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Abstract

Free radicals in cigarette smoke cause oxidative damage and contribute to smoke related diseases.
New smoking and vaping products are marketed as a safer alternative. Electron paramagnetic res-
onance (EPR) studies of radical and nitric oxide (NO) levels and kinetics in mainstream smoke or
aerosols created by different smoking/vaping products have been performed. The products were
chosen to represent a broad variety of smoking products, including a conventional cigarette (3R4F
research cigarette), a heat-not-burn product (IQOS) and two e-cigarettes with different liquid
heating mechanisms (Solaris and MESH ). Short-lived gas phase radicals have been spin trapped
by N -tert-butyl-α-phenylnitrone (PBN) and 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N -oxide
(BMPO), while toluene extracts containing long-lived particulate phase radicals were measured di-
rectly. NO was trapped from whole smoke by iron dithiocarbamate (Fe(II)-(DETC)2) complexes.
Overall, radical levels produced by the HNB-product IQOS and by the e-cigarettes MESH and
Solaris were 94-99% lower than that of the research cigarette 3R4F and generally similar to back-
ground levels. No nitric oxide was found in aerosols of the e-cigarettes and only 6-7% of the 3R4F
level was found in IQOS aerosol. These results pair well with the previously published findings of
reduction in levels of Harmful and Potentially Harmful Constituents (HPHCs) in aerosols of HNB-
products and e-cigarettes. The toxicological implications of reduced radical levels remain unclear.
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Chapter 1

Introduction

In 1999 Baker spoke of 2000 known substances in cigarette smoke.[1] This number rose to 4800
until 2006[2] and in 2013 Rodgman and Perfetti report of more than 6000 chemical compounds,
divided in four broad classes: hydrocarbons, oxygen-containing components, nitrogen-containing
components and miscellaneous components.[3] Many of these substances are carcinogen, toxic, mu-
tagen or addictive. The most comprehensive list of Harmful and Potentially Harmful Constituents
in Tobacco Products and Tobacco Smoke (HPHCs) is established by the US Food and Drug Ad-
ministration (FDA) and names 93 substances.[4] The presence of these (and possibly further)
dangerous chemicals in smoke leads to an estimated death toll of approximately 480,000 annually
in the United States alone.[5] It is a great desire of health scientists and regulatory administrations
to give better toxicity estimates to the public and the smokers. For many decades, CO, tar and
nicotine levels were used as standard toxicity indicators, although these advertisements are often
criticized for being deceiving.[1, 6] Nowadays, scientists hope to give better estimates by using
biomarkers, however, such indicators suffer from individual characteristics of the human and the
product.[6] On the other hand, the desire to better grasp the chemistry of cigarettes and create
safer products is the driving force behind tobacco research.[7]

In the last decade tobacco companies have introduced a variety of new "safer", smoke-free products.
Most prominent are electronic cigarettes, or shorter e-cigarettes - and Modified-Risk Tobacco
Products (MRTPs) such as heat-not-burn (HNB) products. While the popularity of such alternative
tobacco(-free) smoking devices is growing fast, neither of these types of products are exactly new.
The first e-cigarette was developed by Herbert A Gilbert in 1963.[8] However, the product did
not catch on and the invention was only rediscovered in China in the beginning of the 2000s.[9,
10] Similarly, although not a commercial success, heat-not-burn products have been introduced in
1988 and were even studied for their radical production.[11, 12]

The now growing popularity of these products is explained by the fact that many users consider
"vaping" safe or at least generally less toxic than smoking.[10] However, there is insufficient data
to support such claims. A recent report Public Health Consequences of E-Cigarettes by an ex-
pert committee of the National Academies of Sciences, Engineering, and Medicine from January
2018 summarized findings on e-cigarette toxicology.[13] While they found substantial evidence
that e-cigarettes emit significantly lower amounts of HPHCs (except for nicotine) and completely
switching from usual combustible cigarettes reduces adverse health-effects, the report also supports
the worries of many Anti-Smoking advocates that e-cigarettes may act as a gateway to normal
cigarettes for the youth and young adults. In a similar fashion, an FDA advisory panel assessed in
January 2018 a HNB-product by Philip Morris International (PMI) called IQOS . The panel ruled
8 to 1 in favor of the claim that switching from common cigarettes to IQOS decreases exposure to
HPHCs, however, since lower toxic levels do not necessarily translate to a reduced health hazard,
the panel found studies presented by PMI insufficient to claim reduced ’risk of harm’.[14] Some
of the uncertainties in regard to MRTPs stems from the use of new substances such a glycerol
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and propylene glycol for aerosol production. Although these substances are FDA approved, their
toxicological implications upon inhalation are poorly known.[15]

Cigarette smoke, a highly concentrated aerosol system consisting of a particulate and a gas phase,
is produced in a dynamic tobacco burning process with various oxygen-concentrations along the
cigarette rod.[1] The temperatures in the combustion zone range from 200 to 950°C, allowing a
variety of reactions to take place, such as pyrolysis, combustion and distillation. When the smoke
cools down below 350°C, smoke particulate forms with 30-50% of the particles being neutral and
the remainder equally divided in positively and negatively charged.[1] Further, the particulate
phase of the smoke plays a key role in the delivery of several substances, for instance, nicotine and
glycerol. Studies found, that only 70% of nicotine is recovered in smoke, emphasizing decomposition
processes taking place in the cigarette. Decomposition leads to toxic side products and to reactive
species such as radicals.[1, 3]

Radicals in the cigarette smoke were thought for many years to be too short-lived to be toxicolog-
ically relevant. It was not until the work of Lyons et al. [16] in which the existence of persistent
radicals in tobacco smoke was proven that scientists started to consider a link between radicals
and smoke related diseases. Major contributions in the field include the study by Bluhm et al.
[17], where for the first time short-lived radicals were analyzed and that of the group of Pryor
which showed that radicals of cigarette tar cause DNA damage.[18] Nowadays many smoke-related
diseases, such as cardiovascular diseases, cancer, lung diseases and neurodegeneration can be linked
to oxidative stress created by the presence of radicals.[19–23] Nevertheless, radicals are presently
not part of the FDA 93-list and thus, no maximal radical levels are defined for cigarette smoke.

In tobacco smoke, two types of radicals can be found: short-lived radicals which are predominantly
found in the gas phase and can only be analyzed if they are spin trapped and long-lived ones, which
exist in the particulate phase and whose signal intensity stays constant over several days.[24] Both
groups of radicals have been studied extensively; important findings on the particulate phase radi-
cals are summarized in a review by Dellinger et al. [25] and a comprehensive review on smoke spin
trapping experiments is presented by Robinson and Johnson[26]. In this context, the fundamental
work of the group of Pryor from the 1980s and 1990s should be pointed out.[18, 24, 27]

The constant production of gas phase radicals was thought for a long time to be directly connected
to nitric oxide[27]: NO is slowly oxidized to NO2 which then readily reacts with unsaturated
carbohydrates in the smoke, creating new carbon-centered radicals. NO itself, however, is rather
unreactive. It is an important neurotransmitter and thus its presence in the cigarette smoke is
connected to adverse health effects.[28, 29] NO is abundant in smoke (500–600 µg per cigarette[30–
32]) and originates mainly from nitrates in tobacco, and partially from oxidation of gaseous nitrogen
and of nitrogenous proteins and amino acids.[1]

For many years, tobacco companies funded research into the role of NO in radical chemistry.
Particularly the rates of oxidation in the gas phase and in whole smoke have been studied for
many years in hopes of eventually connecting all pieces to a bigger picture and, for instance, to
update the "steady-state model" of Pryor.[27] Typically, methods of choice to study NO radicals
have been Infrared (IR) spectroscopy or tunable infrared laser differential absorption spectroscopy
(TILDAS).[33, 34]

Another possibility to study NO is spin trapping using iron(II)-dithiocarbamate complexes.[35,
36] The paramagnetic mononitrosyl complexes can be measured with Electron Paramagnetic Res-
onance (EPR) spectroscopy. EPR is a selective and sensitive method for radical research and
in combination with the spin trapping technique, even short-lived radicals can be examined and
potentially identified and quantified.

The majority of cigarette smoke radical research has been performed using EPR. However, while
the understanding of reactions taking place inside a burning cigarette has gradually improved,
research into new (tobacco) products is mostly uncharted. In several studies chemical composition
of the produced aerosols has been analyzed and radical emissions briefly addressed[30, 31, 37,
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38]. To the best of our knowledge, no study so far has directly compared radical levels between
conventional cigarettes and different types of smoking/vaping products. The goal of this thesis is
to establish a methodology for spin trapping experiments and to compare quantitatively radical
and NO levels and kinetics between a 3R4F research cigarette, a heat-not-burn product and two
different e-cigarettes.
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Chapter 2

Theoretical background

2.1 EPR spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy, also known as electron spin resonance (ESR)
spectroscopy, is a technique with the underlying principle of the absorption of electromagnetic
waves in the microwave frequency range by paramagnetic species in a magnetic field.[39] This
technique is closely related to nuclear magnetic resonance (NMR) with the difference that in the
case of EPR electrons instead of nuclei absorb electromagnetic energy. The degenerate energy levels
of electrons are Zeeman split in the presence of a magnetic field due to the intrinsic spin property
of the elementary particles. By varying either the frequency of the electromagnetic radiation or
the strength of the magnetic field, electrons can be brought to resonance and can absorb energy
to transition between the α and β states. The energy level splitting between the two states ∆E in
a static magnetic field B0 can be described as

∆E � gµBB0 � |~µ|B0 (2.1)

with g being the Landé factor (or the g factor), µB the Bohr magneton and ~µ the magnetic moment
of the electron, which is equal to

~µ � �gµB
~S (2.2)

where ~S is the electron spin angular momentum. For a free electron, g has a value of g � 2.0023.
The energy difference can also be described in terms of angular frequency ω0, also called Larmor
frequency:

ω0 �
gµBB

~
(2.3)

In the proximity of nuclei with spin I � 0, the energy levels of the electron are further split due
to hyperfine coupling. In the fast tumbling regime of the paramagnetic species (which is a good
approximation for liquid solutions)[39] the hyperfine contribution (also known as Fermi-contact
contribution) Ehf can be described as

Ehf � a~S � ~I (2.4)

with ~I being the nuclear spin angular momentum and a the isotropic hyperfine coupling constant.
This formula explains that a coupling to a nucleus with a spin quantum number I � 1{2 (e.g. 1H)
leads to a splitting into two lines while a coupling to a nucleus with I � 1 (such as 14N) creates a

11



12 2.1. EPR spectroscopy

three-line splitting. The total number of electron Zeeman levels (and thus total number of lines)
N is described by

N �
¹

k

p2Ik � 1q, (2.5)

where Ik is spin quantum number of the k-th nucleus coupling to the electron spin. This principle is
shown in Figure 2.1 with a simulated CW-EPR spectrum (see below) of a nitroxide (PBN adduct)
where the electron couples to the nitrogen and the β-hydrogen atoms.

Figure 2.1: Simulated spectrum of the N -tert-butyl-α-phenylnitrone (PBN) adduct with a carbon-
centered radical in toluene at room temperature. Simulation parameters: g = 2.006, aN � 14.4 G,
aH � 2.1 G, microwave frequency 9.88 GHz and line-width 0.9 G (according to [40] and [41]).
The long horizontal bar indicates the line splitting due to coupling to nitrogen and the three small
horizontal bars show splitting due to β-hydrogen.

A real sample, however, consists of a multitude of spins which can be described macroscopically.[39]
Magnetic polarization of a spin ensemble can be depicted by the magnetization vector ~M and its
respective Cartesian componentsMx,My andMz. In a static magnetic field B0 along the z-axis, the
equilibrium magnetization vector M0 is aligned along the positive z-direction. The equilibrium is
disturbed by oscillating microwaves of angular frequency ωmw acting along the x-axis and creating
a small time-dependent field B1. The magnetization vector is then rotated towards the x/y-plane
and starts rotating (precessing) about the large B0 field with the Larmor frequency ω0 and about
the small B1 field with an angular frequency ω1.

Over time, spins tend to relax and restore the equilibrium magnetization M0 by interacting with
the surrounding lattice (spin-lattice or longitudinal relaxation) or with each other (spin-spin or
transverse relaxation). Phenomenologically, combining the motion of the magnetization with spin
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relaxation terms in a rotating coordinate frame yields the Bloch-equations:

dMx

dt �Mypωmw � ω0q �
Mx

T2
dMy

dt �Mzω1 �Mxpωmw � ω0q �
My

T2
dMz

dt ��Myω1 �
Mz �M0

T1
(2.6)

T1 and T2 represent the longitudinal and transverse relaxation time, respectively. Spin relaxation
directly influences spectral qualities, as the observed line width is proportional to 1{T2. However,
several relaxation mechanisms can contribute to or one mechanism can dominate the total relax-
ation rate. In solutions, broadening of the line can be caused by the presence of oxygen: through
collisions between the paramagnetic oxygen molecules and other radical species spin exchange can
occur and thus contribute to spin-spin relaxation. This effect is commonly referred to as oxygen
broadening.[42]

2.2 Spin trapping

Measurements of free radicals by EPR are often limited by their reactivity and thus short lifetimes
and low concentrations. While direct EPR can not be applied in such cases, a technique known as
spin trapping often allows the study of these reactive radicals.

Spin trapping has been developed in the second half of the 1960s. One of the pioneers of spin
trapping, Edward G. Janzen, wrote in 1971:

"The possibility that a radical addition reaction might provide a means of detecting
short-lived radicals had initially been considered during mechanistic studies of the de-
hydrogenation of hydroaromatics with hot nitro-benzene and thermal decomposition of
nitro aromatics."[43]

This statement summarizes the idea and principle behind spin trapping. As depicted in the follow-
ing scheme

R� � ST ÝÑ R� ST�
(paramagnetic) (diamagnetic) (paramagnetic) (2.7)

short-lived long-lived

where the free radical is abbreviated with R and the spin trap with ST, a (radical) spin adduct
R�ST is formed by the covalent bonding of radical and the spin trap.[44] By trapping the radical,
the paramagnetism of the short-lived radical is transferred to the diamagnetic spin trap forming
the relatively stable spin adduct. A major advantage is that the spin trapping reagents themselves
are generally EPR silent and do not disturb the measurement. A notable downside of the spin
trapping technique is that after the trapping reaction the unpaired electron is located on the spin
trap, far away from the radical of interest itself. This limits the structural information gain: the
great distance between the nitroxide functionality and the bound radical often makes resolution
of the small coupling constants impossible and variation of the g value minimal. Additionally, the
coupling constant of the nitrogen atom is often only weakly dependent on the bound radical which
leaves structural information gain mostly to hyperfine coupling to adjacent protons of the spin
adduct.[45, 46]

Typically, nitrone and nitroso compounds have been employed as spin traps (see Scheme 2.1).[44–
46] The advantage of nitroso compounds over nitrone traps are generally faster reaction rates with
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N+H

R

R'

O-

X NH

R

R'

O

+

X

nitrone spin trap nitroxide spin adduct

N
ORX +

N
R X

O

nitroso spin trap nitroxide spin adduct

Scheme 2.1: General reaction scheme of nitrone and nitroso spin traps with radicals to form a
nitroxide spin adduct. The radical is abbreviated with X.

radicals and greater information gain due to the proximity of the trapped radical to the nitroxide
group. However, these chemicals are considered to be less stable (photochemically and thermally)
than nitrone based adducts, usually do not form stable adducts with oxygen-centered radicals, are
highly toxic and tend to form dimers.[28]

In the past, standard spin traps of choice were the nitrone traps N -tert-butyl-α-phenylnitrone
(PBN) and 5,5-dimethyl-1-pyrroline-N -oxide (DMPO) (see scheme 2.2). In comparison to the lin-
ear PBN, the latter is a representative of pyrroline-based cyclic nitrones which show a greater
dependence of the β-hydrogen coupling constant on bound species.[46] Coupling constants of spin
adducts with numerous chemicals have been measured in the past and can help to identify unknown
detected species. Especially adducts with PBN and DMPO have been well characterized and tab-
ulated data was published already in 1987[47]. Nowadays the National Institute of Environmental
Health Sciences (USA) provides a large database for spin adduct data[48]. A simulated spectrum
of an adduct of PBN with a carbon-centered radical is shown in Figure 2.1.

