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Effect of Agglomeration on the Toxicity of Nano-sized Carbon
Black in Sprague-Dawley Rats

Cheol-Hong Lim, Mingu Kang, Jeong-Hee Han, Jeong-Sun Yang

Chemical Safety and Health Research Center, Occupational Safety and Health Research Institute , Daejeon, Korea.

Recent studies have shown that nano-sized carbon black is more toxic than large respirable carbon black because of its higher
surface area. However, it is not clear if carbon black made larger by agglomeration demonstrates decreased toxicity. The purpose of this
study was to verify if agglomeration affects the toxicity of carbon black using three differently prepared nano-sized carbon black aerosols in
nose-only inhalation chambers for 13 weeks.

Printex 90 was selected as a representative nano-sized carbon black. To generate aerosols of three different types of
agglomerates, Printex 90 was dispersed in distilled water by three different methods: vortex, vortex+sonication, and vortex+sonication with
dispersion in a stabilizer. Then, the three differently prepared solutions were aerosolized through venturi nozzles. Male Sprague-Dawley rats
were exposed to Printex 90 aerosols in a nose-only exposure chamber for 6 h/d, 5 d/wk for 13 weeks at a concentration of approximately
9mg/m?.

Numbers of total cells in the bronchoalveolar lavage (BAL) fluid, macrophages, and polymorphonuclear leukocytes were increased
and carbon black masses were clearly seen in BAL cells and lung tissues of rats exposed to Printex 90. However, few differences were found
between the three differently agglomerated aerosols. In addition, there were no significant differences in other parameters, such as body

weight, lung function or cytokine levels in BAL fluid following carbon black exposure.
Only mild to moderate respiratory effects were found in rats exposed to nano-sized carbon black at 9 mg/m?® for 13 weeks.

Agglomeration did not affect the toxicity of nano-sized carbon particles.

Agglomeration, Carbon black, Nose-only inhalation exposure

Many toxicity studies on nano-sized particles have been
performed since Ferin et al. [1] and Oberdérster et al. [2]
reported that ultra-fine particles smaller than 100 nm in
diameter elicit a greater pulmonary effect than larger
particles. Although there have been some controversial
studies, it is generally accepted at present that smaller
particles, such as nano-sized particles with the same physico-
chemical properties are more toxic than larger particles
because of their greater surface area.

It has been reasonably questioned that the toxicity of well-
agglomerating particles such as carbon black might be
underestimated because the surface area decreases with
agglomeration. Therefore, many researchers have tried to
disperse well-agglomerated particles to study them in a in
non-agglomerated state. Sager et al. [3] tried dipalmitoyl
phosphatidylcholine and/or bronchoalveolar lavage (BAL)
fluid as a dispersion stabilizer and Bihari et al. [4] studied
human serum albumin (HSA) and/or bovine serum albumin
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as a stabilizer. For inhalation studies, a venturi-type dust
feeder with a ®*Kr source [5] or jet-O-mixer/screw feed
generator [6] was applied to generate nano-sized aerosols.
More recently, the electrospray method [7] and the chemical
vapor deposition method [8] were developed to produce
singlet nanoparticles. However, these methods were not
widely applied because of the low generating capacity
and/or high cost.

On the other hand, exposure to well-agglomerated
nanoparticles commonly occurs in the workplace in the form
of large agglomerates, even though they are made as
nanoparticles because they agglomerate rapidly before
exposure to workers occurs. Moreover, new technologies for
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measuring nanoparticles, such as scanning mobility particle
sizers, have not yet been validated fully and are not widely
applied in the workplace. New workplace threshold limit
values (TLVs) for nano materials have been proposed on the
basis of weight, rather than particle number or surface area.
The National Institute for Occupational Safety and Health
(NIOSH) [9] and the New Energy and Industrial
Technology Development Organization [10] suggested a
TLV of nano materials (for example titanium dioxide,
carbon nanotubes, etc.) measured by weight such as mg/m’.

