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Summary 

The effective delivery of medication to the lungs via the inhalation of aerosols is strongly dependent upon the droplet 
size distribution; i.e., optimum pulmonary drug delivery occurs when the size falls between 1 and 5 μm in diameter.   

In this study, we investigated the formation of aerosols by means of surface acoustic waves (SAWs) and developed 
a new solution to control the droplet size distribution within the required range. The acoustic waves were coupled 
into a microfabricated array of microconfinements of the liquid sample to be nebulised. The therapeutic suspension 
also advantageously act as the acoustic coupling agent. SAWs were generated on the surface of a piezoelectric 
substrate and the nebulisation process was monitored by a high-speed camera (100,000 fps) and the particles size 
distribution measured by a Spraytec (Malvern Panalytical).  

We show that the physical confinement within the microstructures controls the wavelength of the deformation of the 
liquid, which allows us to precisely tailor the droplet size distribution of the aerosols to the optimum range for drug 
delivery (1 to 5μm). We also validated the applicability of the technique, by nebulising drug-loaded nanoparticles. 
Importantly, the control of the acoustic energy into the microstructures enables the direct formulation of 
encapsulated compounds from base materials (i.e. the compound and the shell). This new capability offers the 
possibility of nebulising formulations that have a short shelf-life when encapsulated. As a proof-of-concept, we 
demonstrate this by forming and nebulising the cancer drug Paclitaxel, encapsulated in ca. 250 nm human serum 
albumin particles.  

Key Message 

We demonstrate that surface acoustic waves can efficiently control of the size distribution of a nebulised aerosol, 
when coupled with microstructured surfaces. This capability allows to increase the proportion of drug nebulised that 
is delivered at the right location in the lungs to potentially increase efficacy. Additionally, we have shown the potential 
of the technique to form drug loaded of nanoparticle directly from the microstructured surface.    

Introduction 

Surface acoustic waves can be generated on the surface of a piezoelectric material to create a Rayleigh wave of 
nanometers in amplitude[1], which couple into the materials placed in their propagation path. In case of a fluid, the 
ultrasonic wave refracts into it and generates fluid streaming flows (Fig. 1a). The latter process could led to many 
phenomena including the dispersion of the liquid in form of a mist[2] (i.e., nebulisation) which has a wide range of 
applications including printing of micro-protein arrays[3], spray drying, mass spectrometry[4], nanoparticles synthesis 
and pulmonary drug delivery. In the latter case, It is well established that a narrow distribution of aerosol droplet 
diameters, between 1 to 5 μm, is required for an efficient and effective drug delivery to the lungs.   

Early studies on droplet formation showed that the propagation of waves on a liquid jet generates instabilities[5] that 
break-up the liquid jet into many droplets when the instabilities wavelength exceeds a critical value (λCr). These 
studies underpin the current understanding of drop formation due to instabilities at liquid-air interface[6].  

The instability waves are categorised based on the dominant force between the gravitational force or the surface 
tension force. The latter is shown to be the dominant one when the length scale of liquid is very small (< 2cm) and 
these waves are known as capillary waves.  

Earlier studies, using low frequency bulk acoustic waves (<1MHz), showed a correlation between the median 
diameter of the aerosol droplet size (𝑑𝑚) and the frequency of the capillary waves (𝑓𝑐) formed on the liquid surface[7]. 

Using the assumption made by Kelvin[8] that  𝑓𝑐 = 𝑓/2, Lang et al.[7] corroborated the existence of a correlation 

between the mean droplet size, capillary wavelength (𝜆𝑐) and the acoustic excitation frequency (𝑓):   
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This expression was also derived later by other authors[9]. However, recent studies suggest that Kelvin’s assumption 
on the capillary frequency (i.e., 𝑓𝑐 = 𝑓/2) is not valid for high frequency excitations. 

In general, it has been shown that depending on the geometry of the parent drop (e.g. diameter of a spherical cap 
droplet), nebulisation SAWs generates aerosols with a multimodal size distribution[10]. This has been explained by 
the acoustic deformation of the liquid volume, creating a thin layer of liquid adjacent to the bulk of the fluid, which 
results in the generation of small droplets (<10µm), while larger droplets (>10 µm) detach from the bulk of the liquid. 
These studies conclude that the final droplet size distribution of the nebulised liquid depends on a characteristic 
length scale of the liquid sitting within the SAW propagation path, which could be either its width or its height[11].  

In this communication, we present a method to control the final aerosol droplet size distribution and its dispersity by 
filtering low frequency capillary waves within micro-fabricated cavities, which act as a low-pass filter and impose a 
well-defined characteristic length scale to the nebulisation system. Moreover, we demonstrate that these micro-
fabricated cavities can be used to produce nano-particle formulations directly from the platform.   

Methods and materials  

SAWs device fabrication and nebulisation: SAWs were generated on the surface of the piezoelectric material, 
lithium niobate (LiNbO3), using an interdigitated transducer (IDT), as schematically shown in Figure 1a. The IDT 
was prepared by standard photolithography and microfabrication process.  

Cylindrical cavities were etched in Si, with diameters of 100, 200, 400, 600, 800 and 1500 μm. The silicon wafer 
was patterned using a standard photolithography and dry etched to a depth of 250 μm. The resulting silicon chip 
(22 x 22 mm) was then coupled to the surface of lithium niobate, as a thin plate (Figure 1a), using a small volume 
(ca. 10µl) of ultrasound transmission gel (Aquasonic 100, Parker Laboratories INC., USA). The cavities were fully 
filled with water before conducting each experiment.  

