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Abstract
Objective To determine whether exposure of workers
handling engineered nanoparticles (ENPs) may result in
increased inflammation and changes in lung function.
Methods A prospective panel study compared changes
in several markers of inflammation for ENP handling
and non-ENP handling control workers. Nanoparticle
exposure was measured during ENP handling and for
controls. Lung function, fraction of exhaled nitric oxide
(FeNO), C-reactive protein (CRP), blood cell counts and
several serum cytokines were measured at baseline, at
the end of the shift and at the end of the working week.
Results Nanoparticle exposure was not higher when
ENPs were being handled; nanoparticle counts were
higher in offices and in ambient air than in laboratories.
There were no differences at baseline in lung function,
FeNO, haemoglobin, platelet, white cell counts or
CRP levels between those who handled nanoparticles
and those who did not, with or without asthmatic
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There is growing concern that exposure to engineered nanoparticles (ENPs) may result in adverse
health effects among those who handle them in
workplaces. In 2009, it was estimated that there
were 2000 people in Australia engaged in nanotechnology research, 60%–70% of whom were doing
basic or applied research rather than commercial
production.1
Nanoparticles, defined as particles with a diameter less than 100 nm, are known to act differently
from larger particles with respect to deposition
and alveolar clearance.2 They can also enter the
body through the skin or gastrointestinal tracts
and can be transported in blood and the lymphatic
system and bypass barriers within the body which

What this paper adds
►► Little is known about the effects on the humans

of occupational exposure to engineered
nanoparticles (ENPs).
►► Nanoparticle exposure was very low in the
participants’ laboratories.
►► There were statistically significant increases
in some measured cytokines over the working
day and the working week for those who
handled ENPs compared with those who did
not.
►► The changes were slightly smaller and less likely
to be statistically significant for atopic than for
non-atopic participants.
►► The exposures did not trigger measurable
changes in spirometry, FeNO, CRP or blood cell
counts.
are generally impermeable to larger particles.3
As a result, substances adsorbed on the particles
can be delivered intracellularly or react with cell
surface receptors, potentially initiating immune
responses.4 Immunological effects of nano-sized
particles including both inflammation and immunosuppression have been shown in many animal
studies.5 Laboratory studies also have shown that
some nanoparticles can trigger the production of
reactive oxygen species and cause damage to cell
membranes and DNA.6
Ultrafine particles (PM1 or PM0.1) but not fine
particles (PM2.5) have been shown to increase
airway inflammation in mice with significant
increases in inflammatory cell infiltrate and cytokines (specifically interleukin (IL)-4, IL-5, IL-10
and IL-13) and enhanced ai(rway hyper-responsiveness.7 Mice exposed to ENPs showed a significant increase in serum inflammatory markers, such
as tumour necrosis factor (TNFα), IL-1 and IL-6.8
Rats exposed to ENPs showed an elevation in cytokines at 24 hours which persisted for up to a week.9
While toxicological studies have identified effects
in animals following exposure to ENPs, there have
been relatively few studies of effects on human
health. Song et al10 reported serious pulmonary
effects following exposure to nanoparticles in seven
workers. However, their interpretation of the study
findings was challenged, as the effects might not
have been solely attributable to nanoparticle exposure.11 12 Nanoparticles may also aggravate existing
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Methods

A prospective panel (short-term cohort) study of ENP-handling workers was conducted by comparing several markers of
inflammation in the blood and respiratory tract at the start of
the working week, at the end of a shift and at the end of the
working week. Exposure measurements were conducted when
participants handled nanoparticles, on control participants and
in ambient air.
Exposure measurements were made to characterise the
ENP exposure of the workers at the participating workplaces
during the week of the biological data collection. These were
done using a NanoTracer (Philips Aerasense, Eindhoven, NL),
a personal sampler located in the breathing zone of the subject
which counted the number of particles sized from 10 to 300 nm
in diameter per cubic centimetre and gave the modal diameter of
the particle size distribution. This continuous, real-time monitor,
logged data in 5 second averages continuously over the period
of measurement. Continuous monitoring of particle counts was
needed to be able to identify short-term spikes in exposure.17 18
Measurements were made on participants when they were
handling and not handling ENPs, as well as in ambient air outside
the laboratories to establish the background nanoparticle exposure (which may contain some nanoparticles).19 20 Measurements
were also made on participants who did not handle ENPs and
the NanoTracer was used as a static sampler in the general areas
where these participants worked.
Measurement of exposure to nanoparticles took place in a
sample of participants in university research laboratories and
offices. Participants were drawn from all eight laboratories and
work spaces. Exposure measurements were done in five laboratories where ENPs were handled. Experimental work was
flexible and varied with the participant, from a few minutes
handling nanoparticles to several hours in duration. Activities
included making, mixing, suspending and spraying a range of
nanoparticles in fume cupboards/enclosures. Control exposure
measurements were also made in laboratories and work spaces
where no ENPs were handled, including in four engineering
laboratories where no experimental work was being carried out
at the time, an insect-handling laboratory and in biomedical
research offices.

