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Abstract

This study examined the content of

nicotine-delivery products using terahertz

time-domain spectroscopy (THz-TDS)

and breath ethylene investigated with

CO2 laser photoacoustic spectroscopy

(CO2 LPAS) system as a biomarker of oxi-

dative stress after smoking. The THz-TDS

method provided valuable information on the transmission spectra of tobacco

and nicotine in smoking products. From the CO2 LPAS data it was observed

that in cigarette (TC) smoking the mean breath ethylene was 687 parts per bil-

lion (ppb), while in electronic cigarettes and tobacco heating devices smoking

the mean ethylene was 56 ppb and 48 ppb, respectively. The main finding was

that TC showed higher transmission in the THz region producing a higher oxi-

dative stress on the body.
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1 | INTRODUCTION

When you light a cigarette, the tobacco burns and creates
smoke. There are approximately 600 ingredients in ciga-
rettes (TCs), some of which are toxic substances present
in the tobacco plant itself, and others are additives that
enhance the effects of nicotine and make smoking more
attractive to consumers [1]. The majority of smokers are
addicted to nicotine, responsible for the harmful effects
of using tobacco product known to cause physical and
psychological addiction [2]. Burning process that releases
the tobacco flavors and nicotine produces more than
8000 chemicals in cigarette smoke and about 100 sub-
stances are known to cause diseases such as lung cancer,
cardiovascular disease, and emphysema [3, 4]. In an

effort of quitting smoking cigarettes, electronic cigarette
(ECs; vapes) tobacco heating device (THDs) are marketed
as alternatives for smokers who do not want or cannot
stop smoking.

An immediate reaction of the body after smoking is
the increase of oxidative stress determined by the genera-
tion of reactive oxygen species. Membrane lipids are
highly susceptible to free radical damage and is generated
the process of lipid peroxidation [5]. Some of the end-
products of lipid peroxidation like ethane, ethylene, and
pentane can be used for estimation of cellular damage
because after their formation in tissues these species are
generated in the breath [6]. One of the first by-products
of lipid peroxidation studied as a breath biomarker was
ethylene. Studies on animals and humans demonstrated
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the generation of ethylene as an end-product lipid peroxi-
dation process induced by ultraviolet radiation, x rays or
as a result of inflammatory diseases [7–11]. Ethylene was
one of the first breath compounds studied, being reported
to range between 3 and 100 parts per billion (ppb) [10,
12, 13]. Preliminary work showed that smoking cigarettes
may induce ethylene formation in large quantities of
hundreds of ppb in human body [14].

Therefore, the risk assessment strategy of smoking
TCs, ECs, and THDs can be determined by evaluating the
specific biomarker ethylene that gives us information on
the absorption and cellular damage of toxic substances in
smokers. Although there are many methods used for
breath analysis, most of them do not have high sensitivity
or are not considered practical due to the need for sample
preparation and the use of a trained operator [15–18].
Laser photoacoustic spectroscopy (LPAS) method has
been successfully applied to the detection of breath ethyl-
ene due to its advantages such as high sensitivity and
selectivity, no need for sample preparation, operational
simplicity, good time response, and large dynamic range
to measure concentrations below the level of ppb
[19, 20]. Because there is limited information available
regarding the relationship between the effects of smoking
on the body and the manufacturing ingredients, spectral
data of smoking products content can be obtained using
terahertz time-domain spectroscopy (THz-TDS). The THz
spectral domain (0.1–10 THz) offers information about
vibrational spectra of the molecules. Having the proper-
ties of seeing behind the dielectric substances but being
nonionizing, the THz systems became a standard for
detection of dangerous and hazardous substances
[21, 22]. Considering these properties, THz-TDS method
can give us valuable information about the transmission
spectra of tobacco and nicotine from smoking products.

Therefore, we propose an approach in which the
ingredients of smoking products are analyzed with the
THz-TDS method and the results are related to the body's
response to the consumption of these products by indicat-
ing the level of ethylene in the breath with the help of
LPAS. Our study results in useful information that can
help raise awareness of the constituents in smoking prod-
ucts and a better understanding of the potential health
impact of smoking.

