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Pod-Mod vs. Conventional E-cigarettes: Nicotine Chemistry, pH and
Health Effects

Xuesi M. Shao, M.D."? and Theodore C. Friedman, M.D. PhD."*

Abstract

The rapid increase in popularity of Pod-Mods such as JUUL e-cigarettes, in particular in youth, has
sparked many discussions on the possible harmful effects of JUUL. We spotlight key differences
between JUUL, which contains 5% nicotine in benzoic salt form, and a conventional e-cigarette, Blu,
which is claimed to contain 2.4% nicotine free base. We compared the measured pHs of JUUL and
Blu E-liquids with pH values calculated based on chemical principles. The concentrations of
protonated and unprotonated nicotine in these two kinds of e-cigarettes were also calculated.
Theoretically, there is a clear distinction between the pH effects of the direct contacts of e-cigarette
aerosol on the tissue in the inner surface of the respiratory tract and on other body systems via
circulation after absorption. The concentration of protonated nicotine (the ligand of nicotinic
acetylcholine receptors (nAChRs)) in JUUL (pH 6.0) is 6.9 times higher than Blu that, hypothetically,
excessively stimulates nAChRs that impact the epithelium inflammatory responses in the lungs and
contribute to onset, progression and proliferation of lung cancer. The concentration of unprotonated
nicotine that readily diffuses across membranes (high absorption rate) in Blu (pH 8.26) is 26 times
higher than that in JUUL. Based on pH and protonated vs. unprotonated nicotine considerations,
JUUL e-cigarettes potentially would lead to more detrimental effects on the lung, while conventional
E-cigarettes such as Blu would lead to more systemic effects, such as on cardiovascular and nervous

systems. Regulatory policies on the pH of E-liquid are implicated.
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Introduction

A new type of electronic cigarettes, the “Pod Mod” e-cigarette, has raised public health concerns in
the press, the e-cigarette research community and among regulatory agencies. A recent US FDA
statement regarding safety issues of e-cigarette use, particularly in youth and young adults states
“we’re looking at the potential for direct effects of harm from e-cigarettes on the lungs as well as
other health factors that these products could negatively impact. In particular, we have concerns
about the direct effects of e-cigarettes on the airways. This includes the potential for the use of such
products to cause changes to airways that could be a precursor to cancer”(11). In addition, a series of
CDC and FDA announcements reported over 2,000 cases of respiratory illnesses associated with e-
cigarette/vaping product use(7). Patients develop shortness of breath, fatigue, chest pain, cough,
anorexia, nausea, diarrhea, and weight loss, with symptoms worsening over days or weeks with some
dying from this condition. More research is urgently needed to understand the causes and

pathophysiology of the respiratory toxicity.

Traditional e-cigarette products use E-liquid with free-base nicotine while JUUL and other pod-mods
use protonated nicotine formulations derived from the nicotine salts in loose-leaf tobacco. JUUL
contains 0.7 ml E-liquid per pod with concentration of 50 mg/ mL (5%) which is 2 to 10 times of
those found in most free-base nicotine e-cigarette products — equivalent to approximately 20
combustible cigarettes(2). Goniewicz et al.(10) confirmed the concentration of nicotine in a JUUL
pod to be 56.2 mg/mL. The JUUL website further states that the salt-based nicotine E-liquid formula
is intended to help satisfy smokers when transitioning from cigarettes. Here we focus on discussions
on the potential health effects of E-liquid pH, nicotine salt vs. free-base nicotine and protonated vs.
unprotonated nicotine as well as an important distinction of pH effects on the lungs and other organ

systems.

pH, protonated vs. unprotonated nicotine in E-liquids

Nicotine in aqueous solution can exist in three forms: diprotonated, monoprotonated, and
unprotonated. The diprotonated form is of low abundance and negligible importance in this context.