It is not certain if particle size increases by agglomeration,
or if the toxicity of well-agglomerated particles decreases.
Therefore, toxicity studies conducted according to a mass-
based unit are still required for risk assessments of
nanoparticles. The effect of agglomeration on the toxicity of
nanoparticles could provide important information for risk
assessments. In this study, to minimize the knowledge gap
between the agglomeration and the toxicity of nanoparticles,
the toxicities of three different agglomerated states of nano-
sized carbon black were evaluated using a nose-only
inhalation chamber.

1. Animals

Animal studies were approved by the animal ethics
committee to ensure appropriate animal care for research.
Five-week-old male specific pathogen-free Sprague-Dawley
(SD) rats were obtained from Central Lab Animal Inc.
(Seoul, Korea). Rats were acclimatized for two weeks prior
to exposure to carbon black. During the acclimation and
experimental period, rats were housed in polycarbonate
cages in a room with controlled temperature (23+2C),
humidity (55%7%) and a 12-hour light/dark cycle. Rats
were fed with filtered water and a rodent diet (LabDiet 5053;
PMI Nutrition, St Louis, MO, USA) ad libitum. Animals
were examined daily on weekdays for any evidence of
exposure-related effects, including respiratory, dermal,
behavioral, nasal or genitourinary changes.

11. Particles

Printex-90, a nano-sized carbon black, was obtained from
Degussa (Frankfurt, Germany). The manufacturer presented
the primary particle diameter of Printex 90 as 14 nm.

111. Generation and Exposure of Carbon Black
Aerosol

Printex 90 was dispersed by three methods: (1) 1.5 g of
Printex 90 was added to 300 mL of distilled water and
vortexed vigorously for 1 minute; (2) Printex 90 was

suspended using same method as (1) and sonicated at a
power of 1,170 Joule with probe-type ultrasonicator (Vibra
Cell VC-750, Newtown, CT, USA) for 3 minutes in a 3
second sonication/5 second resting cycle; (3) Printex 90 was
dispersed using the same method as (2) and stabilized with
2.5 mg/mL of HSA. Particle size and dispersity in water
solutions were measured with a Zetasizer (Nano Z 590,
Malvern Instruments, Malvern, UK). The average diameters
of Printex 90 suspensions were 7,140+ 3,760 nm by method
(1), 219£11 nm by method (2) and 1,875£409 nm by
method (3). The polydispersity indices of Printex 90
suspensions were 0.85+0.18 by method (1), 0.33£0.06 by
method (2) and 0.70 £0.26 by method (3) (Table 1). Carbon
black suspensions prepared by the three different methods
were aerosolized through venturi nozzles at 8 liters of air
flow per minute in a nose-only inhalation chamber (NITC
System, HCT, Incheon, Korea). Rats were exposed to
Printex 90 aerosols 6 hours a day, 5 days per week for 13
weeks. Carbon black aerosol size distributions were
performed using a small-sized cascade impactor (Minimoudi
M135, Shoreview, MN, USA). For calculating carbon black
concentrations, aerosols were sampled using membrane
cellulose este filters and the weights of the filters were
measured using an electric balance (Kern 770, Balingen,
Germany).

V. Transmission Electron Microscopy (TEM)

Printex 90 aerosols in nose-only inhalation chambers were
sampled with filters coated with carbon, mounted on an
electron microscope grid (200 Mesh, Veco, Eerbeek,
Holland) and visualized under a field emission-transmission
electron microscope (Hitachi H7100FA, Tokyo, Japan).

