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Abstract

The most commonly observed forms of aluminum, silicon and titanium in tobacco products are
aluminum silicates (e.g., kaolin), silica and titanium(IV) oxide. These compounds are neither
water soluble nor volatile at cigarette combustion temperatures. Rather, they are transported

in mainstream tobacco smoke as particles after being freed by combustion from the tobacco

filler and can induce pulmonary inflammation when inhaled. Aluminum silicate particles are the
most frequently observed particles in the pulmonary macrophages of smokers and have become
known as ‘smokers’ inclusions’. A relatively new technique, single particle triple quadrupole
inductively coupled plasma-mass spectrometry was used to analyze aluminum-, silicon- and
titanium-containing particle deliveries in cigarette and little cigar mainstream tobacco smoke,
and to collect information on solid inorganic particles. The mass concentration of aluminum-
containing particles transmitted in mainstream smoke was low (0.89-2.56 ng/cigarette), which
was not surprising because aluminum silicates are not volatile. Although the collective masses
(ng/cigarette) of aluminum, silicon- and titanium-containing particles under 100 nm diameter
transported in mainstream smoke were low, an abundance of ‘ultrafine’ particles (particles<100
nm or nanoparticles) was observed. Limitations of the particle background equivalent diameter
(the smallest detectable particle size (MassHunter 4.5 Software) due to the environmentally
ubiquitous silicon background restricted the determination of silica nanoparticles, but silica
particles slightly below 200 nm diameter were consistently detected. Aluminum- and titanium-
containing nanoparticles were observed in all cigarette and little cigar samples, with titanium(1V)
oxide particle deliveries consistently fewer in number and smaller in diameter than the other two
types of particles. The highest concentrations of aluminum-containing particles (as kaolin) were in
the nanoparticle range with much lower concentrations extending to the larger particle sizes (>100
nm). The number and range of particle sizes determined in mainstream smoke is consistent with
pulmonary deposition of aluminum silicates described by other researchers as contributing to the
‘smokers’ inclusions’ observed in pulmonary macrophages.
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Introduction

Aluminum, silicon and titanium represent various inhalation health risks, and their roles
in tobacco smoke are understudied. Though these compounds are ubiquitous in the
environment, the most commonly studied exposures are from ingestion.

Sources of aluminum exposure are diverse, with the most common being municipal water
sources where aluminum sulfate is added as a coagulant (1), antacids containing aluminum
hydroxide, foodstuffs such as aluminum-containing baking powder and alum in some
pickled vegetable products. Fortunately, less than 0.01% of ingested aluminum is absorbed
in the digestive tract (2). Soluble aluminum compounds are neurotoxic to humans and toxic
to plants (2-6). Silica naturally occurs as an insoluble solid or in colloidal form in soil and
is present at low concentrations in water and various agricultural products (7). With a few
exceptions, no significant health risks have been documented for ingestion exposure to silica

().

Titanium(I1V) oxide is not water soluble. Studies performed on rats, however, have shown
that approximately 4.17% of 500 nm titanium(IV) oxide particles were taken up by the
stomach and intestinal epithelium, and 0.02% accumulated in the blood and distributed
to organs (9). Titanium(IV) oxide particles less than 100 nm diameter have been found
to penetrate the blood-brain barrier and bioaccumulate (10), but little is known about the
effects of chronic ingestion exposure.

Inhalation exposure to aluminum, silicon and titanium compounds in particle form may
occur during combustion of tobacco (11, 12) or from the filter tip (13) as air and smoke

are pulled through the cigarette or little cigar during inhalation. Although titanium(1V)
oxide, silica and most aluminum compounds including aluminum silicates in tobacco and
cigarette papers are not volatile, both volatile and non-volatile metal-containing substances
including aluminum silicates and silicon-containing substances from tobacco are transported
in the smoke aerosol (14-17). Once inhaled, larger fine particles (0.1 to 2.5 um) may

be ingested by bronchoalveolar or interstitial macrophages (18-20). Inhaled nanoparticles
(ultrafine particles with one or more dimensions smaller than 100 nm) may be ingested by
pulmonary macrophages along with the larger particles or may pass into the interstitial tissue
(18-23). No matter their mode of entry into the lungs, pulmonary inflammation is the result
of inhaling these solid particles (21, 22, 24), including nanoparticles (25). Inhalation of
titanium oxide particles smaller than 100 nm has been shown to elicit greater inflammatory
responses than those of larger fine particles in animal studies. This may be due to the greater
surface area/mass ratio of the smaller particles, or perhaps is a consequence of the larger
quantity of ultrafine particles than fine particles with the same total mass (22). If the particle
inhalation exposure is chronic, respiratory disease may occur from chronic inflammation
(24, 26).