2 | MATERIALS AND METHODS

2.1 | THz-TDS materials and method

Three types of nicotine delivery devices were used in
4-min smoking sessions with 15 puffs from each device:
tobacco from a traditional cigarette with the specification

tar 10 mg, nicotine 0.8 mg, carbon monoxide 10 mg;
e-liquid with specifications of 20 mg nicotine in 10 mL
propylene glycol 50% and vegetable glycerine 50% provid-
ing 0.06 mg nicotine/puff (that means 0.9 mg in 15 puffs),
and tobacco heating devices providing 0.5 mg nicotine.

These nicotine delivery devices were analyzed using
this THz-TDS, to detect the signature of nicotine and
tobacco. The samples were classic tobacco, without men-
thol, sticks of THD, and e-liquid. We have measured the
transmission for each one, having as reference the holder
(for the solid tobacco) and respectively the absorbent
paper for the liquid substances (glycerin and nicotine
have been measured in a liquid form). The transmission
spectrum for each substance is obtained by diving the
spectrum of the sample to the spectrum of the reference
(Figure 1).

The experimental setup was built using a THz-TDS
kit from Ekspla. The system uses a Toptica Photonics
FFS Erbium-YAG laser in ultrashort pulses, emitting at
780 nm, with pulse duration <70 fs and power >60 mW,
having a 30-mW input pulse on the 10 μW transmitting
antenna [22]. The laser beam is split using a splitter cube
and a P1 polarizer into two beams with adjustable powers
of approximately 60/40%. The transmit beam is directed
to the transmit antenna via an optical delay line. The sec-
ond 40% beam is directed directly to the detector. The sig-
nal obtained on the detector is synchronized and
detected by a lock-in amplifier. The THz spectroscopy
set-up is software controlled under LabView™ in order
to speed up and simplify data collection.

The measurement procedure for this system requires
a preliminary measurement; first one of reference and
then of the sample. The LabView program generates an
image of this measurement, but at the same time it is pos-
sible to save an ASCII data set of the numerical results.
In this set, we directly have transmission data correlated
with frequency. The transmission data of the samples are
obtained by dividing the measured spectra by the refer-
ence spectrum. To increase the efficiency, two Teflon
lenses (L5 and L6) are fixed in front of the detector and
the receiver. The role of the lenses is to focus the THz
beam on the photoconductive antennas. The route that
the laser beam takes to finally obtain electromagnetic
radiation in the THz range is presented in Figure 2.

2.2 | CO2 LPAS materials and method

The breath collection bags from QuinTron are used to
collect up to approximately 0.75-L in a single alveolar
breath sample from individuals. GaSampler Test
Kits contain all the necessary components to easily
collect breath samples: a disposable mouthpiece, a
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tee-mouthpiece assembly (it includes a plastic mouth-
piece and a tee connector), and a discard bag designed to
remove the first approximate 400 mL of air (named “dead
space” air).

Breath of participants was analyzed before and after
the use of nicotine-delivery devices by CO2 LPAS. This
method is well known in the field of trace gas detection.
The LPAS system involves a line-tunable CO2 laser, a res-
onant photoacoustic (PA) cell where the gas concentra-
tion is detected and analyzed and a gas flow-through
system. Line-tunable CO2 lasers provide required selec-
tivity for analyzing multicomponent mixtures for mole-
cules that own characteristic absorption pattern in the
9.2–10.8 μm region [19, 20]. The frequency stabilized CO2

laser emits continuous-wave radiation on 54 different

vibrational-rotational lines with power between 0.5 and
6.5 W determined by the selected line. The PA cell cho-
sen for the measurements is a longitudinal H-type cell,
designed for extracavity operation, which presents a sta-
ble operation at a relatively low frequency, with a low
sensitivity to environmental changes, negligible noises
and a sufficiently large PA amplitude. The CO2 laser
beam is intensity-modulated by a mechanical chopper
functioning at the resonant frequency of the PA cell, then
is focused by a ZnSe lens, and directed to the PA cell. The
PA cell is dispensed with four miniature microphones
having a sensitivity of 20 mV/Pa each that are used as
sensors of the acoustic waves initiated by the heat deposi-
tion of the absorbing molecules. The electrical output
from microphones is totalized and the signal is lead into
a lock-in amplifier that displays the amplitude and the
phase of the PA signal. The laser beam power is mea-
sured by a powermeter located after the PA cell, and its
digital output together with the output from the lock-in
amplifier are introduced in a data acquisition interface
module. All experimental data are processed and stored
by a computer (see Figure 3).