Biological data collection

The participants underwent three rounds of testing:
1. At the start of the first shift of the working week.
2. At the end of the first working day.
3. At the end of the working week, usually 5 days after the start
of the working week.
Because of the variable nature of research activities, it was
established for each person whether or not they had ever
Glass DC, et al. Occup Environ Med 2017;74:868–876. doi:10.1136/oemed-2016-104111

previously handled ENPs, whether they handled them on the
Monday and/or during the week of biological data collection.
The data collected on the first day included height and weight;
a questionnaire on demographics, general health and respiratory
symptoms; and skin prick tests to assess atopic status for four
allergens (ALK-Abelló USA Allergen Extracts): house dust mite,
cat, mixed grass pollens and mould and also positive (histamine)
and negative (saline) controls. Atopy was defined as any positive
response to one of the four allergens in the skin prick test.
The biological data collected at the three time points were:
►► Lung function (FEV1 and FVC) measured using a portable
electronic spirometer (ND20014S EasyOne-Line World
spirometer Zürich, CH). ATS/ERS guidelines for spirometry
were followed.
►► Fraction of exhaled nitric oxide was measured using NIOX
MINO (AE03-4001 Aerocrine, Solna, SE).
►► Blood for C-reactive protein and full blood cell counts.
►► Several serum cytokines and mediators were measured by
cytometric bead array (BD, San Jose, California, USA):
including pro-inflammatory cytokines (TNFα, IL-6, IL-8),
a pro-inflammatory mediator (GM-CSF) and other soluble
serum proteins associated with inflammatory responses
(sCD62P, sCD40 and sTNFR2). All serum samples were
assayed at the same time. The concentration for each serum
sample was determined from the standard curve of each
cytokine/protein, run side-by-side with the samples.
Blood samples from nine patients with ovarian cancer (OC)
(pre-treatment) were used as positive controls in the cytokine
analysis. The samples of patients with OC were used as assay
controls to ensure that the multiplex assay (cytometric bead
array) was capable of measuring elevated levels of cytokines.21
High levels of inflammatory cytokines were detected in patients
with OC and also associated with the disease progression. The
assay controls were not, however, tested on the same day as the
experimental samples.

Statistical analysis

Changes in the health outcome measures over the working week
were compared between workers who had or had not handled
nanoparticles.
When summarising categorical variables, frequencies and
percentages were used. Means and SD were used to describe
variables with normal distributions. The median and IQR were
used to summarise continuous variables where the data were not
normally distributed. Baseline demographics were compared
between those who had never handled nanoparticles and those
who had using t-tests for continuous variables and Fisher’s exact
test for categorical variables.
Multivariate regression analysis was used to analyse differences at baseline between those who had never handled
nanoparticles compared with those who had previously handled
them. Adjusted mean differences with 95% CI were reported
to provide an estimate of the strength of association between
nanoparticle exposure and blood or spirometry outcomes.
Multivariate regression analyses with adjustment for baseline were used to estimate the mean difference in change from
Monday morning to afternoon between those who handled
nanoparticles on Monday and the unexposed. Multivariate
regression analysis was also used to assess the mean difference
in change between Monday morning and Friday between those
who had handled nanoparticles during the week and those who
had not. The analysis is paired with only those who have before
and after readings included.
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diseases such as asthma, bronchitis and possibly neurodegenerative diseases.13 14 Nanoparticle exposure induced oxidative stress
and the formation of cytokines which remained elevated for up
to 36 hours.15 Pre-shift and post-shift lung function including
FEV1, forced expiratory flow rate (FEF25-75), fraction of exhaled
nitric oxide (FeNO) and serum analyses from cement workers
exposed to respirable aerosols showed inflammatory changes
over the shift. There were small but significant changes for white
blood cells, IL-10 and TNFα.16
The aim of this study was to quantify occupational ENP
exposure and to investigate short-term changes in markers of
inflammation and lung function in workers handling ENPs over
a working shift and a working week.

Workplace
Summarised personal sampling exposure data from NanoTracer
Non-ENP handling activity
Site

Period
(min)

Count (particles/
mL air)

ENP handling activity
Mean diameter Period
(nm)
(min)

Ambient at laboratory/office where exposure measured

Count (particles/
mL air)

Mean diameter
(nm)
Period (min)

Count (particles/
mL air)

Mean diameter
(nm)

Area 1

229

4663

61

42

1964

58

105

9650

n/a

Area 2

268

12 554

46

75

9061

54

119

10 722

42

Area 3

204

4227

78

727

3644

68

47

22 620

n/a

Area 4

150

11 699

46

295

8067

40

64

13 129

n/a

128

5035

46

Area 5

78

5507

44

64

13 129

n/a

Area 6

241

6073

36

326

31 571

n/a

Area 7

237

14 090

41

4

8434

35

associated with specific activities (eg, see online supplementary
figure S2).
Grinding cement samples on an open bench resulted in high
peak exposures of particles (see online supplementary figure S3).
Office air, particularly those with several occupants and printing
facilities, was more likely to have a higher nanoparticle count
than the laboratories (see online supplementary figure S4).
Outdoor air contained more nanoparticles than the indoor
air, particularly in a carpark (31 571 averaged over 326 min)
and the main road outside Area 3 (22 620 averaged over 47 min)
(table 1). Nearby building work and making toast also resulted
in higher numbers of particles in adjacent workstations (see
online supplementary figures S5 and S6).

