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Abstract

:

Nebulizer is one of inhalation therapy’s most widely used aerosol generation devices. Nowadays, the vibrating mesh nebulizer has become popular owing to its compactness and noiselessness. In this study, an experimental system is proposed to measure the deposition fraction (DF) of nebulized sodium chloride (NaCl) droplets in an idealized mouth-throat airway model. The results show that before the DF increases to 58.6% with an increasing flow rate to 60 L/min, there is a decrease in DF from 42.4% to 15.5% when the inhalation flow rate increases from 15 to 22.5 L/min for a normal saline solution. These results substantially differ from the conclusions of dry powder or particle experiments and simulations, which monotonously increases with increasing inhalation flow rate. This suggests that droplet evaporation during aerosol generation and transport in the airway plays an important role. The experiment also showed that droplets generated from solutions with a higher NaCl concentration have higher DFs.
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1. Introduction


Respiratory diseases impose a substantial medical burden and reduce the quality of life [1,2,3]. Inhalation therapy, which treats respiratory diseases, has typical advantages, e.g., higher drug concentrations in pulmonary tissue, rapid onset, and fewer side effects [4]. Nebulizer is one of the most common devices for inhalation therapy [5,6]. During the pandemic of novel coronavirus disease 2019 (COVID-19), nebulizers were also widely used to generate droplet aerosol carrying the COVID-19 vaccine [7].



The human airway has a complex geometry, affecting the airflow and particle/droplet deposition. Experiments and simulations have been conducted to analyze the transport and deposition of aerosol during inhalation [8,9,10]. Turbulent laryngeal jet [11,12], secondary flow, and other transient airflow structures [13] lead to different aerosol deposition characteristics. Inertial impact is the leading mechanism for the deposition of micron particles in the upper respiratory tract. The micron particles’ deposition fraction (DF) increases with particle density, size, velocity, etc. [14]. Grgic et al. [15] obtained the overall deposition efficiency and localized deposition pattern by extracting the position and intensity of radioactive particles in an idealized human mouth-throat (MT) model. Considering the realistic geometric features of the respiratory tract, Golshahi et al. [16] proposed correlations for predicting the deposition of micron particles in the oropharyngeal airway of children aged 6–14 years at medium-to-high inhalation flow rates. Xi et al. [17] successfully measured the droplet deposition patterns in upper airway models using Sar gel. Zhang et al. [18] concluded that oral airway constriction at moderate-to-high flow rates increases particle deposition in the laryngeal airways. Feng et al. [19] recently provided a tutorial for the simulations of transport, deposition, and translocation of particles in human airways.



Compared to traditional nebulizers, i.e., jet nebulizers and ultrasonic nebulizers, the vibrating mesh nebulizer (VMN) has become popular owing to its portability and noiselessness, among other advantages. Waldrep and Dhand. [20] introduced unique design features of different VMNs, including MicroAir, Aeroneb, eFlow, and I-neb. Galindo-Filho et al. [21] used radiolabeled aerosols to evaluate the in vivo pulmonary DF of droplets generated by VMNs and jet nebulizers during noninvasive ventilation. They showed that VMNs delivered two-fold more aerosols into the respiratory tract compared with jet nebulizers. Pulmonary aerosol deposition from SPECT-CT analysis increased by six times with the Aerogen Ultra VMN compared to the Opti-Mist Plus jet nebulizer [22]. In vivo experiments also showed that the eFlow rapid VMN was more efficient in terms of lung deposition and drug output for amikacin nebulization than the Sidestream jet nebulizer [23].



The nebulized droplets contain a normal saline solution and dissolved drug components or nondissolvable small drug particles. Thus, evaporation of multicomponent droplet is one of the key factors, which could change the droplet trajectory and affect the deposition in the airway. For multicomponent droplets, experimental results show that the solute-induced water vapor–pressure reduction considerably slows the evaporation process and dominates the solute-concentration dependence of droplet evaporation time [24]. Sasaki et al. [25] found that the evaporation of ethanol and water binary droplets had three stages: (1) preferential evaporation of ethanol, (2) transition (evaporation of ethanol and condensation of water), and (3) evaporation and condensation of water. Zeng et al. [26] showed that humidity distribution significantly affects evaporation of droplets with solid fractions when simulating the transport of exhaled aerosols into ambient air. Dbouk and Drikakis. [27] suggested that the influence of the environment’s relative humidity and temperature on droplet evaporation needs to be quantified for the transmission of exhaled droplets. A high-speed camera is often used to capture the evolution of large droplets [28,29], which could be used to validate the mathematic models.



