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Abstract: The increasing use of carbon nanotubes (CNTs) in several industrial applications 

raises concerns on their potential toxicity due to factors such as tissue penetrance, small dimen-

sions, and biopersistence. Using an in vivo model for CNT environmental exposure, mimicking 

CNT exposition at the workplace, we previously found that CNTs rapidly enter and disseminate 

in the organism, initially accumulating in the lungs and brain and later reaching the liver and 

kidneys via the bloodstream in CD1 mice. Here, we monitored and traced the accumulation of 

single-walled CNTs (SWCNTs), administered systemically in mice, in different organs and the 

subsequent biological responses. Using the novel in vivo model, MITO-Luc bioluminescence 

reporter mice, we found that SWCNTs induce systemic cell proliferation, indicating a dynamic 

response of cells of both bone marrow and the immune system. We then examined metabolic 

(water/food consumption and dejections), functional (serum enzymes), and morphological 

(organs and tissues) alterations in CD1 mice treated with SWCNTs, using metabolic cages, 

performing serum analyses, and applying histological, immunohistochemical, and ultrastruc-

tural (transmission electron microscopy) methods. We observed a transient accumulation of 

SWCNTs in the lungs, spleen, and kidneys of CD1 mice exposed to SWCNTs. A dose- and 

time-dependent accumulation was found in the liver, associated with increases in levels of 

aspartate aminotransferase, alanine aminotransferase and bilirubinemia, which are metabolic 

markers associated with liver damage. Our data suggest that hepatic accumulation of SWCNTs 

associated with liver damage results in an M1 macrophage-driven inflammation.

Keywords: single-walled carbon nanotubes, nanotoxicity, metabolism, hepatic function, 

inflammation, Kupffer cells, mouse models

Introduction
Given their unique chemical and physical properties, carbon nanotubes (CNTs) 

represent a class of nanoparticles widely used in several industrial settings. Single-

walled CNTs (SWCNTs) are also of interest for their potential medical applications,1 

including in vivo delivery2–4 of drugs,5 proteins, peptides,6–8 and nucleic acids8 for gene 

transfer9 or gene silencing.6 In oncology, experimental studies have been focused on 

SWCNTs as a new tool to target tumor cells10 for antineoplastic treatment of tumor 

angiogenesis and in vivo tumor imaging.11 The small diameter, the relatively long 

length, and the biopersistence of CNTs have been linked to the structure of asbestos, 

suggesting extensive concerns on potential pulmonary health hazards.12–17 CNT tissue 

accumulation, stability over long periods, final fate, and toxicological impact on health 
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represent crucial issues to be considered when using these 

nanomaterials. Certain CNT-mediated cytotoxic effects have 

been recently reported; however, the availability of toxico-

logical data in vivo on SWCNTs is still controversial.

Functionalized SWCNTs are better tolerated in murine 

models18–20 than pristine (unfunctionalized) SWCNTs, 

suggesting that great caution should be addressed on 

using unfunctionalized SWCNTs, especially for medical 

applications. Using a novel murine model mimicking CNT 

exposition at workplace, we previously demonstrated that 

environmental exposure to multiwalled CNTs results in entry 

into the organism and distribution via the blood stream.21 We 

also showed that SWCNT localization on endothelial cells 

in vitro induces endothelial stress.22

Here, we carried out a global, comparative analysis to 

determine the extent of systemic, bone marrow, and immune 

cell proliferation occurring during SWCNT (1.2 nm in diameter 

and 2–5 µm in length) exposition in a newly developed reporter 

mouse model, MITO-Luc,23 where the synthesis of the exog-

enous firefly luciferase is associated with cell proliferation.

We also examined biodistribution in CD1 mice, at acute 

and chronic doses, injected intravenously to recapitulate 

external entry with a precise dosage.

We observed a short-term accumulation of SWCNT 

aggregates in the lung, whereas SWCNT persisted in the 

liver, suggesting hepatic preferential nanoparticles. Hepatic 

SWCNT deposits were associated with a chronic inflamma-

tion, as demonstrated by M1 macrophage infiltration, and a 

metabolic dysfunction, as revealed by the alterations in serum 

aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), and bilirubinemia levels. Our data show that the liver 

is the primary organ targeted in CD1 mice upon systemic 

delivery of SWCNTs, with induction of chronic inflammation 

affecting the metabolism.

Materials and methods
SWCNT characterization and preparation
SWCNTs were prepared as previously reported.22 The crude 

SWCNTs (diameter 1.2–1.5 nm and length 2–5 μm; Sigma-

Aldrich Co., St Louis, MO, USA) were used to prepare a 

SWCNT suspension in Dulbecco’s Modified Eagle’s Medium 

(DMEM; Sigma-Aldrich Co.) supplemented with 10% (v/v) of 

CD1 serum as described by Goeman et al.23 Briefly, 10 mg of 

the crude SWCNT powder was dispersed in a microcentifuge 

tube containing 10 mL of DMEM/10% CD1 serum, vortexed 

for 1 minute, and probe-sonicated for 15 minutes at 0°C, using 

an HD 2070 Bandelin Sonopuls sonicator (VWR International, 

Milan, Italy) equipped with a 2 mm diameter probe tip. The 

suspension was centrifuged for 2 minutes at 16,000× g, and the 

upper 75% of the supernatant was recovered, placed in a clean 

tube, and centrifuged for 2 minutes at 16,000× g.24 Again, the 

upper 75% of the second supernatant was carefully recovered 

as the final SWCNT dispersion. The SWCNT concentration in 

the samples for the in vivo experiments was determined using 

a calibration curve, by means of FT-Raman measurements25 

on samples of known concentration. The band intensity was 

calculated as the average over several spectra of the G-band 

peak integrated area from 1,573 cm-1 to 1,612 cm-1 and the 

concentration of unknown samples from the calibration 

curve. SWCNT crude powder and the SWCNT suspension in 

DMEM/10% CD1 serum were analyzed for their appearance 

by transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), and energy dispersive X-ray spectroscopy 

(EDS) (as described in the Microscopy section).

