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Nanoparticle exposures from nano-enabled toner-based printing equipment and
human health: state of science and future research needs
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ABSTRACT ARTICLE HISTORY

Toner formulations used by laser printers (LP) and photocopiers (PC), collectively called “toner-based Received 14 September 2016
printing equipment” (TPE), are nano-enabled products (NEP) because they contain several engineered Revised 2 March 2017
nanomaterials (ENM) that improve toner performance. It has been shown that during consumer use  Accepted 9 April 2017
(printing), these ENM are released in the air, together with other semi-volatile organic nanoparticles, and
newly formed gaseous co-pollutants such as volatile organic compounds (VOC). The aim of this review is
to detail and analyze physico-chemical and morphological (PCM), as well as the toxicological properties
of particulate matter (PM) emissions from TPE. The review covers evolution of science since the early
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2000, when this printing technology first became a subject of public interest, as well as the lagging regu- ogy; nanoparticle
latory framework around it. Important studies that have significantly changed our understanding of these exposures; lung
exposures are also highlighted. The review continues with a critical appraisal of the most up-to-date cel- inflammation; asthma

lular, animal and human toxicological evidence on the potential adverse human health effects of PM
emitted from TPE. We highlight several limitations of existing studies, including (i) use of high and often
unrealistic doses in vitro or in vivo; (ii) unrealistically high-dose rates in intratracheal instillation studies;
(i) improper use of toners as surrogate for emitted nanoparticles; (iv) lack of or inadequate PCM charac-
terization of exposures; and (v) lack of dosimetry considerations in in vitro studies. Presently, there is
compelling evidence that the PMy; from TPE are biologically active and capable of inducing oxidative
stress in vitro and in vivo, respiratory tract inflammation in vivo (in rats) and in humans, several endpoints
of cellular injury in monocultures and co-cultures, including moderate epigenetic modifications in vitro. In
humans, limited epidemiological studies report typically 2-3 times higher prevalence of chronic cough,
wheezing, nasal blockage, excessive sputum production, breathing difficulties, and shortness of breath, in
copier operators relative to controls. Such symptoms can be exacerbated during chronic exposures, and
in individuals susceptible to inhaled pollutants. Thus respiratory, immunological, cardiovascular, and other
disorders may be developed following such exposures; however, further toxicological and larger scale
molecular epidemiological studies must be done to fully understand the mechanism of action of these
TPE emitted nanoparticles. Major research gaps have also been identified. Among them, a methodical
risk assessment based on “real world” exposures rather than on the toner particles alone needs to be
performed to provide the much-needed data to establish regulatory guidelines protective of individuals
exposed to TPE emissions at both the occupational and consumer level. Industry-wide molecular
epidemiology as well as mechanistic animal and human studies are also urgently needed.

Abbreviations: A549: adenocarcinomic human alveolar basal epithelial cells; ACH: air changes per hour;
APS: aerodynamic particle sizer; ASHRAE: American Society of Heating, Refrigerating, and Air-
Conditioning Engineers; BCMN: buccal cells with micronuclei; bw: body weight; CAS8: clustered
Regularly Interspaced Short Palindromic Repeat-associated protein 8; CAT: catalase activity; CB: carbon
black; CC-16: Clara cell protein 16; CMD: count median diameter; CPC: condensation particle counter;
Cpd: compound; Cr: chromium; CRP: C-reactive protein; DICA: damage index by Comet assay; Dnmt3a:
DNA methylation machinery; EC: elemental carbon; ECP: eosinophilic cationic protein; EDX: energy dis-
persive X-ray spectroscopy; EGF: epidermal growth factor; ELCR: excess lifetime cancer risk; ENM: engi-
neered nanomaterial; Fe: iron; FEV1: forced expiratory volume in 1s; FGF: fibroblast growth factor;
FRAC: ferric reducing antioxidant capacity of serum; FVC: forced vital capacity; GM-CSF: granulocyte-
macrophage colony-stimulating factor; GSH/GSSG: reduced versus oxidized glutathione ratio; GPX1:
glutathione peroxidase 1; HO1: heme oxygenase 1; IAQ: indoor air quality; ICAM-1: intercellular adhesion
molecule 1; IFN: interferon; IL: interleukin; IP: interferon y-induced protein; LDH: lactate dehydrogenase;
LINE: long interspersed nuclear element; LP: laser printer; LTB4: leukotriene B4; MCP: monocyte chemo-
attractant protein; MCR: medical case report; MFP: multifunction printer; MIP: macrophage inflammatory
protein; Mn: manganese; MPPD: multiple particle path dosimetry; NEP: nano-enabled product; Ni: nickel;
NP: nanoparticle; O3: ozone; OC: organic carbon; OR: odds ratio; PAH: polycyclic aromatic hydrocarbons;
PC: photocopier; PCM: physico-chemical and morphological; PEPs: laser printer-emitted particles; PM:
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Environmental Protection Agency; VEGF: vascular endothelial growth factor; VOC: volatile organic com-

pound; WHO: World Health Organization; Zn: zinc
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Introduction

In virtually every commercial and home office, retail business,
and academic institutions, workers and the public rely on
laser printers (LP) and/or photocopiers (PC) for document
production in some phase of daily operations. PC have been
in commercial use since they were developed in 1937 by
Xerox engineers searching for a means to accelerate the in-
house document duplicating process with their work turned
into a corporate venture in the 1950s. In 1969, engineers at
Xerox created the LP (Reilly 2003). During the unprecedented
growth of computing and business machines, LP and PC
have become faster, more reliable, affordable, and produce
higher quality images. LP and PC rely on very similar, if not
the same, technology and materials to produce an image
onto a sheet of paper. In more detail, irrespective of color or
monochrome printing, toner-based printing requires a photo-
sensitive drum to attract the toner powder and fuse it on the
paper using elevated levels of pressure and heat (Pettersson
& Fogden 2006).

Dry toner formulations are proprietary and generally little
is known beyond information reported in Safety Data Sheets
(SDS). Universal components of toner include carbon black
(CB), organic resin or waxes, styrene, and iron (lll) oxide.
However, both the exact composition and the manufacturing

process vary slightly from manufacturer to manufacturer.
Toner is generally made through (1) compounding toner
ingredients into a slurry that once dried is mechanically pulv-
erized into a fine powder consisting of irregularly shaped par-
ticles with approximate diameters ranging from 5 to 10 um or
(2) emulsion aggregation, which involves extrusion and add-
itional processing that results in uniform spheres with diame-
ters starting at approximately 5um to considerably larger
sizes (Burns et al. 2002; O'Rourke et al. 2003).

Studies investigating the impact of toner-based printing
equipment (TPE) use on indoor air quality (IAQ) date back to
the early 1990s in early Sick Building Syndrome investiga-
tions. Many of these studies focused on gaseous pollutants
such as volatile organic compounds (VOC), ozone (O3), and to
a lesser extent, particulates from a variety of sources (i.e.
indoor cooking, microbial spores, and printing and copying)
(Harrison et al. 1992; Jones 1999; USEPA 2013). Over the past
decade, a considerable body of literature has documented
that LP and PC emit significant numbers of nanoparticles dur-
ing and following their operation.

For clarity, particulate matter (PM) less than 100nm
(PMg), ultrafine particles (UFP), and nanoparticles (NP) are
defined as particles having one or more dimensions of less
than 100 nm (OSHA 2011; WHO 2011). Further distinctions are
made in the literature between incidental and engineered
nanoparticles or nanomaterials (ENM), reflecting their origin
of formation (incidental by-products of combustion or other
industrial processes versus intentional industrial manufactur-
ing, respectively), formation mechanisms, and whether nano-
particle generation/production was intentional or not. With
large-scale commercialization of nanotechnology and wide-
spread market penetration of nano-enabled products, new
mixed incidental and engineered nanoparticle exposure scen-
arios have emerged at various stages of a product life cycle,
from the production of raw materials to end-of life recycling
and disposal (Pal et al. 2015b; Sotiriou et al. 2015, 2016).
Addition of ENM in this mix creates new technical and con-
ceptual challenges related to assessing the chemical and toxi-
cological properties of emissions, untangling the role of ENM
form that of incidental nanoparticles, and eventually assess-
ing the risk (Watson-Wright et al. 2017).

In the context of TPE emissions, as we will discuss in detail
in later sections, several metal oxides ENM (iron oxide, man-
ganese oxide, copper oxide, titania, alumina, etc.) that are
used in toner formulations, become airborne. In general,
ENM, are characterized by larger surface area, more active
and often catalytic surface chemistry, slower physiological
clearance, longer retention in the lungs, and translocation to



extra-pulmonary organs, with subsequent accumulation in
the liver and spleen compared with their respective micro-
scopic counterparts (Takenaka et al. 2006; Semmler-Behnke
et al. 2007; Kreyling et al. 2007; Semmler-Behnke et al. 2008;
Kreyling et al. 2009; Hsieh et al. 2013; Cohen et al. 2014;
Konduru et al. 2014; Yokel et al. 2014; Zhou et al. 2014;
Konduru et al. 2015; Grassian et al. 2016; Konduru et al.
2016). These physico-chemical attributes of ENM often trans-
late to higher toxicity per unit mass (Demokritou et al. 2013).

Over the past few years, several papers have been pub-
lished on the exposure characterization and toxicology of PM
emitted from TPE, the overall outcome of which is a qualita-
tive shift in our understanding of these exposures and their
subsequent human and environmental health implications.

