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Abstract

Introduction: To date, several concerns have been raised on the purity of ingredients employed in
the manufacturing processes of refill fluids and cartridges, the device functionality, and the qual-
ity control of electronic cigarettes. This article reviews analytical methods so far described for the
analysis of liquids to detect their chemical components and to investigate the presence of toxicants
and carcinogens that can potentially occur as impurities of ingredients or as a consequence of
their degradation.

Results and Discussion: Based on the scientific literature, high-performance liquid chromatog-
raphy with diode-array detection (HPLC/DAD) and liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) are most appropriate for determining nicotine and related compounds in
fluids and cartridges, whereas LC-MS/MS has been successfully used to determine nitrosamines.
Content analyses of glycols have been performed using gas chromatography equipped with flame
ionization detector or gas chromatography/mass spectrometry (GC/MS), whereas carbonyl and
other volatile organic compounds determinations have been performed by HPLC/DAD and GC/
MS, respectively. Content analyses of heavy metals have been performed by inductively coupled
plasma optical emission spectroscopy or inductively coupled plasma mass spectrometry. Since
new potentially toxic substances may be created during heating, it is also necessary to investigate
the chemical composition of generated aerosol. In this case, similar methods applied for tobacco
smoke can be adopted.

Conclusions: A broad range of analytical techniques are available for the detection of constituents and
toxicants in e-liquids and cartridges. Analyses of liquids have been performed with pharmacopeia
procedures and methods (International Organization for Standardization, Environmental Protection
Agency, and American Public Health Association) developed for other matrices but applicable to e-lig-
uids. Because new potentially harmful substances may be produced during heating process, analyses
of aerosol are needed to correlate its composition to the chemical components of liquids.

Introduction ECs do not burn tobacco, they do not produce the numerous chemi-
Electronic cigarettes (ECs) are battery-powered devices that simulate cals found in conventional tobacco smoke, and hence they have been
tobacco cigarettes by converting liquid into an inhalable aerosol. The proposed as potential products for tobacco harm reduction. ' Their
liquid (“e-liquid) can be contained in a disposable cartridge or in a safety and efficacy for smoking cessation is controversial, but avail-
tank within the EC device that can be refilled by the users. Because able studies seem to suggest the potential of ECs to assist smokers to
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quit or to reduce smoking. Over the last few years, concerns about
quality control in the manufacture of these products have been
raised. Since ECs are not manufactured according to standards like
those imposed on medications or drug delivery devices, cartridges
and refill liquids could not comply with the label and could contain
impurities or toxic substances.”!

Liquids containing nicotine consist of nicotine (at different con-
centrations) in a mixture of vegetable glycerine (VG) and/or pro-
pylene glycol (PG) with water.!! PG and VG are used as humectants
creating aerosol when heated by the atomizer. A huge variety of
chemicals are added to the mixture to produce aromas and flavor.'>"3
The chemical components of aerosol can be different from those
found in liquids. Using ECs requires the heating of the liquid and
under such conditions, chemical reactions may result in the forma-
tion of new potentially harmful compounds.!!

First tests'* on chemical composition of EC cartridge liquids and
aerosol were performed in 2008 by Health New Zealand Ltd to asses
safety of Ruyan EC cartridges, the first patented and launched car-
tridges.! One year later, the Food and Drug Administration (FDA)
was asked to quantitate the amount of nicotine and impurities in two
brands of EC cartridges. The study highlighted the presence of low
amounts of nicotine in some bottles of liquid labeled “no nicotine.”
The same report showed the presence of toxic compounds as impuri-
ties of some ingredients. In particular, diethylene glycol (DEG) was
found in one cartridge as impurity of PG. The same report showed
the presence of tobacco-specific nitrosamines (TSNAs), strong human
carcinogens® in 50% of the tested samples and the presence of nic-
otine-related compounds (suspected of being harmful) in the major-
ity of them. To date, different studies'*'>'*'® have reported small
amounts of formaldehyde, acetaldehyde, and acrolein in the aerosol
as results of heating of PG and VG. Low levels of formaldehyde and
acetaldehyde have been also found in some cartridges.'®'* In some

reports,'®!47 chemical analysis revealed small amounts of other

Table 1. Published Analytical Methods

volatile organic compounds (VOCs) like benzene, toluene, xylene, and
styrene in both liquid and aerosol. Because ECs contain various metal
components, metals can be also found in fluids from the fibrous pad
of “cartomizer” (the new EC model of cartridge where atomizer and
cartridge have been combined into a single unit) and in the aerosol.

