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Abstract

Scanning electron  microscopy with energy dispersive
X-ray spectroscopy (SEM-EDS) supplies information that is
complementary to those data traditionally obtained using inductively
coupled plasma-mass spectrometry for analysis of inorganic
tobacco and tobacco smoke constituents. The SEM-EDS approach
was used to identify select inorganic constituents of mainstream
cigarette smoke “tar.” The nature of SEM-EDS instrumentation
makes it an ideal choice for microstructural analyses as it provides
information relevant to inorganic constituents that could result from
exposure to combusted tobacco products. Our analyses show that
aluminum silicates, silica, and calcium compounds were common
constituents of cigarette mainstream smoke “tar.”

Identifying inorganic tobacco smoke constituents is important
because inhalation of fine inorganic particles could lead to
inflammatory responses in the lung and systemic inflammatory
responses. As cigarette smoking causes chronic inflammation in the
respiratory tract, information on inorganic particulate in mainstream
smoke informs efforts to determine causative agents associated
with increased morbidity and mortality from tobacco use.
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Introduction

Cigarette smoking and disease caused by exposure to secondhand
smoke are estimated to cause more than 480,000 deaths annually in
the U.S. [1]. Though the prevalence of cigarette smoking has declined
in the U.S. adult population over the last decade, 17.8% of U.S. adults
reported being current cigarette smokers (smoking every day or
some days) in 2013 [2]. Notable among tobacco related diseases is
the presence and mechanistic role of chronic inflammation [3,4].
In particular, inflammation is thought to play a role in cancer and
pulmonary diseases caused by inhaling tobacco smoke [3-6].

Cigarette smoke is a complex chemical mixture containing
multiple chemical classes of more than 7,000 constituents [3,7].
Mainstream cigarette smoke consists of vapor phase constituents and
a particulate phase dispersed in an aerosol. Depending on the total
lung particulate burden, some fraction of the inhaled particles can
be absorbed into the systemic circulation or lymphatic ducts, cleared

by the mucociliary system [8] unless it is impaired as a consequence
of smoking, or eliminated by alveolar macrophages if insoluble [9].

Less attention has been paid to insoluble inorganic particles such
as silicates in cigarette smoke. It is probable that these were not taken
into account in previous risk assessments [7,10] because available data
regarding the presence of aluminum and silicon in cigarette smoke is
sparse. The lack of data is likely related to analytical measurement
difficulties, analytical interferences, incompatibilities of essential
reagents such as hydrofluoric acid with glass or quartz components
of instrument introduction systems, and to background from plasma
torches of inductively coupled plasma instrumentation.

We previously characterized the major inorganic substances
present on the surfaces and interiors of tobacco leaves using Scanning
Electron Microscopy with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS). Aluminum and silicon-containing particles were found
in abundance on the leaf surfaces in various forms of silica and
aluminum silicate from soil [11]. Silica was also found in the interiors
of the leaves [11], in the form of phytolithic silica, a biogenic mineral
that is commonly produced in plants [12,13].

Here, we continue the study of major inorganic substances
from tobacco leaves to begin characterizing the transfer of silica
and aluminum silicate along with trace metals and other substances
to tobacco smoke. This study provides a perspective on the transfer
of inorganic substances present inside tobacco leaf or on tobacco
leaf surfaces to mainstream smoke where they avoid removal by
the cigarette filter and are available for inhalation by the smoker.
The data that we present here demonstrates that SEM-EDS enables
exploration of insoluble particles in tar from mainstream cigarette
smoke in a manner that is complimentary to studies on trace metals
when Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is
used for total particulate matter (TPM) analyses.

Materials and Methods

Sample preparation

A random selection of commercially available filtered cigarettes
(American Spirit Blue Pack®, Camel Blue®, Marlboro Medium®,
Newport Non-Menthol 100®) were obtained from retail outlets in the
greater Atlanta area between 2010 and 2014. Cooperation Centre for
Scientific Research Relative to Tobacco (CORESTA, Paris, France)
CM7 test cigarettes were obtained from Cerulean (Richmond, VA,
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Figure 1: An agglomerate of particles held together by carbonaceous TPM
tar on the filter fibers of a CORESTA CM7 cigarette filter (mouth end) smoked
according to the Canadian Intense smoking regimen (11). This image was
obtained in Low Vacuum mode with an accelerating voltage of 20 kV, spot
size 3.0, 110 Pa vapor pressure in the sample chamber, with a 500 pm
pressure limiting aperture on a Concentric Backscatter Detector (CBS).