The purpose of this manuscript is to provide a compre-
hensive and critical appraisal of the existing, and more
importantly, emerging literature on the toxicological, epi-
demiological, and physico-chemical and morphological
(PCM) characterization of emissions from TPE. Furthermore,
we identify current knowledge gaps and future research
needs (e.g. the need to develop better exposure controls
and to assessing the disease burden in consumers and
workers exposed to this technology), as well as develop the
necessary regulatory framework to minimize current expo-
sures and risks.

Methods

Online searches were performed using Google Scholar
(https://scholar.google.com), Science.gov (www.science.gov),
PubMed, EMBASE, and Web of Science search engines with
the search phrases “ultrafine particles and laser printers”,
“nanoparticles and laser printers”, “ultrafine particles from
photocopiers”, “nanoparticles from photocopiers”, “toners”,
and “toners and patents”. The literature was also searched for
regulations related to PMg; in the occupational environment.
This search included the United States Occupational Safety
and Health Administration (OSHA), the United States
Environmental Protection Agency (US EPA), and the World
Health Organization (WHO). In addition to online searches,
our group has actively investigated TPE PM emissions for sev-
eral years and has amassed a reasonably thorough library of
research publications, from which we draw a great deal of
reference material. The search was restricted to peer-reviewed
publications in English from the years of 2000-2016.

Results

We included 54 peer-reviewed papers specifically related to
toners, emissions, and exposures from TPE. Thirty-two articles
focused on emissions and their chemistry, while 22 pertained
solely to toxicological characterization. As mentioned earlier,
papers that dealt with toxicological assessment of toners, as
well as epidemiological studies on workers engaged in toner
manufacturing were excluded as being outside the scope of
this review. The main reason is that TPE-emitted nanopar-
ticles represent an exposure scenario that is distinct from
that of toner manufacturing.
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Exposures

A chronological summary of main studies related to expo-
sures is presented in the top part of Figure 1. It is worth not-
ing that other important papers were published but could
not been included for the sake of space limitations. In this
timeline, only breakthrough discoveries/papers in this
research area were included based on authors’ personal
assessment of events. The topic of exposures from TPE has
been studied continuously over the past 15 years. Earlier stud-
ies focused on emissions of VOC and Os, then PM;, PM,5,
and only recently the attention has shifted to PMy; and ENM
in toners and emitted PM. Thirty-two studies have been pub-
lished on exposures from the years 2000 to 2015. Table 1
provides a summary of the exposure and emission studies
from TPE with a primary focus on particle and gaseous co-
pollutant emissions.

It is important at this stage to make some important dis-
tinctions between three concepts related to exposures to
nanoparticles in general and, more specifically, the TPE-emit-
ted nanoparticles: emission measurements, area measure-
ments in lieu of surrogate personal exposures, and personal
exposure measurements. Briefly, emission measurements refer
to measurement at the point of release or emission of a pol-
lutant. Area measurements refer to collection of information
in affixed location inside a room or building floor. Personal
measurements refer to use of a sampler in the breathing
zone (lapel) of a person (often a worker over the duration of
the workday or activity of interest. In the context of TPE-emit-
ted nanoparticles, emission measurements are taken next to
the printer or he exhaust point of the photocopier; area
measurements are taken at some distance in the room (often
in the center of the room or between the photocopier and
the desk). In personal sampling, nanoparticle monitors are
worn by photocopier operators for the whole day.

None of the studies discussed here conducted true per-
sonal exposure assessment to such nanoparticles, the primary
reason being lack of personal nanoparticle monitors, which
have become commercially available only recently. Although
advantages of personal sampling are well understood and
documented in the quantitative exposure assessment litera-
ture, this is a technologically driven limitation. All studies dis-
cussed here fall in the emissions or area measurements. Area
measurements are used as surrogates of average personal
exposures and, for this reason, it is important to understand
how they compare to personal exposures. The issues has
been studies extensively in the quantitative exposure assess-
ment literature in occupational settings and personal moni-
toring almost always results in higher exposure estimates
than area measurements (Demokritou et al. 2001; Rappaport
& Kupper 2008). Emission measurements typically would
result in higher exposure estimates than personal exposures.
This is because of two primary factors: (i) that airborne con-
centration of a pollutant (including nanoparticles) decreases
with distance from the source (due to dilution in the air and
removal of contaminant from the air, e.g. nanoparticles
agglomerate and/or attach to larger particles and settle); and
(i) that because workers (or consumers) move around during
the day, their daily personal exposures reflect not only
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proximity to the source but also the time spent at different
locations.

Martin et al. (2017) monitored the activity in 15 photocopy
centers in Massachusetts and found that photocopier opera-
tors often spent on average 63% of their time at the desk
(range 35-90%), which was located on average 1.7 m away
from the nearest photocopier (range 0.7-3 m).

Exposure data collected in chamber studies that employ
small volume chambers (1 m* or less) would be considered
source/emission studies. If chambers are designed to mimic a
room, then depending on the location of instruments, the
data can be considered as area or source measurements.

It is also important to note that a variety of real-time aero-
sol measurements instruments have been used over time.
Their specifications, such as size range of nano/particle and
time to generate a full-size distribution, vary, and thus global
nanoaerosol measurement metrics, such as total number con-
centration and size distributions, vary somehow between
instruments. A detailed discussion of this issue is outside the
scope of this review and the interested reader is encouraged
to consult available reviews on this topic (e.g. Table in
Amaral et al. 2015).

In subsequent sections, we provide an analysis of the
aforementioned studies, distinguishing, where appropriate,
between emission studies and area-based exposure studies.

Gaseous pollutants
In one of the first investigations in commercial photocopy
centers with a focus on VOCs, Stefaniak et al. (2000) docu-
mented conditions inside three photocopy centers that
included a total of seven high-volume PC. Measureable con-
centrations of short-chain alkanes (C5-C11) ranging from 0.1
to 21,300 ppb, as well as aromatic solvents including ben-
zene, ethylbenzene, toluene, and xylenes were found in area
and personal air samples collected from each center. The
authors concluded that the reported chemical composition of
indoor air samples was attributed to the toner formulations
and PC use. In a side-by side comparison study of LP and ink-
jet printers, Lee et al. (2001) found that LP significantly
release greater levels of toluene, ethylbenzene, styrene, and
PM,q compared with inkjet and desktop multifunction devi-
ces. Because LP and PC employ nearly identical physical pro-
cess and toner formulations to create an image, Lee’s
findings were in good agreement with those from Stefaniak.
In a controlled chamber study of 17PC from three differ-
ent manufacturers, Hsu et al. (2005) reported PC emit measur-
able amounts of VOC during the idling and printing stage.
The authors found benzene concentrations ranged from 90
to 121 ug/m?>. Similarly, another study investigating VOC from
PC found significant concentrations of benzene, toluene, styr-
ene, ethylbenzene, alkanes, acetophenone, and several alde-
hydes (Lee et al. 2006). A later assessment of LP emissions
using chambers verified the presence of styrene and xylene
in the emissions in addition to Os at levels of up to 30 ppb.
Further, the same evaluation was done in an office environ-
ment and found that VOC were also emitted by LP at ele-
vated levels (200pg/m® (Kagi et al. 2007). Soon after,
Barrero-Moreno et al. (2008) measured the gaseous pollutants
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emitted in a chamber and found the released compounds
included styrene, xylenes, ethylbenzene, toluene, and particu-
larly, 2,3-dimethyl-2,3-diisobutyl succinonitrile encompassed
up to 90% of the VOC identified in the study. Later, Barrese
et al. (2014) documented O; at levels of 45 ppb in an office-
sized room and a notable increase in VOC.

Wang et al. (2012) performed qualitative analysis showing
TPE emission of alkanes ranging from C21 to C45, as well as
carboxylic acids, esters, and other organics. The authors
found O3 emission rates ranging from 9.7 to 21.1 pg/min and
total VOC (tVOC) concentrations of up to 400 ppb. Further,
nine unsaturated organic compounds were found to originate
from the toner and paper. Higher levels (up to 2889 ppb) of
VOC were measured by Pirela et al. (2014) in a chamber study
assessing 11 laser printers from various manufacturers.
Moreover, Mullins et al. (2013) documented the release of a
number of polyaromatic hydrocarbons (PAH) from toners
using a simulated printing process. Benzene and trichloroe-
thene were found to be emitted at concentrations greater
than 1.15 ug/m? (0.36 and 0.21 ppb, respectively). Further, the
authors documented 14 PAH including phenanthrene, fluo-
ranthene, pyrene, and benzo(b)fluoranthene with maximum
total emissions of 2.3 ug/page.

While a number of studies have performed chemical speci-
ation on various gaseous co-pollutants emitted, and not just
VOC, by TPE during a print job, there are still some know-
ledge gaps on the topic. For example, chemical interaction
between the organic components in these emissions, their
absorption on the surface of PM constituents, partitioning
between gas/vapor and the PM phase, the impact of aging of
the TPE-released pollutants, and their potential toxicological
implications remain unknown.

PM. The first report on PM exposures in photocopy centers
was done by Lee and Hsu (2007), who investigated indoor air
quality in several photocopy centers in Taiwan for 9 months.
The authors found the occupational environment was often
poorly ventilated and cramped with high-volume PC with
high levels of PM, s ranging from 10 to 83 ug/m?, with aver-
age measurements around 40 ug/m?>. The PM, 5 values regularly
exceeded the acceptable 24-h threshold limits of 100 pug/m?
established by the Taiwan Environmental Protection Agency.
Values as high as 1.0 x 10® particles/cm® were reported dur-
ing the printing process, with NP accounting for the majority
of the total number concentration (TNC).