Study design and animals
The procedures involving the animals and their care were 

conformed to the European directive 2010/63 EU, approved 

by the local animal experimentation ethics committees 

(Comitato Etico per la Sperimentazione Animale, Univer-

sità degli Studi dell’Insubria and the Organismo Preposto al 

Benessere Animale of the Istituto Superiore di Sanità) and 

the Italian Ministry of Health (DM/2005-A 4/12/2005). In 

vivo studies employed two different murine models. Male 

and female MITO-Luc and CD1 mice aged 6–8 weeks, nine 

for each group, were housed in cages with steel wire tops and 

corn-cob beddings and maintained in a controlled atmosphere 

with 12/12 dark/light cycle, temperature of 22°C±3°C, and 

humidity of 50%–70%, with free access to food and fresh 

water. Mice were exposed to different doses (0.16 mg/kg, 

1.6 mg/kg, and 6.4 mg/kg) of SWCNTs (Figure 1A) injected 

in the tail vein for acute (acute exposure, Figure 1B) or 

chronic (chronic exposure, Figure 1C) treatment; the latter 

consisted of injections once every 3  weeks for 9  weeks. 

Control animals were treated with 200 µL of DMEM supple-

mented with 10% (v/v) of CD1 serum (vehicle).

In vivo studies
The MITO-Luc mouse was engineered for the ubiquitous, 

proliferation-regulated expression of luciferase in prolif-

erating tissues by embedding the transgene containing the 

minimal promoter of Cyclin B2 driving the firefly luciferase 

gene within HS4 insulator sequences.23 MITO-Luc mice 

(C57BL/6 background) were exposed to SWCNTs injected 

into the tail vein once every week for 3 weeks. As a nega-

tive control, one group was treated with 200 µL of vehicle 

(DMEM; Sigma-Aldrich Co.) supplemented with 10% (v/v) 

of C57BL/6 serum as described by Goeman et al.23 For the in 
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vivo bioluminescence imaging (BLI), four MITO-Luc mice 

per group were subjected to BLI 1 day after each SWCNT 

injection. The substrate luciferin (75 mg/kg; PerkinElmer 

Inc., Waltham, MA, USA) was intraperitoneally injected 

10  minutes before BLI quantification. During the imag-

ing sessions, mice were kept under anesthesia (Xilor-100/

Zoletil, 2  mg/kg). Photon emission from different body 

areas was measured using a CCD camera (Xenogen IVIS 

Lumina System; Caliper Life Sciences, Hopkinton, MA, 

USA). These data were merged with a grayscale image 

taken with a dimmed light and quantified using the Living 

Image software (Caliper Life Sciences). Photon emission 

was measured in regions of interest manually selected by 

the aid of a specific grid. Data were expressed as photon per 

second per centimeter square per steradiant. The intensity of 

BLI was color coded for imaging purposes; the scale used in 

each experiment was reported in the figure.

The CD1 mice were sacrificed either 24 hours after the first 

injection (acute exposure, Figure 1B) or 24 hours, 3 weeks, or 

4 months after the last injection (chronic exposure, Figure 1C). 

Organs were excised, collected, and processed for standard 

histology, immunocytochemistry, and SEM. Prior to sacrifice, 

cardiac blood samples were collected to produce sera for 

biochemical analyses.

Metabolic analysis
CD1 mice were housed in metabolic cages for 24  hours 

following each injection and every week between the first (I), 

the second (II), and the third (III) injection to monitor food 

and water consumption and to collect urine and fecal samples. 

Figure 1 Schematic representation of acute administration of SWCNTs in the (A) MITO-Luc mouse model and (B) acute administration of SWCNTs CD1 mice and (C) 
chronic administration of SWCNTs in the CD1 mice.
Notes: 24h I, 24 hours after the first administration of SWCNTs; 24h III, 24 hours after the third administration of SWCNTs; 3wk III, 3 weeks after the third administration 
of SWCNTs; 4mo III, 4 months after the third administration of SWCNTs.
Abbreviation: SWCNTs, single-walled carbon nanotubes.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4302

Principi et al

The fecal water content was determined by weighting the 

collected feces before and after incubation in a thermostatic 

oven at 50°C for an hour.

Serum biochemical analysis
Cardiac blood samples were immediately collected from 

sacrificed animals. Following 60  minutes of clotting, 

the samples were centrifuged for 60 minutes at 7,500× g 

and then stored at -80°C until ready for analysis. Plasma 

tumor necrosis factor α (TNF-α) levels were determined 

by enzyme-linked immunosorbent assay (BD Biosciences, 

San Jose, California, USA). The absorbance was measured 

at 450  nm in a VersaMax Microplate Reader (Molecular 

Devices LLC, Sunnyvale, CA, USA), and the TNF-α con-

centration in experimental samples was calculated from a 

standard curve. AST, ALT, azotemia, alkaline phosphatase, 

creatinine, and total bilirubin dosages were performed using 

Kuadro BPC BioSed clinical automatic chemistry analyzer 

(BPC BioSed, Rome, Italy).

