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Abstract

C60 fullerene (C60), or buckminsterfullerene, is a spherical arrangement of 60 carbon atoms, 

having a diameter of approximately 1 nm, and is produced naturally as a by-product of 

combustion. Due to its small size, C60 has attracted much attention for use in a variety of 

applications; however insufficient information is available regarding its toxicological effects. The 

effects on respiratory toxicity and immunotoxicity of C60 aggregates (50 nm [nano-C60] and 1 μm 

[micro-C60] diameter) were examined in B6C3F1/N mice and Wistar Han rats after nose-only 

inhalation for 13 weeks. Exposure concentrations were selected to allow for data evaluations using 

both mass-based and particle surface area-based exposure metrics. Nano-C60 exposure levels 

selected were 0.5 and 2 mg/m3 (0.033 and 0.112 m2/m3), while micro-C60 exposures were 2, 15, 

and 30 mg/m3 (0.011, 0.084, and 0.167 m2/m3). There were no systemic effects on innate, cell-

mediated, or humoral immune function. Pulmonary inflammatory responses (histiocytic 

infiltration, macrophage pigmentation, chronic inflammation) were concentration-dependent and 

corresponded to increases in monocyte chemoattractant protein (MCP)-1 (rats) and macrophage 

inflammatory protein (MIP)-1α (mice) in bronchoalveolar lavage (BAL) fluid. Lung overload 

may have contributed to the pulmonary inflammatory responses observed following nano-C60 

exposure at 2 mg/m3 and micro-C60 exposure at 30 mg/m3. Phenotype shifts in cells recovered 

from the BAL were also observed in all C60-exposed rats, regardless of the level of exposure. 

Overall, more severe pulmonary effects were observed for nano-C60 than for micro-C60 for mass-
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based exposure comparisons. However, for surface-area-based exposures, more severe pulmonary 

effects were observed for micro-C60 than for nano-C60, highlighting the importance of dosimetry 

when evaluating toxicity between nano- and microparticles.
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Introduction

Nanomaterials (NMs) are defined by the European Union (EU) as materials with at least one 

dimension between 1 nm and 100 nm (Bleeker et al. 2013; EU 2011). Although a definition 

has yet to be formally adopted by regulatory agencies in the United States (U.S.), the U.S. 

Food and Drug Administration (FDA) has recommended that the EU definition be used as a 

starting point for determining whether FDA-regulated products contain NMs (FDA 2011). 

C60 fullerene (C60), also known as buckminsterfullerene, is an arrangement of 60 carbon 

atoms in the shape of a truncated icosahedron (Kroto et al. 1985; Terrones and Mackay 

1992). This NM has attracted much interest for a variety of potential uses, including 

medical, engineering, and electrical applications, due to its extremely small size. A single 

C60 particle has an estimated diameter of approximately 1 nm (Johnston et al. 2010; Kroto 

et al. 1985), and, as such, it is the smallest possible NM under the EU definition. However, 

like many other NMs, C60 can readily form aggregates of larger sizes.

Due to the significant interest in C60, and in light of the fact that C60 is produced naturally 

via combustion (Johnston et al. 2010), the potential toxicity of C60 exposure is an area of 

great concern (Balbus et al. 2007). The possible routes of human exposure to C60 include 

inhalation, oral, dermal, and parenteral (Johnston et al. 2010). It has been reported that oral 

C60 exposure has no associated toxicity, while intraperitoneal (ip) exposure to C60 can 

result in renal and hepatotoxicity (Johnston et al. 2010). In addition, ip exposure to C60 (60 

mg/kg/day; 12 days) has been demonstrated to cause significant increases in both absolute 

and relative organ weight of the spleen, one of the primary immune organs (Chen et al 

1998a).

Baker et al. (2008) evaluated pulmonary inflammatory effects in male rats following a ten-

day nose-only inhalation exposure to C60 nano- and microparticles. No differences in 

bronchoalveolar lavage (BAL) fluid cell numbers were observed for alveolar macrophages, 

neutrophils or lymphocytes, however, BAL fluid protein concentration was increased 

following C60 nanoparticle exposure. BAL fluid cytokines TNF-α and IL-1β were increased 

in rats exposed to C60 microparticles. Pulmonary inflammatory effects, including increased 

numbers of neutrophils and levels of pro-inflammatory cytokines, have been previously 

reported in mice following intratracheal (it) instillation of C60 (Johnston et al. 2010; Park et 

al. 2010). However, anti-inflammatory responses (decreased neutrophilic infiltration) have 

also been reported in animals instilled it with quartz particles following it pre-treatment with 

hydroxylated C60 (Roursgaard et al. 2008), demonstrating that surface modification of this 

NM can drastically alter its effects in vivo. Sayes and colleagues (2007) evaluated the 
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pulmonary toxicity and local inflammatory responses of C60 aggregates (160 nm diameter) 

in rats (unspecified strain) at 24 hours, one week, one month, and three months following a 

single it instillation at doses ranging from 0.2 to 3 mg/kg. The only effects reported were 

transient, with increased percentages of neutrophils in the BAL fluid at 24 hours post-

instillation only and increased lipid peroxidation at one day and three months post-exposure. 

No effects were observed on lactate dehydrogenase, alkaline phosphatase, or total 

glutathione in the BAL fluid, nor were there any adverse effects noted in lung 

histopathology.

