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Abstract 

Efficient aerosol delivery to the maxillary sinuses remains challenging because narrow ostia limit 

sinus entry. This in vitro study evaluated whether low-frequency, large-amplitude pulsatile flow can 

deliver humidifier-generated water aerosols to the maxillary sinuses, compared retention with e-

vapor under identical conditions, and identified setup modifications required for water aerosol 

transport. Experiments used three transparent anatomically realistic sinonasal models: two single-

passage models with narrow-long (NL) and wide-short (WS) ostial geometries, and one dual-passage 

dual-maxillary-sinus model (RL). Water aerosols and e-vapor were delivered using a modified servo-

actuated syringe generator under fixed conditions: 50 mL stroke volume, 0.33 Hz frequency, 1 L/min 

vacuum-induced flow, and 1.5 min delivery. Water aerosols were larger than e-vapor aerosols (D50 

= 5.553 µm vs. 3.394 µm) and required setup modification because of greater wall interactions, 

condensation, coalescence, and transport losses. Pulsatile delivery achieved plume entry into all 

tested maxillary sinuses. E-vapor showed greater retained mass than water aerosols in NL (1.060 ± 

0.152 vs. 0.540 ± 0.089 mg) and WS (0.800 ± 0.071 vs. 0.520 ± 0.110 mg). Water-sensitive Sar-Gel 

visualization confirmed bilateral water aerosol retention in RL. These findings support pulsatile 

delivery as a feasible strategy for water aerosol transport to the maxillary sinuses, but with a lower 

efficiency than e-vapor aerosols. 

Keywords: maxillary sinus; paranasal sinuses; pulsatile aerosol delivery; intranasal drug delivery; 

water aerosol; aerosol deposition; chronic rhinosinusitis 

 

1. Introduction 

Chronic rhinosinusitis (CRS) is a common inflammatory disorder of the sinonasal mucosa that 

is associated with considerable symptom burden, impaired quality of life, and substantial healthcare 

utilization [1–3]. Because CRS involves inflammation of sinonasal tissues, topical intranasal therapy 

remains an important treatment approach by enabling localized drug administration while limiting 

systemic exposure [4–8]. However, the effectiveness of topical therapy depends not only on the 

administered formulation, but also on delivery-device and fluid-dynamic factors that determine 

whether a sufficient fraction of the dose reaches the intended sinonasal target region [8,9]. Delivery 

to the paranasal sinuses remains particularly challenging because the sinus cavities communicate 

with the nasal airway through relatively narrow ostial openings that restrict airflow exchange and 

particle transport [10–13].  

Conventional intranasal delivery approaches face important transport limitations before the 

administered formulation reaches the sinus ostia. Nasal spray dosimetry depends strongly on spray 

characteristics and administration conditions, including droplet size, plume geometry, and spray 

angle [14,15]. The nasal anatomy, including localized constrictions near the nasal valve and rapid 
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changes in airflow direction within the vestibular region, can promote anterior or non-target 

deposition before particles reach posterior sinonasal targets such as the middle meatus and sinus 

ostia [14–16]. These upstream transport losses are further influenced by patient-specific nasal 

geometry and delivery technique, contributing to the limited and variable sinus delivery commonly 

observed with standard nasal sprays and nebulized aerosol delivery systems [6,9,17,18].  

Even when aerosols reach the sinus ostial opening, entry into the sinus lumen remains restricted 

by limited sinus ventilation and resistance to airflow exchange through the ostial pathway. Sinus 

aerosol delivery and ventilation studies demonstrate that restricted ostial exchange is a major barrier 

to aerosol penetration into the paranasal sinuses [19–21]. Anatomical and computational studies 

further show that maxillary sinus ventilation and topical drug delivery are strongly affected by ostial 

geometry and by anatomical changes that alter sinus access, such as surgically enlarged ostial 

pathways [13,22,23]. Post-operative studies also demonstrate that endoscopic sinus surgery can alter 

nasal spray deposition patterns within the sinonasal cavity [24].  

To overcome these anatomical and transport barriers, several studies have investigated delivery 

approaches that impose oscillatory, acoustic, or pulsatile flow disturbances to enhance aerosol access 

to the paranasal sinuses. Acoustic airflow, sonic aerosol delivery, and pulsatile aerosol systems have 

been reported to improve sinus drug delivery by generating time-varying pressure and airflow 

disturbances across the sinus ostia [19–21,25–33]. Related ventilation studies, including humming-

induced sinus gas-exchange studies and recent in vitro studies of pulsatile flow and structural 

vibration, further support the concept that oscillatory pressure or flow disturbances can enhance 

exchange across the ostial pathway [34–37]. Together, these studies support the use of time-varying 

flow or pressure disturbances as a strategy to improve aerosol access to sinus cavities where natural 

ventilation and ostial exchange are limited. 

Despite these advances, efficient and reproducible aerosol delivery to the paranasal sinuses 

remains difficult. Reported sinus deposition efficiencies often remain low relative to the emitted dose, 

and delivery outcomes remain strongly influenced by anatomy, delivery conditions, aerosol 

properties, and device configuration [8,9,14,15,21,32]. Moreover, although prior pulsatile and 

acoustic studies have demonstrated enhanced sinus transport, the translation of pulsatile delivery 

approaches across aerosol formulations with different physicochemical properties remains 

insufficiently understood. A recent study from our group demonstrated that low-frequency, large-

amplitude pulsatile actuation enhanced e-vapor transport into the maxillary sinuses of anatomically 

realistic sinonasal models, with retained aerosol mass varying according to delivery conditions and 

ostial geometry [21]. That study showed that maxillary sinus delivery was governed by both 

controllable delivery conditions, including pulsation amplitude, pulsation frequency, and imposed 

nasal airflow, and anatomical factors such as ostial geometry. These findings supported the role of 

transient pressure-driven exchange in improving aerosol access to the maxillary sinus. Although e-

vapor provided a useful medium for visualizing pulsatile aerosol transport and may also serve as a 

potential carrier platform, many therapeutic intranasal products are conventionally formulated as 

aqueous solutions or suspensions [38–40]. Accordingly, evaluating whether this pulsatile delivery 

approach can be adapted from oil-based e-vapor aerosols to water-based aerosols as drug carriers 

represents an important step toward assessing its relevance for clinically applicable sinonasal drug 

delivery systems.  

This translation is not straightforward because aerosol formulation and liquid-phase behavior 

can substantially influence aerosol transport, wall interactions, condensation/evaporation dynamics, 

coalescence, and deposition patterns [41–44]. In preliminary testing using the initial e-vapor delivery 

setup [21], humidifier-generated water aerosols exhibited stronger surface interactions and greater 

susceptibility to condensation, coalescence, and transport losses within the delivery pathway 

compared with e-vapor aerosols. These formulation-dependent differences suggested that a pulsatile 

delivery architecture developed using e-vapor aerosols could not be directly transferred to water-

based aerosol delivery without modification. Therefore, the objective of this study was to evaluate 

the feasibility of delivering water-based aerosols to the maxillary sinuses using low-frequency, large-
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amplitude pulsatile flow and to identify the key modifications required to adapt the initial e-vapor-

based delivery approach for water aerosol transport. This study further aimed to generate 

quantitative and qualitative data to inform the design and development of pulsatile intranasal 

delivery systems for water-based aerosol delivery to the paranasal sinuses. Specific aims included: 

1. Evaluate the feasibility of transporting water aerosols into the maxillary sinuses using low-

frequency, large-amplitude pulsatile flow. 

