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Abstract

Introduction: Unregulated e-cigarette devices and their nicotine content have amplified the 

potential of e-cigarettes as addictive agents. Several e-cigarette-related parameters have been 

identified altering nicotine’s absorption profile, so their potential effects on addiction should be 

considered. Of these factors, nicotine forms (protonated and free base) play a significant role in 

the addiction potential yet their impact on nicotine’s absorption has been studied with limited 

research.

Areas covered: Current review aims to emphasize on the possible mechanism behind different 

absorption profiles of nicotine forms considering their physical states (droplet and vapor phase) 

and the aerosol particle size, their analysis in e-cigarette research and the regulatory attention 

warranted by them to combat nicotine addiction in the population due to e-cigarettes.

Expert opinion: The protonated form of nicotine is being correlated with the smooth sensory 

effects and high nicotine absorption as compared to free base nicotine. With the introduction 

of nicotine salts, which yield mostly the protonated form, the youth popularity of e-cigarettes 

has spiked exponentially. While it is important to control nicotine levels in e-cigarette products, 

attention should also be given to the nicotine forms present in these products in order to address 

nicotine addiction in the population.

CONTACT Matthew S Halquist, halquistms@vcu.edu, Department of Pharmaceutics, School of Pharmacy, Virginia Commonwealth 
University, Richmond, Virginia 23298, USA. 

Declaration of interest
M Halquist is funded by NIDA (2P30DA033934-06) and received a small grant from the Virginia Youth Tobacco Projects Small 
Grants Program. L Golshahi received a pilot study grant from the Center for the Study of Tobacco Products under the main grant: 
U54DA036105. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial 
interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial or other relationships to disclose.

HHS Public Access
Author manuscript
Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 August 09.

Published in final edited form as:
Expert Opin Drug Deliv. 2020 December ; 17(12): 1727–1736. doi:10.1080/17425247.2020.1814736.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Electronic cigarettes; nicotine delivery; free base nicotine; nicotine salt; aerosol; battery power; 
addiction; e-liquids

1. Introduction: electronic cigarettes

Electronic cigarettes (e-cigarettes) are one of the most controversial products in the tobacco 

world. Unlike conventional cigarettes, these battery-powered devices deliver nicotine 

without combustion. The vehicle of nicotine in these products is e-liquid, which is a 

mixture of propylene glycol (PG) and vegetable glycerin (VG) in varying ratios. The 

nicotine concentration in these e-liquids can vary from 0 to >50 mg/mL with actual content 

often deviating from the label claim [1]. Along with nicotine, PG and VG, these e-liquids 

contain a variety of flavoring chemicals, ethanol and water in varying proportions. As of 

2014, more than 7700 flavoring combinations have been available in the e-cigarette market 

[2]. This number might have gone up since then. Since Aug 2016, the U.S. Food and 

Drug Administration (U.S. FDA) has been regulating these products; however, the limit on 

nicotine concentration and list of permissible ingredients in these products has not yet been 

specified [3].

For over a decade, e-cigarettes have evolved rapidly. When e-cigarettes were introduced 

in the U.S. market around 2007 [4], their design was simple and they were known as 

first generation e-cigarettes. These were ‘cig-a-like’ devices with fixed and low-voltage 

batteries. The second-generation devices, known as clearomizers, have larger and variable 

voltage batteries. The third-generation devices are known as Mod devices. These Mods 

allow users to vary voltage, wattage, temperature, and the type of coil. Mods usually 

come in a variety of shapes with large fluid tanks that can be disassembled to provide 

more customizability in terms of volume of e-liquid [5]. With the evolution of e-cigarette 

technologies, new devices are continuously being introduced in to the market. In 2017, 

JUUL Labs, Incorporated (JUUL, San Francisco, USA) introduced its POD-based device, 

which became a popular device among the youth [6]. These POD-based devices are USB-

shaped and contain nicotine salts, specifically nicotine benzoate. The initial ban by the U.S. 

FDA on some flavored pods of closed system e-cigarettes such as JUUL mango flavor, 

inspired e-cigarette manufacturers to introduce other similar devices through the loopholes 

of the ban. These devices included Puff bars (Puff Bar, CA, USA) which were one time use, 

multiflavored, disposable e-cigarettes (recently banned in Jul 2020) [7]. Such a continuously 

evolving market of not well-regulated e-cigarette devices pose a great danger due to a lack of 

quality control of these products. Inadequate quality control can impact the nicotine delivery, 

released toxicants, and safety features of the devices [8,9]. Nevertheless, despite maximal 

efforts by the U.S. FDA robust guidelines for e-cigarette device regulations have not yet 

been established.

