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The possible combination of specific physicochemical properties
operating at unique sites of action within cells and tissues has led
to considerable uncertainty surrounding nanomaterial toxic
potential. We have investigated the importance of proteins
adsorbed onto the surface of two distinct classes of nanomaterials
(single-walled carbon nanotubes [SWCNTs]; 10-nm amorphous
silica) in guiding nanomaterial uptake or toxicity in the RAW
264.7 macrophage-like model. Albumin was identified as the
major fetal bovine or human serum/plasma protein adsorbed onto
SWCNTs, while a distinct protein adsorption profile was observed
when plasma from the Nagase analbuminemic rat was used.
Damaged or structurally altered albumin is rapidly cleared from
systemic circulation by scavenger receptors. We observed that
SWCNTs inhibited the induction of cyclooxygenase-2 (Cox-2) by
lipopolysaccharide (LPS; 1 ng/ml, 6 h) and this anti-inflammatory
response was inhibited by fucoidan (scavenger receptor antagonist).
Fucoidan also reduced the uptake of fluorescent SWCNTSs
(Alexagqy). Precoating SWCNTs with a nonionic surfactant (Plur-
onic F127) inhibited albumin adsorption and anti-inflammatory
properties. Albumin-coated SWCNTs reduced LPS-mediated
Cox-2 induction under serum-free conditions. SWCNTs did not
reduce binding of LPS4jexaqss t0 RAW 264.7 cells. The profile of
proteins adsorbed onto amorphous silica particles (50-1000 nm)
was qualitatively different, relative to SWCNTSs, and precoating
amorphous silica with Pluronic F127 dramatically reduced the
adsorption of serum proteins and toxicity. Collectively, these
observations suggest an important role for adsorbed proteins in
modulating the uptake and toxicity of SWCNTs and nano-sized
amorphous silica.
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Nanomaterials are typically defined as engineered structures
with at least one dimension of 100 nm or less, though from the
perspective of biology this definition may be too narrow
(Teeguarden et al., 2007). Nanomaterials can have unique
physicochemical properties that result from the combination of
their small size, chemical composition, surface structure,
solubility, shape, and aggregation (Nel et al., 2006). Engineered
nanomaterials also take on a variety of shapes including spheres,
fibers, tubes, and rings. Intentional modification of nanomaterial
physicochemical properties results in unique characteristics,
including high conductivity, strength, durability, and chemical
reactivity that are finding applications in many fields. Impor-
tantly, materials that are inert in bulk form may be toxic in nano-
sized form (Nel et al., 2006; Oberdorster et al., 2005 and
references therein), arguing that all nanomaterials must be
systematically evaluated for their toxic potential. Rapid growth in
the number of nanostructured materials available and the
increasing number of apparent applications of nanotechnology
make the toxicological issues associated with these new materials
of escalating significance. However, there is uncertainty
surrounding human health issues and environmental effects of
these poorly characterized materials. Nano-sized particles can
cross cellular membranes by nonphagocytic mechanisms (Geiser
et al., 2005), which may facilitate their access to sites within cells
and tissues not previously or routinely encountered, further
contributing to uncertainty surrounding their toxic potential.

While significant emphasis has been placed on size- and
physicochemical property—dependent toxicity of nanomaterials,
less emphasis has been placed on approaches to predict
nanomaterial disposition, which in turn is frequently a determi-
nant of toxicity. Size is a limiting factor in visualizing the tissue
and subcellular localization of nanomaterials, making accurate
assessment of nanomaterial disposition challenging (Mercer
et al., 2007). In this context, proteins adsorbed to the surface of
particles, liposomes, toxicants, and a variety of drug delivery
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agents often play a decisive role in governing disposition
(Douglas et al., 1987; Goppert and Muller, 2005; Moghimi
et al., 1993). Opsonins have long been associated with the rapid
uptake of particles by the mononuclear phagocytic system
(Douglas et al., 1987). Surfactants or coatings that repel protein
adsorption have been developed to circumvent the limitations
associated with the mononuclear phagocytic system in drug
targeting and illustrate the importance of adsorbed proteins in
guiding disposition. As one example, the disposition of poly-
styrene nanospheres and colloidal gold nanoparticles with and
without poloxamine-908 coating have been examined (Moghimi
et al., 1993). Uncoated nanospheres formed a complex with
fibronectin and were primarily taken up by hepatic Kupffer cells.
Poloxamine-908 coating dramatically reduced fibronectin adsorp-
tion and liver accumulation. As a second example, polysorbate
80—coated polybutylcyanoacrylate (PBCA) nanoparticles are
under investigation for drug delivery to the brain (Goppert and
Muller, 2005). The polysorbate coating results in the preferential
adsorption of apolipoprotein E (apoE), which in turn, appears to be
an important determinant for passage through the blood-brain
barrier. Surfactants that did not promote apoE adsorption did not
promote passage through the blood-brain barrier, and coating
PBCA particles with apoE in the absence of coating with poly-
sorbate 80 resulted in efficient delivery of the particles to the brain.
We hypothesize that proteins adsorbed onto nanomaterials will
play an important role in directing their disposition and toxicity.
If our hypothesis is correct, then defining the stoichiometry
of proteins adsorbed onto nanomaterials a priori will provide
important clues regarding sites of uptake for consideration in
initial toxicological investigations. To test this hypothesis, we
have investigated the toxicity of two elementally (i.e., carbon vs.
silica) distinct classes of nanomaterials with tubular (single-walled
carbon nanotubes [SWCNTs]) or spherical (10-nm amorphous
silica) structures with and without surfactant coating to prevent
the adsorption of serum proteins. The fundamental differences
between these nanomaterials are expected to result in distinct
protein adsorption profiles due to their discrete physicochemical
properties as well as induce toxicity by different modes of action.
These differences will provide a reasonable initial evaluation of
the relative importance of adsorbed proteins in guiding the toxicity
of nanomaterials. We observe that resuspension of nanomaterials
in Pluronic F127 dramatically reduces protein adsorption and
toxic potential of both SWCNTs and 10-nm amorphous silica. In
addition, adsorption of albumin onto SWCNTSs appears to target
the SWCNT-albumin complex to scavenger receptors. Collec-
tively, our data suggest that careful attention to protein adsorption
profiles can contribute to nanomaterial toxicity assessment.