Although both spin traps are still often used in modern research, early studies showed disadvantages
of these traps. Fast decay of adducts to EPR silent compounds, degradation of adducts to different
nitroxide species (as it is the case for DMPO-OOH which converts to DMPO-OH[49]), low reaction
rates with radicals, cytotoxicity (relevant for biological studies), artifacts due to competing reac-
tions with non-radical species (e.g. Forrester-Hepburn reaction[28]), oxidation and thus deactivation
of the spin trap itself and difficulties in signal separation due to similar coupling constants were ma-
jor issues associated with these early traps.[28, 46, 50] Several of these problems were resolved with
development of new spin traps, specifically designed to address different issues. Nitrone spin traps
such as 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N -oxide (BMPO), 5-(diethoxyphosphoryl)-5-
methyl-1-pyrroline-N -oxide (DEPMPO), 2,2-dimethyl-4-phenyl-2H -imidazole-1-oxide (DMPIO),
5-(diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N -oxide (DIPPMPO), 2,2,4-trimethyl-2H -imid-
azole-1-oxide (TMIO) and α-(4-pyridyl 1-oxide)-N -tert-butylnitrone (POBN) have been synthe-
sized to facilitate line separation through stronger variation in coupling constants[51, 52], to en-
hance stability of adducts with the superoxide radical O��

2 [51, 53], to improve solubility proper-
ties[44] or to add a new source of information through introduction of a phosphor-centered group
(which provides an additional coupling). In Scheme 2.2 A, spin traps which were used in quantita-
tive measurements of this work, PBN and BMPO, are presented and their general reaction scheme
with a radical R is shown. Other spin traps which were tested in initial experiments are displayed
in Scheme 2.2 B.

Nitric oxide (NO) is a rather unreactive radical and does not form adducts with common spin
traps.[44] Instead, NO can be trapped by Fe(II) thiocarbamate complexes by forming a coordination
bond.[28, 35, 54, 55] This spin trapping experiment has also been previously performed on cigarette
smoke.[36]
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Scheme 2.2: A: General reaction scheme of PBN and BMPO with a radical R. B: Spin traps which
were tested in initial experiments.

Typically, two different iron complexes are used, the hydrophilic iron-bis(N -methyl-D-glucamine-
dithiocarbamate) complex (Fe2�-(MGD)2) and the hydrophobic iron-bis(diethyldithiocarbamate)
complex (Fe2�-(DETC)2).[54] While the first one has been used in cigarette smoke study by Shina-
gawa in 1998 in an aqueous medium[36], in this work the iron-DETC complex is employed in order
to trap NO in toluene. The mononitrosyl iron complex (MNIC) with DETC (MNIC-DETC) is
reported to have a square-pyramidal structure with the Fe-N-O bond being almost linearly aligned
along the z-axis,[35] as depicted in Scheme 2.3. As the unpaired electron is generally located in
the antibonding dz2 orbital, formally iron is reduced to the valence state Fe(I).[35] At room tem-
perature the complex is characterized by a broad isotropic triplet with g � 2.04 and a splitting of
aN � 12.5 G.[35] A representative simulated spectrum can be seen in Figure 2.2.

2.3 Smoke analysis

Cigarette smoke is divided into three types of smoke: mainstream smoke (MS), sidestream smoke
(SS) and environmental tobacco smoke (ETS).[1] By mainstream smoke scientists refer to the
"highly concentrated, dynamic aerosol system"[1] which is drawn by the smoker himself from the
butt end of the cigarette into the mouth and lungs. In between puffs the cigarette smolders
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Scheme 2.3: General reaction scheme of the Fe(II)-bis(diethyldithiocarbamate) complex with an
NO radical forming MNIC-DETC.

and releases sidestream smoke into the surrounding air. Environmental tobacco smoke consists
of sidestream smoke and exhaled mainstream smoke greatly diluted by the ambient air.

Traditionally, for further analysis cigarette smoke is separated into a particulate phase and a gas
phase by a Cambridge Filter. This glass fiber filter pad (stabilized with an organic binder) is
99% efficient at trapping smoke particulate with the size larger than 0.1µm.[1] Smoke constituents
collected on the filter pad are referred to as Total Particulate Matter (TPM) while the vapor phase
not held back by the filter is defined as gas phase. The latter has to be differentiated from whole
smoke which is the total smoke aerosol not separated by the filter pad.

Although the separation of the gas and particulate phases is not absolute and some vapor phase is
retained by the filter pad[1], it is justified since these two phases have different redox properties,
for example gas phase smoke is oxidizing and the particulate phase reducing, making whole smoke
slightly less oxidizing than the gas phase.[20] In research on free radicals in cigarette smoke this
separation seemed to be necessary since radicals found in the two phases are significantly different:
radicals in the gas phase are short-lived with expected lifetimes ranging from 30 to less than a second
and thus have to be spin trapped in order to be studied.[27, 41, 56] Additionally, a combination
of several different spin traps is recommended due to trapping specifity or, more generally, to
variations in reaction rate constants for addition of different radicals.[26, 46] On the other hand,
radicals trapped on the Cambridge Filter are long-lived and can be measured for days.[24] Based
on these (and further) findings Pryor et al. suggested a "steady-state model" for the constant
formation and destruction of radicals in cigarette smoke causing apparent lifetimes of gas phase
radicals to be 5 min.[27, 41] The long-lived radicals were believed to be quinone/semiquinone type
radicals which are formed from polyphenolic compounds such as catechol found in tobacco leaf.[20,
24] In modern literature TPM radicals are categorized into "primary type I", "primary type II"
as well "secondary radicals", based on their respective formation temperature or process.[25] Type
I radicals are assigned to tyrosyl radicals, the second type are believed to be poly- or oligomeric
phenols with a delocalized unpaired electron and the last ones are found to resemble true (semi-
)quinones.

However, using the Cambridge Filter pad may create artifacts and lead to wrong conclusions, as
discussed in the following. The practice of phase separation by the Cambridge Filter was introduced
by Tully et al. [57] and established in the 1970s by the group of Pryor[41] and has found wide
acceptance in the scientific community for many years. This may seem contradictory to the fact
that already in 1985 Borland et al. showed differences in reaction rates of NO in gas phase and
whole smoke.[58] In 1990 Caldwell and Conner reported on artificial formation of tobacco specific
N -nitrosamines on the CF.[59] A study by Culcasi et al. in 2006[60] indicated that whole smoke
may be less toxic than gas phase vapor with significant implications for the overall toxicity of
cigarette smoke. The publications by Bartalis et al. in 2007 and 2009[61, 62] which showed a
decrease of trapped acyl radicals by 96% when the Cambridge Filter was used finally caused a
re-evaluation of the "steady-state model" established by Pryor and his co-workers in 1984[27] and
the overall usage of the CF. In his review Gas-Phase Radicals in Cigarette Smoke: A Re-evaluation
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Figure 2.2: Simulated spectrum of the MNIC-DETC complex at room temperature. Simulation
parameters: g = 2.04 and aN � 12.4 G (according to [35]). The vertical bars indicates the line
splitting due to coupling to nitrogen.

of the Steady-State Model and the Cambridge Filter Pad from 2011 Jan B. Wooten makes a strong
argument for why the practice of phase separation by the Cambridge Filter pad is questionable
and can create artifacts and lead to wrong conclusions.[7]

Analysis of cigarette smoke and overall performance requires repeatability. For quality assurance
reasons cigarette manufacturers started using smoking machines as early as in the 1930s.[1] This
allowed industry-wide publication of general yields for "tar", nicotine and carbon monoxide for the
public to be able to differentiate levels of toxicity between different brands. While machine smoked1

yields are often criticized for being misleading to the public, since machine smoking does not reflect
actual smoking habits and may over- or underestimate the real amount of toxic substances received
by the smoker[1, 6], they do help researchers to compare findings.

Early research on cigarette smoke has made it clear that comparison between different studies
is flawed because the analytical methods and smoking regimes varied greatly between different
publications.[1] To overcome this problem, the Cooperation Centre for Scientific Research Relative
to Tobacco (CORESTA) proposed a well-defined set of recommended methods which were then
adopted by the International Organization for Standardization (ISO) into standardized smoking
regime parameters and instructions for smoke constituents analysis. The smoking regime parame-
ters are commonly known as the ISO or FTC (Federal Trade Organization) testing regime. However,
in modern research newer smoking regimes have been developed, specifically by the Canadian Gov-
ernment and the US State of Massachusetts, in order to better represent intense smoking habits.[6]
Of particular importance is the requirement to block all ventilation holes in the filter since vari-
ation in filter ventilation accounts for 30% of differences in free radical levels between brands[64]
and ventilation blocking reduces differences in overall yields between brands.[6] While the ranking
between different cigarette brands is mostly independent of smoking regime[1, 6], in modern lit-
erature the Health Canada Intense (HCI) smoking regime is often recommended and used.[6] In
Table 2.1 essential parameters of the different smoking regimes are summarized.

1The setup of a standard smoking machine is described in International Standard ISO 3308:2012.[63]
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Table 2.1: Machine smoking parameters for different regimes.

parameters ISO1 HCI2,3 CORESTA4

puff volume 35.0� 0.3 mL 55 mL 55.0� 0.3 mL
puff duration 2.00� 0.02 s 2 s 3� 0.1 s
puff frequency 60� 0.1 s 30 s 30� 0.5 s
puff profile bell-shaped bell-shaped rectangular
1 According to International Standard ISO 3308:2012.[65]
2 According to Health Canada Official Method T-115.[66]
3 Additional requirement: filter and tipping paper must be wrapped by
single layer of tape.

4 According to CORESTA recommended method no. 81.[67]

The same smoking regimes should not be applied to e-cigarettes. Several studies have been per-
formed to determine vaping topography and define typical "vaping" behavior of e-cigarette con-
sumers.[68–70] Based on these observations CORESTA proposed a recommended method no. 81
in April 2015 titled Routine Analytical Machine for E-Cigarette Aerosol Generation and Collection
— Definintions and Standard Conditions.[67] Its essential parameters are presented in Table 2.1.
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Experimental procedures

3.1 Introduction of investigated products

In the course of this study four different tobacco and non-tobacco products were tested and their
radical levels compared to each other. All products are presented in Figure 3.1. As a representative

Figure 3.1: Products used in this study. 1: 3R4F research cigarette; 2: IQOS (2b) with a HEETS
stick (2a); 3: Solaris, made up of a cartomizer (3a) and the battery (3b); 4: MESH , made up of
a cartomizer (4a) and the battery (4b).

of conventional cigarettes a 3R4F research cigarette was used (1). The cigarette is produced by the
Center for Tobacco Reference Products (University of Kentucky, Lexington, Kentucky, USA) since

19
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2008 and is used in the industry for quality control and brand comparison.[32] 3R4F is represen-
tative of a section of the American tobacco market with a blend consisting of flue-cured tobacco
(35.41%), Burley (21.62%), Maryland (1.35%), Oriental (12.07%), reconstituted leaf (29.55%),
glycerin (2.67%) and sugar (6.41%) and has a cellulose acetate filter.[32, 71]

The heat-not-burn (HNB) product IQOS (I Quit Ordinary Smoking) was developed by Philip Mor-
ris as a Modified-Risk Tobacco Product and is marketed as a healthier alternative to conventional
smoking.[72, 73] It consists of a pen-shaped smoking device (2b in Figure 3.1) and an electronic
charger/pen holder. Compatible tobacco sticks called "HEETS" (2a) are plugged into the pen and
thus mounted on a ceramic blade which heats the stick up to 350°C.[73] Due to these relatively
high temperatures the tobacco stick has to be pre-heated before drawing the first puff. The stick
itself has the appearance of a short cigarette and is made up of a tobacco plug, a hollow tube, a
polylactide resin filter and a final cellulose acetate filter (in this order, from plug to butt end).[74]
The plug is produced from reconstituted tobacco mixed together with water, glycerol, propylene
glycol, binders and flavor additives. The full list can be found in [74].

When the stick is heated, tobacco constituents evaporate and the formed aerosol is inhaled by the
smoker. The important claim hereby is that the formed "aerosol" is not "smoke" since no signs
of combustion are detected.[30] While traces of an incomplete combustion (pyrolysis) can still be
detected, the amount of most harmful chemicals in the aerosol are reduced by 80-90% in comparison
to the 3R4F cigarette.[30, 31] This can be explained by the fact that pyrolysis mostly takes place at
higher temperatures as they are detected inside the combustion and pyrolysis zones of conventional
cigarettes where temperatures range from 200 to 950°C.[1]

The last two products are e-cigarettes. Both of them consist of two parts, a cartomizer and a
battery. Cartomizer is a portmanteau made up from "cartridge" and "atomizer" since it combines
both a liquid container with the heating element and an atomizer which sprays the heated liquid
(called e-liquid), creating the aerosol which is inhaled. The cartomizer can not be refilled and has
to be disposed of after smoking.

Solaris XL, in the following called Solaris, is a cigarette-shaped vaping device. It was developed
by Altria Group, Inc. and currently sold under this brand by PMI in Israel and Spain.[75] In the
United States the product is sold as MarkTen XL.[76] The central element of the e-cigarette is the
linear tube-shaped cartomizer (3a) with a "classic" wick-and-coil heating element.[77] Hereby, the
wick is in contact with the liquid which is then passed onto the metallic coil. The hot coil evaporates
the liquid which is then atomized. The liquid itself consists of propylene glycol, glycerol, water,
tobacco derived nicotine and flavor additives (total volume: 0.8 mL). Aerosol production starts
automatically when the smoker draws a puff with a diode at the end of the battery (3b) lighting
up, mimicking conventional cigarettes.

MESH is a new product developed by Nicocigs and currently sold in United Kingdom and Ire-
land.[75, 78] It has a broad pen-shape but a slimmer mouth piece. MESH is marketed as the "next
generation e-vapor product platform"[75] due to its automated assembly process and a different
heating system. Although the top part is still a disposable sealed cartomizer with a pre-filled liq-
uid called "capsules"[78] (4a), it does not rely on the wick-and-coil principle. Instead, it uses a
metallic grid mesh to heat the liquid which is sucked in by the adjacent wick.[72] Additionally,
unlike Solaris, MESH controls the level of its liquid and the battery (4b) refusing to power the
heating element when the liquid level gets low. The composition of the liquid is very similar to
that of Solaris: water, propylene glycol, glycerine, flavouring and nicotine (total volume: 2 mL).
Aerosol is again produced on puff-by-puff bases when the e-cigarette detects a puff draw, but first
the electronics have to be activated.
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3.2 Materials and Products

Analytical grade spin traps were purchased from Enzo Life Sciences, Inc. (Lausen, Switzerland): N -
tert-butyl-α-phenylnitrone (PBN), 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N -oxide (BMPO),
sodium diethyldithiocarbamate trihydrate (DETC), 5,5-dimethyl-1-pyrroline-N -oxide (DMPO), 5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline-N -oxide (DEPMPO), 2,2-dimethyl-4-phenyl-2H -imid-
azole-1-oxide (DMPIO), 5-(diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N -oxide (DIPPMPO),
2,2,4-trimethyl-2H -imidazole-1-oxide (TMIO) and α-(4-pyridyl 1-oxide)-N -tert-butylnitrone (POBN).
Spin trapping agents were stored at �20°C in their original packaging and after opening under
inert atmosphere. All chemicals used in this work were of analytical grade.

