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Abstract

Background

Although major concerns exist regarding the potronsequences of human exposure
nanoscale carbon black (CB) particles, limited homntaxicological data is current
available. The purpose of this study was to evaluhthanoscale CB particles could

responsible, at least partially, for the alterengldunction and inflammation observed in

workers exposed to nanoscale CB particles.

Methods
Scanning Electron Microscopy (SEM), TransmissiorecEbn Microscopy (TEM), an

Brunauer-Emmett-Teller were used to characterize. Eghty-one CB-exposed mg
workers and 104 non-exposed male workers wereitedrirhe pulmonary function test w

sto
y
be
CB
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performed and pro-inflammatory cytokines were eatdd. To further assess the deposition

and pulmonary damage induced by CB nanoparticlede BALB/c mice were exposed
CB for 6 hours per day for 7 or 14 days. The dejmsiof CB and the pathological chang
of the lung tissue in mice were evaluated by paractions and TEM. The cytokines leV
in serum and lung tissue of mice were evaluatedEbh{SA and immunohistochemic
staining (IHC).

Results

SEM and TEM images showed that the CB particlesevaér to 50 nm in size. In the ¢

workplace, the concentration of CB was 14.90 nig/mong these CB particles, 50.7]
were less than 0.523 micrometer, and 99.55% weretlean 2.5 micrometer in aerodyna
diameter. The reduction of lung function parametectuding FEV1%, FEV/FVC, MMF%
and PEF% in CB workers was observed, and thepILH1-6, IL-8, MIP-1beta, and TNR
alpha had 2.86-, 6.85-, 1.49-, 3.35-, and 4.87sfalicrease in serum of CB worke

to
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respectively. In mice exposed to the aerosol CBtigles were deposited in the lung. T

he

alveolar wall thickened and a large amount of mftaatory cells were observed in lung



tissues after CB exposure. IL-6 and IL-8 levels avarcreased in both serum and Iling
homogenate.

Conclusions

The data strongly suggests that nanoscale CB lemrtapuld be responsible for the Iyng
function reduction and pro-inflammatory cytokinecietion in CB workers. These results,
therefore, provide the first evidence of a linkvbe¢n human exposure to CB and long-term
pulmonary effects.

Keywords

Carbon black, Nanoparticles, Occupational expogtre;inflammatory cytokines,
Pulmonary function

Background

Inhalation of particulate matter (PM) from fuel coustion is associated with adverse health
effects, including reduced lung function [1] andreased mortality [2]. Fuel-derived PM in
the inhalable size range (<1Om in aerodynamic diameter, PM10) is dominated by
aggregates of nanoparticles of carbon black (CR)TB has been suggested to serve as a
valuable additional air quality indicator and woudd particularly useful to evaluate health
risks of air pollution dominated by primary combastemissions and the benefits of traffic
abatement measures [4]. CB is the powder that aslyn@ure carbon manufactured by the
controlled vapor-phase pyrolysis of hydrocarbond apnsists of primary particles with
diameters smaller than 100 nm in all three dimersidhis form of CB is an amorphous
carbon that has a high surface area to volume [&}ioCB is widely used because of its
characters of sluggishness and stability. It isabeventional filler in rubber to achieve the
grip and mechanical stability of tires. CB ranksaae of the top 50 industrial chemicals
worldwide and has been manufactured for decadgsantities in the range of megatons per
year [6].

Because of its unique characteristics, CB has deagea negative control to explain some
toxicity of other nanopatrticles [7]. However, evide indicated that CB nanoparticles could
induce lung inflammation and histopathological mjy8-10]. International Agency for
Research on Cancer (IARC) classifies CB as a plassdrcinogen to humans [11]. The US
epidemiological studies showed no excess of lungeain CB workers [12-14]. A UK study
showed a marginally significant increase of lungiaea in CB production workers [15],
however, the follow-up investigation demonstratédttthis increase was not related to
cumulative CB exposure, but a combination of factorcluding prevalence of smoking,
previous occupations, social class, and regionfaicesf unrelated to smoking habits [16].
They reported a 73% increase in lung cancer mtytathong CB production workers when
compared with the general population (Standardimedality ratios [SMR] 173, 95% CI 132
to 222). In German CB workers, the mortality froomg cancer was more than 2-fold
increase in the main (census) cohort (SMR 218, €3%61 to 287) and nearly a threefold
increase (SMR 289, 95% CI 206 to 394) among thekarsrhired after 1960. The high lung
cancer SMR could not be fully explained by selattismoking, or other occupational risk
factors, but these results also provided littledence for an effect of CB exposure [17].
Therefore, the definitive evaluation of CB-inducearcinogenic effects is still insufficient



and more evidence from epidemiological studies uméan is required to understand the
adverse effects of CB.

It is known that a greater and more persistentaimfhatory and related oxidative stress
response is a likely mechanism by which high lungdbns of particles can induce

genotoxicity resulting in epithelial cell mutatiorssxd subsequent lung tumor formation
[18,19]. However, the lung inflammatory and lungdtion deficiency caused by burdens
from CB exposure is still controversial. There &wlimited evidence of lung inflammatory

response induced by CB in human beings. In facthénliteratures about the CB-induced
lung diseases, none of them analyzed workers selgipsed to CB [9]. In the present study,
the CB packers were exposed to acetylene blackhich no other particles and organic
chemicals were formed. These CB packers were ther@fivestigated to explore the effects
of CB on lung functions and inflammation.

Industrial CB is produced within a closed reactbeve the primary particles form aggregates
and then become the indivisible entities of CB.Id¢wing nanoparticles inhalation, the
deposition characteristics in the lungs, the paéntoxic effects induced, and the
toxicokinetic fate is predominantly determined lne tagglomeration status of nanoscaled
primary particles. Based on the results of variapproaches, a tendency of nanoscaled
particles to form larger size agglomerates follgyvdeposition and interaction with cells or
the respiratory tract is predominant. In order W&plain the relationship between the
characteristics of CB (size and dose) and lung denaamd inflammation in CB workers, the
physical-chemical characteristics and the conctairaof CB were detected in the CB-
exposed occupational environment in the presedysiBecause it is difficult to further study
the deposition characteristics in the lungs follogvCB inhalation and the follow-up changes
of lung inflammation in the CB-exposed workers, #mmal inhalation experiment could be
pursued to mimic the exposure condition of CB weskd&he hypothesis of this study is that
lung functional impairments and pro-inflammatorytalynes release are associated with
occupational inhalation exposure to CB. Furthermdine deposition of CB particles will
induce histopathological alteration of the lungswasl as the pro-inflammatory cytokines
release in mice after CB inhalation.