The calibration of the system was performed by filling
the PA cell with 1ppmV ethylene in nitrogen at a total pres-
sure of 1 atm, and tuning the CO2 laser on 10P (14) line
where ethylene exhibits the maximum coefficient absorp-
tion of 30.4 cm�1 atm�1. For this PA cell the experimentally
determined resonance frequency is 564 Hz yielding a qual-
ity factor of 16.1 and a cell constant of 5.41 � 103 Pa
cm/W. The cell constant is multiplied by the responsivity of
the microphone and another parameter, that characterize
the PA cell, named responsivity can be measured
R = 433 cmV/W at 1 atm. The PA signal in our instrument
is linearly dependent on the absorption coefficient (α), cell

FIGURE 1 Content of different nicotine delivery devices: (A) tobacco from traditional cigarette, (B) e-liquid containing nicotine,

(C) tobacco from heating devices.

FIGURE 2 Scheme of the experimental terahertz time-domain

spectroscopy (THz-TDS) system.
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constant (C), microphone responsivity (SM), incident laser
power (PL), and absorbent trace gas concentration (c). When
cell constant is multiplied by the responsivity of the micro-
phones PA signal is obtained after formula V = αRPLc. From
this formula the gas concentration can be deduced as V/αRPL
ratio. Responsivity R is influenced by the pressure of the gas
inside the PA; therefore, it is important to establish the
dependence of R on the gas pressure, presented in Figure 4.

Participants were asked to fill the special sample bags
after smoking TC, EC, and THD. The breath sample were
collected in the aluminum coated-bags and connected to
the system. A preliminary cleaning of the system per-
formed by alternating nitrogen flushing and vacuum pro-
cedures until the background signal in nitrogen is around
20 μV. The expired air is transferred at a controlled flow
rate of 600 sccm (standard cubic centimeters per minute)
and is passed through a potassium hydroxide scrubber to
retain the interfering gases. Carbon dioxide and water

vapor are gases found in large amounts in the breath,
which absorb CO2 laser radiation and can impede detec-
tion of ethylene in the ppbV range. By using the potas-
sium hydroxide scrubber these interfering gases can be
reduced in young, healthy, and nonsmoking person by a
factor equal to 90, from 3.9% to 0.043% [23]. After passing
through the potassium hydroxide scrubber the expired
air is introduced in the PA cell where the ethylene mole-
cules absorb the laser radiation and their concentration is
determined in real time.

The pressure of the gas in the cell was measured,
applying then the correction factor for the responsivity
according to the calibration curve.

The detection limit is defined at signal-to-noise ratio
of unity (SNR = 1) where the limiting sensitivity of the
system is 2.5 � 10�9 cm�1 at 4 W laser power. With the
minimum detectable absorptivity of 1.8 � 10�8 cm�1,
CO2 LPAS system is design to provide interference-free

FIGURE 3 Scheme of the experimental laser photoacoustic spectroscopy (LPAS) system for breath ethylene detection.

FIGURE 4 The responsivity of the

photoacoustic (PA) cell against the pressure.
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minimum detectable and minimum detectable concen-
tration between 0.6 ppbV and 270 ppbV for gases with
absorption coefficients of 30–0.1 cm�1 atm�1.

3 | RESULTS

3.1 | Nondestructive detection of
elements from different nicotine-delivery
devices using THZ-TDS

THz-TDS spectroscopy uses short THz broadband pulses
that are generated using a laser in ultra-short pulses. A
single laser radiation pulse is required to illuminate the
photoconductive surface of the emitting antenna so that
it generates the entire spectrum of terahertz frequencies
from 0.1 THz to 5 THz.

3.1.1 | Liquid substances (glycerin and
nicotine)

Figure 5 shows the transmission spectra of absorbent
paper, e-liquid base without nicotine and nicotine.