V. Bronchoalveolar Lavage

After rats were anesthetized with isoflurane (Ilsung Seoul,
Korea), the trachea was cannulated and the lungs were
lavaged five times with 3 mL of calcium- and magnesium-
free phosphate buffered saline (PBS), pH 7.4. BAL fluids
were centrifuged at 1500 rpm for 10 minutes and the
supernatants were stored at -80°C for protein, lactate
dehydrogenase (LDH) and cytokine assays. After total cell
numbers were counted with a Coulter Counter (Hemarvet
850, Drew Science, Miami Lakes, FL., USA), lavaged cells
were centrifuged using a Cytospin (Hanil, Gangneung,
Korea) and stained by the Diff-Quick staining technique.
Differential counts of macrophages, lymphocytes, and
polymorphonuclear leukocytes (PMNs) were determined by
counting approximately 300 cells under a microscope at 20x
magnification. LDH, albumin, interleukin (IL)-6, IL-1/, IL-
4, IL-10, tumor necrosis factor-¢ and interferon-gamma
levels were determined using the first BAL fluid fraction.
LDH and albumin were measured using a biochemistry
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analyzer (TBA 20FR, Toshiba, Tokyo, Japan) and cytokines
were measured using BD Enzyme-linked immunosorbent
assay kits (BD Biosciences, San Diego, CA, USA).

V1. Measurement of Lung Burden of Carbon Black

Printex 90 concentrations in lung tissue were measured
according to the method of Rudd and Storm with some
modifications [11]. Lung tissues were minced and digested
in 25% KOH/methanol (w/v) at 60°C overnight. Then, the
mixture was spun at 10,000 rpm for 30 minutes. After the
supernatants were removed, pellets were re-suspended in

Effect of Agglomeration on the Toxicity of Nano-sized Carbon Black

0.1% Brij-35 (v/v) and sonicated for 5 seconds with a probe-
type sonicator, (Sonics Inc., Milpitas, CA, USA). Turbidity
was measured at a wavelength of 620 nm with a UV/visible
spectrometer (Beckman DU-650, Fullerton, CA, USA).
Numbers of carbon black masses in the lung were counted
by light microscopy at 20x magnification. Pulmonary
function parameters (tidal volume, minute volume and
frequency) were measured three times (after 2 weeks, 4
weeks and 12 weeks exposure of to carbon black) by
ventilated bias flow whole-body plethysmograph (SFT3816,
Buxco Electronics, Wilmington, NC, USA) consisting of a
reference chamber and an animal chamber interconnected
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Figure 1. Particle size distributions and transmission electron microscopy (TEM) morphologies of three different agglomerate
states of carbon black. (A) TEM morphologies (Images were taken at 10,000x magnification and 100 kV). (B) Particle size
distributions. G1, carbon black was suspended in distilled water, vortexed and aerosolized; G2, carbon black was dispersed in
distilled water, vortexed+sonicated and aerosolized; G3, carbon black was dispersed in distilled water,
vortexed+sonicated+stabilized with human serum albumin and aerosolized.
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with a pressure transducer (MAX1320, Buxco Electronics,
Wilmington, NC, USA). After allowing the rats to stabilize
in the animal chamber for 40 minutes, pulmonary function
was measured for 5 minutes.

VII. Histopathology

Lungs were fixed in a 10% formalin solution containing

Particle characterization in dispersion solution and
concentrations in the nose-only inhalation chamber during
the 13-week exposure period

Group 1 Group 3

Particle size (nm) 7,140%£3,760 219*=11 1,875%409
Polydispersity index 0.85£0.18 0.33£0.06 0.70+0.26
Aerosol concentration (mg/m’) 884+365 8.60+t446 897+307

Group 2

Values are presented as mean &= SD.

550

—O— Control
—=— Group 1
—a— Group 2

500

Body weight (g)

Exposure period (wk)

Body weights of male Sprague-Dawley rats
exposed to carbon black for 13 weeks. Error bars indicate
the standard error of the mean. Statistical significance was
determined by ANQVA followed by Duncan’s post hoc test
(p<0.05). There were no statistically significant differences
between the control group and the three carbon black
exposure groups.

neutral PBS and embedded in paraffin. After staining with
hematoxylin and eosin, lungs were examined by light
microscopy at 20x magnification.

