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The biologica activity of particlesis largely dependent on their size in biological systems. Dispersion in
the agueous phase has been both a critical impediment to and a prerequisite for particle studies. Carbon
black has been used as a surrogate to investigate the biologica effects of carbonaceous particles. Here,
biocompatible methods were established to disperse carbon black into ultrafine and fine particles which
are generally distinguished by the small size of 100 nm. Carbon black with a distinct particle size, N330
and N990 were suspended in blood plasma, cell culture media, Krebs-Ringer’s solution (KR), or physio-
logical salt solution (PSS). Large clumps were observed in all dispersion preparations, however, sonica
tion improved dispersion - averaged particle sizes for N330 and N990 were 85.0 + 42.9 and 112.4 + 67.9
nm, respectively, in plasma; the corresponding sizes in culture media were 84.8 + 38.4 and 164.1+ 77.8
nm. However, sonication was not enough to disperse N330 less than 100 nm in either KR or PSS. Applica
tion of Tween 80 along with sonication reduced the size of N330 to less than 100 nm, and dispersed N990
larger than 100 nm (73.6 + 28.8 and 80.1 + 30.0 nm for N330 and 349.5 + 161.8 and 399.8 + 181.1 nm for
N990 in KR and PSS, respectively). In contrast, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
exhibited little effect. Electron microscopy confirmed the typical aciniform structure of the carbon arrays;
however, zeta potential measurement failed to explain the dispersibility of carbon black. The methods
established in this study could disperse carbon black into ultrafine and fine particles, and may serve as a
useful model for the study of particle toxicity, particularly size-related effects.
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INTRODUCTION

Engineered particles are receiving much attention with
the rapid development of particle sciences. A growing num-
ber of engineered particles are being newly developed and
used in the manufacturing industry (Castranova, 2011).
Along with the application to biomedical sciences, safety
issues surrounding their use is also attracting a great deal of
attention (Ai et al., 2011). Health risk imposed by particle
exposure has been widely investigated, including lung/pul-
monary toxicity, cardiovascular effects, immunotoxicity,
neurotoxicity and carcinogenicity (Xia et al., 2009; Bover-
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hof and David, 2010). These are principally determined by
diverse physicochemial characteristics of particles such as
agglomeration/aggregation, particle size, specific surface
area, surface charge, radical formation potential, and so on
(Fubini et al., 2010; Madl and Pinkerton, 2009). Therefore,
the characterization of particle properties is a prerequisite
for toxicity studies.

Toxicity of particle is largely dependent on particle size
(Brook et al., 2010; Kreyling et al., 2006; Sager and Castra-
nova, 2009). Particles less than 10 mm are generaly called
fine particles, and particles with a least one dimension
between 1 and 100 nm are called ultrafine particles or nano-
particles. Ultrafine particles exhibit size-related properties
that differ significantly from those observed in fine parti-
clesor bulk materials, and on the whole, 100 nm is regarded
as a critical border to exhibit distinct properties overlapped
between find and ultrafine particles (Stone et al., 2007;
Nemmar et al., 2002). Ultrafine particles are known to
impose higher health risks on living organisms than fine
particles (Stone et al., 2007). This may be due to a charac-
teristic high surface to volume ratio which makes the parti-
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cles very reactive or cataytic (Fubini et al., 2010). However,
size dependency in particle toxicity remains largely unknown
a this stage and is till controversia (Madl and Pinkerton,
2009).

Carbon black is a particulate form of pure elementa car-
bon that is produced by partial combustion or pyrolysis of
gaseous or liquid hydrocarbons under controlled conditions
(Valberg et al., 2006). Carbon black is an industrial chemi-
cal produced and consumed for diverse industrial purposes
including reinforcement of rubber and coloring for dye-
stuffs (Baan, 2007). Because of its wide usage and high
potential for exposure through inhaation, there is a high
risk of occupational exposure in various industries (IARC
Monographs on the Evaluation of Carcinogenic Risks to
Humans, 1996; Morfeld and McCunney, 2010). In addi-
tion, the daily use of toners and printing inks enhances the
potential for carbon black exposure in an indoor homes or
office environments (Morimoto et al., 2010; Yang et al.,
2007). Most importantly, numerous studies have employed
carbon black as a surrogate for the carbonaceous core of
combustion particles or as a representative of particulate
matter (PM) (Totlandsdal et al., 2010; Tankerdey et al.,
2004).