The SAW actuated nebulisation was performed using 2.0 𝜇𝑙 volume of deionised water. A high-speed camera 
(Phantom V2511, Vision Research, USA) captured images in order to monitor formation of capillary waves, measure 
the capillary wavelength and monitor the nebulisation process. Several hundred measurements were carried out 
for the capillary waves on the surface of both free and confined liquids. Images were acquired at a frame rate of 
100,000s-1 with a resolution of 384 x 288 pixels, unless otherwise stated.  

A laser diffraction instrument (Spraytec, Malvern, UK) was used to measure the aerosol droplet size distribution. 
Laser diffraction method is capable of measuring droplet sizes of 0.1 to 2000 μm in diameter. Mean value of 3 
replicates is reported.  

The Bovine  Serum Albumin (BSA) nanoparticles were prepared by emulsion solvent evaporation process [12]. 
Control emulsions were prepared though the conventional method by dispersion of 100 μl of chloroform in 1mg/ml 
solution of BSA in water (containing 12 𝜇g/ml of the anti-cancer drug Paclitaxel). The emulsion was then subjected 
to 5 minutes of tip sonication and subjected to rotary evaporation for 30 minutes at 90 rpm. For BSA nanoparticle 
formation, the same initial mixture was prepared and nebulised after a rigorous hand shake. A Malvern Nano-sizer 
was used to characterise nano-particles. The Paclitaxel concentration in nano-particles was measure using UV-
spectrophotometric method as reported previously[13].  

Results  

In order to investigate the relationship between the characteristic length scale of the liquid and the SAW induced 
capillary waves at the water-air interface, two sets of experiments were performed: (I) a sessile (free) drop was 
placed directly on the lithium niobate wafer or (II) the liquid was constrained by a micro-structured filter. The capillary 
wavelengths were measured by means of image analysis. Results show a direct proportionality with the 
characteristic length scale of fluid (i.e., either with the diameter of sessile drop or with the characteristic length of 
the micro-structured filter). These results provide a new strategy for controlling the formation of capillary waves by 
means of engineered micro-structured filters. 

The aerosol droplet size distributions of nebulised liquids by using various confinements of different size were 
measured by using a laser diffraction technique and the results are reported in Figure 1b. These are consistent with 
earlier observation of the formation of capillary waves with short wavelength within small confinements. The droplet 
size distributions of aerosols yielded from confined liquids show a large decrease in distribution width and formation 
of aerosols with relatively sharper distributions compared to those performed with a free water droplet (Figure 1b). 
A decrease in the formation of large droplets is visible for cavities with a size of 800 μm in diameter. Further decrease 
of cavity size to 400 μm and 200 μm produce an aerosol with a mono-modal distribution and peaks in the range of 
15 μm and 2 μm, respectively. The latter value lies within the desirable range of aerosol droplet size for pulmonary 
drug delivery.  
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Figure 1. (a) A schematic showing propagation of surface acoustic waves on the surface of a material and generates 
fluid streaming. (b) Droplet size distribution with cavity size for droplets formed from 2 μl droplet (i.e., 1.6 mm which is 
diameter of sessile droplet) and liquid confined within cavities of 800 μm, 400 μm and 200 μm. 

Finally, the formation of nano-particle formulation via these cavities was investigated. Conventionally, this process 
is done by means of emulsion solvent evaporation[12]. A volatile oil (e.g., chloroform) in water emulsion is formed in 
presence of a protein that acts as stabiliser (such as BSA). Usually, the production process starts with a tip 
sonication, followed by multiple passages of the emulsion through a high-pressure homogeniser to reduce the 
droplet size. Consequently, the volatile oil is evaporated using rotary evaporator to form BSA nanoparticles.  

In this work, the initial emulsion was prepared by adding 100μl chloroform into a 1ml of 1mg/ml BSA water solution 
(containing 12 𝜇g/ml of Paclitaxel), which was consequently shaken vigorously. The mixture was then fed into the 
platform and dispersed as an aerosol. Upon dispersion of mixture, the aerosol was collected in a water reservoir 
and measured by using dynamic light scattering (Malvern Zetasizer). The comparison between droplet size and 
zeta potential of particles produced by means of both the conventional method and the SAW based nebulisation 
shows that both methods produce particles in the range of 230nm and have comparable zeta-potential values 
(Figure 2a).  The nanoparticle drug load efficiency was measured by measuring the drug concentration using a UV-
spectrophotometric method. Nanoparticles were concentrated using centrifugal filtration and the drug load 
concentration in nanoparticles produced through the conventional method and nebulisation method were measured. 
Comparison of drug loaded concentration in these nanoparticles and initial solution are shown in Figure 2b. It 
reveals that nano-particles produced by the means of SAW nebulisation contains a comparable amount of drug and 
low residue of the drug on platform was measured.  

 

Figure 2. (a) Particle size and zeta potential comparison of BSA nanoparticles formed by a conventional 
method and by means of a SAW based nebuliser. (b) Measured concentration of Paclitaxel in nano-particles 
produced via the conventional method and SAW nebulisation. (c) SEM image of prepared nebulised BSA 
nanoparticles. 

 

Conclusion 

We have corroborated that the wavelength of capillary waves on the surface of a liquid is proportional to the 
characteristic length scale of the liquid. This is achieved by nebulising different volumes of water on the surface of 
an interdigitated transducer and by controlling the liquid characteristic length scale by means of a series of 
microfabricated disposable filters having different cavity size. Moreover, we employ the same technology to produce 
and nebulise BSA nano-particles; enabling a single step formulation of nano-particles for potential applications in 
pulmonary drug delivery. These experiments were carried out using a lab-prototype and we are currently seeking 
to commercialise the technology.  
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