Results

Characterization of CB

The expected three-dimensional nanostructure ofisC8early confirmed by the Scanning
Electron Microscopy (SEM) and Transmission Electhigroscopy (TEM). CB has a high
carbon purity (>99.8%) and consists of globularpgtaparticles. Agglomerates of tens to
hundreds of nanometer were formed, but no interateslistructure was observed (Figure 1
and Table 1). SEM examinations (Figure 1A) indidatieat particles ranged from 30 to 50
nm in size. The larger particles exhibited numerspiserical protuberances on the surfaces,
suggesting that they were formed during the sprgjmd process through fusion of the much
smaller particles. TEM confirmed that the CB paetccontained clusters comprised of
smaller particles, 30 to 50 nm in size (Figure IB)e iodine absorption value of CB will not
fall below 90 (g/Kg). Brunauer-Emmett-Teller (BETWeasurements of the CB particles
resulted in a surface area of 74.85gnThe diameter analysis showed that about 99.55%
particles are <2.pm and more than 50% particles are <0.p@8in this workplace (Table 2).



The small size, along with the high surface aredhef particles, tends to induce strong
biological activities.

Figure 1 Scanning electron microscopy (A) and transmissionl@ctron microscopy (B)
images of CB.The CB powder was deposited on 200-mesh coppds.grhe particle
primary structure was 30-50 nm and globular.

Table 1Physicochemical parameters of the CB

Physicochemical parameters Carbon black
Particle size distribution (SEM and TEM) 30-50 rgigbular
State of agglomeration 200-400 nm
Dispersibility agglomerated

In water 200-400 nm

In tween-80 (0.04%) 30-50 nm

BET 74.85 nilg

Zeta Potenti: -15.37 (MV,

Table 2 The distribution with different size of CB particles in the workplace
(particles/cm’®)

Size Mean Maximum Minimum SD  Percentage (%) Accumulative percentage (%)
<0.523um  233.77 270.6 208.2 24.32 50.77 50.77
0.523-1um 211.33 220.86 206.52 5.49 45.90 96.67
1-2.5um 13.24 13.71 12.27 0.58 2.88 99.55
2.5-20um 2.08 2.24 1.95 0.13 0.45 100.00

Characterization of the workers and CB exposure

The average age, body mass index (BMI), smokingdrimdking habit, duration of exposure,
and work shift status before the physical test wase significantly different between the
control and CB exposure groups (Table 3). Statprsamplers and personal air samplers
carried by volunteers were used to detect the CBcemtrations in the air of the CB
workplace. The mean atmospheric concentration ofw@B 1.63 mg/thby the stationary
samplers in worksites. However, the mean concéoiratf CB was 14.90 mg/frmeasured
by personal air samplers from 15 volunteers, wigahearly 4.26-fold higher than the current
Threshold Limit Value (TLV) of 3.5 mg/M20]. Although local exhaust ventilation systems
are installed, the workers were likely to be expa®ehigh concentrations of CB dusts due to
their reluctance to wear the masks.



Table 3The characteristics of workers in the control and B-exposed groups

Variables Control group (n = 104) CB-exposed group (n = 81) P

Age (years, mean + SD) 445 + 5,94 459+ 542 ¢.108
BMI (kg/m? mean + SD) 25.0 + 3.30 25.1+3.93 0.887
Current smoker, yes/no (% y 68/36 (65.4 56/25 (69.1 0.59¢°
Pack years of smoking 17.87 +12.21 13.20 + 8.92 0.019
Never smoking (% never) 31/73(29.8) 22/59(27.2) 0’693
Alcohol user, yes/no (% ye° 15/87 (14 7 12/69 (14.8 0.982#
Working year (years, mean + SD) 12.5+11.07
Work shift before the physical test, at work/at restaork) 84/20 (80 8) 72/9 (88.9) 0.150
Night shift within last week, yes/no (% y: 80/24 (76.9 65/16 (80.0 0.55¢

2t-test was used to compare values from both groupserBiftes were considered significant wReq 0.05.°
Chi square test was used to compare values from both grodipeo missing values in the control group.
Differences were considered significant whrer 0.05.

The clinical symptoms and lung functions of the wdkers

All the subjects in the CB exposure group have boargchronic sputum production but there
is no changes in the image of chest x-rays. Thalteesf lung function tests were shown in
Table 4. Exposure to CB was associated with a fsgnmit reduction in percent predicted
forced expiratory volume in 1 second (FEV1%), FHUidded vital capacity (FVC), percent
predicted maximal midexpiratory flow curve (MMF%)dapercent predicted peak expiratory
flow (PEF%) when compared with the control groupeTmeans of FEV1%, PEF%, and
MMF% had 5.54, 15.26, and 9.79 percent decreatieei€B exposure group compared with
the controls, respectively. Whereas, the level efcent predicted forced vital capacity
(FVC%) was not significantly different between tld exposure group and the control
group. Nevertheless, no subject was clinically désgd with chronic obstructive pulmonary
disease (COPD) or asthma in either of the CB exposu control groups. Smoking is a
major confounder for the determined pulmonary patens, therefore the stratification was
used to test for differences in pulmonary paranseté/hen stratified by smoking status,
FEV1% and MMF% were not significantly different iseten the CB exposure and control
groups. The FEV1/FVC was significantly lower in @Bposed workers with pack-yeats
12.5 than that of the contrdP (< 0.05). Multiple linear regression analysis showleat there
was a statistically significant association betwe&posure to CB and FEV1/FVC, MMF%,
and PEF% after adjusting for the important confarad including age, weight, height,
smoking, and drinking habit (Additional file 1: TlabS1). There was no interaction between
smoking and FEV1%, FVC%, FEV1/FVC, MMF%, and PEF%ues (Additional file 2:
Table S2).