Recent data'®"” have shown that the differences between con-
tent of nicotine and labels are smaller than previously reported,
suggesting an improvement in the manufacturing process over the
years. Some American industries are currently adopting improved
manufacturing standards.>* In Europe, some quality standards for
refill liquids will be introduced by the revision of Tobacco Product
Directive (2001/37/EC), issued by the European Commission.”?!
According to the revised Directive, a maximum threshold of nicotine
is set at 20mg/ml for ECs classified as consumer products. Refill
liquids with higher concentration of nicotine may be sold only if
approved by the pharmaceutical regulation.”

This review is aimed at focusing the role of various analytical
techniques in the assay of quality and safety of e-liquids and car-
tridges and giving a thorough literature survey of the methods used
for analysis. In particular, this article reviews the analytical meth-
ods so far described for the analysis of cartridges and refill liquids
for detection of their chemical components and for investigation of
toxic and carcinogenic compounds that can potentially occur. The
methods herein reported, summarized in Table 1, allow to determine
the content of the following classes of compounds: nicotine and
nicotine-related compounds, TSNAs, glycols, carbonyls and other
VOCs, and heavy metals.

Analytical Methods for Determination of
Nicotine and Nicotine-Related Compounds

Nicotine is a highly addictive central and peripheral nervous sys-
tem stimulant with a lethal dose of 0.8-1.0 mg/kg of body weight

Analytes or classes of analytes Matrices Analytical techniques References
Nicotine Refill liquid GC/FID Schober and Szendrei'?
HPLC/DAD Davis and Dang"’
Cartridge® GC/FID Cheah and Chong?
HPLC-UV Westenberger?
Cartridge, aerosol GC-TSD Goniewicz and Haiek?*
Nicotine and nicotine-related compounds Cartridge HSGC-MS Westenberger?
Cartridge?, refill liquid, aerosol HPLC/DAD Trehy and Ye*
Tobacco-specific nitrosamines Cartridge® LC-MS/MS Laugesen'*; Westenberger?
Refill liquid LC-MS/MS Schober and Szendrea'?; Kim and Shin?®
Diethylene glycol Cartridge® GC/MS ('H-NMRP) Westenberger?
Propylene glycol Refill liquid GC/FID (GC/MS) Etter and Zither!®
Glycerin Refill liquid GC/FID (enzymatic analysis®) Schober and Szendrei'?
VOCs Refill liquid GC/MS Schober and Szendrei'?
Carbonyl compounds and other VOCs Cartridge HS-SPME GC-MS Laugesen'
Carbonyl compounds Refill liquid HS-SPME GC-MS¢ Lim and Shi*”
Aerosol HPLC/DAD¢ Goniewicz and Knysak'!; Kosmider and
Spbczak?$; Uchiyama and Ohta'$;
Schripp and Markewitz'®
Heavy metals Cartridge® ICP-MS Laugesen'*
Aerosol ICP-MS Goniewicz and Knysak!!
ICP-OES Williams and Villarreal?

aIt requires extraction procedures with organic solvent.
*Confirmatory method.
Derivatization step previously.
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(acute minimum lethal oral dose) in adult nonsmokers.®* Because
of both toxic and addictive nicotine activities, it is important that
its content in refill liquids and cartridges complies with the label.?
According to the tolerance level suggested by the American E-liquid
Manufacturing Standards Association guidelines, nicotine content
should be £10% of the concentration on the label.’?

Nicotine used for e-liquid production is extracted from tobacco,
and this extraction process may produce some tobacco-specific
impurities, suspected of being harmful.'” These impurities are minor
alkaloids like nornicotine, anatabine, anabasine, myosmine, coti-
nine, nicotine-N"-oxides (cis and trans isomers), B-nicotyrine, and
B-nornicotyrine (Figure 1.) and are thought to arise by bacterial
activity or oxidation during tobacco processing.'” Nicotine and coti-
nine in tobacco are largely present as the levorotary (S)-isomers (only
0.1%-0.6% of total nicotine content is (R)-nicotine), whereas anaba-
sine, anatabine, and nornicotine in tobacco exist as mixture of enan-
tiomers. Oxidative degradation of nicotine can also occur during the
manufacturing processes of e-liquids, and high amounts of nicotine-
related substances can indicate an inadequate handling and storage.
Unstable formulation or interactions with packaging materials could
also enhance nicotine degradation in the final products. For exam-
ple, chemicals added as flavoring agents are known to affect product
stability.’® An FDA report* showed the presence of tobacco-specific
impurities in the majority of the tested samples. These substances are
less potent and toxic than nicotine itself, but toxicology studies are
needed to demonstrate that high levels of these degradation products
do not convey any additional risk to the EC users."
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According to European Pharmacopeia,® nicotine of pharmaceuti-
cal grade may, as raw material, contain up to 0.3% of each of specified
nicotine impurities. However, since the e-liquid manufacturing process
is not strictly controlled, some products can show levels of impurities
above these acceptance limits for pharmaceutical products.'®