All analyses were adjusted for sex, age and smoking status,
while the lung function analyses were additionally adjusted for
height and age-squared to account for any non-linear age-related decline in pulmonary function. C-reactive protein (CRP)
and FeNO were log transformed and so adjusted proportional
changes in the geometric mean and 95% CI were reported.
Data from one unexposed participant was excluded because
he had a very high CRP measurement at baseline indicating a
pre-existing inflammatory response.
Analyses were carried out using data from all participants and
also after excluding those reporting doctor diagnosed asthma.
Stata V.13 (StataCorp) was used for all analyses.
The study was approved by Monash University Human
Research Ethics Committee (MUHREC A3/2012 CF12/0814 20
12000365). The positive control samples used for the validation
of the cytokine assays were from patients with OC under the
approved study from the Royal Women’s Hospital (RWH HREC
project 13/32).

Clinical and biological data

The handling of ENPs was unpredictable in research laboratories. Some participants had handled ENPs in the past but not
during the week of data collection.
The numbers of participants who had ever or never ever previously handled ENPs, who had handled them on the Monday and/
or during the week of biological data collection are presented in
table 2. For the analyses, participants were grouped into:
►► those who had ever (n=34) or never (n=55) handled ENPs,
(see table 3 and online supplementary table S2 by asthmatic
status);
►► those who handled ENPs on Monday (n=19) and those
who had not (n=69), to examine across shift changes when
handling nanoparticles (table 4 by asthmatic status and
table 5 by atopic status);
►► those who handled ENPs during the week of data collection
(n=27) and those who had not (n=57), to examine across
week changes when handling nanoparticles (table 5 by atopic
status and table 6 by asthmatic status).

Results
Exposure

The exposure data are summarised in table 1. Nanoparticle
exposure averaged over the ENP handling periods was not found
to be higher than when ENPs were not being handled. Nanoparticle counts were often higher in offices and in ambient air. The
measurement technique counts particles and does not distinguish between ENPs and other nanoparticles. More details are
shown in online supplementary table S1 where similar activities
measured in each work area were amalgamated and the arithmetic means were calculated. Handling, making and spraying
of ENPs in fume cupboards and safety cabinets did not give
rise to increased nanoparticle exposure (see online supplementary figure S1) although some short-term peaks were identified

Table 2

Numbers exposed and unexposed to engineered nanoparticles
n=89, n (%)

Exposed in across
Monday analyses

Exposed in across
week analyses

Not exposed in across
Monday analyses

Not exposed in across
week analyses

Never exposed

55 (61.8)

no

no

yes

yes

Ever exposed

34 (38.2)

 Previously exposed, not exposed Monday, not exposed
during week of testing

6 (6.8)

no

no

yes

yes

 Previously exposed, exposed Monday, exposed during
week

17 (19.1)

yes

yes

no

no

 Previously exposed, not exposed Monday, exposed
during week

9 (10.1)

no

yes

yes

no

 Previously exposed, exposed Monday, not exposed
during week

2 (2.2)

yes

yes

no

no
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Table 1

Workplace

Age, mean (SD)

Never handled
ENPs (n=55)

Ever handled
ENPs (n=34)

37.6 (13.7)

31.6 (9.2)

Gender—male, n (%)

16 (29.1)

Wheeze, n (%)

p Value*
0.03

23 (67.7)

<0.001

10 (18.2)

5 (14.7)

0.78

Tightness in chest, n (%)

7 (12.7)

2 (5.9)

0.47

Shortness of breath at rest,
n (%)

3 (5.8)

0 (0)

0.28

9 (16.7)

7 (21.2)

0.78
0.01

Shortness of breath after
activity, n (%)
Asthma, n (%)

14 (25.5)

1 (2.9)

Atopy, n (%)

29 (52.7)

13 (40.6)

Smoker, n (%)
 Never

0.37
0.11

49 (89.1)

26 (76.5)

 Current

0 (0)

2 (5.9)

 Past

6 (10.9)

6 (17.6)

(p=0.02 and p=0.03) participants. The difference was only
statistically significant for sTNFR2 among atopic participants
(p=0.01).
The difference in CRP levels between two groups was not
significantly different (table 6) and there was no evidence of a
difference after stratifying by atopic status (table 5).
The pro-inflammatory cytokines and inflammatory mediators
such as TNFα, IL-6, IL-8 and GM-CSF were low or non-detectable in all participant samples, despite positive control
samples from the patients with OC showing positive detection
of those cytokines (data not shown) using the same assay kits.
Online supplementary table S3 shows the detection limits for the
four cytokines where all or almost all the results were below the
detection limit and so could not be included in the Results tables.

*p Value from t-tests for continuous variables and Fisher’s exact test.
ENP, engineered nanoparticle.