Recent advances in analytical instrumentation and specialized methodologies are now
available to investigate inhalation exposures from smoking. Quantitative analytical data
on aluminum concentrations in tobacco can be obtained using modern instrumental
capabilities, including medium resolution (R>4,000, 10% valley definition) with sector
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field inductively coupled plasma-mass spectrometry (ICP-MS) together with clean sample
preparation precautions (16). Before these developments, data on aluminum-, silicon- and
titanium-containing particulate in mainstream tobacco smoke was scant due to analytical
issues. Obtaining accurate measurements was complicated by the ubiquitous environmental
presence of aluminum and silicon, potential for sample contamination, isobaric analytical
interferences (e.g., H12C14 N*, 12c15N* 13c14N* 12¢160* 1ANI4N* H13CI4N, 48Cat and
3250+ in samples that contain sulfur) and the poor solubility of aluminum silicates, silica
and titanium(I1V) oxide in water and nitric acid.

While still challenging, investigations of these particles in mainstream tobacco smoke

have become feasible because of recent hardware and software improvements enabling
single particle analyses on ICP-MS instrumentation. In traditional ICP-MS, rapid elemental
analysis of samples containing ultra-trace concentrations (ng/L) of dissolved metals is
performed over long dwell times (0.1-1.0 s). In comparison, in single particle-ICP-MS
(sp-ICP-MS), each intensity reading is analyzed over a shorter dwell time (0.1-3 ms) and
plotted individually as a function of time (27). Thus, instead of a constant flow of metal
ions through the ICP-MS, single particles enter the plasma and once ionized move through
the mass analyzer as a cluster of ions. This cluster produces a spike in intensity above

the dissolved background, and the counting and sizing of metal-containing nanoparticles is
possible utilizing an important term in the sp-ICP-MS calculations, nebulization efficiency
(i.e., transport efficiency (27, 28). Each pulse represents a single particle event dependent
on short dwell times, constant flow rates and lower particle number concentrations. This
correlates to frequency of the pulses being directly related to the number concentration of
the particles (particles/L), and the intensity of the pulse is related to particle size (mass).
Nebulization efficiency is the ratio of the amount of analyte reaching the plasma to the
amount of analyte aspirated and must be accurate. The necessity for the nebulization
efficiency value resides in the difference between the mass transport of a single nanoparticle
through the nebulization system compared to dissolved ions in solution. Conversion of pulse
intensity to particle mass using a dissolved metal calibration curve requires nebulization
efficiency to relate concentration of the metal standard to a total mass flux (27, 28).

Previous studies on titanium(lV) oxide particle size detection limits or background
equivalent diameters (BED) have reported minimum detectable diameters of 93 and 75 nm,
respectively, using the 47Ti and 4°Ti isotopes (29, 30). These less abundant isotopes were
analyzed in simple aqueous matrices in evacuated (no gas) cell mode to avoid interferences
from 48Ca* and 325160 on the more abundant 48Ti isotope. This study investigates the
utility of single particle triple quadrupole inductively coupled plasma-mass spectrometry
(sp-QQQ-ICP-MS), together with the solvent removal capability and increased sensitivity
provided by a desolvating introduction system, to eliminate the interferences on 48Ti*.

Aluminum silicates, silica and titanium(IV) oxide have not been included in smoking
exposure-related cancer or non-cancer health risk calculations (31, 32) largely due to the
lack of available analytical data. Silica is prevalent in mainstream smoke aerosol (15), and
aluminum silicates are the principal intracellular inclusions in the pulmonary macrophages
of smokers (18, 19, 33-36). Insoluble aluminum silicate particles are so prevalent in

the bronchoalveolar and pulmonary interstitial macrophages of smokers that the particles
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have been described as ‘smokers’ inclusions’ (18, 19, 33, 35). For these reasons, more
information is needed on the characterization of solid particles in mainstream tobacco
smoke.

This paper reports the results of investigation of prevalent immunotoxic aluminum-, silicon-
and titanium-containing particle constituents in mainstream tobacco smoke from cigarettes
and little cigars using sp-QQQ-ICP-MS. This information can be used to help evaluate the
potential health consequences of such exposures.

Materials and Methods

Samples

Cigarettes and little cigars were purchased from online retail outlets of commercial
establishments in the greater Atlanta, GA, USA, area between 2014 and 2016 and are
trademarks of the respective manufacturers. Only authorized laboratory personnel had access
to the samples.

