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the combination products. The fraction of FP agglomerated with lactose was 51.85 % 

in Advair® 100/50 and 41.72 % in Seretide™ 100/50. This finding supports the 

dissolution data as the agglomeration of FP to the more soluble lactose would result 

in a more rapid increase in FP surface area as the lactose dissolves and, therefore, a 

faster initial rate of FP dissolution.  

Further developments to the Q3 approach for demonstrating structural equivalence 

would include generating data from a larger number of batches to determine the 

structural aspects of batch-to-batch variations. Following this, the orthogonal 

dissolution and MDRS techniques can be fully combined using multivariate methods, 

and a methodology for designing a combination of structural data which would serve 

as a product-specific parameter for use in statistical tests, such as population 

bioequivalence, could be developed.  

The structure of highly non-equilibrium products such as DPIs is a complex function 

of processing history spanning the entire life cycle of the product from manufacture to 

end-use by the patient. While it is not possible to predict the behaviour of DPIs given 

all relevant processing parameters a priori, measuring the structure of the aerosolised 

particles in a state relevant to deposition in the lung has been shown here to be a 

powerful method for establishing bioequivalence. A sensitivity to product differences 

that have not previously been observed ex vivo and clear relevance to 

pharmacokinetics make Q3 evaluation an important tool for DPI development and 

regulation and one that should be developed further. 
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6.1. Introduction 

Q3 is a term, initially introduced for topical products, that defines similarity in the state 

of aggregation, the arrangement of matter, and physicochemical properties of the final 

product, which will depend on the raw materials, manufacturing process and storage 

conditions (Yu, 2003). Due to the disadvantages associated with comparative clinical 

trials (e.g., extensive time and cost involved), in vitro methods are of high interest for 

evaluating the bioequivalence (BE) of locally administered formulations such as nasal 

sprays (Daley-Yates and Parkins, 2011; Saluja et al., 2014). This interest of the US 

Food and Drug Administration (FDA) in novel technologies allowed the introduction 

of a new concept for locally-acting products: Q3 equivalence (Yu, 2003; US Food and 

Drug Administration, 2020a). Q1 and Q2 are well-established concepts that represent 

qualitative and quantitative similarity, respectively.  

For semi-solid formulations that are Q1 and Q2 equivalent, the only possible 

differences between products may only be related to the physical attributes and state 

of the product (arrangement of matter, aggregation) that reflect changes in the 

manufacturing method or the physical state of starting materials. Thus, structural 

similarity (Q3) can be defined as a third aspect of equivalence (Yu, 2003). In the early 

2000s, the FDA envisioned that the primary methodologies used to demonstrate Q3 

equivalence for these products would be the determination of particle size 

distributions and rheology characterisation. However, other properties of the final 

product such as pH, drug substance release and polymorphic form should also be 

considered (Yu, 2003). Over the last two decades, several novel methodologies have 

emerged, such as dermatopharmacokinetic studies, dermal microdialysis, open flow 

microperfusion, Raman spectroscopy, near-infrared spectrometry and in vitro 

permeation (IVPT), and release testing (IVRT) (Mak et al., 1990; Herkenne et al., 

2008; Wiedersberg, 2008; Franz et al., 2009; Russell and Guy, 2009; Chang et al., 

2013; Lehman and Franz, 2014; Yacobi et al., 2014; Lu et al., 2016). These 

techniques should be validated and have a studied impact on therapeutic action to be 

considered for BE purposes. These advances culminated in the publication of 

different product-specific guidances (PSG) that proposed a pathway for Q3 

equivalence (US Food and Drug Administration, 2016a). Assessment of appearance, 

polymorphic form, particle size distribution and crystal habit in the drug product, 

rheological behaviour, water activity, pH, specific gravity and newly introduced 

methodologies such as IVRT and IVPT have been included to demonstrate the 
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physicochemical similarity between test and reference products (US Food and Drug 

Administration, 2016a). 

The rheology of nasal suspensions is sensitive to changes in the microstructure and 

is potentially able to detect Q3 differences (Kippax et al., 2018). In addition, the 

rheology of a nasal formulation will affect the delivery of the active agent to the nose, 

which may result in variance in its therapeutic performance (Gonda and Gipps, 1990). 

Viscosity enhancers are used in nasal formulation to decrease nasal drip (Behl, 

Pimplaskar, Sileno, Xia, et al., 1998; Masiuk et al., 2016). Previous studies by Pu et 

al. have shown that viscosity modifiers such as hypromellose and a combination of 

microcrystalline cellulose (MCC) and carboxymethyl cellulose (CMC) marketed as 

Avicel® RC-591 impacted the regional deposition in the nose (Pu et al., 2014). It was 

reported that as the concentrations of viscosity modifier increase, the anterior 

deposition decreases and more drug is delivered to the posterior of the nose. These 

data suggest that viscosity enhancers affect regional deposition in the nose (Pu et al., 

2014). However, there have been limited reports of a direct correlation between 

formulation viscosity, spray characteristics and regional deposition in the nose. This 

lack of a direct correlation between these parameters is due to complexities in the 

formulation structure that are likely to impact the rheology of the formulation. 

6.1.1. Rheology 

Fluid flow properties of liquids and viscoelastic liquids were initially described by Sir 

Isaac Newton (Osswald and Rudolph, 2014). He found that the velocity at which a 

liquid moved was proportional to the force applied to it. If the force increases or 

decreases, the liquid will move faster or slower, respectively. If the same force is 

applied to a thin or thick liquid, the liquid will move faster or slower, respectively. This 

proportion between the force applied to a liquid area or shear stress (𝜏) and the 

velocity at the liquid moves or shear rate can be defined as viscosity. Viscosity (𝜂) 

measures the resistance to flow and can be represented by Newton’s law of viscosity 

(Equation 17), where shear stress has the same definition as above, and shear rate 

corresponds to the progressive shearing deformation. Shear rate (�̇�) is equivalent to 

the ratio of velocity (v) in m/s and the shear gap (h) (Malvern Panalytical, 2016). 
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Equation 17. Newton’s viscosity law. 

𝜂(𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦) =
𝜏 (𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠)

�̇� (𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒)
=

𝐹/𝑎

𝑣/ℎ
 

 

The deformation behaviour of solid and viscoelastic solids was firstly defined by 

Robert Hooke, who found that a spring deformed proportionally to the force applied 

to it. In his law of elasticity, Hooke states that for relatively small deformations of an 

object, the magnitude of the displacement is directly proportional to the force applied 

(Osswald and Rudolph, 2014). Upon removal of the force, the object returns to its 

original shape and size. Therefore, the rigidity modulus or shear modulus (G) can be 

defined as the ratio between shear stress and strain (γ), as presented in Equation 18. 

The rigidity modulus is a measure of stiffness or resistance to flow. While shear stress 

is denoted as the shear force applied parallel to a cross-section area of the material, 

strain corresponds to the deformation of a material and is a dimensionless quantity 

resulting from the ratio of the deformation (∆𝑥) and the thickness of the material (𝑙). 

Equation 18. Hooke's law. 

𝐺(𝑠ℎ𝑒𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑢𝑠) =
𝜏 (𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠)

𝛾 (𝑠𝑡𝑟𝑎𝑖𝑛)
=

𝐹/𝑎

∆𝑥/𝑙
 

 

Since viscosity values can be variable at different shear rates, these can be presented 

as flow curve diagrams by plotting shear stress and shear rate or as viscosity curves. 

The shape of these curves will reflect the shear rate dependence, which might be 

complex for different fluids. Newtonian fluids are characterised by having the viscosity 

independent of shear rate and of time of shear at a constant shear rate. Liquids such 

as water, mineral oil and acetone represent this behaviour. Liquids that do not abide 

by these rules are known as non-Newtonian fluids. These liquids usually have more 

complex microstructure such as suspensions and may have shear-thickening or 

shear-thinning behaviour (Osswald and Rudolph, 2014). For materials with a shear-

thickening or dilatant flow behaviour, the viscosity increases with increasing shear 

rates. While for the fluids with a shear-thinning or pseudoplastic flow behaviour, the 

viscosity decreases with increasing shear rates. The latter is the most common type 

of non-Newtonian fluids and is a result of microstructural rearrangements occurring in 

the plane of applied shear. At low shear, the material as an irregular order with high 
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viscosity, while at higher shear rates, particles can rearrange into different layers 

resulting in particle-particle interaction and less resistance to flow (lower viscosity) 

(Kumaran, 2010). 

In most shear-thinning fluids, there is also a decrease of the viscosity in time at a 

constant strain rate. This is a consequence of the gradual breakdown of the 

microstructure and viscosity under stress. Upon cessation of stress, the fluid will 

generally return to its original microstructure and viscosity (Figure 68). This ability to 

return to its original state is known as thixotropic behaviour (Barnes, 1997). 

 

 

Figure 68. Schematic representation of a shear-thinning fluid with thixotropic behaviour: flow 

curve (top left), viscosity curve (top right) and viscosity over time (bottom). 

For a purely elastic material, the stress is proportional to strain, and there will be no 

lag between the maximum stress applied and the maximum strain. On the other 

extreme, for purely viscous material, the stress is proportional to the strain rate (Ferry, 

1980). Thus, the maximum stress will occur at the maximum strain rate (highest flow 

rate), being the stress and strain out of phase by 90 °. For a viscoelastic material, the 

phase difference will fall between both extremes, as presented in Figure 69. This 

phase shift (δ) difference allows the classification of a material as purely elastic (0 °), 
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purely viscous (90 °) with 45 ° representing the boundary between solid-like and 

liquid-like behaviour. Moreover, the phase difference allows the determination of the 

contribution of the elastic component or storage modulus (G’) and viscous component 

or loss modulus (G’’) to the complex modulus (G*). G* is a quantitative measure of 

material stiffness or resistance to deformation as represented in Figure 70 and 

Equation 19 (Malvern Panalytical, 2016). 

Equation 19. Complex modulus. 

𝐺∗(𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑚𝑜𝑑𝑢𝑙𝑢𝑠) =
𝜏𝑚𝑎𝑥(max 𝑠𝑡𝑟𝑒𝑠𝑠)

𝛾𝑚𝑎𝑥(max  𝑠𝑡𝑟𝑎𝑖𝑛)
 

 

Figure 69. Schematic representation of stress and strain sinusoidal wave relationship for 

purely elastic (left), viscoelastic (middle) and purely viscous (right) materials. 

 

Figure 70. Schematic representation of the geometric relationship between G* and its 

components G’ and G’’. 

 
6.1.2. Rheological Behaviour of Locally-Acting Nasal Suspensions 

Aqueous nasal suspensions of corticosteroids have been designed to ensure the 

stable dispersion of an active pharmaceutical ingredient (API) and allow the delivery 

of a drug substance into the nasal cavity. To ensure long term stability, the aqueous 

suspension must have a gel-like state to maintain the drug particles in suspension, 

avoid sedimentation of the particles and agglomeration. Nevertheless, this 

suspension must be able to aerosolise through the spray nozzle into micron size 
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droplets for nasal delivery. Hence, such suspensions require both a gel-like state at 

rest and shear-thinning behaviour when shear is applied by shaking and actuating the 

nasal pump. When the shear stress is removed, the formulation must be able to revert 

to the original gel-like state to avoid sedimentation inside the nasal actuator and to 

adhere to the nasal cavity. Therefore, besides exhibiting shear-thinning behaviour, 

the structure of these formulations should be designed to exhibit thixotropic behaviour 

(Eccleston et al., 2000; Sharpe et al., 2003). 

Thixotropic behaviour plays a vital role in the adhesion of the suspension to the nose, 

facilitating the dissolution of a low solubility drug substance and enhancing its 

bioavailability. Moreover, the rheology of these pharmaceutical products has also 

been investigated to have a significant influence on the droplet size distribution (Dayal 

et al., 2005; Pennington et al., 2008; Trows et al., 2014). The rheology of these nasal 

suspensions should then be considered a critical quality attribute during product 

development. 

The device, formulation, and manner by which the patient actuates the nasal spray 

pump are the three factors that generally determine the properties of the emitted 

spray. Aqueous suspension nasal sprays usually exhibit shear-thinning behaviour as 

a result of the cross-linking of microcrystalline cellulose (MCC) and carboxymethyl 

cellulose (CMC) in aqueous media or the presence of other thickening agents (Sharpe 

et al., 2003). The formulation composition and its processing, particularly the 

homogenisation of the thickening agent, may impact the rheologic behaviour of the 

final product (Chudiwal and Dehghan, 2016). The interaction between MCC and CMC 

helps to aid suspension of the API in the formulation; they form a gel-like consistency 

that breaks down under the shear generated during dose delivery through the nasal 

spray pump and nozzle. Hence, variation in the rheology of nasal suspension 

formulations affects the gel-like state of the formulation, its shear-thinning properties 

when actuated through the pump, and its ability to rebuild its formulation structure into 

a gel post-dose delivery. Measurement of the rheological characteristics of test and 

reference formulations may help to ensure that the formulation structure between 

products is similar, which may also help to confirm that drug product critical quality 

attributes are similar.  

Rheological properties have been used to show bioequivalence for other topical 

dosage forms. For example, the FDA published a PSG for Acyclovir where the 
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analysis of the rheological behaviour of test and reference products is proposed, using 

an instrument able to monitor the non-Newtonian rheologic behaviour of these dosage 

forms (US Food and Drug Administration, 2016a). According to this guidance, the 

yield stress should be characterised if the material exhibits plastic flow behaviour 

since it is used to distinguish between different dosage forms. The linear viscoelastic 

region (LVER) will characterise the relaxation times of the material and should be 

described with a plot of the elastic component or storage modulus and viscous 

component or loss modulus versus frequency (Yu, 2003). The degree of non-

Newtonian behaviour should be described by the shear stress (or viscosity) plotted 

against the shear rate (Yu, 2003; US Food and Drug Administration, 2016a). 

Most nasal suspensions act as solids at rest but can break into fine droplets when 

specific stress is applied to the sample by actuating the nasal pump. The shear stress 

required to allow the material to flow and behave like a liquid is known as yield stress. 

The higher the yield stress, the closer the materials is to a solid, the higher the force 

required to break the nasal suspension into fine droplets, and the material will be able 

to keep its structure for longer (Shur, Farias, et al., 2016; Kippax et al., 2018). 

After performing an oscillatory amplitude testing on a rotational rheometer (Figure 71) 

to determine the LVER, a frequency sweep within the LVER is usually performed to 

provide a fingerprint of the material being tested with information on its stiffness and 

elasticity by characterising the phase angle and complex shear modulus (Malvern 

Panalytical, 2016; Kippax et al., 2018). While the complex shear modulus is a 

measure of total stiffness (viscous and elastic components combined), the phase 

angle is a ratio between viscosity and elasticity.  

Viscosity or shear stress versus shear rate plot should also be determined to 

characterise the extent of shear-thinning behaviour. The higher the viscosity, the 

lower the flowability and the longer it will hold its structure (Malvern Panalytical, 2016; 

Kippax et al., 2018). 
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Figure 71. Schematic representation of the linear viscoelastic region. 

6.1.3. In Vitro Release Testing (IVRT) 

Dissolution is a relatively well-established method in the pharmaceutical industry that 

has been used in regulatory submissions for both new drug and abbreviated new drug 

applications (US Food and Drug Administration, 1995; The United States 

Pharmacopeial Convention, 2021f). Although this tool was first developed for 

immediate-release products, with time, it has also been adapted to 

controlled/modified release products and less common dosage forms such as 

chewable tablets, suspensions, orally disintegrating tablets, semi-solid topical 

preparations, transdermal patches, suppositories, orally inhaled products and 

injectables. For topical and transdermal products, this testing has commonly been 

referred to as an “in vitro release” test since dissolution is only part of this complex 

drug release process (The United States Pharmacopeial Convention, 2021g). 

