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Abstract 40 

Intranasal administration provides a non-invasive approach to the nose-to-brain delivery of messenger RNA 41 

(mRNA) therapeutics; however, effective delivery requires both targeted deposition in the superior nasal region 42 

and preservation of lipid nanoparticle (LNP) integrity during spray actuation. Although the performance of 43 

mechanical nasal spray pumps depends strongly on their mode of actuation, the effects of actuation conditions on 44 

regional nasal deposition and mRNA-LNP stability have rarely been evaluated concurrently. Here, a mechanical 45 

nasal spray device was evaluated at three spring compression forces (4.8, 8.0, and 11.2 N) and actuation speeds 46 

of 80–180 mm/s. Plume geometry, spray pattern, droplet size distribution, and single-actuation content and volume 47 

were characterized, followed by regional deposition analysis in a three-dimensional nasal cast. A higher 48 

compression force significantly enhanced deposition in the superior turbinate region, whereas increasing the 49 

actuation speed shifted deposition toward the middle turbinate. Following actuation of the mRNA-LNPs, 50 

encapsulation efficiency significantly decreased under all conditions and was a more sensitive indicator of 51 

instability than particle size, indicating that device actuation alone did not preserve LNP integrity. Incorporating 52 

viscosity-enhancing excipients suppressed actuation-induced aggregation. Among these excipients, poly(vinyl 53 

alcohol) (PVA) was selected for further characterization. The addition of 0.5% PVA increased droplet size without 54 

altering plume geometry and significantly increased middle-turbinate deposition. Collectively, these findings 55 

demonstrate that nasal spray actuation and formulation both govern regional nasal targeting and mRNA-LNP 56 

stability, underscoring the need to co-optimize device performance and formulation when developing nasal spray 57 

systems for the nose-to-brain delivery of mRNA-LNPs. 58 
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As the global population ages, central nervous system (CNS) disorders, such as Alzheimer’s disease, Parkinson’s 66 

disease, and migraine have become major health and societal burdens and remain among the therapeutic areas 67 

with the greatest unmet clinical need [1, 2]. A principal obstacle to treating CNS diseases is the blood–brain barrier 68 

(BBB), which prevents more than 98% of small-molecule drugs and nearly all macromolecular therapeutics from 69 

entering the brain parenchyma [3, 4]. Consequently, many pharmacologically active agents fail to reach 70 

therapeutic concentrations in the CNS despite demonstrating promising preclinical activity [5]. Accordingly, a 71 

range of nanocarrier-based strategies has been explored to improve drug delivery to the brain in neurodegenerative 72 

and neuro-oncological conditions [6]. 73 

Among emerging therapeutic modalities, messenger RNA (mRNA) has rapidly evolved from a vaccine platform 74 

into a versatile technology with applications in protein-replacement therapy, gene editing, and cancer 75 

immunotherapy [7, 8]. Its clinical translation has been enabled by lipid nanoparticles (LNPs), which protect the 76 

labile mRNA cargo, mediate intracellular delivery, and support scalable manufacturing [9, 10]. The therapeutic 77 

performance of these nanoparticle systems depends closely on their physicochemical attributes, including particle 78 

size, encapsulation efficiency, and colloidal stability, which must be preserved from preparation through 79 

administration [11]. As the applications of mRNA therapeutics expand to include chronic diseases and CNS 80 

disorders, the route of administration has become a critical determinant of therapeutic efficacy and patient 81 

accessibility [12]. 82 

Among non-invasive routes, intranasal administration is particularly attractive for delivering LNP-based 83 

therapeutics to the CNS [13]. The nasal cavity provides direct anatomical connections to the brain through the 84 

olfactory and trigeminal nerve pathways, allowing a fraction of the administered dose to reach the brain while 85 

bypassing first-pass metabolism and the BBB [14]. This nose-to-brain (N2B) route has generated growing interest 86 

in nasal sprays as a practical dosage form for CNS-targeted nanomedicines, and several nasal spray products have 87 

already been clinically approved for CNS indications [15, 16]. However, the efficiency of N2B delivery is 88 

constrained by the complex geometry of the nasal airway. A large fraction of an intranasally administered dose is 89 

deposited prematurely in the anterior and respiratory regions and subsequently cleared through mucociliary action 90 

rather than reaching the superior turbinate region deep within the nasal cavity, which is associated with olfactory 91 

transport to the brain [17, 18]. 92 

The regional deposition of a nasal spray is governed largely by the performance of the delivery device. Aqueous 93 

spray pumps, which dominate the nasal drug-delivery market, rely on actuation force to atomize the formulation. 94 
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The resulting spray characteristics—including plume geometry, spray pattern, and droplet size distribution—95 

collectively determine regional dose deposition within the nasal cavity [19, 20]. Because these pumps are spring-96 

driven and metered, their spray characteristics depend strongly on how the device is actuated. Parameters such as 97 

spring compression force, actuation speed, and actuation acceleration govern the pressure at which the formulation 98 

is atomized and, consequently, the size and momentum of the emitted droplets [21, 22]. Comparable device- and 99 

process-level parameters are known to govern aerosol performance across inhalation platforms more broadly [23]. 100 

However, the relationship between these actuation parameters and regional deposition within the nasal cavity 101 

remains incompletely defined, particularly with respect to the effect of spring compression force on deposition in 102 

the superior nasal region relevant to N2B delivery[24]. 103 

In addition to determining deposition, the actuation process exposes the formulation to mechanical and interfacial 104 

stresses that may compromise the integrity of the nanoparticle cargo. During atomization, LNPs are subjected to 105 

shear forces and repeated formation of air–liquid interfaces. These stresses have been shown to cause particle 106 

aggregation, increased particle size and polydispersity, and loss of mRNA encapsulation [25, 26]. These effects, 107 

which are well documented for nebulization and inhalation, can substantially reduce the deliverable payload 108 

before it reaches its target [27, 28]. Consistent with these observations, aerosolization and related processing have 109 

been reported to alter the physical characteristics of inhalable lipid-based particles [29]. Effective nasal delivery 110 

of mRNA-LNPs therefore requires both favorable regional deposition and preservation of nanoparticle integrity 111 

throughout the spray process. However, these requirements have rarely been evaluated together within a single 112 

delivery system [30]. 113 

The formulation itself can further influence nasal spray behavior, and the inclusion of stabilizing excipients 114 

represents one strategy for mitigating atomization-induced damage. Surface-active and viscosity-modifying 115 

polymers, such as poly(vinyl alcohol) (PVA), cellulose derivatives, and hyaluronic acid, are widely used to 116 

stabilize nanoparticle and colloidal systems by adsorbing onto particle surfaces and modulating interfacial 117 

behavior [31–33]. Hyaluronic acid–based carriers, in particular, have been engineered as self-assembling and 118 

surface-functionalized nanosystems with tunable colloidal behavior [34]. Such excipients may therefore help 119 

preserve nanoparticle integrity under the interfacial and shear stresses generated during actuation. Notably, 120 

viscosity-modifying excipients have also been reported to improve the regional targeting of nasal sprays toward 121 

the superior nasal cavity, thereby linking formulation composition to both deposition and stability [35, 36]. 122 