MATERIALS AND METHODS

Materials

RPMI 1640 medium, sodium pyruvate, fetal bovine serum (FBS),
L-glutamine, penicillin, streptomycin, Pluronic F127, and Alexa,gg-labeled
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bacterial lipopolysaccharide (LPSajexaqagg) Were purchased from Invitrogen
(Carlsbad, CA). LPS from Escherichia coli strain O127:B8 was purchased from
Sigma-Aldrich Chemical (lot number 31K4120, 600,000 EU/mg protein;
St Louis, MO). Human serum was purchased from Golden West Biologicals
(Temecula, CA). Nagase analbuminemic rat (NAR) plasma was supplied
by Dr George Kaysen (UC-Davis, CA). Anti-albumin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibodies were from Abcam (Cam-
bridge, MA). Anti-cyclooxygenase-2 (Cox-2) antibody was from Cayman
Chemical (Ann Arbor, MI). Anti-inducible nitric oxide synthase (iNOS) and
actin antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
SWCNTs (Carbolex AP-grade) were from Sigma-Aldrich. The 10-nm
amorphous silica suspension was from Polysciences, Inc. (Warrington, PA).

Cell Culture

The RAW 264.7 murine macrophage cell line was obtained from the
American Type Culture Collection (Rockville, MD). Cells were maintained in
RPMI 1640 supplemented with 10% FBS, 2mM L-glutamine, ImM sodium
pyruvate, 100 units/ml penicillin, and 0.1 mg/ml streptomycin in a humidified
atmosphere of 5% CO, and 95% air at 37°C. Cells were subcultured using
a rubber blade cell scraper (Sarstedt, Newton, NC).

Particle Characterization

Surface area. The gas adsorption technique Brunauer-Emmett-Teller (BET)-
specific surface area analysis was used to determine the surface area of
nonfunctionalized as-received (Sigma-Aldrich) SWCNTs in the dry state. To
remove any physisorbed species from the surface, dry carbon nanotubes were
degassed at elevated temperature (212 K) under vacuum for 24 h before perform-
ing surface area measurements using N, gas adsorption (77 K) onto the SWCNTSs.

Transmission electron microscopy. High-resolution transmission electron
microscopy (TEM) imaging was performed using JEOL TEM 2010F HRTEM.
TEM samples were prepared by placing a drop of solution prepared by
dispersing SWCNTSs in denatured ethanol directly on a lacey carbon grid (200
mesh), and imaging was done at 200 kV.

Scanning electron microscope-Energy dispersive spectrometry. Non-
functionalized as-received SWCNTs were studied on a scanning electron
microscope (SEM JEOL-6100) in energy dispersive spectrometry (EDS) mode
to detect the compositional elements present in the carbon nanotube sample.
Aluminum stubs were smeared with silver paint and SWCNTs in the dry state
placed on the stubs and attached to copper tapes to make them conductive. The
metallic stubs were then placed on the holder and introduced into the
instrument at 10 kV.

Zeta  potential. Brookhaven ZetaPlus (Brookhaven Instruments
Corporation, Holtsville, NY) was used to determine the surface charge on
the amorphous silica nanoparticles as dispersed in each of the different
experimental conditions used for this study: ultrapure water, normal growth
medium, and Pluronic F127 + normal growth medium. The pH of the sample
solutions was monitored using a standard laboratory pH meter, and all readings
were conducted at room temperature.

Particle size measurements. Dynamic light scattering spectroscopy
(Nanotrak Particle Size Analyser—Microtrac Inc., Montgomeryville, PA
18936) was used to determine the surface charge on the 10-nm amorphous
silica nanoparticles as dispersed in each of the different experimental conditions
used for this study: ultrapure water, normal growth medium, and Pluronic
F127 + normal growth medium.

Nanomaterial Resuspension and In Vitro Exposure

SWCNTSs were added directly to a sterile 15 ml conical in a Mettler Toledo
AB104 scale using an autoclaved spatula until approximately 5-10 mg (dry
weight) had been added. The 15 ml conical was then immediately capped,
transported to a tissue culture hood, and normal growth medium (containing
10% FBS and supplements described above) was added to produce a final
concentration of 1 mg SWCNTs/ml medium. SWCNTs were then resuspended
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by sonication in a Branson Tabletop Ultrasonic Cleaner (Model 1510) for
20 min at room temperature with vortexing at 5 min intervals. An equal volume
of normal growth medium was pipetted into a 15-ml conical and sonicated in
parallel for use as a “sonicated medium” control. The SWCNT suspension was
inverted several times prior to removal of an aliquot for dilution in normal
growth medium to the concentrations indicated. As a control, an equal volume
of sonicated medium was added to normal growth medium to account for the
contributions of sonicated medium components in the cellular response to
SWCNTs. Under these conditions, the 15 ml conical could be maintained for
several weeks on a benchtop and the medium remained black, suggesting that
a significant portion of the SWCNTs did not appreciably settle by gravity.
However, an undefined fraction of the SWCNTSs could be observed to settle by
gravity, as evidenced by the formation of a small pellet at the bottom of the
15 ml conical, indicating that cells were likely exposed to a mixture of
dispersed and aggregated SWCNTs.

Qualitative Protein Adsorption Profiles

Nanomaterials were resuspended in normal growth medium containing 10%
FBS by sonication for 20 min. Proteins adsorbed onto nanomaterials that
sediment at 5000 X g (5 min) were collected and washed three times by
resuspension in PBS with vortexing, followed by centrifugation and aspiration
of the supernatant. For amorphous silica, centrifugation resulted in a fraction of
the sedimented silica to aggregate so extensively as to not be disrupted during
the washing stages. To minimize the potential contribution of nonadsorbed
serum proteins trapped within these aggregates to the protein adsorption
profiles, samples were allowed to gravity settle for approximately 2 min, the
supernatant was transferred to new tubes (the aggregates were discarded), and
the supernatant was processed as described above. Therefore, the protein
adsorption profiles are qualitative, and protein loading was adjusted between
groups to enable evaluation of the protein adsorption profiles under comparable
protein loads. Proteins were desorbed from nanomaterials by sonication in
Laemli loading buffer for 20 min followed by incubation in boiling water for
5 min. The samples were then subjected to a final centrifugation step (18,000 X g
for 5 min) to sediment aggregates of nanomaterials that were visible, and the
supernatant was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were detected by Coomassie
Blue staining and SYPRO Ruby protein gel stain. In some experiments,
nanomaterials were resuspended in Pluronic F127 by sonication for 20 min
followed by incubation with FBS (final concentration of 10%) for 60 min with
gentle agitation. Proteins adsorbed to nanomaterials coated with Pluronic F127
were then processed as described above.

