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Abstract

Introduction—Reliable characterization of the nicotine content and emissions from electronic
cigarettes (ECIGs) is crucial for product regulation. Understanding nicotine delivery, and therefore
efficacy and abuse potential, from ECIG products requires quantifying the total nicotine contained
or emitted, as well as the partitioning between its free-base and protonated forms. To date, studies
reporting nicotine content and emissions of ECIGs have not addressed whether the reported values
correspond to the total nicotine or only one of its forms, making the reported results difficult to
compare across studies, or to correlate against blood exposure measurements. In this study we
investigate whether nicotine in ECIGs is indeed present in more than one form, whether
measurements are affected by sampling media, and report a validated method for determining
total, free-base (Nic) and protonated nicotine (NicH™) in ECIG liquids and aerosol emissions.

Methods—We developed an analytical method based on liquid-liquid extraction coupled with
GC analysis to assess the respective amounts of Nic and NicH*. The method was first verified on
pH-controlled solutions (5 < pH < 10) and then was applied to several ECIG liquids and aerosols
generated using a smoking machine.

Results—The method showed high repeatability and efficiency, and the results were in
agreement with theoretical predictions based on measured pH of the standard nicotine solutions.
ECIG liquids and aerosols contained both Nic and NicH*, and their relative proportions varied
widely. Free-base nicotine was found to account for 18-95% of the total nicotine depending on the
product in question.

Conclusions—The wide variation in nicotine partitioning across products suggests that
studies of nicotine delivery from ECIGs should account for this factor. A convenient method for
analyzing nicotine fractions in electronic cigarettes has been demonstrated.
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1. Introduction

Electronic cigarettes (ECIGS) are rapidly gaining in popularity around the globe. This
phenomenon is likely driven by a number of factors, including the perception that, in
comparison to conventional cigarettes, they present a safer method for obtaining nicotine [1:
2]. This perception stems from the fact that ECIGs are electrically powered devices that heat
and vaporize a nicotine-containing flavored liquid to produce an inhalable aerosol, without
involving combustion and presumably much of the exposure to combustion-related toxicants
such as CO, PAH, and nitric oxide [3]. that are endemic to conventional tobacco products.
ECIGs liquids do not contain tobacco but rather a nicotine solution in propylene glycol or
glycerol (or a mixture of both) with flavors to make the taste attractive [4: 5]. In summary,
the central concept behind “vaping” is volatilization of nicotine into an aerosol of liquid
droplets and vapors that will be delivered to the “vaper’s” body [6].

Nicotine has two basic nitrogen groups in its chemical structure (pka; = 3.12, pkay = 8.02),
and thus it can exist in three forms (namely free-base (Nic), monoprotonated (NicH*) or
diprotonated salt (NiCH,™) depending on the pH of the matrix [779]. This intrinsic
characteristic is quite important since it controls the “bioavailability” of nicotine [10]. In
particular, Nic is more volatile than its protonated forms and it is thought to be the only one
that diffuses through epithelial tissues in human body [11' 12]. Thus, all else being equal, an
ECIG with a higher proportion of Nic will deliver a larger effective nicotine dose to the user.

Though widely recognized as a critical variable in the site of absorption and
pharmacokinetics of nicotine [13], quantification of Nic in tobacco products and smoke has
been a challenging task. Several methods have been developed to estimate the amount of Nic
in aerosols [12: 14], (and references therein). Drawbacks associated with these methods
range from the presence of interfering acid/base additives in the matrix, the lack of
specificity of the solvent in liquid-liquid extraction, and poor reproducibility.