The following tobacco and non-tobacco products were provided by Philip Morris International
R&D (Neuchâtel, Switzerland). This includes the 3R4F research cigarette, the tobacco heating
system IQOS and complementary tobacco sticks HEETS (Amber label) and two e-cigarette prod-
ucts, namely Solaris XL (flavor: "Amber Bliss"; 19.3 mg/mL nicotine) and MESH (flavor: "Classic
Tobacco High"; 19 mg/mL nicotine). These products were selected to represent a broader scale of
smoking and vaping products: 3R4F as a conventional cigarette, IQOS as a heat-not-burn product,
and the two e-cigarettes Solaris and MESH to represent different aerosol heating methods (stan-
dard wick-and-coil heating of Solaris and the heating by a metallic mesh of MESH ).[72] 3R4F
research cigarettes and HEETS tobacco sticks were stored in the original packaging or in an air-
tight plastic bag. For both products, a stick/cigarette pack out of ten was selected randomly and
all sticks/cigarettes used. When the pack was emptied, the next was randomly selected.

Three randomly selected e-cigarette cartomizers per product were stored in the original packaging
under inert atmosphere until their first usage and kept then in a constant humidity chamber (58%
relative humidity, 22°C). Solaris does not have an indicator for liquid level and the consumers are
told to "notice a reduction in flavor and vapor".[79] Although generally the liquid in one cartomizer
is said to be sufficient for 2 hours of continuous use[80], in order to avoid possible dry puffing effects
(low liquid level)[64] every cartomizer was used for only five experiments (equals to 60 puffs).

Finally, PMI provided 44 mm Cambridge Filter pads which were stored in an airtight plastic bag.

3.3 Spin trap solution preparation

3.3.1 Initital experiments

Due to the superiority in adduct stability and in amount of published reference studies of nitrone
spin traps over nitroso compounds, only nitrone traps have been screened in this thesis. Spin trap
solutions were prepared directly before performing experiments to avoid spin trap degradation and
opened bottles of air sensitive chemicals were used up in no more than two days.

3.3.2 PBN and BMPO

Fresh spin trap solutions were prepared daily for a set of experiments (see chapter 4), consisting
usually of four measurements (all four products). Initial experiments indicated a solution loss due
to dead volume when the liquid was transferred or injected with a syringe (approx. 0.1-0.2 mL/ex-
traction), thus spin trapping solutions were prepared with additional 10 Vol.-%. Solutions were
kept at �78°C under inert atmosphere during the day and were thawed prior to usage.

For measurements with the spin trap PBN the analysis procedure of Goel et al. [64] was followed:
approx. 273 mg (1.54 mmol) were dissolved in 30.8 mL deoxygenated toluene giving a concentration
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of 0.05 M. For BMPO, the content of one whole flask (approx. 50 mg, 0.25 mmol) was dissolved
in 30.8 mL deoxygenated toluene giving an approximate concentration of 8.14 mM.

3.3.3 Fe2�-(DETC)2

A 5 mM solution of Fe2�-(DETC)2 in toluene was prepared according to a modified version of the
procedure described by Santos et al..[81]

For the phosphate buffer, 322.33 mg (0.9 mmol) Na2HPO4�12 H2O (M � 358.14 g{mol) and
28.08 mg (0.18 mmol) NaH2PO4�2 H2O (M � 156.01 g{mol) were dissolved in 9 mL pure water.
To the phosphate buffered aqueous solution (0.1 M, pH=7.4) 180.24 mg (0.8 mmol, 2 equiv) of
Na-DETC�3 H2O (M � 225.3 g{mol) were added and the solution was heated to 30°C. Under
stirring 55.60 mg (0.2 mmol, 1 equiv) of FeSO4�7 H2O (M � 278.0 g{mol) were slowly added. The
resulting brown precipitate of Fe-(DETC)2 (70.48 mg, 0.2 mmol; M � 352.4 g{mol) was extracted
several times (typically 3 � 7 mL followed by 4 mL and then 3 mL) with toluene giving a clear
aqueous phase and an orange residue. The combined toluene fractions of dark brown/black color
were dried under reduced pressure and stored over night at �4°C. Prior to usage, the residual solid
is solved in 40 mL toluene giving the desired solution of Fe2�-(DETC)2.

3.4 Smoke/aerosol generation

The products were smoked in a one-port smoking machine provided by PMI. This smoking machine
and the smoke trapping device (Figure 3.2) consists of an electric contact-free cigarette lighter (1), a
sidestream smoke capture apparatus called fishtail chimney based on the Health Canada normative
T-212[82] (2), a cigarette holder and smoke trap (to hold the Cambridge Filter pad) conform with
the ISO 3308 norm[63] (3), two consecutive impingers containing the spin trapping solutions (4)
and a programmable electrical pump (5). Specifically, the electronic lighter is composed of a halogen
lamp and a quartz rod which can be automatically moved to be positioned in front of the cigarette.
When the lamp is lit, the quartz rod directs the infrared light to the cigarette end heating it up
until it starts burning. In preliminary tests a distance of approximately 3 mm between the quartz
rod and the cigarette end was found to be good to light the cigarette, although it appears that a
deviation of the cigarette position from the central axis of the rod is detrimental to homogeneous
lighting of the cigarette. The first puff is drawn when smoke is visible and the lighter is deactivated
directly after the first draw. The advantage of the electric lighter is repeatability and that the
sidestream smoke can be captured immediately after ignition. The smoke trap can be removed to
perform measurements of the whole smoke. The pump can be programmed to perform according
to different smoking regimes, however, only full puffs can be taken, i.e. a puff can not be stopped
prematurely as it is required by the ISO 4387 norm[65].

Prior to smoking, 3R4F cigarettes were conditioned in a humidity chamber at a relative humidity
of 58% and a temperature of approximately 22°C for at least 48 hours and maximum ten days.[65]
Then, the cigarettes were smoked according to the Health Canada Intense regime[66] up to the
standard butt length of 33 mm. This involves a puff volume of 55 mL over a duration of two
seconds with a sinusoidal puffing profile. Two puffs were taken every minute with two additional
immediate clearing puffs (no waiting time between them) taken after the cigarette is disposed of.
Two clearing puffs are sufficient to draw several times the volume between the cigarette holder and
the first impinger. Two clearing puffs were selected based on the study of Mason and Tindall.[83]
Sidestream smoke wass captured by the fishtail chimney surrounding the burning cigarette and a
positioned Cambridge Filter pad on top of the chimney followed by an additional soxhlet filter.
The air flow rate through the fishtail chimney is set up to be 3 L/min.[82]

HEETS sticks and e-cigarettes were smoked (or vaped) according to CORESTA recommended
no. 81: a rectangular puffing profile was used to draw a volume of 55 mL over a duration of
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(a)

(b)

Figure 3.2: Layout of the smoking machine and the smoke trapping apparatus. (a): Photo of the
cigarette smoking setup. (b): Sketch of the layout of the smoking machine. 1: electric contact-free
lighter, made up from a halogen lamp (HL) and a quartz rod; 2: 3R4F research cigarette placed
under the fishtail chimney, the white arrow indicates applied forced airflow; 3: cigarette/product
holder and Cambridge Filter pad holder. The gray rectangle indicates two interchangeable setups
for gas phase analysis (GP) or for whole smoke analysis (WS); 4: two impingers containing the
spin trap solution; 5: vacuum pump (VP). Same numbers refer to same parts in both figures.

3 seconds at a frequency of two draws every minute.[67] 12 puffs were drawn in total. The first
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puff was taken when the product was ready (i.e. preheated) according to individual operations
manuals. No sidestream smoke capturing has been performed since no smoldering in between puffs
occurs. All products are preconditioned in the same fashion as the 3R4F cigarettes with the only
difference that e-cigarette cartomizers are used directly after opening from the sealed packaging
and are kept afterwards in the conditioning box for further experiments. Due to the flat shape of
the MESH -mouth piece, a home-built adapter is used for inserting the e-cigarette into the cigarette
holder. The adapter is built from a short glass tube which is connected to the mouth piece with a
wide silicon hose.

All products were used immediately after removing from the conditioning chamber. After the last
puff the products were kept in place for further 30 s for residual smoke/aerosol deposition. In order
to minimize contaminations between products, each product uses its own set of labyrinth seals
which are found in the cigarette holder.

3.4.1 Puff volume determination

According to ISO 4387:2000[65], puff volume has to be measured with a soap bubble flow meter
and the volume accordingly adjusted. In order to do so, a bubble flow meter was designed using a
graduated measuring glass (precision �0.5 mL) attached to a silicon hose (see Appendix; Figure
D.1). A soap solution made from liquid hand soap (approx. 20 mL), water (approx. 40 mL) and
a sugar cube was used to form stable bubbles. The real puff volume was determined for the
apparatus setup for gas phase analysis, whole smoke analysis and for gas phase analysis with only
one impinger. Measured puff volumes are presented in Table 3.1.

Table 3.1: Testing of the real puff volume for the gas phase setup (GP), whole smoke setup (WS) and
the gas phase setup but only with one impinger (second impinger removed; GP, 1 imp.). Machine
smoke puff volume was set to 55 mL. All values are reported as measured real puff volumes [mL].

Exp. no. GP WS GP, 1 imp.
1 59 56 57.5
2 58 56.5 57
3 57 56.5 57.5
4 56 57 57
5 55 56.5
6 57
7 58
8 57
9 57
10 57

Independently of the apparatus setup, the smoking machine appears to be drawing more volume
than it is supposed to (see Table 3.1). This comes as a surprise since the pump parameter diff. Vol.
can only adjust for a decreased real puff volume. The pump is supposed to draw exactly 55 mL of
air and this volume is then subsequently decreased by pressure resistance due to solutions in the
two impingers and the Cambridge Filter pad. A possibility is a wrong pump calibration. It should
be noted that the cigarette itself (and other tested products) add to pressure resistance. In our
simple setup the puff volume can not be measured with a cigarette in place and thus the measured
puff volume may be overestimated. Additionally, it should be noted that all three setups indicate
similar puff volumes with 57� 0.5 mL.

Based on these results, vacuum pump parameters were adjusted: drawn volume is controlled by
a base puff volume (PV) and a difference puff volume (diff. Vol.) which is used to adjust for
discrepancies between desired and real draw volume. Since it is supposed to account for pressure
resistance (and thus reduced real pressure), difference puff volume can only be positive. Results of
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the input-output measurement for the gas phase setup (with two or one impinger) are presented
in Table 3.2. It was found that a pump parameter setting of 53 � 0.5 mL gave a real puff volume
of 55-55.5 mL for both setups. This margin of error is acceptable.

Table 3.2: Adjusting the real puff volume of the smoking machine for the gas phase setup (GP)
and the gas phase setup but only with one impinger (second impinger removed; GP, 1 imp.). The
smoking machine settings are reported as PV+diff. Vol. [mL].

GP GP, 1 imp.
settings real volume settings real volume
53� 0 54 53� 0.5 55
54� 0 55 53� 0.5 55.5
54� 0 55.5 53� 0.5 55.5
54� 0 55.5
53� 1 55.5

53� 0.5 55
53� 0.5 55

3.5 EPR measurements

In the usual continuous-wave-EPR (CW-EPR) experiments, as used throughout this work, the
microwave frequency is kept constant (by the Automatic Frequency Control, AFC) while the ap-
plied magnetic field is swept. The microwave source output is split into two arms, a sample arm
and a reference arm (Figure 3.3). After passing an attenuator microwaves are sent via a circulator
(from port 1 to port 2) into the resonator and thus the sample. For non-resonant frequencies all
microwave power dissipates into heat and no radiation is reflected. However, for the on-resonance
condition the total impedance of the resonator and the sample changes and some microwave power
is reflected. These waves are directed by the circulator (port 2 to port 3) to a microwave diode for
detection. Here, the reflected microwaves constructively interfere with the reference signal which
is adjusted with the bias and phase regulators. This adds power to the weak signal coming from
the resonator and allows sensitive measurements proportional to reflected power (operating point
of the diode).[84]

To enhance sensitivity, a weak oscillating magnetic field parallel to B0 is additionally applied which
modulates the absorption signal. This signal is fed into a phase-sensitive detector (PSD) where the
signal is demodulated and further amplified. Due to this modulation a first derivative spectrum
instead of a typical absorption spectrum is recorded. By double integrating the derivative spectrum
spin concentration can be determined. The measured paramagnetic species can be characterized
by the isotropic g values and hyperfine couplings with neighboring nuclei, especially by comparison
with published data.[26, 46]

The major advantage of EPR spectroscopy is its specifity. Since detection is limited to species
for which the resonance conditions are fulfilled, specifically paramagnetic species (often radicals)
are detected. This gives an enormous advantage for studies with complex matrices and sample
mixtures, regardless of their phase of matter. In combination with a large magnetic moment of the
electron and the field modulation this specifity makes the technique highly sensitive.

The price for such high sensitivity is the limit in data which can be gained from EPR measure-
ments. Unlike the related NMR spectroscopy, EPR can only provide structural information about
functional groups or atoms which are directly bound to – or at least closely neighbor (i. e. couple
with) – the unpaired electron.
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All quantitative measurements were performed using a Bruker AquaX (see Figure D.2). AquaX is an
apparatus for quantitative EPR measurements consisting of several (in the case of this study: four)
closely spaced capillaries with a single inlet and outlet, allowing continuous flow measurements.[85,
86] The use of multiple capillaries decreases off-resonant microwave power losses inside the resonator
due to interactions of the electric field with the electric dipole moment of the solvent (especially
relevant for polar solvents like water).[84] A major advantage is the stationary installment of
the AquaX instead of a standard EPR sample tube inside the resonator which allows sample
injections directly into the resonator. Baum et al. found ’non-satisfactory reproducibility’ of the
signal intensity when different sample tubes were used.[40] This source of error is eliminated by
using the same apparatus. Furthermore, errors associated with repositioning of the sample tube
in the resonator is avoided due to a fixed installation of the AquaX and sample solution exchange
through injection.[40] These advantages lead to high reproducibility and enhanced sensitivity.

The EPR measurement setup is shown in Figure 3.3b. AquaX is vertically installed inside the
resonator (2; red dashed line). New sample solutions are injected with a 10 mL syringe from the
bottom and the syringe was kept in place as a sealing device (1). Teflon tubing coming from the
top directed the samples into a waste container (3) and both (tubing and container) were kept
open throughout the work.

The spectra were taken using an X-band spectrometer with the following parameters: microwave
frequency, 9.88 GHz; modulation frequency, 100 kHz, microwave power, 2.01 mW; scan range,
100 G; modulation amplitude, 2 G; sweep time, 10.49 s; time constant, 1.28 ms; conversion time,
5.12 ms, receiver gain 50 dB, 2048 points.

Prior to each smoking experiment, a background measurement of the spin trap solution is taken by
injecting 3 mL of the spin trap solution into the AquaX. Measurements are performed at room tem-
perature (21°C). Spin concentrations are determined by double integration of the derivative signal
and comparison with calibration based on standardized 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-
oxyl (TEMPOL) solutions (see Appendix C). The spectra simulation and fitting is performed using
the MATLAB toolbox EasySpin.[87, 88]

3.6 Preparation of Mainstream smoke radicals

Mainstream smoke (gas phase or whole smoke) is passed into two sequential impingers (25 mL
volume), each filled with 4 mL of the spin trap solutions. When the second impinger is not analyzed,
the spin trap solution is replaced by pure toluene. The connections between the smoke machine
and the first impinger as well as between the first and the second impinger are made of glassware
and kept as short as possible in order to trap radicals as fast as possible (without aging). In total,
the distance between cigarette butt end (or product mouth piece) and the surface of the solution in
the first liquid is approximately 32.5 cm. Inside the tubing the gas flow rate r is rHCI � 218 cm/s
for the HCI smoking regime and rCOR � 146 cm/s for the CORESTA regime. Based on these
flow rates radicals are expected to reach the surface of the spin trap solution in tHCI � 0.149 s or
tCOR � 0.223 s, respectively.

After machine smoking the toluene volume is adjusted if necessary. For immediate measurements
without additional deoxygenation 3 mL of the spin trap solution are taken out and injected into
the AquaX. The time between the last puff and the start of the EPR measurement is 5 min.