Microscopy
For standard histology, lungs, spleen, and liver were excised, 

washed with phosphate-buffered saline with 20 mM EDTA 

to remove residual blood, dead cells, and debris, and imme-

diately fixed in 4% formalin and embedded in paraffin. 

Sections of 7 µm thickness were stained with hematoxylin 

and eosin for histological examination and observed under 

an Olympus BH2 microscope (Olympus Corporation, Tokyo, 

Japan). Data were recorded using a DS-5M-L1 digital camera 

system (Nikon Corporation, Tokyo, Japan). For immunofluo-

rescence, 7 μm cryosections from tissue samples, embedded 

in PolyFreeze Tissue Freezing Medium (Polysciences, Inc., 

Warrington, PA, USA) and immediately frozen in liquid 

nitrogen, were obtained using a Leica CM1850 cryotome. The 

presence of CD45, a common leukocyte marker, and CD68, 

specific for macrophage and Kupffer cells, was assessed on 

selected cryosections using the following primary antibodies: 

antimouse CD45 antibody (1:50 dilution; Sigma-Aldrich Co.) 

and antimouse CD68 antibody (1:50 dilution; Sigma-Aldrich 

Co.). Incubations with suitable secondary antibodies conju-

gated with tetramethylrhodamine (1:200 dilution, Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, USA) 

were performed for 1 hour in a dark moist chamber. Double 

staining for macrophage identification was performed using 

mAbs against CD45 and CD68 surface antigens. Sections 

were first stained with antimouse CD45, and following wash-

ing, the secondary fluorescein isothiocyanate-conjugated 

goat antirabbit antibody was added. Rinsed samples were 

incubated with anti-CD68 antibody and subsequently with 

tetramethylrhodamine-conjugated goat antirabbit secondary 

antibody, as previously reported.26 In control samples, primary 

antibodies were omitted, and samples were treated with phos-

phate-buffered saline containing 2% bovine serum albumin. 

Coverslips were mounted in VECTASHIELD medium for 

fluorescence (Vector Laboratories, Burlingame, CA, USA), 

and slides were observed under an Olympus BH2 microscope. 

Data were recorded using a DS-5M-L1 digital camera system. 

For electron and light microscopies, liver samples were fixed 

for 2 hours in 0.1 M cacodylate buffer, pH 7.2, containing 

2% glutaraldehyde, and then postfixed for 2 hours with 1% 

osmic acid in cacodylate buffer, pH 7.2. Following standard 

serial ethanol dehydration, specimens were embedded in an 

Epon-Araldite 812 mixture. Semithin sections, obtained using 

a Reichert Ultracut S ultratome (Leica Microsystems, Wetzlar, 

Germany), were stained by the Feulgen staining according 

to Girardello et al27 and observed under a light microscope 

(Olympus Corporation). Data were recorded using a DS-5

M-L1 digital camera system. Thin sections were obtained, and 

TEM was performed as previously described.22 All histologi-

cal data were measured by double-blind scoring.

Isolation of SWCNTs from tissue samples
We isolated SWCNTs from excised tissues as described in 

Albini et al21 and Girardello et al.27 Livers from mice 3 weeks 

after the third SWCNT injection were excised, digested in 

5 N KOH (Sigma-Aldrich Co.) for 2 hours at room tem-

perature, washed, suspended in 100 µL of distilled water to 

avoid potassium salt formation, and dried on a copper grid 

(formvar carbon film) for TEM analysis (JEM-1010; JEOL, 

Tokyo, Japan). Images were acquired using a Morada digital 

camera (Olympus Corporation).21 For SEM analysis, samples 

were dried on a cover glass, sputter-coated with a thin layer 

of gold in an Emitech 500 instrument and were observed in 

a backscatterd electron mode, with an SEM (Philips XL30 

FEG; FEI, Eindhoven, the Netherlands).21 To confirm that 

the KOH or sonication treatment does not affect SWCNT 

structure, the crude powder was treated using the same pro-

cedure as for tissue samples, resuspended in distilled water 

or in DMEM supplemented with CD1 serum, sonicated, 

and observed under the TEM, SEM, and EDS. To enhance 

CNT signals, the cover glasses were sputter-coated with a 

thin layer of gold and observed in backscattered electron 

mode with an SEM coupled with an energy dispersive X-ray 

analyzer (EDAX Genesis 2000; EDAX, Mahwah, NJ, USA). 

Photographic maps of element distribution obtained on the 

image frames were processed by Image Analysis (Soft-Image 
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Software; EDAX). These maps were superimposed to each 

source image with Adobe Photoshop (Adobe Systems Incor-

porated, San Jose, CA, USA).

SWCNT aggregate quantification
SWCNT aggregates were counted in ten sections of lung, liver, 

kidney, and spleen (data not shown) after hematoxylin and eosin 

or Feulgen staining of CD1-treated mice, 24 hours after the first 

injection and 24 hours and 3 weeks after the last injection. Each 

count represents the mean value of five different double-blinded 

fields. Previous studies have shown that the aggregate counts 

in tissues correlate with Raman analysis.21,28

Macrophage isolation and real-time PCR
We investigated the possible association between SWCNT 

exposition and the induction of an M1 or M2 macrophage 

polarization state.29 Liver macrophages 24 hours after the first 

and 3 weeks after the third SWCNTs’ injection (6.4 mg/kg) 

were isolated by mechanical dispersion followed by CD11b 

immunomagnetic cell selection using a commercially avail-

able kit (Miltenyi Biotech, Bergisch Gladbach, Germany). Cell 

purity was assessed by flow cytometry as previously described. 