Effects of NMs on the immune system are of particular concern due to high likelihood of 

NM uptake by phagocytes such as neutrophils, monocytes, macrophages, and dendritic cells 

(Patri et al. 2007; Smith et al. 2013b). To date there are few published evaluations of 

systemic immunotoxic effects following in vivo exposure to C60. Yamashita et al. (2009) 

demonstrated that colloidal C60 aggregates (mean diameter: 165 nm) produced a 

suppression of the delayed-type hypersensitivity (DTH) response to methyl bovine serum 

albumin in female C57BL/6 mice when administered twice in a dose of 1.1 μg (once before 

sensitization and once before challenge). Others have reported that ip treatment with water-

soluble C60 aggregates (ranging from 50 to 250 nm in size) resulted in increased splenocyte 

production of nitric oxide, decreased splenocyte proliferation, and increased tumor 

proliferation following inoculation with B16F10 melanoma cells (Zogovic et al. 2009). The 

production of anti-C60 antibodies of the IgG class in BALB/c mice has also been reported 

following three immunizations (ip) with C60 conjugated to bovine thyroglobulin when 

administered in Freund’s complete and incomplete adjuvants (Chen et al. 1998b).

Due to enormous current and anticipated future development and generation, nanoscale 

materials were nominated by the Rice University Center for Biological and Environmental 

Nanotechnology to the National Toxicology Program (NTP) for toxicological testing in 2003 

(NTP 2003). As there was insufficient data available regarding the inhalation toxicity of C60 

nanoparticles and the potential for differential effects based on particle size, the Division of 

the NTP of the National Institute of Environmental Health Sciences (NIEHS) selected C60 

for evaluation of toxicology and tissue burden following a 13-week nose-only inhalation 

exposure regimen. Two different C60 aggregate sizes (50 nm and 1 μm diameter) were 

chosen for testing with exposure concentrations selected to allow for comparisons of toxicity 

between nanoscale and microscale materials using both mass-based and surface-area-based 

exposure metrics. The effects of C60 on the lung and the immune system are reported 

herein. Additional results from these studies describing test material characterization, 

exposure generation system, atmosphere characterization and C60 lung deposition and 

clearance are presented elsewhere (Sayers, et al. 2016).

Materials and Methods

Test Article and Exposure Generation System

Details regarding the characterization of the C60 test article and the exposure generation 

system used in these studies have been previously published in a separate manuscript 

(Sayers et al. 2016).
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Animals

The in-life phase of these studies was conducted at Battelle Toxicology Northwest 

(Richland, WA, USA) in a facility accredited by the Association for the Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC). B6C3F1/N mice were 

obtained from Taconic Farms (Germantown, NY) at approximately 4–5 weeks of age. Wistar 

Han rats were obtained from Charles River Laboratory (Raleigh, NC) at 4 weeks of age. 

Animals were maintained on a NTP-2000 diet from (Zeigler Bros., Inc.; Gardners, PA) ad 
libitum except during exposures. See Sayers et al. (2016) for additional information.

Animal use was in accordance with the United States Public Health Service policy on 

humane care and use of laboratory animals and the Guide for the Care and Use of 

Laboratory Animals.

Experimental Design

Female animals (n = 16/species/exposure group) were randomly divided into two cohorts (n 

= 8/cohort/exposure group) for immunotoxicology assessments. The NTP has historically 

only used female rodents for immunotoxicology studies, as they tend to be more 

immunologically responsive than their male counterparts, which allows for the detection of 

subtle immunological effects. A separate group of animals (n = 10/sex/species) was utilized 

for histopathological analysis. Prior to study onset, animals were placed in the nose-only 

restraints for up to two hours/day for at least three days to acclimate them to the exposure 

system. Animals were exposed to C60 fullerene by nose-only inhalation at target 

concentrations of 0, 0.5 or 2.0 mg/m3 (50 nm test article-nano-C60) or 0, 2, 15 or 30 mg/m3 

(1.0 μm test article-micro-C60) for 3 hours/day, 5 days/week for 13 weeks. Animals were 

exposed for 3 hours/day to avoid heat stress. One day after the last exposure to the test 

article, animals were euthanized via 70% CO2 inhalation.

Cohort 1—Animals in Cohort 1 were immunized iv with sheep red blood cells (sRBC; 

3.75×108 cells/mL @ 0.2 mL/mouse or 4×108 cells/mL @ 0.5 mL/rat) four days prior to 

sacrifice for evaluation of the T-dependent antibody response (TDAR).

Cohort 2—Animals in Cohort 2 were not immunized and were used to assess all other 

endpoints, including systemic (spleen cell phenotyping, anti-CD3 mediated T cell 

proliferation, the mixed leukocyte response [MLR; mice only], and natural killer [NK] cell 

activity), and local lung-specific effects (BAL cell differentials [rats only] and BAL fluid 

cytokine analysis). During necropsy, spleens were aseptically removed, placed in individual 

tubes containing Earle’s Balanced Salt Solution (EBBS) with 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and gentamicin, and weighed.

Lungs were lavaged twice with 10 mL (rats) or 1 mL (mice) aliquots of Hanks’ Balanced 

Salt Solution (HBSS) with 50 μg/mL gentamicin and the combined lavage fluid was 

centrifuged (10 min at 360 × g, 4°C). The supernatant portion (i.e. BAL fluid) was frozen at 

−70°C, and the cell pellet was washed once with 10 mL of HBSS supplemented with 

gentamicin and resuspended in 1 mL of HBSS with gentamicin. All buffers used for cell 
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recovery, centrifugation and resuspension were Ca2+ and Mg2+ free. See supplementary 

material for additional information.