Sample Preparation of Refill Fluids and Cartridges
Analysis of refill liquids is carried out after dilution with mobile
phase or other solvents and subsequent injection into the chroma-
tographic systems.!®'21%25 e-Liquids are oily and highly viscous,
making difficult to pipette and disperse the exact volume. Therefore,
sample preparation can result in nonhomogenous samples, leading
to differences between assay determinations of duplicates.?

Sample preparation for content analysis of EC cartridges needs a
previous step of extraction with an organic solvent. In the cartomiz-
ers, removal of the plug allows to access to the cartridge’s PG solu-
tion of nicotine adhering to the fibrous pad. After breaking the wires
running to the heating element, the pad can be removed with twee-
zers or unwound. Then, the pad is transferred into the flask together
with the plug and the cartridge, and they are extracted with solvent.
The results are expressed as milligrams of nicotine per cartridge.
Trehy et al.® used 50ml of methanol for cartridge extraction (stir-
ring for 90 min). In the FDA report, cartridges were extracted using
two different procedures: extraction with methanol and extrac-
tion with a mixture of 10% acetonitrile and 1% phosphoric acid
in water. Both extractions provided similar results for the majority
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Figure 1. Structures for nicotine and nicotine-related compounds.
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of analyzed samples. Cheah et al.?> used the extraction procedure
described by Trehy et al.* and verified the completeness of the ana-
lyte extraction, with a recovery between 80% and 90%. The extrac-
tion procedure developed by Goniewicz et al.?**? required 50ml of
ethyl acetate and 100 pl of an Internal Standard solution (quinoline,
50 mg/ml in methanol) using an ultrasound bath for 30 min.

Gas Chromatographic Methods

To date, gas chromatographic (GC) and liquid chromatographic meth-
ods have been developed and used for the determination of nicotine
in a variety of matrices. The same methods can be suitable for e-liquid
and aerosol analysis. Since nicotine is relatively volatile and thermally
stable, GC generally offers an appropriate analytical method to quan-
tify nicotine. Schober et al.'? developed and validated a method in
gas chromatography equipped with flame ionization detector (GC/
FID) using a 5% phenylmethyl-polysiloxane capillary column. They
reported a limit of detection (LOD) of 0.1% (w/w) for nicotine.
They also confirmed their results by performing analysis on a second
GC-column. Cheah et al.?? determined nicotine content in cartridges
using an organic solvent extraction followed by detection by GC/
FID using a capillary column coated with polyethylene glycol. They
reported a LOD value of 0.02mg per cartridge. Goniewicz et al.'-**
developed and validated a method based on gas chromatography with
Thermionic Specific Detector (GC-TSD) for determination of nicotine
in liquids and cartridges and also in the aerosol generated by ECs. The
limits of quantification (LOQ) for nicotine were 0.1 mg/cartridge and
0.05 pg/ml for cartridges and aerosol, respectively. In the FDA report,
a simulated use of cartridges was reported for detection of nicotine
and tobacco specific impurities volatilized during use by Head-Space
GC-MS (HSGC-MS) technique. Compounds were identified by com-
parison with a mass spectral library and their relative abundance.

Liquid Chromatographic Methods

While gas chromatography/mass spectrometry (GC/MS) offers highly
sensitive and selective methods for the determination of nicotine, it
requires the analytes to be volatilized, whereas liquid chromatogra-
phy only requires the analyte to be soluble in a solvent before their
separation. Although nicotine and cotinine can be analyzed directly
by GC, several important nicotine-related compounds such as the
N’-oxides are not thermally stable and cannot pass intact through
GC columns. They need to be derivatized, but a direct method of
analysis would be preferred. Thus, LC can be considered a much
more appropriate technique for the analysis of nicotine and many of
its degradation products and metabolites.?