Figure 2: This image of two fine aluminum silicate particles in TPM from a
Marlboro Medium® cigarette was obtained in Environmental (ESEM) mode
with an accelerating voltage of 5kV, spot size 3.0, 200 Pa vapor pressure in
the sample chamber, with a 500 um pressure limiting aperture on a Gaseous
Secondary Electron Detector (GSED).

USA). Cigarettes were conditioned according to ISO 3402 [14] prior
to smoking with an RM20H rotary smoking machine (Borgwaldt
KC, North Chesterfield, VA, USA) with electrostatic precipitation.
Electrostatic precipitation of Total Particulate Matter (TPM) was
performed at 24 kV. Samples were smoked using the Canadian
Intense smoking regimen [15]. Following smoking, the mouth end
of the machine smoked cigarette filter used for the SEM-EDS analysis
was carefully sliced from the cigarette with a razor blade (Figure 1).

Two different procedures were utilized to prepare TPM samples
for analysis. TPM was wiped from the electrostatic precipitator tube
with a plastic spatula and transferred directly to 0.1 um pore size
polytetrafluoroethylene (PTFE) membrane filters (EMDMillipore,
Billerica, MA, USA) followed by desiccation for 48 hours (Figure 2 and
Figure 3). Alternatively, the TPM was suspended in semiconductor
VLSI grade methanol, (Sigma, St. Louis, Mo, USA), filtered thru a
0.05 um (Tisch Scientific, North Bend, OH, USA) or 0.1 um pore size
PTEE filter, and allowed to dry prior to analysis (Figure 4, Figure 5,
Figure 6, Figure 7 and Figure 8). Prior to analysis, a section of the
PTEE filter was mounted on double coated conductive carbon tab
on an aluminum stub and placed in a desiccator overnight before
analysis. Other variations in sample preparation are described below.

Figure 3: Silica particles rinsed partially free from TPM. The image of TPM
from an American Spirit Natural® cigarette was obtained in Low Vacuum
mode with an accelerating voltage of 5.0 kV, spot size 3.0, 60 Pa vapor
pressure in the sample chamber, with a 500 pm pressure limiting aperture
and LFD detector.
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Figure 4: Partial dissolution of tar from the TPM of a Camel Blue® cigarette revealed inorganic particles embedded in the tar. This false color SEM micrograph
was obtained in Low Vacuum mode with an accelerating voltage of 10 kV, 100 Pa vapor pressure in the sample chamber, spot size 4.0, with a 500 um pressure
limiting aperture and mixed Large Field Detector (LFD) and CBS. EDS analysis revealed that the composition of the particle on the left was silica, whereas the
particle on the right was an agglomerate of calcium phosphate and calcium carbonate or oxalate. The fluorine peak is from the fluoropolymer filter beneath the

sample.
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Figure 5: (a) Control PTFE filter image (left) was obtained in Low Vacuum mode with an accelerating voltage of 10 kV, spot size 3.0, 100 Pa vapor pressure in
the sample chamber, with LFD. 5; (b) Fine silica particle partially rinsed free of organic tar. This image was obtained in Low Vacuum mode with an accelerating
voltage of 20 kV, spot size 3.0, 110 Pa vapor pressure in the sample chamber, with a 500 pm pressure limiting aperture and LFD detector.

Figure 6: Agglomerate of aluminum silicate particles partially rinsed free
of carbonaceous TPM tar. The image of TPM from a Marlboro Medium®
cigarette was obtained in Low Vacuum mode with an accelerating voltage
of 10 kV, spot size 4.0, 100 Pa vapor pressure in the sample chamber, with
CBS.