In fact, studies to date of nicotine content in ECIG solutions or aerosols have not attempted
to report information about nicotine forms. Goniewicz et al. used a modification of the
NIOSH 2551 method to quantify total nicotine in cartridges [15]. The efficiency of that
method is limited by the ability of ethyl acetate to solubilize all forms of nicotine. Other
methods rely on methanol or isopropanol to extract total nicotine for quantification [15+ 16],
or on converting all forms of nicotine to its free base or protonated forms by adding
ammonia or acidic solutions, respectively [17][18], and then analyzing the resulting sample
for total nicotine content. More recently, a liquid-liquid extraction method using NaOH in
methanol and dichloromethane to extract total nicotine followed by GC (gas
chromatography) analysis was reported [19]. In summary, while a number of analytical
approaches have been used to study total nicotine in ECIGs, none provides the ability to
fractionate nicotine into its forms. As a result, we know little about the free-base fraction of
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ECIG nicotine, a variable that is critical to understanding the potential effects of inhaled
ECIG aerosols.

In this work, we report a novel and convenient analytical method for determining nicotine
distribution into Nic and NicH* in ECIG solutions and aerosols. The method is verified
against standard nicotine solutions at various pHs, and is used to study a variety of electronic
cigarette refill liquids, pre-filled cartridges, and aerosols. We also show that theoretical
calculations of nicotine partitioning that are based on pH and pKa values of the pyrrolidine
group cannot be always used to predict the Nic/NicH* distribution in electronic cigarette
products and aerosols.

2. Materials and Methods

In this work we developed a novel separation method to quantify Nic and NicH* using gas
chromatography coupled with mass spectrometry (GC-MS). The method exploits the relative
difference in solubility of Nic and NicH™ in toluene and water to separate these two nicotine
forms into discrete phases, which can be conveniently sampled and introduced into a gas
chromatograph. To externally validate the analytical method, the experimental values of Nic
and NicH™ distribution of systematically varied pH nicotine solutions were compared to the
theoretical predictions based on the pH and pKa values of the pyrrolidine ring.

Using the new analytical method, we quantified the nicotine fractions in several ECIG
liquids and smoking machine-generated ECIG aerosols of various products. Results were
compared to theoretical predictions of nicotine partitioning based on measured pH.
Moreover, applying this method, we investigated potential artifacts arising from various
aerosol-sampling filters (glass fiber, Teflon, and quartz).

2.1. Materials

Prefilled ECIG cartridges of the Vapor for Life (V4L), V2, and Blu brands in various
nicotine concentrations were procured from US internet vendors as was a sample of ECIG
liquid refill solution (My Freedom Smoke Do It Yourself, 100 mg/ml). HPLC grade toluene
(CAS registry number 108-88-3) was obtained from Aldrich. Pure nicotine (CAS registry
number 54-11-5) was purchased from Acros. Hexadecane (CAS registry number 544-76-3)
from Aldrich was used as internal standard (IS). Glass fiber, quartz and Teflon filters were
purchased from Pall Corporation, Whatman International Ltd and SterliTech, respectively.

2.2. pH measurements

The pH of the prefilled cartridge and DIY liquids was measured using a Starter 3100
OHAUS pH-meter. The method consists of dissolving the e-liquid in a known amount of de-
ionized water and then measuring its pH.

2.3. Liquid-liquid extraction

Samples were extracted from ECIG cartridges and standard nicotine solutions, as well as
from filters used to collect the total particulate matter generated when the ECIGs were
puffed using a smoking machine (described below). To extract samples from the ECIG
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cartridges, the wool filler was removed from each prefilled cartridge, transferred into a 1 mL
plastic syringe and then squeezed into a glass vial. Three hundred microliters of the obtained
liquid was dissolved in 5 mL of water and then 5 ml of toluene was added (Figure 1) and the
mixture was shaken for 30 min. Then the mixture was allowed to separate into toluene and
aqueous phases. The toluene phase (denoted as “E1” in Figure 1), which is capable of
dissolving only Nic, was removed from the sample and then introduced into a GC-MS for
quantification against hexadecane as internal standard (IS). To verify that all Nic has been
extracted, the extraction step was repeated by adding an additional 5 ml of toluene and
repeating the above steps, resulting in a second toluene sample (denoted “dE1”). After
separating toluene from water as before, 200 uL of NaOH solution (1N) was added to the
aqueous layer to convert NicH* contained in it into Nic. Then 5 mL of toluene was added to
the sample and previously described steps used to generate “E1” (and “dE1”) were repeated
to generate “E2” (and “dE2”) samples. Thus “E1” (and “dE1”) contain Nic that was in the
free-base form in the original sample, while “E2” (and “dE2”) contain NicH* that was in the
protonated form in the original sample.