In the present study, we investigated two consequences of nasal spray actuation that are typically examined 123 
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separately: how actuation conditions influence spray performance and, consequently, regional nasal deposition, 124 

and how the same actuation process affects mRNA-LNP integrity. Using an automated actuator to provide 125 

reproducible, operator-independent control of a mechanical, spring-driven nasal spray pump, we varied the spring 126 

compression force and actuation speed and characterized their effects on plume geometry, spray pattern, droplet 127 

size distribution, and single-actuation content and volume. Regional deposition was subsequently mapped in a 128 

three-dimensional nasal cast, and the physicochemical integrity of mRNA-loaded LNPs was assessed before and 129 

after actuation under each condition. Finally, stabilizing excipients were screened for their ability to preserve LNP 130 

integrity during actuation. Based on this screening, PVA was selected for further characterization to determine 131 

whether a viscosity-modifying excipient could modulate spray performance and regional nasal deposition, thereby 132 

complementing the device-driven effects. Together, these experiments demonstrate that actuation conditions and 133 

formulation jointly shape regional nasal deposition and nanoparticle stability, underscoring the need to co-134 

optimize device performance and formulation robustness when developing nasal spray systems for mRNA 135 

delivery. 136 

 137 

Materials and Methods 138 

Materials 139 

The ionizable lipid ALC-0315, polyethylene glycol (PEG)-lipid ALC-0159, and phospholipid 1,2-distearoyl-sn-140 

glycero-3-phosphocholine (DSPC; 18:0 PC) were purchased from Avanti Polar Lipids (Merck KGaA, Darmstadt, 141 

Germany). Cholesterol was obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). N1-142 

methylpseudouridine-modified mRNA encoding mCherry (1 µg/µL) was obtained from VectorBuilder (Chicago, 143 

IL, USA). Anhydrous ethyl alcohol (99%, high-performance liquid chromatography [HPLC] grade), anhydrous 144 

citric acid, and sodium hydroxide (beads, 98%, extra pure) were purchased from Samchun Pure Chemical (Seoul, 145 

Korea). A 25 mM citrate buffer (pH 4.0) was prepared by dissolving citric acid in UltraPure water and adjusting 146 

the pH to 4.0 with sodium hydroxide for use in LNP formulation. UltraPure DNase/RNase-free distilled water 147 

was obtained from Invitrogen (Thermo Fisher Scientific, Grand Island, NY, USA). The Quant-iT RiboGreen RNA 148 

Assay Kit (R11490) and Triton X-100 used for analysis were obtained from Invitrogen (Thermo Fisher Scientific, 149 

Eugene, OR, USA) and Merck KGaA (Darmstadt, Germany), respectively. Water-finding paste (Kolor Kut; Kolor 150 

Kut Products, Houston, TX, USA) was used in the nasal cast deposition study. 151 
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For excipient screening, sodium hyaluronate (Hyatrue HA-EP1; Bloomage Biotechnology, Jinan, China), 152 

hydroxypropyl methylcellulose (HPMC; Metolose 90SH-4000SR; Shin-Etsu Chemical, Tokyo, Japan), and 153 

polyvinyl alcohol 2000 (PVA 2000; Samchun Pure Chemical, Seoul, Korea) were used as stabilizing excipients. 154 

All other reagents were of analytical grade. 155 

 156 

Nasal spray device and actuation 157 

Formulations were dispensed using a VP7 pre-compression nasal spray pump (Aptar Pharma, Le Vaudreuil, 158 

France). To ensure reproducible, operator-independent actuation, spraying was controlled using a Vereo automated 159 

actuator (NSx) operated with Viota software (Proveris Scientific, Marlborough, MA, USA). Three springs with 160 

compression forces of 4.8, 8.0, and 11.2 N were evaluated. Five actuation profiles were programmed. Methods 1–161 

3 used actuation speeds of 80, 130, and 180 mm/s, respectively, at a fixed acceleration of 4,000 mm/s². Methods 162 

3–5 used accelerations of 4,000, 8,000, and 12,000 mm/s², respectively, at a fixed actuation speed of 180 mm/s. 163 

The hold time was fixed at 160 ms for all profiles. 164 

 165 

Plume geometry and spray characterization 166 

Plume geometry and spray characteristics were characterized by high-speed imaging according to the principles 167 

described in the US Food and Drug Administration (FDA) guidance for nasal spray products [37]. The spray was 168 

actuated vertically upward through a horizontally positioned laser sheet, and side-view images were recorded at 169 

8,000 frames per second using a high-speed camera (HAS-D71; Ditect, Tokyo, Japan) with a resolution of 640 × 170 

480 pixels and a shutter speed of 1/8,000 s. 171 

The plume angle was defined as the cone angle originating from a vertex at the actuator orifice, whereas plume 172 

height was defined as the distance along the spray axis from the orifice to the leading edge of the plume. Both 173 

parameters were determined from individual snapshot images. The projected spray area was determined from 174 

time-averaged images acquired at distances of 3 and 6 cm from the actuator orifice. All image sequences were 175 



 8 

processed using Flownizer64 (version 1.2.12; Ditect, Tokyo, Japan), and representative images were prepared 176 

using Adobe Photoshop 2024 (Adobe, San Jose, CA, USA). 177 

 178 

Droplet size distribution 179 

Droplet size distribution was measured by laser diffraction using a Spraytec system (Malvern Panalytical, Malvern, 180 

UK) at distances of 3 and 6 cm from the actuator orifice, in accordance with the FDA guidance for nasal spray 181 

products [37];The measurement positions were separated by 3 cm and were within the recommended measurement 182 

range. The spray was directed through the laser beam, and the optical model was configured with a particle 183 

refractive index of 1.33 for water in air, with multiple-scattering analysis enabled. Droplet size was reported on a 184 

volume basis over a measurement range of 0.1–2,500 µm. 185 

Because the actuation conditions varied widely, a consistent, fully developed plume phase could not be defined 186 

across all conditions. Data were therefore extracted using a fixed transmission-based criterion. Specifically, 187 

droplet size parameters were determined over the period during which light transmission remained below 90%, 188 

representing the actively developed phase of the spray. The volume median diameter (Dv50) and Sauter mean 189 

diameter (D[3,2]) were determined over this period. The proportion of the measurement period during which 190 

transmission remained below 90% was additionally recorded as an index of spray development. 191 

 192 

Single-actuation mRNA content and volume 193 

The single-actuation volume was determined gravimetrically by weighing the device before and after each 194 

actuation and converting the difference in mass to volume using the formulation density [37, 38]. To determine 195 

the single-actuation content, the spray emitted during one actuation was collected in a microcentrifuge tube and 196 

diluted with UltraPure DNase/RNase-free distilled water. The amount of mRNA delivered per actuation was then 197 

quantified using the Quant-iT RiboGreen RNA assay according to the manufacturer’s instructions. The mRNA 198 

concentration was determined using a standard curve prepared with the ribosomal RNA standard supplied with 199 

the kit. The relationship between single-actuation mRNA content and volume was evaluated across all spring 200 
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compression forces and actuation speeds. The theoretical content–volume relationship was calculated based on 201 

the mRNA concentration of the LNP formulation. 202 

 203 

Regional deposition in the nasal cast 204 

Regional deposition was evaluated using a silicone nasal cast divided into five anatomical regions: nasal vestibule, 205 

inferior turbinate, middle turbinate, superior turbinate, and nasopharynx. Before actuation, water-finding paste 206 