For deoxygenated measurements approximately 4 mL of the solution is transferred into a Schlenk
flask and three cycles of freeze-pump-thaw are performed. Briefly, the solution is frozen using liquid
nitrogen and a vacuum is subsequently applied. The solution is then thawed and dissolved gases
leave the liquid. Afterwards, gaseous nitrogen is introduced into the flask and the procedure is
repeated two more times. Then, 3 mL of the deoxygenated solution are injected into the AquaX.
The time between the last puff and the start of the first EPR measurement is 20 min.
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3.7 Preparation of Particulate Phase Radicals and Total
Particulate Matter

Particulate phase of the mainstream smoke is trapped by a conditioned (58% relative humidity,
22°C, at least 12 h in the conditioning box[89]) Cambridge Filter pad which is inserted into the
smoke trap. Immediately after smoking the smoke trap is removed and sealed from both sides, as
required by [89] and [82]. The filter is weighted together with the seals and the smoke trap and
the Total Particulate Matter is determined by subtracting the weight of the apparatus prior to
smoking.

The filter is then removed from the smoke trap with tweezers and folded two times, with the tar side
being on the inside. The two clean quarters are used to collect residual tar in the smoke trap (front
side and back side). The filter is then extracted with 10 mL of pure toluene for 20 min by gently
shaking the Erlenmeyer flask. Afterwards, approximately 4 mL of the extract are transferred into a
Schlenk flask and three cycles of freeze-pump-thaw are performed. Then, 3 mL of the deoxygenated
solution are inserted into the AquaX.
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(a)

(b)

Figure 3.3: (a): General scheme of a CW spectrometer. Microwaves exiting the source are divided
into two arms, a sample arm and a reference arm. The sample arm passes an attenuator and enters
the resonator where the electromagnetic radiation is partially reflected. The reflected radiation
constructively interferes with the reference arm (bias and phase adjusted) and hits the detector
(microwave, m. w., diode). The signal is demodulated in the phase-sensitive detector (PSD) with
respect to field modulation by the additional coils. Presented scheme was drawn following [84]. (b):
Installed AquaX inside of the resonator. 1: Sample inlet. Solution injection with a 10 mL syringe
from the bottom teflon capillary. 2: Resonator with the AquaX inside. Installed capillary bundle
is indicated with the red dashed line. 3: Sample outlet. Solution exits the AquaX (and thus the
resonator) on top and is directed into a waste container with a further teflon capillary. Both teflon
capillaries are highlighted with a blue line.
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Results

In this study, levels of free radicals in smoke of conventional cigarettes were compared to aerosols
generated by a heat-not-burn (HNB) product and by e-cigarettes. Direct EPR measurements were
performed with extracts of Total Particulate Matter collected on Cambridge Filter pads while
spin trapping experiments were carried out with smoke/aerosol gas phase. Two spin traps, PBN
and BMPO, were selected based on their performance in the initial experiments. Additionally,
experimental conditions were optimized prior to quantitative measurements using 3R4F research
cigarettes. Finally, levels and dynamics of NO production in different products were compared in
spin trapping experiments.

4.1 Initial experiments

Standardization in cigarette smoke analysis greatly facilitates comparison of results between dif-
ferent cigarette brands, products and laboratories. However, while detection of many chemical
compounds has been standardized or a standard procedure proposed by CORESTA, no standard-
ized experimental setup and detection method for free radicals in smoke have been established.
The reason for this is likely that currently the FDA list of 93 Harmful and Potentially Harmful
Constituents in Tobacco Products and Tobacco Smoke does not include radicals.[4] However, radi-
cals are known to induce oxidative stress and thus levels of radicals in smoke or aerosol should be
considered and determined.[19, 90, 91]

Prior to performing quantitative measurements experimental methodology had to be established.
In the often cited study by Baum et al. [40] the authors addressed standardization issues and tried
to optimize the experimental procedure. However, their work is limited by the number of tested
spin traps and no explicit comment was made concerning spin trap solution concentrations.

For this reason, a series of initial experiments has been performed to determine optimal measure-
ment conditions. In the first set of experiments a large library of spin traps was screened in different
solvents (toluene, water and/or ethanol) and solutions from both impingers were measured. Af-
terwards, reproducibility of AquaX with toluene and water as well as that of a home-built AquaX
analogue dubbed "ToluX" was tested. ToluX is built with the same principle of continuous flow
as AquaX from a standard EPR sample tube instead of a combination of several capillaries. Its
purpose was to overcome a major limitation of the AquaX: the small capillary volume. Radical
adducts dissolved in toluene produced a stronger signal when a simple 3 mm EPR sample tube
was used in comparison to signals measured with AquaX.

Several experiments with PBN as spin trap were performed: trapping with different concentrations
of the spin trap, stability of the spin trap solution, comparison of two deoxygenation methods,
measurement of gas phase and whole smoke. The last three experiments were also tested on the
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NO spin trap Fe(II)-(DETC)2. It should be mentioned that in many of these experiments no
standardized procedure was employed and thus parameters may vary.

In this section initial experiments and theirs results are discussed and consequences for quantitative
measurement are drawn.

4.1.1 Spin trap library screening

Trapping capabilities of different spin traps were tested on gas phase smoke of the 3R4F research
cigarette: immediately after smoking, the solution from the first impinger was transferred by syringe
into the cavity. Toluene measurements were performed using standard 3 mm EPR sample tubes
while for measurements in water as solvent the AquaX was used. All spectra are presented in Figure
4.1.

Figure 4.1: Spectra of gas phase radicals of 3R4F smoke trapped by different spin traps. Solvents are
indicated by color: water = blue, toluene = red, ethanol = green. From top to bottom (concentration
of spin traps in brackets): PBN in water (20 mM) and in toluene (20 mM); DMPO in water (20 mM)
and in toluene (40 mM); DEPMPO in water (2.2 mM) and in toluene (0.87 mM, recorded 30 min
after smoking); BMPO in ethanol (7.3 mM, recorded using an EPR sample tube) and in toluene
(10 mM); DIPPMPO in ethanol (6.3 mM, recorded using the AquaX) and in toluene (8 mM);
TMIO in toluene (5.7 mM); DMPIO in toluene (10 mM). For clarity the y-axis labels of every
second spectrum is located on the right hand side.

For the first experiments all available spin traps were screened in toluene and water or ethanol.
Solution concentrations vary due to differences in available amount of substance between differ-
ent spin traps. After smoking of the 3R4F cigarette, solutions of both impingers were measured
subsequently but approximately 30 min apart since in all cases kinetic series were taken as well.
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Although the concentrations of the spin traps strongly differ (0.87 mM of DEPMPO vs. 40 mM
of DMPO in toluene), the general trend is visible nonetheless. The strongest signals were recorded
in measurements of PBN, DMPO, BMPO, DEPMPO and TMIO in toluene. Differences in signal
intensity for the most part arise from differences in adduct formation rates. In contrast, when water
or ethanol were used as solvent no signal could be detected.

A majority of reported solution spin trapping experiments of the gas phase have been performed
in organic solvents.[11, 17, 19, 27, 40, 41, 50, 56, 64, 92–97] Successful spin trapping of smoke
gas phase radicals in an aqueous medium (usually phosphate-buffered) has been reported but
the concentration of spin trapping agents used was 2–3 orders of magnitude higher with 1 M of
DEPMPO[60] and 4 M of DMPO[98]. Baum et al. tested polar and apolar solvents and did not find
any radicals in polar solvents neither with PBN (methanol, isopropanol, water) nor with DMPO
(isopropanol, water) nor with POBN (isopropanol).[40] These findings agree with our observations.
Trapping difficulties in polar solvents could stem from insufficient partition coefficients and diffusion
limitations of organic apolar radicals from the smoke into the water/ethanol.

A further spin trap, POBN was tested in water along the spin traps whose spectra are presented
in Figure 4.1. Once again, no clear signal was detected. Nonetheless, POBN showed surprising
properties since it was completely insoluble in toluene. This is contradictory to published articles
indicating solubility in apolar solvents such as benzene.[47] An NMR spectrum of the substance
did not clarify its identity (data not shown) and it was decided to not use POBN in further
experiments.

Furthermore, solutions both from the first and second impinger were measured and additional
kinetic measurements taken. In Figure 4.2 subsequent measurements of the two impingers with
PBN as spin trap are shown. The measurement were taken 30 min apart; solution from impinger 1
was measured first. The double integral ratio between the two impingers R � Apimp2q{Apimp1q in

Figure 4.2: Spectra of solutions of PBN in toluene (20 mM) from the first and second impinger.
Gas phase radicals of 3R4F cigarette smoke were trapped and solutions from the two impingers
measured subsequently (time difference 30 min). The first measured spectrum is that of impinger
1.

Figure 4.2 is RPBN
1Ñ2 � 0.28, i.e. the signal from the second impinger is approximately 70% weaker
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than that from the first impinger. Comparison of the two impingers with PBN as spin trap clearly
shows that not all gas phase radicals are trapped. Not only are trapping reactions competing
with side reactions, especially with oxygen[99], radicals partially leave the impinger solution before
being absorbed by the solution and reacting due to short dwelling time. For this reason the double
integral of the second impinger was approximately 28% of that of the first impinger. When the
decay of the adducts from the second impinger is taken into account (spectrum of the second
impinger was taken approximately 30 min after smoking), this number increases to approximately
40%.

A brief estimation based on previous reports makes clear that the spin trap concentration is
sufficient to theoretically trap all radicals: Goel et al. reported trapping 7.72 nmol of gas phase
radicals from the 3R4F research cigarette with PBN.[64] A 20 mM solution in 4 mL toluene contains
0.08 mmol of PBN. Even when a generous estimation by Flicker and Green[99] is taken into account,
that the real number of radicals is 100 fold higher, it still leaves approximately 0.77 µmol of radicals
to a 1000 fold greater amount of spin trapping molecules (80 µmol).

While radicals are known to be constantly produced in the gas phase of the cigarette smoke[27] it is
unlikely that all existing radicals are trapped in the first impinger and the radicals detected in the
second one result from radicals being generated in the gas phase between the two impingers. Ghosh
et al. trapped radicals on a puff-by-puff basis and found radicals in the first puff right away.[50] This
proves that the radicals do not have to be formed during smoke aging to be trapped. Menzel et al.
reported a spin trapping efficiency of 47% for PBN in benzene based on comparison of spectra from
two subsequent impingers.[56] Additionally, in the same study radicals were trapped in the second
impinger even when no spin trapping agents were added to the solution of the first. Signal intensity
was found to be 67% of the signal from the usual measurement of the first impinger. While Menzel’s
experimental conditions differ from those employed in this work, this does make clear that a signal
in the spectrum of the second impinger is expected. In contrast to that, Baum et al. reported
to trap more than 95% of all radicals in the first impinger, although the PBN concentration and
solution volume were much smaller than that of Menzel and co-workers (10 mM in comparison to
200 mM, 4 mL in comparison to 15 mL) while the gas flow rate, estimated on puff parameters, is
expected to be similar (35 mL/2 s = 17.5 ml/s; 23 mL/1.5 s = 15.3 s). Unfortunately, since in the
present thesis no control experiments were performed to determine the percentage of radicals lost
in the gas phase between the first and second impinger solutions, the trapping efficiency can not
be determined.[56] If this loss is neglected, the trapping efficiency is estimated to be 74%.

Measurements of kinetic decay in most cases showed a steady intensity loss without changing
spectral properties. This is expected since Baum et al. [40] reported very similar decay rates
for DMPO in toluene, although Pryor et al. observed lineshape changes over time that hint to
differences in decay rates for PBN in benzene.[27] It should be pointed out that the measurement
of DEPMPO in toluene took place approximately 30 min later than measurements with other spin
traps, however, no visible decay was then observed in a subsequent measurement (data not shown).
Out of all spin traps BMPO indicated the greatest variability in decay rates.

In Figure 4.3 spectra of the two impingers with BMPO in toluene are presented. Since both
impingers can only be measured subsequently (time difference 30 min), A shows spectra from the
experiment with impinger 1 measured first and impinger 2 second while B presents spectra from
the next experiment with a reversed measurement order. The double integral ratio between the
two impingers in A is RBMPO

1Ñ2 � 0.23 and in B RBMPO
2Ñ1 � 0.33. This increase in signal ratio is

clearly attributed to decay of radical adduct in both impingers. The six broad lines identified in
the first impinger are reduced to four in the second. It was proven by an experiment with a reverse
measurement order (Figure 4.3 B) that this difference stems from diverse adduct decay rates and
not from different trapping efficiencies for different radicals. In this case, spectrum of impinger 2
shows six lines and impinger 1 (measured 30 min later) only four.

Based on these observations it was decided to use PBN and BMPO in quantitative measurements.
The reasoning involves strong signal-to-noise ratios and difference in observed coupling constants:
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Figure 4.3: Spectra of solutions of BMPO in toluene from the first and second impinger. Gas phase
radicals of 3R4F cigarette smoke were trapped and solutions from the two impingers measured
subsequently (time difference 30 min). A: Solution of impinger 1 measured first. B: Solution of
impinger 2 measured first.

the linear PBN is a well-studied spin trap which has been used in many smoke radical related
studies (e.g. [41, 50, 64, 96]) but it lacks variability in hyperfine structure. In contrast to that,
cyclic nitrone trap DMPO and its analogues exhibit greater variation in the magnitude of the
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β-hydrogen coupling constants.[46] Although reported data on BMPO is scarce, however, its decay
properties appeared promising.

In the following sections all measured solutions were taken from the first impinger.

4.1.2 Residue and error estimation

Although the AquaX insert is designed to be used in quantitative continuous-flow measurements,
it seemed important to estimate the error in double integration of two subsequent measurements.
A series of experiments was performed on an injected 50 µM solution of TEMPOL alternating with
injections of pure toluene, varying the volumes of injected solutions. Experimental parameters and
relative double integrals are presented in Table 4.1. As reference intensity, the integral of the last
experiment was chosen. Similar series of measurements were performed with water as solvent with
AquaX and with toluene with ToluX. Respective experimental parameters and relative double
integrals are presented in the Appendix in Table A.1.

Table 4.1: Testing of AquaX with toluene. Solutions: A = toluene, B = TEMPOL in water (50 µM).
Parameters: power attenuation 20 dB, modulation amplitude 0.5 G, receiver gain 50 dB, 10 scans.
For sensitive measurements, parameters were changed to: modulation amplitude 2 G, receiver gain
60 dB, 60 scans.

Exp. no. sample volume [mL] rel. integrala

0 A fullb -c
1 B 2 0.968
2 A 2 0.0148
3 B 2 1.0014
4 A 4 0.0079
5 B 2 1.0026
6 A 6 0.0093
7 B 2 1.0250
8 A 8 0.0082
9 B 1.5 0.9991
10 A 8 0d

11 B 3 1
a in comparison to the integral of exp. no. 11
b AquaX completely filled with toluene
c no spectrum saved
d below detection limit, relative intensity is set to 0; sen-
sitive measurement, however, shows weak signals

From the results in Table 4.1 it becomes clear that TEMPOL is carried over to the toluene measure-
ment. In experiment no. 2 a double integral of approximately 1.5% intensity of that of TEMPOL
was measured. This integral decreased to 0.8% when the toluene volume was increased. Only when
the toluene volume was increased to 8 mL and the volume of TEMPOL reduced to 1.5 mL, no more
residual TEMPOL could be found in the toluene measurement. On the other hand, the TEMPOL
integral increased over the course of the experiment, possibly due to residue being carried over to
the next measurement. The integral peaked at the seventh measurement when 2 mL of TEMPOL
solution was added after 6 mL of toluene.

Similar results were found for experiments with ToluX with toluene and AquaX with water (Ap-
pendix Table A.1). The difference here is that with ToluX it took at least 16 mL of pure toluene to
flush all residual TEMPOL out of the device. This can be attributed to the design of the device: the
diameter of the inject capillary is the same as for AquaX but the body of ToluX is much broader
(3 mm EPR sample tube). Thus, solvent flow is not optimal. On the other hand, AquaX seemed
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to perform better with water as solvent as it took only 2 mL to fully exchange the solution inside
the capillaries. It is probable that the difference here is the viscosity of the solvent in comparison
to that of toluene.

In summary, based on these observations it was decided to flush the AquaX with 10 mL of pure
toluene in between measurements and inject 3 mL of spin trap solution for quantitative measure-
ments. The error due to residue from former experiments and due to dilution then seems to be
negligible.

