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Abstract

Purpose: The objective of this study was to use a recently developed nasal dissolution, 

absorption, and clearance (DAC) model to evaluate the extent to which suspended drug particle 

size influences nasal epithelial drug absorption for a spray product.

Methods: Computational fluid dynamic (CFD) simulations of mucociliary clearance and drug 

dissolution were used to calculate total and microscale epithelial absorption of drug delivered with 

a nasal spray pump. Ranges of suspended particle sizes, drug solubilities, and partition coefficients 

were evaluated.

Results: Considering mometasone furoate as an example, suspended drug particle sizes in 

the range of 1–5 μm did not affect the total nasal epithelial uptake. However, the microscale 

absorption of suspended drug particles with low solubilities was affected by particle size and this 

controlled the extent to which the drug penetrated into the distal nasal regions.

Conclusions: The nasal-DAC model was demonstrated to be a useful tool in determining 

the nasal exposure of spray formulations with different drug particle sizes and solubilities. 

Furthermore, the model illustrated a new strategy for topical nasal drug delivery in which drug 

particle size is selected to increase the region of epithelial surface exposure using mucociliary 

clearance while minimizing the drug dose exiting the nasopharynx.

Keywords

Nasal spray suspensions; drug particle dissolution; nasal clearance; nasal drug absorption; post-
deposition particle tracking

INTRODUCTION

The establishment of bioequivalence between an innovator and generic pharmaceutical 

product is required by the US FDA for the generic product to enter the marketplace (1). 

The introduction of generic products is typically viewed as a favorable path to control the 
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cost of medications, which have been steadily increasing in the US market (2). For nasal 

spray suspensions, a weight of evidence approach is taken for testing bioequivalence to 

ensure both the safety and efficacy of the products (1). However, evaluation and comparison 

of these drug products poses significant challenges to regulators due to the complex 

relationship between nasal deposition producing a local effect and the systemic drug 

concentrations that are conventionally used to compare the rate and extent of absorption (1, 

3). The overall process for establishing bioequivalence of locally acting nasal suspensions 

requires a combination of data including equivalent in vitro performance, equivalent local 

delivery established by a clinical endpoint, equivalent systemic exposure, together with 

demonstration of device and formulation sameness (1). It is unclear if the current methods 

that are employed to characterize nasal spray suspension products for regulatory purposes 

are able to detect variability in local and systemic drug absorption with regards to the 

changes in the physicochemical properties of a formulation as well as regional nasal 

deposition patterns (4, 5). In addition, studies have not previously considered the size of 

the drug particles in a suspension formulation, which also may have a significant effect on 

these bioequivalence metrics. Particle size of suspended drug particles is expected to be 

coupled with drug-specific properties, such as solubility and partitioning behavior (6), in 

affecting both local and systemic exposure.

With regards to nasal suspension formulations, it could be expected that the dissolution of 

corticosteroid drug particles will be the rate limiting step in the overall absorption process 

(7). Dissolution testing of corticosteroids has shown that drug particle size, solubility, and 

formulation have significant effects on their dissolution kinetics (6, 7). For these molecules, 

decreasing the drug particle size or increasing drug solubility in mucus results in faster 

dissolution rates (7). Additionally, small changes in formulation composition can lead to 

significantly altered in vitro dissolution rates (6). While these previous in vitro studies 

have quantified dissolution rates for commonly used corticosteroid formulations suitable for 

pulmonary or nasal administration in a physiological volume of fluid, they did not take into 

account the clearance and absorption that would occur in the human airways.

Total nasal and systemic drug exposure for nasal sprays is dependent, among other factors, 

on regional nasal deposition patterns. Nasal deposition patterns from spray pumps have been 

reported using both computational fluid dynamics (CFD) (8–13) and in vitro experiments 

(14–18). These studies show generally low deposition efficiencies in the posterior nasal 

cavity, where absorption occurs. Considering nasal and respiratory epithelial cellular 

absorption in general, several groups have modeled vapor uptake in the respiratory airways 

(19–22), showing varied absorption rates that depend on the vapor partition coefficients. 

Additionally, CFD and pharmacokinetic data of gas absorption have been linked in animal 

models (23), providing an additional correlation in determining local and systemic exposure. 

However, CFD simulations have not yet examined the effect of drug particle size and 

solubility on overall drug absorption after deposition in the nasal airway surface liquid 

(ASL) lining. A coupled model of nasal clearance and drug dissolution would thus be useful 

in understanding the effects of suspension properties on total and regional nasal epithelial 

uptake.
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We previously developed a new CFD model that simulates the coupled effects of particle 

dissolution, drug absorption and nasal clearance for corticosteroid nasal spray suspension 

products (24). This nasal-DAC (dissolution, absorption, and clearance) model utilizes an 

anatomically-accurate surface model of the nasal cavity, and was shown to simulate particle 

clearance that reflected in vivo rates for healthy adults. The overall ASL clearance rate 

was shown to have a significant impact on drug absorption over long time scales (up to 

1 hour). Additionally, a large amount of variability in drug absorption was observed when 

considering that particles deposited in the nasal vestibule could either be carried to the back 

of the nose over long time scales, or be removed by sneezing or nose blowing. Overall, the 

nasal-DAC model has significant potential for evaluating the factors that affect nasal drug 

absorption for both locally acting and systemically targeted nasal drug products, and can 

reduce the reliance on in vivo testing during formulation development.