The nominal size of carbon black particles is typicaly in
the range of 10~500 nm, and this wide range of size makes
carbon black an attractive model compound to test the size-
dependency of particle toxicity (IARC Monographs on the
Evauation of Carcinogenic Risks to Humans, 1996; Tot-
landsdal et al., 2010; Tankerdey et al., 2004). Carbon black
is completely insoluble and tends to form clumps in aque-
ous solutions due to the structural development by aggrega:
tion and agglomeration (Gilmour et al., 2004; Porter et al.,
2008). Thus, the actual size of carbon black may be larger
in suspended conditions. Therefore, for its use as a model
compound, it is important to establish the dispersion meth-
odsfor dispersing carbon black to the intended size.

This study was designed and performed to establish the
dispersion methods for carbon black with an emphasis on
biocompatibility. With regard to biocompatibility, dispersion
in agueous solutions is of great importance in testing and
understanding its biological effects, otherwise it cannot

Table 1. Components of dispersion solution tested

defines the exposure, absorption, delivery, and the conse-
quent biological activity of carbon black in in vivo as well
asin vitro. Carbon black particles of distinct sizes were dis-
persed in dispersion media, including blood plasma, cell
culture media, and widely used biological buffer solutions.
Dispersion conditions were fine tuned to make the aver-
aged size of carbon black less than 100 nm and larger than
100 nm which corresponds to the size of ultrafine and fine
particles, respectively. Additionally, size distribution, sur-
face charge and morphology were analyzed in each disper-
sion condition.

MATERIALS AND METHODS

Materials. Carbon black including Corax® N330 and
Thermax® floform N990 were purchased from Evonic Car-
bon Black Korea (Incheon, Korea) and Cancarb Ltd. (Medi-
cine Hat, Alberta, Canada), repectively. Dulbecco’s modified
Eagle medium (DMEM), feta bovine serum (FBS) and
penicillin/gtreptomycin were from Invitrogen (Carlsbad, CA,
USA). Polyoxyethylene (20) sorbitan monooleate (polysor-
bate 80, Tween 80), 1,2-dipa mitoyl-sn-glycero-3-phospho-
choline (DPPC) were obtained from SigmaAldrich (St
Louis, MO, USA). All other chemicals used were of the
highest purity available and purchased from standard sup-
pliers.

Animal. All anima experiments were conducted in
accordance with protocols approved by the Ethics Commit-
tee of Anima Service Center at Dongguk University. Male
Sprague-Dawley rats at 6-weeks of age were purchased
from Daehan Biolink (Eumseong, Korea), and acclimated
for one week before the experiments. The laboratory ani-
mal facility was maintained at constant temperature and
humidity with a 12-hr light/dark cycle. Food and water
were provided ad libitum.

Suspension of carbon black. Carbon black was dis-
persed in Krebs-Ringer’s solution (KR), physiological salt
solution (PSS), cell culture media, or rat blood plasma.
Information regarding the components of each dispersion

Solution Components

Krebs-Ringer solution (KR solution)

1155 mM NaCl, 4.6 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgS0,, 25.0 mM NaHCO,,

25mM CaCl,, 11.1 mM glucose; pH 7.4

Physiological salt solution (PSS)

140 mM NaCl, 5.0 mM KCl, 1.4 mM MgCl,, 1.2 mM NaH,PO,, 10.0 mM HEPES, 5.0 mM

NaHCO,, 1.8 mM CaCl,, 11.5 mM glucose; pH 7.4

Cdll culture media
fied Eagle Medium?
Blood plasma

10% fetal bovine serum, 100 U/ml penicillin, 100 ug/ml streptomycin in Dulbecco’s modi-

Rat blood plasma containing 0.32% sodium citrate

*Gibco” Invitrogen, Cat. No. 11965 (media formulation is downloadable at http://www.invitrogen.com/site/us/en/home/support/Product-

Technical-Resources/media_formulation.8.html).
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medium is presented in Table 1. Blood plasma was pre-
pared as previously described using 3.2% sodium citrate as
an anticoagulant (1:9) (Lee et al., 2002). In all cases, car-
bon black suspension was prepared at a concentration of
100 wg/ml, and 10 ml of carbon black dispersion was soni-
cated at 100 W for 1 or 5min with a VCX130 sonicator
(Sonics & Materias, Newtown, CT, USA).