Smoking conditions

Prior to smoking, cigarettes and little cigars were conditioned according to ISO Standard
3402 (1999, 37). Smoking parameters were established using an RM20H rotary smoking
machine (Borgwaldt KC, North Chesterfield, VA, USA) using filter ventilation blocking
cigarette holders as per World Health Organization (WHO) smoking conditions (WHO
TobLabNet Official Method SOP 01, formerly Health Canada Method T-115) (38). Air flow,
leak and puff volume tests were performed daily. Adjustments were made as necessary

to ensure compliance with smoking protocols. The smoke aerosol [total particulate matter
(TPM), ISO Standard 4387, 2000 (39)] was collected using electrostatic precipitation (24
kV) in high-purity fused silica quartz tubes.

Nanoparticle standard and characterized compound preparation and analysis

Aluminum oxide, aluminum silicate (kaolin) and titanium(IV) oxide nanoparticle standards
and characterized materials (approximately 0.01 g) were weighed and added to ultrapure
water in acid-cleaned polypropylene tubes in an ice bath. These materials were sonicated
for 15 minutes at 100% amplitude with a Qsonica Q125 probe sonicator (Newtown, CT,
USA) in pulse mode (8 seconds on and 2 seconds off) with a 3-mm titanium horn probe.
Sonicated nanoparticles were serially diluted with ultrapure water until the final dilution in
1% (v/v) N,N-dimethylformamide (DMF) in H,O solution (~10 ng/L concentrations) for
matrix-matched analysis.

Smoke sample, blank and standard preparation and analysis

TPM from 10 cigarettes was dissolved in 30.0 mL DMF (Trace-Select for inorganic trace
analysis, Sigma, St. Louis, MO, USA). Aliquots of the TPM solutions (500 uL) were diluted
to 50.0 mL with 18 MQ-cm ultrapure water in polymethylpentene class A volumetric flasks
(1% (v/v) final DMF concentration).
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Nanoparticle concentrations (particles/L) and mass concentrations (ng/L) were calculated
using MassHunter version 4.5 nanoparticle software (Agilent—Tokyo, Japan). Response
factors (cps/ppb) for calculation of nanoparticle mass and size were determined by dilution
of aluminum, silicon and titanium standards (High Purity Standards, Charleston, SC,

USA) to 1000, 5000 and 1000 ng/L, respectively, in 1% (v/v) DMF/H,0 matrices after
background subtraction of the same matrix. The mass fraction for aluminum in aluminum
oxide (Al,O3__Alfa Aesar—NanoArc™ 40-50 nm size) reference nanoparticles used for
method validation was 0.529 (particle density: 3.97 g/cm3, Figure 4). The mass fraction for
aluminum in TPM was 0.209. This value corresponded to the mass fraction of aluminum

as kaolin (Al,03 -2Si0, -2H,0—particle density: 2.59 g/cm3, TPM—Figure 1, Aldrich
Nanopowder—Figure 5), based on our observations of kaolin aluminum silicates as the
predominant form of aluminum in tobacco and mainstream smoke (15, 17) and on the large
quantities of kaolin observed in the pulmonary macrophages of smokers (18, 19, 33, 35).
The silicon mass fraction for particle calculations in diluted TPM samples was 0.467, which
corresponds to the silicon mass fraction in silica (SiO,—particle density: 2.59 g/cm?, Figure
2). The titanium mass fraction for particle size determination in diluted NIST SRM 1898
(Information Values for Size) and TPM samples was 0.599, the titanium mass fraction in
titanium(1V) oxide (TiO,—particle density: 4.23 g/cm3, Figure 3).

ICP-QQQ-MS instrumental parameters for smoke analysis

Samples, standards, blanks and quality controls were introduced by means of a peristaltic
pump through 0.64 mm i.d. peristaltic pump tubing at 0.22 rps via an Elemental Scientific
Apex perfluoroalkoxy (PFA) desolvating introduction system (ESI, Omaha, NE, USA),

a C400E PFA nebulizer (Savillex, Eden Prairie, MN, USA) and PFA transfer tube into

an Agilent 8900 (Tokyo, Japan) ICP-QQQ-MS. Liquid flow rate into the Apex system

was determined by establishing the time required for uptake of 10.0 mL of the diluted