The objective of this study is to use the nasal-DAC model to evaluate the parameter space in 

which suspended drug particle size has an effect on total and regional nasal drug absorption 

following administration of a suspension nasal spray product. This is accomplished by 

considering a range of suspended drug particle sizes from 1–5 μm, as well as varying the 

drug solubility and partition coefficient at the nasal epithelium. Nasal sprays consist of 

coarse liquid droplets (20–100 μm) emitted from a spray pump or other device. The spray 

droplets act as a vehicle to transport the active drug molecule as suspended un-dissolved 

drug particles. In this study, the nasal-DAC model is further developed and used to 

analyze the effect of suspended drug particle size on nasal epithelial drug absorption. If 

suspended drug particle size is shown to have an effect on absorption, then methods of 

characterizing the drug particle size in situ in formulated nasal sprays may be an important 

new consideration for establishing bioequivalence using in vitro methods, even when the 

spray plume characteristics and droplet sizes are equivalent. In contrast, if the suspended 

drug particle size is shown to be unimportant, this finding could potentially reduce the 

requirements and costs associated with developing generic nasal spray drug products. Most 

likely, this answer is a complex function of the molecular properties of the drug in terms 

of solubility and partition coefficient taken together with the intended purpose of the nasal 

spray product (local or systemic action), which motivates the use of the complex and newly 

introduced (24) nasal-DAC model.

MATERIALS AND METHODS

Overview

The overall methodology, shown in Figure 1, starts with CFD simulations of nasal spray 

deposition in a three-dimensional model of the human nasal cavity, with regional deposition 

predictions validated in the previous study of Rygg and Longest (24). The spray droplet 

deposition locations in the 3D nasal cavity (Figure 1a) were then translated onto an 

anatomically-accurate surface model of the nose (Figure 1b) for use in CFD simulations 

of drug particle dissolution and drug absorption (Figure 1c). The concept behind this 

methodology is that the initial spray deposition patterns will affect the dissolution and 

absorption rates of the suspended drug particles, and that the post-deposition physics 

are best addressed by a separate clearance model capable of resolving the spatial and 
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temporal drug concentration profiles. Using a velocity field (24) that realistically models 

nasal clearance rates in vivo for healthy adults (18), simulations of drug particle transport, 

dissolution, and diffusion were carried out, allowing for calculations of microscale drug 

absorption at the epithelium. In this study a corticosteroid, mometasone furoate (MF), 

was used as a representative drug with a range of suspended particle sizes evaluated. In 

addition, the effect of varying the drug solubility and partition coefficient were considered 

and evaluated to determine their effects on microscale and cumulative uptake, as described 

in the following sections.

Surface Model and CFD Velocity Field

The anatomy of the nasal surface model along with the validated (24) CFD-predicted ASL 

velocity field are shown in Figure 2. To create the surface model, morphometric data of 

the nasal cavity from Xi et al. (13, 25) was mapped to a flat surface whose transverse 

length corresponded to the combined cross-sectional perimeter of the left and right nasal 

airways at a given distance from the nostril. Also taken into account in the model are the 

physiological differences in the regions corresponding to the nasal vestibule (NV), middle 

passages (MP), and the nasopharynx (NP). This model (Figure 2) therefore represents an 

anatomically representative version of the nasal cavity that extends from the nostrils to the 

throat. The computed ASL velocity field (24) takes into account the unciliated region in the 

NV (26), where the ASL velocity is close to zero. In the ciliated posterior middle passage 

region of the nose (MP), an average ASL mucociliary clearance rate of 5–6 mm/min can be 

seen, which is representative of average in vivo conditions (27–29).

As described by Rygg and Longest (24), the ASL velocity field in the CFD model 

represented the physical mucociliary clearance mechanisms acting in both mucus (gel) 

and periciliary (sol) layers. The nasal cilia beat within the sol layer, and on the forward 

strokes the tips of the cilia contact and propel the gel layer (30, 31). Because the cilia are 

attached at the epithelial surface and have a highest velocity at the mucus interface, the 

periciliary velocity profile was assumed to resemble that shown in Figure 1c. Furthermore, 

as the viscosity of the gel layer is very high relative to the periciliary layer, we assumed 

the velocity in the mucus layer to be constant in the wall-normal direction, which is also 

shown in Figure 1c. A flow field that satisfies these requirements was created by injecting 

epithelial liquid into the domain to maintain the desired cross-sectional velocity profile. In 

the ciliated region of the nose (i.e., MP), the magnitude of the mass source was specified 

such that, after solving the Navier-Stokes transport equations, the average velocity in the MP 

was close to the 5–6 mm/min range reported in the literature (5, 27–29). The ASL layer was 

assumed to be present in the NV, but fluid injection was not present. Importantly, the nature 

of the fluid injection in the MP region led to a natural velocity transition region between 

the NV and MP. A resulting slow transport of NV ASL into the MP occurred and is in 

agreement with previous reports of nasal clearance “phases”, where the quick removal of 

posteriorly-deposited drug is succeeded by the slow clearance of particles deposited in the 

non-ciliated nasal vestibule (32, 33).

The ASL velocity field was previously verified as reasonable by Rygg and Longest (24) 

through comparisons with in vivo radiolabel clearance data from Shah et al. (18). In the 
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study by Shah et al. (18), a nasal spray device was used to deposit radiolabel tracer into 

the noses of human subjects, and scintigraphic measurements determined the rate of ASL 

clearance by mucociliary transport. For the verification study, CFD simulations utilized the 

velocity field described above and an initial “radiolabel” deposition profile matching that 

reported by Shah et al. (18). Transient calculations of radiolabel transport and clearance over 

a simulation time of 6 hours allowed for direct comparison with experimental time points. 

