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Background: Several recent studies have linked emissions fromprinting equipmentwith upper airway inflamma-
tion and systemic oxidative stress in healthy humans, lung inflammation in mice, and cytotoxicity, induction of
inflammatory markers and epigenetic changes in human cell lines. Acute exposures have lead to upper airway
inflammation and systemic oxidative stress, which for certain markers took longer than 24–36 h post-exposure
to clear.
Objective: In this follow-up work, we determined: i) whether chronic exposures to nanoparticles from copiers
lead to chronic upper airway inflammation and systemic oxidative stress; and ii) whether expression patterns
of biomarkers for such stresses change during transition from acute to chronic exposures.
Methods: Six permanent employees from three copy centers and eleven controls participated in the study. Nasal
lavage and urine samples were collected on Monday morning (pre-shift, Mo-AM) and evening (post-shift, Mo-
PM), as well as at the end of theworkweek (Fr-PM), over three randomweeks. Thematched controls were sam-
pled over one week. Nasal lavage samples were analyzed for a panel of 14 pro-inflammatory cytokines/
chemokines, inflammatory cells, and total protein. Urine sampleswere analyzed for 8-OH-dG, a biomarker of sys-
temic oxidative stress. Detailed quantitative exposure assessment to airborne nanoparticles was conducted for a
whole week, and included size distribution, size-fractionated aerosol collection, extensive chemical analysis, and
lung burden estimates.
Results: The daily geometric mean total particle number concentration varied between 14,600–21,860 particles/
cm3, 1.7–12.1 times greater than background, with maxima up to 143,000 particles/cm3. Mass concentration of
the nanoscale fractionwas in the 1–10 μg/m3 range. Chemical composition of the nanoparticle fractionwas com-
prised mostly of organic compounds, mixed with several engineered nanoparticles, which contributed a metal
content ranging from 2 to 8% of the total particulate mass.
Five out of the 14 inflammatory cytokines, namely IL-6, IL-8, TNFα, IL-1β and Eotaxin, were significantly elevated
in the nasal lavage samples of the chronically exposed copier operators (p b 0.0001) relative to controls. One cy-
tokine, G-CSF, was significantly down regulated (p b 0.0001) in copier operators (p b 0.05). The level of all six cy-
tokines did not change significantly across days (i.e. Mo-AMvs.Mo-PM, andMo-AM vs. Fr-PM) and acrossweeks
in chronically exposed individuals. In addition, there were significant (p b 0.0001) increases in inflammatory cell
infiltration (2.7 fold) in nasal lavage samples and 8-OH-dG in (4.3 fold) in urine samples.
Conclusion: Chronic upper airway inflammation and systemic oxidative stress were documented in photocopier
operators chronically exposed to nanoparticles. These findings agree with the recent toxicological literature on
printer-emitted particles and medical case reports, and call for an industry-wide study of the health effects
resulting from exposure to printer-emitted particles in chronically exposed workers. Inflammatory markers
point to possible involvement of toll-like receptors, particularly TLR-4, oxidative stress, and the Nf-kB pathway
in mediating airway tissue inflammation.
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1. Introduction

Toner-based printing devices, namely laser printers and photo-
copiers, emit high levels of nanoparticles (Bello et al., 2013; Martin et
al., 2015; Pirela et al., 2014). Printing and photocopying, like many
other industries, have shifted fully to nano-enabled toner formulations
that incorporate several engineered nanoparticles in toner and paper
(Martin et al., 2015; Pirela et al., 2014). Exposures of photocopier
operators are primarily to nanoparticles. Volatile organic compounds
(VOCs and ozone), historically major contaminants emitted from
photocopiers, have been reduced over the years as a result of toner re-
formulations and other technological modifications (Martin et al.,
2016). Nanoparticles are at present the main contaminant emitted
from photocopiers.

The airborne nanoscale fraction of emissions from copying equip-
ment is a complexmixture. It contains incidental nanoparticles generat-
ed as a result of the condensation of semi-volatile organic compounds
originating from thermal decomposition of the polymeric material of
the toner, as well as engineered nanoparticles added to the toners
(Martin et al., 2015). Several engineered nanoparticles have been iden-
tified in toners, including among others iron oxide (Fe2O3), titanium di-
oxide (TiO2), silicon dioxide (fumed silica or SiO2), aluminum oxide
(alumina or Al2O3), cerium oxide (ceria or CeO2), and oxides of copper
(Cu), manganese (Mn), and nickel (Ni). Chronic health effects of such
nanoparticle exposures in full-time copier operators and frequent print-
er users have not been studied and, mechanistically, remain poorly un-
derstood, in part because responses associatedwith repeated exposures
have received attention only in the past few years. In this paper, we will
refer to photocopiers and printers collectively as toner-based hard copy
devices. Indeed, we have shown in two separate studies (Martin et al.,
2015; Pirela et al., 2014) that emissions from such devices are chemical-
ly and morphologically quite similar, and the only major difference be-
tween the two technologies is the volume of printing or photocopying,
i.e. the resulting exposure profiles.

In an earlier paper, we demonstrated that acute exposures to nano-
particles from photocopying leads to acute upper airway inflammation
and systemic oxidative stress in young, healthy volunteers (Khatri et
al., 2013a). In that study, a single exposure episode of up to six hours
with a daily average exposure of 20,000 to 30,000 particles/cm3 trig-
gered a notable increase 6-h post-exposure of several inflammatory
markers in the nasal lavage, including interlukin-6 (IL-6), interlukin-8
(IL-8), tumor necrosis factor α (TNFα), interlukin-1β (IL-1β), granulo-
cyte-colony stimulating factor (G-CSF), epidermal growth factor
(EGF), interlukin-10 (IL-10), monocyte chemoattractant protein-1
(MCP1), fractalkine and vascular endothelial growth factor (VEGF).
Most of these cytokines - TNFα, IL-1β, G-CSF, IL-10, MCP1 and VEGF -
reached baseline levels within 24–36 h, whereas four cytokines - IL-6,
IL-8, EGF, and fractalkine - remained elevated even 30 h post-exposure.
Urinary 8-hydroxy-2′-deoxyguanosine (8-OH dG), a marker of systemic
oxidative stress, aswell as neutrophil infiltration and total protein in the
nasal lavage also increased 6 h post-exposure and returned to pre-expo-
sure level by 30h post-exposure. These responses exhibited similar pro-
files to those of cytokines. Based on such acute responses, one would
hypothesize that chronic exposures to nanoparticles fromhard copy de-
vices could trigger development of chronic inflammation. These in-
creased inflammatory and oxidative stress responses in humans were
recapitulated in three human cell types exposed to the same particles
- differentiated THP-1 macrophages, primary small airway bronchial
cells, and primary nasal airway cells (Khatri et al., 2013b). Pulmonary
inflammation was also observed in vivo in Balb/c mice (Pirela et al.,
2013). It was further shown in THP-1 macrophages that photocopier
nanoparticles induced increased transcription of inflammatory (TNF-
α) genes, oxidative stress genes (HO-1, GPX1, SOD1), and apoptotic
(p53, CASP8) genes (Khatri et al., 2013b). More recently, Pirela et al.
(2016) used several cell lines (specifically THP-1 macrophages, small
airway epithelial cells (SAEC), and lymphoblasts (TAC6)) exposed to a
range of doses relevant to consumer exposures and found increased cel-
lular toxicity plus increased expression of pro-inflammatory cytokines/
chemokines and intracellular oxidative stress, as well as modest epige-
netic modifications. Of note, we have shown in-vitro and in-vivo that
copier nanoparticles are significantly more potent than micron-sized
copier particles or 30 nm copper oxide nanoparticles, and comparable
to or evenmore potent thanwelding fumes and diesel exhaust in induc-
ing cytotoxicity, inflammatory markers, and lung injury (Pirela et al.,
2014; Khatri et al., 2013b; Pirela et al., 2013; Khatri et al., 2013c).