TPM solution. Carrier gas was optimized for all modes of analysis at 1.02 L/min with
analyte-specific optimum sampling depths at 1500 watts RF power. Q1 entrance voltages
were optimized at —50.0 V for suppression of polyatomic ions for all analytes. Octopole cell
parameters were optimized at —18.0 V octopole bias and energy discrimination at 0.0 V to
eliminate polyatomic interferences on 27Al and 28Si, and —18.0 V octopole bias and energy
discrimination at 8.0 V for 48Ti. Axial acceleration was optimized at 1.0 V in all gas modes
with 7.0 mL/min H, cell gas (Si), 5.0 mL/min H, cell gas (Al) and 5.0 mL/min H, cell

gas with 25% O, (Ti). Acquisition dwell time was 100 ps with 30 s acquisition times after
30 s stabilization times for all analytes. Nebulization efficiency was determined using NIST
standard reference material 8012 30 nm’ gold (Au) nanoparticle standard diluted to 0.48
ng/L Au in a 1% v/v DMF/ultrapure water matrix; the same matrix that was used for diluted
TPM samples. Two methods were utilized for calculating nebulization efficiency: particle
size calibration (calculation of nebulization efficiency by measuring size-characterized gold
nanoparticles along with dissolved standards) and particle concentration calibration (using a
known gold standard particle number concentration) (27).

Dissolved concentration method limits of detection

The method limit of detection (LOD) was determined both by calculating the standard
deviation of 65 analytical run procedural blanks multiplied by three followed by conversion
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of units from pg/L to pg/cigarette and by plotting standard deviations of procedural blanks
and standard spikes in procedural blanks versus concentrations according to Taylor (40).

Results and Discussion

The two particle calibration methods (size and concentration) provided similar nebulization
efficiencies. Although desolvation apparently decreased the differences, particle number
concentrations resulting from particle size calibration are frequently inaccurate without an
appropriate internal standard (41). Current software for single particle-ICP-MS, however,
lacks capabilities for internal standard correction. Issues that could affect signal intensity
drift, such as gradual carbon buildup on the cones and lens assembly, were rectified by
recalibration and recalculation of the nebulization efficiency for each subsequent sample
analyzed and confirmed by a repeat analysis of the dissolved calibration standard for each
analyte for quality control purposes (42).

Particle nebulization efficiency averaged 31% (A=137), as a result of using a desolvating
introduction system with the ICP-QQQ-MS. This introduction system enhanced nebulization
efficiency and provided an approximately 4-fold increase in analyte signal intensity
compared with a standard double-pass spray chamber, while decreasing polyatomic
interferences that result from solvent elements such as carbon, nitrogen and oxygen
interacting with analytes from the solvents. Use of this introduction system together

with the ICP-QQQ-MS resulted in lower BEDs and smaller particles detected and
quantified. Comparisons to analysis with other sample introduction systems and ICP-MS
instrumentation combinations resulted in smaller-sized nanoparticles detected and quantified
rather than these particles being quantified along with the dissolved fraction by the

software. Removal of interferences on the more abundant #8Ti isotope using sp-QQQ-ICP-
MS, together with the solvent removal capability and increased sensitivity provided by a
desolvating introduction system, lowered the BED for TiO, particles in this study to less
than 7 nm in a matrix of mainstream tobacco smoke tar dissolved in DMF and diluted 1:100
in water..

The analytical benefits were also illustrated by improved BEDs for aluminum silicate
particles that averaged between 20 and 30 nm (Table I, Figure 1). Aluminum (as kaolin
aluminum silicate) mean particle sizes in mainstream smoke from cigarettes and little cigars
ranged from 67 to 96 nm (median sizes 60 to 78 nm, Table I).

Titanium(1V) oxide mean particle sizes in mainstream smoke ranged from 29 to 38 nm
(median sizes 20 to 25 nm, Table I) and were in the nanoparticle range.

Unfortunately, the smallest mean silica particle size that could be quantified in mainstream
smoke using sp-QQQ-ICP-MS wias slightly less than 190 nm BED because of the ubiquitous
environmental silicon background (43) in ultrapure water and other high purity solvents.
Silica mean particle sizes ranged from 258 to 331 nm (median sizes 225 to 309 nm, Table

1), which were at the lower end of the fine particle size range. Clusters of smaller silica
particles obtained from mainstream cigarette smoke have been observed using scanning
electron microscopy with energy-dispersive X-ray spectroscopy (15). BEDs for silica in
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mainstream smoke ranged from 108 to 147 nm (Table I, Figure 2). Since there were
negligible aluminum containing particles greater than 125 nm diameter relative to silicon
containing particles in the larger size range, it was possible to assign the larger silicon only
particle fraction (no aluminum in that size range) as silica rather than as aluminum silicates.
It was not possible to determine whether the silica fractions were crystalline or amorphous
using sp-QQQ-ICP-MS. Silica may occur externally on tobacco leaves as quartz from soil
or internally as amorphous phytolithic silica (17). Silica and silicates were described as
accounting for 52% of ‘mineral particulate matter’ in lungs of 85 autopsy subjects, 77% of
whom were smokers or ex-smokers (44).