Generally, this process involves contact of the formulation product with the dissolution 

medium, followed by diffusion of water into the matrix of the dosage form, dissolution 

of the drug and permeation through the delivery system or membrane due to a 

concentration gradient. In this case, the matrix of the dosage form plays a vital role in 

the drug release. Therefore, for drugs where dissolution alone is not the rate-limited 

step, the terminology drug release is more appropriate (Siewert et al., 2003; Jug et 

al., 2018).  

Since these “novel” formulations have different formulation design and microstructure, 

it is not possible to use a standard method to evaluate drug release (Jug et al., 2018). 

Therefore, different apparatus, diluents and procedures will be used dependent on 

the formulation type and drug products. Nevertheless, the same general principles as 

for dissolution method development and validation still apply.  
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In vitro release testing was first explored in the 1990s during the development of 

vertical diffusion cells, with scientists performing a comparative assessment of 

marketed products and exploring the relationship between dermatopharmacokinetics, 

pharmacodynamics and IVRT characteristics (Skelly et al., 1990). Its success resulted 

in the publication in 1997 of SUPAC-SS guidance, proposing IVRT for assessment of 

moderate (level 2) changes (US Food and Drug Administration, 1997). This guidance 

proposes a reliable and reproducible performance test that reflects the release of an 

active pharmaceutical ingredient through the different layers of semi-solids. This 

simple test requires inert membranes and sink conditions media. Moreover, this 

comprehensive test has the potential to reflect the influence of several factors, such 

as particle size and morphology, dissolution, and vehicle properties (Li et al., 2011; 

Tiffner et al., 2018). Hence, SUPAC-SS proposes that IVRT may be used to assess 

sameness for scale-up and post-approval changes (US Food and Drug 

Administration, 1997). 

In 2013, the USP published a chapter in semi-solid drug products-performance tests: 

general approaches and cell models (The United States Pharmacopeial Convention, 

2021b). In this chapter, different apparatuses for in vitro release testing are proposed, 

as presented in Figure 72. For these testing, different models of vertical diffusion cells 

and immersion cells can be combined with a USP II apparatus and a USP IV 

apparatus. 

 

Figure 72. Schematic representation of different apparatus proposed by USP <1724> for 

determination of IVRT: (A) Vertical diffusion cell and (B) Immersion cell. This image was 

adapted from (The United States Pharmacopeial Convention, 2021b). 

More recently, the first product-specific guidance with reference to IVRT was released 

(US Food and Drug Administration, 2016a). This guidance proposes this method to 

A B
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be used for bioequivalence purposes. Currently, IVRT may be used for the 

development of generics in product development studies, to assess bioequivalence, 

screen changes in composition and manufacturing process during scale-up and 

stability studies. Approaches to develop and validate IVRT methods have been 

proposed and should include the evaluation of membrane which should be inert, 

choice of receptor media that allows sink conditions, cell design, temperature 

mimicking in vivo conditions, at least five points, 70 % of the drug substance released 

and enough discriminatory ability (US Food and Drug Administration, 1997; US Food 

and Drug Administration, 2016a; Tiffner et al., 2018). 

For IVRT data analysis, a Higuchi model is generally used since it describes the drug 

release as a diffusion process and has been applied to transdermal products and 

matrix tablets. Higuchi developed different theoretical models to study the drug 

release of water-soluble and poorly soluble drug substances embedded in a semi-

solid or solid matrix. This model follows the expression below (Equation 20), where 

Qt is the amount of drug dissolved in time t and KH is the Higuchi release constant 

(Higuchi, 1961; Higuchi, 1963; Costa and Sousa Lobo, 2001). 

Equation 20. Higuchi model. 

𝑄𝑡 = 𝐾𝐻 . √𝑡 

The main goal of this study was to use a combination of techniques to investigate the 

microstructure of complex locally-acting nasal suspensions. After formulating three 

nasal suspensions with different concentrations of a thickening agent, the 

formulations were submitted to the in vitro testing described in the PSGs, followed by 

more advanced techniques to evaluate the API particle size in nasal suspensions, 

dissolution profile of the API, formulation rheological measurements and in vitro drug 

release. The discriminatory ability of this rheology method and in vitro release testing 

were evaluated in nasal suspensions with different concentrations of a suspending 

agent. These approaches were designed to support in vitro BE investigations of nasal 

suspension drug products.  
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6.2. Materials and Methods 

A single batch of micronised mometasone furoate monohydrate (Sterling, Perugia, 

Italy) was procured and formulated into aqueous suspension nasal sprays. The 

formulation design was designed to be qualitatively and quantitatively the same as 

reference listed drug (RLD) product Nasonex®, except on the concentration of a 

suspending agent (Merck, US). Solvents and excipients were supplied by Fisher 

Scientific UK (Loughborough, UK) as High-Performance Liquid Chromatography 

(HPLC) and reagent grade, respectively. Ultra-pure water was prepared by Milli-Q® 

using reverse osmosis (Merck, Darmstadt, Germany). 

6.2.1. Manufacture of Nasal Suspension 

Three batches of nasal sprays were prepared with different concentrations of a 

suspending agent (1.0 %, 2.0 % and 4.0 %, corresponding to batch 1.0%, batch 2.0% 

and batch 4.0%, respectively) and a single mometasone furoate monohydrate (MFM) 

batch. An aqueous solution of the polysorbate 80 (0.01 % w/w, Spectrum, UK) was 

prepared into which MFM (0.05 % w/w, Sterling, Perugia, Italy) was dispersed (Yuen 

et al., 2001). In a separate mixing vessel, the suspending agent (1.00 - 4.00 % w/w, 

Avicel® RC-591, FMC Biopolymer, Belgium) was dispersed for one minute in purified 

water by homogenisation. These two suspensions were rested for ten minutes and 

then combined with continuous stirring. Other agents, benzalkonium chloride, sodium 

citrate dihydrate, and citric acid monohydrate were all added to the formulation (Merck 

KGaA, Darmstadt, Germany). All formulations were filled into white HDPE bottles and 

fitted with a screw-on VP3 pump (18/415, Aptar Pharma, France). 

6.2.2. HPLC Analysis of Mometasone Furoate Monohydrate 

Quantification of mometasone furoate monohydrate utilised reversed-phase HPLC 

method coupled with UV detection. The system consisted of an Agilent 1260 Infinity 

HPLC System comprising of binary pump flowing at 2.0 mL/min through a Thermo 

Scientific ODS Hypersil, 150 x 4.6 mm 5 μm column, within a temperature controlling 

column oven at 45 °C and a UV detector set to 250 nm. The mobile phase consisted 

of a gradient of a buffered solution of sodium dihydrogen orthophosphate solution pH 

3.0 and HPLC grade acetonitrile at a proportion of 65:35 for 5.0 min, followed by a 

change of gradient to 33:67 until 5.5 min when it changed back to the original gradient 
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for three more minutes. The injection volume was 100 µL. The HPLC method 

validation is further described in Chapter 3. 

6.2.3. Single Actuation Content (SAC) of Nasal Suspensions with Mometasone 

Furoate Monohydrate 

SAC was performed after priming the device ten times before collecting an individual 

sample into a scintillation vial (Merck & Co., 2011). Each actuation was collected by 

manually actuating a nasal spray pump and recovering the actuated dose in 100 mL 

of diluent (32.5 Acetonitrile: 32.5 Methanol: 35 Water). Five repetitions of each 

product were analysed using a suitable HPLC method (described above). 

6.2.4. Droplet Size Distribution (DSD) by Laser Diffraction 

The Malvern Spraytec® (Malvern Panalytical, Worcestershire, UK) was used to 

determine the droplet size distributions of the different batches. The nasal spray was 

positioned at 6 cm from the laser, the sample was manually actuated, and the data 

was collected with an acquisition rate of 2.5 kHz. The particle size data, d10, d50 and 

d90, were calculated as an average of the range with an obscuration above 90 % of 

the maximum obscuration. 

6.2.5. In Situ Particle Sizing and Morphology Analysis of Nasal Suspensions using 

Morphologi G3-ID® 

The morphology and particle size of API formulated into nasal suspension 

formulations was characterised using a Morphologi G3-ID® morphologically-directed 

Raman spectroscopy (MDRS) system (Malvern Panalytical, Worcestershire, UK). 

After priming, a nasal spray was actuated five times into a scintillation vial, 3.3 µL of 

the sample were pipetted onto a quartz microscope slide, which was covered with a 

coverslip and sealed with grease. The sample was then placed under the microscope 

with 80 % diascopic bottom light. A threshold of 150 was selected to capture all the 

particles, and morphological filters, such as convexity<0.9 and solidity<0.9, were used 

to remove poorly imaged particles. To precisely remove any air bubbles on the 

sample, a class with an intensity standard deviation between 35.000 to 80.000 and a 

solidity higher than 0.8 were used to exclude these particles from chemical analysis. 

An elongation filter of 0.3 was also used to enhance the target of MFM particles.  
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Upon applying these filters, the chemical analysis was carried out using the Kaiser 

Optical Systems RamanRxn1 Spectrometer integrated with the Morphologi G3-ID® 

equipment. The Raman spectrum for each of the particles of the same scanning area 

was collected using 60 s of exposure time with excitation at a wavelength of 785 nm 

over the spectral range of 100–1825 cm-1 at a resolution of 6 cm-1. Particles with a 

circular equivalent diameter below 2 µm were filtered from the analysis due to the 

system low efficiency in tracking these. Particles with a score above 0.6 were 

classified as MFM after selecting only the spectra range between 1350-1750 cm-1, 

performing a scaled background subtraction followed by the application of Savitsky-

Golay filtering over 31 points (intermediate smoothing) and a second derivative of the 

signal. The method development route used to optimise this method is covered in 

Chapter 3. 

6.2.6. Dissolution Analysis of Nasal Suspensions 

Dissolution analysis was performed on complex nasal suspensions. These 

suspensions were actuated into a scintillation vial, and 0.2 mL were pipetted into a 

dissolution vessel. All dissolution studies were conducted in a USP apparatus II, also 

known as rotating paddle. All dissolution measurements were performed at 37 °C in 

600 mL pH 7.4 phosphate-buffered saline (PBS) containing 2.0 % w/v sodium dodecyl 

sulphate (SDS) dissolution medium with a stirring speed of 75 rpm in USP Apparatus 

II (Erweka GmbH, DT 126, Heusenstamm, Germany). For all dissolution experiments, 

3 mL aliquots were withdrawn at 2.5, 5, 10, 15, 20, 25, 30, 60, 120, 180 and 240 

minutes time intervals and filtered directly into HPLC vials. To maintain a constant 

volume in the dissolution vessel, the sampling volume was replaced with pre-warmed 

dissolution media. The fractional percentage of the drug dissolved at each time point 

was determined by dividing the amount of drug by the total mass loading. Sink 

conditions were maintained during dissolution studies.  

A similarity factor (𝑓2) analysis was calculated to compare dissolution release profiles 

and is explained in more detailed in Chapter 3. The 𝑓2 value was considered similar 

when not less than 50, which is equivalent to an average difference of no more than 

10 % (Costa and Sousa Lobo, 2001). 
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6.2.7. Characterisation of Nasal Spray Formulations Using a Rotational Rheometer 

The rheology of the formulations was evaluated at 25 °C using a Malvern controlled 

stress rheometer with parallel 40 mm plate geometry (Kinexus®, Malvern Panalytical, 

Worcestershire, UK). The elastic modulus and phase angle for each formulation was 

measured as well as equilibrium viscosities at constant shear rates of 0.1 sec-1, 100 

sec-1, or 1200 sec-1. For all experiments, the nasal spray was directly sprayed on to 

the rheometer sample plate. The sample was left to rest in the rheometer for 5 min, 

and the test was repeated. The yield stress was measured linear ramping of shear 

stress (from 2 to 200 Pa) over time and identifying when the sample's viscosity starts 

to decrease. To evaluate the time to rebuild, the sample was sprayed onto the plate 

directly, and the rebuilding process monitored at a constant frequency of 1 Hz. 

6.2.8. In Vitro Release Testing (IVRT) with an Immersion Cell Method Development 

In vitro release test analysis was performed on complex nasal suspensions. A volume 

of 0.2 mL of these suspensions was pipetted onto a cellulose nitrate 3.0 µm pore size 

membrane with 47 mm diameter (Sartorius, Goettingen, Germany), which is placed 

into an inert immersion cell which separates the nasal suspension from the receptor 

medium (see Figure 73). The IVRT was performed with a USP Apparatus II assembly 

with the immersion cell positioned at the bottom of a dissolution vessel. 

 

Figure 73. Schematic representation of a newly developed immersion cell for OINDPs. 

In order to develop a method for IVRT, it was required to first develop an HPLC 

method and assess system precision, accuracy, linearity, and specificity. Then, the 

dissolution media type and volume were selected according to the solubility of the 

drug substance and the method limit of quantification. This was followed by a 

membrane selection and optimisation of the dissolution parameters (US Food and 

Drug Administration, 1997; US Food and Drug Administration, 2016a). Sample 

preparation was also evaluated. 
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The HPLC method description and its validation are described in 6.2.2 and Chapter 

3. The dissolution media evaluated comprised a PBS solution and distinct surfactant 

types and concentrations. SDS was selected since it did not interfere with the 

previously developed HPLC method. A concentration of 2 % SDS in PBS and a 

volume of 600 mL were selected to ensure sink conditions (Shah et al., 1988; Costa 

and Sousa Lobo, 2001). 

An appropriate inert and commercially available synthetic membrane should be used. 

Different membrane materials may be used for this analysis; however, cellulose 

membranes are usually preferred (Shah et al., 1991; Shah et al., 1999; Kregar et al., 

2015). A 47 mm cellulose nitrate membrane was evaluated for this analysis with two 

pore sizes: 1.2 µm and 3.0 µm (Figure 74). A membrane pore size of 3.0 µm was 

selected since it allows completion of the release after 240 minutes and appears to 

have the best discriminatory ability. 

 

Figure 74. Cumulative mass (%) in vitro release profiles of MFM in two formulations (batch 

2.0 % and batch 4.0 % as circles and squares, respectively) tested with cellulose nitrate filters 

with 1.2 µm and 3.0 µm pore size in red dotted lines and straight blue lines, respectively. 

In vitro release testing was undertaken using an Erweka DT Mini dissolution vessel. 

All testing was conducted at 37ºC with a stirrer speed of 75rpm. The total run time of 
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each replicate study was performed over 240 minutes with the following time points: 

5, 10, 15, 20, 25, 30, 60, 120, 180 and 240 minutes.  

To assess the ideal sample preparation conditions, IVRT was performed on batch 4.0 

% before and after actuation. The data presented in Figure 75 suggest that the results 

were more variable and less linear after actuating the sample. When IVRT is 

performed after actuating the nasal pumps, the release appears to be faster for the 

formulations with higher viscosity, as expected. While actuating the device, the 

structure of the nasal suspension breaks into fine droplets and requires time to rebuild. 

This rebuilding of the structure may also explain the higher variability. IVRT was 

evaluated without actuating the nasal sprays. 