Since 2007, heightened sensitivity and sophistication of
real-time particle measuring devices, as well as an increased
awareness and research interest on this topic resulted in a
groundswell of publications from 2007 to the present, espe-
cially in controlled environmental chambers.

In the first large-scale investigation of LP emissions con-
ducted in an open plan office environment, He et al. (2007)
observed increases in TNC up to 3.8 x 10* particles/cm?.
Based on this result, the authors followed with a comprehen-
sive chamber study where significant variation in emissions
was observed over the LP studied. Furthermore, emissions
varied significantly from one LP model to another, which
led to a simple classification structure wherein 40% of
the printers studied were classified as “high emitters”.
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Main findings
Calls for installation of engineering controls on PCs, improved design characteristics of, and revisions/

Most centers lacked any engineering controls, but met existing IAQ guidelines
updates on indoor air quality guidelines for PC centers

e TNC at workstation(s) average 1800-23,400 particles/cm3
Number of copies most significant predictor of TNC

e TNC max at workstation 265,000 particles/cm3

Study information
Size selective integrated samples for elemental analysis

[ )
TEM/SEM analysis of toners and PM. Area samples

Author
particulate matter <0.1 um in diameter; SVOC: semi-volatile organic compounds; TD: thermo-denuder; TNC: total number concentration; tVOC: total volatile organic compound; UFP: ultrafine particle (<0.1 um in diam-

risk; ENM: engineered nanomaterial(s); TPE: toner-based printing equipment; IAQ: indoor air quality; LP: laser printer; MFP: multifunction printer; NP: nanoparticle; Os: ozone; OC: organic carbon; PC: photocopier; PMg ;:
eter); USEPA: United States Environmental Protection Agency; VOC: volatile organic compound.

ACH: air changes per hour; cm’; APS: aerodynamic particle sizer; cubic centimeter; CMD: count median diameter; CPC: condensation particle counter; Cpd: compound; EC: elemental carbon; ELCR: excess lifetime cancer

Table 1. Continued

Year
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Significant emissions were observed with a count median
diameter (CMD) that ranged from 40 to 76 nm, which sug-
gests the majority of measured particles were PMy,; and this
has been verified in multiple subsequent studies (Géhin et al.
2008; Salthammer et al. 2012).

Temporal characterization of emissions is an important
consideration and several studies have investigated the TPE-
emitted PM before, during, and after their use. Schripp et al.
(2008) reported PMy; emitted from LP at concentrations of
1.1 x 10° to 2.2 x 10° particles/cm® with CMD ranging from
22 to 40 nm and concluded LP generally fall into two catego-
ries based on their temporal emissions patterns. One type of
emission profile is the “initial burst”, which is characterized by
a sharp increase in TNC immediately following the beginning
of a print job, and a subsequent sharp decrease in particle
concentration when printing has ceased. In contrast, the
“constant emitter” pattern is characterized by a less pro-
nounced increase in TNC at the onset of a print job followed
by a much more gradual decrease with time. Tang et al.
(2012b) assessed 59 LP and 4PC in office environments and
measured PMg ; at levels of up to 1.9 x 10° particles/cm® with
average TNC from 1.0 x 10° to 80 x 10® particles/cm>. This
study found PMg; concentrations tripled in offices when
printing was taking place compared with non-printing even
in standby mode. Further, other reports have shown indoor
TNC is much greater during office hours (i.e. frequent printing
events) than non-business hours.

An important development in the early 2010s was a shift
in focus on the morphological and chemical composition of
the size fractionated TPE-emitted PM fraction, starting with
initial analysis for metal oxides and inorganics widely
reported in toner SDS. For example, Barthel et al. (2011) and
Pirela et al. (2015) conducted experimental work that focused
on the elemental and chemical composition of TPE-emitted
PMo ;. In these chamber studies, 10 and 11 LP were assigned
scripted print tasks and elevated TNC were observed and
attributed to the toner used. Further, several transition met-
als, silicon (Si), chromium (Cr), iron (Fe), manganese (Mn),
nickel (Ni), titanium (Ti), and zinc (Zn) were found and attrib-
uted directly to the toner formulations used. For the first
time in the study of TPE emissions, Barthel et al. (2011) used
a thermodenuder as a part of the analytical assessment in
order to expose the aerosol to very high temperatures and
effectively strip the particles of any organic content. The ana-
lysis showed that 98-99% of the aerosol emissions in their
case were found to be organic in nature; however, no add-
itional analysis to resolve organic content was reported.
Salthammer et al. (2012) conducted similar experiments and
found emissions contained high organic content, particularly
long-chain aliphatic and carboxylic acid esters were detected.

A majority of assessments investigating LP emissions have
occurred within controlled environmental chambers, which
allow researchers to gain an understanding of the magnitude
of PM emission, composition, and general mechanisms of for-
mation. Chambers allow investigators to precisely control
experimental variables (e.g. relative humidity, temperature, air
exchange rate, ventilation rate, operational parameters).
Further, in this experimental setting, there are no other sour-
ces of emissions but those from the TPE, thus isolating both
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the PM and the gaseous co-pollutants for PCM analysis. In
addition to the chamber studies, which are critical in terms of
generating real world exposures and assessing their PCM and
toxicological properties, exposure assessment studies in vari-
ous occupational and residential settings are needed to
assess human population exposure levels (Wensing et al.
2008).

More recent studies by the authors provide a comprehen-
sive PCM characterization of size fractionated airborne PM for
both LP and PC. These studies were built on the hypothesis
that ENM had been incorporated into toner formulations and
that wide-ranging testing approaches and platforms were
needed to properly understand the problem. In the first
report to affirm ENM in dry toner formulations, Bello et al.
(2013) conducted extensive PCM analysis of PM sampled in a
high-volume commercial photocopy center in the US. The
photocopy center housed 2PC from the same manufacturer
and used toner with similar ingredients. The results of this
multiphasic study included TNC in excess of 2 x 10° particles/
cm?, the majority of which was PMg; with primary particle
sizes ranging from 30 to 40nm (CMD: 34.5nm), secondary
particle sizes of approximately 8-10nm, and PMy; mass con-
centrations of 4.3-4.9 ug/m”>.

First, the study by Bello et al. (2013) documented for the
first time that toners used in PC constitute a NEP with several
ENM in toners become airborne during printing, which con-
tain transition metals and metal oxides (i.e. Fe, Si, Ti, Mn, alu-
minum (Al), Zn, antimony (Sb), phosphorus (P), magnesium
(Mg), calcium (Ca)). Moreover, scanning and transmission
electron microscopy (STEM) with energy dispersive X-ray
spectroscopy (EDX) analysis found visual and analytical evi-
dence of several types of ENM in both toner and airborne
aerosols. Second, semi-volatile organic compounds (sVOC)
such as long-chain alkanes in toners were found in the PM at
concentrations ranging from 10 to 2670 ppm but their contri-
bution to the total airborne mass was negligible (<2%).
Third, the study provided for the first time a mass balance
picture of TPE emissions. The PAH composition (phenan-
threne, fluoranthene, pyrene, chrysene, and benzo(b)fluoran-
thene) in the airborne fraction was generally low (10-50 ppb),
but no PAH were found in the toners. There are similarities in
organic content of photocopy center PMgy; at 50-70%
organic carbon (OC) by mass, suggesting a significant amount
of organic material of indeterminate composition present in
PC emissions. Lastly, little PM elemental carbon was found in
this study (approximately 0.1-0.6%), although toners con-
tained between 5.6 and 5.9% EC. This overall approach was
subsequently used in a field study in eight copy centers
Martin et al. (2015).

Pirela et al. (2014) developed a laboratory-based exposure
platform designed to generate real-world exposures suitable
for the PCM and in vitro and in vivo characterization studies.
This exposure generation platform was utilized to characterize
PM emissions from 11 most commercially used mono-
chrome LP. This platform enabled the authors to collect size-
fractionated PM samples for off-line PCM and in vitro charac-
terization and was also used in animal inhalation studies. The
authors confirmed for the first time that toner formulations of
LP constitute a nano-enabled product in agreement with Bello

et al. (2013) study for PC. They also confirmed that ENM from
toners are released in the air during printing missions and
found emission PM peaks of approximately 1.3 x 10° particles/
cm?, with most of the emitted PM with diameters of less than
100 nm, also consistent with the earlier observations of Bello
et al. (2013). More importantly, Pirela documented at least
eight different ENM in dry toner formulations and, in the
PMg.1, including oxides of Si, Ti, Fe, Zn, Al, copper (Cu), and
cerium (Ce). This finding was the first to conclusively verify
widespread ENM utilization in toner formulations irrespective
of the manufacturer or brand for LP. Interestingly, in one par-
ticular toner formulation, there were TiO, nanofibers found
following detailed STEM and EDX analysis. All evaluated toners
contained large amounts of OC (42-89%), metals/metal oxides
(1-33%), and some EC (0.33-12%). No OC speciation analysis
was performed by the authors. The so-called laser printer-
emitted particles (PEPs) possess a composition similar to that
of toner and contained 50-90% OC, 0.001-0.5% EC, and 1-3%
metals. This complex chemical makeup raises additional ques-
tions and concerns with respect to ENM that may become air-
borne and introduced into the general breathing zone of the
user (Pirela et al. 2015).