It is critical to capture the droplet–vapor interaction phenomenon, i.e., evaporation and condensation, to simulate a dynamic change, transport, and deposition of droplets in the human airway. Finlay [30] introduced a mathematical model describing the change in particle size due to evaporation or condensation. Zhang et al. [31] validated their droplet–vapor interaction model and studied the evaporative and hygroscopic effects and deposition of isotonic and hypertonic saline droplets in a mouth-to-G4 airway model. Furthermore, Zhang et al. [32] included the effects of humid airway boundary and 3D RH distribution of the airway in the simulations. They concluded that droplet evaporation and hygroscopic growth are important under different environmental relative humidity (RH) and temperature conditions. Chen et al. [33] achieved a higher accuracy of the droplet–vapor interaction model than Zhang et al. [32] compared with the experimental data [34]. Simulations showed that the effects of environmental RH and humid airway boundary on the deposition of droplets are important. Later on, Chen et al. [35] constructed a mucus-tissue model around the airway conduit based on a two-layer method [36] and analyzed the effects of mucus evaporation and mucus-tissue heat transfer on droplet deposition in an idealized airway. These two models were used, validated, and applied to individual airways [37,38]. Winkler-Heil et al. [39] studied the accuracy of their aerosol dynamics model when predicting the hygroscopic growth of NaCl particles and simulated the dynamic change, transport, and deposition of NaCl particles in the human airway. Wickert and Prokop. Ref. [40] reviewed the methods for simulating water evaporation under natural conditions.



VMN can generate droplets with a high number concentration. When the droplets evaporate, the RH of inhaled air will increase in the upper airway, which would in turn weaken the evaporation of droplets. The role of droplet evaporation in the upper airway deposition mechanism is still unclear for VMN. Khamooshi et al. [41] simulated the deposition of nebulized droplets in a nasal airway without considering evaporation. However, overlooking the droplet evaporation would overestimate the DF up to 80% in a simplified MT airway model when using the one-way coupling method [35].



This study aimed to investigate the transport and deposition of VMN-generated droplets in a simplified MT airway [42]. An experimental system was developed to measure the droplet DF in the airway. The DFs of droplets with high concentrations were acquired under different steady inhalation flow rates. The effect of solution concentration on DF was also evaluated by comparing the DFs of droplets nebulized from 0.9% and 10% w/v NaCl solutions. Our results provide new insights into nebulized droplet deposition that can be used to model and validate droplet–vapor interaction for applications with a high droplet concentration, e.g., nebulizers, MDIs (Metered-dose Inhalers), and e-cigarettes.




2. Methods


2.1. Experimental Environment and Setup


The environment for the experiment was controlled. The experiments were conducted in a cleanroom installed in the laboratory. The temperature and RH of the cleanroom were maintained at 26.5 ± 1 °C and 50 ± 2%, respectively. The air in the laboratory was first purified. The mass concentration of PM2.5 in the laboratory was 0 μg/m3, which was monitored using a TSI DustTrak aerosol monitor 8532 (TSI Inc., Shoreview, MN, USA). The particle concentration in the ISO 4 cleanroom was verified using a TSI optical particle size spectrometer 3330 (TSI Inc., Shoreview, MN, USA).



Figure 1 shows the experimental setup of droplet deposition experiment under steady inhalation conditions. The experimental system consists of a VMN, an idealized MT model, a bubble absorption tube, a prefilter, a membrane filter, a glass rotor flowmeter, and a vacuum pump.




2.2. Vibrating Mesh Nebulizer (VMN)


A commercial VMN, HL100A (Yuwell Co., Ltd., Zhenjiang, Jiangsu, China), was used in this study (Figure 2). A piezoelectric transducer was vertically installed on the side of the reservoir, and therefore the aerosol stream is generated horizontally. There is a short tube at the outlet of the aerosol stream. It connects the silicone mouthpiece. The upper half of the short tube has a semicircular opening, which is used as the air inlet for inhalation. The nebulized droplet distributions were measured using the light scattering method (Spraylink, Zhuhai Linkoptic Instrument Co., Ltd., Zhuhai, Guangdong, China). Table 1 shows the droplet size distributions of the nebulized 0.9% and 10% w/v NaCl solutions and the setting of refractive indexes. The droplet size distribution was measured in triplicate. Each measurement result is the average value of 10 times of sampling in 30 s. The nebulization rate of the liquid is 0.22 ± 0.02 g/min, which was also measured in triplicate.