2.4. Preparation of standard nicotine solutions at different pHs

For external validation, the extraction method was used to evaluate the distribution of Nic
and NicH™ at different pHs and to check the conformity of the method with the calculated
distribution based on the pH and the pyrrolidine pKa value of 8.02. For this purpose, five
samples of standard nicotine (STD) solution (100 mg/mL) at pH of 5.16 - 9.66 were
prepared. Experimental results were then compared to the theoretical calculations and the
correlation between experimental % NicH* versus predicted % NicH* was evaluated.

2.5. Preparation of cartridge e-liquid solutions

The analytical method was also applied to random cartridges of different brands with
different flavoring composition. Solutions were prepared as described in the Materials
section. Five different cartridges of pHs varying from 6.30 to 8.74 were tested. VAL at pH
6.30 was unflavored while all the other cartridges were flavored.

2.6. GC-MS conditions

The GC-MS analysis was performed on Thermo-Finnigan Trace GC-2000 Polaris QMS
equipped with a binary pump and a thermostatically controlled Al 3000 autosampler.
Separation was achieved with a SLB™-5MS (30 m x 0.25 mm x 0.25 um film thickness)
fused silica capillary column purchased from Sigma Aldrich. Splitless injection mode of 1
UL was utilized. The mobile phase was helium gas with 1 mL/min flow rate. The injector
temperature was set at 250 °C. The oven temperature program was: 70 °C for 2 min,

20 °C/min to 230 °C and hold for 1 min. The total run time was 11 min, and solvent delay
time was 4 min. Analyses were performed using one target ion (the main peak) as follows:
nicotine m/z =84, IS m/z=57. Nicotine in the samples was quantified using a calibration
curve of standard solutions (50-1500 ppm).
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2.7. Aerosol generation and sampling

A custom-designed digital puff production machine at the American University of Beirut
was used to generate ECIG aerosols from the cartridges (see Talih et al., in press, for
details). Puff topography (puff duration, interpuff interval, and flow rate) was selected to
represent an experienced e-cigarette user (4s puff duration and 10s inter-puff duration) with
a puffing flow rate of 1 L/min [20722]. The ECIG was powered using a 3.3 v regulated DC
power supply. Total particulate matter was collected by drawing the ECIG aerosol generated
in 15 puffs puff through a filter located at the ECIG mouthpiece outlet. To investigate
potential interferences due to filter components, we used three types of filters (glass fiber,
quartz or Teflon filter). Each filter was suspended in 5 mL of water and then the same liquid-
liquid extraction steps described above were repeated.

3. Results

3.1. pH measurements of e-liquid solutions

pH measurements of different pre-filled cartridges showed an average pH of =8 as shown in
Table 1. Similar results were recently reported by Stepanov and Fujioka for two brands out
of four tested in their study (the other two brands exhibited alkaline pH of ~ 9). Being close
to the pKa value of the pyrrolidine ring, these pH values indicate that the e-liquid solutions
represent a buffer medium where Nic and its conjugated NicH* co-exist. The pH of a “Do It
Yourself” (D1Y) solution (100 mg/mL), which is known to be composed of Nic, was
measured for comparison. For the DIY, the measured pH value of 9.7 indicates that nicotine
is predominantly present in the free-base form.