2. Compare the transport and retention behavior of water aerosols and e-vapor within 

anatomically realistic sinonasal models, under identical delivery conditions. 

3. Assess the influence of sinonasal geometry and administration nostril on aerosol transport and 

retained dose. 

2. Materials and Methods 

2.1. Study Design 

A controlled in vitro study was conducted to evaluate the feasibility of delivering water aerosols 

to the maxillary sinuses using low-frequency, large-amplitude pulsatile flows. The present 

investigation builds on an initial e-vapor pulsatile delivery study from our group [21], in which 

successful delivery of e-vapor into the maxillary sinuses was demonstrated using anatomically 

realistic sinonasal models under externally generated pulsatile flow conditions. Two aerosol media 

were investigated in the present study: (1) humidifier-generated water aerosols produced using an 

ultrasonic cool-mist humidifier (Model AO-101, AquaOasis, USA) with a 2.2 L water tank, and (2) 

oil-based e-vapor aerosols generated using a fog machine (LENSGO, Shenzhen, Guangdong, China) 

from a formulation comprising 30% v/v propylene glycol and 70% v/v vegetable glycerin. 

Preliminary testing demonstrated that the experimental setup previously used for e-vapor delivery 

[21] was not directly suitable for water aerosol transport because water aerosols exhibited 

substantially greater aerosol losses and flow obstruction within portions of the delivery system. 

Accordingly, modifications to the pulsatile delivery setup were implemented in the present study to 

accommodate the differing transport characteristics of water vapor aerosols. 
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Figure 1. Sinonasal casts and experimental setup. (a) Transparent single-passage sinonasal model showing key 

anatomical regions. (b) Coronal view of the ostial canal and maxillary sinus indicating geometrical parameters 

(ostial canal width, D; ostial canal length, L; and sinus cavity volume, V). (c) Top views of the three sinonasal 

models: the narrow-long ostial canal model (NL), the wide-short ostial canal model (WS), and the dual-passage 

dual-maxillary-sinus model (RL). The access ports located on the roof of the maxillary sinuses are indicated; 

these were used for both pressure measurements and mass-deposition quantification via cotton swab sampling. 

(d) Schematic representation of one intermittent pulsatile actuation cycle used for aerosol delivery, illustrating 

the forward stroke, backward stroke, and refill phase required for replenishment of the pump chamber with 

aerosols between successive pulses. (e) Experimental setup for pulsatile delivery of water vapor generated by a 

humidifier. (f) Experimental setup for pulsatile delivery of oil-based e-vapor generated by a fog machine. Also 

shown are the digital manometer configurations used for probing gauge pressure within the sinus lumen (P1) 

and differential pressure between the nostril inlet and sinus lumen (P2). 

Pulsatile delivery was generated using a custom-built servo-actuated syringe-based pulsation 

generator (Table 1). The reciprocating syringe piston generated a stroke volume (SV) of 50 mL during 

each cycle (Figure 1d). Additional delivery conditions included a pulsatile frequency (f) of 0.33 Hz, 

vacuum-induced nasopharyngeal flow rate (Q) of 1 L/min, and delivery duration of 1.5 min. During 

each pulsatile actuation cycle, the piston underwent a forward stroke followed by a backward stroke, 

after which a refill phase was required to allow replenishment of the pump chamber with aerosols 

prior to the subsequent actuation (Figure 1d). The intermittent refill phase was necessary because 

preliminary testing demonstrated that the humidifier-generated water aerosols could not replenish 

the chamber rapidly enough for continuous high-frequency cyclic operation. The same intermittent 

pulsatile waveform was also used for e-vapor delivery experiments to maintain consistent operating 

conditions for comparison purposes. 

The primary outcomes assessed in the present study included sinonasal pressure measurements, 

spatiotemporal plume propagation behavior, retained aerosol mass (Mret), and qualitative 

visualization of retained water aerosol deposition using Sar-Gel. 

Table 1. Geometrical characteristics of the sinonasal models, ostial canal dimensions, sinus cavity volumes, and 

pulsatile delivery conditions. 

Sinonasal model 
Min. CSA* 

(mm2) 

Hydraulic 

diameter, 

D (mm) 

Ostial canal 

chord length, 

L (mm) 

Ostial canal 

arc length, a 

(mm) 

Tortuosity, 

a/L 

 

 
Maxillary sinus 

volume, V (mL) 

NL 11.05 3.20 10.73 11.02 1.03  13.408 

WS 21.38 4.40 3.56 4.30 1.21  13.408 

RL-Right sinus 13.41 3.67 5.76 6.86 1.19  10.284 

RL-Left sinus 11.48 3.29 5.27 6.23 1.18   10.302  

Delivery conditions     Value  

SV (mL)     50  

f (Hz)     0.33  

Q (L/min)     1  

Servo dV/dt (mL/s)     172.41  

Delivery duration 

(min) 
    1.5  

*CSA: Cross-sectional area. 

2.2. Sinonasal Models 

Three transparent anatomically realistic in vitro sinonasal models featuring only the maxillary 

sinuses were used (Figures 1a-c; Table 1): a narrow-long ostial canal single-passage model (NL), a 

wide-short ostial canal single-passage model (WS), and a dual-passage dual-maxillary-sinus model 

(RL). The NL and WS models differed solely in ostial canal geometry (Figure 1b), namely the 
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hydraulic diameter (D) corresponding to the location of the minimum cross-sectional area (CSA), 

ostial canal chord length (L), ostial canal arc length (a), and tortuosity (a/L), while maintaining a 

constant maxillary sinus cavity volume (V) (Table 1). These modifications were implemented to 

generate controlled sinonasal variants featuring a constricted maxillary ostial canal (NL) and a 

substantially more patent ostial geometry (WS). 

The RL model retained both the right and left maxillary sinuses (Figure 1c, third panel). Unlike 

the NL and WS variants, which incorporated controlled geometrical modifications, the RL model 

preserved the original MRI-derived maxillary sinus ostia and maxillary sinus cavity volumes, 

including differences between the right and left maxillary sinuses (Table 1). The ostial geometrical 

dimensions and maxillary sinus cavity volumes, whether modified or maintained from the original 

MRI geometry, fell within reported anatomical ranges [10,45–48]. The casts were fabricated using a 

stereolithography 3D printer (Stratasys Neo450s, Stratasys, Eden Prairie, MN, USA) with a 2-mm 

wall thickness from a transparent resin material (Somos WaterShed XC 11122, Stratasys, Eden Prairie, 

MN, USA). 