4.1.3 Deoxygenation method

Deoxygenation of the sample is important to suppress oxygen broadening of the spectral lines. A
comparison is drawn in Figure 4.4 between a non-deoxygenated sample, a sample through which
dry nitrogen gas has been passed through for 5 min and a sample which was deoxygenated with two
cycles of freeze-pump-thaw. Results show a strong decrease in line broadening and the equivalent
increase in sensitivity when the sample is deoxygenated prior to measurement. Both deoxygenation
methods reduce line width to a similar extent.

Figure 4.4: Spectra of solutions of PBN in toluene (20 mM) using various deoxygenation methods:
blue = no deoxygenation; red = bubbling with nitrogen gas for 5 min; green = freeze-pump-thaw,
two cycles. Lines marked with an asterisk indicate oxygenated PBN (PBNOx).

Although in recent studies deoxygenation of the sample is often performed using the freeze-pump-
thaw technique[50, 64, 92, 93, 96], this method has the disadvantage of taking more time than
simple nitrogen bubbling. In one study argon was used instead of nitrogen bubbling.[94] Baum et
al. reported that freeze-pump-thaw was more efficient at oxygen removal than deoxygenation with
dry nitrogen gas.[40]

The advantages of deoxygenation are clearly seen in Figure 4.4. Not only is the oxygen-rich sample
lacking well resolved hyperfine-structure, the overall signal intensity (and thus signal-to-noise ratio)
is much worse than with the deoxygenated samples due to the oxygen induced broadening of lines.
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Additionally, it has to be taken into account that the oxygen-rich sample was measured immediately
after smoking while the deoxygenated samples only after 5 min (in case of nitrogen bubbling) or
15 min (in case of freeze-pump-thaw), respectively. It is expected that the intensity of PBN adducts
will decrease over time as the species decay. This is probably the reason for a weaker intensity of
the PBN-adducts in the freeze-pump-thaw spectrum. Additional measurements with a smaller
modulation amplitude showed the efficiency of the freeze-pump-thaw deoxygenation method and
slight superiority over nitrogen bubbling, although overall the differences in oxygen removal are
negligible.

In both spectra of the deoxygenated samples an additional radical species is seen (marked with an
asterisk). This stems from the oxidation product of PBN (PBNOx). The difference in intensity is
significant in this sample. However, while also found in quantitative measurements, such a strong
signal of the oxidation products was never observed again.

As mentioned, fast measurements are essential to increase the signal of radical adducts. While
freeze-pump-thaw has the disadvantage to take more time, its repeatability was found to be su-
perior. Nitrogen bubbling suffered from toluene evaporation, even when nitrogen gas was pre-
saturated with the solvent. This may be a result of a mechanical drag of the solvent with the
uprising gas and the general evaporation of the liquid. Furthermore, since no flow meter was used,
nitrogen flow rate was found to be difficult to control and repeat. For these reasons it was decided
to use three cycles of freeze-pump-thaw for deoxygenation.

4.1.4 Spin trap concentration determination

Although Baum et al. [40] determined that for a 10 mM spin trap solution the optimal solution
volume is 4–5 mL, concentration has not been optimized. In this work a short set of experiments
was performed to study effects of spin trap concentration.

With PBN as a spin trap different concentrations of the solution were tested in the presence and
absence of oxygen. For a set of four concentrations, 2 mM, 20 mM, 100 mM and 200 mM, were
chosen in order to test the influence of spin trap concentration over two orders of magnitude. In
the second experimental set, concentrations were kept closer together: 2 mM, 10 mM, 20 mM and
50 mM. This time, however, solutions were deoxygenated by bubbling nitrogen gas for 5 min prior
to EPR measurement. All spectra are presented in Figure 4.5.

As expected, the signal intensity increases in A from the lowest concentration to the highest.
Since spin trapping competes with other free radical side reactions[99], it can be assumed that by
increasing spin trap concentration more radicals can be trapped. This increase in signal intensity
should indicate saturation for very high concentrations when the trapping rate is apparently no
longer dependent on the concentration and the reaction order changes to a pseudo-order.

Surprisingly, the increase in intensity is not linear and the spectra of solutions with 20 mM concen-
tration and 100 mM are generally very similar. The slight intensity rise of the higher concentrated
solution can not be rationalized with the significantly higher concentration. Since the signal inten-
sity further increases for a 200 mM solution, it is clear that the saturation point is not achieved and
not all radicals trapped. The likely explanation is that these two measurements were taken several
days apart with different PBN solutions. It is possible that one of the solutions was prepared with
a wrong concentration.

Measurements of deoxygenated solutions further support the need for the freeze-pump-thaw method
(Figure 4.5 B): generally a steady increase from 2 mM to 20 mM to 50 mM is seen. However, the
most intense signal is reached with a 10 mM spin trap solution. All measurements were taken
on one day but for each experiment a new solution was prepared. Since solutions with 20 mM
and 50 mM concentrations were bubbled with toluene saturated nitrogen (instead of dry gas), it
is possible that the two solutions with the lowest concentrations lost toluene to evaporation and
thus became higher concentrated. This seems plausible but unlikely since – based on the difference
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Figure 4.5: Spectra of solutions of PBN in toluene with different concentrations of the spin trap.
A: Solutions were measured immediately after smoking. B: Solutions were deoxygenated prior to
the measurement. Solutions of 20 mM and 50 mM were deoxygenated with saturated toluene.

between 20 mM and 50 mM – the "real" concentration of the 10 mM solution would have to be
approximately 70–75 mM, i.e. a 7-fold decrease in solvent volume.
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These observations made clear that no saturation in regards to radical trapping will be reached.
Since for a concentration of 50 mM an additional radical species was clearly observed and the overall
signal intensity is sufficient for integration, it was decided to perform quantitative measurements
with this concentration. The same spin trap concentration was used by Yu et al. [93], Goel et al.
[64] and Pryor et al. [41].

4.1.5 Measurements of whole smoke radicals

An experiment was performed to test the capability of this setup to trap radicals from whole smoke.
20 mM solution of PBN in toluene was used. In Figure 4.6 a comparison is drawn between a whole
smoke and gas phase measurement. No radicals were trapped in the whole smoke measurement.

Figure 4.6: Comparison of spin trapping with PBN (20 mM in toluene) of whole smoke radicals
and gas phase radicals.

The fact that no radicals were spin trapped when whole smoke passed through the impingers comes
at no surprise. As previously discussed, whole smoke radicals (mostly superoxide and hydroxyl
radicals) were found in highly concentrated aqueous solutions.[60, 98] The fact that no study -
to the best of the author’s knowledge - has published results of radical trapping with nitrones
in organic solvents from whole smoke suggests that previous attempts were as unsuccessful as
the one of this work. Pryor et al. explicitly stated that whole smoke trapping in benzene did
not yield any signal in the EPR measurements.[41] Particulate phase and gas phase have very
different properties.[1] It has been speculated that in whole smoke the particulate phase or radical-
containing "tar", which is deposited along the glass tube, quenches the short lived radicals.[41, 58]
Bartalis et al. successfully trapped radicals from whole smoke, however, they used a nitroxide probe
3-amino-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (3AP).[62] Nitroxides are reported to react readily
with carbon-centered radicals[100] and the faster kinetics for these compounds could explain why
Bartalis and co-workers were successful at radical trapping when we did not.

Based on this observation only gas phase spin trapping with PBN and BMPO was performed
throughout the quantitative measurements.
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4.1.6 NO trapping

Two different methods of preparation of the NO spin trap were tested. The first procedure simply re-
quired the mixing of Na-DETC with FeSO4 in an aqueous phosphate-buffered solution (pH = 7.4)
followed by extraction into the organic phase with toluene (extract). For the second synthesis
method both reagents are again mixed in a aqueous buffered solution, but then filtered and the
solid recrystallized in acetonitrile (crystallization). Both methods follow an adapted synthesis pro-
tocol by Santos et al. [81], where Cu-(DETC)2 complex was formed from CuSO4 and Na-DETC.
Additionally, whole smoke was passed through an extract-based spin trap solution. The three
spectra are compared in Figure 4.7.

Figure 4.7: Comparison of gas phase NO trapping with the Fe(II)-(DETC)2 spin trap gained from
the extract (extract, GP) or from crystallization (crystallization, GP). Additionally, NO from the
whole smoke was trapped using a spin trap gained from another extract (extract, WS). In the case
of the WS measurement the sample was deoxygenated using the freeze-pump-thaw method.

A broad triplet of MNIC-DETC was observed in all three measurements in testing experiments
of the NO spin trap Fe(II)-(DETC)2. Both gas phase studies performed similarly in terms of
signal intensity. Less NO was spin trapped when the crystallization synthesis method was used
in comparison to the extraction method. This can be attributed to the loss of substance while
filtering and on the filter itself. Additionally, re-crystallization resulted in some product loss. Since
both methods yielded a functioning NO trapping product, it was decided to rely on the extraction
method since it was simple and relatively fast. For this reason the whole smoke measurement was
performed with a fresh spin trap extract.

Although it does seem that the whole smoke gives rise to a stronger NO signal, this preliminary
result has to be considered carefully. While results of previous studies suggest that NO could react
on the Cambridge Filter pad (i.e. during gas phase measurement)[33, 58] and thus decreasing
the overall NO yield, several points should be noticed with regards to the present measurement.
First of all, it should be mentioned that the extraction procedure slightly varied between the
two measurements so that the exact spin trap concentrations may differ. Secondly, for the whole
smoke measurement the sample was deoxygenated, slightly decreasing the line width and increasing
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the sensitivity. Generally, no additional splitting was found when the modulation amplitude was
decreased so that all quantitative measurements were performed without deoxygenation. Finally, as
is discussed below, the NO signal increases over time. Since freeze-pump-thaw deoxygenation takes
approximately 20 min, differences in intensity may result from different timing. A quantitative
comparison between GP and WS measurements drawn in section 4.2.3 suggests that the amount
of NO trapped from the gas phase is only 75% of the amount trapped from whole smoke. The
reasons for this are discussed in 5.1.4.

Finally, the gas phase measurements appear to have a triplet that is slightly shifted to higher
g-values by approximately 0.0075. However, this shift disappears if the spectrum is resonance
frequency corrected.

4.1.7 Spin trap stability

In addition to the instability of spin adducts, it is known that the spin trap compounds are relatively
unstable and spin trap solutions have to be prepared freshly before usage. Even analytical grade
spin traps often contain impurities which give rise to weak signals in the EPR spectrum.

Stability of the spin trap solution was examined over the course of a day. In Figure 4.8 a series of
measurements of the same PBN stock solution (50 mM) is shown. The measurements were taken
approximately two hours apart and the main solution is kept frozen in liquid nitrogen in between.
A broad weak triplet was observed already in the first spectrum, however, its intensity did not
increase over the course of the day.

Figure 4.8: Measurements of a stock PBN solution in toluene (50 mM) over the course of a day.
The bottom spectrum was taken in the morning, all subsequent spectra with an approximate time
difference of 2 h. The last spectrum (top) was measured with a reduced number of scans.

While it is clear that some impurities exist in the solution, they do not increase the background sig-
nal over the course of a day, when the stock solution is kept frozen. This emphasizes the importance
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of keeping exposure of the compound to the surrounding atmosphere as minimal as possible and to
record a background daily. It can be assumed that similar rules apply to other spin traps. Neither
PBN nor BMPO are required to be kept in an inert atmosphere (BMPO has to be protected from
moisture), however, both spin traps have to be kept at -20°C for long term storage.[101, 102] In
further experiments in was confirmed that the NO spin trap Fe(II)-(DETC)2 remained stable over
two days when kept at +4°C.

4.2 Quantitative measurements

Based on results of the preliminary experiments, a procedure was established to perform quan-
titative measurements. The exact experimental procedure is described in chapter 3. Briefly, spin
trapping experiments using PBN, BMPO and Fe(II)-(DETC)2 have been performed with all four
products. Spin trap solutions have been prepared daily and, when possible, smoke/aerosols of all
four products was trapped using the same solution. In order to minimize contaminations of sam-
ples from products with a low level of radicals by residual radicals in the apparatus from products
with higher radical level, the usual experimental order over a day would be: "smoking" of the two
e-cigarettes (in random order), then measurement of IQOS and then the 3R4F research cigarette.
All spin trapping experiments have been performed in triplicate. Whenever the signal-to-noise ratio
was sufficient, based on the three measurements results are presented as a mean and a standard
deviation.

Measurements of the particulate phase radicals turned out to be challenging and therefore, no
mean value can be reported except for 3R4F cigarettes. In the respective section, the details and
problems as well as results are shown and discussed further below.

4.2.1 Spin trapping with PBN

Spin trapping experiments with PBN yielded detectable nitroxide signals in all four products.
Figure 4.9 presents typical spectra and their best fits of the deoxygenated PBN solutions of all
products. In all four cases a mixture of two radical adducts is found that we tentatively assign
to oxygen-centered radicals (aN � 13.8 � 13.9 G, aH � 1.8 � 1.9 G) and the oxidation product
of PBN, PBNOx (aN � 10.0 � 10.6 G). The best fit of 3R4F spectrum taken with a reduced
modulation amplitude can be found in Appendix Figure B.1. Comparison of relative integrals and
the amount of substance of radicals between the products and air blanks are reported in Table
4.2. Air blanks were taken using the standard HCI puff protocol by either drawing laboratory air
directly into the first impinger (air background) or by drawing the air through the whole smoking
machine setup (incl. cigarette holder and Cambridge Filter pad) but without any product attached
(machine background).

Additionally, kinetic measurements have been performed, repeating measurements of the same
solution over a period of time. The decay of spin adducts for one 3R4F cigarette is clearly seen in
Figure 4.10. A comparison between three kinetic measurements is found in Figure 4.11 A, where
the logarithm of the signal intensity (instead of the integral in order to not include increase of
PBNOx) is plotted against time. Assuming an exponential decay of the form

rRs � rR0s � e
�kt (4.1)

with rRs being the radical concentration and rR0s the value at the beginning of the kinetic mea-
surements (time t � 0), a decay rate of p2.09 � 0.23q � 10�4 1/s, equivalent to a half-life time
t1{2 � 3350� 357 s, is found.

Similar plots are found for IQOS and Solaris in Figures B and C. In both cases no decay can
be found and in the case of IQOS even the opposite seems to be the case. In two out of three
measurements with MESH the signal was found to be below the limit of detection or quantification
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Figure 4.9: Spectra of solutions of PBN in toluene of different products.A: 3R4F research cigarette;
B: IQOS ; C: MESH ; D: Solaris. In red, best fits of the spectra are shown.

(30 scans taken). For this reason, no attempt has been made to examine adduct decay for this e-
cigarette.

Figure 4.10: Kinetic measurement of the PBN solution from a 3R4F sample indicating a decay of
spin adducts. Deviation from standard EPR parameters: modulation amplitude 0.3 G.
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Table 4.2: Summary of results from PBN measurements. Shown is the relative integral in compar-
ison to the signal from the 3R4F research cigarette (rel. int.) and amount of radicals.

Exp. rel. int. n [nmol]
3R4F 1 25.9� 0.6
IQOS 0.016 0.394� 0.055
MESH a 0.010 0.251
Solaris 0.0077 0.193� 0.056

machine bg 0.010 0.252
air bg 0.015 0.390
air bgb 0.0049 0.125

a No mean or standard deviation given, since
in two out of three measurements signal in-
tensity was below the limit of detection.

b repetition

4.2.2 Spin trapping with BMPO

Spin trapping experiments with BMPO yielded detectable nitroxide signals in all four products.
Figure 4.12 presents typical spectra of the deoxygenated BMPO spin adducts of all products
and their best fits. An example of an oxygen-rich sample with trapped gas phase radicals from
the 3R4F cigarette was already shown in Figure 4.3 A. Highly complex spectra were recorded
and the reproducibility was poor. In all four cases a mixture of three radical adducts is found:
OH-radical (aN � 12.83 � 12.87 G, aH1 � 11.39 � 11.42 G, aH2 � 1.4 � 1.7 G), OOH-radical
(aN � 12.81� 12.85 G, aH � 11.37� 11.48 G) and an unidentified radical (aN � 12.42� 12.54 G,
aH1 � 7.04 � 7.16 G, aH2 � 1.3 � 1.7 G). Additionally, all products beside the 3R4F cigarette
indicated a presence of a carbon-centered radical (aN � 12.62 � 12.67 G, aH � 21.4 � 21.8 G).
Neither exact components nor the hyperfine structure could be determined precisely, thus the fits
do not fit measured spectra well. Comparison of relative integrals and amount of substance of
radicals between the products are reported in Table 4.3. No air blanks (as described for PBN)
were measured. Since PBN measurements indicate a faster decay of radical adducts from the 3R4F
samples, BMPO measurements were carried out twice in the absence of oxygen and once solutions
were not deoxygenated and instead immediately measured.