While the cigarettes use among middle school and high school students has dropped 

significantly (from 4.3% in 2011 to 2.3% in 2019 for middle school and from 15.8% 

in 2011 to 5.8% in 2019 for high school students), the e-cigarette use among them has 
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increased dramatically so as to reverse the progress toward reducing overall tobacco use 

[10]. With more than 5 million middle and high school students having used e-cigarettes 

in the United States, it is important to address the concerns of nicotine addiction in youth 

[11]. Consideration should be given to nicotine delivery and the factors affecting it. Several 

studies have identified the factors which can affect the nicotine delivery, either alone or in 

combination. These interlinked factors include the nicotine concentration, ratio of propylene 

glycol (PG) and vegetable glycerin (VG), type of e-cigarette device, battery power, puffing 

profile and flavors [12–17]. As stated earlier [1], the unregulated nicotine levels in e-liquids 

can expose users to high nicotine levels. Additionally, Kosmider et al. [12] found out that 

the nicotine delivery increased with higher PG content at low power settings. Baassiri et 

al. [13] also found out that decreasing the PG/VG ratio decreases the nicotine delivery. 

Furthermore, DeVito et al. [15] has summarized multiple studies [18–21 in their review 

article which shows that higher powers of advanced e-cigarettes can increase the amount of 

nicotine aerosolized and increase nicotine delivery. Flavors also play an important role in the 

choice and addiction of e-cigarettes, especially in youth population [15]. In the study carried 

out by Helen et al. [17] flavors were found to affect the nicotine delivery through change in 

puffing behavior as well as e-liquid pH. Some authors [22,23] have also studied the stability 

of nicotine in e-liquids over time as nicotine can undergo degradation to form products such 

as nicotine-N-oxide, cotinine, and myosmine. Based on these stability studies, the nicotine 

breakdown products were not found to be more than 2% of nicotine content of e-liquids. 

Thus, stability may not act as major factor affecting nicotine delivery.

In the last few years, extensive research has been carried out for identifying the effects of 

above-mentioned factors on nicotine delivery. However, there is limited research available 

on the effect of nicotine form(s) i.e., protonated and free base on nicotine delivery. This 

review aims to summarize the potential effects of nicotine form on nicotine delivery, 

possible mechanism of these effects, methods for determining the free base nicotine yield of 

e-liquids and e-cigarette regulations considered for nicotine forms.

2. Nicotine: physical and chemical properties

Nicotine, a major component of cigarettes and e-cigarettes, is a naturally occurring plant 

alkaloid. It is a pale-yellow liquid with a density of 1.01 g/cm3. It is a bicyclic compound of 

a molecular weight 162.23 g/mol with one pyridine and pyrrolidine ring (Figure 1).

With two nitrogen’s, one on each ring, nicotine exhibits two pKa’s. The nitrogen of the 

pyrrolidine ring is more basic (pka = 8.10 at 25°C) than that of the pyridine ring (pka = 

3.41 at 25°C) [24]. Although nicotine is a lipophilic molecule with a log P of 1.17, it is 

water miscible [25]. Based on the two pKa’s, nicotine can exist in three forms depending 

on the pH of the solvent (Figure 1). These three forms are diprotonated, mono-protonated, 

and free base (un-protonated) nicotine. The contribution of the pyridine ring toward nicotine 

ionization can be neglected as its pKa is very low and the diprotonated form can exist only 

at pH < 5.5. For studying the effect of nicotine form on the absorption profile of nicotine 

from cigarettes and e-cigarettes, only mono-protonated and free base forms play relevant 

roles. In e-cigarettes, e-liquids are the vehicle of nicotine. Composition of these e-liquids 

determines the ratio of free base to protonated nicotine. Recently, a variety of nicotine 
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salts have been introduced into the e-cigarette market. These salts include lactate, benzoate, 

malate, salicylate, levulinate, and tartrate [26]. In all nicotine salts, the pyrrolidine nitrogen 

is converted to a protonated form. This shift in the form of free base nicotine to protonated 

nicotine has become a matter of interest due to their different sensory and absorption effects. 

Sensory effects could be multifactorial, but some studies have suggested the free base 

nicotine has harsher sensory effects in throat as compared to salt-based protonated nicotine 

[27]. Similarly, the absorption profiles of these two forms of nicotine have been found to 

be different in many studies [28–32]. Taking into consideration these distinct properties 

of nicotine forms, it becomes important to study their effect on nicotine delivery which 

eventually affects nicotine’s addiction potential.

3. Addiction potential of nicotine

Nicotine is well known for its addictive properties through its action on the central nervous 

system (CNS). The major target of nicotine binding is nicotinic acetylcholine receptors 

which are primarily located in the central and peripheral nervous systems, and muscles [33]. 

