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Abstract 

Electronic cigarettes (ECs) produce aerosols by heating e-liquids that subsequently condense into droplets upon 
cooling. The e-liquid vehicle commonly consists of a mixture of common solvents including water, ethanol, 
glycerol, and propylene glycol. However, the effects of the solvents on EC aerosol characteristics are unknown. 
This study measured the droplet size distribution of five e-liquids (four self-made solvent-only mixtures and one 
commercial e-liquid) by laser diffraction. The reason for using this sizing technique was to gather data that can be 
compared with those obtained from pharmaceutical inhalers in the future. Interestingly, the droplet size 
distribution was monomodal and comparable between all five e-liquids, despite their different compositions. The 
volumetric droplet diameters ranged from 1-10 μm, with high variability around the peak sizes. The variability 
could be due to the poor control of the heating of the e-liquid at the coil. Glycerol and propylene glycol were 
essential for aerosol generation. On the other hand, pure water and pure ethanol could not produce aerosols. 
Their presence in the mixtures did not affect the droplet size either. The micron-sized droplets measured in this 
study were much larger than the nano-sized droplets reported in other studies. This could be due to a difference 
in the testing setup, experimental procedure, and/or the EC model. Further investigation using aerodynamic 
impaction is needed to confirm the laser diffraction data. 

Introduction 

Electronic cigarettes (ECs), or e-cigarettes, are devices that produce aerosols through heating and vaporising 
solutions, called e-liquids, that may or may not contain nicotine 

[1]
. Most of them are currently marketed for 

recreational use. Some have even been approved as smoking cessation aids. A user inhales through the 
mouthpiece; power is supplied to the heating element to heat the e-liquid; the e-liquid is soaked from the reservoir 
into a wick that is in contact with the heating coil 

[1]
. The heating can be triggered by an internal airflow sensor that 

detects the inhalation airflow or by an external manual switch. The heated e-liquid will evaporate and travel 
through the mouthpiece. In general there is a single air path over the heater with cooling in the space post-heater. 
In some designs, ambient air is channelled into the mouthpiece during inhalation through small holes on the sides 
of the ECs that maintain the airflow and pressure drop 

[1]
. Upon cooling, the e-liquid vapour condenses into 

droplets that are inhaled. 

Since ECs are not considered as pharmaceutical products and they are not clear-cut tobacco products (since e-
liquids may or may not contain nicotine) their regulation has been difficult. Even if regulations are in place, they 
are of a lower standard than those for pharmaceutical products. However, some countries (Brazil, Singapore, 
Canada, the Seychelles, and Uruguay) have banned all EC products to avoid potential concerns to the public 

[2]
. 

On the other hand, others (e.g. Hong Kong SAR, New Zealand, and Switzerland) ban only nicotine-containing e-
liquids but allow unregulated sale of nicotine-free ones. 

The revised European Union Tobacco Products Directive and the Tobacco and Related Products Regulations of 
the United Kingdom have similar stipulations. According to these, ECs are regulated as tobacco products for 
liquids ≤ 20 mg/mL nicotine and reusable or disposable devices with refillable containers ≤ 10 mL or cartridges ≤ 2 
mL. Nicotine-free e-liquids are not subjected to this directive 

[3,4]
. There are also requirements on the labelling and 

information supplied to consumers with the EC products. 

In May 2016, the United States Food and Drug Administration extended tobacco regulation to cover ECs because 
they are now deemed to be tobacco products. Thus the manufacture, labelling, packaging, and sale of EC 
products are now controlled under the Family Smoking Prevention and Tobacco Control Act. For example, they 
cannot be sold to consumers younger than 18 years old and free samples cannot be given out. A health warning 
statement regarding the adverse effects of nicotine must be displayed on the packaging. An alternative statement 
(‘This product is made from tobacco’) is required even if the product is self-certified to be nicotine-free 

[5]
.  

The major difference between ECs and conventional pharmaceutical inhaler products is that thermal vaporization 
is required to form the aerosol. In this respect, it is similar to the Staccato

®
 delivery system, in which a drug pre-

coated onto a solid substrate surface is rapidly heated upon inhalation by the patient 
[6]

. The vaporized drug 
condenses into an aerosol due to cooling while travelling through the mouthpiece. However, ECs also differ from 
the Staccato

®
 in that they contain a range of Generally Recognised As Safe (GRAS) but not fully tested excipients 

while the latter is excipient-free. Furthermore, ECs’ formulations are liquids whereas that of the Staccato
®
 is a 

solid. Nicotine has been successfully delivered from a Staccato
®
 system, although this product has not been 

commercialised 
[7]

.  
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Since nicotine is a liquid under ambient conditions, it cannot form a physically stable film on the substrate. 
Therefore, it was chemically combined with thermally reversible zinc halides (ZnBr2 and ZnCl2) to form molecular 
complexes that can be loaded as solid coatings. Highly pure aerosols containing 99% nicotine could be generated 
with an emitted dose of 116.8 μg, of which 57% was droplets with a volumetric mean diameter of 800 nm and 
43% was vapor 

[7]
. The small droplet size indicated that they can deposit in the deep lungs. It should be noted that 

the Staccato
®
 requires much higher airflow rates than ECs to emit an aerosol (15-80 L/min vs 1-3 L/min). If we 

compare their aerosol performance in the light of this, then ECs are much more efficient because it requires much 
lower inhalation effort by the patient in actuating the dose. This property is beneficial in pulmonary drug delivery 
because inhalation effort can be adversely affected by the disease state, such as that in asthma. 