In an expanded follow-up study in eight photocopy cen-
ters across Massachusetts, Martin et al. (2017) conducted
extensive PCM characterization of 17PC toner formulations
(five black and 12 color) from five major manufacturers as
well as of size fractionated PM samples collected in those PC
centers. Consistent with the earlier studies of Bello et al.
(2013) and Pirela et al. (2014), Martin et al. (2015) docu-
mented multiple ENM in all the toners examined. Moreover,
the study documented ENM separation from the parent toner
in multiple formulations, lending support to the earlier con-
cern that ENM may become airborne during the printing/
photocopying process. Authors documented high exposures
in several centers with weekly average TNC ranging from
3.6 x 10° to 3.8 x 10* particles/cm® and maximum transient
bursts of more than 1.4 million particles/cm3, which trans-
lated to TNC over 700 times greater than background. These
findings could have been anticipated as lack of engineering
controls, poor ventilation, crowded rooms, and little aware-
ness of exposures from TPE were documented in most of the
15 photocopy centers surveyed by Martin et al. (2017).
Furthermore, the authors found the chemical composition of
the PMg; aerosol collected at eight photocopy centers was
complex and qualitatively consistent with Bello and Pirela’s
studies. Elemental composition of PMy; from PC was found
to include S (0.71-10%), calcium (Ca, 0.70-2.67%), sodium
(Na, 0.16-1.86%), Fe (0.10-0.99%), potassium (K, 0.13-1.56%),
and zinc (Zn, 0.14-0.22%). Further, inorganic makeup varied
greatly from 36 to 94% among the photocopy centers eval-
uated. The emitted PM elemental composition reflected quali-
tatively toner composition and agreed with previous findings.
The data show that multiple ENM (e.g. metal oxides) are rou-
tinely used in toner formulations, which now seems to be an
industry norm. Therefore, a complex chemical composition of
the airborne fractions, containing organics, inorganic metal
oxides, and small amounts of CB is expected.

Lastly, PM emissions from LP (and PC) also carry charged
particles, as well as anions and cations in the form of salts,



which should not be surprising given the necessary charge
transfer complex created within the device to facility toner
deposition onto the paper as it passes the toner drum and
into the fuser rollers. Jayaratne et al. (2012) found a single LP
released significant quantities of charged particles into the
environment. However, the authors did not find a relationship
in this study between charged particles, CMD, or TNC. Pirela
et al. (2015) found several cations and anions in LP PMg;
emissions, with individual species (i.e. chloride) all less than
1png/g, and the combined total of anions and cations
accounting for less than 2% of the total mass of PM emis-
sions. Similarly, Martin et al. (2015) found cation and anion
mass concentration in PC emissions for one PC center to be
low and in agreement with Pirela et al. (2015). With regard to
sVOC, targeted structural elucidation of organics is still
needed to identify its major constituents. Despite extensive
screening for over 200 analytes, the majority of this organic
sVOC fraction, by mass, is not characterized and no exposure
markers uniquely specific to TPE emissions are yet available.
The catalytic role of metal oxide ENM in formation of new
organic species and as carriers of condensed organic matter
on their surface is also worthy of further investigations.

Particle formation mechanisms

Equally important to PM concentration, from a mitigation and
control perspective, are the mechanisms of formation and
specific emissions point(s) around the LP or PC. Recurring
conceptual themes with respect to particle formation from
laser printers are related to the fuser or internal temperature
of the housing, homogenous nucleation of sVOC and reaction
of VOC with small amounts of O3 present that create second-
ary organic aerosols (SOA). As research has shown clear evi-
dence that PMy; dominates the particle emissions by
number, investigations now steer toward additional character-
ization of the elemental and chemical composition of aero-
sols in the work environment, as well as the formation
mechanisms of emissions.

In chamber experiments, Morawska et al. (2009) showed
particle and VOC emissions (including ethylbenzene, cyclo-
hexane, m-p-xylene, dimethyl phthalate, and toluene) to
appear dependent on temperature and correlate positively
with PMp; TNC and Os concentration. Negative correlation
was found between PMg; and tVOC concentration. The
authors hypothesized particles may be formed in at least two
separate and distinct pathways: (1) homogenous nucleation
of evaporated sVOC to form particles and (2) particle forma-
tion through the reaction of VOC with small amounts of Os
to produce SOA. Following Morawska's results, He et al.
(2010) reported that fuser temperature has a significant role
in particle emissions rates, which support Morawska's tem-
perature observations. The authors went on to show that LP
begin to emit particles as soon as they are turned on (in the
warm-up phase), which is consistent with other reports
(Wensing et al. 2008; Tang et al. 2012b).

It is worth mentioning that in earlier microscopy observa-
tion studies, the authors found small numbers of toner par-
ticles, submicron toner fragments, and agglomerates of NP.
The presence of these particles cannot be explained by the

CRITICAL REVIEWS IN TOXICOLOGY @ 693

first two formation mechanisms. Thus, a third mechanism
(mechanical ejection of engineered NP and occasional toner
fragments) should also be considered. Specifically, it has been
shown that there is release of nanoscale particles from a NEP
(i.e. toner powder) during the use of TPE. This is facilitated by
the airflow created by the cooling exhaust fan and rollers
moving paper through. This mechanism has been confirmed
in two studies assessing emissions from both PC and LP
(Bello et al. 2013; Pirela et al. 2015). The released PM
from TPE was chemically complex and reflected the toner
powder chemical profile (e.g. metal oxides). Further, the
authors provide evidence of VOC condensing on the surface
of the TPE-emitted solid inorganic particles, with particles act-
ing as carriers of the VOC emitted by TPE. Understandably,
the health implications for exposures to both PM and VOC
are of great interest since the gaseous co-pollutants may
now be able to reach the alveolar region of the lung and
potentially cause adverse physiological responses.

Of additional importance is identifying where within the
LP individual compositional components (i.e. paper, toner,
printer housing, and solid parts) arise. Particularly, following
elemental analysis of the emissions from TPE, only Ca has
been linked to the paper used during the print job (Barthel
et al. 2011; Pirela et al. 2015). Moreover, Pirela et al. (2015)
and Martin et al. (2015) suggested that paper may contribute
other elements besides Ca (CaCOs), present in the paper as
fillers and whitening agents, including Ti (as titania), Al (as
alumina), and Mg (magnesium salts). Understanding the
source material, formation mechanisms, and source appor-
tionment are important first steps in developing effective
exposure control measures and product reformulation.

Parameters that affect PM emission profiles

Few studies have evaluated the emission profile of both
monochrome and color printing by LP. One study by He
et al. (2010) found that color printing leads to two to three
times more particle emissions than monochrome printing
when comparing LP of the same manufacturer, which is con-
sistent with previous reports (Schripp et al. 2008). The authors
followed up on the premise that color printing results in
greater TNC by testing both color and monochrome printers
in a chamber and found that TNC ranged by three orders of
magnitude and color printers were generally found to be
greater PMg; emitters than their monochrome counterparts.

Print speed (pages per minute) is an operational character-
istic that may affect LP emission profiles. It was determined
that average particle number concentration was inversely
proportional to print speed, while average particle mobility
diameter was directly proportional to print speed (Byeon &
Kim 2012). The authors hypothesized that lower concentra-
tions (or larger diameters) with increasing printing speed
were due to higher coagulation rates with higher primary
particle concentrations.

In addition to color/monochrome toner powder and
printer speed, several studies have assessed the effect toner
page coverage may have on the emission profile of LP. The
results indicate that particle emission characteristics are
affected by toner coverage, of up to 50%, of the page used
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by the LP (He et al. 2007; Wang et al. 2012; Pirela et al. 2014).
In contrast, some studies have reported inconclusive results
regarding toner coverage and PMg; emissions (Schripp et al.
2008; Morawska et al. 2009; McGarry et al. 2011). In addition
to toner coverage, it has been observed that toner cartridge
condition may impact TNC with used cartridges emitting
fewer particles compared with newer cartridges (He et al.
2007; Wang et al. 2011).

Other operational conditions that have been shown to
increase PMg; emissions are startup and standby modes.
Wang et al. (2011) observed cold starts and idle time longer
than 30 min resulted in significantly greater PMg; emission
compared with emissions from the same LP when given suffi-
cient time to warm up, or was still warm from recent use.

Deposition modeling

Understanding deposition patterns of TPE-emitted particles is
critical in assessing the overall lung burden and estimating
deposited doses in the various regions of the respiratory
tract. By using the appropriate integrated in vitro dosimetric
methodologies, researchers can then compare and select the
proper exposure and dose range used in either animal or cel-
lular experimental models (Cohen et al. 2013; Deloid et al.
2014; Cohen et al. 2015; DelLoid et al. 2015; Pal et al. 2015b;
Deloid et al. 2017).