Samples with purity .85% were used for RNA extraction 

using the RNeasy Plus Mini Kit (Qiagen NV, Venlo, the Neth-

erlands). cDNA synthesis was performed using the Quantitect 

Reverse Transcription Kit (Qiagen NV). Real-time PCR for 

interleukin (IL)-12, IL-23, IL-10, iNOS, TNF-α, CXCL10, 

CCCL22, and MMP-9 was done on the cDNA samples using 

FastStart SYBR Green Master Kit (Hoffman-La Roche Ltd., 

Basel, Switzerland) and detected in a Mastercycler RealPlex2 

(Eppendorf, Hamburg, Germany). Relative expression values 

were obtained using Eppendorf software and normalized on 

the GAPDH housekeeping gene.

Statistical analysis
All experiments were performed in triplicate. Data were ana-

lyzed using GraphPad Prism5 software (GraphPad Software, 

Inc., La Jolla, CA, USA). Statistical analyses for multiple 

comparisons were tested by one-way and two-way analyses 

of variance followed by Bonferroni’s multiple comparison 

test (http://www.graphpad.com/guides/prism/6/statistics/

index.htm?stat_the_bonferroni_method.htm).30,31

Results
Systemic effects of SWCNTs on bone 
marrow proliferation in MITO-Luc mice
We used a recently developed mouse model, MITO-Luc 

(repTOP™mitoIRE),23 that has a reporter gene under the 

control of a NF-Y-dependent cyclin B2 promoter, which 

allows the determination of physiological and/or aberrant cell 

proliferation in any tissue of the body, by BLI. This model 

is suitable to characterize the effects of selected compounds 

on immune cell proliferation in time course experiments.23 

We challenged this model with injections of SWCNTs 

(0.16 mg/kg and 1.6 mg/kg). We observed an induction of 

light (representing cell proliferation) in the mouse whole 

body after 24 hours (Figure 2A), which was significant for 

the 0.16 mg/kg dose (Figure 2B). In particular, the light is 

induced in body districts containing active bone marrow and 

immune organs, such as sternum, femurs, vertebral column, 

and the spleen (Figure 2C). We then evaluated time-dependent 

effects of SWCNT administration. Starting from 24 hours 

after the third injection to 11 days after the third injection, 

the luminescence returned to basal levels (Figure 2A and B). 

These results demonstrate that SWCNTs induce systemic cell 

proliferation and indicate a dynamic response of both bone 

marrow and the immune system. Moreover, this result likely 

indicates that SWCNT injection induces cell proliferation and 

mobilization within the bone marrow.

Effects of SWCNT injection on metabolic 
and functional parameters in CD1 mice
Given the observed systemic stimulation of cell proliferation 

in the animal body and the bone marrow of treated MITO-Luc 

mice, we investigated the effects on metabolic functions in 

CD1 mice exposed to acute and chronic doses of SWCNTs 

by intravenous injections using metabolic cages, monitor-

ing food and water consumption, as well as urine and fecal 

elimination.

Following the first administration of SWCNTs, we 

observed increased water (Figure S1A) and food consump-

tion (Figure S1B), associated with higher feces (Figure S1C) 

production and fecal water percentage (Figure S1D). Urine 

production was not affected (Figure S1E). Similar effects 

were found for all SWCNT doses employed, and most 

parameters returned to near baseline 3 weeks from the last 

administration, in particular for the highest dose.

Mice treated with the highest dose of SWCNTs, monitored 

3 months after the last injection, showed symptoms related to 

cholestasis (an interruption in the excretion of bile), including 

the presence of skin xanthomas and alopecia (Figure 3A). 

Examination of selected serum parameters associated with 

renal and hepatic function (Figure 3B) showed no differences 

in creatinine levels (Figure 3Ba) but a trend toward decreased 

azotemia (Figure 3Bb) and no changes in serum alkaline 

phosphatase (Figure 3Bc) in animals exposed to chronic 
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doses of SWCNTs. Significant amounts of AST (Figure 3Bd) 

and ALT (Figure  3Be), particularly at the highest dose, 

were observed. While ALT levels returned to baseline after 

3 weeks (Figure 3Be), a trend toward increased levels of AST 

(Figure 3Bd) was detected even after 3 weeks for all doses 

administered. We found significantly elevated production of 

total bilirubin in CD1 mice treated with the highest dose of 

SWCNTs at 4 months after the last injection (Figure 3Bf). We 

found that the altered serum enzyme profile correlates with sig-

nificantly increased serum levels of TNF-α at the highest dose 

of SWCNTs 3 weeks and even 4 months after the last injection 

(Figure 3Bg). These data suggest that systemic introduction of 

SWCNTs induces a chronic hepatic damage in CD1 mice.

Effects of SWCNTs on selected tissues
Lungs, spleens, kidneys, and livers were examined in CD1 

animals administered with SWCNT suspensions (Figure 1B 

and C) and compared with vehicle alone-treated control 

mice. At the highest dose, no macroscopic alterations were 

observed in kidney, lung, and spleen (data not shown). 

No differences in the weight of mice or organs of treated 

and untreated mice were detected (data not shown). Histo-

pathological analysis indicated no morphological lung tissue 

alterations in control CD1 mice, while in those exposed to 

SWCNTs, scattered accumulations of brown amorphous 

material were detected in the examined tissues (Figure 4A 

and B) representing CNT aggregates.21,28 Lungs and livers 

were the major sites of accumulation (Figure 4), with fewer 

particles in the spleen and in the kidneys (data not shown). 