Additionally, kinetic measurements have been performed, repeating measurements of the same
solution over a period of time. Due to poor repeatability and for better comparison between
products the spin concentrations (i.e. double integrals) are plotted as ratios between integral at
time t and integral of at time t � 0 min (int0) in Figure 4.13. Products behave differently with
some obvious decay observed for 3R4F cigarettes and a slight decrease in intensity for IQOS but
a possible increase for Solaris and MESH .

Kinetic measurements of 3R4F cigarettes showed a fast decay of the unidentified radicals and a
slow decay of the superoxide radicals (OOH) and an even slower of hydroxyl radicals (OH). In
Figure 4.14 A, for comparison, spectra at time t � 0 min and at time t � 73 min are presented.
Their respective fits are shown in Figure B and C.

4.2.3 Spin trapping with Fe(II)-(DETC)2

Nitric oxide (NO) whole smoke trapping experiments with Fe(II)-(DETC)2 yielded detectable
signals only in measurements of 3R4F cigarettes and of IQOS . Figure 4.15 compares spectra of
the cigarette smoke solution (both from gas phase and whole smoke) and of IQOS . In these cases,
a broad triplet characteristic of NO with a nitrogen hyperfine coupling of (aN � 12.67� 12.82 G)
is observed. These values are higher than 12.5 G reported by Vanin et al. in DMSO but pair well
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Figure 4.11: Decay of spin adducts of PBN from 3R4F, IQOS and Solaris samples over time.
In case of the 3R4F research cigarettes (A), logarithm of the signal intensity (arbitrary units) is
plotted against time. In the case of IQOS (B) and Solaris (C) the total double integral is plotted
against time. Deviation from standard EPR parameters for 3R4F samples: modulation amplitude
0.3 G.

with results of Shinagawa et al. who measured 12.7 G in water.[35, 36] Best fits of the presented
spectra can be found in Appendix Figure B.2. Comparison of fitting parameters, double integrals,
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Figure 4.12: Spectra of solutions of BMPO in toluene of different products. A: 3R4F research
cigarette; B: IQOS ; C: MESH ; D: Solaris.

relative intensities and mass of NO between the products are reported in Table 4.4. No air blanks
(as described for PBN) were measured. An additional line was observed (marked with and asterisk
in Figure 4.15). Its identity remains unclear since the MNIC-DETC triplet is very broad, but the
signal has a much lower intensity than the main signal.

Additionally, kinetic measurements have been performed, repeating measurements of the same
solution over a period of time. For better comparison between products and setups the spin con-
centrations (i.e. double integrals) are plotted as ratios between integral at time t and integral
of the first measurement of the experiment (int0) in Figure 4.16. While the MNIC-DETC signal
of the IQOS measurement stays constant over a long period of time, the signal from the 3R4F
measurements increases (A). The gas phase measurement shows an even stronger increase with
a higher saturation value of approximately 2.9 in comparison to the saturation value of 1.3 from
whole smoke (B). Furthermore, the saturation value of the whole smoke measurement is reached
approximately after 450–550 min and then the signal slowly decreases. In contrast to that, the
signal from the gas phase measurement did not reach a final saturation value even after 780 min,
although the intensity increase points to a plateau. Based on reasoning by Shinagawa et al. [36],
the increase in concentration (C) of NO should occur following

dC
dt � kC0 expp�ktq (4.2)

with k as the rate constant and C0 as the initial concentration. Shinagawa’s approach with a term

Cptq � C0 � p1� expp�ktqq (4.3)

was modified in order to account for the plotting of integral ratios R:

Rptq � C0 � p1� expp�ktqq � 1 (4.4)

Although in the work of Shinagawa et al. only values of first 25 min of measurement time were
fitted, we used this approach to fit the whole kinetic series. The gas phase measurements can
be fitted with RGP ptq � 1.9 � p1 � e�0.006732�tq � 1 and the whole smoke measurements with
RW Sptq � 0.2924 � p1� e�0.01591�tq � 1.
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Table 4.3: Summary of results from BMPO measurements. Relative integral in comparison to
the signal from the respective 3R4F research cigarette measurements (rel. int.), amount of radicals
and measurement procedure. The samples were either measured immediately after smoking without
deoxygenation (ox.) or the solutions were deoxygenated and measured 20 min after smoking (deox.).

Exp. nr. Product rel. int. n [nmol] procedure
1a 3R4F 1.32 deox.
2b 3R4F 1 42.0 deox.
3b 3R4F 1 82.0 ox.
1 IQOS 2.70 deox.
2 IQOS 0.0647 2.67 deox.
3 IQOS 0.0205 1.64 ox.
1 MESH 0.920 deox.
2 MESH 0.0612 2.52 deox.
3 MESH 0.00381 0.301 ox.
1 Solaris 0.858 deox.
2 Solaris 0.0476 1.96 deox.
3 Solaris 0.0110 0.878 ox.

a 20 puffs in total. The integral is unusually low, so no relative
intensity was calculated.

b 14 puffs

Figure 4.13: Decay of spin adducts of BMPO from 3R4F (�), IQOS (�), MESH (�) and Solaris (x)
samples over time. For experiments, where no deoxygenation (freeze-pump-thaw) has been done
prior to the measurement, "no fpt" is added in the legend. In case of the 3R4F research cigarettes
the puff number is shown in the legend. Furthermore, one kinetic series has been measured with
a reduced modulation amplitude and scaled up to 2 G ("scaled"). The deoxygenation period is
indicated by a grey background.
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Table 4.4: Summary of results from NO measurements. Relative integral in comparison to the
signal from the 3R4F research cigarette (rel. int.), mass of NO and the coupling constants from the
fit. No standard deviation for the 3R4F gas phase experiment is given since only two measurements
were performed; the given value is a mean between the two values.

Exp. rel. int. m [µg] aN [G]
3R4F (WS)a 1 16.4� 4.7 12.75� 0.05
3R4F (GP) 0.75 12.3 12.77

IQOS 0.073 1.17� 0.14 12.73� 0.04
MESH -b
Solaris -b

a Higher standard deviation and lower mean value re-
sults from the contribution of one measurement, where a
cigarette was burnt in 17 puffs instead of 10-13 puffs.

b not detected

4.2.4 Measurement of the Total Particulate Matter

Total Particulate Matter (TPM) was weighted after smoking and its extracts of toluene measured
with EPR. Additionally, air was passed through the Cambridge Filter pad to measure the back-
ground water uptake of smoking but the results were inconclusive. EPR background spectra were
recorded by measuring toluene extracts of clean Cambridge Filter pads. Due to extremely weak
signal intensities the final experiments were performed after accumulating TPM of two or three
cigarettes, sticks etc. on one pad. Longer extraction (2.5 h instead of 20 min) did not yield a signif-
icant increase in signal. The spectrum from the extract of three 3R4F cigarettes is shown in Figure
4.17. The broad signal with a total width of approximately 30 G and a peak-to-peak width of 7 G
is very similar to the TPM signals reported by Pryor et al. [20, 24] and referred to as "Primary
type II" radicals[26]. Results concerning TPM weight and radical yield are presented in Table 4.5.
Photos of the filters after smoking are presented in Figure D.3.

4.2.5 Repeatability and measurement significance

Generally, repeatability of PBN experiments was found to be sufficient. A comparison between
integrals of three 3R4F measurements as seen in Figure 4.11 A shows good agreement between
two measurements. It is unclear, why the third sample indicates a lower radical level and an overall
slower decay. All three cigarettes have been smoked with 11 puffs. The differences in radical level
could possibly be explained by slight differences in PBN concentration between the three solutions
or solvent evaporation during smoking. Radical levels varied strongly in other products, especially
in MESH for which in two out of three measurements the signal was found to be below the limit of
detection. Stronger variability is expected since errors of integration become larger when operating
near the detection limit.

In this work the reproducibility of BMPO measurements was poor due to different factors. The
first measurement of the 3R4F cigarette suffered from slow burning. It took 20 puffs in total for
the cigarette to be consumed. Generally, the cigarette appeared to be smoldering rather than
burning and the Cambridge Filter pad was significantly cleaner than usual. The amount of spin
trapped radicals is greater than that of most measurements of the e-cigarettes (see Table 4.3), but
drastically lower than the levels of the other two measurements. Further, the spin adducts do not
show a clear decay over a measurement time of 900 min (Figure 4.13); the time axis is cut after
140 min), so this measurement was ignored for comparison with the other products.

Unfortunately, only IQOS measurements were successfully reproduced, as indicated by the similar
radical levels in measurement one and two (2.70 nmol and 2.67 nmol).MESH and Solaris indicate in
experiment nr. 2 a similar radical level as IQOS (2.52 nmol and 1.96 nmol, respectively), but show
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Table 4.5: Results of the TPM measurements. Number of accumulations on the filter pad (nr. of
cigs.), relative integrals in comparison to 3R4F cigarettes, amount of substance and TPM weight
per accumulation for each product. Means do not include measurements with signal below detection
or quantification limit. Standard deviation is not given when the number of measurement points
is lower than two.

Exp. nr. Product nr. of cigs. rel. int. n [nmol] TPM/cig [mg]
1 3R4F 1 1.07 35.9
2a 3R4F 1 1.39 33.8
3 3R4F 1 0.74b 38.4
4 3R4F 3 2.30 22.4

Mean 3R4F 6 1 0.95� 0.25 32.6� 6.1
1 IQOS 1 -c 27
2 IQOS 3 0.177 27.0
3 IQOS 3 -c 24.3

Mean IQOS 6 0.062 0.0590 26.1� 1.3
1 Solaris 1 -c 23.6
2 Solaris 3 0.0580 25.5
3 Solaris 3 -c 22.5

Mean Solaris 7 0.020 0.0193 23.8� 1.2
1 MESH 1 0.0852 56.7
2d MESH 2 0.0687 48.1

Mean MESH 3 0.054 0.0513 52.4
a extraction for 2.5 h
b Measured with a modulation amplitude of 0.3 G and scaled to 2 G. Not included in
mean calculation.

c not detected
d Only 2 instead of 3 times smoked in order to accumulate less than 150 mg TPM in
total.

a significant decrease in experiment nr. 1 and resemble those values of non-deoxygenated samples
(experiment nr. 3). A possible explanation is an error in the deoxygenation procedure: possibly, the
nitrogen gas supply was sealed during the freeze-pump-thaw cycles. This explanation is supported
by the fact that IQOS was the first product to be measured during that day and could have been
supplied with residual nitrogen gas inside the Schlenk line. Based on this reasoning, experiment
nr. 2 is expected to yield more reliable results, followed by experiment nr. 3.

NO trapping experiments were successfully repeated and the error for IQOS measurements (stan-
dard deviation of 12%) is acceptable. One cigarette showed again an increased puff number resulting
in decreased emission.

Measurements of particulate phase radicals turned out to be challenging and repeatability poor.
In this study it was decided to measure TPM extracts instead of the filters themselves in order
to be able to use the AquaX and avoid reproducibility issues due to questionable positioning of
the filters in the cavity or a sample tube. However, this sample dilution is the source of sensitivity
issues. In many studies, either the filters (or equivalent collection matter, e. g. glass wool) are
measured directly by placing them in the spectrometer[24, 64, 103–105] or by measuring TPM
extracts which were dried completely or at least the extraction volume reduced by evaporation.[11,
19] Evaporating the extraction solvent completely and subsequently dissolving the particulate in
a reduced volume of toluene (e.g. 3 mL) for the measurement of particulate phase radicals should
increase sensitivity.
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Figure 4.14: A: A comparison between BMPO spectra of 3R4F at 0 and 73 min. B: Best fit of the
spectrum at 0 min. C: Best fit of the spectrum at 73 min.
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Figure 4.15: Typical MNIC-DETC spectra of the 3R4F research cigarette and of IQOS . Addition-
ally, a spectrum of NO captured from the gas phase (GP) is shown for comparison with the whole
smoke capturing (WS). The identity of the signal marked with an asterisk is unknown.
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Figure 4.16: Integral ratios of MNIC-DETC spectra between the measurement at time t and time
t � 0 min for the whole smoke (WS) measurement of 3R4F and IQOS . Additionally, gas phase
(GP) measurements of 3R4F are presented. A: NO spin trapping kinetics over a short period of
time. B: A comparison between long measurements of GP and WS from NO spin trapping. The
fits of the measurements are added.
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Figure 4.17: Measurement of the toluene extract of TPM from three 3R4F cigarettes showing a
"Primary type II" radical with a total width of 30 G.



Chapter 5

Discussion

5.1 Quantitative measurements

The major goal of quantitative measurements is to directly compare levels of radicals and NO
between conventional cigarettes and other products (HNB, e-cigarettes) in the gas and particulate
phases. Radical levels are compared based on signal double integrals of the spin trapping (gas
phase) and TPM extraction experiments (particulate phase). Additionally, types of radicals found
in different products are compared and their buildup and decay kinetics discussed.

5.1.1 Identity of radicals

In general, the PBN spectra of the four products look very similar in terms structural properties
(see Table 5.1). Three radical adducts were identified in all four products: an alkoxy radical (aN �
13.7�13.8 G, aH � 1.8�1.9 G) and the oxidation product of PBN, PBNOx (aN � 10.0�10.6 G).
A similar hyperfine structure was found in the air samples. These radicals have been previously
trapped in cigarette smoke.[41, 45, 93] Although the coupling constants of the radicals significantly
differ between different products (e.g. aOR

N � 13.69 G for IQOS and aOR
N � 13.84 G for Solaris), the

implications of these findings are unclear; it could indicate the presence of different radicals. The
signal-to-noise ratios for all measurements except of 3R4F cigarettes are low and many lines are
not clearly resolved. For this reason, the coupling constants derived from 3R4F spectra are more
reliable than those from other measurements. The difference in the nitrogen coupling constant of
the oxidation product is significant: Pryor et al. measured a coupling of aN � 10.4 G while Church
et al. reported aN � 8.0 G, a value similar to the aN � 8.4 G reported by Ghosh et al..[41, 45, 50]
These differences do not result from different solvents (all measured in benzene). In this work, we
found a PBNOx coupling constant of aN � 10.3�10.5 G which is similar to the results by Pryor et
al. [41] Pryor also found a different oxidation product with a nitrogen coupling of aN � 7.9�8.1 G.
This value is similar to the ones reported by the two previously mentioned studies and also similar
to the value for the decomposition product found by Ghosh. This could imply that differences in
these values result from different oxidation products.

In Figure 4.12 the spectra of the second measurement of BMPO adducts are presented. These
spectra indicate the presence of several trapped species. In order to identify the radicals, a kinetic
measurement was performed. In Figure 4.14 A a comparison is shown between the first kinetic
measurement of the deoxygenated 3R4F sample and the last. The spectrum has lost many lines, in-
dicating a difference in decay rates between radical adducts or even an increase in the concentration
of other radicals over time. The simple structure of the measurement at t � 73 min can be fitted
with a mixture of hydroxyl and peroxyl radicals (see Table 5.2). Additional comparison with spec-
tra acquired around the 73rd minute show a structural change from four lines with same intensity

53
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Table 5.1: Coupling constants reported for PBN adducts and found in this work.