Histopathology Study Animals—Histopathology study animals underwent a complete 

necropsy and all major tissues were fixed in 10% neural buffered formalin (NBF), processed 

and trimmed, embedded in paraffin, sectioned and stained with hematoxylin and eosin 

(H&E) for microscopic evaluation. The lungs and trachea were infused with 10% NBF up to 

a normal inspiratory volume prior to fixation and processing. Tissues were examined 

microscopically (to a no-effect level) from control animals and animals from the highest 

exposure group. Gross lesions were examined from all exposure groups.

Immunological Studies

Cell Preparation—Spleen cells from animals in the Cohort 1 test groups were 

resuspended in EBSS with HEPES. Spleen cells and BAL cells from animals in the Cohort 2 

test groups were resuspended in Roswell Park Memorial Institute (RPMI) 1640 media 

supplemented with 10% fetal bovine serum and 5×10−5 molar 2-mercaptoethanol 

(“complete RPMI”). The numbers of nucleated spleen cells and BAL cells for each sample 

were determined by counting using a Coulter Z2 in the presence of Zap-OGLOBIN II Lytic 

Reagent (Beckman Coulter, Miami, FL, USA).

T-Dependent Antigen Response to sRBC—The hemolytic plaque assay of Jerne et al. 

(1963) as modified by White et al. (2010) was used to assess the primary IgM antibody-

forming cell (AFC) response to sRBC.

In addition, serum anti-sRBC IgM antibody levels were determined in mice using an 

enzyme-linked immunosorbent assay (ELISA) as previously described (Temple et al. 1993) 

with modification (Auttachoat et al. 2009). See supplementary material for additional 

information.

Spleen Cell Phenotyping—Spleen cells were analyzed by flow cytometry (using a 

Becton Dickinson FACScan) in order to determine the absolute numbers and percentages of 

the various cell populations as previously described (Auttachoat et al. 2009). All antibodies 

were obtained from BD Pharmingen (San Diego, CA). For mice, the antibodies used for the 

analysis have been previously described (Smith et al. 2013a). For rats, the antibodies used 

were: OX33 conjugated to fluorescein isothiocyanate (FITC) to enumerate B cells, OX19 

conjugated to phycoerythrin (PE) to enumerate T cells (CD5+), OX38 conjugated to FITC to 

enumerate T-helper cells (TH; CD4+), and OX8 conjugated to FITC to enumerate cytotoxic 

T cells (TCTL; CD8+). For both TH and TCTL cells, a dual label with OX19 was used. For 

NK cells, a dual label of OX8 conjugated to PE and NKR-P1A antibody conjugated to FITC 

was used, with NK cells identified by the expression of both markers. Splenic macrophages 

were labeled with His36 antibody (directed against the rat ED2-like antigen CD163) 

conjugated to PE.

BAL Cell Phenotyping—Rat BAL cells were stained with His36 antibody conjugated to 

PE and with anti-CD11b antibody conjugated to FITC. Following staining, cells were 

analyzed by flow cytometry using a quadrant analysis to determine the absolute numbers 
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and percentages of double negative (CD163−CD11b−), single positive (CD163+CD11b− and 

CD163−CD11b+), and double positive (CD163+CD11b+) populations.

Anti-CD3 Proliferation and the Mixed Leukocyte Response—For mice, the T cell 

proliferative response to anti-CD3 antibody was evaluated as previously described (Smith et 

al. 2010), using BD Biocoat T cell activation plates (BD Biosciences). For rats, the T cell 

proliferative response to anti-CD3 antibody was evaluated using the following method: one 

day before the assay, flat-bottom 96 well plates were coated with anti-rat CD3 antibody (1 

μg/ml; 100 μl/well) and incubated overnight at 2–8°C. On the day of the assay, plates were 

washed with 200 μl of sterile phosphate-buffered saline (PBS) prior to addition of spleen 

cells. All samples (for both species) were evaluated in quadruplicate cultures in both anti-

CD3 treated and non-treated wells. Following culture for two days, all wells were pulsed 

with 20 μCi 3H-thymidine (1 μCi/well) and cells were harvested 18–24 hours later. The 

incorporation of 3H-thymidine into proliferating cells was determined, and the data were 

expressed as counts per minute (CPM)/2×105 cells (mice) or CPM/5×105 cells (rats).

The one-way MLR in mice was conducted in mice only as described previously (Guo et al. 

2000). The incorporation of 3H-thymidine into proliferating cells was determined, and the 

data were expressed as CPM/105 cells.

Bronchoalveolar Lavage Fluid Cytokine Levels—BAL fluid cytokine levels were 

determined using FlowCytomix™ cytokine bead arrays (eBioscience, San Diego, CA, USA) 

from a single 25 μl aliquot of each sample according to kit instructions. For rats, the 

cytokines evaluated were: interleukin (IL)-1α, IL-4, monocyte chemotactic protein 

(MCP)-1, tumor necrosis factor (TNF)-α, granulocyte-macrophage colony stimulating factor 

(GM-CSF), and interferon (IFN)-γ. For mice, the cytokines evaluated were: IL-1α, IL-2, 

IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, MCP-1, IFN-γ, TNF-α, GM-CSF, macrophage 

inflammatory protein (MIP)-1α, and Regulated upon Activation Normal T cell Expressed 

and Secreted (RANTES). All cytokine concentrations were quantified using FlowCytomix™ 

Pro 2.3 software (eBioscience) by interpolation against standard curves generated for each 

cytokine during analysis. Samples with concentrations below the limit of detection for a 

cytokine were assigned a value of 0 for that cytokine. See supplementary material for 

additional information.