We counted (double-blind) the SWCNT aggregate number as 

an indicator of tissue burden, showing that SWCNTs in the 

lungs accumulate only at the highest dose and are transiently 

being cleared 3 weeks after treatment (Figure 4B).

SWCNTs preferentially accumulate and 
persist in the liver
We found that the livers of SWCNT-exposed animals 

showed a darker color (Figure 4C). SWCNT aggregates 

persist in the liver of CD1-treated mice, being detectable 

already at 24 hours from the third injection and reaching 

Figure 2 Effect of SWCNTs on cell proliferation in the MITO-Luc murine model.
Notes: (A) Quantification of emitted light from the whole body of MITO-Luc (based on C57/BL6 strain) mice injected with SWCNTs (0.16 mg/kg and 1.6 mg/kg) and, as 
control, 200 µL of DMEM supplemented with 10% (v/v) of C57BL/6 serum (untreated) (*P#0.05). (B) Quantification of emitted light from the whole body of MITO-Luc 
mice injected with SWCNTs (0.16 mg/kg) and, as control, 200 µL of DMEM supplemented with 10% (v/v) of C57BL/6 serum (untreated). Photon emissions are measured as 
photons per second. Statistical significance was done using the two-way ANOVA followed by Bonferroni’s posttest (*P#0.05). Data shown as mean ± standard error of the 
mean. (C) BLI of MITO-Luc mice (dorsal and ventral views) before (pre) and 24 hours after the first injection (24h I), 24 hours after the second injection (24h II), 24 hours 
after the third injection (24h III), and 11 days after the third injection (11d III) of 1.6 mg/kg of SWCNTs in the tail vein. Light emitted from the animal appears in pseudo-color 
scaling (images from a representative animal per group).
Abbreviations: ANOVA, analysis of variance; BLI, bioluminescence imaging; DMEM, Dulbecco’s Modified Eagle’s Medium; SWCNTs, single-walled carbon nanotubes.
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α

Figure 3 Monitoring of clinical parameters following SWCNT administration in CD1 mice.
Notes: (A) Xanthomas, alopecia in mice treated with 6.4 mg/kg of SWCNTs at 4 months after the third injection. (B) Effect of SWCNTs on creatinine (a), azotemia (b), AP (c), 
AST (d), ALT (e), bilirubinemia (f), and TNF-α (g) levels in the serum of CD1 mice sacrificed 24 hours and 3 weeks after the third injection. Bilirubinemia (f) in the serum of 
mice sacrificed 4 months after the third SWCNT injection. Each experiment was done in triplicate. Data shown as mean ± standard error of the mean; statistical significance: 
*P#0.05, **P#0.01, and ***P#0.001.
Abbreviations: ALT, alanine transaminase; AP, alkaline phosphatase; AST, aspartate aminotransferase; SWCNTs, single-walled carbon nanotubes; 24h I, 24 hours after the first 
administration of SWCNTs; 24h III, 24 hours after the third administration of SWCNTs; 3wk III, 3 weeks after the third administration of SWCNTs; 4mo III, 4 months after the third 
administration of SWCNTs.
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Figure 4 Detection and quantification of SWCNT aggregates in liver and lungs.
Notes: (A) Histopathological (H&E) analysis of lungs harvested from treated mice and sacrificed 24  hours after the first administration (24h I) of SWCNTs (scale 
bars =10 μm). (B) Quantification of SWCNT aggregates detected in lung tissues and sacrificed 24 hours after the first administration (24h I), 24 hours after the third 
administration (24h III), and 3 weeks after the third administration (3wk III) of SWCNTs. (C) Livers of the mice treated with 6.4  mg/kg of SWCNTs and collected 
3  weeks after the last administration showed evident darker color compared to controls injected with serum alone. (D) Histopathological (H&E) analysis of livers 
harvested from treated mice and sacrificed 3 weeks after the third administration (3wk III) of SWCNTs (scale bars =10 μm). (E) Quantification of SWCNT aggregates 
detected in liver tissues sacrificed 24 hours after the first administration (24h I), 24 hours after the third administration (24h III), and 3 weeks after the third administration 
(3wk III) of SWCNTs. The accumulation of brown amorphous materials was observed only in SWCNT-treated tissues, likely representing deposits of SWCNT aggregates. 
SWCNT aggregates were counted in ten sections stained with H&E of lungs and livers of mice 24 hours after the first injection (24h I), 24 hours after the third injection  
(24h III), and 3 weeks after the third injection (3wk III). Each count is the mean value of five different fields. No aggregates were noted in control animals. Data shown as 
mean ± standard error of the mean. Statistical analysis was performed using one-way ANOVA and Bonferroni’s posttest. *P#0.05 and ****P#0.0001.
Abbreviations: ANOVA, analysis of variance; CTRL, control; H&E, hematoxylin and eosin; SWCNTs, single-walled carbon nanotubes.
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the highest aggregate accumulation 3 weeks later without 

further administration (Figure 4D and E). These data clearly 

suggest that the liver was the major site of SWCNT accu-

mulation, as confirmed by the Feulgen reaction (Figure 5A). 

This staining is normally used to highlight the nuclei; the 

light green staining was useful to better visualize the black 

SWCNT aggregates. In the liver, SWCNT aggregates were 

distributed ubiquitously both in the cytoplasmic and extra-

cellular compartments (Figure 5Ad–n). Optical microscopy 

at higher magnification showed that the SWCNTs were 

mainly localized close to Kupffer cells (Figure 5Am and n), 

suggesting a direct involvement of these macrophages in 

SWCNT internalization by phagocytosis. Quantification of 

the SWCNT aggregates after Feulgen staining (Figure 5B) 

confirmed the time- and dose-dependent accumulation in the 

liver tissues of the mice exposed to SWCNTs (Figure 4C). 