In the FDA report dated 2009, nicotine content determination
was performed by liquid chromatograph equipped with UV detec-
tor (HPLC-UV) following the United States Pharmacopeia (USP)
assay for “Uniformity of Dosage Units” reported in the “Nicotine
Transdermal System Assay” section.** Similar methods to the USP,
one were developed and validated by Trehy et al.> and by Davis
et al.”” Davis’s procedure allowed to achieve LOQ values for nico-
tine 10-fold lower than those reported by Trehy (10.0 instead of
104.4 pg/ml). However, the USP method is not suitable for nicotine
related compounds. As reported by Trehy et al.,” using the chroma-
tographic conditions reported in the USP procedure, cotinine was
poorly retained, and anabasine was not completely resolved from
nicotine. An alternative method was then developed and validated
using gradient elution.” Under these improved conditions, all the
components were chromatographically resolved. LOD and LOQ

values were determined according to ICH Q2B guideline, “Validation
of Analytical Procedures: Methodology” (1996). LOD and LOQ
values for nicotine, cotinine, anabasine, anatabine, myosmine and
[B-nycotirine in solutions were in the interval of 0.10-0.40 pg/ml and
of 0.25-1.30 pg/ml, respectively.

Among the LC techniques, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) provides a rapid, sensitive and selective
alternative for the determination of nicotine and nicotine related
compounds. A number of reports****! on determination of nicotine
and related alkaloids by LC-MS/MS in different matrices (especially
in biological fluids, like urine, plasma, saliva) have been published.
However, these methods can be also suitable for e-liquids and aerosol
from ECs, but their applicability to these matrices has to be verified.

Analytical Methods for Determination
of TSNAs

N’-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK), N’-nitrosoanabasine (NAB), and
N’-nitrosoanatabine (NAT) are TSNAs, the strong carcinogens iden-
tified in tobacco and tobacco smoke. Their presence in refill liquids
is mostly due to the extraction processes of nicotine from tobacco
leaves. These compounds are formed from their alkaloid precur-
sors and from nitrite or nitrate predominantly during tobacco cur-
ing, fermentation and ageing.'> NNN, NAB, and NAT are formed
primarily from their corresponding secondary amines (nornicotine,
anatabine, and anabasine) in the early stages of tobacco curing and
processing whereas, the majority of NNK is formed from the tertiary
amine nicotine at the later stages of tobacco curing and fermenta-
tion (Figure 2)." Nitrosation reactions of corresponding amines can
occur in liquids,?® especially during an inadequate storage or during
manufacturing processes (e.g., an inadequate storage is supposed to
increase the levels of NNN as consequence of nitrosation of norni-
cotine converted from nicotine in liquids).

To date, many analytical methods for the determination of
TSNAs have been published for studies on tobacco and main-
stream cigarette smoke. The gas chromatography thermal energy
analyzer is a widely used technique, specific for nitroso-com-
pounds and it has been successfully used for many years for
measuring NNN and NNK in tobacco smoke. In recent years,
LC-MS/MS has also been used showing very high sensitivity and
reproducibility to TSNAs.?¢

The first study'* on TSNA content in cartridge liquids of ECs was
dated 2008. In the report, tests were performed by using a LC-MS/
MS method developed for determination of TSNAs in whole tobacco
and modified for the application on EC cartridges. Results were
reported in nanogram per cartridge, but either details on extraction
procedure or details on conditions used for chromatographic sepa-
ration were not reported. In 2009, FDA detected very low levels of
TSNAs in 50% of tested cartridges, otherwise this study did not give
the exact analytical data. TSNAs were analyzed using a revision of
the method based on LC-MS/MS developed by Wu et al.? for the
analysis of TSNAs in cigarette tobacco and mainstream cigarette
smoke. The extraction procedure for TSNA content in cartridges
was similar to that reported for nicotine (see “Sample preparation of
refill fluids and cartridges”). They reported LOQ values higher than
those reported in the reference method**: LOQs of NAB, NAT, NNK
and NNN were 21, 21, 75, and 24 pg/L respectively, compared to
LOQ values of approximately 40 pg/ml. A possible explanation for
the different LOQ values was the different kind of analyzed matrices.
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Figure 2. Structures for tobacco-specific N-nitrosamines.

The method used by Wu et al. was developed for either finely ground
tobacco or smoke captured on glass fiber filter pads, whereas the
modified method was applied to a PG matrix supported on a fibrous
material within a plastic housing. The TSNAs in the extracts were
quantified using deuterated IS. Two ion transitions were recorded in
MRM mode for each TSNA. TSNA content was reported as weight
of TSNA per weight of cartridge (ng/g).