(Kolor Kut) was applied to the internal surfaces of the cast. Upon contact with the deposited aqueous spray, the 207 

paste changed from its original color to red, enabling the regions of deposition to be identified. 208 

Deposition was evaluated as a function of spring compression force at a fixed actuation speed of 80 mm/s (Method 209 

1) and as a function of actuation speed using the 11.2 N spring. After actuation, the cast was imaged, and the areas 210 

exhibiting red color development were quantified using Fiji (ImageJ). Deposition in each anatomical region was 211 

calculated as the ratio of the red-stained area within each region to the total red-stained area, expressed as a 212 

percentage. 213 

 214 

LNP preparation 215 

mRNA-loaded LNPs were prepared by flash nanoprecipitation using a NanoFabTx NanoFlash confined impinging 216 

jet (CIJ) device (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). The lipid phase consisted of ALC-0315, 217 

DSPC, cholesterol, and ALC-0159 at a molar ratio of 47.5:10:40.5:2, based on the lipid composition of a clinically 218 

approved mRNA vaccine [39], and was dissolved in anhydrous ethanol. The aqueous phase consisted of mCherry-219 

encoding mRNA in 25 mM citrate buffer (pH 4.0). The two phases were combined at a nitrogen-to-phosphate 220 

(N/P) ratio of 20. Using syringe pumps, the aqueous and lipid phases were mixed by impingement in the CIJ 221 

device at a flow rate ratio (aqueous:ethanol) of 5:1 and a total flow rate of 12 mL/min. The resulting LNP 222 

dispersion was diluted 1:1 (v/v) with phosphate-buffered saline (PBS) and stored at 4 °C until use. 223 

 224 
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Physicochemical characterization of LNPs 225 

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the LNPs were measured by 226 

dynamic light scattering using a Litesizer 500 (Anton Paar, Graz, Austria) [40]. Before measurement, the samples 227 

were diluted in UltraPure DNase/RNase-free distilled water. Measurements were performed at 25 °C after a 5-228 

min equilibration period, using an automatically selected measurement angle and three runs per sample. Particle 229 

size was analyzed using the cumulant method in accordance with ISO 22412. 230 

Encapsulation efficiency (EE) was determined using the Quant-iT RiboGreen RNA assay by quantifying free 231 

(unencapsulated) mRNA in the absence of detergent and total mRNA in the presence of 0.5% Triton X-100. EE 232 

was calculated using the following equation: 233 

 𝐸𝐸 (%)  =   ௧௢௧௔௟ ௠ோே஺ − ௙௥௘௘ ௠ோே஺௧௢௧௔௟ ௠ோே஺  ×  100 [41].  234 

All physicochemical parameters were measured before (pre-actuation) and after actuation. 235 

 236 

Excipient screening for LNP stabilization 237 

Three excipients—sodium hyaluronate, HPMC, and PVA 2000 [31]—were evaluated for their ability to stabilize 238 

the LNPs against actuation-induced stress. Each excipient was dissolved in PBS at 1% (w/v) and mixed with the 239 

LNP dispersion at a 1:1 (v/v) ratio, resulting in a final excipient concentration of 0.5% (w/v). Immediately after 240 

mixing, the excipient-containing LNP formulations were actuated using a spring compression force of 11.2 N and 241 

an actuation speed of 80 mm/s (Method 1). Hydrodynamic diameter, PDI, encapsulation efficiency, and zeta 242 

potential were measured before and after actuation.Statistical analysis 243 

All data are presented as the mean ± standard deviation (SD) (n = 3). Statistical comparisons were performed 244 

using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test using GraphPad Prism version 245 

8.4.2 (GraphPad Software, San Diego, CA, USA). Differences were considered statistically significant at p < 0.05. 246 

 247 

Use of generative AI 248 
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During the preparation of this work, the authors used an AI-assisted tool (Claude, Anthropic, San Francisco, CA, 249 

USA) to assist with language editing, drafting, and improving the clarity of the manuscript. After using this tool, 250 

the authors reviewed and edited all content as required and take full responsibility for the content of the published 251 

article. 252 

 253 

 254 

Results 255 

Physicochemical properties of the mRNA-loaded LNPs 256 

The mRNA-loaded LNPs were first characterized for their physicochemical properties (Fig. 1). The hydrodynamic 257 

diameter was approximately 90 nm irrespective of mRNA loading, with no significant difference between blank 258 

(LNP (BLK)) and mRNA-loaded (LNP (RNA)) particles (Fig. 1a). Both formulations exhibited comparably low 259 

polydispersity indices (Fig. 1b) and near-neutral surface charges, with no meaningful difference in zeta potential 260 

(Fig. 1c). Cryogenic transmission electron microscopy revealed spherical, well-dispersed particles with consistent 261 

sizes in both formulations, in agreement with the dynamic light scattering measurements (Fig. 1d). 262 

The colloidal stability of the mRNA-loaded LNPs was subsequently evaluated during storage at 4 °C (Fig. 1e–h). 263 

During the first week of storage, the particle size remained approximately 100 nm (Fig. 1e), while the 264 

polydispersity index (Fig. 1f) and near-neutral zeta potential (Fig. 1g) remained essentially unchanged. The 265 

encapsulation efficiency was maintained above 90% over the same period (Fig. 1h), indicating that the mRNA-266 

loaded LNPs retained their physical and colloidal stability under these storage conditions. 267 

 268 
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 269 

Fig. 1 Physicochemical characterization and colloidal stability of mRNA-loaded LNPs. a–c Particle size, 270 

polydispersity index, and zeta potential of blank LNPs (LNP (BLK)) and mRNA-loaded LNPs (LNP (RNA)). d 271 

Representative cryogenic transmission electron microscopy images of blank and mRNA-loaded LNPs. e–h 272 

Colloidal stability of mRNA-loaded LNPs during storage at 4 °C, as assessed by particle size, polydispersity index, 273 

zeta potential, and encapsulation efficiency over 14 days. Data are presented as the mean ± SD (n = 3); ns, not 274 

significant; **p < 0.01 275 

 276 

Plume geometry and spray pattern 277 

The plume geometry and spray pattern varied with the actuation conditions, with the plume angle showing the 278 

most consistent dependence on actuation speed (Fig. 2a, b). For the stable sprays generated using the 8.0 and 11.2 279 

N springs, the plume angle increased monotonically with actuation speed. For the 8.0 N spring, the angle increased 280 

from 40.2 ± 3.9° at 80 mm/s to 47.5 ± 6.2° at 130 mm/s and 55.9 ± 5.7° at 180 mm/s. Corresponding values for 281 
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the 11.2 N spring were 46.0 ± 4.1°, 50.2 ± 4.5° and 59.5 ± 6.2°, respectively. In contrast, the 4.8 N spring failed 282 

to generate a fully developed spray and instead produced a wide, unstable plume, with angles of 56.1 ± 10.3°, 283 