No aggregates were found in control animals. The presence 

of SWCNTs in tissues was confirmed by taking advan-

tage of the chemical resistance of SWCNTs as previously 

described.21 TEM (Figure 6A) and SEM (Figure 6B) analy-

ses of livers from SWCNT-injected and control groups, 

following 5  N KOH digestion, showed the presence of 

chemically resistant material with characteristics of nanotube 

aggregates. These aggregates morphologically share the 

same features of those obtained from the stock SWCNTs 

with or without KOH treatment (Figure 6A and Ba–c) and 

from SWCNTs suspended in DMEM/10% CD1 serum and 

sonicated (Figure 6Ad). No KOH-resistant materials were 

found in tissues from control mice (data not shown). EDS 

distribution clearly confirmed the presence of carbon (the 

principal SWCNT component) in the KOH-resistant mate-

rial that overlaps with SWCNT bundles in SEM photos 

Figure 5 (Continued)
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Figure 6 Determination of SWCNT presence in livers.
Notes: (A)TEM (a–d), SEM (a–d), EDS (a–c) analyses of the KOH resistant materials, SWCNT stock and SWCNT suspended in DMEM/10% CD1 serum. TEM analysis of 
KOH-resistant material (a and c) from liver tissues of mice exposed to SWCNTs, SWCNT stock (b) and suspended SWCNTs (d). (B) SEM analysis of KOH-resistant material 
(a and c) from liver tissues of mice exposed to SWCNTs, SWCNT stock (b) and suspended SWCNTs (d). (C) Combined SEM–EDS (elemental mapping image: C, carbon, in 
red; Na+, sodium, in blue; Cl-, chloride, in violet) of SWCNT stock purchased from Sigma-Aldrich Co. (St Louis, MO, USA) (a) and after sonication (b and c). EDS analysis for 
SWCNTs’ suspension (b and c). Bars in (Aa–d): 100 nm; bars in (Ba–c): 500 nm; bars in (Bd): 25 μm; bars in (Ca): 25 μm; and bars in (Cb) and (Cc): 10 μm.
Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; EDS, energy dispersive X-ray spectroscopy; SEM, scanning electron microscopy; SWCNTs, single-walled 
carbon nanotubes; TEM, transmission electron microscopy.

Figure 5 Histopathological analysis of livers from SWCNT-exposed mice.
Notes: Mice were sacrificed 24 hours after the first injection and 3 weeks after the last injection. (A) Feulgen staining of livers of controls (a–c) and SWCNTs treated mice 
(d–I) 24 hours after the first injection (24h I), 24 hours after the third injection (24h III), and 3 weeks after the third injection (3wk III) of SWCNTs. We observed massive 
aggregates representing SWCNTs deposits (bars: 10 µm). (m and n) Higher magnification of livers in SWCNT-treated mice (6.4 mg/kg) sacrificed 3 weeks after the last 
injection, where arrows indicate hepatic cell nuclei and the arrowheads SWCNT deposits close to Kupffer cells (bars: 10 µm). (B) Average surface area covered by the 
aggregates counted in five microscopic fields. Statistical analysis was performed using one-way ANOVA and Bonferroni’s posttest. **P#0.01, ***P#0.001, and ****P#0.0001.
Abbreviations: v, vessels; ANOVA, analysis of variance; CTRL, control; SWCNTs, single-walled carbon nanotubes.
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(Figure 6Ca). SEM of SWCNTs suspended in DMEM/10% 

CD1 serum and sonicated showed extensive crystal forma-

tion by the vehicle. Microanalytical EDS analysis confirmed 

the presence of SWCNT carbon (Figure 6Cb), along with 

other elements present in the medium used for SWCNTs’ 

preparation vehicle (such as Cl- and Na+) (Figure 6Cc) used 

for injection.

SWCNTs induce a hepatic inflammatory 
state
As the liver was the major organ where SWCNT accumula-

tion occurred, we examined whether this accumulation was 

associated with the induction of a local immune response. 

Sections of livers of both control and injected mice were 

immunostained with anti-CD45 antibody, a pan-leukocyte 

marker. CD45+ cells (Figure 7Aa–l) were mainly localized 

inside vessels or surrounding the hepatic sinusoids. A clear 

increase in CD45+ cells in injected animals (Figure 7Ad–l) 

was observed. Quantification of the CD45+ cells indicated 

that the increase was directly proportional to the dose of 

SWCNTs and number of injections and was statistically 

significant (Figure 7B).

Effect of SWCNTs on macrophage 
distribution and polarization in the liver
Given the inflammatory state found in SWCNT-administered 

animals, we further investigated which immune cell popu-

lation was involved in this process. We observed that the 

number of Kupffer cells dramatically increased in the livers 

of SWCNT-injected mice as shown in Figure 5Ad–n. We then 

examined the expression of a marker for macrophage/Kupffer 

cells, CD68 (Figure 8Aa–l), showing their localization 

mainly inside vessels or surrounding the hepatic sinusoids. 

The number of CD68+ cells was significantly elevated and 

Figure 7 (Continued)
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dose dependently increased with the number of SWCNT 

injections (Figure 8Aj–l and B). Dual immune labeling 

confirmed that macrophages/Kupffer cells were positive to 

both CD68 and CD45 antibodies (Figure 8Ca–c).