We consider only the monoprotonated and unprotonated nicotine in the following discussion.
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According to the manufactures, JUUL E-liquid contains 5% nicotine (308 mM) as a salt of benzoic
acid. For comparison, a conventional tank e-cigarette (Blu e-cigarettes) contains 2.4% nicotine (148
mM). The logarithmic acid dissociation constant (pKa) of nicotine is 7.89 at 25" C(5), pKb = 14 - 7.89
=6.11. The pH can be calculated(1) using:

Ky = ([NicH'J[OH])/[Nic] (1)

Where Nic denotes unprotonated nicotine and NicH" denotes protonated nicotine. We assume 148
mM of free-base nicotine is present in Blu E-liquid. We assume that equal molar concentrations (308
mM) of nicotine and benzoate are present in JUUL E-liquid. With the pKa of benzoic acid being 4.2,
the calculated pHs of Blu and JUUL are listed in Table 1.

We then measured the pH of commercial JUUL and Blu E-liquids (purchased from JUUL.com and
Blu.com; both classic tobacco flavor). E-liquid samples were diluted 1:1 with deionized H,O and
measured with a well-calibrated pH meter (AB15, Accumet®). The samples were analyzed in

triplicate and the results are listed in Table 1.

The Blu E-liquid is basic and ~2 pH units lower than what was expected from the calculation
assuming 148 mM free-base nicotine is in the E-liquid. In contrast, JUUL is acidic, close to our
calculated value. Our measured pH of JUUL is consistent with that of Talih et al.(17) and pH of Blu
is consistent with Stepanov and Fujioka(15), although this is not a direct comparison, as the nicotine
concentration of the Blu E-liquid we used is higher (24 mg/mL). We suggest that the pH of
conventional e-cigarette such as Blu may have been buffered with acids and other acidic components

during the manufacturing process.

Based on Henderson-Hasselbalch equation, the ratio of the protonated vs. unprotonated nicotine is a

function of pH.

pH = pKa + log([Nic]/[NicH]) (2)
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Therefore, in Blu E-liquid where the pH = 8.26 and initial [Nic] = 148 mM; the protonated and
unprotonated nicotine would be: [NicH'] = 44.3 mM, [Nic] = 103.7 mM.

In JUUL E-liquid, where the pH = 6.0 and initial [Nic] = 308 mM;
[NicH'] = 304 mM, While [Nic] =4 mM (Table 1 and Figure 1).

JUUL E-liquid has a protonated nicotine concentration that is 6.9 times higher than that in Blu. The
unprotonated nicotine concentration is 4% of that in Blu E-liquid. While in JUUL E-liquid, the

unprotonated nicotine is 1.3% of its protonated form.

Biological consequences and clinical relevance of pH and salts in inhaled nicotine

Nicotine aerosol with appropriate particle size distribution, such as tobacco smoke, e-cigarette
aerosol and aerosolized nicotine solution deposits in the alveolar regions of the lungs where it is
quickly absorbed. In the 1990s-2000s, there were many discussions on whether the tobacco industry
manipulated the pH of tobacco cigarettes to increase the addiction potential(19). Now, JUUL is using
low pH salt E-liquid to produce a “smoother taste” such that users can take higher dose of nicotine.
The article in the Los Angeles Times uncovered that JUUL took the idea of adding acid to nicotine to
develop nicotine salt liquid to make the product more palpable and appealing to youths(3). Those
discussions on tobacco cigarettes have been controversial since it is hard to define pH in tobacco
smoke which fails to match the conventional definition of pH. Since we can define pH in nicotine
aerosol generated from nicotine solution(13) or E-liquids, and the ratio of protonated vs unprotonated
nicotine is a function of pH (Fig. 1), we have a methodological framework for further studies to
understand how pH and the protonated vs. unprotonated nicotine contribute to nicotine pulmonary
toxicity, absorption/rate of transfer in the lungs and the bioavailability. The biological consequences
of the differences in pHs and concentrations of protonated vs. unprotonated nicotine between JUUL

and Blu are as follows:

1) Nicotine binds to nicotinic acetylcholine receptors (nAChRs) that mediate its actions. It has been
identified that it is the protonated, not unprotonated, nicotine that is the ligand of nAChRs(20).
Bronchial epithelial cells in the lungs express functional nAChRs(12). Nicotine modulates multiple
inflammatory responses in the lung through the nAChR subtype a7(9). nAChRs are also expressed on



125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140
141

142
143
144
145
146
147

148
149
150
151
152
153

lung cancer cells(14). These nAChRs readily interact with inhaled nicotine aerosol. With JUUL, the
concentrations of ligand (protonated nicotine) binding to nAChRs are 6.9 times higher than Blu; we
propose that high concentrations of protonated nicotine excessively stimulate nAChRs that impact the
epithelium responses in the lungs to the bacterial inflammogen(9) as well as contribute to onset,
progression and proliferation of lung cancer(8, 16). Thus, JUUL e-cigarettes could potentially
produce more pronounced toxic effects in the lungs, including lung cancer promotion, than

conventional e-cigarettes such as Blu.