Table 4 The pulmonary function indexes in control and CB-eposed groups (mean +
SD)

Variables Control group (n = 104) CB-exposed group (n = 81) P-value
FEV1 (% 103.61 £+ 14.5 98.07 £ 13.5 0.019°
FVC (%) 104.67 + 14.64 100.12 + 13.47 0.G71
FEV1/FVC 0.87 £0.05 0.84 £ 0.05 0.001
PEF (%) 93.76 £ 17.86 78.50 + 16.80 <0.601
MMF (%) 96.45 +23.18 86.86 + 23.06 0.001

& Two-samplé test. Differences were considered significant wRen 0.05. FVC%: percent
predicted forced vital capacity, FEV1%: percentdicted forced expiratory volume in 1



second, MMF%: percent predicted maximal midexpmaftow curve, and PEF%: percent
predicted peak expiratory flow.

The pro-inflammatory cytokines levels in serum of he CB workers

Table 5 showed the pro-inflammatory cytokines Ievial serum of the workers detected by
CBA. The levels of the interleukinf1(IL-1p), interleukin 6 (IL-6), interleukin 8 (IL-8),
macrophage inflammatory proteifi-1(MIP-13), and tumor necrosis factar (TNF-u)
significantly increased in the CB exposure groumpared with the control group (< 0.05).
The medians of ILf, IL-6, IL-8, MIP-13, and TNFe had 2.86-, 6.85-, 1.49-, 3.35-, and
4.87-folds increase in the CB exposure group coetparnth the control workers. The level
of monocyte chemoattractant protein-1 (MCP-1) wasaignificantly different between the
CB exposure group and the control group. Whenifigitby smoking status, there was no
interaction between smoking and IB;1L-6, IL-8, MIP-13, and TNFe levels (Additional
file 3: Table S3). The multiple regression analysisage, BMI, smoking, alcohol drinking,
and CB exposure on serum cytokines is shown inel@blhere was a statistically significant
association between exposure to CB and the levdls g, IL-6, IL-8, MIP-13, and TNFe

in the serum of workerdP(< 0.01). Statistically significant associations watso observed
between BMI and the level of IL-&(< 0.05) and between age and the levels of MiRuwid
TNF-o (P < 0.01). No significant associations were observetivben smoking and drinking
habits and the levels of all the above cytokines.

Table 5The cytokines levels of control and CB workers
Cytokines Control group (n = 104) pg/mL, CB-exposed group (n = 81) P value

median (5%-95%) pg/mL, median (5%-95%)
IL-1B 4.16 (0.0+17.75 11.88 (1.9-38.08 <0.007
IL-6 27.51 (2.16-180.18) 188.32 (46.13-643.16) €0°0
IL-8 746.30 (163.55-1879.01) 1117.10 (369.36-373).8 <0.00%
MIP-1 804.09 (225.35-2888.59) 2694.52 (1136.97-10074.81) <0.00f
TNF-a 47.75 (0.00-191.33) 232.36 (76.47-572.05) <0001
MCP-1 254.75 (94.29-428.72) 238.76 (92.39-438.51) 248

®t-test was used to compare values from both grddifferences were considered significant
whenP < 0.05.



Table 6 Multiple regression analysis (regression coefficigrand 95% CI) of age, BMI, smoking, alcohol drinking, CB exposure and

serum cytokine$

Parameters IL-1p IL-6 IL-8 MIP-1p TNF-a MCP-1
Age -0.015 (-0.03- 0.008 —0.027 (-0.05% 0.001' 0.001 -0.017-0.018 -0.036 (—0.05%-0.018" -0.041 (-0.07:--0.012™ 0.017 (0.00% 0.033"
BMI -0.008 (-0.044 - 0.028) 0.012 (-0.033 - 0.056).032 (0.004 - 0.060) 0.015 (-0.014 - 0.044)  0.016 (-0.030 - 0.062) 30.0-0.058 - -0.003)
Smoking -0.050 (-0.336 - 0.236) -0.003 (-0.342336) 0.161 (-0.050 - 0.373) -0.075 (-0.297 - 0.1479.093 (-0.263 - 0.449) 0.042 (-0.150 - 0.234)
Drinking -0.048 (-0.43:- 0.336 —0.030 (-0.48%- 0.423 0.102 —-0.181- 0.384 -0.062 (-0.36¢- 0.243  —0.109 (-0.58¢- 0.369  0.100 —0.166- 0.366

CB exposure

0.680 (0.412 - 0.949) 1.924 (1.604 - 2.245)  0.659 (0.459 - 0.860) 1.301 (1.091 - 1.513)  1.772(1.436-2.108)  —0.015 (~0.095 - 0.065)

3 n-transformed. P < 0.05, and P < 0.01.



The clinical observation of the animals and the chages in body weight and
organ coefficient

Mice were exposed to CB particles for 7 and 14 anbyalation. There was a slight reduction
in activities and diet of mice after inhalation©B for 7 and 14 d. The activities and food
intake of mice returned to normal after 14 d. Themere no other changes in clinical
observation of animals. In both the CB treatmernt aantrol groups, the weights of mice
were slightly decreased after a 7 d exposure wheakshe mice gained weight slowly after a
14 d exposure and a recovery for another 14 d. ijoifeant difference of weight was
observed between the control and treatment groAigditjonal file 4: Figure S1). The lung
and spleen coefficient in the 14 d exposure groapewgignificantly increased compared with
the control (P < 0.01). The coefficient of the otbegans (trachea, liver, and kidney) did not
differ significantly between the treated and congroups (Additional file 5: Table S4).

The cytokines levels in serum and lung homogenate mice

The changes of pro-inflammatory cytokines levelssémum and lung homogenate or lung
tissue of mice were detected by ELISA or immunalukemical staining (IHC), respectively.
As shown in Figure 2, the levels of IL-6 and ILigrsficantly increased in the 7 and 14 d CB
exposure groups compared with the control groups<(0.05). However, no significant
changes were observed for the levels of the ALMIP-13, and TNFe in CB exposure
groups compared with the control groups (data how$. In the recovery group, the level of
IL-6 in lung homogenate increased compared with thed CB exposure group and the
control group P < 0.05). In addition, the level of IL-8 in serum ahthg homogenate
increased compared with the control groBp<(0.05), but decreased compared with the 14 d
CB exposure groupP(< 0.05). From the images of IHC of lung tissues shanvFigure 3,
the positive staining cells for IL-8 and IL-6 inetltontrol group tended to be localized to the
basal lamina of epithelial cells and in close pnuiky to the musculature of the vessels or
airways, while there was little staining in theedlar epithelial cells. In mice treated with CB
for 7 and 14 d, there was a clear increase in tsitipe staining for IL-8 and IL-6 around
airways and bronchium (Figure 3 C2, C3, D2, and. D3Yhe recovery group, the IL-8 and
IL-6 positive cells were similar to the CB exposwymups, but with less positive alveolar
epithelial cells.