Taken together, these data suggest that an increase 

in macrophage infiltration in the liver could produce a 

chronic inflammatory state. We therefore examined the 

macrophage polarization state based on the expression of 

mRNAs encoding proteins associated with either M1 or 

M2 polarization (Figure 9). Twenty-four hours following 

the first injection, there was a significant increase in the 

expression of IL-23 mRNA (Figure 9B). At 3 weeks from 

the third injection, liver macrophage production of IL-12 

and TNF-α was significantly elevated (Figure 9B), sug-

gesting a chronic inflammatory state associated with an 

M1-type polarization.

Discussion
The increasing use of carbon nanotubes (CNTs) in several 

industrial settings, as a consequence of their chemical and 

physical properties, leads to an urgent need to identify poten-

tial human health risks following particle exposition.12,32–34 

SWCNTs can be used in sensors, electronic devices, waste-

water treatment, and many other applications. Exposure to 

SWCNTs could also be due to the use of CNTs in biomedi-

cal applications, such as drug delivery systems and cancer 

treatment.35–37

Pharmacokinetics for small molecules is driven by physi-

ological processes, in particular diffusion, active transport, 

and enzymatic metabolism. These processes are signifi-

cantly more complex when related to nanoparticles.19 We 

have previously shown that in mice exposed to multiwalled 

CNTs, mimicking an exposure route similar to that occur-

ring in case of a manufacturer process, CNTs rapidly enter 

and disseminate in the organism, initially accumulating in 

lungs and brain and later reaching the liver and kidney via 

the bloodstream in CD1 mice.21 Pristine SWCNTs have 

been proven to be cytotoxic, inducing oxidative damage, 

inflammation, and apoptosis. Several in vivo studies show 

that CNTs can induce inflammation, mostly in the con-

text of lung damage, associated with the activation of the 

NLRP3 inflammasome.28,38–43 Furthermore, unfunctionalized 

SWCNTs show long-term accumulation in the liver.28,44 

There are controversial reports relative to distribution and 

potential toxicity of SWCNTs; however, studies suggest-

ing non-toxicity mostly consider functionalized particles. 

Functionalized CNTs can be degraded by peroxidases, in 

particular myeloperoxidase and eosinophil peroxidases.39,45 

The unmodified pristine CNTs, used here, appear to be quite 

resistant to this degradation.39,45 It must be emphasized that 

unfunctionalized CNTs are, in fact, highly hydrophobic and 

not easily biodegradable, a key determinant for the induction 

and severity of the inflammatory responses.40

To assess potential undetected toxicities,46 we chose the 

direct intravenous route of injection of SWCNTs suspended 

in mice serum and monitored the route of administration 

for biodistribution, tracing, and evaluation of subsequent 

biological effects. Two murine models, the proliferation 

reporter MITO-Luc mice and standard CD1 mice, were 

used. The data obtained with our MITO-Luc murine model 

demonstrated that 24 hours of SWCNT exposition resulted 

in a transient cell proliferation in several body districts with 

active bone marrow and immune organs, such as sternum, 

femur, vertebral column, and the spleen, showing that sys-

temic SWCNT rapidly promotes an overall proliferation in 

different cell compartments.

We then moved to CD1 mice that were intravenously 

injected with different doses of SWCNTs and at different 

Figure 7 Leukocyte infiltration in livers of SWCNT-exposed mice.
Notes: (Aa–l) Livers of control or injected mice sacrificed 24 hours after the first administration (24h I), 24 hours after the third administration (24h III), and 3 weeks after 
the third administration (3wk III) of SWCNTs. Sections were immunostained with a pan-leukocyte anti-CD45 antibody. Bars: 100 µm. (B) The average number of CD45+ cells 
by immunohistochemistry (as percent of control) indicates that the number of CD45+ cells was directly proportional to the dose and number of injections. Mean ± standard 
error of the mean are shown, statistical significance was done using one-way ANOVA versus control values. *P#0.05, **P#0.01, ***P#0.001, and ****P#0.0001.
Abbreviations: v, vessels; ANOVA, analysis of variance; CTRL, control; SWCNTs, single-walled carbon nanotubes.
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Figure 8 Macrophage infiltration into the livers of SWCNT-exposed mice.
Notes: (Aa–l) Livers of both control and injected mice sacrificed 24 hours after the first administration (24h I), 24 hours after the third administration (24h III), and 3 weeks 
after the third administration (3wk III) of SWCNTs. Sections were immunostained with CD68 antibody, specific for macrophage and Kupffer cells. Bars: 100 µm. (B) The 
average number of CD68+ cells (as percent of control) indicates a direct proportion with the number of injections and the dose used. Mean ± standard error of the mean are 
shown, statistical significance was done using ANOVA. *P#0.05, **P#0.01, ***P#0.001, and ****P#0.0001. (Ca–c) Livers of injected mice sacrificed 24 hours after the first 
administration (24h I) and 3 weeks after the third administration (3wk III) of SWCNTs. Sections were immunostained for both CD68 (red signal) and CD45 (green signal). 
Costaining results in yellow color. (Cc) Negative control in which primary antibodies were omitted. Bars: 10 µm.
Abbreviations: ANOVA, analysis of variance; CTRL, control; SWCNTs, single-walled carbon nanotubes; v, vessels.
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time points to trace acute and chronic CNT distribution, 

interaction with diverse organs, and metabolism.