Of these, receptors in the brain play a critical role in nicotine addiction. There are number 

of subunits of nicotine acetyl choline receptors in the mammalian brain. The high affinity 

nicotine binding receptors are composed of α4 and β2 subunits [34,35]. After inhalation 

from cigarettes or e-cigarettes, nicotine enters into the pulmonary venous blood circulation 

and reaches the brain through arterial circulation in 10–20 seconds [36]. Once in the brain, 

it binds to nicotinic acetylcholine receptors and releases a number of neurotransmitters 

such as dopamine. This dopamine plays a critical role in pleasurable feelings and reward 

mechanism to initiate nicotine addiction [35]. With an increase in nicotine exposure, the 

number of nicotine binding sites increases in the brain and the neurological system adapts 

to pharmacological effects of nicotine, thus further potentiating nicotine addiction [34,37] In 

youth (<25 years old), the prefrontal cortex area of the brain is not fully developed [38] and 

high absorption of nicotine can upregulate the nicotine binding sites and affect the prefrontal 

cortex development leading to lack in attention and lasting effects on cognitive functions 

[39]. Following the addiction, a sudden cessation of nicotine exposure leads to nicotine 

withdrawal symptoms which are difficult to manage. Thus, it becomes extremely critical 

to manage the nicotine exposure, especially in the youth to prevent them from a potential 

lifetime addiction and to avoid the withdrawal symptoms [4].

Currently, the e-cigarette market is not well regulated in the United States. Although, the 

FDA has started taking appropriate measures [4], youth in the United States are still at risk 

of getting addicted to nicotine due to e-cigarettes. In a 2019 survey, more than 5 million 

middle and high school students stated that they have used e-cigarettes in the past 30 

days [11]. Along with the social and environmental factors, there are several e-cigarettes 

associated parameters which can influence the nicotine delivery to vapers. These factors 

include unregulated nicotine concentrations in e-liquids, PG:VG ratio, flavors, unregulated 

e-cigarette devices with potential to change the nicotine delivery to users by varying the 

power outputs, puffing behavior and lastly, but importantly, the nature of nicotine form in 

e-cigarette aerosol.
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4. Effect of nicotine form on nicotine’s absorption profile

Like e-cigarettes, effect of nicotine form on nicotine’s absorption profile is one of the 

controversial topics with contradictory research outcomes. Earlier, tobacco companies have 

been accused of allegedly using alkaline chemical substances such as ammonia or its related 

basic compounds in manufacturing of cigarettes [40,41]. Their intended purpose was to shift 

the balance from protonated (NicH+) to free base form (Nic) of nicotine in tobacco for a 

rapid and efficient absorption of nicotine in consumers [41]. Based upon the pH partition 

hypothesis of drug absorption, any drug molecule easily penetrates biological membrane 

(except specific barriers such as Blood Brain Barrier) in an unionized form [42]. Due to its 

unionized form, free base nicotine is believed to easily cross the biological membrane of the 

respiratory tract leading to nicotine’s rapid absorption. Additionally, the rapid deposition of 

free base nicotine in the upper respiratory track was found to have sharp and sudden sensory 

effects [40,43,44]. This sensory effect was termed as harshness or impact [44].

To explore the reasons behind these practices followed by tobacco companies, many 

researchers carried out in vitro [45,46] and in vivo [28–30] studies to explain the effect of 

nicotine form on nicotine’s absorption. Takano et al. [45,46] have carried out in vitro studies 

of nicotine uptake in alveolar cells (rat primary cultured alveolar epithelial cells) and showed 

that nicotine transport is by simple diffusion as well as carrier mediated transport. Based on 

their experimental results, the proposed transporter of nicotine is proton coupled antiporter. 

These in vitro studies of nicotine uptake in primary cultured alveolar epithelial cells have 

shown higher uptake of nicotine at higher extracellular pH. Shao et al. [28] performed a 

study where nicotine was delivered to rats in the form of an aerosol. The pharmacokinetic 

patterns of nicotine in a ‘human smoking a cigarette’ scenario were simulated by nicotine 

aerosol inhalation in rodents. The authors showed that LC50 values of nicotine significantly 

changed from pH 6.8 (higher) to 8.0 (lower). Adrian et al. [29] carried out in vivo buccal 

permeability studies of nicotine which showed that nicotine absorption through buccal 

mucosa is pH dependent. Buccal permeability as well as systemic absorption of nicotine was 

increased as amount of nonionized nicotine was increased. Papp values obtained from in vivo 
permeability studies on buccal mucosa indicated simple passive diffusion as a predominant 

mechanism of nicotine transport across buccal mucosa. Burch et al. [30] carried out the 

study of effect of pH on nicotine absorption in healthy smokers. Nicotine solutions with pH 

ranging from 5.6 to 11 were used for aerosol inhalation. The authors have reported higher 

mean rise in plasma nicotine concentration with increasing pH.