The mean numbers of particles transported in mainstream smoke aerosol ranged from
4.8x10° to 2.7x108 silica particles per cigarette, 3.4x10° to 2.5x106 aluminum silicate
particles per cigarette and from 3.2x10° to 2.3x108 titanium(IV) oxide particles per
cigarette. These results are in agreement with the identification of phytolithic silica, soil
silica and aluminum silicates, which were observed to be principal particles within or on the
surfaces of unsmoked tobacco leaves (17), in mainstream smoke tar (15) and with the large
numbers of aluminum silicate particles reported in pulmonary macrophages of smokers (18,
19, 33-36). Titanium(IV) oxide is common in soils (45) and therefore likely to deposit on
tobacco leaves as do soil silica and aluminum silicates.

Analyses of dissolved species were more sensitive than they might have been with a less
efficient instrument combination due to the observed low background threshold. The method
LODs for dissolved species were 45 ng Si per cigarette, 2.0 ng Al per cigarette and 1.0 ng Ti
per cigarette. The dissolved masses of Si, Al and Ti transported in mainstream smoke from
every cigarette and little cigar brand were lower than the respective method LODs without
exception. These results were as would be expected for the extremely insoluble forms of
these elements as silica, aluminum silicates (15) and titanium(IV) oxide, and further confirm
that the principal forms of these elements in mainstream smoke were insoluble particles
rather than dissolved species.

The numbers of aluminum silicate, silica and titanium(lV) oxide particles transported in
mainstream smoke are considerable and are consistent with the aluminum silicates described
as ‘smokers’ inclusions’ in pulmonary macrophages (18). The “platelike’ aluminum silicate
structures described by Brody and Craighead (1975) were also observed as long-lived
particles by Agius et al. (46), who reported that approximately 3 years cessation of smoking
was required before the inclusions were no longer observed in alveolar macrophages.

Girod and King (2005) described chronic obstructive pulmonary disease as a dust-induced
condition, with aluminum silicate from tobacco smoke commonly being the dust. A

study of rats subchronically exposed to crystalline quartz and amorphous silicas showed
that while crystalline silica (predominantly on tobacco leaf surfaces) caused by far the
greatest pulmonary fibrotic collagenization; the lung collagen content also had increased in
response to exposure to all amorphous silicas, such as the phytolithic silica produced within
the leaves. This implies that although the sp-QQQ-ICP-MS results could not distinguish
between crystalline and amorphous silica, inhaling silica is detrimental to pulmonary health
regardless of the type of exposure. Aluminum silicates, silica and titanium(IV) oxide
particles all contribute to pulmonary inflammation when inhaled. Oberddrster et al. (22)
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described the selective deposition of sub-100 nm particles in the alveoli, and Ferin and
Oberddrster (21) showed that ultrafine particles that deposit in the alveoli during inhalation
were translocated to the interstitial tissue in greater quantities than larger particles and that
the increased translocation was accompanied by an acute inflammatory response even after
exposure to ‘nuisance’ particles such as titanium(I1V) oxide.

These results contribute to the growing body of evidence that health-relevant amounts of fine
inorganic particles and ultrafine nanoparticles that, when inhaled, may contribute to chronic
pulmonary inflammation and, ultimately, fibrotic damage to the lungs.

Conclusion

A novel approach was developed for measuring aluminum silicate, silica and titanium(IV)
oxide nanoparticles in mainstream smoke particulate. Utilization of a desolvating sample
introduction system together with sp-QQQ-ICP-MS provided lower BEDs and high analyte
sensitivities for ultra-trace quantitative analysis of samples and particle size distributions.
The data obtained confirm that significant exposure to fine and ultrafine insoluble
inorganic particles could occur as a consequence of smoking cigarettes and little cigars.
These elements were mainly present in insoluble particulate forms. As new analytical

tools become available for inorganic particle characterization, they will allow further
investigations into the deliveries of inorganic particles in mainstream smoke to address
this gap in understanding the health risks from smoking. Also needed are improvements

in instrumentation and software that would allow the use of internal standards and multi-
point calibrations. Such improvements would permit lower BEDs and greater accuracy and
precision in determination of particle number concentrations.