 

Figure 75. Mean in vitro release testing profiles of three batches of aqueous nasal suspension 

formulations before and after actuation for batch 4.0 % in cumulative drug released over 

square root of time. Error bars show standard deviations (n=3). 

The FDA has issued some recommendations on analysing the IVRT data for 

transdermal products: “Guidance for Industry Nonsterile Semisolid Dosage Forms. 

Scale-Up and Postapproval Changes: Chemistry, Manufacturing, and Controls; In 

Vitro Release Testing and In Vivo Bioequivalence Documentation” and “Draft 

Guidance on Acyclovir” (US Food and Drug Administration, 1997; US Food and Drug 
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Administration, 2016a). These guidances propose that after performing the IVRT 

analysis, the data should be plotted as the cumulative amount of drug substance 

permeated on the Y-axis in units of mass per area of the membrane and square root 

of time on the X-axis. Then, the in vitro release rate should be estimated by the slope 

of a linear regression calculated from this plot (Higuchi plot). 

6.2.9. Statistical Analysis 

Statistical analysis between the different populations was carried out using one-way 

analysis of variance (ANOVA) followed by Tukey's post hoc analysis. All statistical 

analyses were performed using Minitab 17 software (Minitab, Coventry, UK). 

Probability values of <0.05 were considered as statistically significant. 

 

6.3. Results and Discussion 

6.3.1. Manufacturing of Nasal Formulations and In Vitro BE testing 

In this study, a single batch of API was used to formulate three nasal suspensions 

with different amounts of suspending agent (Avicel® RC-591): 1.0 %, 2.0 % and 4.0 

%. Since this component is a thickening agent, these differences in concentration are 

expected to impact the final product viscosity (Pennington et al., 2008). Apart from 

the amount of suspending agent, the nasal suspension formulations contained 

qualitatively and quantitatively the excipients shown in Table 3 in Chapter 3 and 

therefore were similar to Nasonex®. These final batches were then submitted to the 

in vitro bioequivalence tests recommended in the PSG for Mometasone Furoate 

Nasal Spray, Metered (Recommended Sep 2015; Revised Feb 2019, Jun 2020): SAC 

and DSD (US Food and Drug Administration, 2019c; US Food and Drug 

Administration, 2019d).  

All in vitro test results are summarised in Table 15. For single actuation content, only 

a slight difference (p<0.05) was observed for the batch with a lower amount of 

suspending agent (batch 1.0 %), which was accompanied by a higher variability for 

this analysis. The other two batches had an equivalent delivered dose, which is 

supported by previous studies (Harris et al., 1988; Guo et al., 2008; Trows et al., 

2014). Figure 76 shows the droplet size distribution of the three formulations, which 
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showed statistically different (p<0.01) droplet size distribution between the three 

batches for all parameters (d10, d50, d90 and span). The exception was the d10 between 

batch 2.0 % and batch 4.0 %, which were similar. This difference is further highlighted 

in Figure 76 and is supported by previous studies, which suggested that a higher 

concentration of a polymer, such as Avicel® RC-591, leads to an increase in viscosity 

and, thus, in droplet size, particularly for d90 (Harris et al., 1988; Dayal et al., 2004; 

Guo et al., 2008; Pennington et al., 2008; Trows et al., 2014).  

 

Figure 76. Mean cumulative droplet size volume distribution of three batches of aqueous nasal 

suspension formulations with different concentrations of suspending agent (n=3). 

Table 15. In vitro characterisation mean values of three batches of formulated MFM with 

different concentrations of suspending agent by single actuation content (SAC) and droplet 

size distribution (DSD). Standard deviations are included in the parenthesis (n=3 for all 

analysis except SAC, which was n=5). 

Batch Batch 1.0 % Batch 2.0 % Batch 4.0 % 

SAC (µg) 52.92 (2.64) 49.93 (0.57) 49.72 (1.05) 

DSD d
10

 (µm) 36.45 (0.42) 45.00 (0.25) 45.00 (0.63) 

DSD d
50

 (µm) 51.71 (0.72) 59.97 (0.99) 69.63 (1.45) 

DSD d
90

 (µm) 73.65 (1.33) 79.68 (2.45) 108.18 (3.17) 

DSD span 0.72 (0.01) 0.58 (0.03) 0.91 (0.02) 
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6.3.2. MDRS and Dissolution as Orthogonal Techniques to Measure In Situ Particle 

Size of MFM 

In 2019, the FDA issued new PSGs for locally-acting nasal suspensions that include 

the MDRS approach in lieu of clinical endpoint studies (Liu et al., 2019; US Food and 

Drug Administration, 2019c; US Food and Drug Administration, 2019d). Therefore, 

this technique was also used to evaluate differences in the API particle size on the 

nasal suspensions. In addition to this technique, dissolution analysis was also 

performed as an orthogonal technique (see Chapter 3). 

These data are summarised in Figure 77 and Table 16. MDRS data found no 

significant differences in the measured particle size of the API for any of the batches. 

Indeed, according to a 𝑓2 similarity test, all dissolution profiles were deemed 

equivalent. These data suggest that since a single batch of API was used to formulate 

these nasal suspensions, no difference in particle size should be observed on the final 

product. Also, as formerly discussed in a previous chapter, this dissolution technique 

will be a measure of the particle size and morphology of the API, and any changes in 

the excipient will have no impact on the dissolution rate. When evaluating the 

morphology only of all particles with the Morphologi G3-ID®, Figure 78 suggests that 

an increase in concentration of suspending agent leads to an increase in elongation. 

However, no statistical difference was observed on 10 %, 50 % and 90 % percentiles. 

Both MDRS and dissolution suggest that the API particle size is not affected by the 

change in suspending agent concentration. These data may indicate that even at 

lower concentrations, the elastic portion of viscoelastic behaviour is equivalent or high 

enough for the drug to remain suspended and dispersed in the formulation with 

minimum impact on its state of agglomeration. 

Table 16. Particle size distribution mean values of MFM from three batches of formulated 

nasal sprays by MDRS. Standard deviations are included in the parenthesis (n=3). 

Batch Batch 1.0 % Batch 2.0 % Batch 4.0 % 

d10 (µm) 2.67 (1.26) 3.56 (0.76) 4.21 (0.97) 

d50 (µm) 4.14 (1.49) 5.19 (0.69) 4.87 (0.33) 

d90 (µm) 6.63 (1.21) 7.11 (1.44) 6.29 (0.08) 

Elongation10 0.14 (0.00) 0.16 (0.02) 0.19 (0.03) 

Elongation50 0.47 (0.03) 0.50 (0.00) 0.68 (0.00) 

Elongation90  0.67 (0.01) 0.68 (0.00) 0.69 (0.02) 
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Figure 77. Mean cumulative mass (%) dissolution profiles of MFM from three batches of 

aqueous nasal suspension formulations with different concentrations of suspending agent. 

Error bars show standard deviations (n=3). 

 

Figure 78. Mean frequency number distribution (%) elongation profiles of all particles from 

three repetitions of MDRS analysis of three batches of aqueous nasal suspension formulations 

with different concentrations of suspending agent. 
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6.3.3. Rheological Behaviour of Locally-Acting Nasal Suspension as a Microstructure 

Fingerprint 

Since the main difference between these formulations is expected to be their 

rheological behaviour, a plate rotational rheometer was used to measure the 

rheological properties of the formulation. The rheological characteristics of test 

formulations containing different concentrations of suspending agent are shown in 

Table 17. These data suggest that at lower concentrations (1.0 %), the formulations 

have low elastic and viscosity contributions. With increasing concentrations of 

suspending agent, the formulations have a significant elastic and viscosity component 

and a lower phase angle, indicating more solid-like formulations. In addition, all the 

parameters evaluated had statistically significant differences between products, 

suggesting that variations in thickening agent concentration affected the gel-like 

structure of the formulation and shear thinning properties, and thereby the thixotropic 

behaviour of the different formulations (Kippax et al., 2018). These results are further 

supported by Figure 79, which plots the shear rate against shear viscosity and 

presents higher viscosity values for the formulation with a greater concentration of 

suspending agent. These differences have also been demonstrated in the past to 

impact the droplet size of nasal spray products (Dayal et al., 2004; Guo et al., 2008; 

Pennington et al., 2008). 

The yield stress is the stress required to break down this gel-like structure and is 

associated with the force required to actuate the nasal product (Shur, Farias, et al., 

2016; Kippax et al., 2018). A linear ramp of shear stress of the formulation suggested 

a yield stress value of 3.0, 5.0 and 11.8 Pa for formulations with 1.0 %, 2.0 % and 4.0 

% suspending agent, respectively (Figure 80). 

The structural rebuilding of the formulation after shear-thinning has also been 

evaluated and is shown in Figure 81. The time required for the formulation structure 

to rebuild can therefore be viewed as a relative measure of thixotropy - a short rebuild 

time indicates that the sample is less thixotropic than a sample with a long rebuild 

time (Malvern Panalytical, 2016). Thus, these results may provide insightful data on 

the mucoadhesiveness of different nasal products (Dayal et al., 2004; Salade et al., 

2019). 
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As previously discussed, these differences herein observed might impact the droplet 

size distribution and, consequently, the regional deposition and absorption of the API 

(Dayal et al., 2004; Trows et al., 2014). Furthermore, the structural rebuilding of the 

formulation after shear thinning and its viscosity might also have an impact on the in 

vitro release profile of the drug substance (Li et al., 2011). 

Table 17. Rheology properties mean values of three batches of aqueous nasal suspension 

formulations with different concentrations of suspending agent. Standard deviations are 

included in the parenthesis (n=3). 

Batch Batch 1.0 % Batch 2.0 % Batch 4.0 % 

Shear modulus (viscous component) 
(Pa) 

0.28 (0.02) 0.73 (0.03) 4.28 (0.17) 

Shear modulus (elastic component) 
(Pa) 

1.07 (0.10) 3.83 (0.07) 30.17 (1.19) 

Phase angle (°) 14.83 (0.21) 10.81 (0.56) 8.08 (0.28) 

 

 

Figure 79. Shear rate plotted against shear viscosity (yield stress testing) of three batches of 

aqueous nasal suspension formulations with different concentrations of suspending agent. 
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Figure 80. Shear viscosity plotted against shear stress (yield stress testing) of three batches 

of aqueous nasal suspension formulations with different concentrations of suspending agent. 

 

Figure 81. Structural rebuilding time of three batches of aqueous nasal suspension 

formulations with different concentrations of suspending agent. 
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6.3.4. In Vitro Release Testing as a Methodology Able to Track Microstructure 

Differences from Both the Excipient and Drug Substance 

Previous studies have evaluated orthogonal techniques that are able to track the API 

particle size on a complex nasal suspension (Chapter 3) (Shur, Farias, et al., 2016; 

Farias et al., 2021; Liu et al., 2019). However, techniques such as dissolution and 

MDRS only evaluate the API properties. There remains a paucity of methods that 

evaluate the whole microstructure of the formulation after actuation. Recently, the 

FDA has been exploring new tools that are able to provide microstructure equivalence 

(Q3 equivalence) for topical products. In vitro release testing has become a well-

established tool to characterise and evaluate the performance of semi-solid dosage 

forms. This tool is sensitive and able to discriminate between physicochemical 

changes in semi-solid drug products. In fact, this tool is currently being used to 

demonstrate comparative in vitro drug release rate between reference and test 

products (US Food and Drug Administration, 1997; US Food and Drug Administration, 

2016a) and is able to trace differences in rheological properties of creams (Li et al., 

2011). This integrative approach can also be applied to complex nasal suspensions 

due to the similar mechanism of action of these to a topical product: for both types of 

products, a suspended drug needs to permeate through a formulation matrix and 

barrier.  

A new immersion cell apparatus was developed, allowing the analysis of in vitro drug 

release of a nasal spray through a membrane. The in vitro release testing data for all 

formulations is presented in Figure 82. The in vitro release rate was estimated from 

the slope of a linear regression of the initial points for three batches of aqueous nasal 

suspension formulations with concentrations of suspending agent ranging from 1.0-

4.0 %. The in vitro release rates were 0.77 ± 0.08, 0.48 ± 0.02 and 0.38 ± 0.02 for 

batch 1.0 %, batch 2.0 % and batch 4.0 %, respectively. These data suggest that with 

an increasing concentration of suspending agent, there was a slower release and 

permeation of MFM. All formulations had a statistically different in vitro release rate, 

suggesting that this technique was sensitive enough to discriminate between the three 

formulations with different suspending agent concentrations and rheological 

behaviour. 

This combination of MCC and CMC has generally been used in the pharmaceutical 

industry as a viscosity modifier by creating a net of cellulose that keeps the API 
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particles suspended and enhances suspension stability. This component also allows 

the thixotropic behaviour of a nasal suspension and increases its retention time in the 

nose and its time for the API to permeate and be absorbed (Behl, Pimplaskar, Sileno, 

DeMeireles, et al., 1998; Martin and Lansley, 2018). Nevertheless, a high increase in 

viscosity might lead to a slower release of the drug contributing to another 

pharmaceutical use of this excipient which is controlled drug release (Li and Mooney, 

2016). Therefore, characterising the rheology of these formulations but also their 

impact on drug release becomes critical when demonstrating therapeutic 

equivalence. In this study, the increase in the concentration of suspending agent 

tuned the rheological properties of the formulation and retarded the drug release 

through the cross-linked polymer network. 

IVRT is an integrative measure of microstructure that appears to be able to 

discriminate between differences in rheological properties for nasal suspensions. 

Since one of the steps involved in this technique is the API dissolution, it is also 

expected for this technique to be able to track differences in drug substance (as 

discussed in Chapter 3). The ability of this technique to evaluate the extent and rate 

of permeation and its possible validation makes it a promising tool to assess 

bioequivalence for nasal suspension through an alternative pathway to comparative 

clinical endpoint studies. 

 

Figure 82. Mean in vitro release testing profiles of three batches of aqueous nasal suspension 

formulations before actuation with different concentrations of suspending agent in cumulative 

drug released over square root of time plot. Error bars show standard deviations (n=3).  
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6.4. Conclusions 

Recently the FDA has introduced novel tools into product-specific guidance as 

alternative routes to the CE studies (Liu et al., 2019; US Food and Drug 

Administration, 2019d). In fact, the FDA approved Apotex’s application for a generic 

copy of Merck’s Nasonex® (nasal suspension of mometasone furoate) in which the 

agency accepted the in vitro particle size data from MDRS in lieu of the clinical 

endpoint BE study (US Food and Drug Administration, 2016d). To facilitate the 

introduction of generic products into the market, new or adapted tool are herein 

proposed.  

The application of rheology studies of nasal formulations enables a greater 

understanding of the structure of the formulated product and can aid BE studies. An 

immersion cell apparatus is proposed herein as a comparison tool to be used for in 

vitro release testing of nasal suspensions. This tool is able to discriminate between 

differences in the rheology of these gel-like suspensions and should be considered in 

alternative BE testing due to its therapeutic relevance and ease of validation. 

Together these analytical methods may facilitate the determination of critical material 

and process attributes that may affect the drug product quality and aid BE.
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Chapter 7. General Conclusions and Future Work 

7.1. An Adaptable Regulatory Landscape 

The development of locally-acting orally inhaled and nasal generic drug products 

(OINDPs) is an enduring challenge due to their dependence on the interaction 

between patient, device and formulation, as previously described in Chapter 1. Owing 

to the unfeasibility of demonstrating bioequivalence (BE) for locally-acting OINDPs as 

defined in the CFR at 21 CFR 320.23(b)(1), the FDA proposed a "weight-of-evidence” 

to assess local equivalence for an abbreviated new drug application (ANDA) (US 

Food and Drug Administration, 2020a). This weight-of-evidence comprises in vitro 

studies, in vivo pharmacokinetic (PK) studies to demonstrate the safety of the product 

and clinical endpoint (CE) studies to demonstrate therapeutic equivalence. 