Participants who had handled ENPs were significantly
younger, more likely to be men and had significantly lower prevalence of self-reported doctor-diagnosed asthma compared with
those who never handled ENPs (table 3).
At baseline, there were no statistically significant differences
in blood counts, sCD40, sCD62P, CRP levels, FeNO and/or
spirometry between participants who stated that they had ever
and those who had never handled nanoparticles (all participants
or non-asthmatic participants alone) (see online supplementary
table S2). Those who had ever handled nanoparticles had a
higher CRP than those who had handled nanoparticles, but the
difference was not statistically significant. When asthmatics were
excluded, the mean sTNFR2 in those who ever handled ENPs
was statistically significantly higher compared with the nENPs
handled ENPs (p=0.04). No other differences were statistically
significant.
When comparing the changes in parameters from Monday
morning to afternoon (table 4), there was a significantly
increased difference in sCD40 for all participants who had
handled nanoparticles that day compared with those who
had not (p=0.01). There was also a statistically significantly
increased difference in sTNFR2 (p=0.003) and increased CRP
levels in participants who had handled nanoparticles (p=0.002).
The analysis in non-asthmatics showed statistically significant
results for the same markers, but the associations were not as
strong. When stratified by atopic status (table 5), the difference was statistically significant for sCD40 (p=0.001), sTNFR2
(p<0.001) and CRP (p=0.01) among non-atopic participants,
but not among atopic participants.
When comparing the change in cytokines from Monday
morning to Friday afternoon (table 6), there was a statistically
significant larger increase in sCD40 and sTNFR2 for all participants who had handled nanoparticles that week compared
with those who had not (p<0.001 and p=0.002, respectively).
In addition, there was a significant increase in sCD62P for all
participants who had handled nanoparticles that week compared
with those who had not (p=0.003). The differences were still
statistically significant, when asthmatics were excluded.
When stratified by atopic status across the week (table 5),
the mean difference was statistically significant for sCD40 and
sCD62P among atopic (p=0.01 and p=0.04) and non-atopic
Glass DC, et al. Occup Environ Med 2017;74:868–876. doi:10.1136/oemed-2016-104111

Discussion

The main findings were a decrease in CRP over the first day
and statistically significant increases in sCD40, sCD62P and
sTNFR2, particularly over the working week in those handling
ENPs. These findings are consistent with an anti-inflammatory
and suppressive homoeostatic cellular response in response to
immune activation. Specifically, sCD40 acts to limit immune
responses by interfering with the CD40/CD40L interaction
between antigen presenting cells and T cells that would normally
lead to their activation and expansion. In this context, it has
been found elevated in patients with cancer.22
The changes observed are not expected to have clinically
significant consequences, and they are much smaller, for
example, than fluctuations observed due to diseases such as, for
example, cancer.23 sTNFR2 as well as blocking the inflammatory
activity of TNF has been correlated in previous studies with the
presence of highly immune-suppressive regulatory T cells.24 By
contrast, sCD62P, as a hallmark of platelet activation, indicates a
positive response, which is counterbalanced by such homeostatic
suppressive immune mechanisms.25
CRP values in the community over 3 mg/L are thought to
indicate an inflammatory response that may indicate increased
cardiac risk. This study did not find CRP to be elevated to this
extent.
There were no significant changes in other inflammatory
cytokines, haematological parameters, lung function or airway
inflammation related to ENP exposure. There were too few
asthmatic participants in the exposed group to examine them
separately (n=2). When stratified by atopic status, exposed
non-atopic participants show a larger increase in sCD40 and
sTNFR2 than the unexposed atopics over Monday. Over the
week, however, exposed atopic and non-atopic participants
showed both significant increasescompared with the unexposed.
This suggests that some inflammation was occurring as a result
of the exposure to ENPs.
The observed changes in soluble immune and inflammatory factors did not reach the levels identified in previously
reports26 27 as being associated with acute lung or peripheral
pathology or disease. However, the fact that significant changes
were observed associated with nanoparticle exposure suggests
that persistent exposure could be a chronic immunomodulatory factor capable of modifying baseline levels of key regulatory immune factors. The impact of the change of such basal
levels on subsequent environmental challenges (eg, an infection)
has the potential to affect the clinical resolution of such subsequent exposures, and it bears further investigation. For example,
non-specific effects of vaccines on the innate immune system
alter subsequent immunity to infections.28
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Table 3 Baseline demographics, symptoms and clinical history of
participants
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2495 (1267)

0.81 (0.08)

Monday afternoon
18 (13 to 25)
19 (14 to 25)

Monday morning

Monday afternoon

n=68

0.80 (0.10)

4.05 (1.06)

Monday morning

Monday afternoon

13 (11 to 27)

13 (11 to 23)

n=19

0.81 (0.06)

0.82 (0.06)

4.59 (1.06)

4.71 (1.11)

3.71 (0.90)

3.86 (0.90)

n=17

0.4 (0.3 to 1.9)

0.3 (0.3 to 2.2)

n=19

3425 (1438)

2804 (1056)

5643 (2624)

5554 (2709)

4685 (2217)

3417 (1888)

n=19

238.3 (52.2)

229.2 (50.6)

0.52 (0.16)

0.49 (0.14)

4.6 (1.5)

4.0 (1.0)

7.5 (1.9)

6.6 (1.5)

4.6 (0.5)

4.6 (0.5)

14.3 (1.3)

14.4 (1.4)

n=19

0.9 (0.8 to 1.1)

−0.01 (−0.05 to 0.03)

−0.13 (−0.28 to 0.03)

−0.16 (−0.37 to 0.06)

1.2 (1.1 to 1.4)

1167 (418 to 1916)

586 (−548 to 1721)

1819 (557 to 3050)

1.1 (−5.1 to 7.4)

−0.03 (−0.15 to 0.09)