Light microscopy. After carbon black suspension was
prepared, a 20 ul sample was placed onto a clean microdide
and covered. The samples were then viewed at 10 x or 40 x
on an Eclipse TS100-F photomicroscope (Nikon, Tokyo,
Japan). Images were acquired and analyzed with a DS-Fil
CCD camera (Nikon) and a Meta Imaging System (Molecu-
lar Devices, West Chester, PA, USA).

Measurement of size distribution and surface charge.
The particle size was analyzed with a NICOMP 380 Submi-
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cron Particle Sizer (Particle Sizing Systems, Santa Barbara,
CA, USA). The surface charge was measured using a Zeta-
Plus zeta potential analyzer (Brookhaven Instrument, Holts-
ville, NY, USA).

Electron microscopy. Dispersed carbon black parti-
cles were mounted on a Formvar film coating Cu grid
(Electron Microscopy Sciences, Hatfield, PA, USA) and
dried. The dispersed particles were examined by a
JEM 1400 transmission el ectron microscope (JEOL, Tokyo,
Japan) operated at 120 KV acceleration voltage. Images
were acquired with a Veleta CCD camera (Olympus,
Tokyo, Japan) and analyzed with a Meta Imaging System
(Molecular Devices).

Statistical analysis. The mean and standard deviation
(SD) of the mean were caculated and presented for al
experimental groups.

N990

sonicated

Fig. 1. Light microscopy evidence of improved dispersion of carbon black by sonication. Carbon black N330 and N990 were sus-
pended in distilled water (DW) or dispersion media including Krebs-Ringer solution (KR), physiological salt solution (PSS), cell culture
media, or blood plasma at a concentration of 100 ug/ml. Sonication was applied at 100 W for 1 min to enhance dispersibility (each
right panel). Images were obtained using light microscopy at a magnification of 10 x.
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RESULTS

Carbon black particles were suspended in different media
and were viewed using light microscopy (Fig. 1). Suspen-
sion of carbon black N330 had large agglomeratesin all the
media tested, including Krebs-Ringer solution (KR), physi-
ologicd st solution (PSS), cdll culture media, and blood plasma,
which was not too different from distilled water (DW) (Fig.
1, N330 left panels). To improve the dispersion of carbon
black particles, physical ultrasound was applied to carbon
black suspension. Sonication at 100 W for 1 min reduced

H. Kim et al.

clumps in al the suspensions, athough large agglomerates
were still observed in KR and PSS (Fig. 1, N330 right pan-
els). Longer or stronger sonication than 1 min or 100 W did
not result in seemingly better dispersion (data not shown).
Similar results were obtained with carbon black N990 (Fig.
1, N990). Dispersion of N990 was more even in culture
medium and blood plasma compared with N330, while it
was not the case in KR and PSS. On the whole, sonication
led to less agglomeration regardiess of dispersion media.
From these results, sonication appears to enhance the dis-
persibility of both carbon black N330 and N990, athough it
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Fig. 2. The Gaussian distributions of particle size in carbon black dispersion. Carbon black N330 and N990 were suspended in disper-
sion media, and sonication was applied at 100 W for 1 min. The particle size was measured by dynamic light scattering.
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is not clear if sonication is enough to disperse N330 in
nano-size, less than 100 nm.

The particle size was measured by dynamic light scatter-
ing, and the gaussian distributions of particle size are pre-
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sented in Fig. 2. The median values of N330 were lower
than 100 nm in cell culture media and blood plasma, while
those of N990 were higher than 100 nm. The averages of
particle size were 84.8 + 38.4 and 164.1 + 77.8 nm for N330

Table 2. Actual particle sizes of N330 and N990 in each dispersed condition

Solution Tween 80 N330 (hm) N990 (nm)
Krebs-Ringer solution - 936.9+ 774.8 582.6 + 254.6
(KR solution)® + 73.6+288 3495+ 161.8
Physiological salt solution - 651.8 + 490.1 460.4 £ 220.5
(PSS)? + 80.1+30.0 399.8+181.1
Cell culture media - 84.8+38.4 164.1+77.8
Blood plasma® - 85.0+42.9 112.4+67.9

*Tween 80 was added to carbon black suspension at a final concentration of 0.01%, and sonication was applied at 100 W for 5 min.