In summary, the above studies (see Table 1) showed that the rate of nicotine absorption 

is higher for basic than acidic nicotine solutions and aerosols. In other words, free base 

nicotine was found to exhibit higher absorption than protonated nicotine.

In contrast, clinical studies carried out recently have shown that the protonated nicotine 

causes higher and rapid nicotine absorption than the free base form. Pax Labs’ patent has 

shown nicotine salts, which give mostly protonated nicotine, give higher plasma nicotine 

concentrations (Cmax) than free base nicotine of the same concentration at a given puff 

profile [31]. As per the clinical study carried out by PAX labs, 2% nicotine benzoate results 

in three times higher Cmax than the 2% free base nicotine. Similarly, a study carried out by 
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O’Connell et al. [32]showed that nicotine lactate gives higher plasma nicotine concentration 

(Cmax) than the free base nicotine of the same concentration using the same device and puff 

profile conditions such as puff duration, puff interval, and number of puffs. As summarized 

in Table 2, these recent clinical studies provide strong evidence that protonated nicotine 

is responsible for higher and faster nicotine absorption than free base nicotine. With these 

contradictory results (Tables 1 and Tables 2), some authors have also argued earlier that due 

to the large surface area of lungs and buffering capacity of the fluid lining in the lungs, the 

pH of nicotine aerosol would not impact the absorption of nicotine [47].

The question arises here as how shall we explain the outcomes of these studies which 

showed contradictory results of absorption profiles of the two different forms of nicotine? A 

possible explanation can be given by considering two important properties which determine 

site of e-cigarette aerosol deposition: I) The particle size distribution of the aerosol and, II) 

physical states (i.e. droplets or vapor phase) of free base and protonated nicotine forms in 

the aerosol.

5. Nicotine form, the size distribution, and physical forms of the resulting 

aerosol

The particle size analysis of e-cigarette aerosol is a widely studied topic yet lacks 

standardization. Care should be taken to avoid confusion in terms of the units commonly 

used to report the size distribution of the aerosolized e-liquids. The sizing done with 

count-based instruments such as Scanning Mobility Particle Sizer (SMPS) and Aerodynamic 

Particle Sizer (APS) is typically reported using count median diameter (CMD). On the 

other hand, the size measured with impactors is usually provided in terms of mass median 

aerodynamic diameter (MMAD), which can be related to volumetric median aerodynamic 

dimeter (VMAD) with the knowledge of the density of e-liquid. In any case, the other 

important aspect of the size distribution, which is the geometric standard deviation (GSD) 

is often neglected. This parameter is important to be noted to allow conversion of various 

size modalities to each other. A group of conversion equations for size distribution statistics 

were initially derived by Hatch and Choate [48], and their use has further been described by 

Hinds for comparisons [49]. In the future efforts that may be made in the standardization 

direction, aerodynamic diameters are preferred in the context of respiratory deposition and 

health effects of inhaled aerosols.

There are multiple studies which have reported particle size in various modalities. Zhang 

et al. [50] reported e-cigarette particle size as volumetric median aerodynamic diameter 

(VMAD) of 250–440 nm with GSD 1.3–1.6. Studying the effect of power levels on the 

particle size, Pourchez et al. [51] have reported a positive correlation between power levels 

and particle size of e-cigarettes aerosol. They reported a particle size as mass median 

aerodynamic diameter (MMAD) of 613–949 nm over the range of 7–22 W of power. 

Aldreman et al. [52] studied three e-cigarettes (cartomizers and disposable) and reported 

aerosol particle size (MMAD) ranging from 534–631 nm with GSD 1.50–1.52. Oldham et 

al. [53] analyzed 20 different cartridges using unspecified e-cigarette device and reported 

the particle size (MMAD) close to 1 mm or higher (e.g. 0.9–1.2 mm, GSD 1.7–2.2). Son 
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et al. [54] found the mass median diameter (MMD) of the aerosol for a range of device 

and e-liquid parameters to be close to 3 μm. A number of other studies have reported the 

particle size as count median diameter (CMD) ranging from 18 to 386 nm [55–57]. Such a 

wide range and disagreements in different modalities of size measurements mainly rise from 

the lack of controlled or consistent sizing conditions such as varying dilution ratio (i.e. air 

added to the original concentration of the aerosol from the device), power output, propylene 

glycol-based e-liquids vs vegetable glycerin-based e-liquids, different flavors of e-liquids, 

puff volume, temperature, and relative humidity in different studies [54]. Therefore, in the 

process of standardization, efforts should be made to carry out controlled experiments of 

particle size measurements with consistent conditions through which results can be reported 

in comparable modalities.

As summarized in Table 2, the clinical studies by Pax Labs [31] and O’Connell et al. 