0.15 (−0.54 to 0.83)

0.1 (−0.6 to 0.9)

−0.1 (−0.1 to 0.02)

–0.1 (−0.3 to to 0.2)

19 (14 to 23)

18 (14 to 24)

n=52

0.81 (0.08)

0.81 (0.09)

4.03 (1.03)

4.02 (1.07)

3.26 (0.91)

3.25 (0.94)

n=49

0.8 (0.4 to 1.8)

0.7 (0.5 to 1.6)

n=41

2382 (1116)

2660 (982)

4538 (2796)

5195 (3077)

2706 (2031)

3131 (1446)

n=40

219.6 (39.8)

217.8 (44.8)

0.51 (0.16)

0.46 (0.12)

4.1 (1.3)

3.7 (1.2)

6.9 (1.5)

6.1 (1.4)

4.5 (0.4)

4.5 (0.4)

14.0 (1.2)

13.9 (1.5)

n=39

Handled on Monday, Mean difference in change Not handled on Monday,
mean (SD)
between groups (95% CI) mean (SD)

Non-asthmatic participants

13 (11 to 24)

13 (11 to 17)

n=17

0.81 (0.06)

0.83 (0.06)

4.61 (1.09)

4.75 (1.14)

3.75 (0.92)

3.90 (0.91)

n=16

0.6 (0.3 to 1.9)

0.3 (0.3 to 2.2)

n=18

3296 (1369)

2845 (1077)

5508 (2640)

5504 (2789)

4513 (2158)

3440 (1947)

n=16

236.8 (53.3)

227.8 (51.9)

0.53 (0.16)

0.49 (0.15)

4.6 (1.6)

4.0 (1.0)

7.5 (1.9)

6.6 (1.5)

4.5 (0.5)

4.6 (0.5)

14.3 (1.3)

14.4 (1.4)

n=18

Handled on Monday,
mean (SD)

1.0 (0.8 to 1.1)

−0.01 (−0.05 to 0.03)

−0.11 (−0.28 to 0.06)

−0.16 (−0.40 to 0.08)

1.2 (1.1 to 1.4)

1001 (252 to 1750)

160 (−1070 to 1391)

1528 (152 to 2903)

2.8 (−3.9 to 9.4)

0.02 (−0.05 to 0.09)

0.12 (−0.65 to 0.88)

0.2 (−0.6 to 1.1)

−0.06 (−0.1 to 0.03)

–0.02 (–0.2 to to 0.2)

Mean difference in change
between groups (95% CI)

Note that numbers vary depending on the variable because not all of those who handled nanoparticles did so on Mondays, not all participants were present for both biological data collection sessions, not all participants provided blood samples
and some spirometry results were excluded because the data did not meet quality criteria.
*All analyses adjusted for age, gender and smoking status. Spirometry results additionally adjusted for height.
†Ratio of the geometric mean in the handled on Monday group to the geometric mean in the not handled group.
CRP, C-reactive protein; ENP, engineered nanoparticle; FeNO, fraction of exhaled nitric oxide.

 FeNO, median (IQR) and ratio†

FeNO (ppb)

 FEV1/FVC

4.09 (1.12)

Monday morning

3.27 (0.93)
3.25 (0.91)

Monday morning

Monday afternoon

 FEV1(L)

 FVC (L)

n=59

0.8 (0.5 to 1.6)
0.8 (0.4 to 1.7)

Monday morning

Monday afternoon

n=52

Monday afternoon

4378 (2736)
2746 (1119)

Monday afternoon

Monday morning

5022 (3092)

Monday morning

Spirometry results

 CRP, median (IQR) and ratio†

CRP (mg/L)

 sTNFR2

 sCD62P

2773 (2017)

3145 (1634)

Monday morning

Monday afternoon

 sCD40

221.3 (42.1)
n=50

Monday afternoon

0.55 (0.22)
217.1 (44.9)

Monday morning

Monday afternoon

4.1 (1.3)
0.47 (0.14)

Monday afternoon

Monday morning

3.7 (1.3)

7.0 (1.4)

Monday afternoon

Monday morning

6.2 (1.5)

4.6 (0.4)

Monday morning

Monday afternoon

Cytokines (pg/mL)

 Platelets (×109/L)

 Monocyte count (×109/L)

 Neutrophil count (×109/L)

 White cell count (×109/L)

4.6 (0.4)

14.0 (1.3)

Monday afternoon

Monday morning

13.9 (1.4)

 Haemoglobin (g/dL)

 Red cell count (×1012/L)

n=50

Monday morning

Blood Results

Time

Not handled on
Monday,
mean (SD)

All participants

Summary of multivariate* regression between Monday morning and Monday afternoon stratified by whether ENPs were handled on Monday (excluding high CRP participant’s blood results)
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Parameter

Table 4

Workplace

5219 (2256)

0.4 (0.2 to 0.8)

0.3 (0.2 to 0.6)

n=12

2561 (637)

2488 (617)

7722 (2799)

6865 (2568)

4057 (1756)

3067 (912)

n=11

0.4 (0.2 to 1.0)

0.3 (0.2 to 0.7)

n=10

3815 (1308)

2558 (630)

6183 (1979)

6647 (2643)

1.0 (0.6 to 1.6)

625 (−220 to 1470)