Statistical Analysis

Values represent the mean ± standard error (SE) for 8 animals per group (10 for the 

histopathology studies). Statistical analysis of immunology results (using a mass-based 

exposure metric) was conducted using Data Entry, Modification, and Statistics Programs 

Version 6.0 (a proprietary Apple program). Bartlett’s Test for homogeneity was used to 

determine the type of analysis to be conducted. Homogeneous data were analyzed using a 

one-way analysis of variance (ANOVA), and non-homogeneous data were analyzed using a 

non-parametric ANOVA. When significant differences occurred, post hoc analysis to 

determine differences between the control and experimental groups was conducted. For 

homogeneous data, Dunnett’s Test was used for post hoc analysis, while the Wilcoxon Rank 

Test was used for non-homogeneous data. Jonckheere’s Test was used to test for dose-
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related trends. The Tukey-Kramer multiple comparison test was used to compare differences 

among the exposure groups when evaluating BAL cytokine levels. All evaluations using a 

surface area-based exposure metric were completed using JMP™ 5.0 (SAS Institute, Cary, 

NC, USA) using the same statistical tests as above and all comparisons were made against a 

combined control group. The combined control group was used for surface area-based 

evaluations in order to compare both particle sizes (50 nm and 1 μm). No differences 

between the controls were observed when statistical differences occurred between exposure 

groups. The JMP™ software did not offer the Jonckheere’s trend analysis and therefore 

dose-related trends for the surface area-based data were not evaluated. Analysis of 

histopathological findings was conducted using the Cochran-Armitage Test for dose-related 

trends and the Fisher’s Exact Test for pairwise comparisons with the control group. In all 

evaluations, p < 0.05 indicated statistically significant differences.

Results

Histopathology

The histopathology findings from the lungs and bronchial lymph nodes of male and female 

Wistar Han rats and B6C3F1/N mice are summarized in Tables 1 and 2, respectively. 

Histiocytic infiltration consisted of random, multifocal, variably sized clusters of alveolar 

macrophages within the pulmonary parenchyma, and was graded according to the following 

criteria: minimal, 0–2 clusters; mild, 3–6 clusters; moderate, 7–10 clusters; marked, >10 

clusters. Chronic inflammation was characterized by scattered areas with slightly thickened 

alveolar septa, few inflammatory cells (lymphocytes, plasma cells, infrequent neutrophils, 

and alveolar macrophages, often containing pigment), and occasional hypertrophied type II 

pneumocytes. Severity grading for chronic inflammation was based on the distribution and 

size of the lesions within the lung, the number of inflammatory cells and hypertrophied type 

II pneumocytes, and the thickness of the alveolar septa. Pigmentation in the lungs was 

characterized as brown material free in the alveoli and within alveolar macrophages, and in 

the lymph nodes as brown pigment within macrophages. It was graded according to the 

intensity of the pigmentation and the number of pigmented cells present.

In rats exposed to micro-C60 (1 μm), concentration-dependent effects in the incidence and 

severity of chronic inflammation, histiocytic infiltration and pigmentation in the lung were 

observed in both sexes; these lesions were observed in all animals following micro-C60 (1 

μm) inhalation exposure at 30 mg/m3. In rats exposed to nano-C60 (50 nm), concentration-

dependent effects in histiocytic infiltration and pigmentation in the lung and bronchial 

lymph node were observed in both sexes. No chronic inflammation was observed in rats 

following nano-C60 (50 nm) inhalation exposure.

Pigmentation and histiocytic infiltration in the lung were observed in all male and female 

mice following micro-C60 (1 μm) inhalation exposure concentrations ≥ 15 mg/m3. Chronic 

inflammation in the lung was observed in all male mice following micro-C60 (1 μm) 

inhalation at exposure concentrations ≥ 15 mg/m3, and in all female mice following micro-

C60 (1 μm) inhalation exposure at 30 mg/m3. Absolute lung weights were significantly 

increased in females in the 30 mg/m3 exposure group. Relative lung weights were increased 

in both sexes in the 30 mg/m3 exposure groups (data not shown). Pigmentation in the 

Sayers et al. Page 7

Nanotoxicology. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bronchial lymph nodes was observed in all mice (both sexes) in the 30 mg/m3 exposure 

group. In mice exposed to nano-C60 (50 nm), concentration-dependent effects in histiocytic 

infiltration and pigmentation in the lung and bronchial lymph node were observed in both 

sexes.

No significant exposure-related neoplastic or non-neoplastic findings were noted in the 

spleen or the thymus in these studies (data not shown).

Spleen Cell Immunophenotyping

The results of the spleen cell phenotypic analysis conducted in mice exposed to C60 are 

presented in Table 3 as both mass-based and surface area-based findings; the dose metric can 

affect interpretation of the results, and therefore the effects were evaluated under both 

metrics. In terms of absolute values, significant decreases in B cells (18% and 24%) and T 

cells (20% and 18%) were observed at the 0.5 and 2 mg/m3 exposure levels of nano-C60 as 

compared to the control group for the nano-C60, which was consistent with the observed 

decreases in spleen cell numbers in this group of animals. In animals exposed to micro-C60, 

no differences were observed in the absolute numbers of the various phenotypes evaluated, 

with the exception of a significant decrease (22%) in splenic macrophage numbers at the 30 

mg/m3 exposure concentration.