Results showed that the drug remaining in the CFD nasal model during the simulated time 

closely matched the corresponding values reported by Shah et al. (18), with <10% relative 

difference between the two clearance profiles at all data points (24). Thus, the velocity field 

in the CFD model is expected to reasonably represent drug particle clearance from the nasal 

cavity and include effects of local velocity and expected acceleration of the ASL in the 

posterior portions of the MP.

Particle Dissolution, Absorption, and Clearance Model

In the current computational model, the drug particles dissolve according to the Noyes-

Whitney equation as they move through the nasal cavity, expressed as

dm
dt = ADmucus Cs − Cb

ℎ (1)

where A is the surface area of the particle, Dmucus is the diffusion coefficient of the drug in 

mucus (or ASL), Cs is the solubility of the drug, Cb is the concentration in the bulk phase, 

and h is the diffusion layer thickness. Since the effective radius of a mometasone molecule is 

very small (~1 nm), the diffusion coefficient of the dissolved drug in mucus is approximately 

equal to its diffusion coefficient in water (34). The aqueous diffusion coefficient of MF 

was calculated by the Hayduk and Laudie equation (35) to be Dmucus = 4.3e-6 cm2/s; all 

other drug properties (e.g. solubility, density, etc.) were taken from the Nasonex® product 

information (36). For a particle radius < 30 μm, the diffusion layer thickness h can be 

approximated as the particle radius that changes with time as the drug dissolves (37). Two 

solubilities (Cs) were considered; a value of Cs = 0.02 mg/mL is representative of MF, while 

a higher value of Cs = 0.2 mg/mL is characteristic of a more soluble inhaled corticosteroid 

such as flunisolide (7). The bulk phase concentration (Cb) field was actively updated in the 

simulations to represent the evolving environment around each particle including particle-to-

particle interactions.

The code governing the dissolution behavior of the solid drug particles in the nasal-DAC 

model was previously validated (24) with dissolution data provided by Arora et al. (7) for 

three corticosteroids with widely varying solubilities. Arora et al. (7) measured particle 

dissolution rates in a Transwell® system, which contained a donor dissolution compartment 

bounded by a permeable membrane and basal receptor compartment. To validate the CFD 

particle dissolution code, a computational domain corresponding to the Transwell® system 

was created, and CFD simulations of particle dissolution were carried out for three different 

drugs (24). Over a simulation time of 1.5 hours, the CFD predictions of dissolved drug mass 

were compared to the measurements by Arora et al. (7), and good agreement was found 

for each of the corticosteroids (24). As the solubility of the different drugs increased, so 

did the dissolution rate, leading to a greater amount of drug permeating the membrane at 
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each time point. Thus, the user-defined-functions implemented in the current simulations are 

expected to accurately predict concentration-limited particle dissolution behavior for each of 

the solubilities considered.

In the nasal-DAC model, the behavior of the dissolved drug was governed by the advection-

diffusion equation, i.e.,

∂
∂t ρY i + ∇ ⋅ ρ v Y i = ∇ ⋅ ρDi, m∇Y i + Si (2)

where ρ is the fluid density, Yi is the mass fraction of species i, v  is the fluid velocity, 

Di,m is the mass diffusion coefficient of the drug, and the source term Si accounts for 

the microscale addition of drug into the bulk phase from the dissolving particles. The 

advection-diffusion equation was solved in the mucus and periciliary layers (ASL) shown in 

Figure 1 with boundary conditions described below.

When calculating drug uptake at the epithelium, differences in nasal cell types were taken 

into account. The anterior third of the nose (i.e., NV) is characterized by keratinized, 

stratified squamous epithelium (5, 30, 38) and is therefore unlikely to absorb any significant 

amount of drug. A zero-gradient boundary condition for the drug was therefore applied to 

the epithelium in this region. In the posterior region of the nose, which is covered with 

respiratory and olfactory epithelium, a mixed boundary condition was applied that accounted 

for drug partitioning between the aqueous ASL layer and the epithelial cell membranes. This 

type of mixed boundary condition, which has been utilized in previous studies (20, 21, 39, 

40), was derived by combining conservation of mass at the ASL/epithelium interface and the 

definition of the equilibrium partition coefficient. Specifically, conservation of mass at the 

interface is given by

Dmuc
∂Cmuc

∂xn i
= Dmem

∂Cmem
∂xn i

(3)

where Dmuc and Dmem are the drug diffusion coefficients in the ASL and cell membrane, 

respectively; Cmuc and Cmem are the drug concentrations in the ASL and cell membrane at 

the interface i, respectively; and xn is the direction normal to the epithelial surface. Because 

the cell membrane represents a lipid phase, and the ASL represents an aqueous phase, the 

octanol/water equilibrium partition coefficient was approximated by

Ko/w = Cmem
Cmuc i

(4)

where Ko/w is the octanol/water drug partition coefficient.