Chytotoxicity Determination by Cell Counts

Randomly cycling preconfluent RAW 264.7 cells (seeded in 35 mm dishes)
were exposed to SWCNTSs or amorphous silica (resuspended as described above)
at the concentrations and times indicated in the Figure legends. Following
exposure to nanomaterials, medium was aspirated, 1 ml of PBS was added to each
dish, and cells were harvested from the dishes using a rubber blade cell scraper
(Sarstedt, Newton, NC). Cell number was quantified using a Coulter Counter.

Mass Spectrometry Analysis

Proteins adsorbed onto Pluronic F127—coated SWCNTSs were resolved by
SDS-PAGE, and selected bands were cut from the gel for identification by mass
spectrometry (MS). The digested gel band was analyzed via liquid
chromatography (LC)-tandem MS (MS/MS) using a previously described
(Shen et al., 2001) reversed-phase capillary liquid chromatography system
coupled to a Finnigan LTQ ion trap mass spectrometer (ThermoFinnigan, San
Jose, CA). The LC-MS/MS data analysis was performed using SEQUEST
analysis software to match the MS/MS fragmentation spectra with sequences
from the March 2006 National Center for Biotechnology Information Bos
taurus database, containing 33,543 entries. The criteria selected for filtering
followed methods based upon a reverse database false positive model which
has been shown to give ~95% confidence for an entire protein dataset (Qian
et al., 2005).
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SWCNT Labeling with Alexa 647

SWCNTs were oxidized in strong acid and peroxide to create carboxylic
acid functionality on their surface (Zhao et al., 2002). The acid groups on the
SWCNTs were then coupled with an amine-terminated fluorescent dye using
standard protein cross-linking chemistry (Hermanson, 1996). Details of the
steps used are as follows: concentrated sulfuric acid (H,SO,4) was slowly added
to 30% hydrogen peroxide (H,O,) to form a 3:1 volume ratio solution.
SWCNTs were stirred into a 3:1 (vol/vol) solution of concentrated H,SO4 and
30% H,0, at a concentration of approximately 2 mg of SWCNTSs per mg of
solution. The mixture was sonicated in a bath ultrasonic cleaner (Branson 1510)
for 1 min and then removed from the bath and stirred for 10 min. This
sonication/stir cycle was repeated two more times. The resulting black solution
was filtered through a polytetrafluoroethylene (PTFE) filter membrane (0.45
um pore), being careful not to filter the SWCNTSs to dryness. The wet SWCNT
deposit was then rinsed with deionized (DI) water (approximately 20 times the
volume of the acid/peroxide solution) until the pH of the filtrate matched that of
the DI water used. The oxidized SWCNTs (CNT-COOH) were recovered by
sonicating the still-wet SWCNT/PTFE membrane in DI water (which became
black). The SWCNT-COOH solution was centrifuged (Fisher Scientific
accuSpin400) at 5000 rpm for 10 min. The supernatant was removed and
centrifuged at 10,000 rpm for 20 min. Aggregates visible after allowing the
solution to sit overnight were removed by centrifugation to produce a stable
aqueous suspension with approximate concentration of 0.5 mg SWCNT-COOH
per 1 ml solution. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC; Sigma-Aldrich), N-hydroxysulfosuccinimide (S-NHS, sodium
salt; Molecular Probes, Eugene, OR), and NA647 (Alexa Fluor 647 cadaverine,
disodium salt; Molecular Probes) were each dissolved in DI water and added to
the SWCNT-COOH aqueous solution, diluted to be approximately 0.25 mg
SWCNT-COOH per ml water. The molar concentration of NA647 and EDC
used were approximately equivalent and in large (> 10 times) excess to the acid
groups present on the SWCNTs. S-NHS was used in large excess. The
combined solution was stirred at room temperature for 2 h. The solution was
then filtered through a Polyvinylidene Difluoride membrane (0.2 pm pore) and
rinsed repeatedly with water to remove the excess reagents. The SWCNTSs were
recovered by sonicating the membrane in fresh DI water and depositing onto
a new membrane, which was again rinsed with DI water. The deposit was
filtered to dryness, and the dye-functionalized SWCNTs were recovered as
a solid from the membrane.

Measurement of Cox-2 and iNOS Expression

Cox-2 and iNOS expression were quantified by Western blot analysis
according to our published methods (Weber et al., 2006). Titers used were actin
(1:3000), albumin (1:3000), Cox-2 (1:3000), GAPDH (1:10,000), and iNOS
(1:3000). All secondary antibodies were used at a dilution of 1:4000. Detection
and quantification of Cox-2 and iNOS bands was accomplished using the
Pierce SuperSignal WestFemto chemiluminescent substrate and a Lumilmager
(Roche Diagnostics, Mannheim, Germany), respectively.

Estimation of SWCNT Concentration In Suspension Following Sonication

In Figure 10, we investigated the anti-inflammatory properties associated
with SWCNTs coated with albumin. In this experiment, large SWCNT
aggregates were allowed to settle by gravity for 1 h, and the supernatant was
used at increasing volumes in the experimental design. To estimate the
concentration of SWCNTSs remaining in suspension, we constructed a standard
curve using the crude SWCNT suspension (aggregates and SWCNTSs remaining
in suspension) since this represents a known concentration based on the initial
mass of SWCNTs used to construct the standard curve. The concentration of
SWCNTs remaining in suspension was then extrapolated from this standard
curve (determined at an absorbance wavelength of 405 nm). Linear regression
analysis indicated that ABS4so value highly correlated with SWCNT
concentration under these conditions (r2 > 0.99; data not shown). This
approach was used to provide an estimate of SWCNT concentration remaining
in suspension rather than simply reporting the volume of supernatant used
which was deemed uninformative. For experiments addressing albumin-
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opsinized SWCNTS, cells were maintained and treated with nanotubes in RPMI
1640 supplemented with 100 pg/ml bovine serum albumin (BSA), 2mM
L-glutamine, ImM sodium pyruvate, 100 units/ml penicillin, and 0.1 mg/ml
streptomycin.