The percentages of splenic T cells, TH cells, NK cells, and macrophages were unaffected for 

both C60 aggregate sizes. The percentages of TCTL cells and B cells were unaffected in the 

nano-C60-exposed mice. For the micro-C60, the percentage of B cells was significantly 

decreased 8% and 7% for the 2 and 30 mg/m3 exposure groups, respectively, but not for the 

15 mg/m3 exposure group. The percentage of TCTL cells in the spleens of mice exposed to 

micro-C60 at 30 mg/m3 was also significantly decreased (43%).

When the different exposure levels were evaluated together using a surface area-based 

exposure metric, the decreases in absolute B cell numbers in animals exposed to 0.5 and 2 

mg/m3 of nano-C60 (surface area-based exposures of 0.033 and 0.112 m2/m3, respectively) 

were significantly decreased as compared to control, while differences in absolute numbers 

of T cells were not statistically significant. Absolute numbers of macrophages were 

significantly decreased at all exposure concentrations of micro-C60 (0.011, 0.084, and 0.167 

m2/m3) but not for nano-C60 (0.033 and 0.112 m2/m3). The observed significant differences 

in the percentages and absolute numbers of TCTL cells and the percentages of B cells 

persisted when evaluated together on a surface area basis.

There were no significant effects on either the absolute values or percentages of the various 

spleen cell phenotypes evaluated in female rats. See supplementary material for additional 

information.

TDAR to SRBC

No effects were observed on the numbers of AFC/106 splenocytes or on the numbers of 

AFC/spleen in the plaque assay in either species at any exposure concentration, when 

evaluated on either a mass exposure basis or surface area exposure basis (Supplementary 
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Figure S1). Furthermore, the serum levels of anti-sRBC IgM antibodies in mice were 

unaffected (data not shown). Serum anti-sRBC IgM levels were not evaluated in rats.

BAL Cell Phenotyping

Table 4 gives the results of the phenotyping study conducted on rat BAL cells; mouse BAL 

cell phenotyping was not conducted. Cells were dually stained with antibodies against the 

ED2-like antigen CD163 and against CD11b, and a quadrant analysis was used to determine 

the absolute numbers and percentages of cells expressing one, two, or neither of these 

markers. No exposure-related effects were observed on the number of cells recovered in the 

BAL, when evaluated on either a mass basis or on a surface area basis.

When evaluated using a mass-based metric, few effects were observed on the various BAL 

cell populations evaluated in animals exposed to nano-C60. Neither single-positive 

population was affected, while the percentage (but not the absolute number) of double-

negative cells (i.e. CD163−CD11b−) was significantly increased in both nano-C60 exposure 

groups (8% and 9%, respectively). In addition, significant decreases were observed in the 

absolute numbers and percentages of double-positive (i.e. CD163+CD11b+) cells for both 

groups of rats exposed to nano-C60. The absolute values of double-positive BAL cells were 

decreased 86% and 91%, while the percent values were decreased 85% and 90% at the 0.5 

and 2 mg/m3 nano-C60 exposure concentrations.

For the micro-C60 exposed animals, the absolute numbers of double negative cells and both 

the absolute and percent values of CD163+CD11b− cells were unaffected. The percentages 

of double-negative BAL cells were increased (22%, 22%, and 11%) at all exposure 

concentrations, although the increase in the 30 mg/m3 concentration group failed to reach 

statistical significance. For CD163−CD11b+ cells, both the percent and absolute values were 

significantly increased (500% and 563%, respectively) in the 30 mg/m3 concentration group. 

Finally, the double-positive population was significantly decreased at all exposure groups, 

with decreases ranging from 94% to 98% for the percent values and from 95% to 98% for 

the absolute values.

When statistical analysis was conducted using a surface area metric, each of the significant 

differences observed using the mass metric was again statistically significant. In addition, 

the percentages of double negative cells were significantly increased in all exposure groups 

except the 30 mg/m3 exposure group for micro-C60.

BAL Fluid Cytokines

In the BAL fluid of C60-exposed rats, only two cytokines were altered: MCP-1 and IL-1 

(Figure 1). Significant increases in IL-1 levels were observed following exposure to micro-

C60 at 15 and 30 mg/m3 (i.e. 0.084 and 0.167 m2/m3) when evaluated based on both mass 

and surface area exposure (Figure 1, right panel). Furthermore, MCP-1 levels were increased 

at the highest exposure concentration of micro-C60 using both exposure metrics (Figure 1, 

left panel). In contrast to the results observed for the micro-C60, no effects were observed on 

any of the six cytokines evaluated in the BAL fluid of rats exposed to nano-C60 using either 

metric.
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In mice, there were no significant effects on 13 of the 14 cytokines evaluated, including IL-1 

and MCP-1, in contrast to the effects observed in C60-exposed rats (data not shown and 

Supplementary Table S3). The only cytokine affected by C60 exposure in mice was MIP-1α 
(Figure 2). For this cytokine, when evaluated on a mass basis, statistically significant, 

concentration-dependent increases of 3,024% and 31,878% were observed in mice exposed 

to micro-C60 at 15 and 30 mg/m3, while no increases were observed in animals exposed to 

nano-C60 (Figure 2). Using a surface area-based metric, MIP-1α levels were increased as 

compared to the combined control group (517% and 6,212%, respectively) at 15 and 30 

mg/m3 (i.e. 0.084 and 0.167 m2/m3) for micro-C60. In addition, levels of this cytokine were 

significantly increased (217%) over the combined control group for animals exposed to 

nano-C60 at 2 mg/m3. Furthermore, MIP-1α levels in the BAL fluid of animals exposed to 

0.084 m2/m3 (15 mg/m3 micro-C60) were significantly greater than levels of this cytokine in 

animals belonging to the 0.112 m2/m3 (2 mg/m3 nano-C60) exposure group.