Figure 2 The levels of IL-8 and IL-6 in serum and the lung issue of mice after CB
exposure for different time and recovery for 14 d #er 14 d CB exposure. AThe levels

of IL-8 in serum of miceB: The levels of IL-8 in the lung tissue of mi¢&. The levels of

IL-6 in serum of miceD: The levels of IL-6 in the lung tissue of mice.tBavere expressed
as mean + SD. Multi-group comparisons of the meeTe carried out by a one-way analysis
of variance test followed by SNK’s multiple comsam tests. P < 0.05 compared to the
control group.

Figure 3 Images of the lung tissue in mice and the IL-8 antL-6 expression in the lung
tissue of mice by immunohistochemical staining. Amages of the lung tissue in mice after
CB inhalation for 14 d. The mice were deeply anetitbed with chloral hydrate and perfused
by injection from the left ventricle with 20 mL 8% °C saline solution and then the lung
tissues were separatddil-E1: Histopathology of the lung tissue in mice aftep@sure to

CB particles for different time by HE staining (2Q0The arrows irC2, D2, andE2 indicate
the CB particles in pulmonary alveoli or bronchidlhe arrows ib1 andE1 indicated
inflammatory cellsB2-E2: The IL-8 expression in lung cells after CB expesior different



time points by immunohistochemical staining (200®)e IL-8 positive cells displayed
brownish yellow granules. In lung cells, IL-8 was&ted mainly in the cytoplasm and
karyon.B3-E3: The IL-6 expression in lung tissue after CB expedor different time points
by immunohistochemical staining (200x%). In lung<€lL-6 was a granular brown substance
located mainly in the cytoplasm and karyBd-B3: Control groupC1-C3: 7 d CB exposure
group;D1-D3: 14 d CB exposure group; akd-E3: recovery for 14 d after 14 d CB
exposure. Inset: a higher magnification of the Itisgue (400x)F: TEM images of lung
cells in mice after CB inhalation for 14 €1: Alveolar type Il epithelial cells in control
(5000x%);F2: The disintegration of the macrophages in the loingpice after CB exposure for
14 d (15000x) (Staining by uranyl acetate and t@tdte); and=3: The CB particles in a
lung macrophage (25000x%) (No uranyl acetate ardidéeate staining). The arrows indicate
the CB particles in a lung macrophage.

Histopathological changes of the lung tissue in mgc

The appearance of lung tissue in the CB exposuepgbecame black while the lung in the
control group was white (Figure 3). The histologipaotomicrographs of the lung were
shown in Figure 3 (B1-E1l). In lung tissue, CB pde$ were deposited in the pulmonary
alveoli or bronchioli after CB exposure for 7 antld. In the recovery group, there were still
some CB particles deposited in the bronchioli baterparticles in the pulmonary alveoli and
the alveolar wall tissue, whereas the weight oflthngy decreased. After CB exposure for 7
and 14 d, the alveolar wall thickened significargtyd a large amount of inflammatory cells,
constituted mainly by lymphocytes, were infiltrate@he characteristic features of the
pulmonary alveoli and the bronchioli were slighdigarranged and swollen with some of the
cells showing vacuolar degeneration in the CB ewpmogroups (Figure 3 C1 and D1). The
score of the lung abnormalities was shown in Addgi file 6: Figure S2. The scores in
exposure groups (7 and 14 d) were significanthjhéigthan that of the control (P < 0.01).
This histological change remained in the recovenup (Figure 3E1) and the score in the
recovery group was still significantly higher thi¢wat of the control (P < 0.01), but there were
no significantly different between CB exposure Idrd group and the recovery group.

Ultrastructure of the lung was detected by TEM (g 3F). The image of TEM
demonstrated particles in the alveolar space antdtaphages. For removing the effects of
uranyl acetate and lead citrate staining, we oleskrao staining of the particles in
macrophages (Figure 3F). In alveolar macrophadgesetwas an increase of primary and
secondary lysosome and broken mitochondrial cristathe secondary lysosome, there were
some insoluble particles that had the same eleamsity as the CB particles shown in
Figure 1B. The pulmonary interstitial hyperplasia aollagen fiber hyperplasia in alveolar
septa were observed. In alveolar type Il epithal&ls, the microvillus and the osmiophilic
multilamellar body disappeared, perinuclear spageened, and organelles reduced. These
ultrastructure damages indicated the functionaictfcy of the alveolar type Il epithelial
cells.

Discussion

CB has been studied extensively as to its toxigglegpecially as an example of a less toxic,
low soluble particle with no considerable harm canggl to organics or metals. In long-term
animal studies, CB was found to be a carcinogeatiand the burden of CB in the lung was
very likely to play an important role in this affef21]. In studies of the health status of



individuals working in the CB industry, there isidance of abnormalities in chest
radiographs and respiratory morbidity, but equivofiadings were reported about its
relationship to lung cancer [16,22,23]. Howevernemf these studies analyzed a worker
population exposed solely to CB, and there arexistieg data to explain the health effects
in human beings [9]. In the present study, theextbjwere exposed to CB in acetylene black
workplace. In the process of production of acetylétack, there are no other particles and
chemicals, such as polycyclic aromatic hydrocarb@@®Hs), existing in the occupational
environment where the packers work. Therefore stiigects who participated in the present
study were solely exposed to CB. They were surveged examined for physical and
biochemical parameters. Moreover, given the tismalization and the effects of CB
particles on mice lung tissue, the data here slyosgggests that CB particles could be
responsible, at least in part, for the pulmonancfion reduction and inflammatory response
observed in CB workers.