Statistics

Individual comparisons were made using the Students t-test or ANOVA
with a post hoc Student’s Newman-Keul test, as appropriate. The p < 0.05 level
was accepted as significant.

RESULTS

We have chosen to investigate the relative importance of
adsorbed proteins in guiding nanomaterial toxicity using two
structurally distinct classes of nanomaterials, namely SWCNTs
and 10-nm amorphous silica. Nanomaterial characteristics that
have been determined are illustrated below. In some experi-
ments, the nonionic surfactant Pluronic F127 was used to coat
nanomaterials to improve dispersion while reducing protein
adsorption. Pluronic F127 is a difunctional block copolymer
surfactant terminating in primary hydroxyl groups that is
generally nontoxic. We have not observed any evidence of
toxicity in Pluronic F127—treated cells at concentrations at least
100-fold higher than used in the present studies (data not
shown).

SWCNT Particle Characteristics

The majority of our studies have focused on SWCNTs
resuspended in normal growth medium. However, crystalliza-
tion of salts and other components of the normal growth
medium obscured the resolution of SWCNT particle charac-
terized by TEM under these conditions (data not shown). TEM
analysis of the SWCNTs in ethanol and water revealed long
ropes of nanotubes aligned in parallel and what appeared to be
bundles of material (Fig. 1). At lower magnification, it was
clear the ropes of nanotubes were > 150-nm long (data not
shown). The measured BET of the as-received SWCNTSs was
274.1 mz/g; however, the surface area may be different in
solution, particularly in experiments using albumin as opsin
where SWCNTs were allowed to flocculate and settle before
administration to cells. SEM-EDS analysis of the carbon
nanotubes showed the presence of silica, yttrium, and nickel at
0.12, 2.9, and 17.29% by weight, respectively. SWCNTs of
(2.74 cm?*/ug SWCNT) can be used to convert data from mass
to surface area for these experiments.

Amorphous Silica Particle Characteristics

The nominal particle size of the 10-nm amorphous silica
from PolySciences was verified using TEM (Fig. 2). TEM
images showed agglomerates of particles with a primary
particle size near 10 nm as reported by the manufacturer. To
verify that agglomeration is an artifact of the drying process
required for TEM, particle size was verified in water and the
two treatments used in experiments, namely coating with
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FIG. 1.
described in ‘‘Materials and Methods’’ section and imaged at 200 kV. The data
suggest that the SWCNTSs exist as a mixture of clumps, ropes, and bundles
under these conditions.

TEM analysis of SWCNTs. TEM samples were prepared as

Pluronic F127/resuspension in normal growth media and
resuspension in normal growth medium alone. In water, the
number average primary particle size was 11.1 nm. In pluronic
plus normal growth media, the average primary particle size
was 12.3 nm, and the average primary particle size increased to
27.2 nm when resuspended in normal growth medium alone
(Fig. 3). Thus, there appeared to be very modest agglomeration
when 10-nm amorphous silica was resuspended in normal
growth medium alone. The mean zeta potential (SE) of silica
(at 25°C) was — 65.9 mV (1.59), — 4.8 mV (3.0), and — 37.2
(4.18) in water (pH 5.5), normal growth media (pH 7.4), and
pluronic + normal growth media (pH 7.4), respectively. The
two concentrations of 10-nm amorphous silica used in the
present studies can be converted to surface area or particle
number based on the following: 0.78 pg/ml 10-nm amorphous
silica = 2.12 cm*/ml = 6.77 X 10'! particles/ml and 1.66 pg/
ml 10-nm amorphous silica = 4.53 cm’/ml = 1.44 X 10'?
particles/ml.

ldentification of Serum Proteins Adsorbed onto SWCNTs

We examined (qualitatively) proteins adsorbed onto two
preparations of SWCNTs, namely (1) SWCNTSs resuspended in
normal growth medium supplemented with 10% FBS by
sonication and (2) SWCNTSs resuspended in Pluronic F127 by
sonication followed by incubation with FBS (10% final
concentration) for 60 min with gentle rocking. Proteins were
desorbed from SWCNTs as described in “Materials and
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FIG. 2. TEM analysis of 10-nm amorphous silica. TEM samples were
prepared as described in ‘‘Materials and Methods’’ section and imaged at 200 kV.

Methods” section, separated by SDS-PAGE and detected using
SYPRO Ruby protein gel stain. Distinct protein adsorption
profiles were observed when SWCNTs were resuspended in
normal growth medium versus emulsifying agent (Pluronic
F127) prior to incubation with normal growth medium (Fig. 4).
Resuspension in normal growth medium was associated with
a major band in the 49- to 62-kDa range of the gel along with
several additional but less abundant proteins. This band was the
dominant protein adsorbed to SWCNTs whether they were
passively incubated with FBS or were resuspended by
sonication (data not shown). The major band appearing in the
49- to 62-kDa range was not detected in preparations where
SWCNTs were resuspended in Pluronic F127 prior to

Frequency %
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Diameter of Nanoparticles [nm]

FIG. 3. Estimation of amorphous silica aggregation states. Amorphous
silica was resuspended in water (cross), Pluronic F127 (solid circle), or normal
growth medium (solid square), and average particle diameter was determined as
described in ‘‘Materials and Methods’’ section.
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FIG. 4. Adsorption of FBS proteins to SWCNTs with or without Pluronic
F127 coating. SWCNTs were resuspended in normal growth medium by
sonication or Pluronic F127 by sonication followed by incubation with FBS
(10% final) for 60 min as described in ‘‘Materials and Methods’’ section.
SWCNTs were then washed three times with PBS, proteins desorbed, and
analyzed by SDS-PAGE and anti-albumin Western blot. Similar results were
observed in five separate experiments.