There is understandably great interest in studying the effects of
these nanoparticle exposures in the lower airways and other extra-pul-
monary organs (as examples liver, kidneys, hematopoietic and nervous
systems). Indeed,most of the existing studies on engineered nanoparti-
cles in workplaces, or ultrafine air pollution, do focus on deep airways
and circulatory markers (Liou et al., 2015; Liou et al., 2012). However,
the upper airways are often overlooked. The cellular responses of the
tissues in the upper airways to nanoparticles are of great interest for
two major reasons. First, the upper airways are implicated directly in
rhinitis, airway hyperreactivity, and other inflammatory conditions
and diseases (Wagener et al., 2013). Secondly, the cells in the upper air-
ways cross-talk with other cell types in the lower airways, exacerbating
or sustaining inflammation (Wagener et al., 2013; Vroling et al., 2008;
Bernstein et al., 2008; Bernstein and Smith, 2014). Of particular interest
for human exposures to nanoparticles is the possible role of the olfacto-
ry bulb in nanoparticle uptake and translocation towards the brain. An-
osmia, or loss of the sense of smell, and hyposmia (reduced smell
sensation) are well-known conditions among photocopier operators,
which historically has been attributed to ozone and volatile organic
compounds (VOCs). However, thismay not be the case, since technolog-
ical innovations in the design of hard copy devices and the toner formu-
lations have reduced both ozone and VOCs exposures (Kowalska and
Zajusz-Zubek, 2009; Lee et al., 2001). Nanoparticles are now the major
exposure source from hard copy devices and the main suspect agent.

Currently, the temporal dynamics of airway inflammation following
chronic nanoparticle exposures, the exact molecular mechanisms in-
volved in the cellular responses, and thefluctuations in levels of such in-
flammatory/injury markers under repeated, realistic exposures are
poorly understood.

Themain objective of this work is two-fold. First, the study aimed to
establish that chronic exposures to nanoparticles from copy equipment
can lead to chronic upper airway inflammation and chronic oxidative
stress. We focused on markers of inflammation collected from nasal la-
vage andmarkers of oxidative stress in urine samples, in part because of
thematched endpoints from acute human exposures and in-vitro stud-
ies. Second, the work aimed to better understand the within- and be-
tween-person variability in the expression levels of inflammatory
biomarkers. This second aim of the study is helpful in gainingmechanis-
tic insights into the mode of action of these nanoparticles, understand-
ing inter-individual susceptibility, and in identifying optimal sampling
schemes for large-scale human studies.

2. Methods

2.1. Study population and recruitment

We targeted full-time photocopy operators chronically exposed to
nanoparticles from commercial photocopying as part of their job. Sub-
jects were recruited by distributing flyers in commercial photocopy
centers in the Northeast United States. Detailed presentations on the
project were given for the interested individuals. Six operators from
three commercial photocopying centers agreed to participate in the
study. Eleven controls (individuals not involved with routine
photocopying or printing activities, and with minimal exposure to
nanoparticles from copying equipment) were also recruited at the
same time. These controls were selected from employees in the same
building as the photocopier operators and met the following criteria:
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i) adults over the age of 18; ii) non-smokers; iii) not suffering from flu,
allergies, or asthma at the time of the study; iii) not taking any anti-in-
flammatory medication, especially nasal sprays or drops at the time of
the study; and iv) not-pregnant (if women). The chronically exposed
workers had to be full-time employees of commercial copy centers, de-
fined as centerswith at least one full-time employee,whose primary job
was printing and photocopying. These employees had been working
from 2 to 15 years in this job. Similarly, they should not be suffering
from flu during the study week. By design, we preferred to recruit
only non-smoking operators. Five of the six operatorsmet this criterion.
The sixth operator, a female smoker and an enthusiastic participant,was
allowed to participate in this pilot study. The impact of smoking on
study outcome is discussed later. Copy center participants were asked
to fill out a brief questionnaire about their age, gender, respiratory
health status, use of medications, and the potential non-occupational
exposures to (copier and printer emitted) nanoparticles. The study
was approved by the institutional review board of the University of
Massachusetts Lowell (IRB Protocol #: 09-117-BEL-XPD).

2.2. Chronically exposed copier operators

Nasal lavage and urine samples were collected on Monday morning
pre-shift (Mo-AM) and post-shift (Mo-PM), as well as at the end of the
workweek (Friday post-shift or Fr-PM), yielding 3 samples per individ-
ual per week for 3 weeks (nine/individual). Each copier operator was
sampled for three random weeks over the course of two years in
order to assess variability in these effect biomarkers. One copier opera-
tor decided to drop out in the middle of the study and was sampled for
only one week.

2.3. Controls

Healthy volunteers who met the criteria described earlier were re-
cruited to serve as controls. As with the exposed group, these controls
were asked to give 3 nasal lavage and 3 urine samples during the course
of one week (Monday pre-and post-shift and Friday post-shift, e.g. Mo-
AM, Mo-PM, and Fr-PM) chosen randomly over the course of the study.

2.4. Exposure characterization

Commercial photocopying centers are often small businesses, com-
monly employing between 1 and 3 full time employees (Martin et al.,
2015). Detailed information was collected for each copy center by certi-
fied occupational hygienists, and included: physical layout and geo-
graphic location of the center, ventilation type and rates, number and
type of copiers, workload activities, and other indoor air quality
parameters.

Exposure characterization included real-time and integrated sam-
pling for detailed physico-chemical analysis. Real-time instruments
were used to monitor size distribution and total number concentration
of airborne particulate matter in the copy center environment of the
chronically exposed population. Since validated personal monitors for
nanoparticles were lacking at the time of this study and are still not
widely used, we relied on area monitoring instrumentation and inte-
grated sampling as described in detail in earlier work (Bello et al.,
2013; Martin et al., 2015). The inlets of these instruments were posi-
tioned at breathing zone height in a location where the employee
spent the majority of the working day time. Instrumentation used for
airborne nanoparticle monitoring included: i) a Fast Mobility Particle
Sizer (TSI Inc., FMPS Model 3091, 5.6–560 nm range, 1 s response
time); ii) an Aerodynamic Particle Sizer (TSI Inc., APS Model 3321,
0.5–20 μm range, 1 s response time); and iii) a Condensation Particle
Counter (TSI Inc., CPC Model 3007, total number concentration in 0.1–
1 μm, 1 s response time). Size selective sampling of airborne particulate
matter was conducted with the Harvard cascade impactor (30 L/min)
for a whole week during one of the three study weeks. Each fraction
(PM0.1, PM0.1–2.5, and PM2.5–10, μm) was analyzed gravimetrically for
total mass. Chemical analysis included: total and water-soluble fraction
of a panel of ~50 metals/elements by inductively coupled plasma mass
spectrometry (ICP-MS); organic and elemental carbon content, soluble
ions, and organic functional group characterization, as described in
Bello et al. (2013) and Martin et al. (2015).