CE studies are costly, lengthy and usually unpredictable (Daley-Yates and Parkins, 

2011; Al-Numani et al., 2015). The cost of CE studies with an adequate sample size 

is circa $45 million (Syed et al., 2015). Moreover, recent studies on batch-to-batch 

variability suggest that RLD batch selection for CE might be a lottery (Burmeister Getz 

et al., 2016; Burmeister Getz et al., 2017). In fact, Sandoz filed a citizen petition in 

2016 challenging the product-specific guidance (PSG) for Advair® Diskus® PK study 

recommendations since it did not take batch-to-batch variability into account and “if 

followed, could result in inaccurate bioequivalence conclusions” (Sandoz, 2016). 

These and further complexities of OINDPs have been an obstacle to the entrance of 

generic products into the market (Syed et al., 2015). 

To overcome these challenges, the FDA has created the Generic Drug User Fee Act 

(GDUFA), which aimed at improving the communication with the industry via 

workshops, publications, and funding research projects to evaluate innovative 

scientifically relevant tools (US Food and Drug Administration, 2017b; Newman and 

Witzmann, 2020). In 2016, the Office of Generic Drugs (OGD) approved the first 

generic of a locally-acting nasal suspension drug product which used a novel in vitro 

tool in lieu of a CE BE study, which established a precedent and opened the possibility 

of using further techniques to demonstrate BE in lieu of CE studies (Li et al., 2013). 

Since then, different PSGs have been issued for nasal suspension products, where 

an alternative approach to the CE studies is suggested if drug particle size distribution 

(PSD) in the test and reference products “can be accurately measured using a 
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validated analytical method” (US Food and Drug Administration, 2019c; US Food and 

Drug Administration, 2019d). For orally inhaled solutions, a few PSGs were issued in 

which CE studies were omitted and/or an alternative approach to comparative CE 

studies was proposed (US Food and Drug Administration, 2019b; US Food and Drug 

Administration, 2020c). 

7.2. Microstructural Equivalence in OINDPs 

The FDA has introduced a new concept to address the demonstration of BE for 

locally-acting topical products: Q3 microstructural equivalence (Yu, 2003; Shah et al., 

2015). While Q1 only describes qualitative similarity and Q2 quantitative similarity, Q3 

proposes equivalence in the materials, their amounts and spatial arrangement (Yu, 

2003; Yacobi et al., 2014; Lu et al., 2016). The main aim of this project was to identify, 

develop and validate techniques that could be used to characterise the microstructure 

of an OINDP and establish bioequivalence by linking the critical material attributes 

with the critical quality attributes of the final product. 

The first experimental chapter explored a critical material attribute that has a clear 

impact on the regional deposition, rate of dissolution, absorption, and therapeutic 

equivalence: the drug substance PSD (Burgess et al., 2004; Liu et al., 2019). The lack 

of techniques able to measure the drug substance PSD within a complex nasal 

suspension has hindered the development of locally-acting nasal suspensions. Within 

this chapter, a novel technique, morphologically-directed Raman spectroscopy 

(MDRS), was developed with a step-by-step approach and used to track the particle 

size distribution before and after formulating into a complex nasal suspension. This 

technique was able to track particle size differences within the drug substance raw 

materials inside a complex nasal suspension and suggests that it might be applied in 

BE studies. In fact, in 2016, the first mometasone furoate monohydrate nasal generic 

product was approved by the OGD with MDRS data in lieu of a CE study (Li et al., 

2013; Liu et al., 2019). After this approval, the FDA drafted PSGs, including this 

methodology as an alternative pathway to comparative CE studies (US Food and 

Drug Administration, 2019c; US Food and Drug Administration, 2019d). Since MDRS 

is a microscopic tool, the minimum particle size detected remains a major drawback 

for this technique. To overcome this challenge, dissolution analysis is proposed as an 

orthogonal technique since it was also able to track the drug substance PSD and is 

more sensitive to fine particles. 
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In Chapter 4, a newly developed aerosol dose collection (ADC) apparatus, able to 

capture the whole impactor-sized mass uniformly onto a filter, was developed. This 

set-up was validated for dose collection and evaluated with pMDI and DPI for 

dissolution studies and was able to generate repeatable and robust dose-independent 

dissolution profiles, unlike previous studies (Gray et al., 2008; Riley et al., 2012). 

Moreover, the combination of this ADC with a modified USP apparatus V was able to 

capture differences in the microstructure of different strength products as previously 

reported elsewhere for oral products (Allahham and Stewart, 2007; Allahham and 

Maswadeh, 2014). 

These differences between Q1 equivalent but Q2 dissimilar DPI products were further 

explored in Chapter 5. Within Chapter 5, the same DPI batches used for ADC-enabled 

dissolution studies were assessed for ADC-enabled MDRS. This technique confirmed 

the formerly proposed hypothesis, which suggested that a reduction in the strength of 

the product resulted in a higher dispersion of the poorly soluble drug substance within 

a more soluble matrix that enhanced the wettability of the drug substance. The 

chemical analysis via MDRS confirmed the higher agglomeration of fluticasone 

propionate (FP) particles with lactose or salmeterol xinafoate (SX) and a lower 

amount of free-standing FP for the lower strength product. Furthermore, the 

microstructure of Q1 and Q2 equivalent products sourced from different territories 

was also evaluated. This analysis proposed that these batches of Advair® 100/50 and 

Seretide™ 100/50 were Q3 inequivalent and that Advair® 100/50 had the fastest 

dissolution rate and higher amount of FP agglomerated with lactose. These findings 

supported once again that the agglomeration of a poorly soluble corticosteroid (FP) 

with more soluble lactose results in the rapid increase of FP surface area as the 

lactose dissolves and a faster dissolution rate. These data indicated that dissolution 

and chemical analysis by MDRS of the aerosolized dose might be used as orthogonal 

techniques to evaluate the microstructure of DPIs. 

In Chapter 6, a novel immersion cell apparatus was used for in vitro release testing 

(IVRT) of locally-acting nasal suspensions. This set-up can be applied to discriminate 

between formulations with different amounts of thickening agents and different 

rheological properties. These two techniques, in vitro release testing and rheology, 

have been previously explored for topical products and could also be used to provide 

further evidence of BE for locally-acting nasal sprays (US Food and Drug 

Administration, 2016a). 
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As it was explored in the initial chapters, particularly Chapter 2, the quality attributes 

of the finished product will depend on the material and process attributes and its 

storage conditions (Rumpf, 1967; Yu et al., 2014). Understanding and characterising 

the microstructure of these products is crucial to ensure that the quality, safety, 

efficacy, and stability of the products are maintained with reduced batch-to-batch 

variability. The evaluation of the microstructure may also be used for BE studies (Yu, 

2003). Nevertheless, the currently used in vitro tools provide a poor understanding of 

the drug in vivo (Newman and Chan, 2008; Daley-Yates and Parkins, 2011; Apiou-

Sbirlea et al., 2013). This study proposes using in situ orthogonal techniques such as 

dissolution and MDRS to characterise the microstructure of locally-acting nasal 

suspensions and DPIs by evaluating the drug substance PSD and state of 

agglomeration respectively.  

Recently, the FDA published a PSG for beclomethasone dipropionate solution pMDI 

where an alternative approach to CE studies is proposed comprising “(i) more 

predictive APSD testing using representative mouth-throat models and breathing 

profiles, (ii) characterization of emitted aerosol sprays with respect to velocity profiles 

and evaporation rates, (iii) dissolution, and (iv) morphology imaging comparisons, 

including characterization of the full range of residual drug particle sizes” (US Food 

and Drug Administration, 2019b). This guidance emphasizes that the agency is open 

to scientifically valid approaches to demonstrate BE and proposes some of the 

techniques explored herein for DPIs and nasal suspensions.  

This scope of work pioneers the concept of structural Q3 equivalence for OINDPs by 

providing scientifically valid and robust methodologies, and its development and 

validation strategy. Furthermore, this project provides evidence that Q3 equivalence 

may be used for generic OINDPs in lieu of CE studies to facilitate their introduction 

into the market at lower prices making them more accessible without compromising 

the drug product quality. 
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7.3. The Establishment of a New Paradigm with Pharmaceutical 

Equivalence Playing a Central Role in Therapeutic Equivalence 

Recently there have been efforts in altering the product development paradigm, where 

therapeutic equivalence is no longer seen as the combination of pharmaceutical 

equivalence and a battery of bioequivalence testing (Lionberger, 2008). In the 

enhanced paradigm, therapeutic equivalence is a result of a Quality by Design (QbD) 

approach verified by in vitro testing. Within this QbD approach, a set of therapeutically 

relevant tools is used to aid in the design and manufacture of bioequivalent products.  

This project proposes a few tools that might be used to monitor the performance of 

OINDPs during the development phase and which can also be used for BE studies. 

A few examples are presented in Chapter 3 and Chapter 6 for locally-acting nasal 

suspensions, and Chapter 4 and Chapter 5 for DPIs. In conclusion, a decision tree 

for the BE of locally-acting OINDPs is proposed in Figure 83. This decision tree 

proposes that Q3 equivalence might be used to avoid CE studies (Yacobi et al., 2014; 

Shah et al., 2015). Nevertheless, this approach does not specify any analytical test, 

as this will depend on the product.  

Whilst this body of work has specified a few techniques that might be used to evaluate 

microstructural equivalence, several others might also be applied for OINDPs. Some 

of these might be adapted from other locally-acting products and already specified in 

PSGs such as for Acyclovir: assessment of appearance, polymorphic form, particle 

size distribution and crystal habit in the drug product, rheological behaviour, water 

activity, pH, specific gravity, and newly introduced methodologies such as IVRT and 

IVPT (US Food and Drug Administration, 2016a).  

This project mainly focused on poorly soluble compounds that have dissolution-limited 

drug absorption. Nevertheless, several OINDPs are not dissolution-limited (Hastedt 

et al., 2016). For these products, developing methods that evaluate the drug release 

and/or permeation after aerosolization with the ADC might be crucial to demonstrate 

microstructural equivalence. Finally, evaluating the batch-to-batch variability of 

reference products with these microstructural tools is also essential to understand the 

intrinsic variability of OINDPs and may be used to establish reasonable equivalence 

criteria for generic products (Sandoz, 2016; Burmeister Getz et al., 2017; Miranda et 

al., 2020). 
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Figure 83. Proposed decision tree for BE testing of locally-acting OINDPs. 
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Abstract. Demonstrating bioequivalence (BE) of nasal suspension sprays is a challenging
task. Analytical tools are required to determine the particle size of the active pharmaceutical
ingredient (API) and the structure of a relatively complex formulation. This study
investigated the utility of the morphologically-directed Raman spectroscopy (MDRS)
method to investigate the particle size distribution (PSD) of nasal suspensions. Dissolution
was also investigated as an orthogonal technique. Nasal suspension formulations containing
different PSD of mometasone furoate monohydrate (MFM) were manufactured. The PSD of
the MFM batches was characterized before formulation manufacture using laser diffraction
and automated imaging. Upon formulation manufacture, the droplet size, single actuation
content, spray pattern, plume geometry, the API dissolution rate, and the API PSD by
MDRS were determined. A systematic approach was utilized to develop a robust method for
the analysis of the PSD of MFM in Nasonex® and four test formulations containing the
MFM API with different particle size specifications. Although the PSD between distinct
techniques cannot be directly compared due to inherent differences between these
methodologies, the same trend is observed for three out of the four batches. Dissolution
analysis confirmed the trend observed by MDRS in terms of PSD. For suspension-based
nasal products, MDRS allows the measurement of API PSD which is critical for BE
assessment. This approach has been approved for use in lieu of a comparative clinical
endpoint BE study [1]. The correlation observed between PSD and dissolution rate extends
the use of dissolution as a critical analytical tool demonstrating BE between test and
reference products.

KEY WORDS: bioequivalence; generic nasal sprays; morphology; particle size distribution; Raman
microscopy.

INTRODUCTION

To demonstrate bioequivalence (BE) with its reference
listed drug (RLD), a generic product must demonstrate an
absence of a significant difference in the rate and extent of
absorption of the active pharmaceutical ingredient (API)
when administered at the same molar dose under similar
experimental conditions, either single dose or multiple dose
[2]. However, the determination of BE for locally acting drugs
has been a long standing challenge in the pharmaceutical

industry as the absorption of the API at the local site of
action is typically difficult to analyze directly, and there is no
guarantee that local drug concentration is at equilibrium with
the systemic distribution [3–5]. Complex drug-device combi-
nation products such as those seen for nasal suspensions
further compound this by being dependent on formulation/
device, patient/device, manufacturing, and processing factors.
Thus, the US Food and Drug Administration (FDA) relies on
cumulative evidence of indirect measures to establish BE.

For an abbreviated new drug application (ANDA)
submitted under section 505(j) of the Federal Food, Drug,
and Cosmetic Act, the FDA recommends a “weight-of-
evidence” approach to help determine BE between test and
reference products for locally acting nasal suspensions as
presented in Fig. 1 [4, 6]. In line with the Generic Drug User
Fee Amendments (GDUFA) program and the “weight-of-
evidence” approach, the FDA has published a number of
product-specific guidances (PSGs) for a series of nasal
products [7, 8]. A common thread in all PSGs for locally
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acting nasal products is the recommendation that the test
nasal product formulation is qualitatively (Q1) and quantita-
tively (Q2) the same as the nasal reference product in terms
of inactive pharmaceutical ingredients. Current PSGs drafted
by the FDA state the device should have a similar design and
user interface with similar external operating principles and
external critical design attributes, size and shape, and the
number of doses [8]. A further recommendation is to perform
in vitro studies to determine in vitro BE through single
actuation content (SAC), droplet size distribution (DSD) by
laser diffraction, drug in small particles by cascade impactor,
spray pattern (SP), plume geometry (PG), and priming and
repriming studies. In vivo pharmacokinetic (PK) studies to
demonstrate BE in systemic exposure is also recommended.
Since PK studies and current in vitro studies may not fully
describe the fate of the drug in the nose with high resolution,
demonstrating equivalence on local delivery should also be
performed through comparative clinical endpoint BE studies
[6, 9]. Although the “weight-of-evidence” approach com-
prises a robust strategy to demonstrate BE, the inclusion of a
comparative clinical endpoint BE study can be a challenge to
generic product development. Comparative clinical endpoint
BE studies are expensive and can add US $2–6 million to the
cost, are time-consuming, pose challenges with recruiting
patients during allergic rhinitis season, and the results can be
highly variable and unpredictable in many cases [10, 11].

Nasal suspension drug products consist of API particles
suspended in an aqueous system in the presence of a range of
different excipients. For nasal suspension products, the API
particle size is a key critical material attribute which affects

emitted API particle size and regional deposition of API in
the nose [12–14]. In addition, the particle size of the API will
affect the rate of dissolution and absorption at the site of
deposition into the nasal epithelium and systemic circulation.