2323 (178 to 4468)

1995 (513 to 3477)

1.3 (1.1 to 1.6)

1562 (776 to 2348)

−104 (−1705 to 1497)

2529 (1080 to 3979)

n=26

0.6 (0.3 to 1.8)

0.6 (0.4 to 1.2)

n=18

2301 (877)

2841 (1331)

4760 (3041)

5486 (3452)

1654 (2238)

3535 (1741)

n=19

0.7 (0.4 to 1.8)

0.6 (0.4 to 1.5)

n=25

2614 (1459)

2945 (1227)

4401 (2903)

5419 (3360)

3302 (2381)

3618 (1704)

n=8

0.6 (0.4 to 1.4)

0.6 (0.3 to 2.0)

n=12

3362 (1489)

3204 (1282)

5868 (4058)

5105 (2562)

4660 (2565)

4148 (2243)

n=12

0.6 (0.4 to 0.9)

0.5 (0.3 to 1.7)

n=8

2950 (1611)

3111 (1394)

4725 (3168)

3942 (1727)

4176 (2319)

4088 (2506)

1.4 (0.9 to 2.3)

1351 (418 to 2283)

2487 (319 to 4654)

2282 (411 to 4152)

1.2 (0.9 to 1.4)

587 (−860 to 2035)

1220 (−830 to 3269)

792 (−1550 to 3133)

Mean difference in change
between groups (95% CI)

Note that numbers vary depending on the variable because not all of those who handled nanoparticles did so on Mondays, not all participants were present for all biological data collection sessions and not all participants provided blood
samples.
*Ratio of the geometric mean in the handled on Monday group to the geometric mean in the not handled group.
CRP, C-reactive protein.

1.1 (0.6 to 1.9)
0.8 (0.4 to 1.4)

Monday morning

Friday afternoon

 CRP median (IQR) and ratio*

2376 (1236)

Friday afternoon
n=24

2571 (1018)

5132 (3057)

Friday afternoon

Monday morning

4223 (2620)

Monday morning

CRP (mg/L)

 sTNFR2

 sCD62P

2514 (1462)
2292 (1624)

Monday morning

 sCD40

Friday afternoon

n=24

n=8
2839 (942)

Exposed, mean (SD)

Occup Environ Med: first published as 10.1136/oemed-2016-104111 on 28 August 2017. Downloaded from http://oem.bmj.com/ on 17 July 2018 by guest. Protected by copyright.

Glass DC, et al. Occup Environ Med 2017;74:868–876. doi:10.1136/oemed-2016-104111

Cytokines (pg/mL)

0.9 (0.5, 1.8)
0.7 (0.4 to 1.3)

Monday morning

Monday afternoon

 CRP median (IQR) and ratio*

2380 (1069)

Monday afternoon
n=27

2538 (976)

4355 (2625)

Monday afternoon

Monday morning

4610 (2793)

2266 (1469)

Monday morning

Monday afternoon

n=25
2653 (1429)

Mean difference in change
between groups (95% CI)

Not exposed, mean
(SD)

Exposed, mean (SD)

Not exposed, mean
(SD)

Monday morning

Time

CRP (mg/L)

 sTNFR2

 sCD62P

 sCD40

Cytokines (pg/mL)

Parameter

Atopic participants

Non-atopic participants

Table 5 Summary of results of multivariate regression between Monday morning and Monday afternoon and between Monday morning and Friday afternoon stratified by atopy: analysis with adjustment
for age, gender and smoking status

Workplace
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2346 (1095)

Friday afternoon

0.81 (0.07)

Friday afternoon
17 (12 to 24)
19 (14 to 24)

Monday morning

Friday afternoon

n=54

0.79 (0.10)

4.02 (0.99)

Friday afternoon

Monday morning

4.00 (1.07)

Monday morning

3.16 (0.91)
3.27 (0.86)

Monday morning

Friday afternoon

n=50

0.8 (0.5 to 1.6)
0.7 (0.4 to 1.7)

Monday morning

Friday afternoon

n=42

2696 (1167)

4984 (3017)

Friday afternoon

Monday morning

4808 (3061)

Monday morning

20 (13 to 24)

20 (12 to 25)

n=26

0.80 (0.10)

0.83 (0.06)

4.74 (0.97)

4.81 (1.09)

3.81 (0.95)

3.96 (0.85)

n=24

0.5 (0.2 to 1.2)

0.3 (0.3 to 1.4)

n=25

2975 (1165)

2839 (1045)

6934 (3515)

6103 (2714)

4289 (2143)

3590 (1760)

n=25

221.4 (45.1)

213.8 (45.1)

0.51 (0.14)

0.46 (0.14)

4.2 (1.1)

3.8 (1.0)

7.0 (1.6)

6.4 (1.4)

4.7 (0.4)

4.8 (0.4)

14.6 (1.1)

14.8 (1.1)

n=25

Handled during
week,
mean (SD)

0.9 (0.8 to 1.1)

−0.01 (−0.04 to 0.03)

0.01 (−0.14 to 0.15)

−0.08 (−0.28 to 0.11)

1.3 (0.9 to 1.8)

941 (351 to 1530)

2021 (709 to 3332)

2152 (1103 to 3320)

1.8 (−8.3 to 12.0)