®The dispersion was sonicated at 100 W for 1 min.
Values are expressed as mean = SD (n = 3).
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Fig. 3. Improvement of carbon black dispersion by surfactants. (A) Carbon black was suspended in KR or PSS containing 0.01%
Tween 80 (TW80) or 10 ug/ml DPPC, and sonication was applied at 100 W for 5 min. Images were obtained using a light microscope at
a magnification of 10 x. (B) Distributions of the particle size are presented.
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and N990 in culture media, respectively. In blood plasma,
the averages were 85.0£429 and 1124+ 67.9nm for
N330 and N990, respectively (Fig. 2 and Table 2). These
results indicate that N330 and N990 can be dispersed to the
size ranges of ultrafine and fine particles, respectively.
However, both N330 and N990 exhibit sizes larger than 400
nm in KR and PSS. In KR, carbon black N330 and N990
measured 936.9 £ 774.8 and 582.6 £ 254.6 nm in diameter,
respectively and they were 651.8 + 490.1 nm and 460.4 £
220.5 nm in PSS. These values are extremely large consid-
ering the nominal size of N330, which suggest that disper-
sion was not complete in KR and PSS, even compared with
the dispersion in blood plasma or culture medium.

To disperse carbon black N300 in nano-size with KR and
PSS, surfactants were employed in dispersion media in
addition to sonication. Tween 80, a nonionic surfactant and
an emulsifier, is one of the most frequently used detergent
in nanoparticle dispersion. DPPC is a lipid surfactant and a
component of bronchoalveola lavage (BAL) fluid, and thus
is known as an endogenous surfactant. Carbon black was
suspended in KR or PSS with or without 0.01% Tween 80
and 10 ug/ml DPPC, and then sonication was applied at
100 W for 5min. As shown in Fig. 3A, the application of
Tween 80 noticeably improved the dispersibility of both
carbon black N330 and N990. However, DPPC failed to
decrease large agglomerates. These results suggest that
Tween 80 is efficient for dispersion of carbon black, while
DPPC exhibited little, if any, effect on dispersion. There-
fore, the actual size distribution was analyzed with Tween
80 by dynamic light scattering (Fig. 3B). The particle size
of carbon black N330 was reduced from 936.9 + 774.8 to
736+ 28.8nm in KR and from 651.8+490.1 to 80.1+
30.0nm in PSS hy the application of Tween 80 (Fig. 3B

PSS medium

plasma

Fig. 4. Electron microscopic images of dispersed carbon black.
Carbon black was suspended in each dispersion medium with
(KR and PSS) or without (cell culture medium and blood
plasma) 0.01% Tween 80. Each particle suspension was soni-
cated at 100 W for 1 (cell culture medium and blood plasma) or
5min (KR and PSS). Individual carbon black was viewed using a
transmission electron microscope (TEM) at 120 KV acceleration
voltage. TEM micrographs were taken at a magnification of
5,000 x with a CCD camera. Scale bar =300 nm.

Table 3. Surface charges of N330 and N990 in each dispersed
condition

. Carbon Surface charge

Solution black type Tween 80 (mv)
- -9.49+2.30
Krebs Ringer N330 + 217+0.77
solution® - -8.58+3.87
NS0 + 492+098
- -10.32+ 3.64

N330

Physiologica + 150+ 4.28
salt solution® - -9.30+3.92
N990 + 188+132
) N330 — —7.62 + 4.65
Cell culture media® N990 B 1274229
Blood plasma® N330 - 34.24x664
P N990 - 21.05+ 4.60

*PSonication was applied at 100 W for 1 or 5 min, respectively.

and Table 2). The particle size of N990 was decreased from
582.6 + 254.6 to 349.5 + 161.8 nm and from 460.4 + 220.5
to0 399.8+ 181.1 nm in KR and PSS, respectively. These
results suggest that the dispersion of carbon black could be
improved by the application of Tween 80.

To examine the appearance of carbon black, particles
were viewed with atransmisson eectron microscope (TEM).
Particles exhibited the typical aciniform of the carbon array
(Fig. 4) (International Carbon Black Association, 2010).
Relatively large particles were observed in N990, which
were wd| correlated with the results of Sze anadyss(Table 2).