Controls were sampled in their work environment (offices). The
range of daily mean total particle number concentration for controls
was 1200 to 7600 particles/cm3.

2.5. Nasal lavage sampling technique

Nasal lavage (NL) was performed according to our previously pub-
lished procedure (Martin et al., 2016) and is briefly summarized here
for clarity. The nasal cavity was misted over with saline and the liquid
was aspirated back using a mucous trap tube connected with an
evacuator. The NL procedurewas repeated twice (yielding, based on re-
covery studies, ~93% of total recoverable cytokines from three subse-
quent NL procedures) (Khatri et al., 2013a).

2.6. Sample processing

Following collection, the specimenswere immediately cooled on ice
in the field and transportedwithin 30min to the laboratory, where they
were immediately vortexed for 15 s and centrifuged at 500 ×g for
10 min at 4 °C. A protease inhibitor cocktail 0.01% v/v was added to
the supernatant, and the samplewas then stored at−80 °C until further
analysis. The pellet of cells was resuspended in 250 μL of phosphate-
buffered saline (PBS), supplemented with 0.1% v/v bovine serum albu-
min (BSA) and 0.1% mucus lysine solution. This cell suspension was
used to obtain total cell count and cell differentials. Total cell count
was obtained using a Neubauer's hemocytometer. For differential cell
counts, smears were obtained from 75 to 100 μL of cell suspension
using a Cytospin. Slides were stained with Wright and Giemsa dyes,
air-dried, fixed with a drop of Permount (vwr) and then covered with
a coverslip. Cell types were identified by characteristic morphologies
under bright field microscopy at 400× magnification. Cell counts were
performed randomly using several fields of view from each slide. Flow
cytometry analysis of cell types was attempted on these NL samples,
however the large cell size of nasal epithelial cells resulted in repeated
clogging of the lines in the flow cytometer.

2.7. Target inflammatory biomarkers

Cytokine and chemokine analysis was performed according to our
previously published method (Khatri et al., 2013a). The first round of
nasal lavage samples was assayed using a 42-plex high sensitivity
human cytokine kit (Millipore, Billerica, MA), according to the
manufacturer's instructions. The results were then analyzed using a
Luminex 200 IS System (Luminex Corporation, Austin, TX). Cytokine
concentrations were calculated, using Upstate Beadview (Temecula,
CA) software. Following these preliminary results, up to 14 cytokines
showing differences between copier operators and control groups
were selected for routine analysis using a 14-plex kit from the same
manufacturer. The 14 cytokines included Eotaxin, EGF, G-CSF, GM-CSF,
IL-1α, IL-1β, IL-6, IL-8, IL-10, Interferon-γ (IFN-γ), MCP-1, TNF-α,
Fractalkine, and VEGF. Cytokine levels in nasal lavage fluid were well
above the Luminex limits of detection for most samples (which for
most cytokines is in the low teens of pg/mL). Cytokines with values
below their respective limit of detection (LOD) were estimated as
LOD/√2 for that particular cytokine.

2.8. Total protein

Total protein concentration was measured from the supernatant in
all NL samples using a bicinchoninic acid (BCA) protein assay kit (Pierce,
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Rockford, USA) according to the manufacturer's instructions, with
measurements performed using a 96-well microplate reader
(SPECTRAmax + 384, Molecular Devices).
2.9. Urine sample collection

Urine samples were collected in sterile medical grade 90 mL con-
tainers, specifically designed for this purpose. After collection, the sam-
pleswere centrifuged at 5000 × g for 10min at 4 °C, aliquoted in several
individual 1mL polypropylene cryovials and stored at−80 °C until use.
2.10. 8-OH-dG oxidative stress biomarker analysis

Urine analysis for 8-OH-dG was done on an absorbance microplate
reader using a commercially available ELISA kit (Japan Institute for the
Control of Aging (JICA), Fukuroi, Japan). The assay was performed ac-
cording to the manufacturer's instructions. The 8-OH-dG values from
the samples were calculated based on calibration sigmoid plots of the
absorbance (450 nm) of an 8-OH-dG standard at various concentrations.
Urine samples, diluted 4–10 times, were analyzed for creatinine as
previously described using a colorimetric assay kit based on picric acid
(Oxford Biomedical Research Inc.) per manufacturer's instructions, and
8-OH-dG measurements were reported as creatinine-adjusted concen-
trations (microgram/gram) to account for variations in urine dilution.
2.11. Statistical analysis

Exposure and biomarker datawere examined for the underlying dis-
tributions using the Shapiro-Wilks statistics and by graphing probability
plots and histograms using the SAS System for the PC (SAS v 9.2 Inc.,
Carry, NC). Exposure data (e.g. total number concentration asmeasured
by different instruments) fitted a log normal distribution. The natural
logarithms of the measured exposure data were used for all analyses,
and the geometric mean (GM) and geometric standard deviation
(GSD)were used to describe such distributions. Real-time PMmeasure-
ments were found to be highly auto-correlated and, as such, summary
statisticswere calculated using the AUTOREG procedure in SAS. Similar-
ly, all biomarker data, except for inflammatory cells, were found to be
log normally or approximately log normally distributed and all subse-
quent analyses were performed on log-transformed data. Inflammatory
cell data, which were expressed as percent difference from controls,
were normally distributed. The data (exposure and biomarker) below
the limit of detection were estimated as LOD/√2. Because of the repeat-
ed measurement design, mixed models with a random intercept and
compound symmetry covariance structure were used to test for cross
day and cross week changes in cytokines, total protein, and 8-OH-dG
levels (Khatri et al., 2013a).
Table 1
Demographic information for controls (n = 11) and photocopier operators (n = 6) enrolled in

Chronically exposed copier operators Center Age
(years)

Gender
(M/F)

Current s
(Y/N)a

Subject 1 A 52 F Y

Subject 2 A 40 F N
Subject 3 B 55 F N
Subject 4 B 34 M N
Subject 5 C 42 F N
Subject 6 C 35 M N
Exposed mean (range) n = 6 43.0 (35–57) 4F, 2M 1Y, 5N
Controls mean (range) n = 11 39.3 (25–61) 7F, 4M N

For overall exposed and controls, we report mean age (yrs.), range, % females, and a test for sig
a Current smoker, defined as smoking during the past year, as well as during the study perio
3. Results

3.1. Study population

A total of 17 subjects (6 full time copier operators from three copy
centers and 11 controls) were enrolled in the study. The demographics
of subjects stratified by their job status are summarized in Table 1. The
mean age of the participating copier operators, 43.0 years old (range
37–57), was slightly higher than the mean age of control subjects
(39.3 year old (range 25–61)). Of the 6 full time copier operators, only
one was a smoker. All others (subjects and controls) were never
smokers. The smoker was included in the final analysis because bio-
marker levels for this individual were not different from the other five.
Furthermore, excluding this individual from the analysis set (five vs.
six subjects) did not have a statistically significant impact on biomarker
distribution values for the exposed group or its comparison with
controls.