3.2. Analytical Method Validation

A standard calibration curve was prepared by extracting a range of concentrations (50-1500
ppm) of standard nicotine solutions following the aforementioned method. The linearity of
the method was assessed by a regression line drawn for a standard calibration curve of the
peak areas of Nic/IS versus concentrations. The correlation coeffcient (R?) was 0.999. The
recovery of the method, estimated from the extraction of Nic standard solutions of pH 9.7 at
three different concentrations (50, 200, 400 ppm), was 89 + 4.6 %. It is important to note
that the recovery of the method was found to be lower at concentrations below the reported
range of the calibration curve. Furthermore, the repeatability of the method was examined
by quantifying six replicate samples of three different concentrations. These samples were
subjected to the whole extraction procedure and the relative standard deviation (%RSD)
within each concentration, as a measure of repeatability, was found to be < 5%. The method
was also used for label verification, for example, for the unflavored V4L cartridges labeled
with 18 mg/mL nicotine content and average pH of 6.3 (+ 0.68), the concentrations of
nicotine collected from E1, dE1, E2 and dE2 were 0.75, 0.13, 6.15 and 0.74 mg/mL
respectively. The total nicotine concentration amounted to 7.77 mg/mL which is evidently
different than the label.
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3.3. Quantification of Nic and NicH" in standard nicotine solutions (STD)

Table 2 shows the measured and predicted ratios of Nic/NicH* in STD solutions prepared at
different pHs in the lab. Predicted ratios were obtained using Henderson-Hasselbalch
equation (pH = pKa + log[Nic]/[NicH*]). Therefore based on the value of pH and pka (of
the pyrrolidine ring, pKa =8.02), STD solutions (100 mg/mL) at pH < 7 are expected to
contain mainly NicH*, STD solutions at 7 < pH < 9 would consist of both forms of nicotine
(Nic and NicH") and in STD solutions at pH > 9 Nic predominates. Experimental results
were in good agreement with the predicted Nic/NicH™ ratios. The correlation between the
experimental versus calculated % of NicH* gives an R? of 0.999. These results indicate a
high level of accuracy and precision for the analytical method.

3.4. Quantification of Nic and NicH* in cartridge e-liquid

The analytical method was used to measure the different ratios of Nic/NicH* for various e-
liquid cartridge solutions. Unlike the case with the standard solutions described above, we
found that prediction of nicotine partitioning based on measured pH was unreliable
compared to the measured values, as shown in able 3. We suspect that pH measurement of
the flavored e-cigarette liquids may be affected by flavor additives used in these liquids. The
small difference between measured and calculated values shown in the unflavored (V4L) is
due to minimal presence of additives. Interestingly, the measured Nic/NicH* ratios for the
tobacco flavored cartridges show different values across brands, and also different flavors
gave different ratios within the same brand. These factors highlight the necessity for directly
measuring nicotine fractions using an analytical method, rather than relying on pH
measurement, when knowledge of nicotine partitioning is needed.

3.5. Quantification of Nic and NicH* in ECIG aerosols

Results of the quantification of Nic/NicH™ in machine-generated ECIG aerosols are shown
in Table 4 for the three sampling filter types examined. The results showed that only Nic was
detected when samples were collected on glass fiber filters, whereas both forms of nicotine
were detected on quartz and Teflon filters with similar ratios.

4. Discussion

The presented analytical method shows a very good agreement between experimentally
measured and calculated Nic/NicH* ratios in standard nicotine solutions of known
concentrations and pH. The weaker correlation between experimental results and calculated
values of %Nic/NicH* in e-liquid cartridges is attributed to the presence of other additives
(e.g. flavors). Hence, attempts to calculate the Nic and NicH* content in e-cigarette liquids
based on pH measurements cannot be a method of choice especially when the pH is
influenced by the presence of other components in the matrix.

Moreover, the developed analytical method showed that vaped aerosols contain the two
forms of nicotine. However, the quantified amounts of Nic and NicH* could be affected by
the collection medium. For example, all nicotine is transformed into Nic if collected on glass
fiber filters (known to be basic), however, when collected on Teflon and Quartz filters
around 65 % abundance of Nic was determined. The discrepancy between glass fiber filters
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and the other two filter types may stem from the fact that the glass fiber filters are made of
borosilicate, (a base), which can therefore convert NicH* into Nic. Teflon and quartz, by
comparison, are neutral. Consequently, we feel confident to report that unflavored V4L (at
this particular pH of the cartridge water extract) smoked under the mentioned conditions will
deliver ~65 % of Nic and ~35 % of NicH*.

