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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

1 Department of Pharmacy & Pharmacology, Centre for Therapeutic
Innovation, University of Bath, Bath, UK.

2 Nanopharm Ltd, an Aptar Pharma Company, Wales, UK.
3 Office of Research and Standards, Office of Generic Drugs, Center
for Drug Evaluation and Research, Food and Drug Administration,
Silver Spring, Maryland, USA.

4 To whom correspondence should be addressed. (e–mail:
gdvff20@bath.ac.uk)

DOI: 10.1208/s12248-021-00605-w

1550-7416/21/0400-0001/0 # 2021 The Author(s)

The AAPS Journal (2021) 23: 73

; published online 1 Ma 2021y8

http://crossmark.crossref.org/dialog/?doi=10.1208/s12248-021-00605-w&domain=pdf


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)
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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.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material
available at https://doi.org/10.1208/s12248-021-00605-w.

FUNDING

Funding for this work was made possible, in part, by the
US Food and Drug Administration through grant
HHSF223201710163C.

DECLARATIONS

Conflict of Interest Views expressed in this article are from the
authors and do not necessarily reflect the official policies of the
Department of Health and Human Services, nor does any mention
of trade names, commercial practices, or organization imply
endorsement by the US Government.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were

Fig. 7. Relationship between the mean percentage by volume less than 5 μm (% < 5 μm)
of the formulated MFM drug substance measured by MDRS and the mean dissolution half-
life (t0.5) of the MFM drug product. Error bars show standard deviations (n = 3)

The AAPS Journal (2021) 23: 7373 Page 10 of 12

http://dx.doi.org/10.1208/s12248-021-00605-w


made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. US Food and Drug Administration. FDA embraces emerging
technology for bioequivalence evaluation of locally acting nasal
sprays [Internet]. 2016 [cited 2021 Apr 8]. Available from:
https://www.fda.gov/media/97705/download

2. US Food and Drug Administration. CFR—Code of Federal
Regulations Title 21. Part 320—Bioavailability and Bioequiva-
lence Requirements [Internet]. 2020 [cited 2020 Dec 30].
Available from: https://www.accessdata.fda.gov/scripts/cdrh/
cfdocs/cfcfr/CFRSearch.cfm?fr=320.23

3. Trows S, Wuchner K, Spycher R, Steckel H. Analytical
challenges and regulatory requirements for nasal drug products
in Europe and the U.S. Pharmaceutics. 2014;6:195–219.

4. Li BV, Jin F, Lee SL, Bai T, Chowdhury B, Caramenico HT,
et al. Bioequivalence for locally acting nasal spray and nasal
aerosol products: standard development and generic approval.
AAPS J. 2013;15:875–83.

5. Daley-Yates PT, Parkins DA. Establishing bioequivalence for
orally inhaled drug products. Expert Opin Drug Deliv.
2011;8:1531–2.

6. US Food and Drug Administration. Guidance for industry
guidance for industry bioavailability and bioequivalence studies
for nasal aerosols and nasal sprays for local action (draft
guidance) [Internet]. 2003 [cited 2021 Apr 8]. Available from:
https://www.fda.gov/regulatory-information/search-fda-guid-
ance-documents/bioavailability-and-bioequivalence-studies-na-
sal-aerosols-and-nasal-sprays-local-action

7. US Food and Drug Administration. Draft guidance on
fluticasone propionate [Internet]. 2019 [cited 2021 Apr 8].
Ava i l ab l e f r om : h t t p s : / /www.ac ce s sda t a . f da . gov /
d rug sa t fda_doc s /p sg /F lu t i c a soneprop iona te_na sa l
spray_205434_RC09-15.pdf

8. US Food and Drug Administration. Draft guidance on
mometasone furoate [Internet]. 2019 [cited 2020 Jan 8]. Avail-
able from: https://www.accessdata.fda.gov/drugsatfda_docs/psg/
Mometasone furoate nasal spray NDA 020762 RV 02-2019.pdf

9. US Food and Drug Administration. Guidance for industry nasal
spray and inhalation solution, suspension, and spray drug
products — chemistry, manufacturing, and controls documenta-
tion U.S. Department of Health and Human Services Food and
Drug Administration Center for Drug Evaluation an [Internet].
2002 [cited 2021 Apr 8]. Available from: https://www.fda.gov/
media/70857/download

10. Lionberger RA. FDA Critical path initiatives: opportunities for
generic drug development. AAPS J. 2008;10:103–9.

11. US Food and Drug Administration. Challenge and opportunity
on the critical path to new medical technologies [Internet]. 2004
[cited 2020 Jul 19]. Available from: https://www.who.int/
intellectualproperty/documents/en/FDAproposals.pdf

12. Doub WH, Adams WP, Wokovich AM, Black JC, Shen M,
Buhse LF. Measurement of drug in small particles from aqueous
nasal sprays by Andersen cascade impactor. Pharm Res.
2012;29:3122–30.