Some of the symptoms reported by the operators were headache,
watery eyes, loss of smell, and dry mouth during working hours. One
operator (Center C) reported serious sinus problems that developed
during the first two years of employment, and that required surgical in-
tervention. He continued to have periods of a severe runny nose and al-
lergic symptoms but was not taking any medications at the time of the
study. One of the employees in center B stated that she was diagnosed
with asthma. This personwas taking over-the-counter oral medications
to treat allergies during at least oneweek of the study period. All control
individuals were healthy non-smokers who did not report any respira-
tory symptoms.

3.2. Commercial copy centers

All three copy centers featured two high-volume, high-speed photo-
copiers from the same manufacturer, capable of monochrome print
speeds between 75 and 105 pages per minute. Printing volume for
each copy center varied by day. Center A had a daily average of
14,373 copies/day (range 5670–21,674), center B 4500 (range 1053–
12,060); and center C 5258 (range 2100–8300).

3.3. Nanoparticle exposure

Detailed physico-chemical and morphological characterization of
nanoparticle exposures, including size distribution, number concentra-
tion, and chemical analysis in these centers is published in Martin et
al. (2015) as part of a much larger study. The summary exposure infor-
mation provided herein has been extracted from that study and is
intended to provide relevant exposure information. The total particle
number concentrations showed considerable variation from day to
day and center to center andwere found to be log normally distributed.
The weekly geometric mean concentration as measured by FMPS
ranged from ~11,450 to 13,600 particle/cm3 (Table 2). The range of
this study.

moker Years at
work

Self-reported symptoms

15 Watery eyes during work hours, skin darkening around the
nose and cheeks

8 Headache during and after work day, feels normal on holidays
6 Anosmia (loss of smell), asthmatic
2 No symptoms reported
5 Eye irritation
7 Dry mouth and headache, runny nose, severe allergies

Healthy individuals; no particular symptoms were reported

nificance.
d.



Table 2
Weekly summary statistics of nanoparticle exposures at three high volume commercial
photocopy centers in the Northeast.

Center
ID

Total particle number concentration (#/cm3) Ratio
GMp/GMbkgd

PM0.1

(μg/m3)
AM GM GSD Max Range of

daily GM

A 15,614 13,633 1.7 46,000 8859–23,612 12.1 4.5
B 14,641 12,966 1.7 62,600 4274–15,264 1.7 2.2
C 21,869 11,435 2.9 143,000 4895–30,795 3.5 2.2

Legend: AM, arithmetic mean; GM, geometric mean; GSD, geometric standard deviation;
max, maximummeasured concentration. The GM and GSDwere estimated after account-
ing for the autocorrelation of the real-time data. GMp/GMbkgd is the ratio of the geometric
mean of exposure distributions relative to the background values collected prior to the be-
ginning of the work day. Reproduced with permission of Martin et al. (2015).
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daily geometric means varied between 4300 and 30,800 particle/cm3.
Geometric standard deviations varied between 1.7 and 2.9. Peak maxi-
ma as high as 143,000 particles/cm3 were recorded during the study
weeks in these centers. Arithmetic mean exposures varied between
14,640 and 21,860 particle/cm3. Average particle size distributions
were stable throughout weekly measurements, with count median
(electrical mobility) diameters of 23–28 nm (Fig. 1). Mass size distribu-
tion data are shown in Supplemental Fig. S1. The mass concentration in
Center A was approximately 2 times the mass concentration found in
Center B and Center C. Elemental composition data are presented in
Table 3. Note that other than Ca, P, S, Na and K (last two not shown),
Fig. 1. Average weekly size distribution of airborne nanoparticles emitted from photocopiers
indicates the arithmetic mean of each channel, whereas the dotted lines indicate the 5th (ligh
different photocopy centers, but within each center they remain relatively stable across diff
average size distribution.
themore abundant elements were Fe, Zn, Al, Ti and Cu, each likely orig-
inating from their respective oxides.

3.4. Lung deposition dose

Lung deposition was estimated using the Multiple Particle Path Do-
simetry Model software (MPPD v.2.1). The deposited fraction for each
pulmonary region was estimated to be ~6% (5.7–6.2%) in the head and
upper airways region, ~12% (11.2–13.1%) for the thoracic region, and
~18% (17–20.2%) for the alveolar region (Table 4, Supplemental Fig.
S2). The total deposited fraction anywhere in the airwayswas estimated
at 33.7–39.8%.

3.5. Inflammatory biomarkers in the nasal lavage

3.5.1. Inflammatory cells
We calculated the content of Peripheral Mononuclear Cells (PMNs)

as a percentage of total cells in each NL sample. The mean % PMN in
the NL of control subjects was 14.9% and there was no statistical differ-
ence between different time points across any given week (i.e. Mo-AM,
Mo-PM and Fr-PM). However, the mean % PMN in the NL of chronically
exposed copier operators was much higher, constituting 39.9% of the
total cells, which was significantly higher than controls. In addition,
the PMN concentration remained high across the whole week for all
weeks of analysis (Week 1, 38.73%; Week 2, 42.18%; Week 3, 42.25%)
in the chronically exposed copier operators and therewas no significant
at three commercial photocopy shops (Center A, B and C) in the Northeast. The blue line
t green) and the 95th percentiles (red). Size distributions vary significantly between the
erent days. CMD, count median diameter, nm; σg, geometric standard deviation of the



Table 3
Magnetic sector inductively coupled plasma mass spectrometry (SF-ICP-MS) analysis of the nanoscale aerosol fraction collected with the Harvard Compact Cascade Impactor (CCI). Ele-
mental analysis included47 elements, ofwhich themost abundant are tabulated. Other elements testedwere Ag, Cd, Ce, Co, Cs, Dy, Eu, Ho, La, Li, Nb, Pd, Pr, Pt, Rb, Rh, Sb, Sc, Sm, Sr, Th, Tl, U,
Y and Yb.

Center ID Element Fe Zn Cu Mn Sn Cr Al Mo Ca Ti Ni S As V Pb

1 Total (μg/g) 2871 723 156 45 19 20 771 3.4 2460 182 19 8393 12 55 35
(SD) 180 109 9 3 3 2 71 0.5 223 16 3 784 3 4 2.8

2 Total (μg/g) 2972 1576 187 75 94 29 926 25.5 1947 308 97 50,450 89 136 846
(SD) 186 184 10 5 6 3 84 2.3 194 31 9 4462 10 9 65.8

3 Total (μg/g) 4100 1810 778 132 243 110 3240 27 14,500 548 88.7 40,100 45 24.5 250
(SD) 18.4 12.7 2.64 0.74 1.7 0.87 21.6 0.37 92.7 6.34 1.13 289 0.75 0.30 1.28
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difference between different days of the weeks as well as during differ-
ent weeks (Tables 5 and 6 and Figs. 2 and 3).