incubation with FBS and was subsequently identified as
albumin by Western blot analysis (Fig. 4). A similar protein
adsorption profile was observed when SWCNTs were
resuspended in undiluted FBS versus normal growth medium
(10% FBS; data not shown). The serum proteins adsorbed to
Pluronic F127—coated SWCNTs (14-28 kDa range) were
excised from the gel, subjected to in-gel tryptic digestion,
analyzed by tandem MS as described in ‘“Materials and
Methods™ section, and identified from a subsequent search
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against the B. taurus database. Proteins predominantly detected
by MS with predicted molecular weights in the 14- to 28-kDa
range included casein alpha-S1, casein beta, casein kappa,
hemoglobin beta, hemoglobin gamma, and lactoglobulin beta.
Additional proteins that were detected with multiple unique
peptides, but were inconsistent with the 14- to 28-kDa range of
the gel, included alpha-2-HS-glycoprotein, apoplipoprotein
A-II, keratin 10, and keratin 15. Such identifications are likely
due to the sensitivity of the MS coupled with identification of
protein fragments of these higher abundant bovine serum
proteins in this mass range. From these results, casein-related
proteins were the strongest candidates for the proteins adsorbed
to SWCNTs resuspended in emulsifying agent in the 14- to
28-kDa range, and we confirmed that purified casein adsorbs
onto SWCNTs coated with Pluronic F127 (data not shown).

Identification of Protein Adsorption Profiles Associated with
SWCNTs Resuspended in NAR or Human Serum/Plasma

We next examined protein adsorption profiles associated
with SWCNTs resuspended in plasma from NAR versus
human serum and plasma (Fig. 5). The protein adsorption
profile associated with albumin-deficient NAR plasma (from
four individual animals) was significantly different from the
protein adsorption profile associated with human serum/plasma
and FBS (compare Figs. 4 and 5). Albumin appeared to be the
prominent protein adsorbed to SWCNTs resuspended in human
serum and plasma as confirmed by Western blot analysis (Fig. 5,
bottom). Within the limits of detection, the protein adsorption
profile associated with human serum versus plasma was
comparable. Collectively, our data suggest that albumin is the
major protein adsorbed onto SWCNTs from plasma and
serum fractions and that resuspending SWCNTs in emulsify-
ing agent significantly alters the protein adsorption profile.

SWCNT Toxicity Assessment by Measurements
of Cell Proliferation

As an initial range finding study for toxicological inves-
tigations, we determined whether SWCNTS inhibited cell
proliferation as a sensitive index of toxicity. RAW 264.7 cells
were treated with SWCNTs (12.5-25 pg/ml nominal medium
concentration; dispersed in normal growth medium) for 24 h,
and cell number was determined using a Coulter Counter as
described in ‘“Materials and Methods” section. SWCNTs
induced a marginal but dose-dependent inhibition of pro-
liferation, relative to controls treated with an equal volume of
sonicated medium (Fig. 6). Thus, at the concentration used for
the present studies, SWCNTs induce limited toxicity, as
determined by measurements of cell proliferation. This
observation is in contrast to 10-nm amorphous silica particles
that induce a marked decrease in cell proliferation under these
conditions (illustrated in figure 13 below) suggesting different
modes of action for these nanomaterial preparations.
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FIG. 5. Protein adsorption profile associated with SWCNTs incubated with
NAR plasma, human plasma, or human serum. SWCNTs were resuspended in
NAR or human plasma/serum (10% final in RPMI) by sonication as described
in ‘“Materials and Methods’’ section. SWCNTs were then washed three times
with PBS, proteins desorbed, and analyzed by SDS-PAGE and anti-albumin
Western blot. Similar results were observed in three separate experiments.

SWCNT Effects on the Inflammatory Response to Endotoxin
in RAW 264.7 Cells

Cox-2 and iNOS, used as biomarkers of the inflammatory
response, were not induced by SWCNTs alone (at concen-
trations up to 50 pg/ml; 6 and 24 h time points; data not
shown). We next examined whether SWCNTs modulated the
inflammatory response to LPS, and our results are summarized
in Figure 7. Treatment of RAW 264.7 cells with LPS for 6 h
resulted in a significant increase in Cox-2 expression. Cox-2
induction by LPS was inhibited by cotreatment with SWCNTs
but not sonicated medium used as control (diluted 1:100 to
account for sonicated medium effects associated with the
highest concentration of SWCNTSs investigated). Interestingly,
the inhibition of LPS-mediated Cox-2 induction by SWCNTs
was reversed by fucoidan (25 pg/ml), which is reported to be
a class A scavenger receptor antagonist (Krieger and Herz,
1994). Collectively, these results suggest that the anti-
inflammatory effects of SWCNTs resuspended in FBS are
mediated by scavenger receptors.
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FIG. 6. Effect of SWCNTs on RAW 264.7 macrophage cell number.
RAW 264.7 cells were treated with 12.5-30 pg/ml SWCNTs resuspended in
normal growth medium by sonication as described in ‘‘Materials and Methods’’
section. Cell number was determined using a Coulter Counter 24 h after
exposure. Similar results were observed in three separate experiments.

Surfactant-Coated SWCNTs Characterized for
Loss of Albumin Adsorption also Lose their
Anti-Inflammatory Properties

We next determined whether resuspension of SWCNTS in
Pluronic F127, which significantly alters the protein-binding
profile (see Fig. 4), influenced their anti-inflammatory activity.
We also included a comparison with undiluted sonicated
medium alone to illustrate the potential for sonicated medium
to contribute to the anti-inflammatory response. RAW 264.7
cells were cotreated for 6 h with LPS and SWCNTs (dispersed
in Pluronic F127) or with sonicated medium that had not been
diluted. SWCNTs dispersed in Pluronic F127 did not inhibit
Cox-2 expression induced by LPS (Fig. 5). Under these
conditions, undiluted sonicated medium alone reduced but did

sonicated media - + - - -
SWCNT s . + ) i
Fucoidan - & - + +
LPS - + + & +
Cox-2 '- -
GAPDH |l S s s -