Acknowledgments

Funding

This study was supported by internal CDC funding.

References

1. Hopkins ES (1940) Colloidal chemistry in water treatment. Colloidal Chemistry in Water Treatment,
32, 263-267.

2. ATSDR. Toxicological Profile for Aluminum. (2008), pp. 14-126, http://www.atsdr.cdc.gov/
toxprofiles/tp22.pdf, 27-126, viewed 23 March 2018.

3. Delhaize E, Ryan PR (1995) Aluminum toxicity and tolerance in plants. Plant Physiology, 107,
315-321. [PubMed: 12228360]

4. Exley C (2016) The toxicity of aluminium in humans. Morphologie, 100, 51-55. 10.1016/
j.morpho.2015.12.003 [PubMed: 26922890]

5. Grevenstuk T, Romano A (2013) Aluminium speciation and internal detoxification mechanisms in
plants: where do we stand? Metallomics, 5, 1584-1594. 10.1039/c3mt00232b [PubMed: 24185904]

6. Hobara S, Fukunaga-Yoshida S, Suzuki T, Matsumoto S, Matoh T, Ae N (2016) Plant silicon
uptake increases active aluminum minerals in root-zone soil: implications for plant influence on soil
carbon. Geoderma, 279, 45-52. 10.1016/j.geoderma.2016.05.024

7. Epstein E (1994) The anomaly of silicon in plant biology. Proceedings of the National Academy of
Sciences USA, 91, 11-17. 10.1073/pnas.91.1.11

J Anal Toxicol. Author manuscript; available in PMC 2021 August 16.


http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf
http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fresquez et al. Page 9

8. ATSDR. (2017) Toxicological Profile for Silica. pp. 3,4,14,144-173, http://www:.atsdr.cdc.gov/
toxprofiles/tp22.pdf, 27-126, viewed 23 March 2018
9. Jani PU, McCarthy DE, Florence AT (1994) Titanium dioxide (rutile) particle uptake from the
rat Gl tract and translocation to systemic organs after oral administration. International Journal of
Pharmaceutics, 105, 157-168. 10.1016/0378-5173(94)90461-8
10. Liu X, Sui B, Sun J (2017) Size- and shape-dependent effects of titanium dioxide nanoparticles on
the permeabilization of the blood-brain barrier. Journal of Materials Chemistry B, 5, 9558-9570.
10.1039/C7TB01314K [PubMed: 32264570]
11. Iskander FY (1986) Egyptian and foreign cigarettes. 1. Determination of trace elements in tobacco,
ash and wrapping paper. Journal of Radioanalytical and Nuclear Chemistry, 97, 107-112. 10.1007/
BF02060416

12. Hampl JV (2001) Reduced basis weight cigarette paper. Patent US6305382B1 https://
patents.google.com/patent/US6305382B1/en, viewed 26 March 2018.

13. Philip Morris USA. PM USA Cigarette Non-Tobacco
Ingredients. http://www.altria.com/our-companies/philipmorrisusa/our-products-and-ingredients/
Documents/PM%20USA%20Non%20Tobacco%20Ingredients.pdf, Viewed 26 March 2018.

14. Pappas RS, Fresquez MR, Martone N, Watson CH (2014) Toxic metal concentrations in
mainstream smoke from cigarettes available in the USA. Journal of Analytical Toxicology, 38,
204-211. 10.1093/jat/bku013 [PubMed: 24535337]

15. Pappas RS, Halstead MM, Watson CH (2016) Electron microscopic analysis of silicate and
calcium particles in cigarette smoke tar. International Journal of Respiratory and Pulmonary
Medicine, 3, 039.

16. Pappas RS, Watson CH, Valentin-Blasini L (2018) Aluminum in tobacco products available in the
United States. Journal of Analytical Toxicology, 42, 637-641. [PubMed: 29750257]

17. Halstead MM, Watson CH, Pappas RS (2015) Electron microscopic analysis of surface inorganic
substances on oral and combustible tobacco products. Journal of Analytical Toxicology, 39, 698—
701. 10.1093/jat/bkv097 [PubMed: 26286581]

18. Brody AR, Craighead JE (1975) Cytoplasmic inclusions in pulmonary macrophages of cigarette
smokers. Laboratory Investigation, 32, 125-132. [PubMed: 163418]

19. Choux R, Pautrat G, Viallat J, Farisse P, Boutin C (1978) Inorganic cytoplasmic inclusions in
alveolar macrophages. Archives of Pathology & Laboratory Medicine, 102, 79-83. [PubMed:
203246]

20. Sébastien P, Chamak B, Gaudichet A, Bernaudin JF, Pinchon MC, Bignon J (1994) Comparative
study by transmission electron microscopy of particles in alveolar and interstitial human lung
macrophages. Annals of Occupational Hygiene, 38, 243-250.