2.3. Idealized MT Airway Model


An idealized MT model was proposed by Zhang et al. [43]. The model has a 30 mm diameter inlet and an 8.5 mm diameter outlet. Zhang et al. [43] suggested that the idealized MT airway model can mimic in vivo MT deposition of the inhalable particle. To rinse the MT airway model, the cavity of the model was divided into two symmetric halves. The aluminum MT airway model used in our experiment (Figure 3) was manufactured by computer numerical control machining and anodized to enhance the surface smoothness.




2.4. In Vitro Nebulization Test


For each test, the mouth cavity of the MT airway model and prefilter was installed horizontally. The bubble absorption tube, filter unit, and flowmeter were installed vertically. A glass rotor flowmeter (10–100 L/min, ±4%, LZM-6T, Senlod Co., Ltd., Nanjing, China) was used to adjust the flow rate in the system using a vacuum pump. The VMN was activated to nebulize the NaCl solution when the flow rate was stable. The nebulization lasted 3 min to ensure the following: (1) No large droplet formed and dripped from the throat outlet into the bubble absorption tube, and (2) no large droplet formed on the membrane filter. The deionized water (Nandye Co., Ltd., Wenzhou, Zhejiang, China) in the bubble absorption tube was used to capture most droplets exiting from the MT airway model. A stainless-steel prefilter (Jingwei Co., Ltd., Shanghai, China) with a pore size of 0.5 mm was used to block the possible large droplets from bubble breakage in the bubble absorption tube. A glass fiber membrane filter (Yaxin Co., Ltd., Shanghai, China) with a pore size of 0.1 μm collected the rest of the droplets.



After the droplet deposition, the mouthpiece of VMN, the MT airway model, bubble absorption tube, prefilter, a membrane filter, and the tubes used to connect these parts were detached from the system. Using deionized water, these components were rinsed in ultrasonic cleaners (Huace Science and Technology Co., Ltd., Shenzhen, Guangdong, China). The rinsate was collected in volumetric flasks, and the volume was adjusted with deionized water.



The samples were assayed to quantify the NaCl deposition in the mouthpiece, MT airway model, bubble absorption tube, prefilter, a membrane filter, and tubes using an automatic potentiometric titrator (PXSJ-216F, INESA Scientific Instrument Co., Ltd., Shanghai, China). The potentiometric titrator measured the volume concentration of the chloride ion. Therefore, the mass of NaCl in the sample could be calculated based on the Cl− concentration and the volume of volumetric flask. The difference between the NaCl mass in the nebulized solution and the NaCl mass in the rinsate was less than 5% for each test, ensuring that almost all nebulized droplets were captured.



The experiments were conducted under five inhalation flow rates of 15, 22.5, 30, 45, and 60 L/min and two sodium chloride (NaCl) solution concentrations of 0.9% and 10% w/v. The experiments under each condition were carried out in triplicate.




2.5. DF


The DF can be defined as follows:


  D F =    m 1     m 1  +  m 2    × 100 %  



(1)




where m1 is the mass of NaCl droplets deposited in the mouthpiece and MT model and m2 is the mass of NaCl droplets escaped from the MT model. m2 includes the mass of NaCl droplets captured by the bubble absorption tube, prefilter, membrane filter, and tubes connecting these components. A high DF in the MT airway indicates that fewer droplets could be delivered into the lung.





3. Results and Discussion


Figure 4 shows the DFs in the MT airway model as a function of the inertial parameter,    ρ d   d d 2  Q  , where the    ρ d    (g/cm3) is the droplet density,    d d    (μm) is the MMAD of the droplet, and Q (cm3/s) is the inhalation flow rate. The black squares and red dots in Figure 4 show the DFs of the droplets of nebulized 0.9% and 10% w/v NaCl solution in the MT model, respectively. The blue triangles are the experimental results of the DEHS (Di-Ethyl-Hexyl-Sebacat) oil droplets in the same MT model [43].



3.1. Effect of Inhalation Flow Rate


Normal saline, a solution of 0.9% w/v NaCl, is the most common medium to dissolve or disperse drugs for inhalation therapy when using nebulizers. Therefore, the DFs of droplets of nebulized normal saline (the black dots in Figure 4) in the MT model were tested. When the inhalation flow rate increased, the DF of droplets decreased from 42.4% at 15 L/min to 15.5% at 22.5 L/min and then the DF gradually increased to 16.8% at 30 L/min. The DF increased continuously with the increase in the inhalation flow rate to 29.9% and 58.6% at 45 and 60 L/min, respectively.