Figure 8: Calcium-containing crystalline particles composed of calcium,
carbon, and oxygen. The crystals, which resemble calcium oxalate partially
rinsed free of carbonaceous TPM tar, were obtained from the TPM from a
Marlboro® Medium cigarette with an accelerating voltage of 5 kV, spot size
3.0, 130 Pa vapor pressure in the sample chamber, with a 500 um pressure
limiting aperture and LFD detector.

500 nm

Figure 7: Silica particles embedded in TPM. The image of TPM from a
Newport Non-Menthol 100's® cigarette was obtained in Environmental
(ESEM) mode with an accelerating voltage of 10 kV, spot size 3.5, 266
Pa vapor pressure in the sample chamber, with a 500 pm pressure limiting
aperture with GSED.

SEM-EDS instrumentation

Images were acquired with a Quanta 250 Field Emission Gun
Scanning Electron Microscope (SEM) with “environmental mode
(ESEM)” capabilities (FEI Co., Hillsboro, OR, USA). The SEM was
equipped with an Energy Dispersive X-Ray (EDS) attachment with
an 80 mm? X-Max" Silicon Drift Detector (Oxford Instruments,
Concord, MA, USA). EDS analysis data was obtained with the Oxford
EDS system with 80 mm? X-Max™ Silicon Drift Detector (SDD) and
Aztec software. Individual instrument settings are described in the
respective figure captions.

Results

The utilization of low water vapor pressures in the sample
chamber in Low Vacuum and Environmental (ESEM) modes of the
Quanta 250 made it possible to acquire images of particles in non-
conductive TPM samples on a fluoropolymer filter without the need
for carbon coating or heavy metal complexation steps during sample
preparation to mitigate sample or filter charging.

During preliminary work, few individual particles were seen
in desiccated cigarette smoke TPM, because they were embedded
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in the tar. High Vacuum mode conditions dehydrated the samples
further than was possible with desiccation but resulted in apparent
precipitation of artefactual potassium sulfate crystals from the TPM.
Calcium and silicate-containing particles larger than the mean
diameters typically reported for tobacco smoke [16-18] and large
agglomerates of smaller particles were visible when TPM was wiped
from electrostatic precipitation tubes.

Figure 1 shows a particle agglomerate in carbonaceous TPM tar
at the mouth end of the filter tip from a smoked CORESTA CM7
cigarette. EDS analysis of three particle agglomerates at the mouth
end of a CM?7 cigarette filter showed they consisted predominantly of
carbon, oxygen, silicon, aluminum, iron, sulfur, potassium, calcium,
magnesium, chlorine, sulfur, phosphorus, and small amount of
titanium. The high carbon and oxygen TPM matrix surrounding
the particles prevented a more definitive EDS analysis of these
agglomerates. The individual particles in the agglomerate ranged in
size from below 1 pm to approximately 4 pm. The largest individual
particles were within two geometric standard deviations (0g =2 um)
of the geometric mean for particle sizes reported for mainstream
cigarette smoke particles [19] and were consistent with the size range
for silicates observed in smokers’ lungs [20].

Two aluminum silicate particles in TPM from a Marlboro
Medium® cigarette are shown adhering to a TPM particle agglomerate
in figure 2. These particles (approximately 160 x 170 nm) are
consistent with the particle size range for silica and silicate particles
in smokers lungs reported by Broday and Craighead [20] and are
close to the mean particle size ranges reported by others [16-18]. The
high carbon and oxygen TPM matrix surrounding the particles again
prevented a more definitive EDS analysis of the particles beyond the
determination that the major elemental constituents were oxygen,
silicon, and aluminum adhering to a predominantly carbonaceous
matrix.

Partial dissolution of the organic portion of the TPM permitted
discovery of particles that were embedded in the organic material.
Figure 3 shows two particles within the TPM of a Camel Blue®
cigarette that are still beneath the organic portion of TPM tar after
partial dissolution of the TPM with methanol. These particles are
approximately 2.0 um x 2.5 pm. The organic layers were vaporized
by focusing the electron beam on these particles for several minutes,
enabling EDS analyses of the exposed particles. The particle on the
left consisted of silicon and oxygen (silica) in a carbonaceous matrix
(spectrum shown in Figure 3). The particle on the right consisted of
calcium, phosphorus, carbon, and oxygen.