We found that CD1 mice exposed to SWCNTs were 

initially asymptomatic and showed no changes in the body 

weight with time, but alterations in food/water consumption 

and fecal production were observed. CD1 mice treated with 

the highest dose of SWCNTs and monitored 3 months after 

the last injection exhibited typical symptoms of cholestasis, 

such as xanthomas and alopecia. We then hypothesized that 

the mild alterations in food and water consumption and in 

feces observed in SWCNT-exposed animals may correlate 

with altered liver function affecting intestinal absorption. 

Our hypothesis was confirmed by the analysis of serum liver 

enzyme (ALT, AST, and bilirubinemia) that we found to 

be altered in SWCNT-treated mice, as compared to control 

mice, suggesting potential liver damages. This is consistent 

with previously reported data from literature,28 where a simi-

lar liver damage associated with serum enzyme alteration 

was demonstrated. Our studies, however, evaluated levels 

at longer times with chronic exposure. Macroscopical and 

histological analyses revealed that the liver is the prefer-

ential organ for accumulation of CNTs, which can trigger 

oxidative stress and inflammation.47 We decided to focus 

our further studies on this major organ. Histopathological 

analysis revealed the accumulation of persistent SWCNT 

aggregates in the liver of CD1-treated mice. The long-term 

accumulation could be partially due to SWCNTs coming 

from other tissues, where they initially localized upon injec-

tion, followed by mobilization through the blood stream and 

sequestration in hepatic tissues. Counted aggregates in liver 

tissue sections, and SEM analysis following tissue KOH 

digestion, confirmed the presence of SWCNTs as a chemi-

cally resistant material. These data were further confirmed 

by EDS analysis, showing carbon localization in the sinu-

soids, where SWCNT deposits were detected by histology 

and TEM analysis.

We then assessed whether hepatic SWCNT aggregates 

may correlate with the induction of a liver tissue inflam-

matory state by measuring total leukocyte (CD45+ cells) 

infiltration. The number of CD45+ cells was remarkably and 

significantly increased in SWCNT-exposed mice as com-

pared to control mice. Further analysis revealed that most of 

the CD45+ cells were macrophages, as confirmed by staining 

for CD45 and CD68. Both CD45+ and CD68+ cells colocalize 

α

α

Figure 9 Liver inflammatory mediators state in SWCNT-exposed mice.
Notes: Cytokine and inflammatory mediator mRNA expression in resident liver macrophage from mice sacrificed 24 hours after the first injection (24h I, A) and 3 weeks 
after the third injection (3wk III, B) of SWCNTs (6.4 mg/kg) as compared to control vehicle-injected animals. Data were normalized to the expression of the housekeeping 
gene GAPDH. Mean ± standard error of the mean values are indicated; statistical significance was done using ANOVA followed by Bonferroni’s posttest versus control values: 
*P#0.05, **P#0.01, and ***P#0.001.
Abbreviations: ANOVA, analysis of variance; IL, interleukin; SWCNT, single-walled carbon nanotube.
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with CNT aggregates, suggesting CNT recognition and the 

macrophage-mediated phagocytosis. It has been reported 

that CNTs injected into the blood determine the formation 

of agglomerates within the macrophage Kupffer cells.44 

Macrophages, as a consequence of their plasticity have been 

reported to acquire two distinct phenotypes, M1 and M2, in 

the presence of diverse stimuli.29 We investigated whether 

macrophage and SWCNT interaction was associated with 

a specific polarization state. We found that activation of 

Kupffer cells (resident liver macrophages) resulted in the 

release of an array of inflammatory mediators and growth 

factor, as validated by real-time PCR, indicating an initial 

significant expression of IL-23 and over the long term in 

IL-12 and TNF-α release, all cytokines associated with an 

M1 macrophage polarization.

Altogether, our data suggest that, following intravenous 

administration of SWCNTs, a general acute proliferative cell 

response, along with a systemical increase in TNF-α levels, 

occurs. Functional and biochemical alterations observed 

in SWCNT-treated mice suggest a liver damage, which 

represents the primarily affected organ, as confirmed by the 

presence of particle aggregates and macrophage activation in 

the liver tissues of SWCNT-treated mice. Finally, we found 

that this macrophage-mediated inflammatory response is 

characterized by an M1 polarization state.

Our previous data indicated that unfunctionalized 

SWCNTs can penetrate into the organism.21 Although the 

doses used here were relatively different from those in the 

case of accidental exposure, they might represent a good 

model for long-term repeated exposure similar to that of the 

working place. Given the biopersistence of unfunctionalized 

CNTs, our data implicate that long-term, low-dose exposure 

to CNTs would lead to undesirable effects, particularly in 

the liver. Potentially, exposure to CNTs could also accelerate 

other inflammatory conditions of the liver, including chronic 

hepatitis and alcohol abuse.

Finally, observations in the literature, along with these 

new results showing long-term accumulation of nanoparticles 

in the liver, indicate that caution should be taken during the 

exposure to and use of SWCNTs.
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Figure S1 Physiological monitoring of SWCNT-exposed CD1 mice.
Notes: Food and water consumption, urine and feces production, and fecal water content in samples collected 24 hours after the first administration (24h I), 24 hours 
after the second administration (24h II), 24 hours after the third administration (24h III), and 3 weeks after the third administration (3wk III) of SWCNTs. Following the 
first administration of SWCNTs, we observed increased water (A) and food consumption (B), associated with higher feces production (C) and fecal water percentage (D). 
Urine production was not affected (E). Similar effects were found for all SWCNT doses employed, and most parameters returned to near baseline 3 weeks from the last 
administration, in particular for the highest dose. Data are expressed as mean (n.6) ± standard error of the mean; statistical significance: *P#0.05 and **P#0.01.
Abbreviation: SWCNT, single-walled carbon nanotube.
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