Assuming a linear concentration profile in the cell membrane and zero concentration within 

the cell, a combination of Equations (3) and (4) yields an ASL-phase mixed boundary 

condition at the epithelial surface, given by
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∂Cmuc
∂xn i

− DmemKo/w
Dmuctmem

Cmuc
i

= 0 (5)

where tmem is the thickness of the epithelial cell membrane, and the other variables are 

defined as before. Due to the complex nature of the cell membrane, it is likely that the 

drug concentration profile is not perfectly linear across the membrane. However, given 

the extremely small length scale associated with the membrane, this approximation was 

deemed appropriate for this stage of model development. It can be noted from Equation 

(5) that increasing the octanol/water partition coefficient leads to a zero concentration 

boundary condition at the epithelium, while a vanishingly small partition coefficient can 

be represented by a zero-gradient boundary condition. Two different values of Ko/w were 

considered in this study. A partition coefficient of 5000 is appropriate for MF (41), which 

has a very high relative affinity for the lipid phase. Drugs with higher water-solubility tend 

to have lower partition coefficients, and a value of Ko/w = 2 is used to represent flunisolide 

(42).

The current CFD-based DAC model provides the new capability to predict microscale, 

regional and total nasal deposition and subsequent epithelial absorption, with several current 

assumptions. The term microscale refers to the dissolution and epithelial absorption of 

individual particles and particle groups occurring on the finest resolved scale of the model. 

In the current simulations, the microscale dimension is ~80 μm, compared with a respiratory 

epithelial cell with a characteristic dimension of ~10 μm. Regional deposition refers to broad 

sections of the nasal airways, such as the nasal vestibule (NV), middle passages (MP), and 

the nasopharynx (NP). Because a flattened surface model (Figure 1b) of the nasal cavity is 

used in the DAC simulations, some regions of the nasal cavity such as the middle meatus 

or olfactory region are not currently identified. Instead, the DAC model provides microscale 

dose estimates at different penetration depths into the nasal cavity (Figure 2), which can be 

mapped to the general NV, MP, and NP regions.

Drug Particle Injection

Drug particles were injected into the surface model domain according to previous 3D CFD 

calculations of droplet deposition from a nasal spray device. These CFD simulations were 

validated with the in vitro experiments of Azimi et al. (43), which implemented a Nasonex® 

(Merck & Co., Summit, NJ) spray pump, containing MF as the suspended drug product, 

and an in vitro rapid prototype airway geometry identical to that used in the computational 

simulations. Results of the CFD simulations and in vitro experiments showed deposition 

fractions of approximately 90% in the NV and 10% in the MP using the defined conditions. 

To translate the droplet deposition locations from the 3D geometry to the surface model, the 

axial distance of each droplet from the nostril was calculated. This distance was translated 

to a location relative to the nostril on the surface model, where a suspended particle starting 

point was specified. Additionally, the spray droplet size was taken into account by weighting 

the number of drug particles at each location in the surface model by the droplet mass, such 

that the mass deposition fractions in the 3D and surface models were in agreement. Using 

these initial starting points, simulations of particle mucociliary clearance, dissolution, and 

drug absorption were carried out for a deposited drug dose of 50 μg of MF.
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Numerical Methods

Computational fluid dynamics simulations were run using ANSYS Fluent 15 (ANSYS 

Inc., Canonsburg, PA) coupled with user-defined functions for particle dissolution and 

epithelial cell absorption. A steady-state flow solution was obtained using the SIMPLEC 

algorithm for pressure-velocity coupling, and all transport equations were discretized to 

2nd order accuracy in space. A converged solution was obtained when all mass and 

momentum residuals dropped by at least three orders of magnitude and did not change 

with further iterations. The mesh resolution was found to be sufficient, as demonstrated 

by a grid refinement study. Figure 3 shows cumulative epithelial drug absorption from 

particles deposited in the MP using two meshes of different resolutions. Refining the 

mesh by a factor of 1.5 spanning the ASL layer resulted in a negligible change (0.68% 

difference) in cumulative uptake after 10 minutes (Figure 3). This indicates that the current 

mesh resolution accurately captures the dissolution and drug transport physics of rapidly-

dissolving particles. Using the calculated ASL flow field shown in Figure 2, transient 

simulations of particle transport, dissolution, and species diffusion were carried out for 

a total simulation time of one hour at a time step of 1 s, requiring n = 3600 time step 

advancements with approximately 5 solution iterations at each time step.

RESULTS

Drug Particle Trajectories

Trajectories of individual drug particles are displayed in Figure 4 and colored according to 

the current drug particle diameter as dissolution in the ASL is occurring over a time period 

of 60 minutes. Length of the pathlines indicates distance traveled by the drug particles 

over the simulated time period. These drug particles were initially delivered as a coarse 

droplet aerosol released from a Nasonex® (Merck & Co., Summit, NJ) spray pump. As 

described in the Methods, deposition locations of the droplets, also simulated with CFD, 

defined the starting locations of the suspended drug particles in the ASL. The suspended 

drug particles in Figure 4 had an initial monodisperse diameter of 3 μm and were released at 

a random, uniformly distributed depth in the mucus. It is unknown how deeply the aerosol 

drug particles penetrate the nasal mucus layer upon deposition, but it is likely a complex 

factor of particle surface properties (44, 45). The effect of this penetration distance on 

overall epithelial uptake was investigated in the previous study by Rygg and Longest (46). It 

was found that if the surface properties of the particles inhibited them from burrowing into 

the mucus layer (i.e. they remained on the ASL surface), the drug was carried to the back 

of the nose more quickly by the higher velocity in this region (see Figure 1). This resulted 

in a moderate increase in drug absorption over 1 hour. Although the particle penetration 

distances are formulation-dependent, the randomly distributed depths used in the current 

study were chosen because this methodology provided a drug clearance rate that best agreed 

with the measured in vivo data (18).