2) The unprotonated free-base form of nicotine is lipophilic and thus readily diffuses across
membranes(18) of the respiratory tract into the blood, while the protonated form of nicotine is
hydrophilic and does not as readily diffuse across the membranes. Higher pH (increasing the ratio of
unprotonated nicotine) in aerosolized nicotine produces a higher peak plasma nicotine concentration
in humans(4). As drug delivery rate contributes to addiction potential, increased nicotine free-base
levels leads to an increase in the delivery rate, enhancing the addiction potential. In contrast, the
lower pH in JUUL E-liquid and aerosol decreases the concentrations of unprotonated nicotine (4 mM
in JUUL vs. 103.7 mM in Blu-cig calculated above) that reduces the amount absorbed in the lungs, as
a consequence, reducing bioavailability of nicotine and potentially reducing its systemic detrimental

effects(13) in organ systems including its addiction potential.

3) Human blood is a huge buffering system so that after absorption into the blood, the pH of the
inhaled nicotine aerosol would not affect the pH of the arterial blood. The concentration of nicotine in
the blood depends on the absorption in the lungs while the pH is constant in the blood. Therefore, the
ratio of protonated vs. unprotonated nicotine would be constant and not be a factor in the binding of
nAChRs in organ systems such as the central nervous system (CNS), cardiovascular system and fetal

development in pregnancy.

4) There have been reports that nicotine salts in pod-mods such as JUUL reduces harshness and
results in a satisfying experience even at high nicotine concentrations(2). Slightly acidic JUUL may
be less likely to have the harsh taste. High (basic) pH in Blu may make nicotine appear harsh and the
pHs of some other brands of e-cigarettes are even higher(6, 15). A satisfying experience as promoted
on the JUUL website, is a complex phenomenon where pH, the rate of nicotine absorption,

pharmacokinetics, flavor and the conjugated base of the relevant acid e.g., benzoic acid in JUUL,
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may play a role. How lower pH and less unprotonated nicotine contribute to satisfying experience

needs more research.

Conclusion

Theoretically there is a clear distinction between the pH effects of the direct contacts of e-cigarette
aerosol on the inner surface of the respiratory tract and those on other body systems via circulation.
The effects of pH of inhaled e-cigarette acrosol, which determines the ratio of protonated vs.
unprotonated nicotine, are 2-fold. (i) Lower pH in JUUL e-cigarettes increases the concentrations of
the protonated nicotine activating nAChRs on the epithelial and lung cancer cells in the inner surface
of the respiratory tract prior to entering the circulation. These high concentrations of nicotine
potentially have a substantial impact on the immune responses and on lung cancers. (ii) The higher
acidity of JUUL reduces the concentrations of unprotonated nicotine that reduce the bioavailability
and toxicity to all body systems including the CNS (and addiction potential) to which nicotine
distributes via circulation after absorption in the lungs. More investigation on nicotine
pharmacokinetics and inhalation toxicity on the lungs of vapers or animal models are necessary for

public health and for regulatory policies on the pH of E-liquids.
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234

235  Figure legends

236  Figure 1. Protonated nicotine (NicH") concentration as a function of pH in E-liquids of Blu and
237  JUUL based on Henderson-Hasselbalch equation. Unprotonated nicotine (Nic) concentration is the
238  difference between total nicotine and NicH" concentrations at each pH. Note that at pH = pKa of
239  nicotine = 7.89, [NicH'] = [Nic].

240
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Table 1. pH, protonated and unprotonated nicotine in Blu and JUUL e-cigarettes

Nicotine Calculated | Measured pH Protonated Unprotonated
concentrations (mM) pH nicotine (mM) nicotine (mM)
Blu 148 (free base) 10.53 8.26 (SD 0.01) 443 103.7
JUUL 308 (benzoic salt) 6.05 6.0 (SD 0.03) 304 4
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