V1. Statistical Analysis

Results are represented as mean % standard deviation. Data
were analyzed by ANOVA followed by post hoc analysis
based on Duncan’s t-test to determine the differences
between the control group and the three groups exposed to
the agglomerated state of carbon black. Statistical analyses
were performed using SigmaStat (Systat Software Inc., San
Jose, CA, USA). Differences were considered significant
when the p-value was < 0.05.

1. Particle Size Distribution and Concentrations of
Carbon Black Aerosol in Inhalation Chambers

TEM was used to obtain information on the morphologies of
agglomerated Printex 90 aerosols (Figure 1A). As shown in
Figure 1, large agglomerates were obtained in the nose-only
inhalation chambers. Agglomerates of group 1 were the largest
(Figure 1A, G1), group 2 was intermediate (Figure 1A, G2) and
group 3 was the smallest (Figure 1A, G3). The mass median
aerodynamic diameters of particles were 1.52 ym for group 1,
1.30 zm for group 2 and 0.97 ym for group 3 (Figure 1B).
During the 13-week exposure period, average concentrations
were 8.8 £3.7 mg/m’, 8.6+4.5 mg/m® and 9.0%3.1 mg/m’ for
group 1, group 2 and group 3, respectively (Table 1).

11. Body Weight

There were no statistical differences in body weight gain
between the control group and the three agglomerated
carbon black exposed groups during the 13-week exposure
period (Figure 2).

Lung burden of carbon black in male Sprague-Dawley rats exposed to carbon black for 13 weeks

Control

Lung weight (g)

Right 1.54%0.52

Left 0.93£0.17
Carbon black in the lung

Concentration (zg/mL) -

Number of masses -
Lung function

Frequency (breaths/min) 90.1£202

Tidal volume (mL) 0.33+0.03

Minute volume (mL/min) 27.5%3.60

Values are presented as mean= SD.

Group 1 Group 2 Group 3
1.59%£0.15 1.66£0.18 1.81+£0.22
091%0.13 1.10£0.10 1.05£0.14
542+123 91.6£150 69.8+6.9
495+18.3 552+£2338 60.7£339
77.8+11.6 97.8+21.6 939+120
0.35£0.07 0.34%+0.06 0.34%0.33
25.6*3.51 30.9%+5.06 29.8+£3.49

Statistical significance was determined (standard deviation) by ANOVA followed by Duncan'’s post hoc test ( p<0.05).
There were no statistically significant differences between the control group and the three carbon black exposure groups.
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1M1. Pulmonary Function and Lung Burden of
Carbon Black

Lung weights of group 2 and group 3 were a little higher
than the control group and group 1, and distinct carbon
black masses were found in the lung tissues of group 1,
group 2 and group 3. Although the number of carbon black
masses in lung tissue was highest in group 3, the carbon
black concentration in the lung was highest in group 2.
There were no statistically significant differences in
pulmonary function between the control group and the three
agglomerated carbon black exposed groups (Table 2). No
histopathological symptoms were found to be associated
with carbon black exposure (Figure 3A).

1V. BAL Cell Differentiation

Most macrophages in the BAL fluid from rats in group 1,

(B)
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group 2 and group 3 contained carbon black masses, but
there was no indication that macrophages had been damaged
by carbon black (Figure 3B). The numbers of total cells,
macrophages and PMNs were increased by carbon black
inhalation. However, statistically significant differences
were found only between the control group and the two
sonicated groups (group 2 and group 3) in terms of total cells
and macrophages, and between the control group and group
2 for PMNs (Figure 3C).