70.6 ± 6.6°, and 64.0 ± 2.7° at 80, 130, and 180 mm/s, respectively. Consequently, no clear relationship between 284 

plume angle and actuation speed was observed for this spring. Plume height varied within a relatively narrow 285 

range of approximately 6–8 cm and showed a less systematic response to the actuation conditions (Fig. 2c). It 286 

increased modestly with actuation speed for the 8.0 and 11.2 N springs, whereas the 4.8 N spring exhibited a 287 

different pattern, producing its tallest plume at the lowest speed. 288 

At 3 cm from the actuator orifice, the projected spray area generally increased with actuation speed and spring 289 

compression force, with the 11.2 N spring producing the largest areas: 15.85 ± 0.55, 19.79 ± 2.28, and 19.54 ± 290 

1.60 cm² at 80, 130, and 180 mm/s, respectively (Fig. 2d). At 6 cm, the spray area was substantially larger under 291 

all conditions, ranging from approximately 45 to 70 cm², consistent with continued radial expansion of the plume 292 

with increasing distance. At this distance, however, the spray area was more variable across replicates and showed 293 

no consistent dependence on either actuation speed or compression force (Fig. 2e). 294 

At a fixed actuation speed of 180 mm/s, varying the actuation acceleration from 4,000 to 12,000 mm/s² had only 295 

a minor effect on the plume geometry and spray pattern (Fig. 3). At each compression force, the plume angle (Fig. 296 

3b), plume height (Fig. 3c), and projected spray areas at 3 and 6 cm (Fig. 3d, e) remained largely unchanged 297 

across the three acceleration levels. For example, with the 4.8 N spring, the plume angles were 64.0 ± 2.7°, 70.2 298 

± 2.7°, and 69.9 ± 3.1° at 4,000, 8,000, and 12,000 mm/s², respectively. The wide, unstable plume generated by 299 

the 4.8 N spring and the larger spray area at 3 cm produced by the 11.2 N spring, which reached 20.58 ± 1.83 cm², 300 

persisted across the tested acceleration levels. Nevertheless, actuation acceleration showed no consistent 301 

relationship with any of the measured parameters. 302 

 303 
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 304 

Fig. 2 Plume geometry and spray pattern of the nasal spray as a function of spring compression force (4.8, 8.0, 305 

and 11.2 N) and actuation speed (80, 130, and 180 mm/s) at a fixed actuation acceleration of 4,000 mm/s². a 306 

Representative high-speed images of the plume (side view) and of the spray pattern at 3 and 6 cm from the actuator 307 

orifice for each spring and actuation speed. b Plume angle. c Plume height. d Spray area at 3 cm. e Spray area at 308 

6 cm. Bars represent the mean of three replicates (n = 3)  309 

 310 

 311 

Fig. 3 Effect of actuation acceleration on the plume geometry and spray pattern at a fixed actuation speed of 180 312 

mm/s, evaluated at spring compression forces of 4.8, 8.0, and 11.2 N and actuation accelerations of 4,000, 8,000, 313 
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and 12,000 mm/s². a Representative high-speed images of the plume and of the spray pattern at 3 and 6 cm. b 314 

Plume angle. c Plume height. d Spray area at 3 cm. e Spray area at 6 cm. Bars represent the mean of three replicates 315 

(n = 3) 316 

 317 

Droplet size distribution 318 

The droplet size distribution was primarily dependent on the spring compression force (Fig. 4). Increasing the 319 

compression force produced finer droplets: the 11.2 N spring consistently yielded the smallest volume median 320 

diameter (Dv50) and Sauter mean diameter (D[3,2]), whereas the 4.8 N spring produced the coarsest and most 321 

variable droplets. At 180 mm/s and 3 cm, the Dv50 decreased from 48.6 µm at 4.8 N to 37.5 µm at 8.0 N and 32.6 322 

µm at 11.2 N, with a corresponding decrease in D[3,2] (38.3, 32.1, and 24.0 µm, respectively); the same ordering 323 

was observed at 80 and 130 mm/s and at 6 cm. Conversely, the proportion of the measurement period during 324 

which light transmission was below 90% increased with compression force and was highest for the 11.2 N spring. 325 

At 180 mm/s and 3 cm, this proportion was 21.9% for the 11.2 N spring compared with 11.3% for the 4.8 N spring, 326 

consistent with the formation of a denser and more sustained spray. Although droplet sizes were slightly larger at 327 

6 cm than at 3 cm, their dependence on compression force remained consistent. 328 

At a fixed actuation speed of 180 mm/s, increasing the actuation acceleration from 4,000 to 12,000 mm/s² had 329 

only a limited effect on the droplet size distribution, while the dependence on spring compression force was 330 

maintained (Fig. 5). For the 8.0 and 11.2 N springs, the Dv50 remained essentially unchanged across the three 331 

acceleration levels. For example, with the 11.2 N spring at a measurement distance of 3 cm, the Dv50 values were 332 

32.6, 32.1, and 32.1 µm at 4,000, 8,000, and 12,000 mm/s², respectively. The 4.8 N spring produced the coarsest 333 

and most variable droplets at all acceleration levels, with the Dv50 increasing further at the highest acceleration 334 

to 70.8 ± 17.6 µm at 3 cm. Consistent with the actuation-speed series, the proportion of the measurement period 335 

during which light transmission was below 90% increased with compression force. 336 

 337 
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 338 

Fig. 4 Droplet size distribution of the nasal spray as a function of spring compression force (4.8, 8.0, and 11.2 N) 339 

and actuation speed (80, 130, and 180 mm/s) at a fixed actuation acceleration of 4,000 mm/s², measured at 3 cm 340 

(a–c) and 6 cm (d–f) from the actuator orifice. For each distance, the volume median diameter (Dv50; a and d), 341 

Sauter mean diameter (D[3,2]; b and e), and proportion of the measurement period during which light transmission 342 

was below 90% (c and f) are shown. Bars represent the mean of three replicates (n = 3) 343 

 344 
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 345 

Fig. 5 Effect of actuation acceleration on the droplet size distribution at a fixed actuation speed of 180 mm/s. 346 

Measurements were obtained using spring compression forces of 4.8, 8.0, and 11.2 N and actuation accelerations 347 

of 4,000, 8,000, and 12,000 mm/s², measured at 3 cm (a–c) and 6 cm (d–f) from the actuator orifice. For each 348 

distance, the volume median diameter (Dv50; a and d), Sauter mean diameter (D[3,2]; b and e), and proportion of 349 

the measurement period during which light transmission was below 90% (c and f) are shown. Bars represent the 350 

mean of three replicates (n = 3) 351 

 352 

Single-actuation mRNA content and volume 353 

Both the single-actuation mRNA content and volume delivered per actuation increased with spring compression 354 

force under all actuation conditions (Fig. 6a–d). The 11.2 N spring consistently delivered the highest mRNA 355 

content and volume, whereas the 4.8 N spring delivered the lowest. The values obtained with the 8.0 and 11.2 N 356 

springs differed significantly from those obtained with the 4.8 N spring at every actuation speed and acceleration 357 