Analysis of refill liquids can be carried out using direct injec-
tion into the chromatographic system. Schober et al.'? reported a
method for determination of TSNAs using a direct injection into
LC-MS/MS. According to their procedure, a 1-mL-aliquot of e-lig-
uid was spiked with IS (NNK-d,). NNN, NNK, NAB, and NAT
were analyzed using MRM mode. The LOD ranged from 0.22ng/
ml (NAB) to 0.38 ng/ml (NNK). Since TSNAs are present in traces
in refill liquid, pre-concentration could be necessary for sample
preparation. Kim et al.?® developed and validated a LC-MS/MS
method using a previous step of purification and pre-concentration
for simultaneous determination of the four TSNAs in e-liquids.
In this study, preliminary experiments were performed by testing
different extraction procedures (solid-phase extraction and liquid-
liquid extraction procedures) in order to achieve the best recov-
ery. The liquid-liquid extraction with methylene chloride yielded
the best recovery (% recovery > 70% for each analyte) among the
tested procedures. Improved recoveries (75%-83%) for TSNAs
were observed at basic conditions (pH 9). Analytes were separated
by using a C18 column with a binary gradient. Detection was
performed in electrospray ionization, setting a positive ionization
mode. For each analyte, three ion transition pairs were monitored
in MRM mode. The protonated molecular ions [M+H]* and the
product ions formed by the loss of a NO molecule from the precur-
sor ions were characteristic. LOD and LOQ values of TSNAs were
0.01-0.02 pg/L and 0.04-0.06 pg/L, respectively. Accuracy was in
the range of 89%-109% and precision less than 10%.
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Analytical Methods for Determination of
Glycols

E-liquids contain PG or VG or a mix of both. These two glycols are
used to generate aerosol in the ECs. Generally, PG is the main com-
ponent (up to 90% of the liquid, in some products).'* Both PG and
VG are classified by FDA as GRAS, “generally recognized as safe,”
and are approved solvents for pharmaceutical products. VG is a glyc-
erol derived from plant oils, whereas PG is prepared by hydrolysis
of propylene oxide under pressure at high temperature. PG is used
in pharmaceuticals as a drug vehicle for asthma inhalers and nebu-
lizer and preservative. Unlike inhalers or nebulizers, the EC devices
consist of a heating component and the heating of glycols can gener-
ate various potentially toxic carbonyl compounds. Moreover, DEG
could be present as an impurity of PG in some EC liquids. The U.S.
FDA detected DEG in one cartridge at approximately 1%, but no
other study conducted to date has shown the presence of this toxic
chemical in other liquids. DEG has similar physical and chemical
properties to PG and VG and it has been involved in numerous
worldwide epidemic poisonings, resulting from the addition of DEG
to pharmaceutical products instead of more expensive but non-toxic,
glycols, or VG constituents.*

In the USP (National Formulary monographs for PG), one of the
tests for the PG identification in pharmaceutical products requires
the use of a GC/FID method, and the reported chromatographic
parameters can be also used to perform PG content determination
on e-liquids." This method is also used to determine the presence
of DEG and ethylene glycol (another PG impurity) with the aim to
verify that these two compounds do not exceed the specific limits of
0.1%. Chromatographic separation was achieved using a column
coated with 14% cyanopropylphenyl-86% methylpolysiloxane sta-
tionary phase using 2,2,2-trichloroethanol as IS. Moreover, in the
“Assay procedure” section,* another GC method is published but it
requires a thermal conductivity detector. In the FDA report, analy-
sis on EC cartridges for DEG determination was performed using a
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GC-MS method. An aliquot of methanol extract used for nicotine
extraction (see “Sample preparation of refill fluids and cartridges”)
is injected into the chromatographic system. Samples were screened
operating initially in full scan mode and then in selected ion moni-
toring (SIM) mode using the chromatographic parameters from USP
monograph procedure.* The presence of DEG was confirmed by
proton nuclear magnetic resonance spectroscopy (‘H-NMR).

Schober et al.’> developed and validated a GC-FID method for
detection of VG and 1,2-propanediol (another humectant to produce
mist) in e-liquids. According to their procedure, 0.1g of IS (1,3-pro-
panediol) were added to 0.3 g of each liquid. This mixture was dis-
solved in S ml of isopropanol and diluted 1:5 with isopropanol. LOD
value for 1,2-propanediol was 0.5% (w/w). The results were con-
firmed by analysis on a second GC-column and in the case of VG by
an enzymatic analysis.