2.3. Experimental Setup 

2.3.1. Original Setup Limitations 

The pulsatile delivery architecture used in the present investigation was adapted from an initial 

e-vapor-based setup developed for low-frequency, large-amplitude pulsatile delivery of e-vapor 

aerosols to the maxillary sinuses [21]. The initial configuration incorporated one-way check valves to 

establish the transient pulsatile pressure disturbances required for aerosol entry into the sinus cavity 

and demonstrated successful e-vapor delivery under externally imposed pulsatile flow conditions 

[21]. Preliminary testing demonstrated that direct implementation of the prior setup for humidifier-

generated water aerosols resulted in substantially diminished aerosol transport performance, 

consistent with Nagel et al who observed that valve geometry significantly altered aerosol delivery 

behavior [49]. Compared with e-vapor aerosols, water aerosols exhibited greater wall affinity and 

condensation tendencies within the delivery pathway, resulting in coalescence and formation of 

larger droplets [50–52]. These effects promoted inertial impaction and accumulation within the one-

way valve assemblies, progressively restricting aerosol transport and reducing aerosol concentration 

delivered to the administration outlet. Under extended operation, progressive accumulation within 

the valve body occasionally resulted in severe transport restriction or complete cessation of aerosol 

passage. 

Removal of the one-way valves in attempts to alleviate transport restriction proved ineffective 

because elimination of the valves substantially reduced the transient pulsatile pressure disturbances 

necessary to facilitate effective sinus entry. Accordingly, revision of the original setup architecture 

was required to accommodate the differing transport characteristics of water aerosols while 

preserving the ability of the system to generate transient pressure conditions sufficient to promote 

sinus delivery. The principal modifications implemented relative to the initial e-vapor-based setup 

are summarized in Table 2. 

Table 2. Main modifications in the pulsatile delivery setup relative to the initial delivery system [21]. 

Feature Initial setup 
Modified setup  

(Present study) 
Rationale 

Aerosol medium E-vapor only Water aerosols and e-vapor 
Extend technique to water 

aerosol delivery 

Downstream one-way 

valves 
Present Eliminated 

Water aerosols promoted 

coalescence, condensation, 

and transport restriction 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 June 2026 doi:10.20944/preprints202606.0021.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.0021.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 22 

 

Chamber filling 

mechanism 
Valve-based architecture 

Syringe intake port 

allowing filling during 

backstroke 

Enable efficient chamber 

replenishment 

Chamber refill 

strategy 
Continuous cyclic operation 

Intermittent refill phase 

introduced 

Humidifier aerosol output 

required additional time for 

complete chamber 

replenishment between 

pulsatile actuation cycles 

Pulsatile waveform 
Continuous pulsatile 

cycling 

Forward stroke + backward 

stroke + refill phase 

Accommodate intermittent 

operation required for water 

aerosol delivery 

Setup compatibility Optimized for e-vapor 

Modified for water 

aerosols while 

maintaining e-vapor 

compatibility 

Enable formulation 

comparison 

2.3.2. Modified Pulsatile Delivery Setup 

The modified pulsatile delivery setup employed in the present study utilized a custom-built 

servo-actuated syringe-based pulsation generator configured to generate intermittent large-

amplitude pulsatile flow disturbances (Figures 1d-f). The system architecture eliminated the 

downstream one-way valve configuration used in the initial e-vapor-based setup [21] and instead 

incorporated an aerosol intake port within the syringe body to permit chamber filling during piston 

retraction. The pulsation generator comprised a 500 mL extraction and fill syringe pump (HORUSDY, 

Hangzhou, China) modified to contain a 10 mm inner diameter aerosol intake port within the syringe 

body. The intake port incorporated an inlet nozzle providing an airtight connection to a 10 mm inner 

diameter silicone tube that supplied aerosols from either a humidifier (Model AO-101; AquaOasis, 

USA) (Figure 1e) or a fog machine (LENSGO, Shenzhen, Guangdong, China) (Figure 1f), depending 

on the aerosol medium under investigation. The experimental setup shown in Figures 1e and 1f 

differed only in the aerosol generation source, whereas all remaining delivery system components 

and operating conditions were kept identical. A piston stopper limited the effective chamber 

displacement volume to 50 mL, which was taken as the stroke volume (SV) used throughout the 

study. 

The syringe handle was mechanically coupled through a turnbuckle rod to a rotary servomotor 

(JX PDI-HV2060MG, Shantou JiXian Electronic Technology Co., Ltd., Guangdong, China). Servo 

operation was controlled using a 2.4 GHz radio control system (Flysky GT3B, Shenzhen Flysky 

Technology Co., Ltd., Shenzhen, China). The servomotor was programmed to actuate the piston over 

a fixed travel distance corresponding to a forward stroke volume of 50 mL followed by a backward 

stroke volume of 50 mL during each pulsatile actuation cycle. A 30 cm length of silicone tubing (10 

mm inner diameter) connected the syringe output to the administration nostril of the sinonasal 

model. The maxillary sinus access ports located on the roof of the sinus cavities (Figure 1c) were 

sealed using transparent waterproof polyurethane film dressing tape (G18334, Fukaisu, China) 

during delivery experiments to maintain a closed system during pulsatile aerosol administration and 

pressure measurements. A laboratory vacuum source was used to establish the imposed inhalation 

flow condition (Q). For the single-passage NL and WS models, suction was applied at the 

nasopharyngeal outlet. For the RL model, suction was applied through the nostril contralateral to the 

nostril of aerosol administration while the nasopharyngeal outlet was sealed. A flow meter (MF5706, 

Siargo Ltd., Santa Clara, CA, USA) and needle valve were connected in line with the vacuum source 

to regulate and maintain the prescribed inhalation flow condition. During the backward stroke, 

aerosols entered the syringe chamber through the intake port to replenish the chamber volume. 

During the subsequent forward stroke, piston advancement sealed the intake opening, creating a 

fully enclosed chamber volume that compressed and discharged aerosols through the administration 

outlet under transient positive pressure conditions. 
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The pulsatile delivery technique employed intermittent large-amplitude pulsations generated 

through reciprocating piston actuation. During each actuation cycle, the piston underwent a forward 

stroke followed by a backward stroke, after which a refill phase was required to allow replenishment 

of the pump chamber before subsequent actuation. Preliminary testing demonstrated that 

humidifier-generated water aerosols could not replenish the chamber sufficiently rapidly for 

continuous high-frequency cyclic operation while maintaining adequate aerosol concentration. 

Accordingly, intermittent operation was implemented consisting of a transient forward/backward 

actuation event followed by a refill interval, resulting in an overall cycle frequency of approximately 

0.33 Hz (Figure 1d). The intermittent pulsatile waveform may be represented schematically as: 

𝑃(𝑡) = {𝑃𝑚𝑎𝑥sin⁡ (
2𝜋𝑡

0.58
) , 0 ≤ 𝑡 < 0.58⁡𝑠

0, 0.58 ≤ 𝑡 < 3.0⁡𝑠
 (1) 

where the active phase represents the combined forward and backward piston strokes and the 

remaining interval represents replenishment of the pump chamber before the subsequent cycle. The 

waveform is conceptual and intended to illustrate the intermittent operating principle rather than a 

measured transient pressure profile. The same intermittent pulsatile waveform was also applied 

during e-vapor experiments to maintain consistent operating conditions between aerosol media. 