13. Doub WH, Adams WP, Spencer JA, Buhse LF, Nelson MP,
Treado PJ. Raman Chemical imaging for ingredient-specific
particle size characterization of aqueous suspension nasal spray
formulations: a progress report. Pharm Res. 2007;24:934–45.

14. Rygg A, Hindle M, Longest PW. Absorption and clearance of
pharmaceutical aerosols in the human nose: effects of nasal

spray suspension particle size and properties. Pharm Res.
2016;33:909–21.

15. US Food and Drug Administration. Draft guidance on
beclomethasone dipropionate [Internet]. 2019 [cited 2021
Apr 8]. Available from: https://www.accessdata.fda.gov/
drugsatfda_docs/psg/Beclomethasone dipropionate Inhalation
Aerosol Metered NDA 207921 PSG Page RC May 2019.pdf

16. US Food and Drug Administration. Draft guidance on acyclovir
cream [Internet]. 2016 [cited 2020 Jul 5]. p. 1–6. Available from:
https : / /www.accessdata. fda.gov/drugsatfda_docs/psg/
Acyclovir_topical cream_RLD 21478_RV12-16.pdf

17. Kippax P, Burt J, O’Grady C. Testing topicals: analytical
strategies for the in-vitro demonstration of bioequivalence.
Pharm Technol Eur APIs, Excipients, Manuf [Internet]. 2018
[cited 2020 Jul 19];s31Â–s34, s36. Available from: http://
www.pharmtech.com/testing-topicals-analytical-strategies-vitro-
demonstration-bioequivalence

18. Mitchell J, Bauer R, Lyapustina S, Tougas T, Glaab V. Non-
impactor-based methods for sizing of aerosols emitted from
orally inhaled and nasal drug products (OINDPs). AAPS
PharmSciTech. 2011;12:965–88.

19. Sharpe SA, Sandweiss V, Tuazon J, Giordano M, Witchey-
Lakshmanan L, Hart J, et al. Comparison of the flow properties
of aqueous suspension corticosteroid nasal sprays under differ-
ing sampling conditions. Drug Dev Ind Pharm. 2003;29:1005–12.

20. Depasquale R, Lee SL, Saluja B, Shur J, Price R. The influence
of secondary processing on the structural relaxation dynamics of
fluticasone propionate. AAPS PharmSciTech. 2015;16:589–600.

21. Mie G. Beiträge zur Optik trüber Medien, Speziell Kolloidaler
Metallösungen. Ann Phys. 1908;330:377–445.

22. Yuen P-H, Eckhart C, Etlinger T, Levine N. Process for making
mometasone furoate monohydrate. 2001.

23. Merck & Co. I. NASONEX® Prescribing information [Inter-
net]. 2011 [cited 2020 Jul 18]. Available from: https://
www.accessdata . fda .gov/drugsatfda_docs / label /2011/
020762s044lbl.pdf

24. US Food and Drug Administration. SUPAC-IR immediate
release solid oral dosage forms, scale - up and post-approval
changes: chemistry, manufacturing, and controls, in vitro disso-
lution testing, in vivo bioequivalence documentation guidance
November 1995 [Internet]. 1995 [cited 2021 Apr 8]. Available
from: https://www.fda.gov/regulatory-information/search-fda-
guidance-documents/supac-ir-immediate-release-solid-oral-dos-
age-forms-scale-and-post-approval-changes-chemistry

25. Costa P, Sousa Lobo JM. Modeling and comparison of
dissolution profiles. Eur J Pharm Sci. 2001;13:123–33.

26. Liu Q, Absar M, Saluja B, Guo C, Chowdhury B, Lionberger R,
et al. Scientific considerations for the review and approval of
first generic mometasone furoate nasal suspension spray in the
United States from the bioequivalence perspective. AAPS J.
2019;21:1–6.