The Multiple Particle Path Dosimetry Model (MPPD) v0.2
(Anjilvel & Asgharian 1995) has been utilized to calculate the
lung deposition fraction and deposition mass flux of the par-
ticles emitted from TPE on the human respiratory system.
Default model parameters used in that modeling assume
nasal breathing, a functional residual capacity of 3300ml, a
tidal volume of 625ml, a head volume of 50 ml, a breathing
frequency of 12 breaths/min, and an inspiratory fraction of
0.5 (Martin et al. 2015). PC center or LP specific aerosol size
distribution parameters were used in the model and they
included CMD of 23-40nm (64 of 1.7-2.1; MMD of
89-180nm). The estimated total particle deposition in the
lungs for this set of parameters varied from 28% to approxi-
mately 40%, with increasing gradient of deposition from the
head airways to the alveolar region, as follows: head airways
(~6%), trachea-bronchial region (~10%), and distal alveolar
region (15-20%) (Pirela et al. 2014; Martin et al. 2015). The
total deposition mass flux based on the modeling of actual
exposure data from the aforementioned studies was
1.732 ug/min m?, meaning significant doses per unit surface
area of lungs per unit time can be delivered to individuals
running LP or PC. Of interest is to compare doses and dose
rates that the upper airways may receive relative to the lower
airways. Specifically, upper airways with a surface area of
150 cm? typically would receive 6% of the total number of
TPE emitted nanoparticles, whereas the deep airways with
120 m? surface area receive about 15% of the total number
of particles. Crude estimates ((0.06/150)/(0.15/
12 x 10°) =3200) suggest that much higher doses (number
per unit surface area of the epithelium) are received by the
head airways region, which may be over 3000 times higher
than those received by the lower parts of the lungs (Khatri
et al. 2013a, 2013b, 2013c; Pirela et al. 2014). This is

important in the context of upper airway disease and pos-
sible  nanoparticle translocation towards the brain
(Oberdorster et al. 2009).

Toxicological assessment of PM exposure

The toxicology of PM emitted from TPE has been studied sys-
tematically only in the past 5 years (Tables 2 and 3). Most of
these early studies have been conducted by the authors and
include mono- and co-culture cellular models, animal intratra-
cheal instillation, and whole-body inhalation studies, as well
as small-scale exploratory studies in human volunteers and
chronically exposed PC operators. Notable for these studies
is the emphasis on employing realistic exposure scenarios
supported by extensive PCM exposure characterization
studies. The first set of such studies also aligned the toxicity
endpoints around airway inflammatory pathways, enabling
construction of a broader mechanistic picture on the action
of these particles on cells.

Many studies have been conducted to evaluate toxicity
of toner powders in both cellular and animal experimental
models (Muhle et al. 1989; Bellmann et al. 1991; Muhle et al.
1991; Lin & Mermelstein 1994; Furukawa et al. 2002; Bai
et al. 2010; Gminski et al. 2011; Tang et al. 2012a; Konczol
et al. 2013; Morimoto et al. 2013). Such studies are directly
relevant only in cases of accidental toner exposures, which
can happen during toner manufacturing, toner handling, and
service/repair of copy machines by copier technicians.
However, studies with toner particles are not relevant to, nor
are they a substitute for, actual exposures to emissions from
TPE because of profound differences in PCM properties
between toners and emitted PM and gaseous co-pollutants,
differences in particle biokinetics (clearance rate, retention,
uptake and translocation inside cells, and beyond the lungs),
and dose rates. For this reason, such studies have been
excluded from this analysis. It is important to note, however,
that a few in vitro and in vivo studies have used toner as a
surrogate of TPE-emitted nanoparticles. Such practices have
little justification and toxicological relevance and we discour-
age future use of toners in lieu of TPE-emitted nanoparticles
as they are inappropriate substitutes and such analysis may
have potentially misleading outcomes. There is no replace-
ment for the use of TPE-emitted nanoparticles, at realistic
doses and exposure rates, for assessing their toxicological
properties, both in vitro and in vivo.

Particles emitted from TPE

In vitro experimental model: Studies using PM emissions from
TPE are more relevant to exposures during printing and con-
sumer use than those from toner powder during manufactur-
ing and handling of toners. Such studies have been
conducted only in the past few years. Pirela et al. (2014)
developed an integrated exposure generation platform that
can be utilized for both PCM and in vitro and in vivo toxico-
logical characterization of emissions from LP. This integrated
platform was utilized to assess bioactivity of PM emitted from
LPs including cell viability and function and identification of
molecular markers and endpoints that reflect mechanistic



pathways and mode of action. More specifically, Pirela et al.
(2016) exposed three physiologically relevant cell lines (small
airway epithelial cells, macrophages, and lymphoblasts) to LP-
emitted PMg; at a wide range of administered doses
(0.5-100 pg/mL) and observed significant cytotoxicity, mem-
brane integrity damage, increase in reactive oxygen species
(ROS) production as well as a rise in pro-inflammatory cyto-
kine release, and epigenetic changes specific to the DNA
methylation machinery in different cells lines at mass concen-
trations in the range doses at the low end of the exposure
range correspond to 7.8 h, whereas at the high concentration
range, they would equate to 1500h of exposure (or six
straight months) (Lu et al. 2016; Pirela et al. 2016). These con-
centration ranges are much smaller than what is typically
used in in vitro nanotoxicology, and more realistic at the low
end of concentrations; however, lower and more realistic
doses must be used in future studies.

A co-culture system consisting of small airway epithelial
cells and human microvascular endothelial cells was also
used to further evaluate bioactivity of both PMy; and PM, 5
released by LP (Sisler et al. 2015). The authors found that dir-
ect exposure of epithelial cells to LP-emitted PM caused mor-
phological changes of actin remodeling, gap formations,
increased production of reactive oxygen species, and angio-
genesis within the endothelial monolayer. Additionally, a sig-
nificant upregulation of interleukin (IL)-1p, IL-1Ra, IL-6, IL-8,
monocyte chemoattractant protein (MCP)-1, fibroblast growth
factor (FGF) basic, interferon y-induced protein (IP)-10, regu-
lated on activation, normal T cell expressed and secreted
(RANTES), and macrophage inflammatory protein (MIP)-1p lev-
els in the cellular lysates or the condition media was found
following treatment. These chemokines and cytokines play a
major role in the cellular communication observed between
small airway epithelial cells (SAEC) and human microvascular
endothelial cells (HMVEC) and the resultant responses in
HMVEC, in addition to general initiation of the immune
response. In another study, PM emitted from some LP caused
significant DNA damage on A549 cells following exposure via
air-liquid interphase, based on the presence of micronucleus.
However, the same study concluded the NP did not cause
significant cytotoxic effects on the exposed cells (Tang et al.
2012a). As is common with an air-liquid interphase system,
nanoparticle concentration and dose delivered to cells is
often unknown. This study highlights another potentially
overlooked observation related to possible significant differ-
ences in the chemical and toxicological properties of TPE
emissions.

Besides LP-emitted PM, there have been studies evaluating
the toxicological potential of PM sampled from various PC
centers. For instance, Khatri et al. tested the effect of the
PMy.1 and PMg s, size fractions of photocopy center particles
on three types of cells (primary human nasal epithelial cells,
small airway epithelial cells, and induced THP-1 macrophages)
at administered concentrations of 30, 100, and 300 pg/mL,
which correspond to a cell surface dose of 18, 62.5, and
180 ug/cm?, respectively. The authors back-calculated the
delivered doses to cells using in vitro cellular dosimetric
approaches (that had become available at the end of the
study) and found that TPE emitted nanoparticle agglomerates
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would settle much slower than larger particles and control
nanoparticles, such as copper oxide NP. As a result, only
1/10th of the administered concentration would have depos-
ited to the cells at 6 h, resulting in a 10-times lower effective
dose to cells. At 24 h, only ~20% of the administered concen-
tration of particles would deposit, resulting in an effective
cell dose of 1/5th of the administered one, or ~5 times lower
~6, 20, and 60 pg/mL). After considering dosimetry, effective
doses to cells would in fact be 10 times and five times lower
at 6 and 24 h time points, or 1.8, 6.3, and 18 and 6, 22, and
60 ug/cm?, respectively. The message from this assessment is
clear: gross errors, as big as 5-10-fold in magnitude would
result in the slope of dose-response relationships in vitro, if
in vitro dosimetry is not considered. A second important
implication of this assessment, highly relevant to this discus-
sion relates to relative comparison of potency of TPE-emitted
nanoparticles to other types of nanoparticles. For example, in
this same study, CuO nanoparticles of comparable size to TPE
nanoparticles were used. Because CuO nanoparticle settles
faster, 50% and 100% of the administered CuO concentration
were delivered to the cells at 6 and 12 h, respectively. As we
have shown elsewhere (Pal et al. 2015a), such considerations
change the overall picture of the relative potency of these
nanoparticles in vitro. In this case, when adjusting for deliv-
ered doses, the slope of tumor necrosis factor (TNF)-a pro-
duction for example for TPE-emitted nanoparticles was ~7
times steeper than that of CuO ENM.

Modest cytotoxicity was observed in the aforementioned
cell lines, especially for NP. The cells exhibited high levels of
apoptosis and oxidative stress, in addition to an inflammatory
response reflected in significant upregulation/expression of
the following cytokines: granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), IL-1a, IL-1B, IL-6, IL-8, interferon (IFN)-
v, MCP-1, TNF-a, epidermal growth factor (EGF), and vascular
endothelial growth factor (VEGF) (Khatri et al. 2013b).
Furthermore, gene expression confirmed upregulation of
Clustered Regularly Interspaced Short Palindromic Repeat-
associated protein 8 (CAS8) and tumor protein p53 (apop-
tosis), TNF-a (inflammation), and heme oxygenase 1 (HOT)
(oxidative stress), as well as down-regulation of Superoxide
Dismutase 1 (SOD1) and Glutathione Peroxidase 1 (GPX1)
(oxidative stress). No DNA damage was observed in any of
the tested cell lines by comet assay, and neither of the two
genes (ku70 and RADS5T) tested was affected. Additionally, the
authors performed more studies taking into account dosim-
etry for the nanoscale fraction (no such corrections are
needed for larger fractions because they settle faster) and
reported that PMy; were far more potent in inducing cyto-
toxicity than the PMg,s_, fraction (Khatri et al. 2013b, 2013c).