In March 2016, the FDA’s Office of Generic Drugs
(OGD) approved a mometasone furoate nasal suspension
generic drug product. The data supporting the application
included using an in vitro tool called morphologically-directed
Raman spectroscopy (MDRS) in lieu of a comparative clinical
endpoint BE study [1]. In comparison to other Raman
chemical imaging approaches for nasal sprays [13], MDRS
measures morphological characteristics (size and shape) using
its microscopic component to focus the analysis on drug
particles and performs chemical identification by Raman
spectra. This technology enables a comparison of the particle
size of API in the generic and innovator drug products.
Subsequently, the FDA has issued revised PSGs for locally
acting nasal suspensions that include recommendations for an
alternative BE approach utilizing the MDRS method (or any
other similar advanced methodology) in lieu of comparative
clinical endpoint studies [7, 8]. The publication of these PSGs
is the result of efforts from the FDA in finding and
developing novel techniques that can be validated and
enhance the scientific evidence for BE studies without
compromising the quality of the product [15–17].

Although particle size distribution (PSD) of the API can
be readily determined by a number of methods prior to
formulation and manufacture of the finished product, the
primary challenge has been to determine the PSD of the API
in the finished nasal aqueous suspension in the presence of

Fig. 1. “Weight-of-evidence” approach for demonstrating bioequivalence of locally acting nasal suspensions [8]
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undissolved excipients [13, 18]. Excipients such as microcrys-
talline cellulose typically have a median particle size that is
larger than the API. However, such excipients often exhibit a
broad PSD; thus, a substantial number of particles may exist
in the same size range as the API itself, complicating the API
particle size determination. MDRS measures particle mor-
phological characteristics (size and shape) using its micro-
scopic component and performs chemical identification by
analyzing Raman spectra. The observed particles in a given
sample can be classified based on morphology and/or Raman
spectra. The selected particles are then characterized for size
distribution using the microscopic technique. Hence, the
MDRS method has been utilized for ingredient (API)-specific
particle size measurement in a sample containing both API
and excipient particles.

After intranasal application of the aqueous glucocorti-
coid suspension, the drug crystals have to dissolve in the
epithelial mucous fluid layer. A sustained dissolution of drug
particles contributes to prolonged nasal contact time [14, 18,
19]. Since dissolution of the drug substance is directly related
to the particle size of the API, the measurement of dissolution
of APIs in the nasal suspension formulation may be an
orthogonal technique to the measurement of API particle size
(i.e., differences in test and reference product dissolution can
confirm similarities or differences in the API particle size in
the formulation). Therefore, it is proposed that the API
dissolution of nasal suspensions is a critical measurement that
links to the API particle size in suspension. Moreover,
measurement of the dissolution may help to validate the
particle size tools for assessing size the drug particle
substance in suspension.

The key objective of this study was to use a combination
of techniques to investigate the drug substance particle size in
nasal suspensions and dissolution rate to characterize test and
reference nasal suspensions. In this study, MDRS and
dissolution were evaluated for their discriminatory capability
in the measurement of API particle size in nasal suspension
formulations.

MATERIALS AND METHODS

Four batches (Batch 1, 2, 3, and 4) of micronized
mometasone furoate monohydrate (Sterling, Perugia, Italy)
were procured and formulated into aqueous nasal suspen-
sion sprays. A commercial blend (Avicel ® RC-591) of
microcrystalline cellulose (MCC) and carboxymethylcellu-
lose (CMC) was supplied by FMC Biopolymer (Brussels,
Belgium) and used as a suspending agent for the
manufactured nasal suspensions. The formulation compo-
sition was designed to be similar to the RLD product,
Nasonex® (Merck, USA), and after being formulated,
these were filled into white HDPE bottles and fitted with
a screw-on VP3 pump supplied by Aptar Pharma (18/415,
Le Vaudreuil, France). Nasonex® was also sourced for the
investigations (Lot No. 14MAA532A, expiry: 10/2016).
Solvents and excipients were supplied by Fisher Scientific
UK (Loughborough, UK) as high-performance liquid
chromatography (HPLC) and reagent grade, respectively.
Ultra-pure water was prepared by Milli-Q using reverse
osmosis (Merck, Darmstadt, Germany).

Particle Size Distribution (PSD) of As-Received
Mometasone Furoate Monohydrate (MFM)

PSD analysis of the as-received API batches of MFM
was performed using wet dispersion laser diffraction particle
sizing (Spraytec® with a wet dispersion unit, Malvern
Panalytical, Worcestershire, UK). The API was dispersed in
0.05% lecithin in cyclohexane with internal sonication for 1
min. This preparation technique has been shown previously
to not result in fracturing of micronized materials [20]. A
sample was then added into the wet dispersion cell until 4–
12% obscuration was reached at 3000 rpm. The average PSD
over a 15-s period was performed, and Mie theory was used
to further analyze the data [21].

Automated imaging by Morphologi G3-ID® (Malvern
Panalytical, Worcestershire, UK) was also used to measure the
as-received MFM API PSD. The API was dispersed in 0.05%
lecithin in cyclohexane with internal sonication for 1 min. A
sample of 0.5 mL was then pipetted with a plastic Pasteur pipette
and slowly dispersed onto a quartz slide with circular movements
to ensure full coverage onto themicroscope slide.A plastic lidwas
placed over the slide to cover it partially and allow the slow
evaporation of the volatile solvent to prevent agglomeration of
the API into the center of the slide.

Both techniques, the automated imaging byMorphologi G3-
ID®and laser diffraction by Spraytec®with awet dispersion unit,
were used to assess the PSD by volume distribution of the raw
API materials. Each experiment was performed in triplicate.

Manufacture of Nasal Suspensions

Four batches of nasal sprays were prepared with
different batches of raw MFM API to be Q1/Q2 similar to
Nasonex® (7). An aqueous solution of the polysorbate 80
(0.01% w/w, Spectrum, UK) was prepared into which MFM
(0.05% w/w, Batch 1, 2, 3, or 4, Sterling, Perugia, Italy) was
dispersed [22]. In a separate mixing vessel, the Avicel (2.00%
w/w, Avicel® RC-591, FMC Biopolymer, Brussels, Belgium)
was dispersed in purified water by homogenization. These
two suspensions were combined with continuous stirring.
Other agents such as glycerin, benzalkonium chloride, sodium
citrate dihydrate, and citric acid monohydrate were added to
the formulation (Fisher Scientific UK, Loughborough, UK).
All formulations were filled into white HDPE bottles and
fitted with a screw-on VP3 pump (18/415, Aptar Pharma,
France). Ten bottles per batch were manufactured. Ten
bottles of a placebo suspension were also manufactured with
the same procedure and all the excipients, except the API.

Single Actuation Content (SAC) of the MFM Nasal
Suspensions

SAC was performed after priming the device ten times
before collecting an individual sample into a scintillation vial
[23]. Each actuation was collected by manually actuating a
nasal spray pump and recovering the actuated dose in 100 mL
of diluent (32.5 acetonitrile:32.5 methanol:35 Milli-Q Water).
Ten repetitions of each product were analyzed via a suitable
HPLC method (described below).
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Droplet Size Distribution (DSD) Analysis of the MFM Nasal
Suspensions

DSD was measured using a Spraytec® (Malvern
Panalytical, Worcestershire, UK) equipped with a 300-mm
lens. The nasal spray was manually actuated at 3 cm from the
laser in a carefully defined position with an extraction hood
on top to capture the spray and prevent fallback of droplets
through the beam. The RT Sizer software was used to capture
the droplet size data at a frequency of 2.5 kHz for 0.6 s after
the transmission dropped below 98%, while capturing the
0.1 s before dropping to this value. The average of 10%, 50%
(volume median), and 90% of the cumulative volume
undersize (d10, d50, and d90, respectively) during the fully
developed phase of the spray was analyzed. All determina-
tions were performed in triplicate after ensuring that the
device was properly primed and by the same analyst to
prevent any bias resulting from the different manual actua-
tion profiles.

Spray Pattern (SP) and Plume Geometry (PG) Measure-
ments of the MFM Nasal Suspensions

SP and PG were determined by using Oxford Laser’s
Envision system. This system combines a laser sheet and
high-speed camera specifically designed for the characteriza-
tion of nasal sprays. While for SP, the laser sheet was
positioned at 3 cm from the nasal pump nozzle tip, for PG
analysis, the whole plume of the spray was captured. All
actuations were actuated upward manually, and an extraction
unit was positioned above the laser line to avoid fallback of
droplets. Data were analyzed with Oxford Lasers EnVision
Patternate software. The plume width and angle were
characterized for PG analysis, and the SP area and ratio of
maximum and minimum diameter (ovality ratio) were
calculated on a single frame during the fully developed phase.
All determinations were performed in triplicate by evaluating
one actuation per repetition after ensuring that the device
was properly primed and by the same analyst to prevent any
bias resulting from the different manual actuation profiles.

Dissolution Analysis of the MFM Nasal Suspensions

Dissolution analysis was performed on the manufactured
complex nasal suspensions. These suspensions were actuated
ten times into a scintillation vial, and a sample of 0.5 mL was
pipetted into a dissolution vessel. All dissolution studies were
conducted in a USP Apparatus II, also known as the Paddle
Apparatus. All dissolution measurements were performed at
37°C in 600-mL pH 7.4 phosphate-buffered saline containing
2.0% w/v sodium dodecyl sulphate (SDS) dissolution medium
with a stirring speed of 75 rpm in USP Apparatus II (Erweka
GmbH, DT 126, Heusenstamm, Germany). For all dissolution
experiments, 3-mL aliquots were withdrawn at 2.5, 5, 10, 15,
20, 25, 30, 60, 120, 180, and 240-min time intervals and filtered
directly into HPLC vials. To maintain a constant volume in
the dissolution vessel, the sampling volume was replaced with
pre-warmed dissolution media. Each sample was analyzed on
a suitable HPLC method (described below). The fractional
percentage of the drug dissolved at each time point was
determined by dividing the amount of drug by the total mass

loading. Sink conditions were maintained during dissolution
studies. The dissolution data reported here focused on MFM
(the API) for all of the drug products analyzed. Each
experiment was performed in triplicate.

The similarity between batches was assessed by evaluating
the similarity factor, f2, of the average dissolution profile for the
first 60 min as proposed for in vitro dissolution testing conducted
by the current FDA guidance, SUPAC-IR: Immediate-Release
Solid Oral Dosage Forms: Scale-Up and Post-Approval Changes:
Chemistry, Manufacturing and Controls, In Vitro Dissolution
Testing, and In Vivo Bioequivalence Documentation (November
1995) [24]. The dissolution half-life was also evaluated through a
first-order kinetics model for the first 20 min to describe the
dissolution profile of MFM [25].

HPLC Analysis of MFM

Quantification of MFM utilized reversed phase HPLC
method coupled with UV detection. The system consisted of
an Agilent 1260 Infinity HPLC System comprising binary
pump flowing at 2.0 mL/min through a Thermo Scientific
ODS Hypersil, 150 × 4.6 mm 5-μm column, within a
temperature-controlling column oven at 45°C and a UV
detector set to 250 nm. The mobile phase consisted of a
gradient of a buffered solution of sodium dihydrogen
orthophosphate solution, pH 3.0, and HPLC grade acetoni-
trile at a proportion of 65:35 for 5.0 min, followed by a change
of gradient to 33:67 until 5.5 min when it changed back to the
original gradient for three more minutes.

PSD of MFM by Morphologically-Directed Raman Spectros-
copy (MDRS)

The morphology and particle size of the MFM API
within the manufactured nasal suspension formulations was
characterized using a Morphologi G3-ID morphologically-
directed Raman spectroscopy system (Malvern Panalytical,
Worcestershire, UK). The method development route for
analysis of API in nasal formulations is shown in Fig. 2 and
utilized the approach of optimizing sample preparation,
imaging settings, applying imaging and API discriminatory
morphological filters, and chemical analysis by Raman
spectroscopy [26].

The method development started with the assessment of
an optimized sample preparation method with Nasonex®
where the number of actuations and distance from the nozzle
to the scintillation vial necessary to have a repeatable
homogenous sample, volume, and pressure required to
spread the suspension below the coverslip and settling time
and actuation effect on the PSD were investigated. During
this evaluation, it was determined that five actuations with the
nozzle of the nasal spray inside the scintillation vial provide
representative and repeatable measurements of particle size
of the nasal product. Furthermore, pipetting 3.3 μL onto a
microscope slide without applying any pressure was able to
spread a thin layer of the sample on the entire coverslip area
with repeatable size measurements and minimum input from
the analyst. Moreover, leaving the sample to rest for at least
60 min before the analysis was considered essential to allow
the particles to settle until no movement is observed. The
PSD of pre- and post-actuations of the sample (e.g., sample
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taken from bottle and sample actuated from the bottle) were
found to be comparable. After optimizing the sample
preparation method, a minimal amount of API-API or API-
excipient agglomerates were noted for all batches, suggesting
that this preparation method with shaking and actuation
successfully dispersed any loose agglomerates [26].

During themicroscopicmeasurement, the light settings and
thresholds were defined in a Nasonex® sample to ensure good
contrast between particles and background and to capture the
whole perimeter of the particles being analyzed. A 50×
magnification was used to capture the micron size particles.
Then, morphological filters, such as convexity < 0.9, solidity <
0.9, and intensity standard deviation < 20.000, were used to
remove poorly imaged particles and aggregates, as recom-
mended by the FDA [26]. An intensity standard deviation
between 35.000 and 80.000 and a solidity higher than 0.8 were
used to exclude air bubbles in the sample for chemical analysis.
Before the chemical analysis, a nasal formulation was compared
with a placebo. Themain goal of this comparison was to identify
particle morphology filters that could be used to improve the
targeting of API particles for chemical analysis. Figure S1 in
supplementary data demonstrates that excipient particles (red
boxes) in Nasonex® are more elongated than drug particles
(blue circles). Applying a filter based on elongation percentage
within a range of 0.3–0.5 increased the sampling of many
thousands ofAPI particles compared to the analysis without any
filter which captures mostly excipient particles, as per Fig. S2 in
supplementary data. An elongation filter of 0.3 was used.

Upon applying these filters, the chemical analysis was
carried out using the Kaiser Optical Systems RamanRxn1
Spectrometer integrated with the Morphologi G3-ID equip-
ment. The Raman spectrum for each of the particles of the
same scanning area was collected using 60 s of exposure time
with excitation at a wavelength of 785 nm over the spectral
range of 100–1825 cm−1 at a resolution of 6 cm−1. After the
chemical analysis, the collected spectra from each particle
were compared against the reference spectra of MFM (Fig. S3
in supplementary data), and a correlation score was given to
each particle. Particles with a score above 0.6 were classified
as MFM. To facilitate the analysis of the collected spectra
with minimum noise, only the spectra range between 1350

and 1750 cm−1 was used for correlation to the library spectra
since the main identifiable peaks for MFM (1397 cm−1, 1471
cm−1,1660 cm−1, and 1708 cm−1) are within this range.
Moreover, a background subtraction from an area of the
analyzed sample with no particles scaled to the signal based
on its similarity, followed by the application of Savitsky-Golay
filtering over 31 points (intermediate smoothing) and a
second derivative of the signal were applied to reduce the
noise in the spectrum while preserving the underlying signal
[27]. All determinations were performed in triplicate after
ensuring that the device was primed. A minimum of 150
particles chemically identified as MFM was required per
replicate.

Statistical Analysis

Statistical analysis between the different populations was
carried out using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc analysis. All statistical analyses
were performed using Minitab 17 software (Minitab, Coven-
try, UK). Probability values of <0.05 were considered as
statistically significant.