2.4. Aerosol Characterization 

Particle size distributions of the generated aerosols were characterized using a laser diffraction 

particle size analyzer (Spraylink, Dickinson, TX, USA). Representative plume visualizations were 

generated for both water aerosols and e-vapor using the same 10 mm inner-diameter silicone outlet 

tube connected to either the humidifier or fog machine output, depending on the aerosol medium 

under investigation. Plume visualization images were captured using an iPhone 13 Pro camera 

(Apple Inc., Cupertino, CA, USA) operating at 240 frames per second. 

2.5. Pressure Measurements 

Sinonasal pressure measurements were performed using a digital differential pressure 

manometer (Testo 510i Smart Probe, Testo SE & Co. KGaA, Titisee-Neustadt, Germany). Two 

pressure metrics were evaluated: (1) maximum gauge pressure measured within the sinus lumen 

during the piston forward stroke (Pmax), and (2) maximum differential pressure (ΔPmax) measured 

between the administration nostril and sinus lumen. Pressure measurements were performed over a 

range of piston actuation conditions to characterize the relationship between volumetric 

displacement rate (dV/dt) and transient pressure generation within the sinonasal system. Since 

effective aerosol entry into the maxillary sinuses depends on the ability of the pulsatile delivery 

system to generate transient pressure conditions sufficient to overcome flow resistance across the 

ostial canal, characterization of pressure transmission as a function of dV/dt was performed to assess 

the pressure conditions associated with successful aerosol delivery and identify the minimum dV/dt 

thresholds required for plume entry. 

For sinus lumen gauge pressure measurements, the positive pressure port of the digital 

manometer was connected to a pressure probe inserted into the maxillary sinus cavity through the 

sinus access port located on the roof of the sinus cavity, whereas the reference pressure port remained 

exposed to ambient atmospheric conditions (P1, Figure 1f). Maximum transient sinus pressure 

generated during the piston forward stroke was recorded for individual piston actuation conditions. 

Differential pressure measurements were performed by connecting one pressure port to the 

administration nostril and the second pressure port to the sinus lumen probe (P2, Figure 1f). Under 

these conditions, positive differential pressure values were generated during the piston forward 

stroke, whereas negative differential pressure values were generated during piston retraction. 

Differential pressure measurements were performed in the RL model by measuring pressure 

differences between the left administration nostril and left maxillary sinus cavity. 
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The piston volumetric displacement rate (dV/dt) was determined from video captures of piston 

motion acquired during servo actuation. Videos were analyzed using video editing software 

(Microsoft Clipchamp, Microsoft Corporation, Redmond, WA, USA) to determine the duration 

required to complete individual piston strokes (tf). The effective volumetric displacement rate was 

calculated as: 

𝑑𝑉

𝑑𝑡
=
𝑆𝑉

𝑡𝑓
 (2) 

where SV denotes the stroke volume (50 mL) and tf denotes the measured duration of either the 

forward or backward piston stroke. For individual actuation conditions, maximum transient pressure 

values were obtained from the digital manometer application (Testo Smart App, Testo SE & Co. 

KGaA, Titisee-Neustadt, Germany) and related to the corresponding measured dV/dt values. 

2.6. Quantification of Retained Aerosol Mass (Mret) 

Retained aerosol mass (Mret) within the maxillary sinuses was quantified using a gravimetric 

cotton swab sampling technique. The same sampling methodology was applied for both water 

aerosol and e-vapor experiments; however, differences in post-delivery handling were implemented 

to account for formulation-specific aerosol behavior. For water aerosol trials, retained aerosol 

measurements were performed immediately following cessation of aerosol delivery. The vacuum 

source was shut off, the sinonasal model was disconnected from the experimental apparatus, and the 

transparent adhesive seal covering the sinus access port was removed prior to sampling. Immediate 

measurement was performed to minimize evaporation-related losses of retained water aerosols 

following delivery cessation and thereby better preserve the retained aerosol quantity present within 

the sinus cavity at the conclusion of delivery. For e-vapor trials, the vacuum source was similarly 

shut off following delivery cessation; however, the sinonasal model was allowed to remain 

undisturbed for approximately 20 min before sampling to allow suspended e-vapor aerosols 

remaining within the sinus lumen to settle and deposit onto the sinus walls. 

Retained aerosol mass was quantified through the maxillary sinus access ports (Figure 1c) using 

a double-sided cotton swab. Prior to sampling, the cotton swab was weighed using a precision 

electronic scale (Bonvoisin, San Jose, CA, USA). The sinus walls were then systematically sampled 

using a standardized bottom-to-top sweeping motion to ensure consistent collection across trials. 

Immediately following collection, the cotton swab was reweighed, and the difference in measured 

mass before and after sampling was recorded as the retained aerosol mass (Mret). 

2.7. Sar-Gel Visualization 

Sar-Gel paste (Sartomer, Arkema Inc., Exton, PA, USA), a water-sensitive indicator material that 

changes from white to pink upon exposure to water, was used to qualitatively visualize retained 

water aerosol deposition patterns within the maxillary sinus cavities. Sar-Gel testing was performed 

to provide visual assessment of water aerosol deposition distribution across the sinus lining, as direct 

visualization of deposited water aerosol films during real-time pulsatile delivery testing was 

challenging. Sar-Gel testing was performed using the dual-passage RL model. Prior to testing, both 

the left and right maxillary sinus cavities were uniformly coated with Sar-Gel using cotton swabs. A 

small quantity of Sar-Gel paste was applied to the swab and distributed across the sinus walls using 

repeated back-and-forth sweeping motions to produce a thin and uniform coating layer. The cotton 

swab was bent as needed to facilitate coating of superior cavity regions extending toward the ostial 

canal and to ensure complete and consistent coverage of the sinus lining. 

Following coating preparation, pulsatile water aerosol delivery was performed under the 

experimental conditions described previously. Following delivery cessation, the RL model was left 

undisturbed for approximately 10 min to allow sufficient Sar-Gel color development and contrast 

generation before image acquisition. The degree of pink coloration was used as a qualitative indicator 
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of retained water vapor . Photographic images were acquired from front, lateral, and top viewing 

perspectives to visualize aerosol distribution within both maxillary sinuses. 

2.8. Statistical Analysis 

Statistical analyses were performed using numiqo (numiqo GmbH, Graz, Austria). Quantitative 

data are presented as mean ± standard deviation (SD). Two-sample t-tests were performed for 

pairwise comparisons between experimental conditions. Violin plots were used to visualize pooled 

retained aerosol mass (Mret) distributions across all tested configurations for water vapor and e-

vapor. The following notation was used to indicate statistical significance throughout the study: p < 

0.05, p < 0.01, and p < 0.001. Comparisons not reaching statistical significance were denoted as ns (not 

significant). 