E-liquid base without nicotine has a good transmission at
2.7 THz and at 3.9 THz from the range of 0.1 to 4 THz.
The absorbent paper transmission spectra are shown in
Figure 5(B) observing peaks at 2.5 and 3.5 THz. The
transmission of nicotine has a maximum at 1.9 THz and
in the same graph we can identify also one of the signa-
tures of glycerin at 3.9 THz (Figure 5 (C)).

Using THz-TDS spectroscopy, we have found a good
transmission for nicotine in a 1–3 THz regime, at
1.9 THz, terahertz technology being a promising applica-
tion for the detection of elements from different nicotine-
delivery devices.

3.1.2 | Solid substances (classical cigarettes
and HEETS)

In Figure 6, we have the transmission data of the samples
correlated with frequency and obtained by dividing the
measured spectra by the reference spectrum. Practically,
Figure 6 shows the transmission spectra of a holder that
is used as reference for the solid samples–Figure 6(A),
transmission spectra of a cigarette–Figure 6(B) and trans-
mission spectra of a stick-Figure 6(C). So, having the

FIGURE 5 Transmission spectra for: (A) absorbant paper, (B) e-liquid base, and (C) nicotine shot in e-liquid base.
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transmission spectrum of the holder as a reference, we
can identify from the transmission spectra of TC and
THD stick the transmission of tobacco, which shows a
maximum at 2.8 THz. The direction that the laser beam
takes to finally attain electromagnetic radiation in the
THz range was showed in Figure 6.

3.2 | Noninvasive breath analysis of
ethylene

A total of seven regular smoking volunteer participants
were involved in this study. The participants were male
with ages between 35 and 42 years old and they have no
medical problems and have not tried to quit smoking.
Detailed breath collection instructions were provided to
the participants with the requirement not to smoke 12 h
before tests. The subjects were asked to smoke TC, EC,
and THD with the specification to use only one product
in a day. Each product administration consisted of a first
session of 4 min smoking, which was followed by an
identical second session after a 60 min pause. The data
analysis was conducted for three consecutive days at the

same intervals of time every day (between 9:00 and
11:00), and the breath samples were collected immedi-
ately after the final puff of each cigarette. At the begin-
ning of the study, the volunteers were provided with
inform consent on the procedures involved in collecting
the breath samples, as well as information on the design,
purpose of the study and the importance of the results.
Information about the subjects and exhaled breath proce-
dure is presented in Table 1.

The exhaled breath collection was realized in two
sessions. The first session starts at 9:00 with a break of
about 50 min and then starts the second session. The
baseline mean value of breath ethylene for participants
was 26.74 ± 6.23 ppb (the breath sample was collected
in the morning before the exposure to cigarettes).
According to our previous studies [24] a nonsmoker
healthy subject has an exhaled breath ethylene level
of 6 ppb.

In the case of TC inhalation, the mean ethylene level
increased from 645 ppb after Session 1 to 687 ppb after Ses-
sion 2. After EC inhalation the mean ethylene level was
about 47 ppb in Session 1, and increased slightly in Session
2 till 56 ppb. Using THD the mean ethylene level was about

FIGURE 6 Transmission spectra for: (A) holder, (B) cigarette (TC), and (C) tobacco heating device (THD) stick.
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46 ppb in Session 1 and very small differences were observed
in Session 2 where mean ethylene level was about 48 ppb.
Data were reported as mean ± SD for seven analyses as
follows, in session 1 (S1) for TC–645.29 ± 94.31 ppb,
EC–47.14 ± 12.15 ppb, and for THD–36.43 ± 7.93 ppb,
and in session 2 (S2) for TC 687.28 ± 75.47 ppb, EC–56.14
± 11.33 ppb, and for THD 39.29 ± 6.36 ppb.

Figure 7 illustrates the box chart for ethylene concen-
tration before smoking, and after smoking in session
1 and in session 2. The box is determined by the 25th and
75th percentiles, including the minimum, mean and
maximum value for breath ethylene concentration.

As shown in Figure 7, there is a difference between
the concentration of ethylene issued by subjects of TC
smokers compared to EC and THD smokers.