Partial dissolution of the organic portion of the TPM from a
Marlboro Medium® cigarette revealed a crystalline silica particle
emerging from the remaining TPM. Figure 4 shows a fine particle
sized (1 um x 2 pm) silica particle partially embedded in TPM beside
a PTFE filter that was rinsed with 15 mL methanol to control for any
artifacts originating from the PTFE filter or from the semiconductor
VLSI grade solvent. EDS analysis revealed a composition of silicon
and oxygen in a matrix of predominantly carbon and oxygen.

In figure 5, TPM from a Marlboro Medium® cigarette more
extensively rinsed free of TPM was found to consist predominantly
of aluminum silicate with additional elemental constituents including
calcium, sodium, magnesium, potassium, and chloride. The platelike
layers together with the composition suggest kaolinite particulate.
The smaller particles appear to be less than 1 um, whereas the larger
particles could be up to 5 pm.

Figure 6 shows an image of multiple particles from the TPM
of a Newport Non-Menthol 100® cigarette. The particles ranged
in size from approximately 50 nm to approximately 250 nm. The
composition of the largest particle was determined by EDS to consist
of only silicon and oxygen in a carbonaceous matrix.

In figure 7, this agglomerate of silica particles from the TPM
of an American Spirit Natural® cigarette appears to consist of a
large number of sub-100 nm particles glued together after being

partially rinsed relatively free of TPM. EDS analysis revealed that the
composition was greater than 99% silicon and oxygen, though carbon
was the major component of the adhesive matrix. Additional smaller
agglomerates also appear trapped by the filter in the upper right of the
figure and lower right, deeper in the PTFE filter matrix.

In figure 8, an agglomerate of calcium-containing crystals
and several individual crystals is shown after partial dissolution
of tar from Marlboro Medium® The individual particles were
approximately 50 to 250 nm. The overall size of the agglomerate was
approximately 5 um diameter. The composition was determined with
EDS to be calcium, carbon, and oxygen. The remaining carbonaceous
TPM prevented exact formula determination, but it is possible that
these are calcium oxalate crystals freed from the tobacco matrix [11]
during combustion, since they do not appear as plate like as calcium
carbonate crystals typically do.

Discussion

Silica, aluminum silicates, and calcium compounds were
previously reported on the surfaces of tobacco leaves [11]. Phytolithic
silica was observed in the interiors of tobacco leaves [11]. This study
of inorganic particulate in the machine generated mainstream smoke
of filtered cigarettes demonstrated that silica, aluminum silicates,
and calcium compounds are the major inorganic particulate phase
constituents in the smoke available for inhalation by the smoker.
Silicon-containing TPM agglomerates at the mouth end of a cigarette
filter and aluminum silicates, silica, and calcium-containing particles
embedded in the carbonaceous TPM tar were observed for all brands
examined. The brands included in the study were a random selection
of commercially available cigarettes from different manufacturers
and are not intended to make comparisons between brands. Particle
sizes ranged from significantly less than 100 nm to several um.
Though we presented data on particles that were less than 100 nm,
it is possible that even smaller particles passed unrecovered through
the 0.05 or 0.1 um pore size filters when the TPM organic matrix in
which they were embedded was partially dissolved and filtered. In
addition, we observed potassium sulfate, magnesium, chloride, and
other constituents in the TPM. This agrees well with Langer et al.
who reported that the mineral content in cigarette smoke consists
principally of potassium chloride, potassium sulfate, potassium
carbonate, calcium carbonate, and “quartz” [silica, 21].