3. Results 

3.1. Aerosol Characterization 

Figure 2 presents the particle size characterization and representative plume visualization of the 

generated water aerosols and e-vapor aerosols. The water aerosols exhibited a broader particle size 

distribution (Figure 2a) with a larger mean particle size (µ = 6.046 µm) and median particle size (D50 

= 5.553 µm) compared with the e-vapor aerosols, which exhibited a narrower distribution centered 

around smaller particle sizes (µ = 3.597 µm; D50 = 3.394 µm). Percentile particle size analysis further 

demonstrated consistently larger characteristic particle sizes for the water aerosols across the D3-D97 

range (Figure 2b). Representative plume images revealed qualitative differences in plume 

morphology between the two aerosol media despite both being dispensed through the same 10 mm 

ID silicone tube (Figures 2c&d). The water aerosol plume exhibited greater apparent gravitational 

settling effects, whereas the e-vapor plume appeared more concentrated and displayed a more diffuse 

gas-like propagation downstream of the tube outlet. 

 

Figure 2. Aerosol characterization and representative plume visualization. (a) Particle size distributions and (b) 

characteristic particle size percentile plots (D3, D10, D50, D90, and D97) for water aerosols and e-vapor aerosols. 

Representative plume images of (c) water vapor and (d) e-vapor. 
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3.2. Pressure Response and Threshold Behavior 

Figure 3 presents the measured maximum sinus pressures (Pmax) as functions of dV/dt for the 

NL, WS, and RL sinonasal models. In all models, increasing dV/dt, which governs the intensity of 

pulsatile actuation, resulted in increasing measured maximum sinus pressures, indicating stronger 

transient pressure transmission into the maxillary sinus with increasing pulsatile actuation intensity.  

 

Figure 3. Maximum pressures measured in the sinonasal models as functions of dV/dt. Plots show Pmax measured 

within the sinus lumen of the (a) NL, (b) WS, (c) left sinus of the dual-passage RL model, and (d) right sinus of 

the RL model. Measurements were obtained using a digital differential pressure manometer (Testo 510i Smart 

Probe) connected to the sinus lumen through the access port. Panel (e) shows ΔPmax measured between the nostril 

inlet and the left sinus lumen of the RL model as a function of dV/dt. 

Distinct minimum dV/dt thresholds associated with successful plume entry into the sinus cavity 

were observed for the different models. The NL model exhibited the highest observed threshold 

(74.63 mL/s), whereas the WS model exhibited a substantially lower threshold (34.48 mL/s). The left 

and right maxillary sinuses of the RL model both exhibited minimum observed thresholds of 

approximately 50 mL/s. Below these thresholds, visible plume entry into the sinus cavity was not 

observed. 

The servo-actuated pulsation generator used in the present study produced an effective dV/dt 

of 172.41 mL/s, which exceeded the minimum observed plume-entry thresholds for all tested models. 

Under these delivery conditions, successful plume entry into the maxillary sinuses was consistently 

observed in the NL, WS, and RL models. Figure 3e presents the measured maximum differential 

pressure (ΔPmax) between the nostril inlet and the left maxillary sinus lumen of the RL model as a 

function of dV/dt. Positive and negative ΔPmax values were observed corresponding to the forward 

and backward piston strokes, respectively. The magnitudes of both the positive and negative ΔPmax 

values generally increased with increasing dV/dt, indicating progressively stronger transient 

pressure differences between the nostril inlet and sinus cavity with increasing pulsatile actuation 

intensity. The forward- and backward-stroke ΔPmax trends exhibited approximately similar 

magnitudes and distributions across the tested dV/dt range, suggesting transient bidirectional 

pressure behavior during the pulsatile actuation cycle. 

3.3. Spatiotemporal Plume Propagation 

Representative snapshots of plume propagation within the sinonasal models are shown in 

Figure 4. Under pulsatile delivery, both water vapor and e-vapor plumes successfully entered the 

maxillary sinuses in the NL, WS, and RL models, including both the right (RL(R)) and left (RL(L)) 

maxillary sinuses of the dual-passage model (Figures 4a&b). Following ostial entry, the plumes 

generally exhibited curvilinear propagation trajectories within the sinus cavity. Among all tested 

configurations, the NL model, which featured the longest ostial canal, exhibited the longest apparent 
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intraluminal plume propagation distance for both water vapor and e-vapor (Figures 4a&b, first panel 

pairs). Under the same delivery conditions, the plume trajectories within the RL maxillary sinuses 

appeared shorter than those observed in the NL and WS models (Figures 4a&b, third and fourth 

panel pairs). This observation may be associated with differences in sinus cavity geometry and 

volume between the RL and single-passage models. 

Qualitative differences in intraluminal plume behavior were observed between water vapor and 

e-vapor. In contrast to e-vapor, where visibly suspended plumes progressively accumulated within 

the sinus lumen with repeated pulsations, water aerosols did not exhibit visible intraluminal buildup 

at the tested delivery frequency (~0.33 Hz). Instead, each delivered water-aerosol plume transiently 

propagated within the sinus cavity and subsequently disappeared, presumably due to wall 

deposition and/or rapid evaporation. The e-vapor plumes, in comparison, remained visibly 

suspended within the sinus lumen for longer durations and exhibited greater apparent intraluminal 

accumulation with successive pulsations. Supplemental Video S1 demonstrates the successful 

pulsatile delivery of both water vapor and e-vapor plumes under the delivery conditions used in this 

study. 

 

Figure 4. Representative spatiotemporal plume propagation and water aerosol retention patterns in the 

sinonasal models. Snapshots illustrate the trajectory of a pulsatile aerosol/vapor plume entering the maxillary 

sinus cavity through the ostial canal in the narrow-long (NL), wide-short (WS), and dual-passage RL models, 

including the right (RL(R)) and left (RL(L)) maxillary sinuses, for (a) water vapor and (b) e-vapor under pulsatile 

delivery. Dashed arrows indicate the general direction of plume propagation within the sinus cavity following 

ostial entry. (c) Sar-Gel visualization of retained water aerosols within the right and left maxillary sinuses of the 

RL model shown from front, lateral, and top views. Increasing pink coloration indicates greater retained water 

aerosol deposition. 

One noteworthy phenomenon observed during pulsatile delivery was the generation of a 

secondary plume following the main plume. This secondary plume was observed near the beginning 

of the backward stroke of the piston of the pulsatile generator. Representative snapshots of both the 

main plume and secondary plume during e-vapor delivery within the NL and WS sinonasal models 

during a single pulsatile actuation cycle are shown in Figures 5a and 5b, respectively. The secondary 

plume appeared fainter, smaller and shorter in duration than the main plume. The main and 

secondary plume events occurred at two distinct time points during the pulsatile actuation cycle. 

Based on the threshold behavior observed in Figure 3, plume entry appears to occur once a sufficient 

transient pressure response is generated, rather than necessarily at the maximum sinus pressure 

response associated with servo actuation. These events appeared to occur when the transient local 
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pressure conditions at the ostial opening were sufficient to overcome the transient pressure gradient 

and hydraulic resistance across the ostial canal, thereby allowing vapor propulsion into the sinus 

cavity. As observed in Supplemental Video S1, the secondary plume occurred during the early phase 

of the backward stroke of the piston of the pulsatile generator. The approximate timing of the main 

and secondary plume events relative to the pulsatile actuation cycle is illustrated schematically in 

Figure 5c. 