Study Radical type aN [G] aH [G]

3R4F OR 13.80� 0.002 1.88� 0.02
PBNOx 10.25� 0.29 -

IQOS OR 13.69� 0.08 1.83� 0.02
PBNOx 10.65� 0.28 -

MESH OR 13.8 1.82
PBNOx 10.6 -

Solaris OR 13.84� 0.27 1.84� 0.10
PBNOx 9.98� 0.37 -

air OR 13.87� 0.08 1.73� 0.28
PBNOx 10.37� 0.45 -

Pryor et al., OR 13.9� 0.3 1.9� 0.2
1976[41] PBNOx 10.4 -

Church et al.,
1994[45]

OR 13.6 1.9
C-R 14.4 2.0

PBNOx 8.0 -

Ghosh et al.,
2008[50]

C-R 14.2 2.05
PBNOx 8.4 -

Da 7.6 -
Goel et al.,
2015[92]

R1b 14.05 2.21
R2b 14.17 2.47

a D = decomposition product
b Measurement of e-cigarette aerosols. Radical identities not specified.

(OOH) to the quartet of OH.[51] The adduct BMPO-OOH could have been reduced to BMPO-OH
by other smoke constituents over time[51], although the gas phase is considered to be oxidizing.[1]
Unlike DMPO, BMPO adducts with superoxide radicals do not decompose to hydroxyl adducts
on their own, but can be enzymatically reduced to these species.[51] It is unknown whether the
hydroxyl adducts of BMPO can be formed in a Forrester-Hepburn reaction, but it seems unlikely
since the solvent is not water.[28] To the best of our knowledge, BMPO has not been used with an
organic solvent before. In an aqueous solution Khan et al. found a half-life time for BMPO adducts
to be 8.4 min for methyl radicals and 19.3 min for hydroxyl radicals.[106] Both values support our
findings of fast decay of the major radicals and a slow decay of the hydroxyl radicals. The appear-
ance of both OOH and OH radicals in cigarette smoke is not surprising and their correlation has
been often studied in aqueous media (e. g. by Culcasi et al. [60], Takanami et al. and Tanigawa et
al. [98]). In his review, Wooten summarized previous findings and explains that trace metal ions
such as Fe(II) or Cu(I) can catalyze the formation of hydroxyl radicals from hydrogen peroxide via
Fenton chemistry.[7] This is the likely source of the trapped hydroxyl radicals.

For the fit of the first kinetic measurement an additional radical was considered. However, the small
coupling constant aH1 � 7.1 does not compare well with known constants for oxygen- or carbon-
centered radicals (Table 5.2). Zhao et al. assigned two sets of coupling constants to diastereomeres
of the same radical. Hyperfine structure data referenced in Table 5.2 has been identified in an
aqueous solutions and the coupling constants are generally higher than the ones we observe. We
performed short DFT calculations to estimate coupling constants of different diastereomeres of
peroxyl and hydroxyl adducts in toluene. However, our findings were inconclusive. It is possible
that we assigned coupling constants incorrectly and the unknown radical is just a diastereomere
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of OH or OOH adducts. Without reference studies for BMPO in toluene or other apolar solvents
further assignments are unsafe.

Interestingly, no alkoxy or carbon-centered radicals were detected in 3R4F cigarette smoke by spin
trapping with BMPO, but the carbon-centered radicals have been trapped from aerosol of other
products. It is possible that the carbon-centered radicals originate from polypropylene glycol or
glycerol.[92] On the other hand, reaction of BMPO with hydroxyl radicals is one to two orders
of magnitude faster than the reaction with carbon-centered radicals (in water).[46] It seems likely
that the reaction rate of BMPO with the alkoxy and carbon-centered radicals specifically found in
cigarette smoke is too slow and the radicals decay before being trapped.

Moreover, neither hydroxyl nor peroxyl radicals have been trapped by PBN, while BMPO did not
trap any alkoxy and carbon-centered radicals in cigarette smoke. This emphasizes the importance
of the use of several spin traps.

Table 5.2: Coupling constants reported for BMPO adducts and found in this work.

Study Radical type aN [G] aH1 [G] aH2 [G]
OH 12.85� 0.02 11.4� 0.004 1.65� 0.04

3R4F OOH 12.8� 0.02 11.4� 0.03 -
unknown 12.5� 0.02 7.17� 0.13 1.58� 0.07

IQOS

OH 12.8 11.4 1.47
OOH 12.8 11.5 -

unknown 12.5 7.15 1.37
C-R 12.7 21.8 -

MESH

OH 12.8 11.4 1.63
OOH 12.8 11.5 -

unknown 12.5 7.15 1.51
C-R 12.7 21.5 -

Solaris

OH 12.8 11.4 1.7
OOH 12.8 11.5 -

unknown 12.4 7.07 1.52
C-R 12.6 21.4 -
OR 14.5 16.6 -

Arangio et al.,a OOH 14.3 8.1 -
2016[107] OH 14.3 12.7 0.61

R 15.2 21.6 -

Zhao et al.,b
2001[51]

OOH 13.37-13.4 9.42-12.1 -
OH 13.47-13.56 12.30-15.31 0.62-0.66
GSc 14.3-14.36 14.7-16.6 1.3-1.8

Huang et al.,b
2013[108]

t-BuO 14.09 14.02 -
CH3 15.61 22.24 -

CBQ-OHd 16.28 26.5 -
a System: aqueous extract of aerosol particles.
b System: phosphate buffer, pH=7.4.
c GS = glutatiyl radical.
d CBQ-OH = carbon-centered quinone ketoxy radical
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5.1.2 Radical levels in the gas phase

The major difference between products in measurements of PBN spin trapping is the radical level.
Aerosol of IQOS and the two e-cigarettes show a relative intensity of approximately 1-1.6% of that
of the research cigarette. The amount of radicals found in the 3R4F cigarette with 25.9� 0.6 nmol
is four times higher than that reported by Goel et al. with 8�2 nmol. However, Goel et al. followed
the ISO norm for smoke generation and not the HCI norm used in this work. For a filter ventilation
of 38% (as found for the 3R4F cigarette by Goel et al.) or a 29% ventilation found by Roemer[32],
Counts et al. [109] and Purkis et al. [110] predict 2-4 times higher emissions from HCI regime
than from ISO. Considering a difference in measurement timing - in the work of Goel et al. 6 min
passed in total for deoxygenation - and the decay rate determined from our kinetic measurements,
the initial radical concentration produced by the 3R4F cigarette is approx. rR0s � 33.3 nmol. This
number is within the fourfold range of 8� 2 nmol reported by Goel et al. [64] Reported amount of
radicals varies greatly: Yu et al. found only 2.5 nmol (1.5 �1015 spins)[93], Ghosh et al. accumulated
2.0 nmol (12 � 1014 spins) from a measurement on a puff-by-puff basis[50]. In the latter work, PBN
indicated a loss in trapping efficiency at the last (9th) puff. The authors speculated prolonged
exposure to cigarette smoke to be the source of this error. Another explanation is the quenching
of new gas phase radicals by the particulate phase deposited on the Cambridge Filter.[26] This
further indicates that increased puff numbers make comparison between individual measurements
difficult and decrease precision by reducing the apparent radical levels.

The radical level of rR0s � 33.3 nmol is still an order of magnitude lower than the 225 nmol from
whole smoke solid-phase trapping by Bartalis et al. and still lower than the approximate 70 nmol
trapped from whole smoke in toluene.[61, 62] While Bartalis et al. used the ISO smoking regime
which leads to lower emissions, they used a nitroxide probe which traps alkyl radicals five times
more efficiently than PBN.[62] This could explain the major differences in radical levels between
their results and ours. Furthermore, it points out that solid-phase spin trapping could be more
efficient than solution spin trapping and additionally, solvent-free trapping prevents radicals from
forming secondary radicals by reacting with solvent molecules.[26, 62] However, in both studies,
radical adducts were quantified using fluorescence detection after a separation by HPLC. Thus,
radical levels between the two different quantification techniques may not be directly comparable.

Margham et al. pointed out the importance of air background measurements when determining
emissions from e-cigarettes in order to avoid false positive findings.[111] Our measurements sup-
port these observations. While a general difference between the HNB-product and the e-cigarettes
appears to be present (a radical amount of 0.394� 0.055 nmol was measured for IQOS in compar-
ison to 0.193–0.251 nmol measured for the e-cigarettes), the values lie below the air or machine
background of 0.0125–0.390 nmol. Radical levels of the machine background lie between the levels
of the two air measurements. This indicates that residual chemicals in the smoking machine from
previous experiments do not noticeably increase the background noise. Nevertheless, this raises the
questions regarding limits of quantification. Furthermore, fitting parameters of the air samples are
similar to those of the four products and could indicate contribution of Environmentally Persistent
Free Radicals (EPFRs) to the integrals of the aerosols. Radical levels for IQOS are very similar to
the highest air background. The present data suggests a higher radical level in the heat-not-burn
product in comparison to the e-cigarettes, however, this difference could stem from false positive
findings. It cannot be excluded that the aerosol of e-cigarettes quenches EPFRs. In general, due to
high level of noise in the spectra integration is difficult and may be solely responsible for differences
in radical levels in these products and air samples. The usage of multiple port smoking machines to
accumulate gas phase radicals without time loss for subsequent smoking should increase the signal
intensity.

Pryor et al. found that gas phase radical levels of a heat-not-burn product are less than 1% of the
levels of a conventional cigarette.[11] This generally corresponds to the ratio between 3R4F and
IQOS radical levels as found in this work (1.6%). Goel et al. reported 2.5 � 10.3 � 1013 radicals
per puff of an e-cigarette (based on 40 accumulated puffs).[92] This corresponds to 0.50–2.05 nmol
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per 12 puffs (as were used in this work). These values are two to eleven times higher than the
0.19–0.25 nmol found in this thesis and lie above air and machine background levels. This could
indicate a high variability in emissions of different e-cigarettes. It should be stressed, nonetheless,
that in our case two out of three MESH measurements resulted in a signal below the limit of
detection or quantification.

BMPO spin trapping measurements indicate a higher relative intensity of radicals in aerosols
in comparison to the 3R4F cigarette smoke than found in PBN measurement. Spectra of 3R4F
cigarettes show a signal several times stronger than the other products which produce spectra
generally similar to each other. For the deoxygenated samples 42.0 nmol of radicals were found in
the sample of the conventional cigarette. This number increased to 82.0 nmol when the sample was
measured without deoxygenation immediately after smoking. At the same time, relative intensity
of the other products decreased from 4.8–6.5% of the 3R4F signal for the oxygen-free measurement
to 0.4–2.1% for the immediate, oxygen-rich measurement. The implications of this finding are
discussed below in 5.1.4.

It should be stressed that no air background measurements have been performed. Almost all aerosol
experiments find a higher radical level (0.88–2.67 nmol) than the machine background measured
with PBN (0.39 nmol); only the oxygen-rich sample of MESH shows a lower amount of radicals.
However, it is unclear, whether the background radical levels found with PBN can be directly
translated to BMPO measurements. BMPO is often used as a superoxide scavenger[51, 112] and
could react differently with oxygen than PBN. Finally, non-deoxygenated measurements of aerosols
suffer from very low signal-to-noise ratios which makes integration difficult and can further add to
interpretation errors.

Significant differences in radical emissions from different products were found when Fe(II) com-
plexes of dithiocarbamates were used for NO trapping. From Figure 4.15 a general trend can be
estimated: more NO can be trapped from whole smoke than from the gas phase and the cigarette
produces several times more NO than IQOS . No nitric oxide has been detected in either of the
e-cigarettes. This is consistent with the findings of Margham et al. [111] who compared emissions
from the e-cigarette Vype ePen to those from the 3R4F. This comes at no surprise since the main
source of the NO is cigarette smoke are nitrates and tobacco proteins.[1] The main ingredients of
the e-liquids are, however, glycerol, propylene glycol, water and nicotine. The oxidation of nitrogen
gas from the surrounding air to NO (which occurs during cigarette combustion[1]) is unlikely due
to low heating temperatures of the e-cigarettes. Thus, the absence of NO is e-cigarette aerosols is
expected.

In general, total NO mass from whole smoke (16.4 � 4.7 µg) of the 3R4F cigarette is larger than
the mass from gas phase (12.3 µg). The large standard deviation results from one experiment with
a lower NO mass. In that experiment, the cigarette burnt in 17 puffs. Following the reasoning from
the BMPO experiments, it is expected that the overall yields are lower when the cigarette burns
slowly. Slow burning could decrease combustion temperatures and thus oxidation of proteins to
NO. When the result from the 17-puff experiment is ignored, the average NO-mass from whole
smoke is 19.5 µg. The lower mass of NO in the gas phase comes at no surprise. NO is reported
to have a faster oxidation rate in gas phase than in whole smoke.[58] Additionally, NO2, the main
oxidation product of NO in air, is only present in the first puff when whole smoke is measured,
presumable from cigarette lighting.[33] In contrast to that, NO2 is present in every puff when the
gas phase is measured.[33] This implies oxidation of NO to NO2 on the Cambridge Filter pad
itself.[7] This explains the lower yields of nitric oxide in gas phase smoke in comparison to whole
smoke.

IQOS produced low levels of nitric oxide, approximately 7.3% of the amount from cigarette whole
smoke. However, if the value of 19.5 µg for NO trapped in the 3R4F smoke is considered to be
more accurate, then the relative NO productions by IQOS decreases to 6.0%. This percentage is
higher than 2-3% as reported by Schaller et al. and Gonzalez-Suarez et al. [30, 31] In both studies
IQOS was smoked using the HCI regime (as was the 3R4F cigarette) and the comparison is more
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direct. In the case of this study, IQOS was smoked following the CORESTA recommendation for
electronic devices. Both regimes use the same puff volume and frequency and differ only in puff
duration and profile (see Table 2.1). Further, in both studies NO was measured in gas phase and
not in whole smoke, as in this thesis. This could account for the differences in our and previously
reported results.

The absolute values are more than an order of magnitude lower than previously reported values. For
IQOS , 13.0 and 16.8 µg have been measured with a NO meter[31] or following a Health Canada
Official method[30]. The same goes for results of the cigarette smoke. Schaller et al. reported
510 µg[30], Gonzales-Suarez et al. 491 � 12 µg[31] and Margham et al. 503 � 23 µg[111] of NO
in cigarette smoke. The reason for such discrepancies could be that some NO leaves the impinger
before being trapped if the trapping kinetics are not sufficiently high, despite NO being an apolar
gas.[36] This is not an issue for detection methods when the smoke is collected in a gas collection
bag.

Shinagawa et al. trapped smoke of Japanese cigarette with Fe(II)-(MGD)2, a water soluble analogue
of the spin trap used in ths work.[36] The smoking procedure was non-standard (continuous air
flow, 600 ml/min) and based on calibrations with an NO donor S-nitroso-N -acetylpenicillamine
they found 1.52 � 1017 spins, i.e. 252 nmol or 7.57 µg. It is unclear, whether the trapping method
or the non-standard smoking procedure results in this low NO yield.

5.1.3 Analysis of the particulate phase

3R4F research cigarettes yielded 32.6 � 6.1 mg TPM. This compares well to the 37.7 � 0.3 mg
reported by Roemer et al. [32], but is significantly less than 49 � 1.5 mg or 44.7 mg reported in
[31] and [30]. It is unclear, why these values differ this much, considering that in all cases the
HCI smoking regime was used. Experimental results reported in table 4.5 suggest that smoking of
several cigarettes on one Cambridge Filter decreases the yield per cigarette. Only Solaris does not
follow this trend. While TPM loss due to continuous smoking is known, it should not occur for two
and three smoked cigarettes.[83] The 44 mm Cambridge Filter pad is designed to uptake 150 mg
of TPM[65] which is much more than was collected in a single experiment of this study.