Our results agree with Brody and Craighead’s suggestion that
silicaand aluminum silicates contribute substantially to the particulate
matter in mainstream cigarette smoke, based on the widespread
observation of these substances in pulmonary macrophages from the
lungs of smokers [20]. They and others reported large numbers of
bronchiolar, alveolar, and interstitial pigmented macrophages with
“smokers’ inclusions” consisting of aluminum silicate [20,22,23],
for which they could find no source other than cigarette smoke.
Heckman and Lehman also reported aluminum and silicon-
containing inclusions in lung cells of rats after chronic exposure to
tobacco smoke [24]. The silica and aluminum silicate particles that
we observed were found in the size ranges that Brody and Craighead
described in smokers’ lungs.

Associations between the presence of aluminum and silicon
compounds in the lungs as a consequence of smoking and pulmonary
disease with carcinogenic outcome have been reported. Indeed,
silicon compounds in various forms including silica, kaolinite (an
aluminum silicate), and others have been found associated with
adenocarcinomas and bronchoalveolar carcinomas [25]. Terzakis
reported silicon as the prominent element in particulate associated
with peripherally located lung carcinomas with scar (scar carcinoma,
a consequence of tissue inflammation or tumor necrosis followed by
collagen formation) [25].

The presence of aluminum and silicon-containing particulate
from cigarette smoke in pulmonary tissue has also been associated
with fibrotic diseases such as Idiopathic Pulmonary Fibrosis [26].
Aluminum silicates accumulated in the brown pigmented “smokers’
macrophages” that are characteristic of Respiratory Bronchiolitis-
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Interstitial Lung Disease (RB-ILD) [27], a chronic obstructive
pulmonary disease (COPD) are observed in the majority of smokers
after smoking for seven to seventy-five pack years [20,28]. Though
there is also strong evidence for the involvement of cadmium in the
development of obstructive lung disease [29], the widely cited work
of Girod and King presented strong evidence that COPD resulting
from smoking, and specifically that RB-ILD as a precursor lesion to
emphysema, is a “dust-induced” disease where aluminum silicates
such as kaolinite are described as the dust [30]. Indeed, aluminum
silicates have been shown to induce fibrotic obstructive lung disease
in rats [31], and are known to cause fibrotic and pneumoconiotic
disease in humans [32]. Both aluminum salt and silica particles have
been shown to independently activate the NALP3 inflammasome
and induce synthesis of proinflammatory cytokine interleukin-
1B, and NALP3-independent prostaglandin E2 [33]. The presence
of inflammation-inducing aluminum silicates [4,34] as principal
constituents of pulmonary macrophage cytoplasmic inclusions
has been described as strong evidence that aluminum silicates and
silica may be principal etiologic agents in cigarette smoke for COPD
[30,34]. Smokers constitute the majority of cases of the otherwise rare
pulmonary Langerhans’ cell hystiocytosis interstitial lung disease.
The lysosomes of smoker’s macrophages that are associated with
Langerhans’ hystiocytosis cells (dendritic cells) are described as
containing numerous needle-like inclusions of aluminum silicate
[35]. Therefore, it is possible that multiple components of cigarette
smoke, including cadmium and silica (carcinogens), and aluminum
silicates or other silicates may be agents involved in tumorigenesis [25]
and in the progression of chronic inflammation from which fibrotic,
obstructive, and interstitial pulmonary disease result [25,27,30-35] as
a consequence of cigarette smoking.

Conclusions

SEM-EDS was used to characterize common inorganic
components of mainstream cigarette smoke particulate. Silica and
aluminum silicates were prevalent in the carbonaceous matrix of
TPM. Calcium compounds were also observed, though less frequently
than silicates. Previous work showed that these inorganic particles
were common on both the surfaces and interiors of tobacco leaves,
apparently the source of these particles in cigarette smoke.

Silica and aluminum silicates have been understudied due to
analytical interferences when the bulk TPM matrix was analyzed
using ICP-MS. However, use of electron microscopic analyses
to complement ICP-MS analyses of TPM can add information
regarding commonly observed substances found in pulmonary
macrophage inclusions and in pulmonary tissues of smokers. Our
direct investigation into the nature of such silica and silicate particles
in TPM from mainstream cigarette smoke may help in further
investigations of cigarette smoke toxicity and the etiology of cancer
and obstructive diseases that are consequences of tobacco smoking.
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