RESULTS AND DISCUSSION

The local rate and extent of absorption of an API
delivered intranasally via a suspension nasal spray are related
to the size of the drug crystals in the suspension. The particle
size of the API will govern the dissolution rate of the drug
crystals and, therefore, absorption of the drug locally in the
nasal cavity. Hence, measurement of the particle size of the
API in situ within the nasal spray suspension would provide
relevant data that would help predict the local rate and extent
of absorption of the API within the nose. With the advent of
the MDRS approach to measure the particle size of APIs in
situ within locally acting nasal suspension drug products, it is
important to determine if the technique is able to track the
particle size of the API pre- and post-manufacture of a locally
acting suspension nasal spray. This is vitally important to
ensure the technique is able to discriminate between the
particle size of the suspended APIs from those of the

Fig. 2. Process diagram of the method development stages for the particle sizing of MFM nasal suspension formulations
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undissolved excipients in the nasal suspension. In addition, it
will be helpful to determine if particle size differences
determined by MDRS are likely to result in similar trends
seen in the dissolution kinetics.

Particle Sizing of As-Received Mometasone Furoate
Monohydrate (MFM)

Four batches of MFM API were procured and sized before
being formulated into nasal suspension formulations. The PSD
measured by laser diffraction of the as-received MFM API
Batches 1, 2, 3, and 4 are shown in Table I and Fig. 3. ANOVA
followed by Tukey’s post hoc analysis was conducted on these
data. All batches had a significantly different d50 (p << 0.05), and
these data show that Batch 2 was significantly smaller than all
other batches followed by Batch 3, Batch 4, and Batch 1.
Furthermore, the Span was also significantly different (p << 0.05)
between all batches.

The PSDs of the different API batches were also
analyzed with automated imaging, which is the sizing
methodology used by MDRS, to account for any differences
between the between laser diffraction and MDRS techniques.
To be able to compare these data from automated imaging
and by MDRS with laser diffraction results, a conversion
from number to volume distribution was required. These data
are presented in Table I and Fig. 4 and suggest that the same
trends as laser diffraction are observed for the as-received
material. However, a larger PSD was observed when
comparing the results obtained using laser diffraction. This
difference is largely attributed to the sizing methods used for
each technique. For example, automated imaging is an image-
based particle sizing tool, while laser diffraction relies on
diffraction of laser light to determine the particle size. Both
techniques have a different limit of detection, which corre-
sponds to 0.1 and 0.5 μm for laser diffraction and automated
imaging, respectively [28, 29]. Also, the particle size data from
laser diffraction-based methods use an equivalent sphere fit
model which may explain the differences in PSD between
automated imaging and laser diffraction. Additionally, while
laser diffraction analyzes millions of particles with an

algorithm that evaluates the data in volume distribution,
automated imaging relies on the analysis of a limited number
of particles (a few hundred) by counting and measuring every
single particle individually and gathering the data as number
distribution. Although volume distribution is generally pre-
ferred in the pharmaceutical industry due to its sensitivity to
small changes in the amount of large material in the sample,
in a conversion of number to volume distribution the error of
the measurement will be cubed [18, 29, 30].

Despite these differences between techniques, there was
generally good agreement between the rank order of particle
size of the different batches captured by automated imaging,
which followed the order Batch 1~Batch 4>Batch 3>Batch 2
for the as-received API. Hence, Batch 1 had the largest
particle size (d50), which was not significantly different from
Batch 4 but was significantly different (p < 0.05) from the
other batches. Batch 2 had the smallest median diameter
significantly different (p < 0.05) from all other batches.
Batches 3 and 4 d50 were not statistically different. No
statistical differences were observed for Span between the
different batches, with the exception of Batch 4 and Batch 3
(p < 0.05).

Although a similar trend is observed in data captured by
automated imaging when compared to the laser diffraction
data, unlike laser diffraction, the differences in size between
some batches do not appear to be significantly different,
suggesting that laser diffraction is a more sensitive technique
for measurement of PSD on the raw material than automated
imaging. However, laser diffraction does not allow the
measurement of the drug substance PSD of the finished
product in situ. Therefore, it is critical to compare automated
imaging results via MDRS with a more sensitive technique
such as laser diffraction to ensure that both techniques are
providing comparable results but also to measure the API
PSD using MDRS prior to and after manufacturing the nasal
suspension formulation batches to track any changes in the
API PSD caused by the manufacturing process. Moreover,
when comparing data from the same instrument, it is
recommended to avoid the number-volume distribution
conversion [29, 31].

Table I. The Mean PSD in the Volume Distribution of Four Batches of As-Received MFM by Laser Diffraction and Automated Imaging and
After Being Formulated into Nasal Suspensions by MDRS in Comparison to a Nasonex® Batch. Standard Deviations Are Included in the

Parenthesis (n = 3)

Technique Batch d10 (μm) d50 (μm) d90 (μm) Span

Laser diffraction (as-received) 1 2.14 (0.05) 6.36 (0.08) 12.57 (0.11) 1.64 (0.01)
2 0.76 (0.01) 1.39 (0.01) 2.42 (0.03) 1.19 (0.01)
3 1.14 (0.01) 3.97 (0.02) 8.11 (0.10) 1.76 (0.02)
4 1.81 (0.05) 6.01 (0.15) 11.94 (0.25) 1.69 (0.01)

Automated imaging (as-received) 1 2.81 (0.05) 6.84 (0.50) 10.09 (0.48) 1.07 (0.02)
2 1.63 (0.19) 2.54 (0.24) 3.77 (0.34) 0.84 (0.08)
3 3.69 (0.15) 5.80 (0.04) 8.14 (0.26) 0.77 (0.02)
4 2.60 (1.13) 6.54 (0.23) 9.72 (0.20) 1.09 (0.23)

MDRS (final product) 1 2.72 (0.29) 5.64 (0.62) 10.26 (1.36) 1.36 (0.43)
2 2.05 (0.01) 2.43 (0.03) 3.41 (0.15) 0.56 (0.06)
3 2.47 (0.20) 4.21 (0.46) 6.60 (0.40) 0.98 (0.06)
4 2.30 (0.01) 4.03 (0.04) 6.33 (0.07) 1.00 (0.01)
Nasonex® 2.28 (0.14) 3.20 (0.92) 5.47 (1.28) 0.98 (0.14)

PSD particle size distribution, MFM mometasone furoate monohydrate, MDRS morphologically-directed Raman spectroscopy
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Manufacturing of Nasal Formulations and In Vitro BE
Testing

In this study, four different particle size fractions of theAPI
MFMwere procured and formulated into four nasal suspension
formulations (Batch 1, 2, 3, and 4) to be Q1 and Q2 the same to
Nasonex®. These final batches were then submitted to most of
the in vitro BE tests recommended in the PSG forMometasone
Furoate Nasal Spray, Metered (Recommended Sep 2015;
Revised Feb 2019, Jun 2020): SAC, DSD by laser diffraction,
SP, and PG [7, 8]. There were no statistical differences for SAC,
DSD d50 and Span, SP ovality ratio or area, and PG width and

angle of these formulations, as presented in Table II. Therefore,
the only parameter that was purposely different between the
formulatedMFM nasal suspension products and Nasonex®was
the particle sizes of the APIs included in the four test
formulations, which did not appear to significantly impact these
in vitro characteristics measured. This may suggest that the API
particle sizes chosen in these manufactured batches were not
impacted by the device design in these cases (i.e., formulation-
device interactions) to achieve any significant differences upon
actuation. In addition, this suggests an additional technique,
such as MDRS, is necessary to characterize PSD of the API
once formulated.

Fig. 3. Mean PSD in the volume distribution of four batches of as-received MFM by laser
diffraction (n = 3)

Fig. 4. Mean PSD in the volume distribution of four batches of as-received MFM by
automated imaging (n = 3)

   73 Page 7 of 12The AAPS Journal          (2021) 23:73 



In Situ Particle Sizing and Morphology Analysis of Nasal
Suspensions Using Morphologi G3-ID

The API batches were manufactured as aqueous nasal
suspensions to be similar to Nasonex® but formulated with
API batches with different particle sizes. The MDRS method
was then employed to determine if the as-received drug
substance particle size correlated with the formulated drug
substance particle size in the formulation and released from
the nasal spray device. These data are presented in Table I
and Fig. 5.

Generally, the API particle size in the formulated
products appeared to have less fines (d10) than the as-
received API when measured by laser diffraction. Besides
the previously discussed differences between the two tech-
niques, this difference may also indicate that the API may
have undergone Ostwald ripening in the aqueous vehicle [32–
34]. When comparing MDRS on the final product with a
closer methodology (automated imaging), a general API
particle size reduction was observed for all batches
(Table I), with Batch 3 and Batch 4 showing statistical
differences before and after formulation (p < 0.01). Even
though these batches were formulated under the same

conditions, this reduction in API particle size was particularly
more pronounced for Batch 4 and can be associated with the
higher friability of this API batch towards the high shear
homogenization [35, 36]. Although this reduction in particle
size could also be associated with the forces involved during
the formulation actuation from a nasal spray pump through a
small nozzle orifice, there was no evidence of any actuation
effect observed during the MDRS method development.

Moreover, these data show that Batch 2 d50 was
significantly (p < 0.05) smaller than all other test batches in
the manufactured formulations (Table I) as observed by laser
diffraction (Table I) and automated imaging analysis of the
raw API (Table I). Batch 1 has a significantly (p < 0.05) larger
d50 when comparing to any other formulated batch. Consid-
ering the formulated products, the median size for Batch 4
was significantly smaller (p < 0.05) than Batch 1 (Table I)
unlike what was observed for the as-received API material by
automated imaging (Table I), where no statistical difference
between these batches was found. The finished product d50
was not statistically different between Batch 3 and Batch 4
(Table I). Nevertheless, there was a good agreement in the
rank order of particle sizes between the API raw material and
API in the finished product, except for Batch 4 which might

Table II. In Vitro Characterization of Four Batches of FormulatedMFMandNasonex® by SingleActuationContent (SAC), Droplet SizeDistribution
(DSD), Spray Pattern (SP), and Plume Geometry (PG). Mean Values and Standard Deviations in the Parenthesis are Presented (n = 3)

Batch SAC (μg) DSD d50 (μm) DSD Span SP ovality ratio SP area (cm2) Plume width (cm) Plume angle (°)

1 49.45 (0.62) 42.17 (2.26) 1.37 (0.07) 1.45 (0.09) 4.31 (0.80) 4.26 (0.35) 41.39 (2.97)
2 49.94 (0.64) 40.34 (0.69) 1.42 (0.03) 1.44 (0.10) 4.15 (0.91) 4.56 (1.29) 40.70 (9.96)
3 49.88 (0.45) 40.06 (1.16) 1.42 (0.06) 1.37 (0.11) 4.81 (0.55) 4.33 (0.85) 41.24 (8.61)
4 49.59 (0.91) 42.01 (1.72) 1.43 (0.02) 1.39 (0.08) 4.66 (0.79) 4.21 (0.92) 39.77 (10.01)
Nasonex® 49.49 (0.79) 42.8 (0.46) 1.43 (0.02) 1.84 (0.54) 4.38 (0.44) 4.61 (0.39) 40.74 (2.35)

MFM mometasone furoate monohydrate

Fig. 5. Mean MDRS PSD in the volume distribution of four batches of MFM API
formulated into aqueous nasal suspension formulations and Nasonex® (n = 3)
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have undergone through a more pronounced particle size
reduction during formulation. For the finished product, the
following rank order of median particle size was observed:
Batch 1>Batch 3~Batch 4>Batch 2. Only Batch 1 and Batch 2
were assessed as having a statistically different (p < 0.05)
Span in comparison with each other. When comparing the
test batches with Nasonex®, no significant difference was
observed between Batch 2, 3, 4, and the Nasonex® for both
d50 and Span.

Dissolution as an Orthogonal Technique to Support MDRS

MDRS was utilized to track the PSDs of the API prior to
and once incorporated into a complex nasal product. How-
ever, MDRS is an optical microscopy technique with limita-
tions to the lowest detectable particle size (between 0.5 and 2
μm) [28]. Therefore, an orthogonal technique that can trace
any difference in particle size of the API is required.
Although various attempts have been made in the literature
to model the PSD of the API from a dissolution profile based
on the Noyes-Whitney equation, there is no universal
approach for this prediction [37–42]. Nevertheless, dissolution
analysis is a measure of surface area and is still a valid
technique to track differences in PSD of hydrophobic drug
substances in which dissolution is the rate-limiting step
involved in the drug release into the media. In fact,
dissolution is more sensitive to particles with higher surface
area and smaller particle size, making this tool an ideal
orthogonal technique to evaluate any differences in the drug
substance particle sizes. Other product attributes such as
rheology and surface tension might also affect the release rate
of the active ingredient particularly for more hydrophilic drug
products and depending on the dissolution or in vitro release
testing setup [3, 43, 44].

The dissolution analysis of the formulations made with
drug substance of different particle sizes was performed, and
the results are presented in Fig. 6. The similarity between
batches was assessed by evaluating the similarity factor f2

analysis, which is presented in Table III. These data suggest
that Batch 3, Batch 4, and Nasonex® have a similar
dissolution profile which correlates well with PSD data
measured by means of MDRS, thus, supporting the previ-
ously observed reduction of API particle size for Batch 4
during formulation to a similar PSD as that of Batch 3 and
Nasonex®. Furthermore, Batch 1 had the slowest dissolution
rate correlating well with the largest API PSD, and Batch 2
the fastest dissolution rate with a strong correlation to the
smallest API PSD.

Since the finer particles will have the greatest effect on
dissolution rate, the percentage by volume less than 5 μm
(%<5 μm) (Table I) was compared against the dissolution
half-life (T0.5) as presented in Fig. 7. These data suggested a
good correlation between the %<5 μm and T0.5 of the
formulated products for a limited number of batches ana-
lyzed. Hence, an orthogonal approach combining MDRS and
dissolution analysis may be supportive for generic manufac-
turers in developing generic products of aqueous nasal
suspensions and ensuring they have control of the drug
product quality and BE. These experimental data, particu-
larly for poorly soluble drugs, may also be used in combina-
tion with regional deposition results obtained via realistic
nasal casts to feed an in silico model able to characterize the

Fig. 6. Mean dissolution profile (n = 3) of four batches of MFM API formulated into
aqueous nasal suspension formulations and Nasonex®

Table III. Similarity Factor f2 Analysis of the Mean Dissolution
Profile (n = 3) of Four Batches of MFM API Formulated into

Aqueous Nasal Suspension Formulations and Nasonex®

Batch 2 3 4 Nasonex®

1 10.98 29.59 32.16 30.72
2 - 21.71 21.10 21.63
3 - - 54.12 59.03
4 - - - 62.36

MFM mometasone furoate monohydrate, API active pharmaceutical
ingredient
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regional deposition, mucociliary clearance, and absorption
that determine both local and systemic exposure [45–49].
Moreover, the combination of these orthogonal techniques
may be used for BE studies as part of the alternative
approach to the comparative clinical endpoint BE study
proposed in the draft PSG for Mometasone Furoate Nasal
Spray, Metered (Recommended Sep 2015; Revised Feb 2019,
Jun 2020) [8]. This guidance was reissued in 2019 after a
novel technology (MDRS) that was able to measure the API
particle size within a complex nasal suspension emerged. This
guidance reinforces the previous FDA approval of Apotex’s
ANDA application for a generic copy of Merck’s Nasonex
where the in vitro particle size data from MDRS was accepted
in lieu of the comparative clinical endpoint BE study [1, 26].
The data presented herein suggest that MDRS allows the
comparison of the particle size distribution of an API within a
complex nasal suspension test and reference product by
tracking the particle size before and after formulation and
taking into account any changes during manufacturing and
storage. Furthermore, orthogonal techniques such as dissolu-
tion may be used to strengthen the MDRS data by
compensating for its limitations and evaluating differences in
the dissolution rate of the drug substance particles.