3.2.1 | Statistical analysis

The data reported was obtained from multiple measure-
ments of exhaled breath samples. The experimental
results obtained using the CO2 LPAS system by measur-
ing ethylene concentrations from the exhaled breath of
smokers before and after smoking TC, EC, and THD
were analyzed by multivariate methods using JMP
from SAS.

In the upper part of Figure 8 is presented the para-
metric correlation between ethylene concentration in
subjects before and after smoking in the two sessions.
The variables with blue color are highly correlated while
the variable with red color is uncorrelated with the
others.

In the second part of Figure 8 is presented the scatter
plot matrix which shows that the variables diagonally ori-
ented are correlated. This means that the results obtained
from participants after smoking in the two sessions are
positively correlated with each other. Also, the values

before smoking are randomly distributed, which means
that this variable is not correlated with the other vari-
ables, that is, not those obtained after smoking in the two
sessions.

This section may be divided by subheadings. It should
provide a concise and precise description of the experi-
mental results, their interpretation, as well as the experi-
mental conclusions that can be drawn.

4 | DISCUSSION

In this study, a very sensitive gas detection tool was used
to examine the effects of different smoking devices on the
human body. We measured breath ethylene, an impor-
tant biomarker of inflammatory response. Active

TABLE 1 The data obtained from multiple measurements of exhaled breath samples using the CO2 LPAS system.

Day 1: Breath ethylene
concentration after
smoking TC (ppb)

Day 2: Breath ethylene
concentration after
smoking EC (ppb)

Day 3: Breath ethylene
concentration after
THD (ppb)

Participants ages S1 S2 S1 S2 S1 S2

42 658 693 45 57 34 36

35 483 549 32 40 26 30

38 598 665 39 46 28 32

42 764 776 67 73 47 48

38 645 684 40 49 39 41

40 623 676 44 60 36 37

36 746 768 63 68 42 45

FIGURE 7 Graphical representation for ethylene

concentration after smoking TC, EC, and THD in 2 sessions.
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smoking produces oxidative damages in the body and
ethylene is released in that specific moment of biological
stress.

As the main component present in tobacco and most
smoking products, nicotine is responsible for their addic-
tive nature. Limited and contradictory studies were
reported regarding the effects of nicotine on oxidative
stress. Qiao et al. [25] pointed out that nicotine adminis-
tration can generate reactive oxygen species in the
peripheral and central nervous systems causing oxidative
stress. Barr et al. [26] demonstrated that nicotine induces
oxidative stress leading to activation of the stress-
dependent NF-κB pathway in mesencephalic cells. On
the other hand, Newman et al. [27] discuss the antioxi-
dant properties of nicotine by activating nicotinic recep-
tors or by binding to iron. Recent studies have shown
that nicotine may be a potential protective agent for neu-
rological diseases [28, 29]. According to Guan et al. [29, 30]
reasonable low concentration of nicotine may act as an
antioxidant and contribute significantly as a neuroprotective
agent, while a high dose of nicotine may generate oxidative
stress inducing neurotoxicity.

Increased oxidative stress and smoking-related dis-
eases have been attributed to the complex mixture of

chemicals in tobacco smoke [30, 31]. It was demonstrated
that smoking TCs is addictive and poses a high risk to the
cardiovascular and pulmonary systems leading to several
cancers [32]. The ECs are presented as an alternative to
conventional cigarettes and experienced a rapid expan-
sion around the world. Studies on ECs concluded that
vaping presents substantially less health risk than smok-
ing [33, 34]. Even still, current studies demonstrated that
chemicals delivered during EC use, notably nicotine, oxi-
dants, and particulates, may present damage to the car-
diovascular system [35–37]. THD products are considered
the closer experience to smoking cigarettes compared to
other alternatives. THDs are considered safer because the
toxic constituents in smoke have been found in smaller
amounts than those in combustible materials. The cur-
rent impact of THD on human health is not yet fully
known. Research in this direction has shared on the one
hand the view that aerosols released by THDs are less
toxic [38–40] and on the other hand others have con-
firmed that emit substantially high levels of car-
bonyls [41]. Moreover, exposure to THD can cause
inflammation and immunomodulation in the air-
ways [42, 43].