(Fig. 6a–d). In contrast, neither actuation speed nor actuation acceleration produced a consistent change in the 358 

delivered mRNA content or volume at a fixed compression force. 359 

Plotting the delivered mRNA content against the emitted volume showed that both variables increased together 360 

along the theoretical constant-concentration line (Fig. 6e). With the 4.8 N spring, the emitted volume and mRNA 361 
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content were widely dispersed, whereas the values obtained with the 8.0 and 11.2 N springs clustered closely 362 

around the line. Consistent with these findings, the emitted mRNA concentration, calculated as the mRNA content 363 

per unit volume, remained stable with the 8.0 and 11.2 N springs (0.53 and 0.56 ng/µL; coefficients of variation 364 

of 8.1% and 7.2%, respectively). By comparison, the concentration obtained with the 4.8 N spring was higher and 365 

substantially more variable (0.69 ng/µL; coefficient of variation, 30.0%). These findings indicate that, once a 366 

stable spray was established at the higher compression forces, the device delivered a consistent mRNA 367 

concentration irrespective of the precise emitted volume. In contrast, the unstable spray generated with the 4.8 N 368 

spring compromised the uniformity of both the emitted volume and mRNA content. 369 

 370 
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 371 

Fig. 6 Single-actuation mRNA content and volume as a function of spring compression force (4.8, 8.0, and 11.2 372 

N) and actuation conditions. a mRNA content and b volume according to actuation speed (80, 130, and 180 mm/s) 373 

at a fixed actuation acceleration of 4,000 mm/s². c mRNA content and d volume according to actuation 374 

acceleration (4,000, 8,000, and 12,000 mm/s²) at a fixed actuation speed of 180 mm/s. e Single-actuation mRNA 375 



 20 

content plotted against emitted volume across all conditions, with symbol colors indicating spring compression 376 

force. Solid lines and shaded bands represent the linear regression and 95% confidence interval, respectively, for 377 

each compression force; the dashed line represents the theoretical relationship at a constant concentration. In a–378 

d, data are presented as the mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus 379 

4.8 N; ####p < 0.0001 versus 8.0 N 380 

 381 

Regional deposition in the nasal cast 382 

Regional deposition was evaluated with particular emphasis on the middle and superior turbinates. Together, these 383 

regions received most of the dose deposited in the turbinates and were the most responsive to changes in the 384 

actuation conditions. Deposition in the nasal vestibule, inferior turbinate, and nasopharynx is presented in Figs. 385 

7a and 8a. Before the actuation parameters were varied, the spray insertion angle was optimized by evaluating 386 

five angles ranging from 30° outward to 30° inward. The 30° outward angle resulted in the highest deposition in 387 

the superior turbinate and was therefore used in all subsequent deposition experiments (Online Resource 1). 388 

Notably, spring compression force and actuation speed redistributed the dose between the middle and superior 389 

turbinates in opposite directions. 390 

Increasing the spring compression force at an actuation speed of 80 mm/s shifted deposition from the middle 391 

turbinate toward the superior turbinate (Fig. 7). At the lowest compression force of 4.8 N, deposition was 392 

concentrated in the middle turbinate (33.6 ± 7.4%), with only a small proportion reaching the superior turbinate 393 

(9.0 ± 3.5%). Increasing the compression force to 8.0 and 11.2 N reversed this distribution and significantly 394 

increased superior-turbinate deposition to 42.9 ± 3.5% and 38.9 ± 9.5%, respectively (p < 0.01; Fig. 7c). 395 

Correspondingly, middle-turbinate deposition decreased to 22.8 ± 5.1% and 24.7 ± 3.8%, respectively, although 396 

these differences were not significant (Fig. 7b). 397 

Increasing the actuation speed with the 11.2 N spring produced the opposite redistribution, shifting deposition 398 

from the superior turbinate back toward the middle turbinate (Fig. 8). Superior-turbinate deposition remained high 399 

at 80 and 130 mm/s (38.9 ± 9.5% and 38.6 ± 7.1%, respectively), but decreased significantly to 11.5 ± 0.6% at 400 

180 mm/s (p < 0.01; Fig. 8c). Concurrently, middle-turbinate deposition increased significantly from 24.7 ± 3.8% 401 

at 80 mm/s and 23.2 ± 5.5% at 130 mm/s to 43.5 ± 2.7% at 180 mm/s (Fig. 8b). 402 
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 403 

 404 

Fig. 7 Regional deposition in the nasal cast as a function of spring compression force (4.8, 8.0, and 11.2 N) at a 405 

fixed actuation speed of 80 mm/s and an outward spray angle of 30°. a Deposition (%) in each region (nasal 406 

vestibule, inferior turbinate, middle turbinate, superior turbinate, and nasopharynx); N/D, not detected. b Middle-407 

turbinate deposition. c Superior-turbinate deposition. d Representative images of the nasal cast at each spring 408 

compression force, with deposited regions visualized by changes in the color of the water-finding paste. Data are 409 

presented as the mean ± SD (n = 3); **p < 0.01 versus 4.8 N. 410 

 411 



 22 

 412 

Fig. 8 Regional deposition in the nasal cast as a function of actuation speed (80, 130, and 180 mm/s) with the 11.2 413 

N spring at an outward spray angle of 30°. a Deposition (%) in each region; N/D, not detected. b Middle-turbinate 414 

deposition. c Superior-turbinate deposition. d Representative images of the nasal cast at each actuation speed. 415 

Data are presented as the mean ± SD (n = 3); **p < 0.01 versus 80 mm/s; ##p < 0.01 versus 130 mm/s. 416 

 417 

Effect of actuation on mRNA-LNP integrity 418 

Actuation compromised the physicochemical integrity of the mRNA-LNPs, and the extent of this effect varied 419 

with spring compression force (Fig. 9). Before actuation, the LNPs were uniform, with a hydrodynamic diameter 420 

of 90.2 ± 0.2 nm, a low polydispersity index, and an EE of 86.1 ± 0.5% (Fig. 9a–c). Following actuation, the 421 

hydrodynamic diameter increased markedly, with the magnitude of the increase rising with compression force. 422 

The mean diameter increased to 163 ± 20 nm at 4.8 N, 379 ± 574 nm at 8.0 N, and 1,063 ± 783 nm at 11.2 N. The 423 

higher compression forces therefore produced large, micron-sized aggregates that exceeded the 200 nm threshold 424 

and varied substantially among replicates (Fig. 9a). EE decreased significantly at every compression force, from 425 

86.1% before actuation to 40.8 ± 9.9%, 48.1 ± 7.7%, and 54.8 ± 4.0% at 4.8, 8.0, and 11.2 N, respectively (Fig. 426 
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9c). In contrast, the polydispersity index and zeta potential remained largely unchanged and showed no consistent 427 

relationship with compression force (Fig. 9b, d). 428 

Although the increase in particle size was smallest at the lowest compression force of 4.8 N, EE under this 429 

condition was reduced by approximately half. This finding indicates that the relative preservation of particle size 430 

did not reflect preservation of the encapsulated cargo. Across all compression forces, the EE decreased to 40–55% 431 

of the pre-actuation value, showing that adjusting the device actuation conditions alone was insufficient to 432 

preserve mRNA-LNP integrity during spray delivery in the absence of stabilizing excipients. 433 