As shown in Figure 4, drug particles in the faster velocity region (towards the central 

posterior region of the nose) get carried further before fully dissolving, while those drug 

particles deposited in the stagnant regions remain where they are deposited. At the end 

of one hour, all particles in the MP were fully dissolved, but some undissolved particles 
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remained in the NV. As discussed in the next section, particles near the interface between 

the NV and MP were transported a very short distance before dissolving due to the low ASL 

velocities in this transition region. It is expected that the limited motion of these particles 

will result in a disproportionate epithelial uptake of the medication in the MP near the NV 

with little drug progressing to the posterior nasal cavity and nasopharynx.

Effect of Particle Size

An important goal of the current simulations was to examine the effect of drug particle size 

on cumulative total nasal uptake and regional absorption. Figure 5 represents cumulative 

drug uptake by the nasal epithelium as a function of time for different suspended drug 

particle sizes. The data is plotted as a percentage of the total deposited dose (50 μg). It 

should be noted that, even after an hour, undissolved drug particles were still present in 

the nasal vestibule due to solubility-limited dissolution and slow clearance from this region. 

Additionally, for all particle sizes considered, a negligible amount of drug exited at the back 

of the throat; for the largest particle size (5 μm), only 0.08% of the deposited drug would be 

swallowed by the patient, and this amount decreases for smaller particle sizes. The results 

show that smaller particles are able to dissolve more quickly than larger ones, resulting in a 

faster initial uptake of drug over the first ~5–10 minutes (Figure 5). This quick initial uptake 

corresponds to drug particles that are deposited in the posterior region of the nose, where 

the respiratory epithelium is located. Additionally, since more of the small drug particles 

dissolve prior to reaching the nasopharynx and exiting the flow domain, a slightly larger 

cumulative uptake after an hour can be seen as drug particle size decreases. The 1 μm drug 

particles had 50.8% cumulative uptake at one hour versus 48.1% for the 5 μm particles, 

which may be difficult to distinguish using a clinical endpoint due to in vivo variability. The 

slower, steady uptake for all sizes after ≈10 minutes arises from drug deposited in the NV, 

which is carried to the respiratory epithelium by the motion of the posterior ASL. Because 

drug particle size has no effect on solubility, the amount of dissolved drug in the NV is 

independent of initial particle diameter. As a result, the rate of drug advection from the front 

of the nose is constant for all particle sizes. Thus, a small drug particle size results in a quick 

initial uptake of drug, but at longer time scales the cumulative uptake is relatively insensitive 

to particle size. These findings would indicate that total epithelial uptake is not dependent 

on drug particle size in the diameter range of 1 – 5 μm. However, it is expected that drug 

particle size will influence the location of uptake within the nose as larger drug particles are 

transported further before complete dissolution and absorption occurs.

Despite the small differences in cumulative total nasal drug uptake for different particle 

sizes at times longer than 10 minutes, microscale uptake patterns changed significantly as 

the particle size was varied. To illustrate this, an absorption enhancement factor (AEF) 

was defined for the microscale drug uptake at the epithelium. Similar to the deposition 

enhancement factor proposed by Longest et al. (47) and Balásházy et al. (48), this AEF 

describes the ratio of the drug uptake per unit area in a computational cell to the drug uptake 

per unit area over the entire epithelium. Mathematically, the AEF is defined by
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AEF =
mcell Acell

mtotal Aepitℎelium
(6)

where mcell is the cumulative drug uptake in a computational cell, Acell is the face area 

of the computational cell at the epithelium, mtotal is the total cumulative drug uptake, and 

Aepithelium is the surface area of the entire epithelium. An AEF of 100 indicates that the 

microscale epithelial surface dose per unit area (μg/cm2) is 100-fold higher than the total 

nasal epithelial surface dose considered over the entire surface area of the nose. Similarly, an 

AEF of 10−2 indicates that 100-fold less surface dose per unit area is deposited in a region 

compared with the value that would be predicted if the deposited dose was averaged over the 

entire epithelial surface. The AEF can also be used to predict the microscale surface dose per 

unit area based on the product of the AEF value and total dose per unit surface area.

Contour plots of the AEF for different particle sizes show that a much larger portion of the 

epithelium is exposed to drug when the initial particle size is increased (Figure 6). Small 

particles dissolve relatively quickly, and most of the drug is absorbed at the initial particle 

deposition locations. Because large particles dissolve more slowly, they are carried further 

by ciliary motion, exposing a greater amount of epithelial surface area to the drug. The 

maximum recorded AEF value was 425 for the case of 1 μm particles and was reduced to a 

maximum value of 166 for the case of 5 μm particles.

For the delivery of nasal corticosteroids and other topical medications, both the improved 

surface coverage and the reduced hot spot formation provided by the larger 5 μm particles 

appears to be advantageous. An optimal particle size therefore exists that is large enough to 

allow clearance to better spread the medication and small enough to allow for near full nasal 

absorption of the medication.

Effect of Drug Solubility

Drug solubility was shown to have a modest effect on cumulative total nasal uptake rates 

at the epithelium (Figure 7). When the aqueous solubility of the drug was increased from 

0.02 mg/mL to 0.2 mg/mL, the particles dissolved much more quickly, as indicated by the 

fast uptake rate within the first minute (Figure 7). This was expected given the influence 

of Cs in Equation (1). However, even at this higher solubility, the cumulative total uptake 

was relatively independent of initial particle size; and the slow, steady uptake rate at longer 

time scales indicates solubility-limited dissolution in the NV. Once again, at the higher 

solubility, the amount of drug exiting the back of the throat was negligible, as the particles 

had sufficient time to dissolve before reaching the nasopharynx.