Similarly, significant differences are found for IQOS with 26.1� 1.3 mg of collected TPM in com-
parison to 48.2�0.8 mg[31] and 54.7�3.2 mg[30]. Here, partially the difference could be explained
with differences in the smoking regimes. For Solaris and MESH no TPM data has been published
so far. Interestingly, we found similar levels of TPM for IQOS and Solaris. Since IQOS plugs
have similar ingredients as usual e-cigarettes (water, glycerol, propylene glycol, nicotine), it is not
surprising for both products to yield similar TPM levels. The fact that MESH produces more
TPM than the cigarette or the other products is surprising and has to be attributed to a different
liquid heating method. Sussan et al. collected 30.4 mg of TPM from 50 puffs (equals to 7.3 mg for
12 puffs) of another e-cigarette employing a modified ISO regime.[104]

The spectrum of the toluene extract of 3R4F TPM indicates the presence of long-lived radicals
(Figure 4.17). Interestingly, the amount of radicals found in the tar extract (0.95 � 0.25 nmol) is
more than one order of magnitude larger than values reported by Goel with 64� 13 pmol.[64]

In most cases, signal intensity of the TPM extract of IQOS and of the e-cigarettes was below
detection limit. While it is not surprising per se since already the detection of gas phase radicals
appeared to be problematic due to low radical levels, it does create ambiguity in regards to the
signals eventually detected. Goel et al. reported a linear correlation between signal intensity and
the number of cigarettes smoked.[64] The integrals in our measurements do not follow this trend;
three 3R4F cigarettes yield only 2.30 nmol of radicals instead of 3.21–4.17 nmol, as would be
expected from a linear correlation. This further questions the sensitivity of our measurements.

Sussan et al. found 7 � 1011 long-lived spins in TPM collected after 50 puffs. This corresponds to
0.3 pmol for 12 puffs.[104] However, in that study no blank measurements have been performed
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so a false positive finding is possible. On the other hand, Lerner et al. reported findings of 4.8
and 7.7 µmol from 20 4-5 s puffs.[103] Unfortunately, the authors did not comment on the large
differences in radical levels between their results and those of previously published studies. Pryor
et al. did not detect any particulate phase radicals from a HNB product.[11] These findings may
indicate limits of EPR detection for aerosol samples or they may describe a great variability in
e-cigarette products. Gehling et al. [113] measured EPFR levels in ambient particulate matter
(PM2.5) and detected long-lived stable organic radicals, very similar to those found by Sussan et
al. and Lerner et al. On average, the initial radical concentration was 2.02 � 1016–3.48 � 1018 1/g.
This equals to 4.81 �1014–1.82 �1017 radicals or 0.80–302.2 nmol if the TPM weight from our results
is used (23.8–52.4 mg). This is more than the radical levels detected in this work and further
emphasizes the importance of background measurements.

5.1.4 Radical kinetics

The decay of the main radical adducts found in PBN solutions of 3R4F cigarette gas phase smoke
(Figure 4.11 A), as seen in Figure 4.10, is steady and is accompanied by a slow increase of the
oxidation product of PBN, PBNOx.

Kinetic measurements of IQOS do not indicate any clear decay (Figure 4.11 B). This additionally
hints at the possibility that these radical adducts are distinctively different from the smoke based.
Surprisingly, the adducts from Solaris even show an initial increase in intensity (C) but it is
difficult to interpret this result considering the possibility of a false positive finding. Furthermore,
it is possible that a decay could have been observed, if the samples were measured immediately
after smoking. Smoke composition can influence the stability and formation of spin adducts: for
instance, in an organic solvent, the presence of water drawn from the air could facilitate adduct
formation via Forrester-Hepburn mechanism.[28] On the other hand, nitroxides with an β-hydrogen
are prone to bimolecular disproportionation, forming a nitrone and a hydroxylamine.[45] Finally,
smoke constituents can deactivate newly formed PBN adducts of carbon-centered radicals.[62]

Kinetic measurements of BMPO samples support the findings of a fast adduct decay, explaining
the difference between the immediate (not deoxygenated) and deoxygenated measurements (Figure
4.13). In contrast ot that, radical levels of the other products decreased when the samples were
measured immediately after smoking (Table 4.3). The increase in amount of radicals for the aerosols
of the e-cigarettes is supported by the kinetic measurements which indicate a fast radical build-up,
explaining the increase from 0.301 nmol (t � 0 min) to 2.52 nmol (t � 20 min) for MESH or
from 0.878 nmol (t � 0 min) to 1.96 nmol (t � 20 min) for Solaris. Kinetic measurements of
IQOS contradict this trend since the spin adducts show a slow long decay (Figure 4.13) and thus
a higher initial concentration is expected. The increase from 1.64 nmol (t � 0 min) to 2.67 nmol
(t � 20 min) is a direct contrast to the kinetic measurement. However, for one measurement point
the integral seams to be increasing. The same was found for kinetic measurements of PBN, but
the error and time difference between single measurements is too great to be relied upon. Without
a thorough investigation to bridge the gap in the between the two IQOS experiments of BMPO
the kinetics can not be determined. Possible is an initial increase in radical levels followed by a
slow decay, as observed for spin adducts in aged cigarette smoke (adduct intensity increases for a
short period as the smoke ages before entering the spin trap solution) and for NO2 in gas phase
of cigarette smoke.[34, 41] This could imply a continuous production of radicals in the aerosols,
similar to the "steady-state mechanism".

Since the increase in adduct intensity was found in BMPO as well as PBN measurements for e-
cigarette aerosols, this could indicate a different mechanism of radical production. Further, this
poses the question of toxicity assessment, as immediately inhaled aerosols could initially contain
less radicals and the radical level could increase over time. If the steady-state hypothesis is more
accurate, than the radical level should reach a steady level over time. Kinetic measurement of PBN
adducts of the Solaris aerosol (Figure 4.11 C) supports this idea as the intensity does not vary
significantly between 450 and 1250 min.



60 5.1. Quantitative measurements

In the same study kinetics of NO trapping were examined. Following the example of Shinagawa et
al. [36], the authors used equation 4.3 to fit the results of the first 25 min. We decided to prolong
the fit to the whole data set and found sufficient agreement between the data and the fit (Figure
4.16 B). Shinagawa et al. reported a rate constant of 0.018 1/s. Surprisingly, this corresponds to
the rate constant found in whole smoke. However, Shinagawa et al. passed the smoke through a
Milipore AP 200 filter, so it is expected for them to measure gas phase NO. In our study, MNIC-
DETC concentration from whole smoke reaches a maximum concentration of 1.3 times the initial
concentration and then slowly decays. Gas phase measurements show a much faster increase in
concentration which has not reached its maximum (approx. 2.9 times the initial concentration)
after 800 min. This is unexpected: Fe(II) can easily be oxidized to the EPR silent Fe(III) by the
heated air, halogens and NO2 bubbled through the spin trap solutions.[35, 36] NO does not react
with Fe(III) complexes.[55] This would suggest that in a setup with strongly oxidizing gas phase,
NO trapping would be limited by availability of the spin trapping reagent. On the other hand,
whole smoke is less oxidizing and the uptake of NO should be higher. Oxidized spin trap could
be eventually reduced (e.g. by NO itself with a resulting yield of 50%[28]), however, this reaction
should rather occur in whole smoke than in gas phase. Instead, the final mass of gas phase NO
(mmax � 35.7 µg) is even higher than that of the whole smoke (mmax � 27.7 µg). No additional
NO sources are expected to exist in the spin trap solution injected into the AquaX and NO should
slowly react with dissolved oxygen to NO2.[27, 28] Thus, nitric oxide which is already dissolved in
toluene must slowly react with spin trapping reagent. However, is possible that new NO is formed
from nitrite. The reaction of Fe(II)-(MGD)2 with nitrite has been demonstrated at different pH-
levels.[116] Interestingly, increase in NO concentration follows a very similar curve as measured in
this work. Further, NO formation rate and concentration increases with lower pH-values. Nicotine
(dibasic) is found predominantly in particulate phase.[1] Hence, it is plausible that whole smoke
could have a higher pH-value than the gas phase, although the concept of a pH-value poorly applies
to a toluene solution.

NO concentration produced from IQOS stays constant over a period of 450 min. This supports the
findings of kinetic measurements of with PBN adducts where no change in radical intensity was
observed. Considering the importance of NO in radical production in smoke it seems likely that
the stable adduct concentration observed with PBN is related to the stable NO concentration.
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Conclusion

Free radical and NO levels and kinetics in mainstream smoke or aerosols created by different tobacco
products have been studied by EPR spectroscopy. Short-lived radicals from the gas phase have
been spin trapped with PBN and BMPO, while toluene extracts of Total Particulate Matter were
analyzed for long-lived radicals. NO was trapped from whole smoke by Fe(II)-(DETC)2 complexes.

The tobacco products were chosen to represent a broad variety of "smoking" products, including
a conventional cigarette (3R4F research cigarette), a heat-not-burn product (IQOS) and two e-
cigarettes with different liquid heating mechanisms (Solaris and MESH ).

PBN spin trapping experiments revealed a hundredfold reduction in gas phase radical levels of the
aerosols generated by IQOS and e-cigarettes in comparison to 25.9 nmol found in 3R4F smoke.
IQOS showed a slightly higher radical production than the two e-cigarettes, however, for both IQOS
and the e-cigarettes the intensity of the radical adduct signals was close to the background levels.
For all four products fitting parameters suggest a presence of alkoxy radicals and an oxidation
product of PBN.

Spin trapping experiments with BMPO suffered from poor reproducibility, but indicated signifi-
cantly higher concentrations of trapped radicals than found with PBN. While the main radicals
trapped from 3R4F smoke by PBN were alkoxy radicals, BMPO trapped mostly superoxide and
hydroxyl radicals. Spin adducts decayed fast, such that 82 nmol of radicals found in 3R4F samples
immediately after smoking decreased to 42 nmol after 20 min. This emphasizes the importance of
fast measurements immediately after smoking and of a constant time lag between smoking and
the measurement, especially when adduct decay kinetics are fast, in order not to underestimate
the amount of radicals truly inhaled by the smoker. Radical levels of aerosols varied from 1.1% to
6.5% of the 3R4F signal, depending on the product and measurement time. For IQOS a slightly
higher amount of radicals (2.7 nmol after 20 min) than produced by the e-cigarettes (2–2.5 nmol
after 20 min) was found. Since no air blanks have been measured the error margin of these findings
remains uncertain.

Absolute levels of NO were found by more than one order of magnitude lower than those found
in previous publications by different analysis methods for both 3R4F smoke and IQOS aerosol.
This could be a result of incomplete trapping due to limited contact time in the solution. However,
the relative amount of NO between the two products appear rather well between different analysis
methods. No nitric oxide has been trapped from aerosols of either e-cigarette. Immediately after
smoking, in the gas phase of the cigarette smoke only 75% of NO from the whole smoke were found.
Kinetic measurements, nonetheless, showed a faster increase in NO mass over time in gas phase in
comparison to the whole smoke measurement which lead ultimately to a higher end-value.

A significant amount of particulate phase radicals was only found in 3R4F smoke. Most measure-
ments of the particulate phase suffered from low sensitivity due to dilution. MESH produced most
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particulate (52.4 mg), followed by the 3R4F cigarette (32.6 mg) and followed by IQOS and Solaris
with similar TPM masses (26.1 mg and 23.8 mg, respectively).

In conclusion, radical levels produced by the HNB-product IQOS and by the e-cigarettes MESH
and Solaris were 94-99% lower than those of the research cigarette 3R4F and generally similar to
background levels. No nitric oxide was found in aerosols of the e-cigarettes and only 6-7% of the
3R4F level was found in the aerosol of IQOS .
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Outlook

The general findings of this thesis prove a significant reduction in NO and radical levels of tobacco
product aerosols in comparison to smoke of conventional cigarettes. However, some questions re-
main unanswered and several results are uncertain.

First and foremost, BMPO measurements have to be repeated, since the reproducibility of these
experiments was insufficient. Additionally, it is important to measure machine background with
BMPO to verify whether the small amounts of radicals trapped for IQOS and the e-cigarettes are
significant. Furthermore, coupling constants of model compounds with BMPO in organic solvents
have to be studied to better understand the identity of trapped radical from cigarette smoke.
Radical evaluation with different spin traps might be helpful as well.

Measurements of particulate phase radicals were inconclusive for IQOS , MESH and Solaris. The
main reason for this is the low spin adduct concentration of the toluene extracts. Solvent evapora-
tion and extraction of several filters may improve sensitivity.

Puffing numbers of 3R4F cigarettes varied greatly and were sometimes unusually high. Results of
experiments with extraordinarily high puff count numbers (17, 20) should be dismissed and such
experiments repeated.

Our results hint at somewhat higher radical levels in the HNB product in comparison to the e-
cigarettes. These differences in amount of radicals should be studied more carefully, perhaps with
multiport smoking machines to allow simultaneous accumulation of puffs for higher sensitivity.

The overall toxicity of radicals in smoke and aerosols of various tobacco products remains unclear
and should be studied further.
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Appendix A

Residue and error estimation

Table A.1: Testing of ToluX with toluene and AquaX with water. Solutions: A = toluene, B =
TEMPOL in water (50µM). Parameters: power attenuation 20 dB, modulation amplitude 0.5 G,
receiver gain 50 dB, 10 scans. For sensitive measurements, parameters were changed to: modulation
amplitude 2 G, receiver gain 60 dB, 30 scans.

ToluX, toluene AquaX, water
Exp. no. sample volume [mL] rel. integrala volume [mL] rel. integralb

0 A fullc -d fullc 0
1 B 2 0.977 1 -d
2 A 2 0.064 1 0.0652
3 B 2 1.0378 1 0.888
4 A 4 0.0139 1 0.106
5 B 2 1.0139 1 0.931
6 A 6 0.0067 2 0e

7 B 2 1.0060 2 1
8 A 8 0.0060 2 0e

9 B 2 1.0056 3 0.997
10 A 16 0e 2 0e

11 B 2 1 1.5 0.988
12 A 20 0e 1.5 0e

13 B 1.5 0.970
13 A 20 0e

a in comparison to the integral of exp. no. 11
b in comparison to the integral of exp. no. 7
c device completely filled with toluene/water
d no spectrum saved
e below detection or quantification limit, relative intensity is set to 0
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Appendix B

Best fits

Figure B.1: Best fit of the PBN spectrum of 3R4F cigarettes measured with a modulation amplitude
of 0.3 G.
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Figure B.2: Best fits of MNIC-DETC spectra of 3R4F (A) and IQOS (B).



Appendix C

Spin concentration calibration
with TEMPOL

For concentration calibrations, TEMPOL was used as a stable nitroxide. Four 4 mL toluene so-
lutions with respective concentrations of 0.05 µM, 0.5 µM, 5 µM and 50 µM were prepared by
diluting a TEMPOL stock solution of 522.5 µM. For EPR measurements the spin trap radical
analysis procedure was imitated:

• All TEMPOL solutions were deoxygenated using three cycles of freeze-pump-thaw.

• Prior to the first measurement AquaX was filled with toluene.

• Measurement order was from the lowest concentration to the highest.

• Between measurements the AquaX was flushed with 10 mL pure toluene.

A double logarithmic plot of double integral against concentration (c, in nmol/L) is shown in figure
C.1. The linear calibration fit has form y � 0.9938c� 0.6533.

Figure C.1: Spin concentration calibration curve based on TEMPOL measurement. The logarithm
of the double integral is plotted against the logarithm of TEMPOL concentration (in nM).
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Appendix D

Miscellaneous

Figure D.1: Soap bubble flow meter. The bubble surface level is adjusted with a syringe to 100 mL
and then the silicon tube is inserted into the cigarette holder of the smoking machine. During the
puff, the soap bubble moves down towards the silicon tube. The difference in bubble level before
and after the puff indicates the real puff volume.

Figure D.2: AquaX system outside of the resonator. Two tubing adapters are provided but only one
used in this study. The attached adapter is necessary for sample injection while the loose tubing
is placed inside a waster container.
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(a) (b)

(c) (d)

Figure D.3: Photos of Cambridge Filters after smoking of three cigarettes/sticks etc. In case of
MESH , only two smoking experiments were accumulated. For comparison, a clean Cambridge
Filter is placed beside the filter with the particulate. The arrow points at the clean reference
filters. (a): Filter from the 3R4F cigarette experiment. (b): Filter from the IQOS experiment. (c):
Filter from the MESH experiment. (d): Filter from the Solaris cigarette experiment.
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