Discussion

The physicochemical properties of nanomaterials have raised concern for the potential to 

cause adverse effects following exposure in humans. The size (particle diameter) and surface 

area of inhaled, insoluble particles have been previously demonstrated to cause differential 

pathological effects between nanoscale and microscale particles in the lungs of rodents 

(Oberdorster, 1994). These data suggest that, for studies investigating the toxicity of inhaled 

nanomaterials, dosimetry (particle surface area or mass) should be an important 

consideration. The toxicity of C60 fullerene nanoparticles and microparticles following 

nose-only inhalation was evaluated in this study, with exposure concentrations selected to 

compare data from both particle sizes using mass-based and particle surface area-based 

exposure metrics.

The results of the present study demonstrated that inhalation of C60 at concentrations up to 

2 mg/m3 (nano-C60) and 30 mg/m3 (micro-C60) did not impact systemic immune function 

in mice or rats, as indicated by a lack of effects on the AFC assay and minimal effects on the 

numbers of specific cell types in the spleen. The AFC assay, as described in Luster et al 

(1992), is considered the most sensitive and predictive test of immune function, and, when 

combined with other immune assays (i.e. plaque forming cell responses and surface marker 

analysis), is extremely predictive (91% accurate) of systemic immunotoxicity. Decreased 

spleen cell numbers were observed (on a mass basis) in mice exposed to 2 mg/m3 nano-C60, 

however, the total spleen cell number of the control group of mice assigned (randomly) to 

the 50 nm C60 study was higher than any of the other groups, including the control animals 

in the 1.0 μm C60 test group, and thus this difference in total spleen cell numbers does not 

appear to be biologically relevant. Although minimal effects on observational parameters 

(spleen cell numbers and phenotypes in mice) were noted, these effects were not supported 

by functional changes and would be scored as equivocal evidence of immunotoxicity based 

on the NTP Immunotoxicology criteria (NTP, 2009).

In the current study, inflammatory effects (histiocytic infiltration, pigmentation, and chronic 

inflammation) were noted in lung histopathology. This finding is consistent with previous 

reports of inflammation induced by C60 particles (Ema et al. 2012; Johnston et al. 2010; 
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Park et al. 2010). General comparisons of the incidence and average severity results from the 

lung histopathology evaluations in both rats and mice suggest that the nano-C60 test article 

initiated a greater inflammatory response compared to micro-C60 test article at the same 

mass-based exposure for both particle sizes (2 mg/m3). However, when exposure was 

evaluated based on surface area, the opposite was observed, in that the micro-C60 test article 

initiated a greater, or at least similar, inflammatory response at 0.084 m2/m3 (15 mg/m3) in 

comparison to nano-C60 exposure at a slightly higher surface area-based exposure of 0.112 

m2/m3 (2 mg/m3). Although statistical analysis was not conducted using a surface area 

exposure metric to confirm this observation, the differential effects of nano-C60 and micro-

C60 on IL-1 levels (rat) and MIP-1α levels (mouse) support this hypothesis. Furthermore, 

comparisons of lung burden relative to particle surface area, as described in detail in Sayers 

et al. (2016), reveal that increasing surface area-based doses correspond with increased 

particle lung burden. This lends further support to the hypothesis that the inflammatory 

response following micro-C60 exposure is greater than that for nano-C60 and contrasts with 

the current paradigm that nanoparticles may be more toxic than microparticles of the same 

composition.

Significant, concentration-related increases in MCP-1 (rats) and MIP-1α (mice) following 

C60 inhalation were observed in the present study. These data are consistent with a study 

demonstrating that C60 inhalation (0.2 mg/m3) for 4 weeks increased the expression of 

genes associated with MCP-1 and MIP-1α (Fujita et al. 2009), Interestingly, differential 

effects were observed in BAL fluid levels of both MIP-1α and MCP-1 between the nano-

C60 and micro-C60 exposed animals that could not be accounted for by using surface area 

as the basis of exposure. MCP-1, also known as chemokine (C-C motif) ligand 2 (CCL2), is 

a potent chemoattractant for monocytes (Uguccioni et al. 1995). However, MCP-1 has also 

been shown to have chemoattractant effects on other immune cells, including T cells 

(Loetscher et al. 1994) and NK cells (Loetscher et al. 1996). MIP-1α, another chemokine, 

can be secreted by a wide variety of immune cell types, including monocytes and 

macrophages, T and B cells, NK cells, dendritic cells, neutrophils, and eosinophils (Menten 

et al. 2002). Increased production of this cytokine is associated with inflammation due to its 

chemotactic effects on a number of cell types, including monocytes, T cells, neutrophils, 

eosinophils, basophils, dendritic cells, and NK cells.