3.5.2. Total protein
The geometric mean total protein in the NL of chronically exposed

copier operators was four-fold higher (1491.08 μg/mL) as compared to
controls (341.24 μg/mL) (Table 5). No significant difference was
observed in the mean total protein values of the chronically exposed
copier operators during the week (Mo-AM, 1495.09 μg/mL; Mo-PM,
1497.94 μg/mL; Fr-PM, 1480.27 μg/mL) and between-weeks (Week 1,
1594.25 μg/mL; Week 2, 1449.75 μg/mL; Week 3, 1415.27 μg/mL)
(Table 6, Fig. 3). Similarly, the mean total protein did not change signif-
icantly across weeks in control subjects.

3.5.3. Inflammatory cytokines and chemokines
Fourteen inflammatory cytokines and chemokines were assessed in

theNL samples. Five of them, namely IL-6, IL-8, TNFα, IL-1β (p b 0.0001)
and Eotaxin (p b 0.05), were found to be significantly elevated in the
chronically exposed copier operators. The level of these five cytokines
did not change significantly across days andweeks in the chronically ex-
posed individuals (Tables 5 and 6 and Fig. 3). The ratio of the geometric
mean values (copier operators/controls) ranged from 2 to 10, depend-
ing on the type of cytokine. For example, IL-6 in chronically exposed op-
erators was elevated 9.4-fold relative to controls, IL-8, 12.1-fold; TNFα,
6.0-fold; IL-1β, 2.27-fold; and Eotaxin, 2.4-fold. G-CSF was found to be
significantly down-regulated (p b 0.0001) in copier operators relative
to controls; the geometric mean values for G-CSF in exposed workers
was 10.5-fold lower than in controls.

3.5.4. 8-OH-dG in urine
The mean 8-OH-dG concentrations in chronically exposed copier

operators (19.05 μg/g) were significantly higher than in controls
(6.80 μg/g) (Tables 5 and 6). No significant difference was observed in
Table 4
Summary statistics of the particle size distribution and multiple path particle deposition
model estimates for human airways in the three high-volume commercial photocopy
centers in the northeast United States. CMD, count median diameter (nm); MMD, Mass
median diameter (nm). Deposition statistics derived with the multiple path particle do-
simetry (MPPD) model software v. 2.1. Reproduced with permission from Martin et al.
(2015).

Center
ID

CMD
(nm)

σg MMD
(nm)

Mass conc.
μg/m3

% Deposition (number)

Totala Head Thoracic Alveolar

A 35.1 1.9 123.9 4.5 33.7 5.7 11.1 17.0
B 23.1 2.1 113.2 2.2 35.9 6.2 12.1 17.9
C 38.3 1.7 86.48 2.2 39.8 6.4 13.2 20.2

Human model Breathing parameters

Functional residual capacity: 3300.0 mL Tidal volume: 625 mL
Head volume: 50 mL Breathing frequency: 12 breaths/min
Breathing route: nasal Inspiratory fraction: 0.5

Pause fraction: 0.0

a Percent particle deposition is based on particle number available for deposition as
measured by real-time particle measuring instruments used during this study.
8-OH-dG concentration in different within-week samples (Mo-AM,
18.78 μg/g; Mo-PM, 18.79 μg/g; Fr-PM, 19.59 μg/g) and between-
weeks (Week 1, 17.26 μg/g; Week 2, 20.60 μg/g; Week 3, 19.83 μg/g)
in chronically exposed copier operators (Fig. 3). Similarly, there was
no significant difference in 8-OH-dG concentration across throughout
the week or between weeks in the control group.

3.5.5. Cross-week differences
There were no significant differences between Mo-AM and Mo-PM

biomarker measurements as well as between Mo-PM and Fr-PM for
all markers (p N 0.05) (Supplemental Fig. S1), suggesting a steady
state has been reached in these biomarkers.

4. Discussion

In the present study, we report on the kinetics of upper airway in-
flammation and systemic oxidative stress in a small group of six copier
operators from three copy centers following chronic exposure to nano-
particles from photocopiers. This study is the sixth in a series of reports
published by the authors describing the physicochemical properties and
toxicological potential of nanoparticles from photocopiers. In earlier
studies, we reported significantly elevated levels of inflammatory and
oxidative stress markers after acute exposure to such nanoparticles,
and these results were corroborated by in-vitro data using several
human cell lines as well as animal instillation studies (Pirela et al.,
2014; Martin et al., 2016; Khatri et al., 2013a; Khatri et al., 2013b). We
also show in-vitro (Khatri et al., 2013c) and in-vivo (Pirela et al.,
2013) that these nanoparticles were more toxic and inflammogenic
than the corresponding fine particles fraction (0.1–2.4 μm) and size-
matched copper oxide nanoparticles and iron oxide nanoparticles, as
well as welding fumes and diesel exhaust.

We purposefully designed the current studywith the samematched
molecular endpoints of upper airway inflammation and systemic oxida-
tive stress as in the acute exposure study (Khatri et al., 2013a) so that
changes in such biomarkers from acute to chronic exposures could be
investigated. Furthermore, the repeated measures design over three
randomweeks allowed investigation of variability in these inflammato-
ry and oxidative stress markers between days in a week and across dif-
ferent weeks. High variability (aka sensitivity) of such biomarkers to
daily changes in exposure profiles limits their utility for routine, larger
scale biomolecular studies.

One important observation relates to remodeling of inflammatory
patterns in chronically exposed individual relative to a single acute ex-
posure. PMN and total protein in nasal lavage and 8-OH-dG in urine
remained elevated in chronically exposed individuals, although at
much higher levels than during a single acute exposure. Only a subset
of five cytokines and chemokines were differentially expressed follow-
ing chronic exposures. Four of them, namely IL-6, IL-8, TNFα, and IL-
1β, were up-regulated, whereas G-CSF was down-regulated relative to
controls. Two other cytokines, IL-1α and Eotaxin, were slightly elevated
withmarginal significance. However, IL-10, awell know anti-inflamma-
tory cytokine that was overexpressed in volunteers following a single
acute exposure, was no longer elevated in chronically exposed individ-
uals. As we will discuss in detail later in this section, this current



Table 5
Summary statistics of the biomarker levels in the nasal lavage (cytokines, PMN, total proteins) and urine (8-OH-dG). All markers, except PMN are log normally distributed and expressed as
mean of ln (variable). The values are averaged across all three weeks. Weekly measurements for were collected onMonday morning before the start of work shift (Mo-AM), Monday af-
ternoon at the end of the shift (Mo-PM) and Friday afternoon post-shift (Fri-PM). Sampling of controls was conducted during similar times.