[32] have used JUUL and myblu™ e-cigarettes, respectively. These devices are similar to 

1st generation e-cigarettes with low power outputs and do not have the power variability 

options. The size of aerosol generated from these devices is expected to mostly be in the 

submicron range. Recently Clapp et al. [58] presented a dataset at Society of Toxicology 

reporting particle size (MMAD) of JUUL e-cig aerosol as 0.53 μm. On the other hand, the 

study carried out by Shao et al. (Table 1) using the aerosol of nicotine solution in water 

reported the MMAD of aerosol in the range of 1.95–3.55 μm. The nicotine solution was 

delivered with a collision atomizer (BGI Inc.) instead of an e-cigarette and the increase in 

size was associated with increasing nicotine concentration in the solution [28]. Similarly, in 

a clinical study carried out by Burch et al., the particle size (MMAD) of aerosol was 8.5 μm 

[30]. Such larger particles mainly deposit in the oropharyngeal cavity and upper respiratory 

tract due to the impaction filtration at the peak of inhalation and gravitational settling 

during breath hold, so the amount of aerosol reaching the alveoli is reduced [59,60]. Here, 

the nicotine absorption is more through the oropharyngeal and respiratory tract membrane 

in direct contact rather than through alveolar deposition in the lungs, in contrast to the 

absorption of submicron size aerosol particles. Similar to the in vitro studies carried out 

earlier by Takano et al. [45,46] and the buccal permeability study carried out by Adrian 

et al. [29], the pH partition hypothesis holds true in such cases where, free base nicotine 

shows higher absorption than protonated nicotine through the biological membrane in direct 

contact. Further research to verify the effect of nicotine form on aerosol size distribution 

is still warranted to explain the resulting enhancement in absorption based on regional 

deposition pattern.

With a particle size distribution in submicron range, e-cigarette aerosol particles have a 

higher probability of reaching smaller airways and alveoli where absorption rate is higher 

than the upper respiratory tract [61]. The fate of e-cigarette aerosol deposition is further 

affected by physical states of aerosol mixtures resulting from free base and protonated 

nicotine forms. As per Pankow theory, nicotine in aerosol exists in a protonated or free base 

form depending on the chemical composition of the aerosol. Free base nicotine can exist in 

particulate or gaseous state while the protonated nicotine can exist only in particulate state 

[44]. Based on the aerosol deposition theory, one possible explanation for higher and faster 

absorption of nicotine from its salt form (protonated) could be that protonated nicotine in 

aerosol has a higher chance of reaching the lungs since protonated nicotine is less volatile 
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as compared to free base nicotine [44]. When e-cigarette aerosol is a dynamic mixture of 

droplet and vapor phases, for example when nicotine is in free base form, the two phases 

continuously go through conversion between each other as a result of condensation or 

evaporation while each phase being removed due to vapor uptake and droplet deposition 

on the walls [62]. While droplet deposition can be expected in both free base form as well 

as protonated form, vapor uptake is expected only in free base form. Thus, free base form 

contributes to more losses in the oropharyngeal region, explaining the harsh feeling and less 

delivery to the lungs.

Furthermore, the fraction of the gaseous form of free base nicotine reaching the lower 

respiratory tract has a higher chance of being exhaled out, than that of the particulate 

form. Jabbal et al. [61] have argued that although the submicron particles also have a high 

probability of being exhaled, this is counterpoised by their ability to be distributed deeply 

throughout the lungs. Nevertheless, to address the exhalation concern, the charged nature of 

the protonated nicotine particles should be taken in to account. The submicron particles with 

charged surface has higher propensity toward the walls of the alveoli and thus show higher 

deposition as compared to uncharged particles [60,63,64].

Thus, nicotine salts result in higher Cmax than free base nicotine. Considering the large 

surface area of lungs and buffering capacity of the lining fluid, it can be argued that once 

in lungs, nicotine in any charge state can easily get absorbed in blood [47]. This argument 

puts the not well understood absorption mechanism of nicotine across cell membrane as 

nonrelevant. Instead, it is the amount of nicotine reaching to lungs that affects the plasma 

nicotine concentration and this amount of nicotine reaching lungs does get affected by the 

nicotine form in the aerosol.

Having said that, an independent clinical study aimed to understand protonated vs free base 

nicotine absorption profile under various vaping conditions is still warranted to conclude this 

explanation.

6. Methods to determine free base nicotine: pre- and postvaporization of 

e-cigarette

As described above, nicotine delivery to vapers is affected by free base or protonated 

nicotine yield of e-cigarette. Therefore, it becomes necessary to determine the free base or 

protonated nicotine yield of e-liquids and classify them based on the yield. This yield can be 

calculated both in prevaporization and post-vaporization conditions and has been reported as 

fraction or percent of total nicotine [65,66].