The variation in the DFs of normal saline droplets as a function of inertial parameter is different from the previous experiment. Zhang et al. [43] used DEHS droplets, which did not evaporate or condense in the air, to evaluate the deposition characteristics of MT model. The DF of DEHS droplets only increased monotonically with the increase in inertial parameter. However, similar decreases and then increases in the DFs or deposition efficiencies of the particles or droplets were previously reported. Kleinstreuer et al. [44] reported the main mechanism for the particle DF in the human upper airway as a function of particle diameter. It was concluded that the DFs decrease for ultrafine particles (0.01 to 1 μm) because of a reduction in diffusive capacity, while the DFs increased for micron particles due to increasing impaction when the particle diameter increased from 1 μm to 10 μm. Chen et al. [45] found that the minimum deposition efficiency exists for micron particles in a G11-G14 lung airway. The numerical predictions show that the deposition efficiencies of 5 and 7 μm particles first decreased with the increase in inhalation flow rate and then increased with the inhalation flow rate again. These results indicate that the main deposition mechanism changes between sedimentation and impaction. It is well known that the DFs of droplets or particles increase with the increase in the inhalation flow rate in the airway. Therefore, there must be a mechanism that leads to a decrease in the DF of nebulized normal saline droplets in this study when the inhalation flow rate increased from 15 to 22.5 L/min.



A possible explanation is that the droplet size changes due to evaporation. However, simply considering the droplet residence time cannot explain this phenomenon. For example, droplets would have the longest residence time at 15 L/min; therefore, they would have the longest time to evaporate in the airway model. The droplets also have the lowest inertia due to the lowest air velocity in this experiment. Then, the DF of droplets should be the lowest under 15 L/min condition, which is different from our result. Thus, the mass balance of water between the droplets and air needs to be considered.



If the water in the normal saline droplets generated by the VMN entirely evaporated, the RH of well-mixed air would approximately reach 103%, 85%, 76%, 67%, and 63% at inhalation flow rates of 15, 22.5, 30, 45, and 60 L/min, respectively. Experiments indicated an RH threshold for NaCl to absorb water vapor or precipitation from an aqueous solution. Tang et al. [46] suggested that the deliquescence point for the NaCl aerosol is approximately an RH of 76% at 25 °C. Robinson and Stokes [47] found that the deliquescence point is an RH of 75.3% for a bulk NaCl solution. Cruz and Pandis [48] reported that a 100 nm NaCl particle could grow under an RH of 75% at 22 °C to 26 °C. Thus, the saline droplets would partially evaporate but arrive at different equilibrium statuses under 15 and 22.5 L/min flow rates. The droplets would evaporate more efficiently and become solid NaCl particles under inhalation flow rates of 45 and 60 L/min conditions.



We can deduce that the droplet evaporation and inertial impact are the two main mechanisms governing the deposition, first decreasing and then increasing the DFs as a function of inertial parameter, as shown in Figure 4. This is an analogy to the change in deposition mechanism from inertial impact to Brownian motion when the particle size decreases from micrometers to nanometers in the upper airway [44] or the change in deposition mechanism between the inertial impact and gravitational sedimentation in the lower airway [45]. The evaporation of droplets reduces the possibility of inertial impaction and sedimentation; therefore, the droplets have lower DFs at flow rates of 22.5 and 30 L/min. When most droplets evaporate, the DF increases with the flow rate due to increased droplet/particle inertia at 45 and 60 L/min.




3.2. Effect of NaCl Solution Concentration


The red circles shown in Figure 4 are the DFs of 10% w/v NaCl droplets. When the inhalation flow rate increases, the DF of droplets first decreased from 43.9% at 15 L/min to 18.6% at 22.5 L/min and then the DF gradually increased to 23.4% at 30 L/min. The DF continuously increased with the increase in the inhalation flow rate to 41.2% and 59.3% at 45 and 60 L/min, respectively.



Considering that the mass median aerodynamic diameter (MMAD) of droplets of 10% w/v NaCl solution is slightly larger than that of 0.9% w/v NaCl solution; the inertial parameters of 10% w/v NaCl droplets are more significant than those of 0.9% w/v NaCl droplets (black squares shown in Figure 4) at the same inhalation flow rate conditions. The DFs of 10% w/v NaCl droplets are higher than those of 0.9% w/v NaCl droplets in the range of inertial parameters from 9000 to 37,000 gμm2/s in general, as shown in Figure 4.