0.01 (-0.05 to 0.07)

−0.1 (−0.8 to 0.7)

−0.1 (−0.8 to 0.7)

−0.1 (−0.2 to 0.01)

−0.1 (−0.4 to 0.3)

18 (13 to 22)

17 (13 to 22)

n=41

0.82 (0.07)

0.80 (0.09)

3.94 (0.91)

3.86 (0.98)

3.22 (0.83)

3.10 (0.89)

n=40

0.7 (0.4 to 1.7)

0.9 (0.6 to 1.7)

n=32

2354 (1143)

2562 (981)

5444 (2998)

4842 (3067)

2587 (1752)

2869 (1406)

mLn=31

224.6 (42.9)

222.3 (44.9)

0.52 (0.17)

0.47 (0.12)

4.2 (1.6)

3.7 (1.2)

7.0 (1.9)

6.1 (1.5)

4.5 (0.4)

4.5 (0.4)

13.7 (1.4)

13.6 (1.5)

n=33

Mean difference in
Not handled during
change between groups week,
(95% CI)
mean (SD)

19 (13 to 24)

17 (12 to 25)

n=25

0.80 (0.10)

0.83 (0.06)

4.77 (0.98)

4.84 (1.11)

3.84 (0.96)

3.99 (0.85)

n=23

0.5 (0.3 to 1.4)

0.4 (0.3 to 1.8)

n=24

2900 (1134)

2869 (1058)

6877 (3587)

6092 (2775)

4193 (2143)

3614 (1796)

n=23

218.9 (44.3)

212.2 (45.4)

0.50 (0.14)

0.46 (0.14)

4.2 (1.2)

3.8 (1.1)

7.0 (1.6)

6.4 (1.5)

4.6 (0.4)

4.7 (0.4)

14.6 (1.1)

14.8 (1.1)

n=24

Handled during week,
mean (SD)

Non-asthmatic participants

1.0 (0.8 to 1.1)

−0.003 (−0.04 to 0.04)

0.04 (−0.14 to 0.22)

−0.04 9(−0.28 to 0.19)

1.3 (0.9 to 1.8)

1003 (328 to 1679)

1548 (100 to 2996)

2036 (783 to 3290)

−0.3 (−10.6 to 9.9)

0.01 (−0.06 to 0.08)

−0.1 (−1.0 to 0.7)

0.001 (−0.9 to 0.9)

−0.1 (−0.2 to 0.04)

−0.02 (−0.4 to 0.4)

Mean difference in change
between groups (95% CI)

Note that not all participants were present for both biological data collection sessions. Not all participants provided blood samples and some spirometry results were excluded because the data did not meet quality criteria.
All analyses adjusted for age, gender and smoking status. Spirometry results additionally adjusted for height.
*Ratio of geometric mean in the handled group to the geometric mean in the not handled group.
CRP, C-reactive protein; ENP, engineered nanoparticle; FeNO, fraction of exhaled nitric oxide.

 FeNO, median (IQR) and ratio*

FeNO (ppb)

 FEV1/FVC

 FVC (L)

 FEV1 (L)

Spirometry

 CRP, median (IQR) and ratio*

CRP (mg/L)

 sTNFR2

 sCD62P

2987 (1659)
2445 (1626)

Monday morning

Friday afternoon

 sCD40

222.5 (43.7)
n=41

Friday afternoon

0.52 (0.16)
220.7 (45.6)

Monday morning

Friday afternoon

4.1 (1.5)
0.47 (0.13)

Friday afternoon

Monday morning

3.7 (1.3)

7.0 (1.8)

Friday afternoon

Monday morning

6.1 (1.5)

4.5 (0.5)

Monday morning

Friday afternoon

Cytokines (pg/mL)

 Platelets (×109/L)

 Monocyte (109/L)

 Neutrophil (×109/L)

 White cell count (×109/L)

4.5 (0.5)

13.8 (1.4)

Friday afternoon

Monday morning

13.8 (1.5)

 Haemoglobin (g/dL)

 Red cell count (×1012/L)

n=41

Monday morning

Blood results

Time

Not handled during
week,
mean (SD)

All participants

Summary of results of multivariate regression between Monday morning and Friday afternoon stratified by whether ENPs were handled during the week (excluding high-CRP participant’s blood
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Parameter

Table 6
results)