The sizes of particles can affect their abilitiesehter the lower respiratory tract and induce
impaired pulmonary function. CB particles in nafmzesalso exhibited a higher propensity of
inducing cytotoxicity, inflammation, and alteredggocytosis in human monocytes than their
micron size [24]. Generally, the basic building de of CB include primary particles,
aggregates, and agglomerates. The aggregatesstdhimeagglomerates form, which are the
typical form of CB in commerce. The aggregates agdlomerates of CB are extremely
fluffy and fine powders and have a large surfacsawith aggregate dimensions ranging
from ten to a few hundred nanometers. The main eonabout exposure to CB is the
ultrafine size of the primary particle (10-500 namd their aggregates (80—800 nm). Very
limited research has been done to evaluate the distebution of the agglomerates in
occupational environments, and we analyzed the digteibution of CB in the workplace
(Table 1 and Figure 1). The results of SEM and T&Mwed that the CB particle in this
study was 30-50 nm with a globular shape. Somé&eahtwere aggregates. Only 0.45% of
particles are >2.am in the workplace and more than 50% of the CBiga#g are <523 nm
(Table 2). The small size of particles, and oftetthva high surface area, might cause
inflammation and lung epithelial hyperplasia [24,25 our study, the surface area of the CB
particle is 74.85 Aig. In contrast to the high surface area (2Z&nCB, low surface area
CB (37 nf/g) has been shown to induce less severe inflannatnges on a mass-based
dose [8]. In a carcinogenicity study, exposure e@méle rats to 6 and 12.2 mg/raB
(particles size 15 nm, surface area 213gjnfor two years led to an increased tumor
incidence in the lung [26]. However, in anothercoaogenicity study, CB with a low surface
area (43 rfig) caused concentration-related increase of lueigiht and polymorpho-nuclear
neutrophils, biochemical changes of broncho-alvetdaage fluid (BALF), and increased
incidence of adenomas and adenocarcinomas in2@}slp the present study, inhalation of
30 mg/ni CB patrticles for 14 d caused a temporary incréaieng weight (Additional file 2:
Table S2). These results indicate that the surdaea might not be a single crucial factor of
CB toxicity, at least for carcinogenesis.

There are many concerns about the adverse effécthironic exposure to CB, but the
possible effects of CB exposure on pulmonary famctihave not been thoroughly
investigated and are subject to debate and comspvAcute intense CB exposure can cause
respiratory symptoms and an obstructive ventildifect [28]. Perennial CB exposure was
associated with a significantly increased prevaden€ respiratory symptoms and acute,
partially reversible, and chronic irreversible sfgant decrease in some parameters of
pulmonary function, with a spirometric pattern dstent with restrictive ventilatory
disorders [29]. However, in reports from CB plamshe US [30] or Germany [31], there



was no significant associations observed betweeregii®sure and reduced lung function.
Some other studies revealed that the pulmonantibmparameters of CB-exposed workers
were significantly decreased, but the decreaserglated to the effects of smoking and age
using multiple regression analysis [30,32]. In gresent study, all of the exposure workers
have respiratory symptoms including cough and spytuoduction because they exposed to
the high concentration of CB particles. Though FEXAC and PEF(%) parameters of
pulmonary function were significantly decreasedCiB workers compared with the control
workers, none of the exposure and non-exposureesmikave pathologically low values of
parameters of pulmonary function in this studynlitdd asthma patients 40-59 years old, the
FEV1% values were >80% [33], while we found the me&FEV1% was 98.07%, which is
far from being diagnosed with asthma. Generally,the asthma patients, <40% predicted
FEV1 or PEF indicates severe asthma exacerbatidr» at®% predicted FEV1 or PEF is a
goal for discharge from the asthma emergency cetteng. In this study, the PEF% in CB
exposure workers was 78.5%, which is more tharvéthee of the criteria of discharge from
the asthma emergency care setting. After adjustingnportant confounders, including age,
weight, height, smoking, and drinking habit, sigraht associations were still present
between reduction in most parameters of pulmonamgtfion and CB exposure. Our results
are similar to other studies that had been conduntére manufacturing and rubber factories
[29,34,35]. In the present study, the mean conatatr of CB was 14.90 mghrby 15
volunteers carrying personal air samplers, whichearly 4.26-fold higher than the current
TLV of 3.5 mg/ni. The actual amount of CB exposure of the pacleabout 10-fold higher
than that in the atmosphere of packing workshopghdb et al. [29] reported that CB
exposure at concentration of 2-fold exceeding TLAswssociated with a significant increase
in respiratory symptoms, including cough, sputuradpiction, wheezing, and dyspnea and
with decreases in both FVC and FEV1 in CB-exposedkers. Harbeet al. [36] found that
CB exposure at a low concentration (0.5 migy/rwvhich were 7-fold lower than the TLV,
only caused small reductions in the FEV1 but nahm other spirometic parameters. In this
study, the FEV1%, FEV1/FVC, PEF%, and MMF% werengigantly reduced in CB-
exposed workers. In view of these differences bebtnthe literature and our results, the CB
exposure dose might be an important factor. Howewlimannet al. reported that the
estimated cumulative CB exposure was negativelyceted with lung cancer mortality and
there was no significantly increased risk with afighe simple measures of employment in
work areas with high CB exposure. These resultddcba explained with healthy worker
effects and the unclear latency period for exposui@B and the development of lung cancer
[17]. Though our results may support the hypothttgis CB exposure at a high concentration
induces the lung function deficiency in CB-exposaxkers, further analyses looking at time
dependent factors and CB occupational exposunemie detail are required.

Although the mechanism for PM-induced health effastnot fully defined, the persistent
inflammatory and related oxidative stress mighyptaportant roles. However, there was no
direct evidence for the inflammatory mechanism gatliby sole CB in human beings. In the
present study, the increases of pro-inflammatotgleges, including IL-8, IL-6, IL-8, MIP-

1B, and TNFe, were observed in the serum of CB-exposed workigltiple logistic
regression analyses showed an association betw@&erexposure and the increase of
cytokines after adjusting for important confoundersiuding age, BMI, smoking, and
drinking habit. Our study is the first to providerpuasive evidence for CB-induced pro-
inflammatory cytokines in human beings. Thereftinese pro-inflammatory cytokines might
be useful biomarkers of pulmonary inflammatoryhe tvorkers who exposed to CB at a high
concentration.