A major issue with using in vitro experimental models
relates to the delivery method of NP to cells. In the case of
air-to-liquid delivery systems, particles are delivered to cells
in a way that has physiological relevance but the exact dose
to cells is difficult to measure or estimate. Delivering nano-
particles in the form of suspensions are susceptible to inac-
curacies related to dispersion techniques, dispersant media,
re-agglomeration, and settling behavior. Recently, methodolo-
gies that deal with protocols for ENM dispersion, agglomerate
characterization, which includes measurement of effective
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Table 2. Continued

Comment

Main findings

Study information

First author

Year

First report on epigenetic modifications

Exposure to LP-emitted PM did no lead no immediate

changes in the lung membrane integrity

Experimental model: male Balb/c mice

Pirela et al.

2016

Employed advanced dispersion and dosimetry models

Exposure treatment by intratracheal instillation

V. PIRELA ET AL.

Calculation of equivalent in vitro dose from MPPD models

Instillation of LP-emitted PM led to a pulmonary immune
response, indicated by an elevation in neutrophil and

macrophage percentage

o LP-emitted PMy; (0.5, 2.5, and 5.0 mg/kg bw)

24-h post-exposure analysis

o Bronchoalveolar lavage

Lungs of exposed mice exhibited an upregulated

o Cytokine and chemokine analysis

o Gene expression analysis

expression of the Cc/5 (Rantes), Nos1 and Ucp2 genes

There was a significant modification of the components

of the DNA methylation machinery (Dnmt3a) and

Methylation and expression analysis of transposable

element LINE-1

o

expression of transposable element (TE) LINE-1 following

exposure to LP-emitted PM

density of formed agglomerates in cell culture media,
and numerical fate and transport approaches that estimate
delivered dose to cells as a function of time have been devel-
oped and become widely available (Deloid et al. 2014;
Cohen et al. 2015; Deloid et al. 2015, 2017). Employing
proper dispersion, characterization, and dosimetry methods in
in vitro studies, as well as matching the dose delivered to
cells to realistic exposure levels are extremely important, crit-
ical in fact, in the study outcomes (Pal et al. 2015a, 2015b).

As illustrated in earlier sections, dose ranges and lack of
dosimetry consideration in in vitro nanotoxicology of TPE-
emitted nanoparticles continued to be major problem.
Nonetheless, the impact of such conceptual and experimental
errors is potentially profound. With the methodology now
standardized and freely available, there are no excuses to
ignore them. Furthermore, lower dose ranges should be used,
one to two orders of magnitude lower, and dose equivalency
between airborne exposures and in vitro concentrations
documented.

Animal experimental models: There are only a few studies
focusing on studying the biological effects of exposure to the
emitted PM from LP and PC. These studies are recent and
have been conducted primarily by the authors. For example,
an assessment was done by Pirela et al. (2013) using different
size fractions of PM collected from a photocopy center intra-
tracheally instilled in mice at various doses (0.2, 0.6, and
2.0 mg/kg bw). Particle size- and dose-dependent effects were
observed in the pulmonary system of the instilled mice. The
PMg.; size fraction led to increased neutrophil number, lactate
dehydrogenase, albumin and pro-inflammatory cytokines, all
markers of lung injury and inflammation. As for LP-emitted
PM, Pirela et al. (2016) evaluated the toxicological potential
of these particles in mice exposed by intratracheal instillation
(0.5, 2.5, and 5.0mg/kg bw). While the authors found no
changes in lung membrane integrity, an immune response —
indicated by elevated neutrophil and macrophage recruit-
ment in bronchoalveolar lavage fluid (BALF) — was seen after
instillation of LP emitted PM at 0.5 mg/kg bw. Gene expres-
sion and epigenetics modifications were documented on
mice exposed to 2.5 mg/kg bw, mainly as upregulated expres-
sion of the Ccl5 (Rantes), nitric oxide synthase 1 (NosT), and
uncoupling protein 2 (Ucp2) genes in the murine lung tissue
and modified components of the DNA methylation machinery
(Dnmt3a) as well as the expression of transposable element
(TE) long interspersed nuclear element (LINE)-1.

Regardless of the experimental model used for the various
toxicology studies reviewed here, three common themes -
inflammation, oxidative stress, and gene regulation — seem to
emerge throughout. In particular, upregulation of only num-
ber of important chemokines and cytokines that play various
important roles, including but not limited to leukocyte migra-
tion and infiltration, cellular antioxidant status and redox bal-
ance, modulation of pro-and anti-inflammatory responses,
and initiation of an immune response to exogenous particles,
among other equally essential biological functions (such as
apoptosis).

Understandably, the main focus of investigations to-date
has been the respiratory system. Since NP from TPE represent
a complex mixture, containing a large organic component, a
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Table 3. Continued

Comments

Main findings
FVC and FEV1 significantly decreased by 3.97% and 4.49%,

respectively, in exposed individuals compared with control

Study information
subjects

First author

2016 Karimi et al.

Year

Performed assessment on the characteristics of the
workplace but the information was not reported

Retrospective cohort study

Aimed to assess the respiratory health of PC workers in

Shiraz, Iran

Three questionnaires were used simultaneously to evaluate,
along with respiratory function tests, the demographic

Frequency of cough and wheezing in exposed workers was

A total of 150 exposed individuals were surveyed, while

114 individuals served as the unexposed group

variables, occupational hygiene and respiratory disorders.

2.6 and 2.92,

higher than in unexposed individuals (OR

respectively)

However, this information was incompletely incorporated

into the manuscript

A questionnaire was used to assess occurrence of

e Respiratory protection used by 5% of the exposed workers

respiratory symptoms; pulmonary function tests assessed

VC < FVC, FEV1, FEV1/FVC

Exposure information is lacking

sizeable amount of metal oxides, and other more volatile
organics absorbed onto surface of PM, the toxicological test-
ing framework for these particles should be expanded to
evaluate other organ systems and endpoints - including but
not limited to those related to cardiovascular, neurological,
and blood systems. For example, Lee et al. (2015) demon-
strated a concentration-dependent inhibition of synaptic sig-
naling by photocopy center NP in mouse cultured cortical
neurons over 0.1-50ug/mL of administered concentrations
(corresponding to delivered concentrations of 0.2-10 pg/mL
at 24 h after taking into account dispersion and dosimetry
modeling), and a synergistic effect between amyloid beta and
NP. Equally important is utilization of screening assays to
understand the impact of variability in chemical composition
on toxicity, synergistic effects between organics and metals,
and biokinetics of such particles from real-world exposures,
studies yet to be conducted. Recently, Setyawati et al. (2015)
published a review detailing the differences in properties and
behavior of the various types of endothelial cells found in the
human body, particularly as they relate to interaction with NP
with diverse physico-chemical properties. The authors high-
lighted the importance in considering the extensive variation
in endothelial cell characteristics when evaluating the bio-
logical potential of NP in the field of nanomedicine, especially
as it refers to pharmacokinetics and drug targeting.
Particularly, it was found that PM from classrooms led to sig-
nificantly more cytotoxicity and leakiness in human micro-
vascular endothelial cells than that of the corridor due to the
markedly high content of endotoxin found in the indoor PM
sample (Chua et al. 2017).

Evaluation of a relevant dose range that reflects realistic
human exposures and data-driven tissue dosimetry for neu-
rons in the brain of humans (or animals for that matter) is
extremely difficult at present, because reliable data are scarce
and the data on biokinetics of nanoparticles to the brain are
nanomaterial and system dependent. In all likelihood, unreal-
istically high doses are being used in such systems, including
in this study.

Human studies. Medical case reports: Relevant, high- quality
studies in humans are limited. Here, we review evidence from
human medical case reports, controlled human studies with
well-documented exposure information, and studies that
incorporate biomolecular markers along well-established dis-
ease mechanisms induced by airborne particles. Some land-
mark studies have been summarized in Figure 1, bottom
panel. In an early medical case report (MCR) to link work-
related TPE exposure to clinical observations, Zina et al.
(2000) reported an otherwise healthy 30-year old male pre-
sented with rash on the arms, neck, and upper trunk.
Symptoms were reported to resolve when the subject was
removed from the PC environment for several days and
would recur upon return to work, even for a short period of
time. While patch tests of toner material were unclear, for-
maldehyde and quaterinium-15 were found to be in the used
toner, and becoming airborne during operation. The exam-
iner concluded the observed symptoms were caused by
exposure to PC emissions.



D'Alessandro et al. (2013) reported a case of a 46-year-old
worker with no history of smoking or allergies who exhibited
chronic coughing caused by exposure to PC emissions.
Bronchoscopy and BAL biopsy found a significant increase in
neutrophils and lymphocytes, and biopsy of the bronchial
mucosa suggested moderate signs of inflammation. The
authors conducted a controlled challenge test where the sub-
ject was exposed to TPE emissions for 1 hour after 4 weeks of
no workplace exposure and no symptoms. The test was con-
ducted in a 63-m® room with normal ventilation and the
exposure resulted in immediate and severe coughing, which
provided additional evidence that TPE emissions may have a
negative impact on workers, patrons, and occupants of the
indoor space where TPE are operated without any type of
exposure control.