 434 

 435 

Fig. 9 Physicochemical properties of mRNA-loaded LNPs before and after actuation at spring compression forces 436 

of 4.8, 8.0, and 11.2 N and actuation speeds of 80, 130, and 180 mm/s. a Hydrodynamic diameter, b polydispersity 437 

index, c encapsulation efficiency, and d zeta potential, with the pre-actuation values shown for reference. The red 438 

dashed lines indicate thresholds of 200 nm in a and 30 in b. Data are presented as the mean ± SD (n = 3); *p < 439 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 440 

 441 

Excipient screening for LNP stabilization 442 
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To determine whether stabilizing excipients could preserve mRNA-LNP integrity during actuation, LNPs were 443 

formulated with hyaluronic acid (HA), poly(vinyl alcohol) 2000 (PVA 2000), or hydroxypropyl methylcellulose 444 

(HPMC) and evaluated before and after actuation at 11.2 N and 80 mm/s (Fig. 10). In the absence of an excipient, 445 

the LNPs underwent severe aggregation following actuation: the hydrodynamic diameter increased from 90.2 ± 446 

0.2 nm to 1,052 ± 1,189 nm, while the EE decreased from 86.1 ± 0.5% to 57.6 ± 2.5% (Fig. 10a, c). All three 447 

excipients suppressed aggregation and maintained the post-actuation hydrodynamic diameter below 200 nm, with 448 

values of 129.7 ± 3.7 nm for HA, 116.6 ± 1.8 nm for HPMC, and 107.1 ± 0.9 nm for PVA 2000 (Fig. 10a). 449 

The excipients differed, however, in their ability to preserve the encapsulated cargo. HA and PVA 2000 partially 450 

preserved EE, with post-actuation values of 68.9 ± 2.1% and 66.3 ± 1.2%, respectively. HPMC provided the 451 

greatest protection, with EE remaining essentially unchanged after actuation (84.7 ± 4.1% before actuation versus 452 

84.9 ± 9.1% after actuation; Fig. 10c). The polydispersity index and zeta potential remained largely unchanged 453 

across all formulations (Fig. 10b, d). 454 

 455 
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 456 

Fig. 10 Effects of stabilizing excipients on the physicochemical properties of mRNA-loaded LNPs before and 457 

after actuation. Raw LNPs and LNPs formulated with hyaluronic acid, HPMC, or PVA 2000 are compared. a 458 

Hydrodynamic diameter, b polydispersity index, c encapsulation efficiency, and d zeta potential, with the pre-459 

actuation values shown for reference. The red dashed lines indicate 200 nm in a and 30 in b. Data are presented 460 

as mean ± SD (n = 3) 461 

 462 

Plume geometry and spray pattern of the PVA-containing formulation 463 

PVA was selected as the model excipient because, at the low concentration used here (0.5%), it provides LNP 464 

stabilization without the marked increase in solution viscosity associated with other candidate excipients All 465 



 26 

spray-characterization experiments comparing PVA 0% and the PVA-containing formulation were conducted 466 

using the 11.2 N spring at an actuation speed of 80 mm/s. The addition of 0.5% PVA had minimal effect on the 467 

plume geometry or spray pattern relative to PVA 0% (Fig. 11). The plume angle was similar between the two 468 

solutions (45.98 ± 4.06° for PVA 0% and 54.77 ± 3.74° for 0.5% PVA; Fig. 11b), as was the plume height, which 469 

remained within a narrow range (6.79 ± 0.64 and 9.77 ± 2.61 cm, respectively; Fig. 11c). The projected spray area 470 

was likewise comparable at both measurement distances. At 3 cm, the spray areas were 15.85 ± 0.55 cm² for PVA 471 

0% and 17.68 ± 1.33 cm² for 0.5% PVA (Fig. 11d); at 6 cm, they were 44.63 ± 3.15 and 39.51 ± 0.54 cm², 472 

respectively (Fig. 11e). The larger spray areas observed at 6 cm reflected continued radial expansion of the plume 473 

with distance. None of the plume-geometry or spray-pattern parameters differed significantly between PVA 0% 474 

and 0.5% PVA, indicating that the excipient did not significantly alter the macroscopic spray behavior. 475 

Representative images of the plume and spray patterns at 3 and 6 cm are shown in Fig. 11a. 476 

 477 
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 478 

Fig. 11 Plume geometry and spray-pattern characteristics of 0% PVA and 0.5% PVA solutions. a Representative 479 

images of the plume geometry and spray patterns at 3 and 6 cm from the actuator orifice. b Plume angle, c plume 480 

height, d spray area at 3 cm, and e spray area at 6 cm. Data are presented as the mean ± SD (n = 3); groups were 481 

compared using an unpaired two-tailed t-test (ns, not significant) 482 

 483 

Droplet size and spray transmission of the PVA-containing formulation 484 
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In contrast to its limited effect on plume geometry, the addition of 0.5% PVA markedly increased the atomized 485 

droplet size (Fig. 12). At 3 cm, the volume median diameter (Dv50) increased from 35.34 ± 0.10 µm for PVA 0% 486 

to 66.39 ± 0.78 µm for 0.5% PVA, while the Sauter mean diameter D[3,2] increased from 25.72 ± 0.07 to 49.02 487 

± 4.76 µm (p < 0.0001 and p < 0.01, respectively; Fig. 12a). A similar pattern was observed at 6 cm, where the 488 

Dv50 increased from 39.59 ± 0.23 to 61.60 ± 0.65 µm and the D[3,2] increased from 30.79 ± 0.36 to 51.13 ± 2.10 489 

µm (both p < 0.0001; Fig. 12b). The proportion of the measurement period during which light transmission was 490 

below 90% was slightly higher for 0.5% PVA than for PVA 0% at 3 cm (26.72 ± 0.14% versus 26.10 ± 0.25%; P 491 

< 0.05) but did not differ significantly at 6 cm (29.96 ± 1.48% versus 27.36 ± 1.58%; ns). 492 

 493 

 494 

Fig. 12 Effect of PVA concentration on droplet size and spray duration. (a) Dv50, (b) D[3,2], and (c) fraction of 495 

spray time below 90% transmission at 3 cm; (d) Dv50, (e) D[3,2], and (f) fraction of spray time below 90% 496 

transmission at 6 cm. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001; ns, not 497 

significant. 498 

 499 

Regional nasal deposition of the PVA-containing formulation 500 

Regional deposition was quantified in five regions of the nasal cavity cast: the nasal vestibule, inferior turbinate, 501 

middle turbinate, superior turbinate, and nasopharynx (Fig. 13a). For both solutions, deposition was concentrated 502 
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in the nasal vestibule and the middle and superior turbinates. The inferior turbinate received negligible proportions 503 

of the delivered dose (0.00 ± 0.00% for PVA 0% and 0.70 ± 1.22% for 0.5% PVA), and no deposition was detected 504 

in the nasopharynx (N/D). The addition of 0.5% PVA significantly increased deposition in the middle turbinate 505 

from 24.69 ± 3.83% for PVA 0% to 37.71 ± 2.86% for 0.5% PVA (p < 0.01; Fig. 13b). In contrast, superior-506 

turbinate deposition did not differ significantly between PVA 0% and 0.5% PVA (38.86 ± 9.45% versus 32.73 ± 507 