Importantly, the AEF parameter showed less dependence on the initial particle size when the 

solubility was increased (Figure 8). In contrast to Figure 6, the AEF contours at the higher 

solubility remained very similar among the different particle sizes due to the fast dissolution 

and rapid drug uptake rates. Because the drug particles dissolved much more quickly in 

these simulations, the ASL velocity was insufficient to carry even the large particles to the 

NP, leading to decreased drug absorption in this region.
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Effect of Drug Partition Coefficient at the Epithelium

When the octanol/water partition coefficient (Ko/w) of the drug was changed from 5000 to 

2, a slight decrease in cumulative total nasal uptake was seen for all particle sizes, because 

the drug was not absorbed as readily at the epithelium (Figure 9). Noticeably, the uptake 

rates within the first 10 minutes are much slower when this lower partition coefficient is 

considered. Still, for Ko/w = 2, the initial particle size had only a small effect on cumulative 

total nasal uptake. For illustrative purposes, results are also shown for a value of Ko/w 

= 5×10−3, which would represent a very hydrophilic drug. For this very small partition 

coefficient, the cumulative total nasal uptake was greatly reduced compared to the lipophilic 

corticosteroids. At Ko/w = 2, the amount of drug exiting the back of the throat was again 

very small, despite the decreased absorption at the epithelium (only 0.2% was swallowed for 

the largest drug particle size). However, for the case of Ko/w = 5×10−3 and an initial particle 

size of 3 μm, 27.6% of the deposited drug was swallowed due to the significantly reduced 

epithelial uptake.

At the lower value of Ko/w = 2, contours of the AEF showed a strong dependency on particle 

size, where larger particles distributed drug over a greater portion of the epithelium (Figure 

10). Additionally, by comparing Figure 6 to Figure 10, it can be seen that decreasing the 

partition coefficient results in drug absorption over more surface area for a given initial 

particle size. Correspondingly, the AEF contour for Ko/w = 5×10−3 shows an almost uniform 

distribution of drug, where the maximum AEF value is only ≈2.5.

DISCUSSION

The results of this study quantify, for the first time, how suspended drug particle size, 

solubility, and partitioning behavior in a suspension nasal spray formulation are significant 

factors for achieving a desired therapeutic effect. After a simulation time of 1 hour, the 

cumulative epithelial uptake was relatively independent of particle size. Interestingly, this 

behavior has also been observed using bronchial epithelia for steroid particle sizes ranging 

from 0.4 to 3.3 μm (49). However, AEF microscale contours indicate that small drug 

particles dissolve quickly and deliver drug to the site of deposition, whereas larger particles 

are carried along further by the cilia and are absorbed over a greater surface area. Therefore, 

small particles appear to work well if the goal is quick absorption into the systemic 

circulation. In contrast, larger particles may be required for treating localized conditions 

or targeting hard to reach nasal regions such as the back portions of the MP and NP.

Increasing the aqueous solubility of a formulation results in very quick dissolution and 

uptake of the drug particles that are deposited in the posterior regions of the nose. However, 

contours of the AEF show that a relatively small portion of the epithelium is exposed to drug 

at this increased solubility, even for large suspended drug particles. As a result, formulations 

that are highly soluble in ASL may not be preferable for targeting hard to reach more 

distal areas, as the suspended particles may dissolve before the cilia have an opportunity to 

transport them to the site of action.

Decreasing the octanol/water partition coefficient of the drug results in a slightly lower 

total dose absorbed at the epithelium, although further pharmacokinetic studies are needed 
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to determine the corresponding effect on the plasma concentration profile. Regional uptake 

patterns showed that, for a given initial particle size, drug was absorbed over a greater 

surface area as the partition coefficient was decreased. This relationship between partitioning 

behavior and chemical absorption has been previously reported in the context of odorant 

deposition and patterning (40). The study by Lawson et al. (40) showed that chemicals that 

are not readily absorbed by the mucosal layer are distributed almost uniformly in the nasal 

cavity. In contrast, significant chromatographic-like separation was observed for odorants 

that were readily absorbed. Relating this to the current results, decreasing the octanol/water 

partition coefficient of a drug can lead to more uniform absorption and increased uptake in 

the posterior regions of the nose. However, significantly reducing the value of Ko/w can lead 

to a large amount of drug being swallowed by the patient.

Figures 11 and 12 provide a visual illustration of these results with regard to their influence 

on microscale absorption effects. These contour plots are shaded according to the percent of 

the epithelial surface area where AEF < 0.1 or AEF > 5. An AEF value outside the range 

of 0.1<AEF<5 indicates that drug uptake in a computational cell is significantly less than or 

greater than the overall uptake per unit area. In other words, extreme AEF values in Figures 

6, 8, and 10 represent “hot” and “cold” spots, or non-uniform absorption patterns. Therefore, 

the contour plots in Figures 11 and 12 give a visual representation of the extent to which 

drug is distributed evenly (or unevenly) over the epithelium as a function of initial particle 

size, drug solubility, and partition coefficient including the effects of clearance, dissolution, 

and absorption. Red regions indicate that an increasing amount of drug was absorbed over 

relatively small, isolated regions, and that microscale deposition patterns and absorption 

effects are important. Blue regions, on the other hand, show that drug was distributed over 

a wider surface area, and that significant absorption can be expected even in regions where 

the drug was not initially deposited as a result of ASL motion. Figure 11 indicates that 

suspension formulations with large drug particle sizes or low aqueous solubility perform 

better when a greater portion of the epithelial tissue requires treatment. Likewise, Figure 12 

shows that a large particle size or small partition coefficient leads to greater distribution of 

drug over the epithelial surface. However, cumulative total nasal uptake must still be taken 

into account together with the total systemic dose, which is important in bioequivalence 

assessments.