Another published case is that of a worker occupationally
exposed to more than 3years of emissions from a LP that
averaged approximately 70 prints per day. The worker pre-
sented to medical personnel with intermittent abdominal
pain, gastrointestinal distress, and weight loss. Large agglom-
erates of NP, with primary sizes in the 30-70nm range and
consistent in size with PEPs, was found in the peritoneum of
the subject, which was confirmed by SEM with EDX analysis.
Upon auscultation, there were no abnormalities observed in
lung function; therefore, no further investigation was per-
formed. The authors from the study believed that the depos-
ition of the carbon NP and translocation via the lymph nodes
was a contributory agent in this work-related illness
(Theegarten et al. 2010).

Epidemiological studies. Beyond MCR, at least one cross-sec-
tional survey of PC workers shows an increase of self-reported
symptoms that include rhinorrhea, allergic rhinitis, cough,
and sinusitis (Dutta & Deka 2012). The results are consistent
with our observations through casual communication with PC
workers and managers that the most common complaints
from this group are headache, upper respiratory irritation,
and epiphora (overflow of tears onto the face) (Khatri et al.
2017; Lucas & Maes 2013). Workplace studies, such as that by
Goud et al. (2001), reported a significant increase in DNA
damage measured by the comet assay in photocopy center
workers compared to unexposed controls. In a follow-up
study, Goud et al. studied the genotoxic effects of PC emis-
sions on 98 healthy fulltime PC center workers. The authors
found a significant increase of micronuclei in buccal epithelial
cell and blood lymphocytes in addition to increased fre-
quency in chromosomal aberrations among exposed workers
compared to study controls (Goud et al. 2004). Studies pub-
lished soon after Goud's arrived to similar conclusions
(Gadhia et al. 2005). Further, other studies found a potential
synergistic relationship between PC emissions and smoking,
and that chromosomal aberrations are related to the duration
of exposure and years of service (Balakrishnan & Das 2010).
An investigation targeted to oxidative and genotoxic damage
in workers at photocopy centers processing 32,000 sheets of
paper each 8-h working day was done by Kleinsorge et al.
(2011). The authors measured catalase activity (CAT), reduced
versus oxidized glutathione ratio (GSH/GSSG), level of lipid
peroxidation (TBARS), damage index by Comet assay (DICA),
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and buccal cells with micronuclei (BCMN). Results showed
that exposed PC operators exhibited increased TBARS, DICA,
and BCMN numbers, consistent with earlier studies on oxida-
tive stress.

It is important to emphasize that all these studies pro-
vided no quantitative exposure information, other than a cat-
egorical classification “yes/no” to working in a photocopy
center. Therefore, it is difficult to ascertain if effects were
caused by NP from PC or other exposures, even though such
as assumption is not unreasonable.

Khatri et al. (2013a) conducted a controlled study where
nine healthy volunteers, who served as their own controls,
were exposed to emissions from PC for a day (6 h). Several
biomolecular markers of inflammation were measured in the
nasal lavage and urine, before exposure, at the end of expos-
ure, as well as 24- and 36 h pre-exposure. Authors measured
PM, VOC, and O3z concentrations during the exposure and
observed a significant increase for several pro-inflammatory
markers in nasal lavage, total protein (2.25-fold), infiltrated
neutrophils (2.66-fold), as well as 10 pro-inflammatory cyto-
kines (IL-6, IL-8, TNF, IL-1B, GC-CSF, EGF, IL-10, MCP-1, fractal-
kine, and VEGF) in post-exposure measurements when
compared with pre-exposure measurements. While most
markers would return to baseline pre-exposure levels within
24h, 4 cytokines (IL-6, IL-8, EGF, and fractalkine) remained
significantly higher 36h post-exposure than pre-exposure
measurements. Similarly, a significant increase in the level of
8-0xodG concentrations in urine was observed post-exposure
relative to controls and pre-exposure, which returned to base-
line levels after 24 h. These markers did not change with time
in the control group and were not significantly different from
the pre-exposure levels. The study overall established that
emissions from photocopiers induced upper airway inflamma-
tion and systemic oxidative stress.

The marker 8-oxodG is commonly regarded in the pub-
lished literature as a biomarker of oxidatively damaged DNA
and assumed to originate from excise repair of damaged
DNA. Its precise origin is not fully documented, and diet and
cell turnover have been ruled out (Evans et al. 2016). The
authors could not establish whether 8-oxodG derives from
the 2’-deoxyribonucleotide pool, and conclude that “8-ox-
odGuo is most accurately described as a non-invasive bio-
marker of oxidative stress derived from oxidatively generated
damage to 2’-deoxyguanosine”. It should be further noted
that for obvious reasons (ease of use and low cost), 8-oxodG
in urine is often measured with commercially available ELISA
kits and this includes almost all studies mentioned above.
Such kits are susceptible to interferences and tend to gener-
ate much more variable and higher results relative to the
more robust liquid chromatography/tandem mass spectrom-
etry techniques, which should be the preferred analytical
method for this 8-oxodG (Barregard et al. 2013; Ellegaard &
Poulsen 2016) and other biomarkers.

Elango et al. (2013) conducted a more detailed survey in
copier operators in India. The authors collected information
on the respiratory symptoms (via symptoms questionnaires),
measured lung function by spirometry, and conducted com-
prehensive blood biochemistry. Among various markers in
blood, they measured hematocrit, total protein, oxidative
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stress (ferric reducing antioxidant capacity of serum (FRAC),
serum TBARS, glutathione peroxidase, and myeloperoxidase),
as well as several inflammatory and cardiovascular markers,
including leukotriene B, (LTB,), 8-isoprostane, C-reactive pro-
tein (CRP), IL-8, intercellular adhesion molecule 1 (ICAM-1),
Clara cell protein (CC-16), and Eosinophilic Cationic Protein
(ECP). The authors reported significantly higher prevalence of
nasal blockage, cough, excessive sputum production, and
breathing difficulties in copier operators relative to controls.
Several serum markers confirmed elevated oxidative stress in
copier operators. Additionally, serum TBARS were significantly
higher in copier operators than controls. Similarly, the FRAC
was lower in copier operators than controls. Plasma ICAM, IL-
8, and LTB, were also higher in copier operators relative to
controls. Among several blood parameters, authors also
found higher hematocrit values for copier operators, and a
lower albumin to globin ratio. However, lung function tests
and other biomarkers in plasma/serum were not statistically
different from controls. Although authors measured numer-
ous air pollutants, including PM,s and PM;,, they did not
measure the most important exposure component — PC-emit-
ted nanoparticles and their chemistry. Awodele et al. (2015)
performed a study in Nigeria evaluating the level of oxidative
stress markers, PAH, and other hematological parameters in
PC operators. The authors concluded that there was a signifi-
cant increase in the levels of various oxidative stress markers
in the blood of PC operators when compared with unex-
posed controls. However, white blood cell differentials
remained unchanged across the two subject groups.
Additionally, Karimi et al. (2016) recently published a cross-
sectional study of respiratory symptoms and lung function in
150 copier operators and 114 controls in Iran. The respiratory
symptoms were measured via a questionnaire, whereas spir-
ometry was used to assess lung function using forced expira-
tory volume in 1s (FEV1), forced vital capacity (FVC), and
FEV1/FVC ratio. The authors found significantly higher cough
(odds ratio, OR, of 2.6) and wheezing (OR 3) in copier opera-
tors relative to controls. All other respiratory symptoms,
except for shortness of breath, were also more prevalent in
copier operators. Lung function capacity (FEV1 and FVC) was
also reduced in copier operators relative to controls. Of note,
this study lacked any quantitative exposure information or
exposure histories.

A relevant cross-sectional epidemiological study is one
performed by Yang and Haung (2008) in Taiwan, which inves-
tigated the prevalence of chronic respiratory symptoms and
acute irritative symptoms among 74 photocopy workers
(exposure group) and 69 controls (employees of optical
stores). The authors reported a higher, albeit statistically
insignificant, rates of chronic cough (adjusted OR 2.9), wheez-
ing (adjusted OR 1.9), chronic bronchitis (adjusted OR 2.2),
and dyspnea (3.1) in the copy center workers. It must be
noted, however, that the study had no exposure information
available since the objective of the study was solely on iden-
tifying whether VOC was the trigger agent, rather than the
emitted NP.

There is a need for a large-scale human epidemiological
or mechanistic study assessing exposures from engineered
nanomaterials released from TPE. Such comprehensive

studies can enhance our understanding on nano-bio interac-
tions and the potential environmental implications of expos-
ure to emissions from this unique NEP. Further, it is worth
highlighting the observed agreement among the toxico-
logical findings described in this review despite the experi-
mental model used, which points to a common outcome:
upper airway inflammation, that could potentially lead to
exacerbation of existing asthma in addition to potential car-
diovascular effects.