21. Ferin J, Oberddrster G (1992) Translocation of particles from pulmonary alveoli into the
interstitium. Journal of Aerosol Medicine, 5, 179-187. 10.1089/jam.1992.5.179

22. Oberddrster G, Oberddrster E, Oberdorster J (2005) Nanotoxicology: an emerging discipline
evolving from studies of ultrafine particles. Environmental Health Perspectives, 113, 823-839.
10.1289/ehp.7339 [PubMed: 16002369]

23. ATSDR (American Toxic Substances and Disease Registry). (2002) Routes of Exposure,
Toxicology Curriculum for Communities Trainer’s Manual. Module 11, pp. 95-100, http://
www.atsdr.cdc.gov/training/toxmanual/pdf/module-2.pdf, viewed 23 March 2018.

24. Shaykhiev R, Krause A, Salit J, Strulovici-Barel Y, Harvey B-G, O’Connor TP, et al.

(2009) Smoking-dependent reprogramming of alveolar macrophage polarization: implication for
pathogenesis of COPD. Journal of Immunology, 183, 2867-2883. 10.4049/jimmunol.0900473

25. Lu S, Duffin R, Poland C, Daly P, Murphy F, Drost E, et al. (2009) Efficacy of simple short-term
in vitro assays for predicting the potential of metal oxide nanoparticles to cause pulmonary
inflammation. Environmental Health Perspectives, 117, 241-247. 10.1289/ehp.11811 [PubMed:
19270794]

26. Salvi S, Holgate ST (1999) Mechanisms of particulate matter toxicity. Clinical and Experimental
Allergy, 29, 1187-1194. 10.1046/j.1365-2222.1999.00576.x [PubMed: 10469026]

27. Pace H, Rogers N, Jarolimek C, Coleman V, Higgins C, Ranville J (2011) Determining transport
efficiency for the purpose of counting and sizing nanoparticles via single particle inductively

J Anal Toxicol. Author manuscript; available in PMC 2021 August 16.


http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf
http://www.atsdr.cdc.gov/toxprofiles/tp22.pdf
https://patents.google.com/patent/US6305382B1/en
https://patents.google.com/patent/US6305382B1/en
http://www.altria.com/our-companies/philipmorrisusa/our-products-and-ingredients/Documents/PM%20USA%20Non%20Tobacco%20Ingredients.pdf
http://www.altria.com/our-companies/philipmorrisusa/our-products-and-ingredients/Documents/PM%20USA%20Non%20Tobacco%20Ingredients.pdf
http://www.atsdr.cdc.gov/training/toxmanual/pdf/module-2.pdf
http://www.atsdr.cdc.gov/training/toxmanual/pdf/module-2.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fresquez et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 10

coupled plasma-mass spectrometry. Analytical Chemistry, 83, 9361-9369. 10.1021/ac201952t
[PubMed: 22074486]

Pace H, Rogers N, Jarolimek C, Coleman V, Gray E, Higgins C, et al. (2012) Single particle
inductively coupled plasma-mass spectrometry: a performance evaluation and method comparison
in the determination of nanoparticle size. Environmental Science & Technology, 46, 12272-12280.
10.1021/es301787d [PubMed: 22780106]

Lee S, Bi X, Reed R, Ranville J, Herckes P, Westerhoff P (2014) Nanoparticle size detection
limits by single particle ICP-MS for 40 elements. Environmental Science & Technology, 48,
10291-10300. 10.1021/es502422v [PubMed: 25122540]

Donovan AR, Adams CD, Yinfa M, Stephan C, Eichholz T, Honglan S (2016) Single particle
ICP-MS characterization of titanium dioxide, silver, and gold nanoparticles during drinking
water treatment. Chemosphere, 144, 148-115. 10.1016/j.chemosphere.2015.07.081 [PubMed:
26347937]

Fowles J, Dybing E (2003) Application of toxicological risk assessment principles to the chemical
constituents of cigarette smoke. Tobacco Control, 12, 424-430. 10.1136/tc.12.4.424 [PubMed:
14660781]

Burns DM, Dybing E, Gray N, Hecht S, Anderson C, Sanner T, et al. (2008) Mandated lowering
of toxicants in cigarette smoke: a description of the World Health Organization TobReg proposal.
Tobacco Control, 17, 132-141. 10.1136/tc.2007.024158 [PubMed: 18375736]