2.86%; ns; Fig. 13c). Deposition in the nasal vestibule was 36.46 ± 11.37% for PVA 0% and 28.86 ± 4.95% for 508 

0.5% PVA (Fig. 13a). Representative images of the nasal cavity cast following administration of each solution are 509 

shown in Fig. 13d. 510 

 511 

 512 

Fig. 13 Regional nasal deposition of PVA 0% and 0.5% PVA solutions in a nasal cavity cast. a Deposition (%) in 513 

the nasal vestibule, inferior turbinate, middle turbinate, superior turbinate, and nasopharynx (N/D, not detected). 514 

b Middle-turbinate and c superior-turbinate deposition for the two solutions. d Representative images of the nasal 515 

cavity cast after administration of PVA 0% (top) and 0.5% PVA (bottom). Data are presented as the mean ± SD (n 516 

= 3); groups were compared using an unpaired two-tailed t-test (**p < 0.01; ns, not significant) 517 

 518 
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Discussion 519 

Our spray-characterization findings raise an important mechanistic question: why was the plume angle primarily 520 

associated with actuation speed, whereas droplet size was primarily associated with spring compression force? 521 

This apparent distinction can be understood by considering the sequence of events within a spring-driven, swirl-522 

type pump, in which atomization occurs through two sequential stages governed by different inputs [42]. During 523 

the first stage, the liquid is forced through tangential passages into a swirl chamber, where it acquires angular 524 

momentum. The resulting centrifugal motion drives the liquid outward and creates a central air core, causing the 525 

formulation to emerge from the orifice as a thin, hollow conical sheet rather than a solid jet [42, 43]. The half-526 

angle of this cone is determined by the balance between the tangential (swirling) and axial (forward) velocity 527 

components at the orifice. A greater tangential component widens the liquid sheet and opens the cone, whereas a 528 

greater axial component produces a narrower cone [42]. Increasing the actuation speed enhances the tangential 529 

velocity generated within the swirl chamber, which may explain the observed widening of the plume angle with 530 

increasing speed. This response reflects spray kinematics rather than the energy available for atomization [43].  531 

During the second stage, the conical liquid sheet becomes progressively thinner as it expands. Aerodynamic 532 

instabilities then develop along its surface, fragmenting the sheet into ligaments that subsequently break into 533 

droplets [43]. Droplet size is governed by the energy available for this fragmentation, which scales with the 534 

atomization pressure. Because the spring compression force determines the pressure at which the liquid sheet is 535 

discharged, the stiffer springs generated finer droplets [21, 22, 42]. The plume angle and droplet size therefore 536 

represent distinct, complementary stages of the same atomization process: sheet formation, which is influenced 537 

by the swirl kinematics associated with actuation speed, and sheet breakup, which is driven by the pressure 538 

associated with spring compression force. The behavior of the weakest spring is consistent with this mechanism. 539 

At 4.8 N, the discharge pressure was apparently insufficient to generate a strong swirl or promote efficient sheet 540 

breakup. Consequently, the formulation left the orifice without forming a well-defined cone or fragmenting into 541 

fine droplets, resulting in the wide, unstable plume and coarse droplets observed experimentally. This two-stage 542 

mechanism thus provides a coherent explanation for the dependence of plume angle on actuation speed, the 543 

dependence of droplet size on compression force, and the failure of the weakest spring to produce a stable spray. 544 

The effects of these two atomization stages extended beyond the device to influence regional dose deposition. 545 

Because sheet formation and sheet breakup responded to different actuation inputs, the plume entering the nasal 546 
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cavity had a geometry shaped predominantly by actuation speed and a droplet-size distribution shaped 547 

predominantly by compression force. Regional deposition responded differently to these characteristics. The finer, 548 

more forcefully propelled droplets generated at higher compression forces, reflecting more complete sheet 549 

breakup, carried a greater proportion of the dose upward and deeper into the superior turbinate, a region associated 550 

with olfactory transport to the brain [14, 19, 44]. Conversely, the wider cone produced at higher actuation speeds, 551 

reflecting stronger swirl during sheet formation, dispersed a greater proportion of the dose onto the middle 552 

turbinate before it could reach the superior region. Consequently, deposition in the middle and superior turbinates 553 

shifted in opposite directions as each actuation parameter increased. 554 

These findings indicate that superior-turbinate targeting cannot be maximized simply by increasing the overall 555 

intensity of spray actuation. Increasing the compression force promoted the formation of finer droplets and 556 

enhanced superior-turbinate deposition. Increasing the actuation speed, however, widened the plume and 557 

redirected the dose toward the middle turbinate. The effects of the two atomization stages must therefore be 558 

balanced: compression force and actuation speed cannot be optimized independently because each influences a 559 

different spray characteristic that contributes to regional deposition. This interdependence represents the first level 560 

at which co-optimization of the device parameters is required. 561 

The sheet breakup process that determines droplet size simultaneously exposes the suspended mRNA-LNPs to 562 

potentially damaging physical stresses. Although the mRNA-LNPs remained colloidally stable during storage at 563 

4 °C, retaining their particle size and encapsulation efficiency during the first week, a single actuation was 564 

sufficient to compromise their integrity. Fragmentation of a thin liquid sheet into ligaments and droplets generates 565 

intense, transient shear and continuously creates new air–liquid interfaces. These conditions may disrupt the lipid 566 

nanoparticles and promote the release of their encapsulated cargo. Consistent with this mechanism, actuation 567 

reduced EE from 86.1% before actuation to 40.8–54.8% across the tested compression forces [20, 21]. The 568 

divergence between particle size and EE was particularly informative. At the lowest compression force, the 569 

hydrodynamic diameter was relatively well preserved, although EE had already decreased by approximately half. 570 

At higher compression forces, marked aggregation became evident, with particle sizes approaching or exceeding 571 

the approximately 200 nm threshold regarded as an upper limit for efficient nose-to-brain transport [15, 45]. Thus, 572 

the actuation conditions that promoted superior-turbinate deposition simultaneously threatened to shift the carriers 573 

beyond the size range considered favorable for this delivery route. Particle size, which is commonly used to 574 
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determine whether sprayed nanoparticles have retained their integrity, primarily reflects changes in the external 575 

lipid structure. EE provides complementary information about retention of the payload and may therefore be a 576 

more sensitive indicator of the functional dose remaining after actuation. The loss of encapsulated mRNA even 577 

under the least forceful condition suggests that this damage was not confined to a single harsh actuation setting. 578 

Because shear and interfacial stresses are intrinsic to sheet breakup, modification of the device parameters alone 579 

was insufficient to preserve the encapsulated cargo. 580 

This interpretation provided the rationale for screening stabilizing excipients capable of mitigating the physical 581 

stresses generated during atomization. All three excipients limited the actuation-induced increase in particle size, 582 

although their ability to preserve the encapsulated mRNA differed, with HPMC providing the greatest protection. 583 