FIG. 7. Inhibition of LPS-mediated Cox-2 expression by SWCNTs. RAW
264.7 cells were treated with 1 ng/ml LPS for 6 h with or without cotreatment
with 10 pg/ml SWCNTs (nominal medium concentration; resuspended in
normal growth medium by sonication as described in ‘‘Materials and Methods’’
section). Some groups were pretreated for 30 min with fucoidan (25 pg/ml) to
determine the role of scavenger receptors in this process. Cell lysates were
prepared and subjected to Western blot analysis for Cox-2 and GAPDH as
described in ‘‘Materials and Methods’’ section. Similar results were observed
in three separate experiments.
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not fully inhibit Cox-2 expression induced by LPS (Fig. 8). In
this regard, sonicated medium should be included as a control in
all experiments at an equal volume used to deliver nanomaterials
and is subject to the same limitations applied to other solvents
used in this capacity. For example, solvents (e.g., dimethyl
sulfoxide, ethanol, and methanol) have little or no effects when
the final concentration is < 0.1%. When sonicated medium is
diluted 1:100, we do not detect anti-inflammatory activity
associated with the medium alone (the induction of Cox-2 by
LPS + sonicated medium illustrated in Fig. 7 is not different
from Cox-2 induction by LPS alone; data not shown).

Evidence for Scavenger Receptor—Dependent
Uptake of SWCNTs

We synthesized a fluor-labeled SWCNT pjexa6q7 t0 further
investigate fucoidan-sensitive uptake. RAW 264.7 cells were
treated with SWCNT g exa647 (dispersed in FBS by sonication)
with or without a 30-min pretreatment with 25-pg/ml fucoidan.
Focal staining pattern of SWOCNTjexaa7 Was observed
that was significantly reduced by fucoidan (Fig. 9). This
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Sonicated Media - - + =
SWNCTs-Pluronic F127 - - % -
Pluronic F127 - + z 2
Cox-2
GAPDH
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8
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FIG. 8. Resuspension of SWCNTs in emulsifying agent inhibits anti-
inflammatory properties. RAW 264.7 cells were treated with 1 ng/ml LPS in the
presence or absence of SWCNTSs (10 pg/ml) that were resuspended in Pluronic
F127 by sonication and subsequently incubated with FBS (10% final) for
60 min. Undiluted sonicated medium was also examined as cotreatment to
determine whether damage to medium by sonication could potentially
contribute to anti-inflammatory effects in this model. Cell lysates were
prepared and subjected to Western blot analysis for Cox-2 and GAPDH as
described in ‘‘Materials and Methods’’ section. Similar results were observed
in three separate experiments.
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Fucoidan

SWCNT-Alexa 647

DAPI

FIG. 9. Inhibition of SWCNTajexasq7 Uptake by fucoidan. RAW 264.7
cells were treated with 10 pg/ml SWCNTpjexasq7 for 30 min with or without
pretreatment with 25 pg/ml fucoidan for 30 min and SWOCNTjexa47
localization determined in fixed cells by epifluorescence microscopy.

observation is consistent with the inhibition of SWCNT anti-
inflammatory properties by fucoidan (Fig. 7).

Anti-Inflammatory Effects of SWCNTs Opsinized
with Albumin

SWCNTs were resuspended in serum-free medium supple-
mented with 5% BSA by sonication to determine whether
albumin-coated SWCNTs also exhibited anti-inflammatory
properties. RAW 264.7 cells were pretreated with albumin-
coated SWCNTSs (estimated at 8—33 pg/ml; see “Materials and
Methods” section) or sonicated medium supplemented with
5% BSA for 30 min, subsequently treated with 1 ng/ml LPS for
6 h, and the semiquantitative Cox-2 and actin levels were
determined by Western blot analysis as described in “Materials
and Methods” section. Cox-2 levels were significantly in-
creased by LPS, and this response was reduced in a dose-
dependent manner by SWCNTSs coated with albumin (Fig. 10).
This observation is consistent with a role for albumin in the
anti-inflammatory response to SWCNTs.

SWCNTs do not Appear to Modulate LPS Binding to
RAW 264.7 Macrophage Cells

A fluorescent endotoxin (LPSjexaqgs; InVitrogen) was used
to determine whether SWCNTs interfered with binding of LPS
to cells. Western blot analysis indicated that iNOS expression
induced by LPS and LPSAjexaqgs Were comparable, indicating
that the fluorescent dye does not interfere with the biological
properties of LPSajexaqggs (Fig. 11, top panel). LPSAjexaqss
treatment resulted in a plasma membrane and focal staining
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pattern (Fig. 11, middle panel). Pretreatment of cells with
SWCNTs (dispersed in FBS) did not modulate cell-associated
LPSAlexaaggs fluorescence levels or the qualitative staining
pattern (Fig. 11, middle and bottom panels). These data suggest
that SWCNTs do not interfere with the binding of LPS to RAW
264.7 cells.

ldentification of Proteins Adsorbed to Amorphous Silica with
and without Nonionic Surfactant Coating

Similar studies were conducted using a structurally distinct
class of nanomaterials (amorphous silica). We examined protein
adsorption profiles for amorphous silica ranging from 50 to 1000
nm in size when resuspended in FBS by sonication or when
resuspended in Pluronic F127 followed by incubation with FBS
for 60 min, and our results are summarized in Figure 12.
A number of FBS proteins were observed to adsorb onto
amorphous silica and resuspension of silica in Pluronic F127
prior to incubation with FBS-inhibited protein binding (Fig. 12,
left panel, results illustrated are for 1000 nm silica). The protein
adsorption profile for 50- to 1000-nm silica was comparable
(Fig. 12, right panel). In contrast to SWCNTs, albumin was not
observed to be the most abundant protein adsorbed onto
amorphous silica, indicating that the intrinsic surface property
of nanomaterials dictates protein adsorption profiles.