Analytical Methods for Determination of
Carbonyls and Other VOCs

VOGC:s include a variety of chemicals (carbonyls, aliphatic and aro-
matic hydrocarbons, etc.), some of which may have short- and
long-term adverse health effects. In general, VOCs have high vapor
pressures, low-to-medium water solubilities, and low molecular
weights.* Published results'*'®?” demonstrated the presence of small
amounts of formaldehyde and acetaldehyde in some cartridge lig-
uids. Acetaldehyde may occur in some liquids because of the inten-
tional addition as flavor compound. Formaldehyde is classified
as carcinogenic to humans (group 1 by International Agency for
Research on Cancer [IARC]), acetaldehyde as possibly carcinogenic
to humans (group 2B by IARC), and acrolein can cause irritation
to the nasal cavity, and damage to the lining of the lungs. Benzene
(group 1 by IARC) and other solvents (toluene, xylenes, and styrene)
could be present in e-liquids because of their use as solvents for nico-
tine extraction from tobacco leaves.!® A wide variety of other VOCs
in the liquid phase produce aromas and flavor through heating."
For VOC analysis, Environmental Protection Agency (EPA)
method 8260* can be used. This method allows to determine VOCs
by GC-MS in a variety of solid waste matrices but it is applicable
to nearly all types of samples, including aqueous samples. The most
appropriate technique of introducing these compounds into the
GC-MS system is Purge-and-Trap by EPA method 5030,* previ-
ously dissolving the e-liquids in a solvent or mixture of solvents (e.g.,
water or methanol in water). Compounds that can be determined by
EPA method 8260 include BTEX (benzene, toluene, ethylbenzene,
xylene), styrene, and some halogenated compounds. Since these
analytes well dissolve in PG, their extraction from e-liquids should
be further studied. Lim et al.?> developed an analytical method for
detection of formaldehyde, acetaldehyde, and acrolein in refill fluids
by head space solid-phase micro-extraction (HS-SPME) and GC-MS
after derivatization with 2,2,2-trifluoroethylhydrazine (TFEH). They
reported that the optimal conditions for derivatization of carbonyl
compounds in e-liquids were different from those used for water
samples. Derivatization was performed in a headspace vial under
continuous shaking and adding 40 mg of TFEH and 0.05 pg of acet-
aldehyde-d, (IS) to 0.5-ml-sample of e-liquid. The derivatives were
adsorbed exposing a 65 pm-polydimethylsiloxane-divinylbenzene
(PDMS-DVB) SPME fiber in the headspace. Separation was carried
out using a HP-INNOWax capillary column. Analysis was performed
in SIM mode. LOD and LOQ values ranged 3.1 (formaldehyde)
to 6.3 (acetaldehyde) pg/ml and 9.8 (formaldehyde) to 19.0 pg/ml

(acetaldehyde), respectively. For other organic compounds, liquids
can be also diluted and directly injected into the GC system. Schober
et al.” reported a GC-MS method for determination of compounds
used to flavor liquids. According to this procedure, a 1-ml-aliquot of
each liquid was diluted with 10 ml of chloroform and submitted to
analysis. Samples were analyzed in SIM mode. Among the detected
analytes, the presence of benzylalcohol, menthol, vanillin, and
I-limonene (all known contact allergens) were reported in liquids.

In the Ruyan EC cartridge report, a method is reported to deter-
mine the presence of VOCs using HS-SPME technique coupled to
GC-MS. The limit of this published method is that samples were incu-
bated at 30 °C because the aim of analysis was to determine VOCs
that can be elicited at room temperature in the just opened EC car-
tridges. Moreover, the analytes were only identified by comparison
with a mass spectral library and their relative abundances. The column
was a Restek Rtx-WAX fused silica capillary column coupled in series
with a Restek Rtx-1ms fused silica capillary column. Samples were
incubated for 60 min at 37 °C with their enclosed headspace exposed
to a 2cm long DVB/CAR/PDMS combination SPME fiber. The inves-
tigated analytes were: acetaldehyde, acrolein, acrylonitrile, benzene,
1,3-butadiene, cresols (m-, o-, p), ethylene oxide, styrene, and xylenes.

Chemical composition of aerosol can be different from liquid:
Using EC requires heating the liquid and under such conditions, chem-
ical reactions may result in formation of new compounds. In some
models, the temperature measured in the centre of heating coil can be
notably high (= 350 °C) promoting pyrolysis reactions of EC liquid
chemical components.® Many studies report that short-chain alde-
hydes such as formaldehyde, acetaldehyde and acrolein are produced
during the EC heating.!®'>'* Uchiyama et al.'"® demonstrated that the
70% of examined EC brands generated formaldehyde, acetaldehyde
and acrolein with maximum concentrations of 260, 210, and 73 mg/
m?, respectively. They also detected two additional harmful carbonyl
compounds that to date have not been detected in the mainstream
smoke from conventional cigarettes: glyoxal and methylglyoxal.
Carbonyl compounds are the results of dehydration and fragmenta-
tion of VG. Although these processes can only occur at relatively high
temperatures like in pyrolysis or combustion, some specific conditions
allow lower dehydration temperatures.'® Also PG can be oxidized to
formaldehyde and acetaldehyde during e-liquid heating.'® Generation
of carbonyl compounds seems to be increased when liquids inciden-
tally touch the heated nichrome wire in the atomizer as suggested by
the change in the color around the wire!® reported in some EC devices.
Thus, although carbonyl compounds can be present in the refill lig-
uids, heating can enhance the concentrations of these compounds in
the aerosol. Therefore it is necessary to develop analytical methods for
detection of toxicants in the aerosol generated by ECs.