 

Figure 5. Observation of the “double-plume” phenomenon during pulsatile aerosol delivery. Representative 

snapshots showing the generation of a main plume and a secondary plume during e-vapor delivery within the 

(a) NL and (b) WS sinonasal models during a single pulsatile actuation cycle. The main plume was observed 

during the forward stroke, whereas the secondary plume was observed near the beginning of the backward 

stroke. (c) Schematic intermittent pulsatile pressure waveform illustrating the approximate timing of the 

observed plume events relative to the actuation cycle. The waveform is conceptual and based on the measured 

actuation timing and sinus pressure response. 

3.4. Retained Aerosol Mass (Mret) 

Figure 6 presents the retained aerosol mass (Mret) for water vapor and e-vapor under identical 

delivery conditions. Overall, e-vapor exhibited greater Mret than water vapor across all tested 

sinonasal configurations. In the single-passage models, the NL model exhibited mean Mret values of 

0.540 ± 0.089 mg for water vapor and 1.060 ± 0.152 mg for e-vapor, whereas the WS model exhibited 

mean Mret values of 0.520 ± 0.110 mg and 0.800 ± 0.071 mg, respectively. Statistical comparison 

between water vapor and e-vapor demonstrated significant differences in both the NL (p = 0.0002) 

and WS (p = 0.0014) models. However, no significant difference in water vapor retention was 

observed between the NL and WS models (p = 0.760), whereas e-vapor retention in the NL model 

was significantly greater than in the WS model (p = 0.0084). 
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Figure 6. Retained aerosol mass (Mret) outcomes for water vapor and e-vapor under pulsatile delivery conditions 

(SV = 50 mL, f = 0.33 Hz, Q = 1 L/min, delivery duration = 1.5 min). (a) Mean Mret within the sinonasal models for 

water vapor and e-vapor. Results are shown for the narrow-long (NL), wide-short (WS), and dual-passage RL 

models, including measurements in the right (R) and left (L) maxillary sinuses following left- (RL-L) and right- 

(RL-R) nostril administration. Statistical comparisons were performed using two-sample t-tests. Data are 

summarized as mean ± SD. (b) Violin plot distributions of Mret pooled across all tested configurations for water 

vapor and e-vapor. p-value notation: * p < 0.05, ** p < 0.01, *** p < 0.001; ns, not significant. 

In the dual-passage RL model, bilateral aerosol delivery to both maxillary sinuses was observed 

regardless of the nostril of administration. Following left nostril administration, retained mass within 

the right and left maxillary sinuses was 0.580 ± 0.164 mg and 0.660 ± 0.114 mg, respectively, for water 

vapor, and 0.720 ± 0.130 mg and 0.880 ± 0.084 mg, respectively, for e-vapor. Following right nostril 

administration, retained mass within the right and left maxillary sinuses was 0.600 ± 0.100 mg and 

0.640 ± 0.114 mg, respectively, for water vapor, and 0.660 ± 0.114 mg and 0.820 ± 0.084 mg, 

respectively, for e-vapor. 

Statistically significant differences between water vapor and e-vapor were observed in the left 

maxillary sinus for both left nostril administration (RL-L(L), p = 0.0083) and right nostril 

administration (RL-R(L), p = 0.0216). In contrast, comparisons between left nostril and right nostril 

administration for retained mass within the left maxillary sinus demonstrated no significant 

differences for either water vapor (p = 0.789) or e-vapor (p = 0.290). The pooled violin plot 

distributions shown in Figure 6b further demonstrated greater overall retained aerosol mass for e-

vapor relative to water vapor across all tested configurations. The water vapor distribution exhibited 

a lower median and narrower overall spread, whereas the e-vapor distribution was shifted toward 

higher retained mass values with a broader upper range extending to 1.3 mg. 

3.5. Sar-Gel Retention Patterns 

Representative Sar-Gel visualizations of retained water aerosols within the RL model are shown 

in Figure 4c. Pink coloration observed along the sinus walls indicates retained water aerosol 

deposition, with greater coloration intensity corresponding to greater retained aerosol accumulation. 

The Sar-Gel visualizations confirmed successful transport and deposition of water aerosols within 

both maxillary sinuses of the RL model. Retained aerosol deposition was observed from front, lateral, 

and top-view perspectives, demonstrating widespread sinus wall coverage following pulsatile 

delivery. Qualitatively, greater pink coloration intensity was observed within the left maxillary sinus 

compared with the right maxillary sinus, suggesting greater retained water aerosol accumulation 

within the left sinus cavity under the tested delivery conditions. 

4. Discussion 

4.1. Translation of Pulsatile Delivery from E-Vapor to Water Aerosols 

The present study demonstrated that the pulsatile intra-sinus delivery approach previously 

developed for e-vapor aerosols could be translated to humidifier-generated water aerosols; however, 

substantial differences in aerosol transport behavior necessitated modifications to the delivery setup 

and methodology. The original pulsatile delivery system had been optimized primarily for oil-based 

e-vapor aerosols generated from propylene glycol/vegetable glycerin formulations [21], which 

exhibited transport characteristics resembling those of a quasi-gaseous medium. In contrast, 

humidifier-generated water aerosols displayed markedly different transport behavior throughout the 

delivery pathway. Compared with e-vapor aerosols, water aerosols exhibited substantially stronger 

surface interactions and a greater tendency toward wall deposition, condensation, and droplet 

coalescence within tubing and flow-control components [50,53]. These effects promoted aerosol 

transport losses prior to reaching the sinonasal cavity and increased sensitivity to geometric 

restrictions within the delivery system [54]. Components that functioned effectively during e-vapor 
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administration, particularly one-way valve assemblies, introduced increased aerosol accumulation 

and transport resistance during water aerosol delivery, thereby impairing pulsatile aerosol transport 

efficiency [49,55]. Liquid accumulation along the inner wall further reduced aerosol available for 

sinus delivery. 

Accordingly, modifications to the original delivery design were needed to preserve effective 

pulsatile transport of water vapor aerosols. Elimination of downstream one-way valves, 

implementation of a syringe intake port permitting chamber filling during piston retraction, and 

incorporation of an intermittent refill phase collectively enabled effective translation of the pulsatile 

delivery approach to water vapor aerosol administration. The observed formulation-dependent 

differences are likely attributable to fundamental differences in aerosol transport characteristics. The 

e-vapor aerosols propagated through the delivery system more similarly to a quasi-gaseous medium, 

exhibiting lower susceptibility to inertial losses, condensation, and liquid accumulation. Conversely, 

humidifier-generated water aerosols behaved more as discrete liquid droplets with stronger surface 

interactions and enhanced coalescence tendencies, rendering them considerably more sensitive to 

transport losses and geometric restrictions within the delivery pathway. 

These findings emphasize that aerosol formulation represents an important consideration when 

translating pulsatile intranasal delivery technologies across aerosol platforms. Delivery systems 

optimized for one aerosol medium may not necessarily be directly transferable to another without 

design modifications that account for formulation-dependent aerosol transport behavior. 

4.2. Pressure-Driven Pulsatile Transport Mechanisms 

The present findings demonstrate that effective pulsatile aerosol transport into the maxillary 

sinus is fundamentally governed by the ability of the delivery system to generate transient pressure 

conditions sufficient to overcome hydraulic resistance across the ostial canal. Regardless of delivery 

system architecture, successful sinus entry ultimately depends on generating sufficiently large 

transient pressure disturbances capable of promoting aerosol transport across the ostial opening. 