27. Malvern Panalytical. Chemical acquisition and Raman spectral
processing methods used with the Morphologi G3-ID [Internet].
2012 [cited 2020 Jul 12] . Avai lable from: https: / /
www.malvernpanalytical.com/en/learn/knowledge-center/techni-
cal-notes/TN121214RamanSpectralProcessing

28. Malvern Panalytical. Morphologi G3 basic guide [Internet].
2015 [cited 2020 Jul 12] . Avai lable from: https: / /
www.malvernpanalytical.com/en/learn/knowledge-center/user-
manuals/MAN0493EN

29. Malvern Panalytical. Basic principles of particle size analysis
[Internet]. 2013 [cited 2020 Jul 5]. Available from: https://
www.malvernpanalytical.com/en/learn/knowledge-center/appli-
cation-notes/AN020710BasicPrinciplesPSA

30. Burgess DJ, Duffy E, Etzler F, Hickey AJ. Particle size analysis:
AAPS workshop report, cosponsored by the Food and Drug
Administration and the United States Pharmacopeia. AAPS J.
2004;6:23–34.

31. Brewer E, Ramsland A. Particle size determination by auto-
mated microscopical imaging analysis with comparison to laser
diffraction. J Pharm Sci. 1995;84:499–501.

32. Verma S, Kumar S, Gokhale R, Burgess DJ. Physical stability of
nanosuspensions: investigation of the role of stabilizers on
Ostwald ripening. Int J Pharm. 2011;406:145–52.

The AAPS Journal (2021) 23: 73 Page 11 of 12 73

http://creativecommons.org/licenses/by/4.0/
https://www.fda.gov/media/97705/download
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=320.23
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=320.23
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioavailability-and-bioequivalence-studies-nasal-aerosols-and-nasal-sprays-local-action
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioavailability-and-bioequivalence-studies-nasal-aerosols-and-nasal-sprays-local-action
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioavailability-and-bioequivalence-studies-nasal-aerosols-and-nasal-sprays-local-action
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasonepropionate_nasal%20spray_205434_RC09-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasonepropionate_nasal%20spray_205434_RC09-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Fluticasonepropionate_nasal%20spray_205434_RC09-15.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Mometasone
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Mometasone
https://www.fda.gov/media/70857/download
https://www.fda.gov/media/70857/download
https://www.who.int/intellectualproperty/documents/en/FDAproposals.pdf
https://www.who.int/intellectualproperty/documents/en/FDAproposals.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Beclomethasone
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Beclomethasone
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Acyclovir_topical
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Acyclovir_topical
http://www.pharmtech.com/testing-topicals-analytical-strategies-vitro-demonstration-bioequivalence
http://www.pharmtech.com/testing-topicals-analytical-strategies-vitro-demonstration-bioequivalence
http://www.pharmtech.com/testing-topicals-analytical-strategies-vitro-demonstration-bioequivalence
https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020762s044lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020762s044lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020762s044lbl.pdf
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/supac-ir-immediate-release-solid-oral-dosage-forms-scale-and-post-approval-changes-chemistry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/supac-ir-immediate-release-solid-oral-dosage-forms-scale-and-post-approval-changes-chemistry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/supac-ir-immediate-release-solid-oral-dosage-forms-scale-and-post-approval-changes-chemistry
https://www.malvernpanalytical.com/en/learn/knowledge-center/technical-notes/TN121214RamanSpectralProcessing
https://www.malvernpanalytical.com/en/learn/knowledge-center/technical-notes/TN121214RamanSpectralProcessing
https://www.malvernpanalytical.com/en/learn/knowledge-center/technical-notes/TN121214RamanSpectralProcessing
https://www.malvernpanalytical.com/en/learn/knowledge-center/user-manuals/MAN0493EN
https://www.malvernpanalytical.com/en/learn/knowledge-center/user-manuals/MAN0493EN
https://www.malvernpanalytical.com/en/learn/knowledge-center/user-manuals/MAN0493EN
https://www.malvernpanalytical.com/en/learn/knowledge-center/application-notes/AN020710BasicPrinciplesPSA
https://www.malvernpanalytical.com/en/learn/knowledge-center/application-notes/AN020710BasicPrinciplesPSA
https://www.malvernpanalytical.com/en/learn/knowledge-center/application-notes/AN020710BasicPrinciplesPSA


33. Voorhees PW. The theory of Ostwald ripening. J Stat Phys.
1985;38:231–52.

34. Marqusee JA, Ross J. Theory of Ostwald ripening: competitive
growth and its dependence on volume fraction. J Chem Phys.
1984;80:536–43.