Biomarker Controls overall NL Chronically exposed workers averaged over three
weeks NL

p value

Mean Ln (95% CI) Min–max Mean Ln (95%CI) Min–max

Total proteins 5.83 (5.62–6.05) 4.93–6.41 7.30 (7.07–7.53) 6.96–7.93 b0.0001
% PMN 14.87 (10.96–18.77) 3.54–24.56 39.91 (32.30–47.51) 24.57–60.32 b0.0001
EGF 4.44 (3.91–4.97) 2.20–5.75 4.32 (3.77–4.87) 2.09–5.92 0.738
G-CSF 2.79 (2.11–3.46) 0.68–5.27 0.62 (−0.22–1.45) −1.50–2.17 b0.0001
GM-CSF 0.59 (0.02–1.15) −1.57–1.90 0.40 (−0.07–0.87) −1.02–2.33 0.592
Fractalkine 4.34 (3.85–4.83) 1.59–6.50 4.65 (4.13–5.17) 2.30–6.69 0.319
IL-1α 4.10 (3.68–4.52) 2.91–5.37 4.65 (4.09–5.21) 3.13–6.32 0.07
IL-1β 0.69 (0.48–0.89) −0.77–1.39 1.52 (1.28–1.76) 0.10–3.03 b0.0001
IL-6 0.80 (0.32–1.29) −0.88–2.02 3.01 (2.52–3.50) 2.17–4.35 b0.0001
IL-8 5.01 (4.51–5.51) 2.90–4.48 7.51 (7.20–7.81) 4.66–8.59 b0.0001
IL-10 −0.67 (−1.13 to −0.21) −1.84–1.69 −0.64 (−1.49–0.20) −1.56–1.49 0.929
TNF-α −0.49 (−1.06–0.09) −2.04–1.26 1.30 (1.04–1.55) 0.34–3.15 b0.0001
IFNy −1.38 (−2.04 to −0.73) −2.66–0.61 −1.78 (−2.30 to −2.27) −2.66–1.82 0.277
MCP-1 4.20 (3.53–4.88) 2.15–6.01 4.83 (4.33–5.33) 4.04–5.96 0.156
VEGF 3.54 (3.04–4.04) 0.87–5.06 3.96 (2.82–5.11) 1.54–6.79 0.346
Eotaxin 1.39 (0.78–2.00) 0.64–4.13 2.34 (1.49–3.18) 0.64–3.87 0.032
Urine 8-OH-dG 1.92 (1.65–2.19) 1.09–2.73 2.91 (2.68–3.13) 2.43–3.40 b0.0001
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observation suggests that the anti-inflammatory feedback loop involv-
ing IL-10 may have become exhausted and overridden by other cellular
processes. The concentrations of these overexpressed cytokines and
chemokines - IL-6, IL-8, TNFα, and IL-1β - were 5–10 times higher in
the copier operators as compared to healthy subjects after a single
acute exposure in our earlier study. In contrast, G-CSF, which was
overexpressed ~10 times following an acute exposure, was now
down-regulated by an order of magnitude in chronically exposed
individuals.

Inflammation is a vital biological response that has evolved to deal
with cell injury by stimulating repair of damaged tissue and regenera-
tion of healthy tissue (Rock et al., 2009; Tracey, 2002; Stanley and
Lacy, 2010). However, when it occurs in excess or in particularly sensi-
tive tissues (airways, for example), inflammation is harmful because it
creates and sustains the molecular pathway/s involved in the develop-
ment of a variety of chronic diseases, including chronic obstructive pul-
monary disease (COPD), cardiovascular diseases, asthma and cancer
(Monteseirin, 2009; Garvey, 2016; Vijayan, 2013; Laveti et al., 2013;
Elinav et al., 2013). The overall picture from this analysis, although lim-
ited to six individuals, supports the conclusion that photocopier opera-
tors in the present study are under a state of sustained chronic upper
Table 6
Summary statistics of weekly averages and ranges for nasal lavage (cytokines, PMN, total protein
PMN, which was normally distributed and not transformed.Weekly measurements were collec
end of the shift (Mo-PM) and Friday afternoon post-shift (Fri-PM).

Biomarker Week 1 Week 2

Mean Ln (95%CI) Min–max Mean Ln (95%CI)

Total proteins 7.37 (7.08–7.67) 7.05–7.93 7.28 (6.98–7.58)
% PMN 38.73 (30.37–47.10) 24.57–60.32 42.18 (32.43–51.92)
EGF 4.14 (3.29–4.50) 2.21–5.71 4.36 (3.64–5.09)
G-CSF 0.50 (−0.51–1.50) −1.24–2.17 0.60 (−0.39–1.59)
GM-CSF 0.55 (−0.4–1.14) −1.02–2.33 0.29 (−0.31–0.88)
Fractalkine 4.67 (4.06–5.28) 3.23–5.23 4.48 (3.27–5.68)
IL-1α 4.66 (4.21–5.12) 3.99–5.76 4.74 (4.03–5.46)
IL-1β 1.61 (1.29–1.93) 0.52–2.12 1.60 (0.83–2.36)
IL-6 3.07 (2.57–3.57) 2.18–4.35 3.02 (2.30–3.73)
IL-8 7.30 (6.93–7.67) 6.63–8.23 7.56 (6.88–8.24)
IL-10 −0.86 (−1.90–0.18) −1.56–1.03 −0.42 (−1.75–0.91
TNF-α 1.47 (0.84–2.10) 0.46–3.15 1.10 (0.74–1.45)
IFNy −1.70 (−2.77)–(−0.62) −2.66–1.09 −1.32 (−2.90–0.27
MCP-1 4.75 (4.29–5.21) 4.04–5.53 5.03 (4.24–5.82)
VEGF 3.98 (2.70–5.25) 2.17–6.29 4.19 (2.18–6.02)
Eotaxin 2.42 (1.26–3.58) 0.64–3.87 2.29 (1.08–3.51)
8-OH-dG 2.85 (2.56–3.13) 2.43–3.40 3.03 (2.69–3.36)
airway inflammation and chronic oxidative stress (as supported by
the urine 8-OH-dG data). This is concerning because chronic inflamma-
tion is a common denominator in numerous chronic diseases, including
airway hyperresponsiveness and asthma.

The up-regulated pro-inflammatory cytokines (IL-8, IL-6, TNFα and
IL-1β) are known to play a key role in orchestrating chronic inflamma-
tion by recruiting, activating, and promoting the survival of multiple in-
flammatory cells in the respiratory tract. They are also known to be
elevated in rhinitis, asthma, COPD and lung cancer. G-CSF, which was
significantly under-expressed in chronic individuals, is a central regula-
tor of granulopoiesis during inflammatory responses. G-CSF is a pleio-
tropic cytokine best known for its role in promoting the production
and function of neutrophils, and this is consistent with their abundance
(up to 40% of total cells) in the nasal lavage. A possible explanation for
the G-CSF down-regulation may be establishment of a negative feed-
back loop on respiratory cells in response to excessive chronic
inflammation.