Discussion
Potential health risks

There are dozens of reports in the literature documenting
high exposure to nano-sized particles emitted from LP and
PC in both consumer and occupational settings. Toxicological
studies conducted across different test platforms, cell mono-
culture, cell co-culture, animal intratracheal instillation studies,
human case reports, and limited epidemiological studies to
date, provide compelling evidence in our opinion that emis-
sions from LP and PC are indeed biologically active in that at
the molecular/cellular level, they trigger oxidative stress,
inflammatory responses, likely DNA damage, and possible
epigenetic effects. While such effects have been documented
in cellular and animal studies, at somewhat high doses and
possible dose rates (Baisch et al. 2014), similar effect has
been documented using transcriptomics and cell co-cultures
in a few studies even at low doses, comparable with doses
currently experienced by workers and users of these technol-
ogies over a day or week. More importantly, studies from our
group have shown good agreement in the inflammatory, oxi-
dative stress, and cellular damage endpoints between in vitro,
in vivo (rats) and in humans. Good concordance also exists in
the biomolecular endpoints of systemic oxidative stress,
inflammation, and respiratory symptoms (nasal blockage,
cough, excessive sputum production, breathing difficulties,
irritation of eyes and upper airways, headaches, dizziness, irri-
tant, and allergic rhinitis), and, in some cases, these symp-
toms were correlated in a quantitative fashion with duration
of employment (Table 3). Elevated cardiovascular markers in
one study (Elango et al. 2013; Table 3) also raise the possibil-
ity of cardiovascular disease, but this has not been looked at
closely yet.

Familiarity with this technology seems to feed a sense of
safety, one that is not supported by the existing exposure
and toxicological findings: that exposures can be at times
quite high; that exposure controls are practically non-
existent, and indoor ventilation insufficient; and that the
exposures are not benign, as we have discussed earlier. As
air pollution research reminds us, one does not need con-
tinuous high exposures to become ill. Instead, chronic expo-
sures, at low to moderate levels (averages of 10-30
particles/cm?), may be sufficient. Martin et al. (2017) docu-
mented 13 out of the 15 commercial photocopy centers in
the greater Boston area have workstations that were posi-
tioned less than approximately 3 m from the nearest TPE.
Justified concern for exposure to PM and gaseous pollutants
released during a print/photocopy job warrants both the



design and the implementation of both engineered and
administrative controls, as well as the development of regu-
latory limits governing policy to mitigate exposures to build-
ing occupants and patrons.

To-date, risk assessments of inhaled NP from LP and PC
are lacking, in part because the necessary data were not
available. Hanninen et al. (2009) conducted a risk assessment
of exposure to PMg; released by LP based on particle num-
ber and mass concentration, in addition to size distributions
reported in a previous publication. The authors did not con-
duct their own physico-chemical analysis of TPE emissions,
and such characterization became available years later. This
was done at a time when the chemistry of these emissions
was not understood and the black color of emissions and
toners feed the assumption (we hear this often) that such
emissions are carbon black. The authors made assumptions
that LP emissions are expected to exhibit similar toxicological
responses to CB or (urban) soot particles, which is not accur-
ate. In fact, such risk assessment exercises could be quite
problematic, because they make several inaccurate assump-
tions (chemical composition is inaccurate and disease end-
points may not be the more sensitive ones), which may lead
to wrong conclusions - with bias in either direction (safe or
not safe). The recently published (Sisler et al. 2015; Lu et al.
2016; Pirela et al. 2016) toxicological profiles of LP-emitted
PM point to biological activity that is higher to that of mild
steel welding fumes, as well as other metal oxide NP.
Nevertheless, the authors found that using the relative added
mortality risks based on particle number concentration and
mass concentration as separate metrics corresponded to 34
and 14 excess annual deaths/million users in an office envir-
onment, respectively. Similarly, for home offices and casual
consumer uses, the mortality risks were found to be 12 and 4
excess deaths/million users, respectively. The calculated
excess mortality surpasses the acceptable risk level (1 death/
million users) presently held by USEPA for hazardous waste
sites. The excess mortality found in the Hanninen et al. (2009)
study may be an underestimate given the limited available
data at the time as well as the erroneous assumptions about
the chemical composition of and toxicological properties of
nanoscale emissions from LP.

Policy or regulations on laser-based printing technology

The authors are unaware of any existing policy, regulation or
standard at the local, state, or federal level that address PM
emissions, emissions control, or emissions exposure to work-
ers or the general public for such printing technology. Based
on the increasing evidence in the medical case reports, toxi-
cological, and epidemiological literature, there is an emerging
and apparent need to develop awareness programs informing
workers, managers, and patrons of the hazards; emission con-
trols for existing TPE; new printing technology; and possibly
new indoor air quality guidelines that are protective to
worker and public health in indoor micro-environments that
house TPE (i.e. photocopy centers).

The exposure characterization data that have aggregated
in the literature thus far paint a reasonably clear picture of the
complex chemistry of TPE PMy; emissions. However, several
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reports indicate a large, yet unresolved, fraction of organic
compounds that remain to be fully characterized. Based on
these missing data, additional analytical assessment with a
particular focus on the sVOC fraction of TPE PMy; is war-
ranted. Filling in the organic data gap would enable research-
ers to construct a complete risk assessment using data
collected within actual working offices and commercial PC
centers.

There is a notable absence of data with respect to avail-
able and emerging control technology to mitigate PM emis-
sions. To date, the authors are aware of only one study to
evaluate controls that may be available to managers/owners,
hygienists, and health and safety practitioners. Wensing et al.
(2008) showed commercially available filters retrofitted to the
LP can reduce emissions to the indoor environment of up to
84%. Moreover, other controls such as local exhaust ventila-
tion and isolation have not been evaluated in the LP or PC
micro-environment as means to minimize exposures.
Similarly, reformulation of toners to reduce toxicological
properties of PM emissions might offer the toner industry a
safer by design approach to address this issue.

The regulatory environment and indoor occupational
exposure guidelines present in the United States, and pre-
sumably elsewhere, with respect to PMg; emissions from
TPE are lacking. Generally speaking, both OSHA and USEPA
have adopted provisions and recommendations developed
by the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) with respect to indoor air
quality, ventilation, and comfort. Similarly, state and local
agencies generally adopt ASHRAE standards on ventilation
(ASHRAE 62.2-2010) (ASHRAE 2010). The ASHRAE standard
merely mentions PM as PM;q as a selected contaminant
with a concentration of interest threshold of 50ug/m?>.
Failing to bring attention to nano-sized PM fractions, par-
ticularly PMg, in the ASHRAE standards is a clear indication
that ultrafine particles do not seem to be a priority pollu-
tant in the indoor environment.

Conclusions

Presently, the available information clearly indicates substan-
tial exposures to NP due to LP and PC use. Although toxicol-
ogy and molecular epidemiology of these emissions warrants
further research as outlined below, current state of evidence
also warrants efforts towards exposure mitigation strategies.
Martin et al. (2017) outlines a number of strategies and
options to achieve this. The knowledge base for developing
engineering solutions and the necessary tools are available. In
the case of TPE emissions, besides developing effective control
technologies on existing devices as outlined above, promotion
of a new generation of clean printing and photocopying tech-
nologies, which are now commercially available, must be
encouraged. Moreover, an awareness campaign to inform
workers and the general public of the potential hazards associ-
ated with TPE use is also important. The indoor air quality
guidelines for indoor spaces, which even when met do not
provide sufficient ventilation, should be revised to address this
pollution source. Likewise, further research is needed to
untangle contribution of the various organic and inorganic
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components of the TPE-emitted PM, as well as to identify pos-
sible chemical signature patterns and exposure markers for
organics in the released pollutants. The catalytic role of metal
oxide ENM in the formation of other pollutants is also sus-
pected, given that such effects are known in air pollution
research. Furthermore, these metal oxides may play an import-
ant role in the formation of ROS and oxidative stress, as well
as in serving as condensation nuclei for organics. Transition
metals corresponding to metal oxide ENM in toners may
account from 2 to 10% of the airborne PM ; fraction.

Despite there being a growing database on in vitro and in
vivo adverse effects (oxidative stress, inflammation, DNA dam-
age, and respiratory disease such as cough, wheeze,
increased sputum production, etc.) following exposure to
emissions from TPE, there are still several questions regarding
the toxicological mechanism/s of action of these particles,
metal oxide ENM, and gaseous co-pollutants. Lastly, large-
scale toxicological and epidemiological studies are warranted
to understand potential disease development in chronically
exposed populations of workers and consumers. Such studies
should assess the impact of emissions from TPE on the
respiratory (e.g. lung function, rhinitis), immune (allergies),
cardiovascular, nervous system, and possibly liver.

It is of critical important that future studies do not repeat
the same mistakes of past studies. With regard to cellular and
animal testing, these include the use of TPE-emitted nanopar-
ticles and not toners, dispersion, and dosimetry considera-
tions, in vitro and in vivo dose equivalency calculations,
realistic dose ranges and dose rates, true sub-chronic and
chronic inhalation studies in animals, and a combination of
biomolecular markers and histopathology of the target
organs. The studies should also attempt to address directly
quantitative links between biomolecular markers and disease
development. As mentioned earlier, the use of ELISA kits for
urinary 8-oxodG and other analytes, as well as global/non-
specific assays such as TBAR and FRAC should be substituted
with more specific markers, and measured whenever possible
with liquid chromatography-mass spectrometry techniques.

Large-scale human epidemiological studies should first
and foremost ensure good quality quantitative exposure
assessment, lack of which has been one of the most common
limitations of most studies to date. Personal nanoparticle
monitors are now encouraged because they are now avail-
able. Furthermore, they should collect and report contextual
information on exposures and activities; and quantify and
verify health effects in a more objective manner rather than
rely on self-reported symptoms. Most importantly, these stud-
ies should quantify prevalence of disease in such populations
and strive to provide quantitate exposure-response analysis.
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