The use of CD11b and CD163 in this study for delineating cell types in the BAL fluid did 

not allow distinct cell types to be determined, as both the double positive and double 

negative cell populations may contain numerous cell types. Macrophages from different rat 

tissues typically differ in their expression of various surface antigens, including the MHC 

class II molecules, CD11b, and CD163 (Dijkstra et al. 1985; Dörger et al. 2001). CD11b is 

the α-subunit of Mac-1, a β-2 integrin that mediates neutrophil and monocyte adhesion to 

endothelium, extravasation to sites of inflammation, and phagocytosis processes (Cabañas 

and Sanchez-Madrid 1999). His36 is an antibody that recognizes the rat ED2-like antigen, 

which has been identified as the macrophage scavenger receptor CD163 (Polfliet et al. 

2006). A phenotyping study evaluating the heterogeneity of tissue macrophage surface 

marker expression in various tissues of Wistar rats demonstrated that ED2 (CD163) was not 

expressed by alveolar macrophages (AM) (Dijkstra et al. 1985). A different study using 

untreated male Crl:CD rats indicated that rat AM expressed low levels of both CD11b and 
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CD163, while both of these markers were highly expressed in pleural and peritoneal 

macrophages (Dörger et al. 2001). Similar results in a study of AM from untreated Fisher 

344 rats demonstrated low surface expression of CD11b, while CD163 expression was 

absent (Garn et al. 2006). In light of these reports, it is most likely that the double negative 

(i.e. CD163−CD11b−) population of rat BAL cells in the present study consisted primarily of 

AM, in addition to a smaller population of other cell types, including T and B lymphocytes, 

NK cells, eosinophils, and mast cells, which can all be recovered from BAL in low numbers 

(Dörger et al. 2001). Cells staining positive for both CD163 and CD11b were most likely a 

combination of resident airway macrophages, which have been identified throughout the 

respiratory tract (Sibille and Reynolds 1990), and macrophages recruited to the lung. Cells 

staining positive for CD11b only (i.e. CD163−CD11b+) were neutrophils and other myeloid 

cells.

Significant increases in the percentage and absolute numbers of CD163−CD11b+ neutrophils 

were observed in rats exposed to 30 mg/m3 micro-C60, which correlated with a significant 

increase in neutrophils in rats in the same exposure group identified by BAL fluid 

differential cell counting (Supplementary Table S2). Unfortunately, cellular origin is not 

determined for macrophages identified by differential cell counting. In a study by Garn et al. 

(2006), phenotyping of BAL macrophages from Fisher 344 rats that had received an 

inflammatory insult (NO2 inhalation) demonstrated an exposure-related increase in CD11b+ 

cells. The authors suggested this was due either to increased expression of that marker by 

AM or to the infiltration of CD11b+ monocytes/macrophages. In light of the increased 

MCP-1 levels in our study (a cytokine that serves, in part, to increase the number of 

monocytes and macrophages in the lung), it is more likely that the increase in CD11b+ cells 

is the result of cellular infiltration (e.g. monocytes/macrophages and neutrophils) and not a 

change in surface marker expression by resident AM. This is further supported by reports 

that, under inflammatory conditions (Li et al. 1998) and non-inflammatory conditions 

following instillation of MCP-1 (Maus et al. 2001), CD11b+ monocytes that are distinct 

from resident AM can migrate into the alveoli.

MIP-1α is believed to contribute significantly to sustaining cell recruitment during 

inflammatory responses, and increases in this cytokine are associated with increased 

monocyte adhesion to tissue endothelium (Menten et al. 2002). MCP-1 also increases both 

monocyte adhesion via the CD11b/CD18 integrin (Weber et al. 1999) and expression of 

CD11b in human peripheral blood monocytes (Jiang et al. 1992). Conversely, engagement of 

CD163 and/or CD11b is known to initiate or up-regulate the secretion of inflammatory 

cytokines, including IL-1, IL-6, MIP-1α, and TNF-α (Fan and Edgington 1993; Polfliet et 

al. 2006; Rezzonico et al. 2001), suggesting a positive feedback loop of sorts between 

inflammatory cytokine production and expression of CD11b and CD163. Interestingly, 

CD163+ macrophages play a dual role in inflammatory responses (Akila et al. 2012). 

Increasing numbers of macrophages expressing CD163 are often found in the late and 

resolution phases of an inflammatory reaction and, in response to increased levels of nitric 

oxide and IL-6, begin secreting anti-inflammatory cytokines like IL-10 (Akila et al. 2012; 

Fabriek et al. 2005).
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C60 inhalation in the present study resulted in significant, dramatic decreases in the absolute 

number and percentage of CD163+CD11b+ macrophages in all groups of C60-exposed rats 

without regard to exposure concentration. The drastic decreases observed in 

CD163+CD11b+ macrophages in our study were unexpected. The logical expectation would 

be that the number of these cells would increase in response to increased levels of monocyte/

macrophage chemokines. However, the results show quite the opposite. The reasons for 

these decreases, which were equally large at all C60 exposure concentrations, are unknown. 

It is possible that, because of the high levels of inflammatory cytokines, β-2 integrin-

mediated adherence of these cells to the lung endothelium may have increased significantly, 

such that the cells were not readily detached and collected during lavage. Alternatively, 

perhaps monocytes infiltrating into the lung matured into AM, which do not express CD163. 