CONCLUSION

A combination of morphological analysis and Raman
spectroscopy of a nasal suspension was used to isolate the API
population for drug-specific particle sizing in formulated locally
acting nasal suspension sprays. This approach allowed character-
ization of the drug substance PSDs in the formulation and thereby
facilitates comparative analysis of test and reference products.
Hence, these data suggest that MDRS may be used to evaluate
the PSD of theAPI in a complex nasal suspension. Still, MDRS is
a microscopy technique that has a limitation on the minimum
particle size detected. To compensate for this limitation, the

application of an orthogonal technique that is able to evaluate
differences in API particle size is suggested. Herein, dissolution
was successfully used as an orthogonal technique to track theAPI
PSD of a complex nasal suspension. Hence, together these
analytical methods may facilitate the determination of critical
material and process attributes that may affect drug product
quality and may aid in the assessment of BE determination
between test and reference formulations.
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Abstract. The aim of the study was to develop a robust and standardized in vitro
dissolution methodology for orally inhaled drug products (OIDPs). An aerosol dose
collection (ADC) system was designed to uniformly deposit the whole impactor stage mass
(ISM) over a large filter area for dissolution testing. All dissolution tests were performed
under sink conditions in a sodium phosphate buffered saline solution containing 0.2%w/w
sodium dodecyl sulphate. An adapted USPApparatus V, Paddle over Disk (POD), was used
throughout the study. The dissolution characteristics of the ISM dose of a commercial
metered-dose inhaler (MDI) and a range of dry powder inhaler (DPI) formulations
containing inhaled corticosteroids were tested. The uniform distribution of the validated
ISM dose considerably reduced drug loading effects on the dissolution profiles for both MDI
and DPI formulations. The improvement in the robustness and discriminatory capability of
the technique enabled characterization of dissolution rate differences between inhaler
platforms and between different DPI product strengths containing fluticasone propionate. A
good correlation between in vivo mean absorption time and in vitro dissolution half-life was
found for a range of the inhaled corticosteroids. The ADC system and the reproducible
in vitro POD dissolution measurements provided a quantitative-based approach for
measuring the relationship between the influence of device and the dispersion characteristics
on the aerosol dissolution of low solubility compounds. The in vitro dissolution method could
potentially be applied as a dissolution methodology for compendial, quality control release
testing, and during development of both branded orally inhaled drug products and their
generic counterparts.

KEY WORDS: aerosol; inhaled corticosteroids; dissolution; bioequivalence.

INTRODUCTION

For a locally acting inhaled drug product to elicit a
pharmacological effect, the therapeutic dose must first reach
the mucosal surface, lining the respiratory tract. Upon
reaching the respiratory mucosa, the fate of the inhaled drug
substance is not well understood. However, it is believed that
the critical determinants that affect the local drug concentra-
tion at the sites of action, as well as the rate and extent of
drug absorption through the lung, are the deposition pattern
(i.e., the distribution of the respirable dose among mouth–
throat regions, conducting and peripheral airways), the
molecular properties of the active pharmaceutical ingredient
(API) and the need for the drug to be in solution, that is, the
in vivo dissolution kinetics (1).

Currently, since local drug concentrations throughout the
respiratory tract cannot be measured in a practical way,
determining local equivalence between test and reference
products in developing bioequivalent generic products is very
challenging and more complicated than for systemically
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acting drugs. Furthermore, with the limited understanding of
the relationship among conventional in vitro performance
parameters [e.g., aerodynamic particle size distribution
(APSD) profiles, mass median aerodynamic diameter
(MMAD), fine particle dose (FPD), and delivered dose] and
the dissolution and absorption kinetics of the respirable dose,
the development of bioequivalent orally inhaled drug prod-
ucts (OIDPs) is extremely challenging. The US Food and
Drug Administration (FDA) currently recommend the ag-
gregated weight of evidence approach to establish bioequiv-
alence between test and reference OIDPs (2). This relies on
comparative in vitro studies (for equivalence in product
performance) and comparative in vivo studies [pharmacoki-
netic (PK) for equivalence in systemic exposure and pharma-
codynamic (PD) or clinical endpoint (CE) for equivalence in
drug delivery at the sites of action] in addition to formulation
sameness (Q1 and Q2, i.e., the same inactive ingredients and
at the same concentration ± 5% as the reference product) and
device similarity. This weight of evidence approach has been
used by FDA to draft individual product-specific guidance to
assist in the development programs of generic OIDPs.

In the case of generic OIDPs, the identification, valida-
tion, and standardization of novel in vitro and in silico tools
may provide an insight into the relationship between regional
drug deposition and the extent and rate of drug exposure at
the local sites of action in the lungs. This may ultimately
provide an alternative regulatory pathway for demonstrating
bioequivalence of generic OIDPs without the need to conduct
in vivo comparative PD or CE studies.

For poorly soluble drugs, the correlation between
aqueous solubility and mean absorption time (MAT) for a
range of compounds in the lungs suggests that dissolution
may be the rate limiting step for absorption (3). Furthermore,
dissolution of the respirable dose in the limited fluid lining the
central airways is in kinetic competition with the pulmonary
mucociliary clearance mechanism (4). Thus, the bioavailabil-
ity of the pulmonary deposited dose, both locally and
systemically, may be directly affected by the dissolution
characteristics in the air–liquid interface. In silico mechanistic
modeling of the systemic exposure of a poorly soluble drug
substance, with different aerodynamic particle size distribu-
tions, highlighted that the slight difference in deposition
pattern could not explain the observed differences in plasma
profiles and indicated that the rate of dissolution was the rate
limiting step of absorption into the systemic circulation (5).

The major challenges in developing an in vitro dissolu-
tion test for OIDPs have been reviewed by both the USPAd
Hoc Inhalation Advisory Panel in 2008 and the dissolution
working group of the IPAC-RS in 2012 (6,7). They reviewed
all published methodologies for aerosol collection and
dissolution testing of OIDPs, available at those times. The
major findings of both groups were that all methodologies
lacked the robustness and the level of validation required for
a standardized dissolution test, either as a quality control tool
to assess batch consistency or in establishing a quantitative
in vitro–in vivo relationship between dissolution data and
systemic PK profiles.

The major challenge in the development of a dissolution
approach for OIDPs remains the aerosol collection system
and the associated apparatus for measuring dissolution of a
representative pulmonary dose. May et al. (2012) investigated

the influence of different dose collection methods, membrane
holders, and dissolution media on the dissolution process (8).
The authors highlighted the critical need to collect a
homogenous distribution of the aerosolized dose onto a
membrane to increase the discriminatory capability of the
dissolution measurements. Indeed, one of the drawbacks of
commercially available aerosol filter-based collection systems
is that the dissolution rate is highly sensitive to the collected
dose and decreases with increasing collected mass of a given
formulated product (8). The effect is thought to be due to the
formation of in situ agglomerates, created by the impactor
jets, during collection onto the filter membrane surface. This
results in agglomerates of drug particles that cannot be fully
wetted by the dissolution media. Thus, these collection
systems can lead to a significant increase in the probability
of particle–particle aggregation, which directly influences the
sensitivity and discriminatory capability of dissolution rate
measurements.

The goal of this study was to develop a bespoke aerosol
dose collection (ADC) system together with an adapted USP
Apparatus V, Paddle over Disk (POD) (9), which may
constitute a significant step toward providing reliable disso-
lution data to gain a better understanding of the potential
relationships among OIDP formulations and local and
systemic bioavailability. The major specific, technical objec-
tive of the study was to validate the impactor stage mass
(ISM) dose collected by the ADC, with respect to the ISM
dose collected by the Next Generation Impactor (NGI), and
to significantly improve the robustness and discriminatory
capability of the in vitro dissolution test through uniform
distribution of the aerosolized dose across a high surface area
filter. All dissolution tests were undertaken with a selection of
commercially available OIDPs containing glucocorticoids,
which, with their poor water solubility and negligible oral
bioavailability, were selected as suitable candidates for
investigation.

MATERIALS AND METHODS

Materials

Commercial 50, 125, and 250 μg fluticasone propionate
(FP) MDIs {Flixotide® Evohaler®}; 100, 250, and 500 μg FP
DPIs {Flixotide® Accuhaler®}; 50/100, 50/250, and 50/500 μg
salmeterol/fluticasone propionate combination (S/FP) DPIs
{Seretide® Accuhaler®}; and 200/25 μg fluticasone furoate/
vilanterol combination (FF/V) DPIs {Relvar® Ellipta®} were
purchased from GlaxoSmithKline. Commercial 220 μg
mometasone furoate (MF) DPIs {Asmanex® Twisthaler®}
were purchased from Merck. All products were tested well
before their expiry date.

Reference standards (1 g) of FP, FF, and MF were
purchased from LGC Standards (Middlesex, UK). Sodium
phosphate buffered saline (PBS) solutions {prepared using
sodium phosphate monobasic dihydrate (NaH2PO4.2H20,
MW= 156.01 g/L), sodium phosphate dibasic (Na2HPO4,
MW= 141.96 g/L), 0.1 M hydrochloric acid (HCl), and
sodium chloride (NaCl, MW= 58.44 g/L)} were purchased
from Fischer Scientific (Loughborough, UK). Pall A/E type
glass fibre filters (47 mm diameter, 1 μm nominal pore size)
were purchased from Copley Scientific (Nottingham, UK).
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Whatman Puradisc™ polytetrafluoroethylene (PTFE) filters
(13 mm diameter, 0.2 μm pore size) were purchased from
Scientific Laboratory Supplies (Nottingham, UK). Water used
during the studies was Milli-Q Reverse Osmosis purified
(Merck Millipore, Darmstadt, Germany). Sodium dodecyl
sulphate (SDS) and polyoxyethylene (80) sorbitan
monooleate (Tween 80), and methanol and acetonitrile were
of high performance liquid chromatography (HPLC) grade
and purchased from Sigma (Gillingham, UK). Adirondack
Alcohol Ink (Raisin TIM22145) was purchased from Tim
Holtz® (Ranger Ink, NJ, USA).

Solubility Measurements

Saturated solutions of FP were prepared by adding an
excess of the drug into a PBS solution at pH = 7.4 containing
0.2% w/v SDS. Solutions were held at 37°C for 24 h prior to
filtration. All solubility measurements were performed in
triplicate.

Scanning Electron Microscopy (SEM)

Drug filters were sputter coated with gold (Edwards
Sputter Coater S150B, Edwards High Vacuum, Sussex, UK)
to achieve a thickness of approximately 20 nm. All SEM
imaging was performed using a scanning electron microscope
(JEOL JSM6480LV, Tokyo, Japan) using 15 kV accelerating
voltage. The magnification was set to × 1000.

Dissolution Studies

All dissolution studies were conducted in an adapted USP
Apparatus V, also known as Paddle over Disk (POD),
traditionally used for transdermal delivery systems (10). All
dissolution measurements were performed at 37°C in a 300 mL
PBS and 0.2% w/v SDS dissolution media with a stirring speed
of 75 rpm. The USP disk assembly membrane holder for
transdermal patches was adapted to enable a 47 mm glass fiber
filter to be housed. A 50 mm diameter stainless steel disk
assembly was used with a 74 mesh screen (NW-50-CR-SV-74,
Nor-Cal Inc., USA). For all dissolution experiments, 3 mL
aliquots were withdrawn at 2.5, 5, 10, 15, 20, 25, 30, 60, 120, 180,
and 240 min time intervals and filtered with a 0.2 μm PTFE
syringe filter directly into HPLC vials. To maintain a constant
volume in the dissolution vessel, the sampling volume was
replaced with pre-warmed dissolution media. Each dissolution
study was performed in triplicate. The total amount of drug
loaded onto the filters were determined by the sum of the
cumulative mass released together with any mass retained on
the membrane after 4 h. The fractional percentage of the drug
dissolved at each time point was determined by dividing the
amount of drug by the total mass loading.

Kinetic Modeling of Drug Release and Dissolution Release
Profile Comparison Testing

The dissolution profiles of all commercial products were
fitted to zero-order, first-order, Higuchi, Hixson-Crowell, and
Korsmeyer and Peppas models to ascertain the most appro-
priate kinetic modeling of drug release. For all batches of

commercial products, the most appropriate model was the
first-order drug release.

Model-independent methods were also applied to com-
pare the dissolution release profiles. The mean dissolution
time (MDT) of the profiles was calculated by the following
equation (11):

MDT ¼ ∑n
i¼1TiΔMi

∑n
i¼1ΔMi

Where n is the number of dissolution sample time points, i is
the sample number, ΔMi is the fraction of drug release
between ti and t(i-1), and Ti is the calculated midway time
point between sampling, where Ti = (ti + t(i-1))/2.

A similarity factor (f2) analysis was also calculated to
compare dissolution release profiles of MDI and DPI
products containing FP between the initial sampling time
point and the cumulative mass at 120 min. The f2 value was
considered similar when not less than 50, which is equivalent
to an average difference of no more than 10%. The similarity
factor analysis has been adopted by the regulatory authorities
as a criterion for the assessment of similarity between test and
reference in vitro dissolution profiles (11).

High Performance Liquid Chromatography (HPLC)

Chemical analyses of active pharmaceutical ingredients were
detected using an HPLC system which consisted of a binary pump
coupled to an autosampler and a variable wavelengthUV detector
(Agilent 1200,Wokingham,UK) that was set to 235 nm. The pump
flow rate was set to 1.0 mL/min through a Hypersil ODS C18

column (Fisher Scientific, Loughborough, UK, column length of
50mm, internal diameter of 4.6mm, andparticle size of the packing
material of 5 μm), which was placed in a column oven (Agilent,
Wokingham, UK) set to 40°C. The mobile phase consisted of
methanol, acetonitrile, and water (32.5, 32.5, 35% v/v). The
experimental run time was 3.5 min. For all HPLC studies, a linear
regression analysis was used for the assessment of the HPLC
calibration. Quantification was carried out by an external standard
method, and linearity was verified between 0.05 and 50 μg/mL.

Design and Development of the Aerosol Dose Collection
(ADC) System

Toovercome the apparent influence of the aerosol collection
method on in vitro dissolution release profile, a bespoke aerosol
dose collection (ADC) systemwas designed and built. Briefly, the
main objectives were the following: (1) to collect and validate
against a standard NGI the whole impactor stage mass (ISM)
onto a high surface area filter, (2) to obtain dissolution release
profiles independent of drug loading, and (3) to attempt to
increase the overall ruggedness, reliability, and discriminatory
capability of in vitro dissolution based measurements of OIDPs
for quality control and bioequivalence testing.

A cross-sectional schematic of the ADC system that was
incorporated within stage 2 of an NGI, in this particular study,
is shown in Fig. 1. The impactor nozzle in the interstage plate
of the NGI was removed and replaced with a tapered, circular
orifice. The removal of the jets from the impactor nozzle led
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to a significant reduction in the exit air velocity, while laminar
flow behaviour (i.e., Reynolds number 500 < Re < 3000) was
maintained across the calibrated flow rates of the NGI (30–
100 L/min). The difference in the air velocity exiting stage 2
was calculated to be an order of magnitude less with the use
of a single, circular orifice (from 891 cm/s with the jets to
83.7 cm/s at 60 L/min). The combination of low air flow
velocity and the distribution of the whole pneumatic air
across a large diameter orifice were specifically designed to
enable uniform deposition of the aerosol dose.