Lynn WS, Kylstra JA, Sahu SC, Tainer J, Shelburne J, Pratt PC, et al. (1977) Investigations of
black bronchoalveolar human lavage fluid. Chest, 72, 483-488. 10.1378/chest.72.4.483 [PubMed:
908217]

Heckman CA, Lehman GL (1985) Ultrastructure and distribution of intracellular spicules
following chronic tobacco smoke exposure. Journal of the National Cancer Institute, 74, 647-657.
[PubMed: 2983139]

Langer AM, Nolan RP, Bowes DR, Shirey SBInorganic particles found in cigarette tobacco,
cigarette ash, and cigarette smoke. Wehner AP, Ed. Biological Interaction of Inhaled Mineral
Fibers and Cigarette Smoke. Battelle Press, Columbus, OH, 1989; pp. 421-439.

Girod CE, King TE Jr. (2005) COPD A dust-induced disease? Chest, 128, 3055-3064. 10.1378/
chest.128.4.3055 [PubMed: 16236986]

I1SO (International Organization for Standardization). (1999) Tobacco and tobacco products -
Atmosphere for conditioning and testing. 1ISO 3402. pp. 1-4.

Hammond D, Fong GT, Cummings KM, O’Connor RJ, Giovino GA, McNeill A (2006) Cigarette
yields and human exposure: a comparison of alternative testing regimens. Cancer Epidemiology
Biomarkers and Prevention, 15, 1495-1501. 10.1158/1055-9965.EP1-06-0047

1SO (International Organization for Standardization). (2000). Cigarettes - determination of total
and nicotine-free dry particulate matter using a routine analytical smoking machine 1SO 4387,
1-17.

Taylor JKQuality Assurance of Chemical Measurements. Lewis Publishers: New York, NY, USA,
1987. 79, 80.

Montafio MD, Olesik JW, Barber AG, Challis K, Ranville JF (2016) Single particle ICP-MS:
advances toward routine analysis of nanomaterials. Analytical and Bioanalytical Chemistry, 408,
5053-5074. 10.1007/s00216-016-9676-8 [PubMed: 27334719]

Caudill SP, Schleicher RL, Pirkle JL (2008) Multi-rule quality control for the age-related eye
disease study. Statistics in Medicine, 27, 4094-4106. 10.1002/sim.3222 [PubMed: 18344178]
Olesik J, Gray P (2012) Considerations of measurement of individual nanoparticles or
microparticles by ICP-MS: determination of the number of particles and the analyte mass in each
particle. Journal of Analytical Atomic Spectroscopy, 27, 1143-1155.

Paoletti L, Falchi M, Batisti D, Carrieri MP, Petrelli MG, Ciabella C, et al. (1991) Mineral lung
burden of an urban population. Atmospheric Environment, 25B, 381-385.

McLaughlin RIW (1954) Iron and titanium oxides in soil clays and silts. Geochimica Et
Cosmochimica Acta, 5, 85-96. 10.1016/0016-7037(54)90043-5

J Anal Toxicol. Author manuscript; available in PMC 2021 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fresquez et al.

Page 11

46. Agius RM, Rutman A, Knight RK, Cole PJ (1986) Human pulmonary alveolar macrophages with
smokers’ inclusions: their relation to the cessation of smoking. British Journal of Experimental
Pathology, 67, 407-413. [PubMed: 3013270]

J Anal Toxicol. Author manuscript; available in PMC 2021 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Fresquez et al.

Page 12

Normaizod Froquency

00 150

Faricle Size (sm)

Figurel.
Aluminum-containing particle size distribution as kaolin (Al, Sio O5(OH),4) obtained from

diluted American Spirit Orange TPM solution (BED: 27 nm, mean size: 65 nm, most
frequent size: 54 nm).
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Figure2.
Silica particle size distribution obtained from diluted American Spirit Orange TPM solution

(BED: 133 nm, mean size: 244 nm, most frequent size: 194 nm).
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Figure 3.
NIST SRM 1898 TiO, NPs (10 ppt) in 1% DMF/H,0 matrix—BED: 5.69 nm, mean size:

64 nm.
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Figure 4.
Al,O3 NPs (10 ppt) in 1% DMF/H,0 matrix—BED: 9.25 nm, mean size: 52 nm.
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Figure5.
Aluminum-containing particle size distribution as kaolin (Al, SioOs(OH)4) NPs (13 ppt) in

1% DMF/H,0 matrix—BED: 20.40 nm, mean size: 72 nm.
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