Some animal experiments aimdvitro studies supported that CB exposure could induee th
inflammatory response. For instance, after rateweposed to 116.4 nm CB for 4 weeks at a
nominal concentration of 15.6 + 3.5 mg/rtL-6 level in serum and IL-6 mRNA in lung were
markedly elevated. Although a severe form of alaeahflammation or fibrosis was not
observed in rats exposed to CB, it was certain@gaexposure induced a mild inflammatory
response in the lung [37]. Vesterdsl al. [38] treated mice with CB nanoparticles using
intratracheal instillation and found that MCP-1 wiasreased 24 h after instillation. Stoeger
et al.[39] also reported a dose-dependent infammatesponse by measuring the number of
neutrophils, IL-B, and MIP-3 in lavage fluid of mice after exposure to ultrafi@B for 24

h. In addition, CB was able to cause detectablddwievel pro-inflammatory effects in rats
following 7 h inhalation exposure [40]. In humarmibchial epithelial cell line (1L6HBE140-),
13 nm CB particles have been shown to cause ireseaisIL-6 and TNFe [41]. However,
there were still some opposite conclusions in ahimalation experiments. For example,
inhalation of CB particles with a diameter of 8889 nm for 4 weeks neither induced
toxicity of the rat’s lungs nor elicited most of lmonary pro-inflammatory cytokines. The
histological analysis further revealed that nanles€B particles did not induce inflammatory
responses in the respiratory system [42]. Anothefysindicated that a short-time inhalation
of nanoscale CB particles at 10 md/oould not induce changes of IL-6, IL-8, and TMia

rat [43]. In the present study, the mice were egdds the CB aerosol at 29.33 + 9.10 my/m
for 7 and 14 d. Both IL-6 and IL-8 levels were &sed in serum and lung homogenates, but
we did not found any change of the TNHKA either serum or lung homogenates. Though the
pro-inflammatory cytokine TNF is considered to beimportant mediator in inflammation,
Saberet al. [44] suggested that TNF was not required for tiguction of inflammation by
CB patrticles in mice. During the recovery of CB espre, the IL-8 levels in both serum and
lung homogenates were decreased but still highar the control group, whereas the IL-6
levels were increased in both serum and lung homaigs, compared with the 14 d exposure
group. These results suggested that the pro-inflatomy cytokines sustained at a high level
for some period induced by CB inhalation even dftercessation of exposure, especially the
IL-6 level. Li et al. [45] found CB induced neutrophils, lactate dehgdmase and protein
concentration increased in the BALF after 260 nnd 44 nm CB particles were intra-
tracheally instilled into rats. The neutrophil unfl persisted at least 7 d. The persistent
inflammation in lung might contribute to furthemly damage, such as fibrosis, hyperplasia,
and/or tumor.

The inflammatory response elicited in the lung nhilgé related to the deposition of inhaled
PM. We have found that the CB powder was deposite¢te lung tissue of mice, including
bronchus, bronchiole, bronchioli terminals, ancealu The inhalation of particles increased
the risk of pulmonary inflammation, which is clogelssociated with chronic pathological
outcomes [8,46,47]. TEM detection indicated thatrenGB particles were phagocytized by
pulmonary macrophage. Some of them were not engdlepth membrane, suggesting that
the CB particles could transport through the cefimbranes and get into the cells. More
deposition of CB particles was found in 14 d expesgroup compared with the 7 d exposure
group and there were more deposition of CB pagielfter cessation of exposure for 14 d
(Figure 3). The endocytosis (cellular granularibhgs been shown to be dose-dependently
correlated with pro-inflammatory response inducgdQB particles [48], suggesting the
importance of the internalized amount of CB in ttedular response.

Immunostaining showed more IL-6 and IL-8 positivadis were from bronchus and alveoli
cells. In the recovery group, the bronchus andadieells which deposited CB particles still
showed deeply positive staining of IL-6 and IL-8a€Be phenomena suggested that it is



difficult to clean out the CB particles from thenguand might explain the sustained increase
of IL-6 and IL-8 levels after CB exposure, evereafthe cessation of CB exposure. This
persistent inflammation in lung induced by CB migbntribute to greater genotoxic events.
Therefore, the genotoxic effects should be stunhe@iB-exposed workers in the future study.

Conclusions

The present study was designed to determine whdtheg function deficiency and
inflammation were induced by inhalation of CB in@tupationally CB-exposed population
and find the relationship of particle retention anflammation as well as pathology in the
lung tissue of mice after inhalation of CB part&l©ur data strongly suggest that nanoscale
CB particles could damage the pulmonary functiod emduce pro-inflammatory cytokines
secretion in CB-exposed workers. The uptake, déposiand retention of CB particles in the
lung tissue might contribute to inflammation andhpdogical diseases. These findings
provide the first evidence of a link between huneaposure to CB and long-term adverse
effects on pulmonary function.

Materials and methods
Characterization of CB

Transmission Electron Microscope (TEM) and Scanning Electron Microscope
(SEM)

The size and morphology of CB were measured usiigcaai G220 TEM instrument (FEI,

USA). The nanoparticles dispersed in buffer werst @mto a carbon-coated copper grid
sample holder followed by evaporation at room terajpee. The surface morphology of CB
was observed by a field emission SEM (Sirion 20, Holland). All samples were sputter-
coated with gold before SEM analysis.

Brunauer-Emmett-Teller (BET) method

To analyze the pore structure and specific surfataracteristics of CB patrticles, low-
temperature (77 K) nitrogen adsorption-desorptswtherms were recorded using an ASAP
2010 from RMIT Applied Chemistry (Micromeritic). Ehspecific surface area was calculated
according to the standard BET method in the p/pfgeaof 0.05-0.30, where a linear
relationship was maintained.,Sorption analysis was performed on a MicromeriASAP
2010 porosimeter. Samples were degassed at 60d€ wacuum (p < I8 Pa) for at least 3

h prior to analysis. Data processing was perforosdg ASAP 2010 version 5.02 and Origin
7.5 software. Sorption isotherms were measured @6°%C.

Subjects and sample collection

This study was approved by the Research Ethic Cteenbf the National Institute for

Occupational Health and Poison Control, Chinesed&®dar Disease Control and Prevention,
and informed consent was obtained from each ppatiti The productive process of CB
begins with thermal decomposition of acetylenehia temperature range of 800 to 1800°C.
The reaction refers to the equation as followg1.G= 2C + H. The reactive process doesn'’t



generate other organic chemicals. All of the 8lensalbjects were from the workers packing
CB. In this working station, CB was transported dy entirely open system allowing CB
particles to be easily dispersed in the workpldeeen though workers wear respiratory
protective devices, it is expected that they ah@mogeneous group in terms of their dermal
and inhalation exposure to this substance. CB-egosrkers had to meet two criteria: (a)
male CB packing workers that spend most of theiftssiin direct proximity to the CB
products, and (b) those working at the spot ofwtbekshop for at least 1 year. A total of 104
healthy unexposed male workers were selected frovatar plant and served as the referent
group. The recruited controls from the water plamtre from the same city as the CB
workers, therefore, all the subjects were exposeithe same level of urban air pollution in
their spare time. The workers in the control gragerate and control pumps at a pump
station without processing chlorine disinfectionvedter. Volunteered CB-exposed workers
and age and smoking- matched control subjects emm@led in September 2012. Exclusion
criteria for both CB-exposed and control subjentdude history of tuberculosis, pulmonary
surgery, cancer, viral myocarditis, congenital hedisease, and recent fever and/or
inflammation. All participants signed an informeshsent form before commencement of the
study. They were then interviewed by trained intmers using a detailed questionnaire
including age, gender, smoking and drinking halatsd working year. Venous blood was
collected from each subject after work shift. Bas@dn company census data, the overall
participation rate was 91% for questionnaires atfib $or spirometry.