Goniewicz et al.,'"?** analyzed carbonyl compounds in aerosol on
the basis of the U.S. Environment Protection Agency TO11 standard
method for carbonyl determination in air. Analysis required derivatiza-
tion of carbonyls with 2,4-dinitrophenylhydrazine (DNPH). Aerosol
was generated using a smoking machine. Carbonyl compounds were
trapped from aerosol using silica gel cartridges coated with DNPH
and were analyzed by HPLC/DAD. Compounds were separated using
Zorbax Eclipse column (Agilent Technologies) with a gradient elution.
The method allowed selective determination of acetone, butanol, for-
maldehyde, acetaldehyde, acrolein, and other 10 aldehyde compounds.
The LOD and LOQ values per one EC (per 150 inhalations or puffs)
ranged 0.01-0.1 pg and 0.02-0.29 pg, respectively. The precision of
the method was 18% with accuracy of 89%. A similar procedure was
used by Kosmider et al. to study the effects of solvent and battery
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output voltage on carbonyl compound generation.?® The International
Organization for Standardization (ISO) 16000-3 “Determination of
formaldehyde and other carbonyl compounds in indoor air and test
chamber air” was the reference procedure chosen by Schripp et al.’* to
study carbonyl levels in aerosol. Uchiyama et al.'® developed a similar
method to Goniewicz’s one but using coupled silica cartridges impreg-
nated with hydroquinone (for the inhibition of acrolein polymeriza-
tion) and DNPH.

Analytical Methods for Determination of
Heavy Metals

To date, studies that attempted to quantify metals in refill liquids
seem to show that there is no evidence of contamination with heavy
metals that warrants a health concern.*” In Ruyan report,'* cartridge
liquids were tested for heavy metals but none of them was found at
concentration higher than 0.1-0.2 ppm. In some cases, metals can be
also found in the fluid from the inner and outer fibers of “cartomiz-
ers.” In a study performed on 22 cartomizers from a leading manu-
facturer, William et al.?’ demonstrated that cartomizer fluid from
inner and outer fibers contained particles that were shown to be tin
by electron dispersion spectroscopy (ESD) microanalysis.

Since ECs contain various metal components, metals can migrate
to the generated aerosol constituting a health risk to users and by-
standers. William et al.?’ showed that small particles comprised of
various elements (Sn, other metals, semimetals, and silicate) passed
through cartomizer fibers and were present in the aerosol of ECs.
A total of 22 elements were identified in EC aerosol including Pb,
Ni, and Cr. Pb and Cr concentration in aerosol were within the
range of conventional cigarettes, while Ni concentration was about
2-100 times higher in EC aerosol than in Marlboro brand cigarettes.
Ni particles likely originated from the nichrome wire. Significant
amount of Sn, other metals and silicate beads escaped into aerosol
and would result in human exposure, in some cases probably greater
than those observed in a conventional cigarette.

In Ruyan report, cartridge'* liquids were also tested for heavy
metals by using inductively coupled plasma mass spectrometry
(ICP-MS) following a modified American Public Health Association
(APHA) 21st edition 3125 method. Liquids were tested for the pres-
ence of As, Sb, Cd, Cr, Co, Cu, Pb, Mn, and Ni. LOD values were
below 0.01 ppm for Cd, below 0.1 ppm for As and Pb and below
0.2 ppm for Cr and Ni. Goniewicz et al.!** analyzed metals in the
EC aerosol by using a method similar to that applied for tobacco
smoke. Since metals are characterized by lower volatility, they can-
not be trapped in tubes packed with solid adsorbent. Thus, they
were extracted dissolving the aerosol in a solvent. Williams et al.?’,
allowed aerosol to fully dissolve in a solution of 10% nitric acid,
3% hydrocloridric acid, and 87% deionized water prior inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis.
Goniewicz et al.'"** extracted metals from aerosol adsorbing it in
two gas washing bottles with methanol (50ml in each bottle). 10ml
of solution was then collected, and condensed on vacuum evapora-
tor. The samples were acidified with 0.5 ml of 70% nitric acid and
heated at a temperature of 120 °C (8h). Then 10ml of deionized
water and a solution of 10ng/ml of Rh (IS) was added and samples
were analyzed by using the ICP-MS technique. The method devel-
oped allowed to determine Co, Ni, Cu, Zn, Cd, Pb, As, Cr, Se, Mn,
Ba, Rb, Sr, Ag, Tl, and V. LODs and LOQs of analyzed elements were
below 0.01 pg. The average precision of the method was 23% and
its average accuracy was 84%.