Delivery system parameters including stroke volume (SV), pulsation frequency (f), tubing 

configuration, downstream resistance conditions, and actuation strategy influence transport 

primarily through their collective effects on transient pressure generation and transmission within 

the sinonasal system. The observed increase in measured maximum sinus pressure (Pmax) with 

increasing volumetric displacement rate (dV/dt) supports this mechanism (Figure 3). Increasing 

dV/dt increased the intensity of pulsatile actuation and strengthened transient pressure transmission 

into the sinus lumen. Model-specific threshold dV/dt conditions were additionally observed, below 

which plume entry into the sinus cavity was not observed (Figures 3a-e, shaded red regions). The 

higher threshold observed in the NL model (Figure 3a) relative to the WS model (Figure 3b) is 

consistent with increased hydraulic resistance associated with the narrower and longer ostial canal 

geometry. The RL model showed intermediate thresholds, further supporting the importance of 

ostial geometry in governing pulsatile transport requirements. 

Transient aerosol entry into the sinus appears to occur when locally generated pressure 

gradients become sufficient to overcome the hydraulic resistance across the ostial canal, which initiate 

transport into the sinus lumen. Importantly, the point of maximum measured sinus pressure did not 

necessarily coincide with the timing of main plume generation (Figures 3&5c). Rather, plume 

initiation likely occurs earlier during piston actuation when forward flow acceleration and favorable 

transient flow conditions develop near the ostial opening. The imposed downstream resistance 

established by vacuum-induced flow conditions represents an additional governing factor 

influencing pulsatile transport behavior. Under pulsatile delivery conditions, the sinonasal system 

behaves as a transiently pressurized flow domain in which externally imposed downstream 

resistance interacts with pulsatile pressure disturbances to facilitate aerosol entry into the sinus 

cavity. Downstream resistance influences transient pressure transmission throughout the sinonasal 

passage and therefore directly affects the ability of pulsatile disturbances to generate transport-

driving pressure gradients across the ostial canal. 
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Once sinus entry is initiated, transient bidirectional volumetric exchange occurs across the ostial 

canal. Delivered aerosol entering the sinus cavity displaces resident sinus air, producing 

simultaneous opposing volumetric exchange while maintaining net positive aerosol transport into 

the sinus lumen [56,57]. This exchange process likely contributes to sustained filling behavior during 

delivery and may continue until transient transport equilibrium conditions are approached. 

An additional phenomenon observed during pulsatile delivery was the generation of a 

secondary plume occurring during the early phase of piston retraction (Figures 5a-c). The secondary 

plume was consistently smaller, fainter, and shorter in duration than the main plume generated 

during the forward stroke. The mechanisms governing this secondary transport event remain 

incompletely understood but likely involve transient exchange dynamics and pressure redistribution 

within the sinonasal system during piston retraction. However, future studies were needed to 

elucidate the mechanisms underlying this phenomenon. 

The present findings suggest that the volumetric displacement rate (dV/dt) is an important 

design parameter for future pulsatile delivery systems. Although the present implementation utilized 

a specific servo-actuated syringe architecture, the governing requirement for effective transport is not 

the precise configuration itself but rather the ability of the system to generate transient pressure 

disturbances sufficient to exceed geometry-dependent transport thresholds while maintaining 

physiologically acceptable transient pressure levels. Under the delivery conditions generated by the 

servo-actuated pulsation generator used in the present study, the maximum measured sinus pressure 

was 2.15 hPa (≈2.19 cmH₂O). Even at the maximum dV/dt condition assessed experimentally, the 

measured maximum sinus pressure remained only slightly above 7.27 hPa (≈7.41 cmH₂O) (Figure 3c), 

which is substantially lower than pressures commonly applied during nasal CPAP therapy (15–20 

cmH₂O) [58–60], as well as below oscillatory pressure amplitudes reported for commercial pulsatile 

sinonasal aerosol delivery systems (~20 cmH₂O) [8]. 

4.3. Effects of Aerosol Formulation and Sinonasal Geometry on Transport and Retention 

Both aerosol formulation and sinonasal geometry strongly influenced pulsatile transport and 

retention behavior within the maxillary sinuses. Overall, e-vapor aerosols generally exhibited greater 

retained aerosol mass (Mret) compared with humidifier-generated water aerosols under identical 

pulsatile delivery conditions (Figure 6). The differences between the two aerosol formulations were 

particularly pronounced in the NL and WS models, where Mret increased from 0.540 ± 0.089 mg to 

1.060 ± 0.152 mg in the NL model and from 0.520 ± 0.110 mg to 0.800 ± 0.071 mg in the WS model for 

water aerosols and e-vapor aerosols, respectively. These differences suggest that aerosol transport 

and retention behavior remained highly sensitive to local ostial geometry and aerosol 

physicochemical characteristics. 

Compared with e-vapor aerosols, humidifier-generated water vapor aerosols exhibited stronger 

surface interactions, enhanced coalescence tendencies, and greater susceptibility to wall deposition 

and evaporation losses throughout the delivery pathway and within the sinonasal cavity. These 

effects likely reduced the effective aerosol quantity available for sustained intraluminal transport and 

retention. In contrast, the e-vapor aerosols propagated more similarly to a quasi-gaseous medium 

and remained visibly suspended within the sinus lumen for longer durations (Figure 4b, orange 

arrow), thereby promoting greater apparent intraluminal accumulation and retained aerosol mass.  

Sinonasal geometry additionally exerted a notable influence on retention behavior. The NL 

model generally exhibited greater retained aerosol mass than the WS model (Figure 6a), particularly 

for e-vapor aerosols (1.060 ± 0.152 mg vs. 0.800 ± 0.071 mg), despite the WS model exhibiting lower 

threshold conditions for plume entry (Figure 3). This suggests that effective sinus delivery is 

governed not only by ease of sinus entry, but also by subsequent aerosol escape dynamics and 

retention behavior within the sinus cavity. The narrower and longer ostial canal geometry of the NL 

model likely increased transport resistance during both aerosol entry and post-entry escape, thereby 

promoting greater aerosol retention. Conversely, the wider and shorter ostial geometry of the WS 

model facilitated greater sinus ventilation and aerosol washout, reducing retained aerosol mass 
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despite more favorable entry conditions. These observations are consistent with findings from our 

previous in vitro study using the same NL and WS sinonasal geometries, which demonstrated that 

wider and shorter ostial canal configurations promoted more rapid maxillary sinus ventilation and 

e-vapor clearance, whereas narrower and longer ostial geometries prolonged retention and delayed 

transport dynamics [13]. 

The sinus geometrical effects were also manifested in Sar-Gel visualization of vapor deposition 

in the RL model. Qualitatively, greater retained water aerosol deposition was observed within the 

left maxillary sinus relative to the right sinus, as evidenced by the greater intensity and extent of pink 

Sar-Gel coloration (Figure 4c). This asymmetry is likely associated with the differences in minimum 

ostial cross-sectional area. As shown in Table 1, the left ostial canal featured a narrower minimum 

cross-sectional area than the right (11.48 mm² vs. 13.41 mm²). Under the tested pulsatile delivery 

conditions, the narrower left ostial geometry likely reduced aerosol escape from the sinus cavity and 

thereby promoted greater retained aerosol accumulation. 