V. LDH, Albumin, and Cytokines in BAL

LDH was slightly increased in group 3 compared with
control, but no statistical significance was found. Albumin
and inflammatory cytokine levels did not change following
exposure to carbon black aerosols (Table 3).
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Figure 3. Histopathological findings in the lungs and leukocytes in BAL fluid of male Sprague-Dawley rats exposed to carbon
black for 13 weeks. (A) Histopathological findings. (B) Cytospun Leukocytes in BAL fluid. (C) Numbers of leukocytes in the BAL
fluid. Arrows show masses of carbon black in the lungs (20x magnification). Error bars indicate the standard error of the mean.
Statistically significant significances were determined by ANOVA followed by Duncan’s post hoc test (p<0.05). GO, control; G1,
carbon black dispersed by vortex; G2, carbon black dispersed by vortex+sonication; G3, carbon black dispersed and stabilized
with albumin. BAL, bronchoalveolar lavage; PMN, polymorphonuclear leukocytes. *Statistically significant compared to
control.

Table 3. Albumin, LDH and inflammatory cytokine levels in the BAL fluid of male Sprague-Dawley rats exposed to carbon black
for 13 weeks

Control Group 1 Group 2 Group 3
Albumin (zg/mL) 0.04%0.04 0.04+0.02 0.03%£0.01 0.05+0.02
LDH (mL) 0.020£0.01 0.017=0.01 0.017%£0.01 0.026=0.01
IL-183 (pg/mL) 433*14 389+22 409+19 40.1=15
TNFa (pg/mL) 742%580 1372x74.7 176.2£81.6 164.1£84.6
IL-4 (pg/mL) 326+248 36.1+165 445+16.5 379+18.1
IL-6 (pg/mL) 1102+479 1177£319 1347 +£287 1175+332
INFy (pg/mL) 3394238 745 £400 761301 783479
IL-10 (pg/mL) 235+114 249+77 301+77 298 +98

Values are presented as mean = SD.

LDH, lactate dehydrogenase; BAL, bronchoalveolar lavage; IL, interleukin; TNF, Tumor necrosis factor; INF, Interferon.
Statistical significance was determined (standard deviation) by ANOVA followed by Duncan's post hoc test (p<0.05).
There were no statistically significant differences between the control group and the three carbon black exposure groups.
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Carbon black has been massively used as a filler in the
rubber tire industry since the early 19th century. Although
Henderson et al. have claimed that the current TLV is too
high for the workplace, the current TLV of 3.5 mg/m’ based
on toxicity data reported by Nau et al. [12] in 1962 has not
yet been changed.

Carbon black has been suspected as a cause of respiratory
disease, cardiovascular disorders and cancer. However, there
is little consistency in the results from epidemiological
studies. Robertson and Ingalls [13] reported that carbon
black did not increase the incidence of cancer, respiratory
disease or cardiovascular disorders in workers at a carbon
black manufacturing facility. Crosbie [14] and Kiipper et al.
[15] reported that carbon black did not cause serious
respiratory effects. Sorahan et al. [16] also could not confirm
a relationship between carbon black and increased standard
mortality ratio in a cohort study from 1951 and 1996,
whereas Gardiner et al. [17-19] reported that carbon black
causes a decrease in respiratory function and induces chronic
respiratory inflammation.

Recently, interest in the toxicity of carbon black,
especially for nano-sized carbon black, has increased
because many studies have reported that nano-sized particles
are more toxic than large particles such as fine particles
[1,2]. Furthermore, unknown deaths in Korea have been
reported in a tire manufacturing facility. Some experts
insisted that nano-sized carbon black aggravated
cardiovascular symptoms and it might be the cause of
unknown deaths of tire manufacturing facility. Therefore,
both for hazard identification of nano-sized carbon black and
to verify the possibility that nano-sized carbon black may
have contributed to the deaths at the tire manufacturing
facility, a re-evaluation of the toxicity of nano-sized carbon
black is needed.

Now, it is generally accepted that increased surface area is
one of the main causes of the increased toxicity of nano
materials. For carbon black, many studies in cell culture
systems [20-22], in instillation systems [23-29] and in
inhalation systems [30-32] have verified that if the particle
size decreases, the toxicity increases because the surface area
has increased. However, the effect of aggregation on the
toxicity of carbon black has not been reported. In the risk
assessment of chemicals in the workplace, the effect of
agglomeration on toxicity is also important because nano
materials, especially well-agglomerated nano materials,
might agglomerate before workers are exposed in the
workplace. Therefore, this study was performed to minimize
the knowledge gap regarding nano-sized carbon black,
toxicity and agglomeration.