One area of active research involves the development of mucus penetrating nanoparticles 

for nasal drug delivery (50–52). These particles, which are designed to avoid adhesion to 

mucins and quickly traverse the mucus layer, have shown promise for quickly delivering 

drugs that may otherwise be cleared by mucociliary action. However, the results of this 

study show that these quickly-absorbed particles may not be optimal for treating certain 

conditions such as sinusitis, which would rely on mucociliary clearance to carry the drug 

particles to a targeted region. In this light, new technologies (such as nanoparticles) would 

greatly improve drug delivery when quick systemic uptake is desired, but may have some 

previously unexplored disadvantages when the target application is treating the nasal tissue 

as with conventional nasal spray products.

Respirable microspheres are also at the forefront of aerosol drug delivery technology (53, 

54), and can be used to sustain drug release, prolong retention in the airways, or enhance 
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drug absorption. Given the results of the current simulations, where certain nasal spray 

formulations may not meet the therapeutic needs of the patient due to particle size or 

solubility, these types of microspheres could be used to modify the properties of current 

suspensions to more effectively deliver the active ingredient. Outcomes of this approach 

may result in enhanced targeting of the sinuses, more consistent drug delivery between 

individuals, or faster uptake of drugs that act systemically.

The current results promote a new approach for delivering topical locally acting nasal 

products and provide insight into the effects of formulation variables on both total nasal 

and systemic exposure. The intent of this new delivery approach is to use a combination 

of dissolution, clearance and absorption to maximize the surface area covered by the drug 

product. In this approach, suspended drug particle size should be selected for a specific 

therapeutic molecule (with a known solubility and partition coefficient) as large enough 

to allow for mucociliary clearance to deliver the medication throughout the MP and NP 

and small enough to minimize wastage through exiting the NP and swallowing. Based 

on results of this study, a 5 μm MF particle diameter appears advantageous to maximize 

drug absorption throughout the nose and may improve outcomes compared with a smaller 

particle size of approximately 1 μm. The maps provided as Figures 11 and 12 can be used 

to specify optimal particle sizes for other medications based on knowledge of the drug 

solubility and partitioning behavior. Of course, this newly proposed approach of improving 

nasal drug delivery requires that the clearance system be functioning, which is not always 

the case in respiratory diseases and conditions (55–59). Changes to mucus layer thickness 

and clearance velocity can be integrated into the model to assess the resulting effects on 

epithelial absorption.

Taking advantage of clearance to improve nasal drug delivery is in partial contrast with 

the current approach of bioadhesive formulations (4, 60, 61). These formulations typically 

implement excipients that increase the mucus viscosity and/or bind mucus to the epithelial 

surface to increase the time available for dissolution and absorption of the drug. This 

bioadhesive approach is beneficial in many applications where low solubilities and low 

uptake are significant issues (53, 54). However, the current study points out that binding 

the particles to the site of deposition does not allow for spreading the medication to 

the posterior nasal regions via clearance. Rygg and Longest (24) indicate that diffusional 

transport of nasal spray suspension and dissolved drug was negligible. Current nasal spray 

devices deposit a majority of the medication to the anterior portion of the nose. As a result, 

bio-adhesion approaches may not provide sufficient doses of nasal targeted medications 

to the distal nasal regions. It therefore becomes important to combine current bioadhesive 

approaches with more advanced aerosol delivery targeting that can deposit the drug initially 

throughout the nose. In contrast with bio-adhesion, properly selected initial particle sizes 

combined with methods to enhance and control dissolution and uptake may improve topical 

drug delivery to the entire nasal cavity, even when the initial deposition profile is poorly 

distributed within the nose.

Streamlining the regulatory approach to nasal spray bioequivalence testing would be 

advantageous, and the computational methodology presented here may be useful in reducing 

the burden of in vitro, pharmacokinetic and clinical studies, due to its ability to simulate 
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local and systemic drug uptake for a variety of suspension nasal spray formulation 

properties. By utilizing data provided by in vitro and in vivo methods (6, 7, 14, 18, 62–64), 

this in silico approach can provide an efficient, and perhaps improved technique to evaluate 

nasal spray products which can be used alone or in combination with other conventional 

bioequivalence methods.

Although the current CFD model provides a better understanding of the relationship between 

nasal spray suspension properties and drug absorption, several limitations should be noted. 

First, the current model represents a simplified surface of the complex three dimensional 

nasal airways, and is therefore unable to isolate specific regions of the nasal cavity. That 

is, at this stage, the simplified surface model is unable to show if drug enters the sinuses 

or is deposited on the olfactory epithelium (which is a region of interest for drugs that 

act on the central nervous system and are transported across the blood brain barrier (65, 

66)). Furthermore, the current model neglects the potential spreading of the nasal spray 

droplets after deposition (67–69). This spreading could have the ability to alter the initial 

distribution of suspended drug particles and the AEF contours seen in Figure 6. These 

physics could be included in future versions of the model to more accurately predict the 

fate of the droplets and subsequent epithelial drug absorption. It is also noted that, because 

the ASL is comprised mostly of water, the solubility values (Cs) are based on aqueous drug 

solubilities. However, the actual solubility of a drug in a complex in vivo ASL environment 

may differ from that in an aqueous buffered solution. Future developments of the model 

would ideally use precise drug solubilities in mucus, providing more accurate results. In 

addition to simplifying the properties of the drug, this study also considered a monodisperse 

suspension particle size for each simulation; however, commercial suspension formulations 

contain polydisperse drug particles suspended within the spray droplets. Finally, the model 

in its current form calculates the drug mass that is absorbed at the epithelium, but does not 

calculate the plasma concentration – time profiles. This makes it difficult to fully assess the 

effect of the drug partition coefficient on overall systemic dosage. A pharmacokinetics (PK) 

model is planned as an additional component to the current system, and would simulate the 

amount of drug that enters both the epithelial cells and the systemic circulation, allowing a 

one-to-one comparison of nasal deposition profiles and blood concentration of a nasal spray 

product for the first time.