Discussion and Conclusions

Since their first introduction in the market in 2004, first tests on
chemical composition of EC cartridge liquids and generated aero-
sol were dated only in the 2008. Analysis on chemical composition
is needed to assess quality of manufactured products and to reveal
potentially harmful contaminants and impurity of ingredient impu-
rities. Quantification of specific analytes (e.g., nicotine degradation
products) can be useful to indicate if an inadequate handling and
storage of EC liquids have been occurred or an unstable formulation
has been used.!® Although some contaminants, like DEG, have been
detected in products of earlier generations, risk of contamination
with toxic substances should be reduced by inducing manufacturers
to adopt strictly manufacturing standards.

Sample preparation for content analysis of EC cartridges needs
a previous step of extraction with an appropriate solvent, whereas
analysis of refill liquids is carried out after dilution with mobile
phase or other solvents to the injection concentration. A broad
range of analytical techniques used for analysis and detection of
EC constituents and toxicants in e-liquids and cartridges are avail-
able. Regarding nicotine and relating compounds, HPLC/DAD or
LC-MS/MS can be considered more reliable methods than GC/MS
because several important nicotine analogues are thermally unsta-
ble and cannot pass intact through GC-columns. LC-MS/MS tech-
nique has shown very high sensitivity and reproducibility to TSNAs
in tobacco mainstream smoke and it has been successfully used
for tests on refill fluids and cartridges. Content analyses of glycols,
including their contaminants, have been performed using GC/FID
or GC/MS methods, whereas carbonyl compounds and other VOC
determinations have been performed by GC-MS (or as alternative
HS-SPME coupled to GC/MS). In many cases, analyses of liquids
have been performed using USP procedures or methods (ISO, EPA or
APHA methods) developed for other matrices that can be applicable
also for e-liquids. For example, analysis of carbonyl compounds in
e-liquids can be performed using a similar method to that applied for
aqueous samples. However, the optimal conditions for derivatiza-
tion of carbonyl compounds are different from those used for water
specimens.?’

The main drawback in the analysis of e-liquids is that they are
oily and highly viscous leading to possible differences between assay
determination of duplicates. Analytical determination of nicotine-
related compounds is not simple because of the low concentra-
tion levels at which the compounds are present in the samples and
because it is not simple to obtain a chromatographic separation
between nicotine and its isomer anabasine.”® Since some toxicants
like TSNAs are present in traces in refill liquids, pre-concentration
can be necessary for sample preparation. In this case, extraction of
nitrosamines from e-liquids could be a crucial step of the procedure
affecting the analytical recoveries.

It should be noted that examination of liquid composition does
not assure the safety of generated aerosol after their use due to the
production of new substances during heating and vaporization pro-
cesses. Therefore, analysis on generated aerosol could be useful to
correlate its composition with the chemical components of liquid.*
For example, analysis of degradation products in the generated aero-
sol has highlighted that PG is more susceptible to thermal decompo-
sition than VG, leading to the highest levels of carbonyls.?® Analysis
of EC aerosol can be conducted using similar methods like those
applied for tobacco smoke.!! The extracting procedure depends on
the type of analyte: Volatile compounds like carbonyl compounds
can be trapped in tubes packed with solid adsorbent, whereas
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compounds with a low volatility like metals can be extracted dissolv-
ing the aerosol in a solvent.

Over the last few years, some work has been done to study
the applicability of developed methods to e-liquids and cartridges.
Further investigations may be required to respond to the list of new
compounds that could potentially occur in the e-liquids. However,
the application of the specific regulation (Revision of Tobacco
Product Directive 2001/37/EC) should contribute to reduce possi-
ble risks of contamination during the manufacturing process. More
data regarding how the EC hardware can influence aerosol com-
position are needed to predict hazardous exposures for the users.
To date, studies have highlighted that the contact between liquids
and the heated nichrome, the various temperature ranges reached in
the vaporization process and the different battery voltages can affect
EC toxicity.'$? Tests for delivery dose uniformity and aerodynamic
particle size distribution should also be required.” Therefore, only
a systematic monitoring of e-liquids quality together with quality
control of manufactured devices would contribute to ensure public
health and to reassure consumers.
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