As a mgjor determinant of particle dispersibility, surface
charge was analyzed. The zeta potentials of dispersed car-
bon black were 34.24 + 6.64 and 21.05 + 4.60 mV in blood
plasma for N330 and N990, respectively, which are rela
tively high charges and are consistent with the high dispers-
ibility in N330 and N990 (Table 3). The absolute value of
zeta potential was not large enough to interpret the high dis-
persibility in culture media, and Tween 80 reduced the
absolute value of zeta potential in both KR and PSS, as
expected. Taken together, the results show that explaining
the dispersibility of carbon black solely with surface charge
isdifficult.

DISCUSSION

Carbon black has been frequently used as a surrogate to
investigate the biologica effects of the carbon core of parti-
cles (Totlandsdal et al., 2010; Tankerdey et al., 2004). It
has advantages as a model compound for toxicity studies of
particles, especidly for studies on size dependent effects of
particle toxicity. Carbon black is a pure carbon material,
and thus has arelatively inert nature, which minimizes arti-
facts in toxicity caused by chemical composition of parti-
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cles. The size of carbon black varies depending on the
structural arrangement of carbon elements, which enables
carbon black to be dispersed into various particle sizes.
However, carbon black particles tend to readily agglomer-
ate and form clumps in aqueous solutions. Accordingly, dis-
persion has been a critica impediment and the control of
dispersion has become a prerequisite for studies on carbon
black. Currently, it is widely accepted that toxicity of parti-
clesislargely dependent on particle size, athough underly-
ing mechanisms are not clear (Sager and Castranova, 2009).
Therefore, we tried to disperse carbon black to both smaller
and larger than 100 nm to develop an experimental model
for the comparison between ultrafine and fine particles. The
data from the present study indicate that cell culture media
and blood plasma are excellent media for dispersion of car-
bon black but only if sonication is applied. However, physi-
cal disruption by sonication was not enough to disperse
carbon black N330 to less than 100 nm in KR and PSS.
Thus, surfactants were employed, and Tween 80 along with
sonication, was able to disperse N330 successfully (Fig. 2
and Table 2).

Agglomeration is a collection of primary particles, which
involves diverse chemical and electrostatic forces such as
van der Waals forces, magnetic forces and sintered bonds
(Fubini et al., 2010). Sonication is commonly and most fre-
guently used in nanotechnology to disrupt such inter-parti-
cle interactions and thereby to disperse nanoparticles evenly
in liquids (Wang et al., 2010). In addition, sonication could
avoid potential artifacts caused by chemical dispersants in
biologica studies. As expected, sonication disrupted agglom-
erates and improved dispersion in our study (Fig. 1). How-
ever, it was not enough to make dispersion of carbon N330
less than 100 nm in KR and PSS. There are many differ-
ences in the composition of dispersion media tested in this
study, and there are various factors that determine agglom-
eration such as ionic strength, temperature, fluid density
and dynamic viscosity (Fubini et al., 2010). Among them,
the presence of proteins appears to make the most striking
difference (Table 1). Proteins are well known to improve
dispersion of nanoparticles by forming particle-protein corona,
thereby diminishing particle-particle interactions. Indeed,
albumin or globulin proteins have been widely employed to
improve dispersion of nanoparticles (Wang et al., 2011).
Although proteins may enhance the dispersibility of carbon
black, the use was avoided in KR and PSS because they
affect various analytical methods and limit the uses of these
salt solutions. Hence, surfactants were employed in this
study. DPPC is an endogenous lipid and a component of
BAL fluid, which indicates that it is a completely biocom-
patible surfactant (Zhang et al., 2011). Additionally, DPPC
has been successfully employed for dispersion of various
nanoparticles such as multi-walled carbon nanotubes
(MWCNT) and TiO, (Porter et al., 2008; Sager et al.,
2007). However, it was not apparently effective in carbon

black (Fig. 3). Instead, Tween 80 resulted in better disper-
sion for N330 showing less than 100 nm at a concentration
of 0.01%. According to our experience, 0.01% Tween 80
has little effect on most physiological functions of any cells
or tissues, thus being useful as a biocompatible vehicle.

In summary, blood plasma and cell culture media with
FBS were effective and biocompatible dispersion media for
carbon black. Carbon black was also dispersed successfully
in inorganic salt solutions such as KR and PSS by addition
of a surfactant, Tween 80. With the methods confirmed in
this study, carbon black can be dispersed into both ultrafine
and fine particles. Carbon black can be used for studies that
investigate size related differences in toxicity by the devel-
oped dispersion methods, which will serve as vauable
model systemsfor particle toxicity.
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