Our observations are consistent with gene expression data generat-
ed from earlier studies. For example, we have already reported that in-
vitro exposure of THP-1 macrophages to NPs collected from one photo-
copy center (A in Table 2) induced up-regulation of the genes encoding
s) and urine (8-OH-dG) biomarkers. All variables are reported as Ln(variable), except for %
ted onMonday morning before the start of work shift (Mo-AM), Monday afternoon at the

Week 3 p value

Min–max Mean Ln (95%CI) Min−max

6.98–7.69 7.25 (7.02–7.49) 6.96–7.56 0.243
27.89–54.51 42.25 (31.07–53.43) 28.36–56.81 0.689
2.09–5.75 4.53 (3.76–5.29) 3.63–5.93 0.282
−0.96–1.97 0.85 (−0.77–2.49) −1.50–2.07 0.439
−0.51–1.90 0.28 (−0.81–1.38) −0.77–1.90 0.630
2.30–5.85 4.74 (3.87–5.62) 3.23–6.69 0.589
3.87–6.32 4.57 (3.63–5.51) 3.13–6.27 0.475
0.18–3.04 1.32 (0.66–1.98) 0.10–2.29 0.390
2.27–4.03 2.97 (2.29–3.65) 2.17–4.11 0.423
4.66–8.50 7.73 (7.11–8.33) 6.64–8.59 0.215

) −1.56–0.93 −0.34 (−0.77–1.08) −1.56–1.49 0.330
0.34–2.08 1.29 (0.79–1.80) 0.53–2.19 0.160

) −2.66–1.81 −2.34 (−2.90)–(1.78) −2.66–(−1.42) 0.049
4.10–5.96 4.90 (4.35–5.44) 4.17–5.65 0.273
2.10–6.79 3.93 (2.47–5.38) 1.54–6.27 0.778
0.64–3.74 2.17 (1.31–3.21) 0.64–3.79 0.786
2.51–3.36 2.99 (2.81–3.17) 2.72–3.30 0.236



Fig. 2. Illustration of neutrophils (PMN) in the nasal lavage of chronically exposed workers relative to controls. A. Illustrative optical microscopy images of the slides processed to stain
neutrophils and nasal epithelial cells as described in the methods section. B. Cross-week differences in PMN of chronically exposed vs. controls in NL. Similar patterns were observed
for several cytokines/chemokines and 8-OH-dG in urine. (MM, Monday morning; ME, Monday evening; FE, Friday evening refer to times of human biological sampling.)
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TNFα inflammatory proteins, those encoding oxidative stress proteins
(e.g. HO1) and p53, and genes encoding known regulators of apoptosis
including CASP8 (Khatri et al., 2013a). Furthermore, Pirela et al. (2016)
also documented oxidative stress in THP-1 macrophages and small air-
way bronchial cells following exposure to printer-emitted particles.

Lucas and Maes (2013a) describe two clusters of commonly report-
ed symptoms associated with nanoparticle exposures to hard copy de-
vices: (i) airway hyperresponsiveness and hyperreactivity, and (ii)
chronic fatigue (syndrome). Airway hyperresponsiveness and hyperre-
activity symptoms manifest as irritation, upper and lower airway
hyperresponsiveness, nose and throat discomfort, burning tongue,
chronic rhinitis, cough, plus irritation of the larynx and vocal cords.
Asthma, these authors further state, may develop in a subset of suscep-
tible individuals, whichwith continued exposuremay progress towards
a generalizable, non-specific asthma. Chronic fatigue is manifested as
general weakness, lack of energy and exhaustion, headaches, dizziness,
reduced concentration, sleep disorders, depressivemoods, gastro-intes-
tinal tract symptoms similar to irritable bowel syndrome, and pinprick
sensations on the skin.

Limited case studies further support the above cluster of symptoms.
For example, Zina and Bundino (2000) presented amedical case history
of a casual photocopier operator developing skin rashes on arms, neck,
head and upper trunk, which were linked to use of the copier.
D'Alessandro et al. (2013) presented another case report of a 40-yr old
female clerical worker with a chronic cough induced by printer emis-
sions. In this later study, the patient was kept exposure- and symptom
free for four weeks prior to being asked to operate the printer for one
hour. Medical evaluations and pulmonary function tests, including
fiber optic bronchoscopy, bronchoalveolar lavage (BAL), and bronchial
provocation with metacholine, were performed four weeks pre-expo-
sure (when the patient was symptom free), immediately and 48 h
post-exposure. The authors found infiltration of neutrophils and
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lymphocytes in BAL 48 h post-exposure, as well asmoderate inflamma-
tion of the bronchial mucosa and infiltration of lymphocytes alongwith
a few plasma cells. All other tests, including the CD4/CD8 ratio, were
normal. The authors concluded that this short one hour exposure to
laser printer emissions induced cough consistent with an acute inflam-
matory response. Overall, our findings from this pilot study agree with
the above mentioned reports.

Owing to a much smaller surface area (~150 cm2) compared to
lower airways (~140 m2), the nose and upper airways may receive
over 2000× times higher tissue doses per unit surface area than the
deep lungs. For a typical nanoparticle size distribution generated by
hardcopy devices (median of 35–40 nm and geometric standard devia-
tion of 1.5), about 6–8% of nanoparticles deposit in the nose and upper
airways, compared to ~15–20% in the lower airways (Table 4). There-
fore, the high nanoparticle dose to the upper airways and olfactory
bulbs may well be implicated in the development of anosmia and
hyposmia, as well as airway hyperresponsiveness and hypersensitivity,
chronic fatigue and other symptoms involving nervous system re-
sponse, as described by Lucas and Maes (2013b) and D'Alessandro et
al. (2013).

We are mindful that this is a small size study involving a limited
number of 6 copier operators and 11 controls, and care should be
taken not to over interpret the current findings. Alternative explana-
tions, including factors other than nanoparticles, can be offered for
human studies. For example, our exposed group was slightly older
than controls, and this may influence differences in biomolecular re-
sponses between the two groups. The selection criteria among the
Fig. 3. Cross-week changes of PMN percentages and select biomarkers, namely total protein, IL-
controls. The Y-axis is ln (variable), except for PMN (%). All analyses were from NL, except for
controls were rather tight, and this also may have helped enhance the
observed differences in expressed biomarkers. Other causative agents
(unknown to us) may be involved. It is, however, striking to see such
clear-cut differences between copier employees and controls for such
small group sizes. Furthermore, the consistency offindings across differ-
ent testing platforms (cells, animals, acute exposures in humans, and
this study on chronic exposures) as reviewed in detail in (Pirela et al.,
undergoing revisions), points to nanoparticles from photocopiers as a
likely cause, and raises legitimate questions concerning upper and
lower respiratory system health, immune responses, and possibly
asthma.

Recently, Karimi et al. (2016) reported significantly higher cough
(odds ratio OR of 2.6), higher wheezing (OR 3), and reduced lung func-
tion capacity (FEV1 and FVC), in 150 copier operators relative to 114
controls in Iran. Of note, this study lacked any quantitative exposure in-
formation or exposure histories. Elango et al. (2013) also reported sig-
nificantly higher prevalence of nasal blockage, cough, excessive
sputum production, and breathing difficulties in copier operators rela-
tive to controls in a cohort of copier operators in India, as well as elevat-
ed oxidative stress markers in serum, including higher TBARS, lower
Ferric Reducing Antioxidant Capacity of Serum (FRAC), higher plasma
ICAM, IL-8, and leukotriene B4 (LTB4). Although this study measured
numerous environmental pollutants, it did not measure exposures to
copier emitted nanoparticles. Lastly, Yang et al. (Yang and Haung,
2008) investigated the prevalence of chronic respiratory symptoms
and acute irritative symptoms among 74 photocopyworkers (exposure
group) and 69 controls (employees of optical stores) in Taiwan. Authors
6, IL-8, TNFα, IL-1β, G-CSF, IL-10, and 8-OH-dG, in chronically exposed workers relative to
levels of 8-OH-dG that were determined in urine.