Currently there are two complementary approaches being followed for calculating the free 

base nicotine yield in pre-vaporization condition of e-liquids [65,67]. The first is Dilution 

approach and another is Without Dilution approach. The Dilution approach is followed 

by two methods which are Henderson-Hasselbalch method and Liquid-Liquid Extraction 

method. While, the Without Dilution approach is followed by 1H NMR method [65].
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Under the Dilution approach, El-Hellani et al. established a Liquid-Liquid Extraction 

method for calculating the free base nicotine yield in e-liquids [68]. A study carried out 

by Gholap et al. [65] and Duell et al. [66] have shown that Liquid-Liquid Extraction method 

suffers a drawback of inaccurate quantification of free base nicotine yield in e-liquids. The 

extraction method is not specific for nicotine and can be affected by flavoring chemicals 

in the e-liquids. Additionally, e-liquids diluted in water can be a mixture of weak acids or 

bases and according to Le Chatelier’s principle, after a single extraction of free base nicotine 

(Nic) in organic solvent, there can be a change in equilibrium between Nic and NicH+ before 

the second extraction. Thus, results obtained in Liquid-Liquid Extraction method can be 

overestimated [65].

Another method under the Dilution approach is Henderson-Hasselbalch method. This 

method has been used by many authors by diluting e-liquids in fixed amount of water 

followed by pH measurement [1,69–71]. This dilution method has also been used for 

analytical characterization of smokeless tobacco [72]. This is a pH relevant approach which 

is considered to give a relative scale for free base nicotine measurement and classify e-

liquids based on it. The rationale behind the Henderson Hasselbalch method of the Dilution 

approach could be that after inhalation of the e-cigarette vapor/aerosol, it undergoes a rapid 

condensation process in the oral cavity. This multi component process is characterized by 

steps such as nucleation, condensation of surrounding vapor, coagulation, and hygroscopic 

absorption of water in the oral cavity [73]. In short, the condensed aerosol droplets are 

a complex mixture of propylene glycol, vegetable glycerin, nicotine (both free base and 

protonated forms), flavoring chemicals, possible degradants after vaporization and water 

which predominates during hygroscopic growth of particles in the humid environment of 

oral cavity [62,73]. Additionally, the droplets undergo deposition in the respiratory tract 

followed by further dilution. The Dilution approach is based on the similar principle of 

condensation and deposition of the e-cigarette aerosol in oropharyngeal tract.

Although this method can provide a valuable characterization of e-liquids in terms of 

the free base nicotine yield, the method should be used with caution considering some 

concerns. After dilution, a solvent system is a mixture of water, nicotine, PG, VG, and 

flavoring chemicals. Such mixture, especially PG and VG, can affect the autoprotolysis 

constant of water and change the pKa of nicotine [74]. As per the mathematical model 

of inhaled e-cigarette aerosol presented by Asgharian et al. [56], the vapor concentration 

of each constituent of the e-cigarette aerosol in the oral cavity plays an important role in 

droplet formation by condensation. Among all the constituents, water vapor has the highest 

concentration considering the highly humid oral cavity. Thus, water content predominates in 

particle condensation (growth) as well as deposition process. Considering such high content 

of water vapor, it is important to study the dilution factor under the dilution approach such 

that it will negate the effect of PG and VG on the autoprotolysis constant of water. As 

described by Gholap et al. [65], a fixed dilution, for example 10X or higher, can smooth out 

the effect of PG, VG, and flavoring chemicals on autoprotolysis constant of water and pKa 

of nicotine. Having said that, the dilution factor remains an arbitrary number since the actual 

fraction of water in the condensation process may not be determined.
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pH = pKa + log Nic
NicH+ +(logγ) Equation 1. Extended Henderson Hasselbalch Equation

One more concern in this method is the effect of ionic concentration on the ionization of 

nicotine (NicH+) after dilution. As of now, the contents of e-liquids are not displayed on 

packaging or e-liquid containers and it is not possible to calculate ionic strength of solvent 

after dilution. The activity coefficient (γ) of H+ ions (required for protonation of nicotine) 

may get affected (0.96–0.83) over the range of 0.001–0.1 M of ionic strength [75]. This 

small change in the activity coefficients is not expected to affect the free base nicotine 

calculation to a large extent due to log function of the Henderson-Hasselbalch equation 

(Equation 1). Nevertheless, this remains a limitation of the Henderson Hasselbalch method 

of Dilution approach. Therefore, an alternative approach to Henderson-Hasselbalch method 

has been warranted by some scientists.

One of the major critiques of the Dilution approach is the change in the solvent system 

of e-liquids after dilution. This critique holds true if the intention of the free base nicotine 

measurement is prior to vaporization in e-liquid native solution [67].