Clinical test and pulmonary function tests

The chest radiographs were taken with physical é@xaton after the blood sample
collection. Data from the chest radiography ancepbhysical examination were clinically
interpreted and reported to the individual workBulmonary function tests (PFTs) were
performed before and after the work shift for exggbsubjects and once during the post-shift
for referent subjects. PFTs were carried out uaipgrtable calibrated vitalograph spirometer
(chestac-8800, Japan). Technicians performing fiesRire certified for completion of the
NIOSH cotton dust spirometry course. Testing wagopeed according to the standards of
the American Thoracic Society (ATS). The measuracameters, including FVC, FEV1,
FEV1/FVC, MMF, and PEF, were recorded. The pulmgrianction values were expressed
as percent predicted using the estimated predietipations as follows: (27.63-0.112 x age)
x height for FVC, 34.4 x height-33 x weight —10@0 FEV1, 51 x height/2.54 + 2954—-46 x
age for MMF and 0.057 x height —0.024 x age +0.223PEF. Units are years for age and
metres for height. Spirometer calibration was cateld twice a day by the quality assurance
team with a 1-liter syringe, in accordance to thieosneter manufacturer’s standard protocol.

Exposure assessment

To assess the extent to which workers were expts€&@B, standard NIOSH methods were
used [20]. Inhalable and respirable dust fractiohsCB were measured by personal air
samplers carried by 15 volunteers. The atmosplerncentrations of CB were determined in
a stationary workplace from 18 samples, and thenmmmncentration was expressed in
mg/nt. The sampling time was about 4 h per day. Air demvere collected using BGI
400S personal air sampling pumps (BGI Inc., USA)igped with a cyclone and a Millipore
TEFLON membrane filter (0.tm pores). The size of CB in the atmosphere wasctistdoy
Aerodynamic Particle Sizer (APS) Spectrometer 33Z8l, USA) and the data were
analyzed by Aerosol Instrument Manager® software.



Animals and CB exposure

To study the deposition and pathological changelsig tissue after CB exposure, the CB
aerosol exposure model by dynamic inhalation exosumice was established. Briefly, 90
laboratory-bred male BALB/c mice, 9 weeks old, vireid 20 + 2 g, were procured from the
Experimental Animal Center of Vital River Labordaes (Beijing, China). An ambient
condition with temperature of 25 * 2 °C, relativeniidity of 50 + 2%, and photoperiod of 12
h was maintained throughout the study. The animaee habituated in the experimental
room for 2—3 days. All animals were given accestua and water ad libitum in stainless
cages, and they received humane treatment in cangaliwith the Principles of Laboratory
Animal Care formulated by the National Society fbedical Research and the Guide for the
Care and Use of Laboratory Animals prepared byNha#&onal Academy of Sciences and
published by the National Institutes of Health (NRdblication No. 80-23, revised 1978).
The ethical regulations have been followed in agdance with national and institutional
guidelines for the protection of animal welfareidgrexperiments.

The mice were randomly divided into four group® tontrol group, 7 d exposure group, 14
d exposure group, and the recovery group. The nsnifefour groups of animals were 45,
15, 15, and 15, respectively. CB99.8%) was from the CB workplace and its charasties
were the same as the CB to which the workers wepesed. Mice in 7 and 14 d exposure
groups were exposed to CB in the inhalation chan#ieBO mg/rﬁ for 6 h/day for a
continuous exposure of 7 and 14 d. Mice in theveppgroup were exposed to CB for 14 d
and recovered for another 14 d. At the same tirne,control animals were exposed to
filtered air for 6 h/day. The mice in 7 and 14 ¢ghesure groups were sacrificed 24 h after the
last exposure. The mice in the recovery group vsaezificed 14 d after the last exposure.
Each of the 15 mice in the control group were ranigoselected and sacrificed at the same
time as the three exposure groups.

All animal exposures were carried out in compartrakzed and horizontal flow, whole-body
inhalation chambers (the volume is 45 L). Each diemtan hold up to 45 mice. Total flow
through the chambers was ~100 L/min. After expgsarémals were transferred to plastic
filter-top cages. The particle-containing atmosplewere generated using a dust generator
with a screw feeder (Nine electronics Co., LTD, @gehou, China). Aerosolized particle
charges were brought to Boltzmann equilibrium bgsaae through an 85Kr source. Aerosol
concentration was continuously monitored by a BG0S personal air sampler (BGI Inc.,
USA) with 7510H electronic flowmeter revising theamntity of flow (Bios, USA). Mass
concentration and particle size were periodicalgasured by gravimetric filter and impactor
sampling.

Estimated lung deposition of CB nanoparticles walsutated using the following equation
[49]:

Lung burder=( MVjx( Tjx( CONx( DI

= (24mL/ min)(360mir)( 30mg/f)( 1 /1,000,000f(L 0.3:
where (MV) is the minute ventilation of the exposadimal (mL/min); (T) is the total
exposure time (min); (CON) is the average exposoreentration (mg/f); and (DF) is the

pulmonary deposition fraction for the alveolar wegiof the particles inhaled. A minute
ventilation of 24 mL/min was used because this e/agutypical for the average age, weight,



and strain of lab mouse used in this study. Theievdbr the DF was extrapolated from
validated lung deposition curves for the mouse rh¢t]. Although there is a degree of
uncertainty in the published deposition curvess¢hdata provide the basis for an estimation
of the total lung deposition. Therefore, lung depas of CB nanoparticles was estimated to
be 613.2 and 1226h/mouse after CB exposure for 7d and 14d, respgtiv

At the end of the exposure, the animals were aa@séid and then blood samples were
collected. Serum was harvested by centrifugationOét x g for 10 min. The trachea, lungs,
liver, kidneys, and spleen tissues were removedghee, and stored in liquid nitrogen for

further analysis.