Fig. 3 (continued).
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reported higher, but not statistically significant, rates of chronic cough
(adjusted OR 2.9), wheezing (adjusted OR 1.9), chronic bronchitis (ad-
justed OR 2.2), and dyspnea (3.1), for workers in copy centers relative
to controls. Of note, this study lacked exposure information and the
focus was on VOCs as the trigger agent, rather than nanoparticles.
Large-scale molecular and epidemiological studies with strong quanti-
tative exposure assessment are still lacking in copier operators and
needed to establish quantitative exposure- respiratory response
relationships.
4.1. Mechanistic insights: possible molecular mechanisms

Lucas andMaes (2013a) and Lucas andMaes (2013b) have put forth
a general hypothesis that describes the underlying mechanisms that
sustain systemic inflammation from copier-emitted and other nanopar-
ticles. At the center of this particular hypothesis is a sustained radical
cycle that starts with induction of damage associated molecular pat-
terns (DAMP) due to nanoparticles, activation of other innate immune
signaling pathways, and the production of pro-inflammatory molecules



Fig. 4. A proposed mechanism of copier and printer emitted nanoparticle-induced toxicity potentially involving multiple receptors, including surface expressed TLRs (e.g. TLR 4),
endosomal residing TLRs (e.g. TLR 3, 7, 8 and 9) and Nod-like receptors (NLRs), leading to inflammasome and caspase activation, as well as NFkB and possible MAPK signaling. The
mixed chemical exposure nature of these nanoparticles may involve additional molecular pathways.
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plus reactive oxygen and nitrogen species. As depicted in Fig. 4, we hy-
pothesize that nanoparticles released from photocopiers may induce a
plethora of signaling cascades in the resident cells at tissue sites or in in-
filtrating inflammatory cells such as macrophages, neutrophils or den-
dritic cells. This may lead to the production of pro-inflammatory
molecules, reactive oxygen and nitrogen species, which together bring
about the tissue damaging response. The tissue damage caused by
such nanoparticles can be affected in a number of ways. For example,
nanoparticles could potentially cause direct injuries to tissues and
thereby lead to the production of DAMPs, such as HMBG1, nucleic
acids, or the metabolites and byproducts of purine nucleotides. DAMPs
are then sensed by host toll receptors (2, 5, 6, etc.) or other sensing re-
ceptors eventually leading to production of pro-inflammatory mole-
cules. Nanoparticles may also directly trigger innate immune
receptors. Whether such recognitions occur at the cell surface or in
the subcellular organelles, such as endosomes, would dictate the type
of immunological responses that are induced. Major players involved
in such recognition are surface expressed or endosomal residing toll
like receptors (TLR 2, 4, 5, and 6; or TLR 3, 7, 8 and 9, respectively),
nod like receptors (NLRs), Rig I like receptors, etc. (Latz et al., 2013). Be-
cause phagocytic cells take up these nanoparticles, it is conceivable that
those innate immune receptors present either in the endosomes or in
the cytoplasm become activated by their interaction with internalized
nanoparticles.

Moreover, under environmental conditions, these nanoparticles
may also carry on their surfaces some microbial-derived products,
such as endotoxins, that are considered as potent stimuli for an inflam-
matory response. Of note, endotoxins in very small concentrations can
provide ample stimulation through TLR4 leading to the production of
pro-inflammatory cytokines, such as IL-6, TNF-α, IL-8, etc. Innate
immune cells, particularly neutrophils and macrophages, are recruited
to the tissue sites during an inflammatory response and produce abun-
dant reactive species (oxygen and nitrogen), thereby further enhancing
an inflammatory circuitry and establishing a chronic inflammatory
state. Indeed, some of the cytokines, such as IL-6, TNF-alpha and IL-8,
were highly up regulated in the nasal lavage of photocopy center
workers in our study suggesting, activation of such innate immune sig-
naling pathways (Khatri et al., 2013a). It is important to note, however,
that we have previously shown (Khatri et al., 2013b) that copier nano-
particles themselves, independent of endotoxins, can activate innate
immune signaling pathways. The identity of nanoparticle-receptor rec-
ognition patterns, i.e. what specific receptor recognizes which nanopar-
ticle, needs to be investigated and will be pursued in future studies.

Furthermore, recent studies have documented that nanoparticles
can directly stimulate cytosolic innate immune receptors, such as
NLRs, with a subsequent activation of the inflammasome pathway lead-
ing to the conversion of pro IL-1β into active IL-1β (Latz et al., 2013).
The activity of the inflammasome pathway may also induce cell death
by a phenomenon known as pyroptosis, which further aggravates the
inflammatory cascade. In our previous studies we have observed cell
death in THP-1 macrophages and epithelial cells exposed to copier
emitted nanoparticles (Khatri et al., 2013b). Studies that utilize animals
with knocked out expression of single or multiple receptor molecules,
as well as adaptor molecules required for inducing signaling and the
production of inflammatory response, may prove necessary in order to
further elucidate the exact molecular pathways and receptors involved.
Potential candidates include Myd88 knockout mice or with non-func-
tional inflammasome, to providemechanistic insights into the causation
of inflammation as a result of nanoparticle exposures from hard copy
devices. Such mechanistic insights may open up new windows of
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therapeutic opportunities for treatment of airways responses in sensi-
tive individuals.

5. Conclusion

Chronic upper airway inflammation and systemic oxidative stress
were documented in a small group of photocopier operators chronically
exposed to nanoparticles. These findings are in concordance with the
recent toxicological literature on printer-emitted particles and medical
case reports, and therefore call for larger scale studies on the health ef-
fects of this population of photocopier operators. Sustained inflamma-
tion in the upper airways (IL-8, IL-6, TNFα, IL-1β, PMN, and total
protein) and oxidative stress in urine (8-OH dG) point to a sustained
radical cycle thatwe hypothesize itmay likely involve damaged biomol-
ecules as a result of reactive oxygen species (ROS), activation of toll-like
receptors, particularly TLR4, in nasal epithelial cells, and activation of
theNf-kBpathway in inflammation.While someelements of this radical
cycle are supported with direct experimental evidence, future studies
should address them directly in-vivo and in-vitro using knock-out
mice or engineered cells lacking critical receptors or signaling mole-
cules. Limited evidence from two of the six exposed subjects points to
possible upper airway allergies, loss of smell and quality of life issues,
and possible asthma. Such observations should be verified and validated
with larger scale studies on possible health effects of copier emitted
nanoparticles in the respiratory system and other organs (Pirela et al.,
undergoing revisions).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.impact.2017.01.007.
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