The decreased numbers and percentages of CD163+ macrophages in the BAL may also be 

an “adaptive” response to the extended repetitive nature of the particulate exposure. 

Specifically, because CD163+ macrophages can contribute to anti-inflammatory responses, 

particularly in the presence of IL-6 and nitric oxide (Akila et al. 2012), repeated inhalation 

of particulate matter over the 13-week exposure period may have promoted a decrease in 

CD163+ macrophages in order to decrease anti-inflammatory cytokine production.

These studies have demonstrated that the immune effects of C60 fullerene inhalation in rats 

and mice were limited primarily to the lung, where dramatically increased levels of the 

monocyte/macrophage chemotactic and inflammatory cytokines MCP-1 and MIP-1α were 

detected in BAL fluid. Increases in MCP-1 and MIP-1α have been linked to the formation of 

pulmonary fibrosis in rodents and humans (Hasegawa 1999; Menten et al. 2002; Smith et al. 

1995). In fact, the absence of MCP-1 in CCL2−/− mice conferred protection against 

bleomycin-induced pulmonary fibrosis (Baran et al. 2007). In humans, pneumoconiosis, or 

particle-induced pulmonary fibrosis, has been documented in several cases of occupational 

exposure to particulates, although there are no documented human cases of pulmonary 

fibrosis directly linked to NM exposure (Byrne and Baugh 2008). However, NM-mediated 

pulmonary fibrosis has been observed in Sprague Dawley rats as soon as 21 days and 

persisting for at least 60 days following a single it instillation of multiwalled carbon 

nanotubes (MWCNT) (Cesta et al. 2010; Muller et al. 2005). Further, it has been suggested 

that nanoparticles are the fraction of inhaled particulates that contribute most significantly to 

pulmonary fibrosis in humans (Byrne and Baugh 2008).

Conclusion

C60 fullerene inhalation in both rats and mice for 13 weeks had little effect on systemic 

immune function. Locally, lung inflammatory responses were observed, primarily at the 

higher exposure concentrations. Increased pulmonary inflammation and cytokine levels in 

the BAL further the concern over increasing exposure to NMs. Inflammatory effects of 

nano-C60 exposure were, in general, more severe than micro-C60 exposure when comparing 

both particle sizes at the same mass-based exposure. However, the opposite pattern was 

evident with a surface area-based exposure evaluation. These data highlight the importance 

of dosimetry when evaluating toxicity between nano- and microparticles.
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Abbreviations

AAALAC Association for the Assessment and Accreditation of Laboratory Animal 

Care International

AFC antibody-forming cell

AM alveolar macrophage

ANOVA analysis of variance

BAL bronchoalveolar lavage

CCL2 chemokine (C-C motif) ligand-2

CPM counts per minute

EBSS Earle’s Balanced Salt Solution

ELISA enzyme-linked immunosorbent assay

EU European Union

F female

FDA U.S. Food and Drug Administration

FITC fluorescein isothiocyanate

GM-CSF granulocyte-macrophage colony stimulating factor

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IFN-γ interferon

IgG immunoglobulin G

IgM immunoglobulin M

IL interleukin

ip intraperitoneal

it intratracheal

M male
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MCP-1 monocyte chemoattractant protein-1

MIP-1α macrophage inflammatory protein-1 alpha

MLR mixed leukocyte response

NIEHS National Institute of Environmental Health Sciences

NK natural killer

NM nanomaterial

NTP National Toxicology Program

OD optical density

PBS phosphate-buffered saline

PE phycoerythrin

RANTES Regulated upon Activation Normal T cell Expressed and Secreted

RPMI Roswell Park Memorial Institute

SE standard error

sRBC sheep red blood cells

TCTL cytotoxic T cell

TDAR T-dependent antibody response

TH helper T cell

TNF-α tumor necrosis factor

VCU Virginia Commonwealth University
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Figure 1. MCP-1 and IL-1 levels in the BAL fluid of female Wistar Han rats following C60 
fullerene inhalation for 13 weeks
Combined control group results are shown. Values of control animals assigned to the micro-

C60 and nano-C60 studies were not significantly different. Individual study control values 

(pg/ml) for MCP-1 were: 65 ± 22 (micro-C60 study) and 93 ± 24 (nano-C60 study). 

Individual study control values (pg/ml) for IL-1 were: 4 ± 4 (micro-C60 study) and 18 ± 9 

(nano-C60 study). Values represent the mean ± SE (N = 8 animals per test group; N = 16 for 

combined control group). Significant differences from individual study control group (not 

shown): *p < 0.05 and **p < 0.01. Significant differences from combined control group 

(shown): †p < 0.05 and ††p < 0.01. Pairwise significant differences between C60 exposure 

groups: ##p < 0.01.
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Figure 2. MIP-1α levels in the BAL fluid of female B6C3F1/N mice following C60 fullerene 
inhalation for 13 weeks
Combined control group results are shown. Values of control animals assigned to the micro-

C60 and nano-C60 studies were not significantly different. Individual study control values 

(pg/ml) were: 0.74 ± 0.7 (micro-C60 study) and 6.8 ± 3.3 (nano-C60 study). Values 

represent the mean ± SE (N = 8 animals per test group; N = 16 for combined control group). 

Significant differences from individual study control group (not shown): **p < 0.01. 

Significant differences from combined control group (shown): †p < 0.05 and ††p < 0.01. 

Pairwise significant differences between C60 exposure groups: #p < 0.05.
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