Our results show that THD and EC emissions exhibit
lower toxicity compared with TC. By comparing ethylene
concentrations, we try to highlight the relationship
between the body's exposure to three different tobacco
products and expired ethylene in response to oxidative
stress. It can be noticed that EC and THD have the poten-
tial to increase the oxidative stress of users of these
devices in a manner very similar to cigarette smoke but
at a lower level. Even if there is a difference between the
concentrations of ethylene emitted by TC smokers and
those who use EC and THD, statistical analysis shows
that there is a positive correlation of data obtained using
the three types of cigarettes and a negative correlation
when not smoking.

Based on literature data [44–47] and correlated with
our dates, THDs and ECs contain reduced harmful che-
micals. The data presented have shown the relative
effects of short-time exposure to three different tobacco
products and that further research is needed to determine
long-time exposure effects on health.

Smoking devices comprise a complex mixture of chemi-
cals and natural ingredients, including several volatile and
semivolatile organic substances in trace amounts. Since
smoking is harmful and has adverse health effects it is
important to investigate the presence of constituents of such
samples. THz-TDS was used as a non-invasive method to
investigate the chemicals before a smoking product is used.
Liu et al. [48] using THz-TDS have detected the signal for
both capsule and no capsule filter cigarette at 35 ps, since
they wanted to demonstrate that from the transmission

FIGURE 8 Correlation report of the exhaled breath

concentration when using TC, EC, and THD.
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time domain waveform, the THz signal of the capsule is
much weaker than the tobacco filter without capsule. It
shows high THz response contrast between with and with-
out filter capsule filer. Also, regarding nicotine detection,
Jibon et al. [49] have concluded that in the range from
1 THz to 2 THz and the optimum level for detecting nico-
tine is pointed at 1.5 THz, although they proposed a Pho-
tonic Crystal Fiber method for sensing nicotine of cigarette
smoke in THz operating region. With our method, we have
found a good transmission for nicotine in a similar regime
(1–3 THz), at 1.9 THz, using this spectroscopic technique.

Content of TC, THD stick, and e-Liquid was studied
using this THz-TDS. The transmission spectrum for each
substance was realized considering the reference the
holder for the solid samples and absorbent paper for the
liquids. The tobacco signature was identified for both TC
and THD stick at 2.8 THz.

For nicotine the transmission line was identified at
1.9 THz. In the case of EC we used glycerin and nicotine in
a liquid state, which means a mixture of ethylene glycol
and other types of polymers that are almost transparent to
THz radiation, so the transmission in those cases is much
higher than in solid state substances, where is significantly
attenuated. That is why the transmission of nicotine has a
higher maximum in liquid form than in solid ones.

Moreover, following Figures 5 and 6 it can be seen
that TC have higher transmission in the THz region for
more additional harmful constituents compared with
e-Liquid and THD sticks. In THD sticks, the tobacco line
is more visible than other additives (or at least do not
have a relevant signature in the THz region). This finding
can be linked to the results from breath analysis and we
can say that in the case of TC we found the higher trans-
mission of harmful constituents and the higher concen-
tration of breath ethylene.

5 | CONCLUSIONS

This study had two aims: the first to study the content of
TC, EC, and THDs smoking devices and second to deter-
mine the effect of smoking these devices on the body by
evaluating the concentration of breath ethylene, to
observe the link between dangerous constituents and the
production of ethylene in the body as a result of oxidative
stress. The content of elements in nicotine-related devices
is observed in the THz region and the breath ethylene
was evaluated using CO2 laser PA spectroscopy.

The results indicate that the harmful constituents in
nicotine-delivery devices showed higher transmission in
the THz region for TC, and ethylene breath level after
smoking THD and EC was lower than when smoking

TC. Following these results, a connection can be made
between the content of cigarettes and their effect on the
body, demonstrating that the more toxic constituents the
products contain, the greater the oxidative stress pro-
duced on the body.

TCs remain, according to this study the most
dangerous ones.

Elucidating the relationship between content of
smoking devices and the effects of smoking on the body
is important from a health perspective for understanding
the health risk attributed and informing public and
responsive public policies. As a future goal, we are will-
ing to investigate the potential long-term effects of the
use of various nicotine-related devices.
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