To harvest the aerosol dose, the collection system was
directly mounted onto the tapered nozzle. The dose collection
housed a removable holder for an appropriate 47 mm diameter

filter that was arranged orthogonally to the direction of the
pneumatic flow. The dose collector was connected directly to a
vacuum pump via a flow controller (TPK Model, Copley
Scientific, Nottingham, UK). This enabled the collection of all
the dose below any remaining NGI stage and allowed a direct
unimpeded pathway extending from the orifice to the filter.

RESULTS AND DISCUSSION

Upon initially validating the dose collection efficiency of
the ADC system, the apparatus was used to investigate
loaded dose effects (approximately 50–500 μg) on the
dissolution release profiles of both 250 μg FP DPI and
125 μg FP MDI. The system was also used to study the
relationship between mean absorption time and dissolution
kinetics of a series of low solubility inhaled corticosteroids.
Finally, the dissolution characteristics of FP from the three
different product strengths of FP MDI, FP DPI, and S/FP
DPI products were compared.

Validation of the Dose Collection Efficiency of the ADC
System

To validate the collection efficiency of the ADC system, the
ISM collected onto the glass fiber filter within the ADC, from a
commercial 250 μg FP DPI, was compared with standard in vitro
NGI recovery at a flow rate of 60 L/min. As shown in Fig. 2, with
increasing number of actuations (1, 2, 5, and 10), there is good
correlation between the ISM collected from the conventional NGI
and the ADC system over the range of mass loadings studied.

The uniformity of deposition across a filter surface with
the ADC system was visualized by formulating an alcoholic
ink (Raisin (TIM22145), Tim Holtz® Adirondack Alcohol
Inks, USA) as a 0.5% w/v solution-based MDI. As shown in
the photographic images in the supplementary information
(Fig. S1), the uniformity and increasing intensity of the ink
with increasing number of actuations suggested that the
aerosol dose was being uniformly deposited across the whole
collection filter surface.

Fig. 1. A schematic cross-sectional diagram of the aerosol dose
collection (ADC) system, which was incorporated into stage 2 of the
NGI

Fig. 2. Validation of the mean impactor stage mass (ISM) collection
of the ADC system (ISMADC) versus the mean ISM collection of the
NGI (ISMNGI), for increasing number of actuations of the 250 μg FP
DPI tested at 60 L/min (n = 3, mean ± SD)
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Representative scanning electron microscope (SEM)
micrographs of the ISM collected dose with increasing
number of actuations of the 250 μg FP DPI tested at 60 L/
min and 125 μg FP MDI tested at 30 L/min are shown in
Figs. 3 and 4, respectively. As indicated by the SEM
micrographs, the local deposition density of the FP particles,
which increased from 2.6 to 26.6 μg/cm2 and from 3.9 to
38.3 μg/cm2 for 1 and 10 actuations of the 250 μg FP DPI and
125 μg FP MDI, respectively, led to minimal aggregation and
in situ agglomeration formation.

Solubility Determinations of FP for Dissolution Studies

The solubility of fluticasone propionate (FP) at 37 °C in a
10 mM sodium phosphate buffered saline solution (pH = 7.4)
with the addition of 0.2% w/w SDS was 14.2 ± 3.4 μg/mL. To
ensure that sink conditions could be maintained over a wide
range of FP drug loading, the concentration in the dissolution
media should not exceed 10% of the saturated solubility in
the respective media (10,11). The total volume of dissolution
media (300 mL) was selected to maintain sink conditions with
increasing drug loading while maintaining sufficient sensitivity
to detect any formulation differences.

Dissolution Release Profiles as a Function of Loaded Dose

Drug coated filters from the ADC system were carefully
loaded and secured onto a stainless steel disk assembly for
Paddle over Disk (POD) for dissolution measurements. The
dissolution release profiles, plotted as cumulative mass percent-
age (%) of the total dose recovered after 4 h, of FP with

increasing number of actuations (1, 2, 5, and 10) from a
commercial 250 μg FP DPI and a 125 μg FP MDI, are shown
in Fig. 5a and b, respectively. These plots suggest that the
dissolution release profiles of FP were independent of drug
loading (approximately 50-500 μg) even though the surface
coverage of FP on the filters varied, on average, between 2.6 and
38.3 μg/cm2. These findings are supported by similarity factor
(f2) analysis of the dissolution profiles. The f2 values between all
the different numbers of actuations were between 84–85 and 86–
88 for the DPI and MDI dissolution profiles, respectively.

In comparing the dissolution release profiles from the
250 μg FP DPI and 125 μg FP MDI products, the dissolution
rate of the ISM dose of FP appeared to be significantly faster
from the DPI than the MDI. These observations were
supported by the f2 analysis (f2 = 35), mean dissolution time
(MDT), and first order release modeling results of the
profiles, which are summarized together with the data from
other product strength in Table I. While these findings could
be related to differences in the upper aerodynamic cut-off
diameters of the collected ISM dose for the MDI (≤ 11.7 μm)
and the DPI (≤ 8.1 μm), there appears a link with observed
in vivo differences in the mean absorption time of FP from
MDI and DPI products (12). Thorsson et al. (2001) indicated
that the rate of absorption of FP upon inhalation in healthy
patients was slower from the MDI than the DPI (13). These
findings are further supported by recent animal testing by
Kuehl et al. who indicated a marked decrease in the systemic
absorption rates of FP from a commercial MDI product with
respect to dry powder formulation preparations (14).

The increase in dissolution rate of FP from an interactive
mixture is supported by a large body of evidence in solid dosage

Fig. 3. Representative scanning electron microscope (SEM) micrographs of the ISM dose collected using
the ADC system for an increasing number of actuations of the 250 μg FP DPI at a flow rate of 60 L/min.
Magnification × 1000 for all SEM micrographs shown
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forms literature (12,15–17). A significant increase in dissolution
rate of low solubility, micronized drugs can be achieved when
formulated as an interactive mixture with a soluble excipient
(12,15–17). These studies indicate that the deagglomeration and
distribution of discrete fine particles over the surface of a soluble
carrier particle can lead to dissolution rates that are even higher
than that of a well dispersed suspension of a micronized drug.
The pre-requisite for these high rates of dissolution is directly
related to the instantaneous dissolution of the fine carrier
particles (15). It could be argued that the aerosolization and
dispersion of the drug from a coarse carrier may lead to fully
deaggregated drug particles. However, as indicated by the SEM
micrograph in the supplementary information (Fig. S2), a
proportion of the collected FP remains dispersed over the
surface of fine lactose particles. The rapid dissolution of these
fine excipient particles within the lining fluid of the lungs may
therefore lead to a significant increase in the surface area of the
FP particles available to be wetted by the dissolution media.
Furthermore, studies have shown that the addition of fine
lactose as a ternary additive with a coarse lactose carrier can
lead to a further increase in the dissolution rate of drugs when
formulated as a low-dose interactive mixture for oral drug
delivery (18,19).

Relationship Between Dissolution Rate Measurements and
In Vivo Mean Absorption Time

Mechanistic-based predictions of drug absorption and
plasma concentration profiles of low solubility, lipophilic inhaled
corticosteroids have suggested that deposition patterns and
pulmonary dissolution is the rate-limiting step for local and

systemic absorption of these permeable drugs (5,7). In these
models, the rate of dissolution is simulated based on solubility
measurements and regional deposition patterns from particle size
distribution measurements. While these simulated dissolution
rates have been shown to correlate well with PK-based
measurements of mean absorption time (MAT), attempts to
confirm this relationship using in vitro-based dissolution mea-
surements have generally failed.

To support these in silicomodels, the aerosol dissolution of a
range of ICS MDI and DPI drug products was compared to the
mean absorption time (MAT) of PK measurements from
elsewhere (13,20,21). A plot of the literature values of MAT
versus dissolution half-life (experimental data from this study) is
shown in Fig. 6. These data and the dissolution kinetics are
summarized in Table II. In vitro dissolution data from this study
correlated well with MAT measurements, in the sense that the
rate of pulmonary absorption of low soluble, highly permeable
ICS molecules is limited by dissolution. Solubility measurements
are rather limited as they do not consider physicochemical
differences in relation to particle size, surface area, and the actual
process of dispersion and deaggregation of theAPI via an inhaler
device. These effects are highlighted by the differences in the FP
DPI and MDI formulations, where only dissolution related
studies can characterize the direct impact of formulation/device
dependency on the dissolution behavior of these compounds.

Influence of Product Strength on In Vitro Dissolution of FP

To investigate the possible influence of different
product strengths on the aerosol dissolution properties of
micronized fluticasone propionate, dissolution release

Fig. 4. Representative scanning electron microscope (SEM) micrographs of the ISM dose collected using
the ADC system for an increasing number of actuations of the 125 μg FP MDI at a flow rate of 30 L/min.
Magnification × 1000 for all SEM micrographs shown
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profiles of commercial 50, 125, and 250 μg FP MDIs, 100,
250, and 500 μg FP DPIs, and 50/100, 50/250, 50/500 μg S/
FP DPIs were measured. The dissolution profiles of the
ISM dose collected from the three product strengths of FP
MDI are shown in Fig. 7. The dissolution kinetics and
percentage concentration of FP (% w/w) within the MDI
products are summarized in Table I. The profiles indicate

that the dissolution kinetics of FP was independent of the
percentage concentration of the drug within the MDI
formulation.

The dissolution profiles, for an equivalent nominal-
labeled dose (equivalent to a 500 μg label claim dose), of
the FP DPI and S/FP DPI products formulated at three
different strengths are shown in Fig. 8a and b, respec-
tively. The dissolution kinetics of the different product
strengths are summarized in Table I.

For a fixed concentration of salmeterol (S) and a
constant carrier fill weight (12.5 mg), increasing the
surface coverage of FP led to a concomitant decrease in
rate of dissolution in both mono- and dual-therapy
combination products (22). Similarity factor (f2) analysis
suggested that none of the product strengths, for both FP
DPI and S/FP DPI, had a similar dissolution profile. The
decrease in rate of dissolution with increasing drug
concentration is supported by previous studies that have
shown that the dissolution rate of a poorly soluble
compound in an interactive mixture is inversely propor-
tional to the degree of surface coverage and more
specifically to the surface area ratios between drug and
carrier (15,18). These studies suggested that with increas-
ing drug loading, there is a greater likelihood of drug–

Table I. Drug loading and dissolution kinetics of the FP ISM dose (n = 3, mean ± SD) for different portable inhaler devices and their different
product strengths.

Product Labeled Dose
(μg)

FP Loading (%w/w) ISM
(μg)

k1
(min−1)

T0.5

(min)
MDT
(min)

FP MDI 50 0.08 75.2 ± 5.9 0.060 ± 0.003 11.64 ± 1.10 20.80 ± 1.64
125 0.13 118.0 ± 6.4 0.064 ± 0.003 10.78 ± 0.84 19.41 ± 1.02
250 0.32 99.2 ± 8.5 0.061 ± 0.003 11.45 ± 0.60 19.40 ± 0.58

FP DPI 100 0.79 109 ± 4.9 0.110 ± 0.001 6.32 ± 0.12 8.83 ± 0.60
250 1.96 97.4 ± 7.2 0.097 ± 0.003 7.15 ± 0.28 9.85 ± 0.83
500 3.85 97.2 ± 8.6 0.092 ± 0.006 8.13 ± 0.42 11.07 ± 0.91

S/FP DPI 50/100 0.79 110.3 ± 2.9 0.138 ± 0.03 5.03 ± 0.17 6.30 ± 0.49
50/250 1.95 108.6 ± 1.9 0.112 ± 0.006 6.18 ± 0.43 9.87 ± 0.80
50/500 3.83 109.4 ± 4.8 0.106 ± 0.008 7.35 ± 0.61 10.49 ± 1.03

k1 First order rate constant, T0.5 The mean dissolution half-life of the drug release, MDT Model independent mean dissolution time

Fig. 6. Plot of the mean absorption time (MAT) (17) versus the first
order dissolution half-life (n = 3) (experimental data from this work)
for a series of inhaled corticosteroids

Fig. 5. Cumulative mass (%) dissolution profiles of the FP ISM dose
with increasing number of actuations of a 250 μg FP DPI collected
using the ADC system at 60 L/min, and b 125 μg FP MDI collected
using the ADC system at 30 L/min (n = 3, mean ± SD).
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drug agglomerate formation over discrete drug particle–
carrier interactions.

Interestingly, the presence of a fixed dose of 50 μg
micronized salmeterol (S) within the carrier blends led to
an increase in the rate of dissolution of the FP in the S/
FP DPI products. These observations are supported by f2
similarity factor analysis, which indicated that the dissolu-
tion profiles of FP from the collected ISM dose of the
100, 250, and 500 μg FP DPIs were dissimilar to the
respective concentrations of FP in the S/FP DPI products.
The increase in the rate of dissolution of FP within the
dual-therapy combination products may suggest that more
soluble salmeterol could play a supporting role in facili-
tating the increase in area of exposure of the FP,
particularly due to the high solubility of the salmeterol
and lactose within the dissolution media.

CONCLUSIONS

In this study, we have designed and engineered a
novel dose collection system for in vitro dissolution testing
of orally inhaled drug products that uniformly distributed
the whole impactor stage mass (ISM) onto a single
membrane surface. The validated dose collection method
was utilized to demonstrate that dissolution profiles of
both commercial MDI and DPI products were indepen-
dent of loaded dose over a wide range of concentrations

of drug loading. The independence of the dissolution rate
measurements with loaded mass allowed quantitative
comparisons to be made between formulation characteris-
tics and dissolution behavior. The increase in robustness
and the discriminatory capability of the dissolution
method developed in this work may enable quantitative-
based comparisons of orally inhaled drug products (inter-
and intra-batches) and may aid in the development of a
standardized dissolution method for compendial testing of
orally inhaled drug products.

Table II. Mean absorption time (MAT) [16] and dissolution kinetics (calculated using the experimental data from this work, n = 3, mean ± SD)
of low aqueous solubility inhaled corticosteroids.

Product Labeled Dose
(μg)

MAT
(h)

k1
(min-1)

T0.5
(min)

MDT
(min)

FF/V DPI 200/25 10.5 0.046 ± 0.002 15.14 ± 0.98 23.81 ± 2.86
FP MDI 125 7.1 0.064 ± 0.003 10.78 ± 0.84 19.41 ± 1.02
FP DPI 250 5.3 0.097 ± 0.003 7.15 ± 0.28 9.85 ± 0.83
MF DPI 220 4.1 0.138 ± 0.021 4.99 ± 0.74 6.57 ± 1.17

Fig. 7. Cumulative mass % dissolution profiles of FP for 1 actuation
of the 250 μg, 2 actuations of the 125 μg and 5 actuations of the 50 μg
FP MDI collected at a flow rate of 30 L/min (n = 3, mean ± SD)

Fig. 8. a Cumulative mass % dissolution profiles of FP for an
equivalent label claim dose of the 100, 250, and 500 μg FP DPIs b
Cumulative mass % dissolution profiles of FP for an equivalent label
claim dose of the 50/100, 50/250, and 50/50 μg S/FP DPIs. Flow rate
was set to 60 L/min (n = 3, mean ± SD)
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