One such alternative approach is Without Dilution approach which is followed by 1H NMR 

method as described by Duell et al. [66]. This method gives an absolute scale of free 

base nicotine content in e-liquids by analyzing e-liquids in their original solvent. Several 

e-liquids have been analyzed by Duell et al. [66] using this approach. This novel approach 

is promising yet, considering the complexity of analysis, the method shall be tested in 

detail for parameters such as overlap of nicotine’s -CH3 peak region with that of flavoring 

chemicals, selectivity, resolution, limit of detection, baseline drift, and alternate validating 

method to overcome these concerns [65].

The post vaporization yield of free base nicotine is dependent on its prevaporization yield. 

Additionally, the postvaporization yield of free base nicotine can be affected by several 

factors such as flavor, PG:VG ratio, nicotine form, puffing topography, and battery power. 

Thus, it is also necessary to measure free base nicotine yield in post vaporization condition.

The post vaporization aerosol is a highly unstable phase to analyze as it is. Therefore, it is 

necessary to collect the aerosol on a stable medium before analysis. Henderson Hasselbalch 

method of the Dilution approach provides a stable medium for collecting the aerosol for 

analysis. However, one of the major challenges of the 1H NMR method of the Without 

Dilution approach is that it does not provide a medium to collect e-cigarette aerosol. Earlier 

research has analyzed post vaporized aerosol by collecting it in NMR sample tube [66]. 

Such collection can lead to loss of free base form of nicotine as it is more volatile. 

Additionally, the aerosol can deposit on the upper region of the tube. Such analysis can 

lead to overestimation or underestimation of free base nicotine [76]. Therefore, although 

promising, the Without Dilution approach by 1H NMR needs to be studied further to address 

to this concern.
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7. Conclusion

As the popularity of e-cigarettes is growing, especially in the youth population, the nicotine 

exposure should be regulated to fight nicotine addiction among youth. There are several 

factors which affect the nicotine exposure to a user. The e-cigarettes-related factors include 

ratio of propylene glycol (PG) and vegetable glycerin (VG), type of e-cigarette device, 

battery power, puffing profile, flavors, nicotine concentration and last but important, nicotine 

forms. The review summarizes the impact of nicotine forms on nicotine delivery. Nicotine 

forms, protonated (salt based), and free base form, are found to have different sensory 

and absorption effects, as detailed in section 4. The limited research available on nicotine 

forms (Tables 1 and Tables 2) has contradictory outcomes. Limitations to such studies 

include lack of controls, consistent conditions and standardized approaches in terms of 

analysis such as e-cigarette particle size measurement techniques, puff profiles and testing 

devices. Section 5 of the review explains the possible reasons for such contradictory 

outcomes of the studies and also recommends important factors to be considered for a future 

independent clinical study aimed to understand protonated vs free base nicotine absorption 

profile. Finally, the review summarizes the different analytical approaches being studied 

for determination of fractions of free base or protonated nicotine forms in e-liquids in pre 

and post vaporization conditions. Although complementary and promising, these analytical 

approaches need further research to address their limitations. Such a study will eventually 

help in standardization of e-cigarette analysis and help in establishing a strong relationship 

between different nicotine forms and their impact on nicotine delivery.

8. Expert opinion

Nicotine exposure is an important factor to be addressed while regulating e-cigarette 

products. The FDA has initiated the process to reduce the nicotine concentration in 

cigarettes [77]. However, it has not yet taken any step to limit the nicotine levels in 

e-cigarettes. Nicotine exposure via e-cigarettes is not only affected by nicotine concentration 

but also by several factors such as PG:VG ratio, battery power outputs, flavors, and puff 

profile. To address this nicotine exposure as a function of these factors, Shihadeh et al. [78] 

have used a term ‘nicotine flux’ which is the nicotine emitted per puff second by a given 

e-cigarette design under given use conditions.

The term ‘nicotine flux’ describes total nicotine emitted at given conditions but does not 

take in to account the fraction of different forms of nicotine emitted. As described earlier 

in sections 4 and 5, the nicotine form in e-cigarette aerosol is one of the critical factors 

affecting nicotine absorption. Additionally, the fraction of the nicotine form (free base or 

protonated) in the e-cigarette aerosol can be affected by PG:VG ratio, battery power outputs, 

and flavors. Earlier studies have shown that at high power settings, flavors and increase 

in VG content increases carbonyl products in e-cig aerosol [79]. Such carbonyl products 

include formaldehyde, acetaldehyde, acrolein, acetals to name a few [80–84]. Aldehydes can 

be easily oxidized to acids in the presence of moisture, oxygen and a heated coil surface. 