Workplace

Workplace

Exposure

Nanoparticles tend to agglomerate forming larger particles,
when they come into contact with each other in air currents;
therefore, to get the most accurate measurement, the personal
sampler was fixed in the breathing zone of the participant.
Exposure measurement challenges included particles
entering the laboratory at higher concentrations than those
inside, affecting the baseline or background exposures, for
example, building work (see online supplementary figure S5)
and making toast (see online supplementary figure S6). Laboratories appeared to have fewer nanoparticles than did offices.
Nanoparticles are emitted from photocopiers34 and printers35
which may account for the comparatively higher measurement
in offices compared with laboratories.
The participants were working with one of a variety of agents
including polystyrene nanoparticles, zinc-cadmium nanoparticles, hydroxyapatite nanopowder, carbon nanotubes, copper
chloride nanoparticles, copper nanowires, gold nanoparticles,
iron oxide and silver nanoparticles. Unfortunately, there were
too few individuals working with any one agent to investigate
differences between agents in a meaningful way. Despite this
heterogeneity, we were able to observe significant consistent
effects on a number of specific immune parameters. We believe
that this is useful as pinpointing these parameters is informative
to test in any future large-scale studies in this area.
It is not clear how generalisable these findings are, in that
the laboratories varied in activities and the ENPs were handled.
Exposure prevention strategies had been implemented at the
worksites in this study where ENPs were handled.36 37 Most
particles were handled after suspension in fluid. The participants almost always wore gloves when handling ENPs and
prepared and sprayed suspensions in ventilated cupboards, fume
cupboards or other safety cabinets.
Most staff and students in these research laboratories did not
handle ENPs. Both the control and exposed participants were
exposed to nanoparticles from other sources such as office and
external air, in some cases at much higher levels. Those who
did handle ENPs, only did so for a small proportion of their
time. Set working hours could not be identified for the staff and
students in the laboratories because of the demands of specific
experiments. The ENP handling tasks were frequently very short
term and often unrepeatable so that repeated measurements
were often not available. In future studies, repeated exposure
measurements on the same activities would better measure this
type of exposure.38
When carbon nanotubes were handled, the precautions were
increased, so that they were handled inside a glove bag within
Glass DC, et al. Occup Environ Med 2017;74:868–876. doi:10.1136/oemed-2016-104111

the fume cabinet and the experimenter wore a full-face negative pressure respirator. After the fibres had been included in a
matrix, the embedded material was handled on an open bench
and higher exposures were measured, but the experimenter
wore a full-face negative pressure respirator. Much of the dust
generated would have been from the matrix of cement dust.
Some short-term activities such as use of the centrifuge resulted
in short-term peaks in the laboratory (eg, see online supplementary figures 2 and 3). Sonication of nanoparticles in solution is
a common practice in these laboratories and this practice can
release mist into the atmosphere.39 There was a clear increase in
nanoparticle concentration in only one laboratory as measured
with the NanoTracer. The exposures were not directly comparable to those of Lee et al17 because their instrumentation detected
particles with a different size range. However, they measured
concentrations of between 224 622 and 2 328 608 particles/cm3
in a workplace manufacturing silver nanoparticles. Methner
et al measured exposure in research laboratories and using a CPC
counting 10–1000 nm diameter particles.19 In their study, they
found that background particle number concentrations ranged
from 700 to 19 500 particles/cm3 of air and background-adjusted concentrations (background-adjusted by subtraction of
the background measurements) ranged between 1600 and 5000
particles/cm3. The differences between laboratories may result
from several factors: first real differences, the ENPs were generated and the control measures were used to reduce exposure;
second, in the laboratory, background particle count, eg, openable windows, may lead to the infiltration of ambient air with
higher nanoparticle counts and differences in the effectiveness of
the filtration of air supplied to the laboratory and, lastly, in the
size range covered by the instruments used to count the particles.
The NanoTracer may undercount particles below 20 nm.40 41
The data may then have underestimated the exposure, particularly at the lower end of the particle range. The tube extension
provided with the NanoTracer was not used as this was found to
reduce the number of particles counted.

Conclusions

Increases were seen in levels of cytokines sCD40, sCD62P and
sTNFR2 and CRP across a day following exposure to very low
ENP levels against a background of nanoparticles in office and
external air. The increases in three cytokines were significant
over the week for those who handled nanoparticles compared
with those who did not. The changes were slightly smaller and
less likely to be significant when asthmatic participants were
excluded, suggesting that asthmatics were at greater risk of this
increase in cytokines, although there were only two exposed
asthmatics. Atopic participants show increased in cytokines over
the week, compared with control participants but not over the
first day of exposure week.
Exposure to the low and transient levels of nanoparticles in
the workplaces included in our study was insufficient to trigger
measurable changes in spirometry, FeNO measurements, CRP,
haemoglobin platelet or blood cell counts.
These data suggest that exposure in the types of laboratories
tested would be unlikely to cause any significant immunological
effects in workers handling ENPs intermittently. However, evaluating nanoparticle exposure in diverse environments and with
nanoparticles with potentially different immunomodulating
properties allowed this study to identify consistent underlying
immune effects associated with handling ENPs.
Acknowledgements MP is an NHMRC SRF 1059409. Virtual Accident, Glen
Waverley, VIC 3150, Australia, allowed time for PMD to contribute to the paper.
875

Occup Environ Med: first published as 10.1136/oemed-2016-104111 on 28 August 2017. Downloaded from http://oem.bmj.com/ on 17 July 2018 by guest. Protected by copyright.

The findings are consistent with the limited number of
studies investigating the association between outdoor particulate air pollution (which also contains particles in the nanometre size range) and immunological responses. Positive
associations have been found between particulate matter exposure and sCD62P29 30 and sCD40L.30 31 Furthermore, TNF has
been suggested to be associated with outdoor particulate air
pollution.32 The association between CRP and outdoor air
pollution is inconsistent.33
The risks associated with number of outcomes were examined
using 95% CI. When more than 20 risk estimates are made, it
becomes more likely that one of these may be a chance finding. It
is important, therefore, to look at the overall pattern of results.
In this study, the cytokine results are similar across Monday and
across the week, suggesting that these are robust findings.
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