Two EC-like products have been approved by the Medicines and Healthcare products Regulatory Agency 
(MHRA) for nicotine replacement therapy, namely Voke Inhaler and e-Voke Electronic Inhaler. The Voke Inhaler 
is a breath-actuated MDI in the shape of an EC containing nicotine. It uses the propellant, HFA-134a to provide 
the energy for aerosol generation 

[8]
. Unlike ECs, no heating is involved in the Voke Inhaler. Besides the 

propellant, it includes propylene glycol, ethanol, saccharin, and levomenthol as excipients 
[8]

. This product was 
deemed to be therapeutically equivalent to the reference product, Nicorette

®
 Inhalator 

[8]
. Unlike the Voke Inhaler, 

the e-Voke Electronic Inhaler is actually an EC in its design and operation principle. Thus it is the first EC that has 
been approved as a pharmaceutical product. It uses a cartridge system containing a simple formulation, with 
glycerin and water for injections as the vehicle 

[9]
. The small number of excipients in the e-Voke formulation is 

probably for reducing the amount of likely thermal degradants. This product has also been demonstrated to be 
therapeutically comparable to Nicorette

®
 Inhalator 

[9]
.  

The effects of the e-liquid formulation (e.g. solvent and excipient compositions etc) and device operation factors 
(e.g. heating temperature and duration, airflow rate etc) on the aerosol properties have not been extensively 
studied. Thus it is worth to explore these aspects. E-liquids are solutions that are comprised of a solvent vehicle 
and solutes. The solvent base can be a mixture of glycerol, propylene glycol, ethanol, and water 

[10]
. The solutes 

include nicotine and food flavourings. Several hundred flavours are available on the market, ranging from 
conventional (e.g. fruits, chocolate, menthol) to exotic ones (e.g. bubble gum, butterscotch, gourmet cinnamon, 
pie crust, root beer). E-liquids may or may not contain nicotine, just as they may or may not contain all four 
solvents listed above. Since regulation requirements for e-liquids are relatively loose, the labelling of the identity 
and quantity of their ingredients are often unclear or even erroneous. The relationship between droplet size 
distribution and the formulation composition has not been studied for ECs. Thus the aim of this study was to 
measure the inter-liquid effect on the size distributions of droplets produced from a commercial EC using laser 
diffraction, which is a technique for testing inhaled products, with a view to compare ECs with pharmaceutical 
inhalers in the future. 

Experimental methods and materials 

Aerosols produced from five solutions (see below) were sized by laser diffraction. All concentrations are 
expressed as % w/w. 

 100% glycerol 

 100% propylene glycol 

 Mixture A (14.3% water, 0.1% ethanol, 71.3% glycerol, 14.3% propylene glycol) 

 Mixture B (25% each for water, ethanol, glycerol, propylene glycol) 

 Commercial nicotine-free e-liquid (grapefruit flavoured Check-Point Premium E-Liquid; Check-Point, 
Hong Kong SAR) 

o The contents of this e-liquid are unclear. The label on the packaging listed ‘food grade 
vegetable glycerine, propylene glycol, food grade glycerol, distilled water, natural flavours, 
artificial flavours’ but no amount or proportion of the ingredients were disclosed. 

The investigators did not add nicotine or flavourings to the above liquids. Mixture A was intended to feature equal 
amounts of the four solvents commonly used in e-liquids, whereas Mixture B was a random combination to 
demonstrate that the droplet size distribution was independent of the solvent composition (see Results). Each 
solution was tested with one V12 reservoir-type EC (Kimree, Shenzhen, China). The volume loaded into the EC 
was 0.5 mL. Aerosols were sampled by a vacuum pump at 2 L/min for 3 s across the measuring zone in a HELOS 
KR laser diffractometer (Sympatec, Clausthal-Zellerfeld, Germany). There was no dilution air through the laser 
diffractometer. The flow rate (2 L/min) and duration (3 s) for the sampling are typical for a puff inhaled by an EC 
user 

[11,12]
. Data were collected with the WINDOX 5.8.0.0 software (Sympatec, Clausthal-Zellerfeld, Germany). Six 

runs were conducted per liquid. 
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Results 

The volumetric droplet size distributions of the aerosols generated with the five testing liquids are shown in Figure 
1. Overall, the distributions were monomodal and were comparable between the different liquids. They were 
particularly variable near the peak sizes. Figure 2 shows the 10, 50, and 90% undersize diameter parameters (i.e. 
D10, D50, and D90, respectively). D10 and D50 were comparable with relatively low variability across the liquids, 
while D90 was highly variable. There were minimal nano-droplets. 