35. Dévay A, Mayer K, Pál S, Antal I. Investigation on drug
dissolution and particle characteristics of pellets related to
manufacturing process variables of high-shear granulation. J
Biochem Biophys Methods. 2006;69:197–205.

36. Chitu TM, Oulahna D, Hemati M. Wet granulation in
laboratory-scale high shear mixers: effect of chopper presence,
design and impeller speed. Powder Technol. 2011;206:34–43.

37. Cao H, Amador C, Jia X, Li Y, Ding Y. A Modelling framework
for bulk particles dissolving in turbulent regime. Chem Eng Res
Des. 2016;114:108–18.

38. Tinke AP, Vanhoutte K, De Maesschalck R, Verheyen S, De
Winter H. A new approach in the prediction of the dissolution
behavior of suspended particles by means of their particle size
distribution. J Pharm Biomed Anal. 2005;39:900–7.

39. Noyes AA, Whitney WR. The rate of solution of solid
substances in their own solutions. J Am Chem Soc.
1897;19:930–4.

40. de Almeida LP, Simões S, Brito P, Portugal A, Figueiredo M.
Modeling dissolution of sparingly soluble multisized powders. J
Pharm Sci. 1997;86:726–32.

41. Lu ATK, Frisella ME, Johnson KC. Dissolution modeling:
factors affecting the dissolution rates of polydisperse powders.
Pharm Res. 1993;10:1308–14.

42. Agata Y, Iwao Y, Miyagishima A, Itai S. Novel mathematical
model for predicting the dissolution profile of spherical particles
under non-sink conditions. Chem Pharm Bull. 2010;58:511–5.

43. Li C, Liu C, Liu J, Fang L. Correlation between rheological
properties, in vitro release, and percutaneous permeation of
tetrahydropalmatine. AAPS PharmSciTech. 2011;12:1002–10.

44. Flynn GL, Shah VP, Tenjarla SN, Corbo M, DeMagistris D,
Feldman TG, et al. Assessment of value and applications of
in vitro testing of topical dermatological drug products. Pharm
Res. 1999;16:1325–30.

45. Weber B, Hochhaus G. A Pharmacokinetic simulation tool for
inhaled corticosteroids. AAPS J. 2013;15:159–71.

46. Salade L, Wauthoz N, Goole J, Amighi K. How to characterize
a nasal product. The state of the art of in vitro and ex vivo
specific methods. Int J Pharm. 2019;561:47–65.

47. Gonda I. Mathematical modeling of deposition and disposition
of drugs administered via the nose. Adv Drug Deliv Rev.
1998;29:179–84.

48. Gonda I, Gipps E. Model of disposition of drugs administered
into the human nasal cavity. Pharm Res. 1990;7:69–75.

49. Forbes B, Bommer R, Goole J, Hellfritzsch M, De Kruijf W,
Lambert P, et al. A consensus research agenda for optimising
nasal drug delivery. Expert Opin Drug Deliv. 2020;17:127–32.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

The AAPS Journal (2021) 23: 7373 Page 12 of 12


	A...
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Particle Size Distribution (PSD) of As-Received Mometasone Furoate Monohydrate (MFM)
	Manufacture of Nasal Suspensions
	Single Actuation Content (SAC) of the MFM Nasal Suspensions
	Droplet Size Distribution (DSD) Analysis of the MFM Nasal Suspensions
	Spray Pattern (SP) and Plume Geometry (PG) Measurements of the MFM Nasal Suspensions
	Dissolution Analysis of the MFM Nasal Suspensions
	HPLC Analysis of MFM
	PSD of MFM by Morphologically-Directed Raman Spectroscopy (MDRS)
	Statistical Analysis

	RESULTS AND DISCUSSION
	Particle Sizing of As-Received Mometasone Furoate Monohydrate (MFM)
	Manufacturing of Nasal Formulations and In�Vitro BE Testing
	In Situ Particle Sizing and Morphology Analysis of Nasal Suspensions Using Morphologi G3-ID
	Dissolution as an Orthogonal Technique to Support MDRS

	CONCLUSION
	��REFERENCES