The free-base nicotine fraction in an e-cigarette aerosol likely influences nicotine delivery,
and is therefore likely a key attribute when considering the efficacy and abuse liability of an
electronic cigarette product. This study has demonstrated a convenient and reliable
analytical method for determining the free-base and protonated nicotine fractions in e-
cigarette products and aerosols. It has also demonstrated that prediction of nicotine
fractionation using standard pH measurements can be unreliable when applied to
commercial e-cigarette products. The extrapolation of the Nic/NicH?* ratio determined in the
e-liquid to the amount in the aerosol phase warrants further investigation, especially that the
aerosol appears to be enriched in free-base nicotine due to its higher volatility compared to
the protonated forms.

5. Conclusion

An analytical method to assess the respective amounts of Nic and NicH* in e-cigarette
cartridges and aerosol was developed. The method validation showed good repeatability (%
RSD < 5%) and high recovery (89%) from e-liquids. Application of the method on standard
nicotine solutions showed that Nic/NicH* ratios are in good agreement with theoretical
predictions based on pH and pKa value of the pyrrolidine group. On the other hand, it was
also shown that pH measurement is unreliable for predicting the distribution of Nic and
NicH* in e-liquid cartridges, probably due to the interference of additives and flavors on the
pH measurement. In addition, determination of nicotine fractionation in aerosols is highly
sensitive to filter collection medium. Future work is recommended on the relation between
Nic in the ECIG liquid to that of the resulting emissions, and, most importantly, to nicotine
delivery to the user. The method presented in this work provides a means for doing so.
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Figure 1.
Schematic diagram for the presented extraction procedure to separate Nic from NicH*. “T”

stands for toluene and “w” for water
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pH measurements of DIY and V4L cartridge solutions of different concentrations. The liquid of the cartridge
was soaked in 10 mL of water.

Sample* Nicotine (mg) pH=*Stdev
VAL (n=6) 4 7.820.3
VAL (n=3) 18 7.4+0.6
V4L (n=5) 24 8.0+0.3
V4L (n=6) 36 8.3+0.2
DIY (n=3) 100mg/ml 9.7+0.0

*
n denotes the number of tested samples
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pH measurements and percentages of Nic and NicH* in standard nicotine solution assessed by the optimized

extraction method. Results are compared to predicted values from pH measurement and pKa

Sample pH % of predicted % of measured
(nicotine label) Nic/NicH* Nic/NicH*

STD(1) 5.16 0.2/99.8 2.5/97.5 +0.09
STD(2) 7.52 24.0/76.0 27.8/72.2+£0.84
STD(3) 8.07 52.9/47.1 53.0/47.0 £ 1.43
STD(4) 8.55 72.2/22.8 79.2/20.8 £ 0.62
STD(5) 9.66 97.8/2.2 97.7/23 £0.27
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Table 3

pH measurements and percentages of Nic and NicH* in random e-liquid cartridges assessed by the described
method and compared to prediction from pH and pKa values

Sample pH % of predicted % of measured
(nicotine label) Nic/NicH* Nic/NicH*

VAL (unflavored) 6.30+0.68  5.3/94.7+6.50  10.7/89.3 + 12.36
VAL (strawberry) 8.11+0.27 55.1/44.9+14.87  92.2/7.8 +3.38

Blu (tobacco) 6.85+0.11 6.5/93.5 + 1.57 16.0/84.0 + 3.05
V2 (tobacco) 8.63+0.02 80.1/19.9+0.89 97.6/2.4+0.15
V2 (menthol) 8.74+£0.02 84.0/16.0 +0.65 90.3/9.7 £0.88

*
Cartridge brand
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Ratio of Nic/IS peak area for Nic content in the aerosol of VAL cartridges assessed using the introduced
analytical method. Each trial is repeated three times.

Sample Nic (%) NicH* (%)
Glass fiber filter 100 0

Teflon filter 61.7+4.8 37.5+48
Quartz filter 68.7+10.1 31.2+10.1
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