This finding should be interpreted cautiously. The excipients that most effectively retained the cargo were those 584 

that increased the viscosity of the formulation, suggesting that greater continuous-phase viscosity may attenuate 585 

the transmission of shear and interfacial stresses to individual particles during sheet breakup. This explanation is 586 

consistent with reports that viscous cellulose-ether networks can protect nanoparticles during atomization-based 587 

processing [46]. Direct rheological and interfacial measurements would be required to confirm this mechanism 588 

and were beyond the scope of the present study. Accordingly, the current findings support the more limited 589 

conclusion that formulation modification can mitigate the actuation-induced loss of LNP integrity that could not 590 

be prevented through adjustment of the device parameters alone. 591 

In addition to mitigating this loss, the formulation altered the spray in a manner that could be interpreted within 592 

the same two-stage atomization framework. When 0.5% PVA was used as a representative viscosity-modifying 593 

excipient, plume geometry remained unchanged, whereas droplet size approximately doubled at both 594 

measurement distances. The formulation therefore altered the outcome of sheet breakup without measurably 595 

affecting sheet formation. This distinction is mechanistically informative. A dilute polymer solution may increase 596 

bulk shear viscosity only marginally, and droplet size in Newtonian sprays is generally insensitive to shear 597 

viscosity across a broad range because it is governed primarily by the balance between inertial and surface-tension 598 

forces [47]. The magnitude of the observed increase in droplet size may therefore reflect the extensional and 599 

elastic response of the dissolved polymer rather than bulk shear viscosity alone. Such a response could resist 600 

ligament thinning during breakup and generate larger droplets, consistent with reports that the median droplet size 601 

of dilute polymer sprays increases with the extensional relaxation time of the liquid [48].  602 
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Functionally, the coarser droplets produced by the PVA-containing formulation increased deposition in the middle 603 

turbinate, while superior-turbinate deposition remained unchanged. This result is broadly consistent with the 604 

relationship between droplet size and regional deposition observed when the device parameters were varied, 605 

although the effect in this case originated from the formulation rather than the device. The formulation therefore 606 

provides an additional means of modulating regional deposition by acting on the sheet breakup stage that is 607 

influenced by compression force. 608 

Collectively, these findings place the two stages of atomization at the center of nasal mRNA-LNP delivery. Sheet 609 

formation contributes to plume geometry, while sheet breakup determines droplet size and exposes the LNPs to 610 

stresses that can compromise cargo retention. Compression force promoted superior-turbinate deposition by 611 

generating finer droplets, although the same atomization process impaired LNP integrity. Regional deposition and 612 

cargo preservation are therefore not independent objectives that can be optimized sequentially; rather, they are 613 

coupled outcomes of a single atomization event. The formulation acts within this same process. A viscosity-614 

modifying excipient not only protected the LNPs to varying degrees but also increased droplet size and 615 

redistributed deposition between the turbinates. The formulation should therefore be regarded not merely as a 616 

passive means of protecting the cargo but as an active determinant of spray performance and regional deposition. 617 

The practical implication is that the delivery device and formulation must be developed concurrently. Actuation 618 

conditions should be tuned to promote deposition in the superior turbinate, while the formulation should be 619 

designed to withstand the stresses imposed by sheet breakup. This process must account for the capacity of the 620 

formulation itself to modify droplet size and thereby alter regional deposition. 621 

Several areas warrant further investigation. In the present study, spray characterization was designed to isolate the 622 

effects of the actuation parameters. A natural next step is therefore to characterize spray behavior using the 623 

complete LNP formulation, whose viscosity and surface activity may influence both sheet formation and sheet 624 

breakup. Such experiments would link the atomization behavior of the device more directly to the 625 

physicochemical properties of the formulation. In particular, the finding that a viscosity-modifying excipient 626 

increased droplet size without altering plume geometry warrants direct characterization of the sprayed solutions 627 

under both shear and extensional flow. These measurements could determine whether polymer elasticity underlies 628 

the observed response and may allow droplet size, and consequently regional deposition, to be predicted from 629 

measurable formulation properties. 630 
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A broader device-design space should also be examined. In addition to spring compression force and actuation 631 

kinematics, nozzle geometry, swirl-chamber geometry, precompression, and metered volume may influence 632 

atomization and deposition. Systematic evaluation of these parameters would help define the extent to which 633 

superior-turbinate deposition can be increased before loss of cargo integrity becomes limiting. Finally, the 634 

biological consequences of delivery under the optimized conditions—including cellular uptake, mRNA 635 

expression, and in vivo N2B transport—remain to be established. Within these limitations, the present results 636 

demonstrate a generalizable principle: the actuation conditions that direct a nasal spray toward the superior 637 

turbinate also influence the integrity of its mRNA-LNP cargo. An integrated device–formulation framework 638 

therefore provides a rational basis for engineering nasal sprays capable of delivering mRNA-LNPs to the intended 639 

region while preserving their functional integrity. 640 

 641 

 642 

Conclusion 643 

This study demonstrates that the delivery device and formulation cannot be developed independently for nasal 644 

administration of mRNA-LNPs. The actuation conditions of the mechanical nasal spray pump governed regional 645 

deposition and LNP integrity simultaneously. Increasing the spring compression force promoted deposition in the 646 

superior turbinate, a region relevant to N2B transport, while actuation reduced the EE of the LNPs. The decline 647 

in EE occurred even when changes in particle size were limited, indicating that EE was a more sensitive measure 648 

of actuation-induced loss of integrity than particle size alone. 649 

Because regional deposition and cargo preservation responded to the same actuation process, optimization of the 650 

device parameters alone was insufficient to achieve both objectives. Excipient screening showed that formulation 651 

modification could mitigate the actuation-induced loss of LNP integrity. In addition, 0.5% PVA increased droplet 652 

size and altered regional deposition without significantly changing plume geometry, demonstrating that the 653 

formulation, like the device, actively influences where the administered dose is deposited. 654 

Nasal mRNA-LNP delivery should therefore be approached as an integrated device–formulation problem. 655 

Actuation parameters that promote superior-turbinate deposition must be paired with a formulation capable of 656 

withstanding the resulting atomization stresses, while accounting for the formulation’s own effects on droplet size 657 
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and deposition. This framework provides a rational basis for developing nasal sprays that deliver intact, functional 658 

mRNA-LNPs to the intended nasal region. In vivo validation of nose-to-brain transport and mRNA expression 659 

will be essential to establish the biological relevance of these findings. 660 

 661 
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Online Resource 1. Effect of the spray insertion angle on regional deposition in the nasal cast, evaluated at five 825 

insertion angles (outward 30°, outward 10°, perpendicular 0°, inward 10°, and inward 30°) with the 11.2 N spring 826 

at 80 mm/s. a Deposition (%) in each region (nasal vestibule, inferior turbinate, middle turbinate, superior 827 

turbinate, and nasopharynx), with representative images of the nasal cast at each insertion angle shown on the 828 

right. b Inferior-turbinate, c middle-turbinate, and d superior-turbinate deposition as a function of the insertion 829 

angle. Data are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ****p < 0.0001 versus outward 30°. 830 
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