Coating Amorphous Silica with a Nonionic Surfactant
Inhibits Cytotoxicity

To further investigate whether dispersing nanomaterials in
surfactant modulated the toxic response, we determined cell
viability in RAW 264.7 cells treated with 10-nm amorphous
silica resuspended in either FBS or Pluronic F127. Treatment
of RAW 264.7 cells with 0.78-1.66 pg/ml 10-nm amorphous
silica (resuspended in FBS) for 24 h resulted in a dose-
dependent decrease in cell number, determined using a Coulter
Counter (Fig. 13) and confirmed using an alamar blue
cytotoxicity assay (data not shown). Resuspension of 10-nm
amorphous silica in Pluronic F127 prior to incubation with
FBS fully prevented the decrease in cell number induced by
10-nm amorphous silica. Collectively, our data suggest an
important role for adsorbed proteins in guiding the toxicity of
nanomaterials with discrete physicochemical properties.

DISCUSSION

We have investigated whether resuspension methods that
alter protein adsorption profiles modulate nanomaterial toxicity
and whether identification of proteins adsorbed to nano-
materials provides insight into pathway-specific effects. For
both SWCNTs and 10-nm amorphous silica, resuspension in an
emulsifying agent (Pluronic F127) dramatically reduced pro-
tein adsorption and toxicity. In the context of SWCNTSs,
albumin was identified as the most abundant adsorbed protein
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FIG. 10.

Inhibition of LPS-mediated Cox-2 induction by albumin-coated SWCNTs. RAW 264.7 cells were pretreated with albumin-coated SWCNTs for

30 min followed by treatment with 1 ng/ml LPS for 6 h. Cox-2 and actin levels were determined by Western blot analysis and quantified using a Lumilmager
(Roche Diagnostics, Mannheim, Germany). The effects of increasing SWCNT concentration on basal (open) or LPS-induced (solid) Cox-2 levels are illustrated.

Similar results were observed in two separate experiments.

from FBS and human serum/plasma but not when plasma from
the albumin-deficient NAR was used. Damaged or structurally
altered albumin is a well-known ligand for scavenger receptors,
and the uptake (Fig. 9) and anti-inflammatory effects of
SWCNTs (Fig. 7) were inhibited by fucoidan, a scavenger
receptor antagonist. Coating SWCNTSs with albumin alone was
sufficient to reduce Cox-2 induction by LPS (Fig. 10). These
observations are consistent with the observation that albumin is
the major protein adsorbed onto SWCNTs and the known
targeting of albumin to scavenger receptors. Thus, our data
indicate that identification of the proteins adsorbed onto
nanomaterials a priori may provide important information
regarding pathway-specific uptake, which in turn has logical
implications for predicting disposition.

Due to their small size, nanomaterials are expected to gain
access to sites within cells and tissues that have not previously
or routinely been encountered, which in combination with
unique physicochemical properties raises concern that new
modes of toxicity may arise. Methods to predict nanomaterial
disposition are needed to reduce these uncertainties. There is
a long history describing a decisive role for adsorbed proteins
(e.g., opsonins) in regulating toxicant disposition that is rel-
evant to nanomaterials and can be exploited to improve toxicity
assessment. In this regard, we believe that the identification of
albumin as the most abundant protein adsorbed onto SWCNTs
(Figs. 4 and 5) is highly consistent with in vivo disposition
profiles associated with carbonaceous nanomaterials. Specifi-
cally, 73-80% of fullerenes administered iv are retained in the
liver for at least 7 days (Yamago et al., 1995). Similarly, 24 h

after iv administration, significant concentrations of SWCNTs
are only observed in the liver (Cherukuri et al., 2006).
Carbonaceous nanomaterials including fullerenes and
SWCNTs are known to complex with albumin (Belgorodsky
et al., 2006; Matsuura et al., 2006), and our data suggest that
the levels of albumin adsorbed onto SWCNTs far exceed the
levels associated with the second most abundant protein
(Figs. 4 and 5), affording albumin-targeted pathways a com-
petitive advantage. Damaged or structurally altered albumin is
rapidly cleared from circulation by scavenger receptors, and in
fact, damaged albumin is frequently used to establish a role for
scavenger receptors in experimental model systems. Specific
examples include maleylated albumin (Demoy et al., 1999),
formaldehyde-treated albumin (Jansen et al., 1991), albumin
derivatized with cis-aconitic anhydride (Kamps et al., 1997),
and others (Hamblin et al., 2000; Hansen et al., 2002; Tokuda
et al., 1993). In studies examining maleylated albumin inter-
action with scavenger receptor, it was concluded that alterations
in the primary sequence of albumin, rather than addition of new
negative charge, provides the recognition determinant essential
for interaction with the scavenger receptor (Haberland and
Fogelman, 1985). Precision cut organ slices also support a role
for albumin in directing scavenger receptor—dependent uptake
of nanomaterials. Specifically, nanoparticle capture using
precision cut spleen slices was not decreased when comple-
ment, immunoglobulins or heparin-binding proteins were de-
pleted from the medium, while substitution of serum by purified
albumin allowed a near optimal uptake in a scavenger receptor—
dependent fashion (Demoy et al., 1999). When albumin is used
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mol albumin) frequently result in efficient uptake of the
albumin-drug complex by scavenger receptors in liver (Ham-
blin et al., 2000; Stehle et al., 1997). Collectively, these
observations suggest that only minor modification to albumin
structure, as could occur upon binding to carbonaceous
nanomaterials, may result in recognition of albumin as

FIG. 13. Resuspension of 10-nm amorphous silica in Pluronic F127
inhibits toxicity. RAW 264.7 cells were treated with 0.78-1.66 pg/ml, 10-nm
amorphous silica for 18 h with or without resuspension in Pluronic F127
followed by incubation with FBS (10% final) for 60 min. Values represent the
mean * SE. *Significantly different from control, p < 0.05. Similar results were
observed in two separate experiments.
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significantly affect clearance of nanoparticles from blood and
uptake into tissues.