Acetic acid and formic acid are also well-known thermal decomposition products of both 

propylene glycol and vegetable glycerin in e-liquids [85]. These decomposition products are 

well known for their inflammatory and carcinogenic properties [86]. Additionally, the acidic 
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nature of these products can change the ratio of nicotine forms in the aerosol, thus affecting 

the nicotine absorption. Therefore, considering the flux variabilities provided by 3rd and 

4th generation of e-cigarettes and increasing popularity of salt based protonated nicotine 

e-cigarettes such as JUUL, it is important to address nicotine form as important factor along 

with nicotine flux while regulating the nicotine exposure due to e-cigarettes.

A two-step approach would be helpful in studying nicotine forms. First, the determination of 

free base or protonated form of nicotine in pre- and postvaporization of e-liquids can help in 

classifying the e-liquids based on their yield of the nicotine form. As mentioned in section 

6, promising and complementary approaches are being studied for measurement of nicotine 

forms in pre and post vaporization of e-liquids. However, considering the complexities and 

limitations of each of these approaches, a further research is still warranted which would 

help in the standardization process of the analysis.

Second, an independent clinical study measuring plasma nicotine concentration-time profile 

as a function of nicotine form with various puff profile conditions is required. As described 

in Table 2, different forms of nicotine (salt vs free base) are claimed to show different 

plasma nicotine concentration-time profiles [31,32]. However, with limited data and study 

conditions, a robust relationship between nicotine form and plasma nicotine concentration 

levels cannot be established yet. Section 5 describes the potential reasons for varied 

outcomes of these studies considering critical parameters such as particle size distribution 

and the physical state of nicotine in aerosol. Furthermore, an independent detailed clinical 

study should be conducted with controlled and consistent conditions (standardization) in 

the use of e-cigarette to establish a robust relationship between nicotine forms and plasma 

nicotine concentration levels.

This two-step approach would be complementary in better understanding of the effect of 

nicotine forms on nicotine exposure and help in better regulation of e-cigarettes. Currently, 

the regulation of e-cigarettes is a multifaceted problem. With a greater concern of addressing 

a lifetime nicotine addiction in the youth population, it is also critical to offer adults less 

harmful alternatives to tobacco products for fighting the addiction. As described above, a 

nicotine exposure is affected by not just nicotine concentration, device settings, e-liquids 

ingredients but also nicotine forms. As stated by Shihadeh et al. [87], regulating one factor 

at a time may lead to unintended health effects. For example, limiting only the nicotine 

concentration may drive users to use high power settings to obtain a desired nicotine yield. 

Such high-power settings can change the ratio of nicotine forms and may expose a person 

to toxic compounds generated from e-liquid ingredients (PG, VG and flavors). Therefore, 

multidimensional regulations should be sought for e-cigarettes to fight the nicotine exposure 

and serve them as a safer alternative over combustible cigarettes.
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Abbreviations

NA Not Applicable

Nic Free base nicotine

NicH+ Protonated nicotine

e-cig electronic cigarette

PG Propylene Glycol

VG Vegetable Glycerin

MMAD Mass Median Aerodynamic Diameter

VMAD Volumetric Median Aerodynamic Diameter

MMD Mass Median Diameter

CMD Count Median Diameter
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Article highlights

• Nicotine delivery by e-cigarettes has become a matter of concern due to 

increasing addiction of the youth to these products.

• Nicotine delivery by e-cigarettes is affected by several factors. Of these 

factors, nicotine form, i.e. free base or protonated, is one of the important 

factors which has shown to have different sensory and absorption effects.

• The research on nicotine forms is limited and studies have reported 

contradictory results about absorption profiles of nicotine forms.

• Various analytical approaches are being studied for the determination of free 

base or protonated fractions of total nicotine in these products.

• Regulatory attention to nicotine forms is warranted to address nicotine 

addiction caused by e-cigarettes.

This box summarizes key points contained in the article.

Gholap et al. Page 18

Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Different forms of nicotine based on the pH of a solvent (water).
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Table 2.

Studies showing protonated nicotine has higher absorption than free base nicotine.

Study Authors Significant findings Comment

Nicotine salt formulations for 
aerosol devices and methods 
thereof

Bowen et al. (Pax 
Labs, Inc.) [31]

Nicotine salts gives three times higher plasma 
nicotine concentration (Cmax) than free base 
nicotine of the same concentration at a given 
puff profile

Device used is JUUL e-cigarette 
which is similar to 1st generation 
e-cigarette

Pharmacokinetic profiles of 
cigarettes and e-cigarettes with 
nicotine salt formulations in US 
adult smokers

O’Connell et al 
[32].

Nicotine lactate gives higher plasma nicotine 
concentration (Cmax) than the free base nicotine 
of the same concentration at a given puff 
profile

Device used is myblu e-cigarette 
which is similar to 1st generation 
e-cigarette
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