To make the different states of agglomerates, Printex 90
aerosols were generated in two steps. Namely, Printex 90
was dispersed in distilled water as the first step and the

dispersed Printex 90 was aerosolized through an orifice in
the nose-only inhalation chamber as the second step. For the
first step, three different methods were adapted to make
different agglomerates in the distilled water: 1) vortex only
for group 1; 2) vortex+sonication for group 2 and 3)
vortex-+sonication+dispersion in a stabilizer for group 3. The
polydispersity indices of group 1, group 2 and group 3 were
0.85, 0.33 and 0.70, respectively; this means that only the
particles in group 2 were well-dispersed. Although the
average diameters of carbon black in group 1, group 2 and
group 3 were 7.14 zm, 0.22 ym and 1.88 pm, respectively, in
water suspension, the diameters of the aerosols in the
inhalation chamber were 1.52 ym, 1.30 zm and 0.97 m for
group 1, group 2 and group 3, respectively. It seems that the
agglomeration states in water solution did not affect on the
agglomeration state of aerosols in the inhalation chamber;
this was because large agglomerates in the water solution
were eliminated or smashed while passing through the
orifice and the small carbon black aggregates re-
agglomerated in the inhalation chamber. TEM analysis
supported the results on aerodynamic particle sizes measured
by the cascade impactor.

The average concentrations were 8.84 mg/m’, 8.60 mg/m’
and 8.97 mg/m’® for group 1, group 2 and group 3,
respectively over the 13-week exposure period. These
concentrations were slightly higher than the level of 7 mg/m’
that Driscoll et al. [5] and Elder et al. [31] found to be
associated with a mild to moderate respiratory effect. In this
study, there were no changes in body weight, cytokine levels
in the BAL fluid or blood biochemical and hematological
parameters. However, mild changes were found in the total
and differential cell counts in the BAL fluid; these results
correspond to previous results preformed [5,31].

There was little difference in the toxic effect between the
three different aggregated carbon black exposed groups,
even though the deposition of carbon black in the lungs of
rats in group 2 and group 3 was higher than in group 1 in this
study. Sometimes the relationship between agglomeration
and the surface area of particles can be explained by the
fractal dimension (Dr). Namely, Dr can often be used to
characterize agglomerate morphology through the following
equation; Nr = A(R«/R0)Dr, where N, is the number of
primary particles in the aggregate, A is a dimensionless
prefactor, R. is the primary particle radius and R; is the
characteristic radius of the aggregate. Katrinak et al. [33]
classified particles as fractal-like aggregates with 1.35 < Dr <
1.89 and possibly non-fractal particles with Dr > 2 (the
surface area decreases if the fractal dimension is > 2). In our
study, the surface area was not changed by agglomeration or
sonication as determined using the Brunauer, Emmett, Teller
method (data not shown), whereas carbon black aerosols
seemed to be a little better dispersed in group 2 and group 3
(more fractal-like particles) than in group 1 (non-fractal-like
particles) based on TEM morphology (Figure 1A). This is
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similar to the results of Kobayashi et al. [34], who reported
that agglomeration causes minimal effects of the toxicity of
titanium dioxide because agglomeration does not have a
considerable affect on the surface area of titanium dioxide.

In conclusion, mild respiratory toxicity occurred in rats
exposed to nano-sized carbon black for 13 weeks at a
concentration of approximately 9 mg/m’ through nose-only
inhalation; there were few differences in toxicity between
the different agglomeration states.

The authors thank Dr. Jenny Roberts and Dr. Vincent
Castranova at NIOSH in Morgantown, WV, USA for their
helpful discussions and for providing carbon black, Printex
90.

The authors have no conflict of interest to declare on this
study.
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