4.4. Clinical / Device Implications 

Efficient aerosol delivery into the maxillary sinuses remains difficult because the administered 

aerosols must penetrate relatively narrow ostial pathways before reaching the sinus cavity lumen 

[6,14,29]. The current results suggest that pulsatile intranasal delivery may help overcome these 

transport limitations by generating transient pressure-driven exchange across the ostial canal, 

thereby facilitating aerosol entry and retention within the sinus cavity. Such transport enhancement 

may prove beneficial for future localized sinonasal therapies targeting diseases involving maxillary 

sinuses, including chronic rhinosinusitis. The observations of this study additionally demonstrate 

that successful pulsatile sinus delivery depends on a combination of anatomical, aerosol, and device-

related factors. While the current pulsatile delivery approach was successfully translated from e-

vapor to humidifier-generated water aerosols, substantial modifications to the delivery architecture 

were required because of formulation-dependent differences in aerosol transport behavior. Water 

aerosols exhibited greater susceptibility to coalescence, wall interactions, condensation, and transport 

losses, indicating that future pulsatile delivery systems may require aerosol-specific design 

optimization depending on the formulation being administered. 

The experimentally observed threshold behavior additionally suggests that future pulsatile 

delivery technologies should be designed to generate transient pressure disturbances sufficiently 

large to overcome geometry-dependent transport resistance while remaining within physiologically 

acceptable pressure ranges. Parameters including volumetric displacement rate (dV/dt), stroke 

volume, pulsation frequency, and imposed downstream resistance conditions may therefore 

represent important controllable variables during future device optimization. Furthermore, 

successful bilateral sinus delivery observed in the RL model regardless of the nostril of administration 

suggests that either nostril may potentially serve as an effective administration pathway during 

pulsatile sinonasal delivery. These observations collectively provide translational guidance for the 

future development of pulsatile sinonasal aerosol delivery systems and highlight the importance of 

simultaneously considering aerosol formulation behavior, pulsatile transport dynamics, and patient-

specific sinonasal geometry during device design. 

4.5. Limitations   

This study has several limitations. First, the experimental investigation utilized a limited number 

of sinonasal models reconstructed from a single adult subject. Although the selected geometries 

enabled controlled investigation of ostial canal effects on pulsatile transport and retention behavior, 

broader patient-specific cohorts encompassing wider anatomical variability are needed for future 

investigations [61]. In addition, the present study focused only on the maxillary sinuses. Future work 

will extend the pulsatile delivery approach to anatomically complete sinonasal models incorporating 

the full set of paranasal sinuses to further evaluate aerosol transport behavior throughout the 

sinonasal system. Second, the sinonasal casts employed in this study were rigid and did not 
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incorporate mucus layers, mucociliary clearance, or tissue compliance, all of which may influence 

aerosol transport, retention, and residence time under in vivo conditions [18]. The present study 

additionally utilized humidifier-generated water aerosols and e-vapor aerosols possessing distinct 

physicochemical and transport characteristics. Therapeutic aerosols or formulations with different 

aerodynamic properties, densities, hygroscopic behavior, or coalescence tendencies may exhibit 

different pulsatile transport and retention behavior and therefore require dedicated future 

investigation [17,62,63]. 

Additional limitations pertain to pressure measurements and aerosol quantification 

methodologies. The digital manometer used in the present study possessed limited temporal 

resolution and response latency, precluding precise reconstruction of the instantaneous pulsatile 

pressure waveform. While the instrumentation was sufficient to characterize overall pressure trends, 

threshold behavior, and relative transient pressure magnitudes, future studies employing higher 

temporal-resolution pressure measurements would permit more detailed characterization of 

transient transport mechanisms and plume- dynamics [64–66]. Potential evaporation-related effects 

might slightly underestimate the retained water aerosol mass measurements [51,67]. However, such 

effects were likely minimal under the present experimental conditions where measurements were 

rapidly made following cessation of delivery within the relatively confined maxillary sinus cavity. 

Importantly, quantification based solely on retained water mass might additionally underestimate 

the delivered dose under physiological conditions, since dissolved drug or active pharmaceutical 

ingredients would remain deposited on the sinonasal mucosa even after evaporation of the carrier 

water phase [63,68]. Furthermore, the sinonasal cavity under in vivo conditions typically exhibits 

very high relative humidity, which may substantially alter evaporation dynamics relative to the 

present in vitro experiments. 

5. Conclusions 

This study demonstrated the feasibility of delivering humidifier-generated water aerosols to the 

maxillary sinuses using low-frequency, large-amplitude pulsatile flows. Translation of the previously 

developed e-vapor pulsatile delivery approach to water aerosols required substantial modifications 

of the delivery architecture because water aerosols exhibited stronger surface interactions, greater 

condensation and coalescence tendencies, and increased transport losses within the delivery 

pathway. Elimination of downstream one-way valves, incorporation of an aerosol intake port, and 

use of an intermittent refill phase enabled successful pulsatile water aerosol transport under the 

tested conditions. 

Pulsatile delivery produced successful plume entry into the maxillary sinuses of all tested 

sinonasal models, with minimum piston volumetric displacement-rate thresholds influenced by 

ostial geometry as well as broader sinonasal anatomical features that affect pressure transmission 

and airflow exchange. Retained aerosol mass was generally greater for e-vapor than for water 

aerosols under identical delivery conditions, highlighting the importance of formulation-dependent 

transport behavior. Sinonasal geometry also influenced delivery and retention, with narrower ostial 

pathways tending to promote greater retention despite higher entry resistance. Sar-Gel visualization 

further confirmed bilateral water aerosol delivery and retention within the dual-passage model. The 

findings of this study indicate that effective pulsatile sinonasal delivery depends on the combined 

effects of aerosol formulation, transient pressure generation, delivery-system architecture, and 

patient-specific sinonasal geometry. The results provide design guidance for future pulsatile 

intranasal delivery systems intended for water-based sinonasal therapies and support further 

investigation using therapeutic formulations, anatomically broader model cohorts, and more 

physiologically representative sinonasal conditions. 
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6. Patents 

A U.S. provisional patent application related to this work has been filed: Pulsatile Intranasal 

Delivery System for Targeted Drug Delivery to the Paranasal Sinuses, U.S. Provisional Application No. 

64/042,020, filed on April 17, 2026.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Video S1: Representative pulsatile delivery of water aerosols and e-vapor into 

NL and WS maxillary sinus models. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CRS Chronic rhinosinusitis 

NL Narrow-long ostial canal model 

WS Wide-short ostial canal model 

RL Dual-passage dual-maxillary-sinus model 

RL-L RL model with left-nostril administration 

RL-R RL model with right-nostril administration 

SV Stroke volume 

Q Vacuum-induced flow rate 

Mret Retained aerosol mass 

CSA Cross-sectional area 

MRI Magnetic resonance imaging 

SD Standard deviation 

ns Not significant 

CPAP Continuous positive airway pressure 
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