Hematoxylin-Eosin (HE) staining and immunohistocherical staining (IHC)

Six animals in each group were deeply anesthetidd chloral hydrate and perfused with
20 mL of 37°C saline solution from the left venkgicMice were then perfused with 100 mL
of 4°C 4% paraformaldehyde in a phosphate buffeitism (PBS). The lungs were separated
and maintained in a fixative solution (4% parafolceayde) until they were embedded with
paraffin. Paraffin sections (um thickness) were prepared with routine methods. Fo
pathological changes of lung tissue, the slice stamied with HE using standard procedures.
The abnormalities in the lung were determined ascrilged previously, with some
modifications [50]. The scoring criteria were adldas: a) alveolar congestion, b) fibrin
exudation, c) desquamation of alveolar epitheliallsg d) infiltration or aggregation of
neutrophils in airspace or vessel wall, and ekiiéss of alveolar wall. Each item was scored
on a 5-point scale as follows: 0 = minimal damdge,mild damage, 2 = moderate damage, 3
= severe damage, and 4 = maximal damage.

For IHC, paraffin sections were dewaxed in xyleedydrated with distilled water, and then
subjected to antigen retrieval for 30 min at 957@e slides were subsequently incubated
overnight at 4°C with the following antibodies: 8.{1:100; Bioworld, Nanjing, China) and
IL-6 (1:100, Bioworld, Nanjing, China). Slides wetben treated with an anti-rabbit
secondary antibody (ZSGB-Biology, Beijing, Chinadadeveloped using avidin-conjugated
HRP with diaminobenzidine (DAB) as a substrate (BS&ology), followed by hematoxylin
counterstaining. Images were observed under angtrtoscope (Olympus, Japan).

TEM image of the lung cell after CB particles expasre

For TEM image, lung tissue was obtained immediatdter the animals were sacrificed.
Briefly, three animals in each group were deeplgstimetized with chloral hydrate and
perfused with 20 mL of 37°C saline solution. Micere then perfused with 100 mL of 4°C
0.25% glutaraldehyde in 4% paraformaldehyde. The lwas cut into small pieces (1 Hm
and fixed by immersion in 2% glutaraldehyde at 486d rinsed in 0.1 M phosphate buffer
(pH 7.4), followed by post fixation in 1% osmiuntrtexide, block staining in 1% aqueous
uranyl acetate, and dehydration using alcohol. fidsies were embedded in 100 EPON for
48 h at 70°C. Ultra-thin sections of 70 nm were aodl stained with 2% uranil acetate and
lead citrate, and examined under H-7500 TEM (Hitatdpan).



Cytokines analysis by Cytometric Bead Array (CBA) ad enzyme-linked
iImmunosorbent assay (ELISA)

For human samples, venous blood was collected &ed serum was separated by
centrifugation at 700 x g and stored at —80 °Clamtalyzed. The cytokines in human serum
were analyzed by CBA. Briefly, ILfl IL-6, IL-8, MIP-13, TNF-, and MCP-1
concentrations of CB workers and control workersemmeasured. Human Soluble Protein
Master Buffer Kit, Human IL-f Flex Set (Bead B4), Human IL-6 Flex Set (Bead A7),
Human IL-8 Flex Set (Bead A9), Human MCP-1 Flex @xad D8), Human MIPfLFlex
Set (Bead E4), and Human TNF Flex Set (Bead C4)ewased according to the
manufacturer's protocol (BD Biosciences). Data wewcgjuired on BD Canto and BD
LSRFortessa flow cytometers and analyzed by FCARABoftware (Soft Flow Inc., Pecs,
Hungary).

For animal samples, the blood was collected fromutar vein after deep anesthetization
with chloral hydrate. The angular vein is a smainvnear the eye. The angular vein was
pierced by a needle and the blood was collectedodland lung homogenate were
centrifuged at 700 x g and then the supernatante wellected and stored at —80°C until
analyzed. IL-6, IL-8, IL-B, MIP-18, and TNFe were evaluated with commercially available
mouse ELISA kit according to manufacturers’ recomdations (IL-6, IL-B, MIP-13, and
TNF-o kits were from R&D Systems, Minneapolis MN and 8Lkit was from Cusabio
Biotech Company, Wuhan, China).

Statistical analysis

Natural logarithmic (In) transformation was appltedcytokines in serum of human samples
to satisfy the normal distribution. The quantitat@BA and ELISA data were expressed as
mean = SD. Unless specified, data are represeatafithe indicated number of subjects or
independent experiments. Studeritt®st or Chi square test were performed to analyee
differences between groups as appropriate. Valti€s<00.05 were considered significantly
different.
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Addtional files provided with this submission:

Additional file 1: Table S1. Multiple regression analysis of age, In(height), standardized weight, smoking status, alcohol
use and black carbon exposure on different lung function variablesa (15k)

http//www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s1.docx

Additional file 2: Table S2. Lung function parameters stratified by pack-years smoked in the control and CB-exposed
groups (16k)

http//www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s2.docx

Additional file 3: Table S3. Cytokines levels stratified by pack-years smoked in the control and CB-exposed groups
(pg/mL) (17k)

http//www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s3.docx

Additional file 4: Figure S1. The body weight of mice after CB exposure for different time and recovery for 14 d after 14
d CB exposure. Data were expressed as mean + SD. Multi-group comparisons of the means were carried out by a one-way
analysis of variance test followed by SNK’s multiple comparison tests. * P < 0.05 compared to the control group (12k)
http://www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s4.docx

Additional file 5: Table S4. The organ coefficients after CB exposure in mice (mean + SD, g/g body weight) (14k)
http//www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s5.docx

Additional file 6: Figure S2. Score of the lung abnormalities of mice after CB exposure for different time and recovery for
14 d after 14 d CB exposure. Data were expressed as mean = SD. Multi-group comparisons of the means were carried out
by a one-way analysis of variance test followed by SNK’s multiple comparison tests. * P < 0.05 compared to the control
group (16k)

http//www.particleandfibretoxicology.com/content/supplementary/s 12989-014-0073-1-s6.docx
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