We observe that SWCNTs antagonize the inflammatory
response to bacterial endotoxin in the RAW 264.7 macro-
phage—like cell line (see Fig. 7). Macrophages represent
a primary line of defense and generate reactive nitrogen and
oxygen species as well as a host of inflammatory cytokines
(e.g., tumor necrosis factor o) that facilitate the killing of
pathogens and cancer cells (Accolla, 2006; Klimp et al., 2002).
Cox-2 and iNOS are important mediators of inflammatory
responses induced by endotoxin (Chen et al., 2006; Weber
et al., 2006). The significance of our findings have not yet been
fully established; however, these observations suggest that
targeting of the scavenger receptor pathway by a SWCNT-
albumin complex could result in interference with the innate
immune response. There are a number of published works
providing precedence for the scavenger receptor—dependent
anti-inflammatory effects observed here. Specifically, scaven-
ger receptor activation is associated with the inhibition of
important inflammatory mediators (e.g., iNOS) by endotoxin
(Matsuno et al., 1997). Lack of effect of lysosomotropic agents
on this response suggest that binding of scavenger receptor
ligand (maleylated albumin) to scavenger receptor generates
a signal that is involved in the inhibition of the induction of
inflammatory mediators by LPS. Independent investigators
have observed that class A scavenger receptors counter the
activities of proinflammatory receptors and attenuate the
production of specific chemokines to ensure an inflammatory
response of the appropriate magnitude (Cotena et al., 2004).
Endotoxin may be internalized by several pathways including
scavenger receptors; however, binding and internalization of
endotoxin has been associated with class B type I scavenger
receptors which represent a distinct binding site for endotoxin,
relative to the anti-inflammatory class A scavenger receptors
(Vishnyakova et al., 2003). RAW 264.7 macrophage—like cells
have been used in our studies, and in vitro competition studies
conducted in RAW 264.7 cells indicate that scavenger receptor
binding is not involved in LPS-mediated activation (Hampton
et al., 1991), consistent with our data indicating that SWCNT-
albumin complex targets a scavenger receptor but does not
interfere with LPS 5jexaqgs binding to RAW 264.7 cells (Figs. 7
and 11). RAW 264.7 cells express class A scavenger receptors
(Coller and Paulnock, 2001; Daugherty et al., 2000) providing
a plausible link between relevant scavenger receptor expression
in this model, the observed scavenger receptor targeting of
a SWCNT-albumin complex, and the inhibition of endotoxin-
mediated Cox-2 expression by SWCNTs.

The impetus for nanotoxicology is to proactively define toxic
modes of action that could potentially arise in occupational,
environmental, or medical settings. One of the major chal-
lenges in this regard is the accurate quantification of nano-
material dose and translation to real-world exposure scenarios.
The present studies are limited by accuracy of the estimates of
dosimetry, which is influenced by many factors including
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particle agglomeration and settling (Teeguarden et al., 2007)
and represent the cellular response to SWCNTSs in relation to
estimated nominal medium concentrations. Additional factors
that could complicate the prediction of nanomaterial disposi-
tion as directed by adsorbed proteins include the route of
exposure and compartmental regulation. While serum proteins
have been used here as a convenient test case that may be
relevant to nanomaterials reaching systemic circulation (as
could occur with medical applications), they may not ade-
quately reflect the proteins that may come into first contact with
nanomaterials by other routes of exposure. In addition,
questions remain regarding the displacement of proteins and
relative protein stoichiometries that may arise when a nano-
material reaches systemic circulation from pulmonary, gastro-
intestinal, or dermal routes of exposure, as well as the proteins
that may be associated with the redistribution of nanomaterials
that can occur subsequent to acute disposition profiles
(Takenaka et al., 2001). Despite these challenges, our data
suggest that modulation of the immune response should be one
mode of action to consider when investigating or monitoring
potential adverse health effects associated with carbonaceous
nanomaterials.

Albumin was consistently identified as the most abundant
protein adsorbed to SWCNTs following incubation with FBS
or human plasma/serum (Figs. 4 and 5). When albumin-
deficient NAR plasma was used, albumin adsorption to
SWCNTs was not detected and a markedly different protein
adsorption profile was observed (Fig. 5). Albumin was not the
most abundant protein adsorbed to amorphous silica (note that
several bands appear comparable in Fig. 12), suggesting that
the intrinsic surface properties of nanomaterials will dictate
protein adsorption profiles. Thus, carbonaceous nanomaterials
appear to have a high affinity for albumin in the absence of
surface modifications. In the case of silica, we did not observe
that size dramatically influenced the qualitative protein
adsorption profile (Fig. 12). This latter observation raises the
possibility that nanomaterials could be used in convenient
larger bulk sizes, providing that the surface chemistry is the
same, to define adsorbed protein stoichiometry for consider-
ation in toxicity assessment and disposition of the correspond-
ing nano-sized forms. In the present studies, we used plasma
and serum to investigate potential contributions of hemoto-
logical components in guiding disposition. An obvious ex-
tension of this work would include appropriate tissue extracts
to capture protein-binding profiles associated with the route of
exposure under investigation.

The use of a surfactant (e.g., Pluronic F127) to disperse
SWCNTs and amorphous silica results is a dramatic loss of
protein binding and toxicity (Figs. 8 and 13). Thus, while
surfactants may conveniently disperse and prevent aggregation
of nanomaterials, they could also prevent the formation of
important protein-nanomaterial complexes that govern uptake
and disposition, which in turn can be important determinants of
toxicity. Alternatively, in cases where the surfactant coating
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results in a qualitative shift in protein adsorption profiles (see
apparent shift to casein-related proteins adsorbed to Pluronic
F127—coated SWCNTs; Fig. 4), the use of surfactants could
potentially result in uptake of nanomaterials by pathways
associated with the proteins that are specifically adsorbed to
their surfactant-coated surface, which may not reflect disposi-
tion in the absence of surfactant. In addition, some surfactants
are reported to allow the material under investigation to be
physisorbed by lipids and proteins from the local microenvi-
ronment. It is reasonable to hypothesize that the relative
stoichiometry of proteins adsorbed to nanomaterial surfaces
will competitively influence pathway-specific uptake. Thus, if
a surfactant qualitatively or quantitatively alters protein adsorp-
tion profiles, there is a potential for skewing of the uptake
pathway and associated mode of action in vitro. Although not
specifically investigated here, it is also important to recognize
that affinity of adsorbed proteins for their respective cognizant
receptors and kinetics of uptake may also be important de-
terminants of disposition in vivo. Thus, it is prudent to evaluate
the relative contribution of adsorbed proteins in guiding
nanomaterial disposition and toxicity, and careful attention to
these components in vitro may improve extrapolation of results
to more complex models and humans.
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