We assume that the droplets could not be entirely evaporated at inhalation flow rates of 15 and 22.5 L/min. The molar fraction of water is lower in the droplet if the droplet initially has a higher NaCl concentration. Thus, the water molecule is less likely to escape the droplet surface and enter the air at the same environmental RH. This reduces the evaporation rate of droplet with a higher NaCl concentration. The droplet with a higher NaCl concentration, which has a lower evaporation rate, is relatively larger than that with a lower NaCl concentration for the same initial diameter when evolving with time. Thus, the droplet with a higher NaCl concentration has a higher possibility of settling in the airway if the inhalation flow rate is low. It also has a higher inertia than that with a lower NaCl concentration when flowing through the MT airway. The increased inertia leads to a higher possibility of depositing on the airway surface due to inertial impact.



For higher inhalation flow rates, i.e., 30 to 60 L/min, we can assume that the droplets could evaporate more efficiently. The droplet with a higher NaCl concentration would have a larger dry NaCl particle size when fully evaporated for the same initial droplet size. Therefore, a larger particle leads to a higher DF.



According to the results of our experiment, decreasing the nebulizing rate of this commercial VMN could increase the delivery efficiency of the droplet in the patient’s lung. Note that the nebulizer inhalation therapy often operates at a low inhalation flow rate, e.g., lower than 20 L/min [49]. This is approximately the value of inertial parameter of 10,000 shown in Figure 4. Under this condition, increasing the inhalation flow rate or diluting the droplet flow can reduce the DF in the MT airway. Decreasing the nebulizing rate of HL100A VMN can reduce the mass of droplets per unit volume of inhaled air; therefore, it can reduce the DF of droplets in the upper airway.





4. Conclusions


The deposition experiments of droplets generated from a commercial VMN were conducted in an idealized MT airway model. An in vitro experiment system was established to measure the DF of droplets in the airway model. Solutions with two NaCl concentrations, i.e., 0.9% and 10% w/v, were nebulized at different inhalation flow rates from 15 to 60 L/min. A relationship between the DFs of nebulized droplets and inertial parameters at different inhalation flow rates was obtained. Based on the results from our experimental study, we conclude the following:




	
The DF of nebulized droplets first decreases with the increase in inhalation flow rate and then increases with the inhalation flow rate again. This deposition characteristic significantly differs from the experiments for solid particles or DEHS droplets;



	
The high DF of VMN nebulized droplets at 15 L/min is caused by the humidification of inhaled air due to droplet evaporation. The increase in air RH handicaps the droplet evaporation, if the RH is higher than the threshold for the hygroscopic growth of NaCl;



	
Droplets nebulized from a solution with a higher NaCl concentration have a higher DF in the MT airway.








Limitations and Future Work


Our experimental study provides a macroscopic measurement of the DF of nebulized droplets in an upper airway model. Distinct differences have been observed compared to the results of deposition experiments of dry particles. This study has established the experiment system and procedures to evaluate the DF of droplet aerosol in the airway model. Future work may focus on the characteristics of VMN and environmental conditions affecting the droplet transport and deposition, i.e.,



	
Nebulization rate of VMN, which may change the water vapor transfer between the droplets and surrounding air;



	
Structure of VMN air inlet, which may change the trajectory of droplet;



	
A realistic inhalation waveform instead of a steady inhalation flow rate, which may change the DF and deposition pattern of the droplets;



	
Environmental temperature and humidity may also change the water vapor transfer between the droplets and air.
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Figure 1. Schematic of experimental setup: (1) VMN, (2) idealized mouth-throat airway model, (3) bubble absorption tube, (4) prefilter, (5) membrane filter, (6) glass rotor flowmeter, (7) vacuum pump. 
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Figure 2. HL100A vibrating mesh nebulizer: (a) front view without mouthpiece, (b) side view with mouthpiece. 
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Figure 3. Photograph of the idealized mouth-throat model. 
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Figure 4. DF of different droplets in the idealized mouth-throat airway as a function of inertial parameter. 
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Table 1. Droplet size distributions of nebulized 0.9% and 10% w/v NaCl solutions.
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	Parameter
	0.9% NaCl Solution
	10% NaCl Solution





	Refractive index
	1.335
	1.351



	MMAD
	5.82 μm
	5.91 μm



	Geometric standard deviation
	1.447
	1.602
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