 

 

 

 

Discussion 

The Kimree V12 EC produced droplets of an inhalable size, with volumetric median diameters between 3-4 µm. It 
is interesting that similar size distributions were obtained regardless of the liquid used. This suggests that the 
aerosol generating mechanism through heat vaporisation and subsequent condensation did not depend on the 
vehicle composition. At least that was the case for the four solvents tested (water, ethanol, glycerol, propylene 
glycol). Pure water and pure ethanol were tested in preliminary experiments but no aerosol could be produced. In 
fact, they leaked out of the small holes on the sides of the EC that were intended for the entrance of dilution air. 
This was probably due to the lower viscosity of water and ethanol compared to glycerol and propylene glycol 
(Table 1). Their lower boiling points would also render them more difficult to condense into droplets upon cooling. 
Therefore, glycerol, propylene glycol, and mixtures containing them are more able to form aerosols using the EC. 
The droplet size appeared to be driven by propylene glycol or glycerol regardless of the exact composition of the 
liquid vehicle (i.e. 100% glycerol or propylene glycol produced the same droplet size distribution as their diluted 
forms). The high variation in the larger droplet sizes may be due to the low quality of the devices. Since most ECs 
are not regulated as pharmaceutical products, their production and quality control standards are lower than those 
for medical inhalers. The high variability in the size distributions, especially around the peak sizes, could be due to 
the poor control in the heating of the e-liquid at the coil. The heating temperature and duration in the EC may be 
variable. This could cause variable temperatures in the resultant vapour, hence affecting the condensation rate 
and droplet size. 

 Water Ethanol Glycerol Propylene glycol 

Dynamic viscosity 

(mPa． s) 

0.89 at 25°C 1.22 at 20°C 111.0 at 20°C 
(for 83% w/w 
aqueous glycerol 
solution) 

58.1 at 20°C 

Boiling point (°C) 100 78.5 290 188 

 
Table 1. Dynamic viscosity and boiling point of the solvents 

[14]
 

It has been reported in the literature that the diameter of the droplets/particles generated from two unnamed 
commercial ECs were in the nanometer range (250-450 nm), which were comparable to those produced from 
tobacco cigarettes 

[13]
. The small droplets implied that they should deposit in the deep lungs.The aerosols in that 

study were sampled and measured by a differential mobility spectrometer coupled to a smoking cycle 
simulator 

[13]
. On the other hand, the volumetric diameters in the micron range were measured by laser diffraction 

in this study. While droplets < 5 μm would enter the lungs, the larger ones may deposit in the oropharynx and be 
absorbed buccally or swallowed. 
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Figure 1. Droplet size distribution of 
aerosols produced from Kimree V12 EC. 
Data presented as mean ± standard 
deviation (n = 6). 

 

Figure 2. Diameter parameters for aerosols 
produced from Kimree V12 EC. Data presented as 
mean ± standard deviation  

(n = 6). 
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The difference in the measured droplet size range between the two studies could be due to differences in the 
testing setup, experimental procedure, and/or the EC model. Laser diffraction and differential mobility analysis 
have different mechanistic principles. The former technique measures the scattering pattern of a laser beam 
imparted to the aerosol sample. It is an optical technique that detects particles from about 100 nm to the 
millimeter range and can be affected by variations in the refractive index. On the other hand, the latter technique 
imparts electrostatic charges to the particles and then measures the mobility of the charged particles in an electric 
field. It can measure particles down to about 2 nm and is not affected by the refractive index. Thus differential 
mobility analysis is more sensitive for sizing nanoparticles. The Sympatec HELOS KR laser diffractometer 
employed in the current study can measure particle diameters from 0.1-8750 μm. Thus if the droplets produced 
from the Kimree V12 EC were a few hundred nanometres in diameter, they should still be detectable. More data 
using another sizing technique are required for confirmation of the laser diffraction measurements. Droplet sizing 
using an aerodynamic impaction would be conducted in the future to provide more information. 

In essence, ECs share a common purpose with conventional pharmaceutical inhalation devices: they produce 
aerosols intended to be orally inhaled into the respiratory tract. However, ECs are much cheaper and more 
popular than pharmaceutical inhalers, as evident from their widespread recreational use. The fact that droplets of 
inhalable and comparable sizes were produced in this study using different solvent vehicles shows a potential 
advantage in this EC system. Drugs of different solubility may be accommodated by using different co-solvent 
mixtures, while the droplet size distribution would not be affected. This provides more formulation freedom and a 
wider design space. Therefore, it is worth to examine ECs further from the viewpoint of inhalation drug 
development to explore what can be applied to respiratory drug delivery in the future. 

Conclusion 

The Kimree V12 EC produced respirable droplets from a range of solutions containing various amounts of 
glycerol and propylene glycol. There was relatively high variation in the sizes of the large droplets but overall the 
distributions were comparable between the different liquids. EC technology may be investigated further to gain 
insights that may be useful for the development of novel inhaled products in the future. 
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