As topics of future work, the current model will be extended to include more anatomical 

features (e.g. the sinuses) for simulating targeted nasal drug delivery. The model will 

also include a pharmacokinetic component, which will allow for the assessment of drug 

bioavailability and the full effects of partitioning behavior. This PK model will use in vivo 
data of inhaled MF bioavailability (70, 71) for development and validation, creating an 

efficient computational method for determining post-deposition plasma concentrations.

CONCLUSION

Results from the nasal-DAC model showed that differences in nasal spray suspension 

properties, including suspended drug particle size, can lead to varying regional uptake 

patterns. Using results such as these, nasal spray formulations can be optimized to treat 

specific conditions. For instance, small suspended particles work well if the goal is rapid 
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dissolution and absorption into the systemic circulation. Otherwise, for local treatment of 

nasal tissue or targeting drug delivery to the back of the nose, properly-sized larger particles 

perform better because they are carried further by the cilia and spread medication over a 

wider surface area due to clearance. Similarly, drugs with high aqueous solubility dissolve 

very quickly, and may not be optimal for treating nasal conditions. Considering MF as a 

specific example, results of the current study show that suspended drug particle size in the 

range of 1–5 μm is not important in terms of total nasal epithelial cell uptake. However, 

the primary particle size becomes very important if uptake in different regions of the nasal 

cavity is to be considered in assessing bioequivalence of these locally acting drugs as a 

surrogate for clinical endpoint studies. Improved coverage of the nasal epithelial surface was 

observed with a 5 μm drug particle size compared with 1 μm, with a negligible change in 

total drug absorption. Finally, for the delivery of locally acting topical medications like MF, 

the current study illustrates for the first time the use of properly sized suspended particles 

together with clearance to spread the medication over a majority of the nasal MP and NP 

regions. Based on these results, the newly developed nasal-DAC model can be used to 

efficiently investigate the relationship between nasal spray properties and drug absorption, 

allowing for improved treatment and formulation development.
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Figure 1. 
The overall methodology for conducting the CFD simulations is shown. Particle deposition 

data in the (a) 3D model of the nose from a commercial nasal spray was mapped onto the (b) 

surface-based model. CFD simulations were conducted using this model and accounted for 

(c) particle advection due to mucociliary clearance, particle dissolution and diffusion, and 

drug absorption at the epithelial surface.

Rygg et al. Page 20

Pharm Res. Author manuscript; available in PMC 2021 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The surface model of the nasal cavity is shown, where the lateral length corresponds to the 

cross-sectional perimeter of the airway. The dotted lines indicate the separation between the 

nasal vestibule (NV), middle passages (MP), and nasopharynx (NP) regions.
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Figure 3. 
Cumulative total nasal drug uptake at the epithelium over time is shown for two meshes of 

different resolutions (with a refinement ratio of 1.5 spanning the ASL layer). Results are 

shown as a percentage of total injected drug mass.
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Figure 4. 
Particle pathlines, which show individual particle trajectories over the simulation time, are 

colored by current diameter as dissolution occurs.
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Figure 5. 
Cumulative total nasal drug uptake at the epithelium over time is shown for varying initial 

particle diameters, a drug solubility Cs = 0.02 mg/mL, and a partition coefficient Ko/w = 

5000. Results are shown as a percentage of total injected drug mass.
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Figure 6. 
Contours of the AEF are shown for varying initial particle diameters, a drug solubility of Cs 

= 0.02 mg/mL, and a partition coefficient Ko/w = 5000.
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Figure 7. 
Cumulative total nasal drug uptake at the epithelium over time is shown for varying drug 

solubilities and initial particle diameters with a constant partition coefficient of Ko/w = 5000. 

Results are shown as a percentage of total injected drug mass.
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Figure 8. 
Contours of the AEF are shown for varying initial particle diameters, a drug solubility Cs = 

0.2 mg/mL, and a partition coefficient Ko/w = 5000.
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Figure 9. 
Cumulative total nasal drug uptake at the epithelium over time is shown for varying drug 

partition coefficients (Ko/w) and initial particle diameters, with a constant solubility of Cs = 

0.02 mg/mL. Results are shown as a percentage of total injected drug mass.
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Figure 10. 
Contours of the AEF are shown for varying initial particle diameters and drug partition 

coefficients (Kow), with a constant drug solubility of Cs = 0.02 mg/mL.
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Figure 11. 
Percent of the epithelial surface area with an AEF < 0.1 or AEF > 5 as a function of initial 

particle diameter and aqueous drug solubility for a partition coefficient of Ko/w = 5000.
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Figure 12. 
Percent of the epithelial surface area with an AEF < 0.1 or AEF > 5 as a function of initial 

particle diameter and drug partition coefficient for a drug solubility of Cs = 0.02 mg/mL.
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