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Fine particulate matter (PM 2.5) is the principal instigators of adverse health events, yet gaps still remain
in understanding the mechanism mediating its toxic response. Similar to nanoparticles, PM 2.5, with
large surface area to volume ratio, can absorb multipollutants in air, displaying toxicity proﬁles that are
very different from those of coarse particles of the same composition. One particularly relevant interaction is that of PM 2.5 and the anthropogenic metals. In this study, we used carbon black nanoparticle
(CBs) and metal ions as model materials to investigate the synergistic pulmonary toxicity and its
mechanism. We demonstrated that excessive metal contaminants adsorbed on CBs contributed to the
observed toxic effects both in vitro and in C57BL6 mice intratracheal instillation model. Signiﬁcantly, we
found that autophagy and lysosomal dysfunction accounted for the synergistic pulmonary toxic effect of
co-exposure to CBs and metals. Our ﬁndings provide a new insight into understanding the toxicological
and healthy effects of ﬁne particles, which have potential to aid in mitigating their adverse health effect.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
A number of studies have investigated the toxicity of particulate
matter (PM) [1e4], while gaps still remain in understanding the
detailed mechanism of PM toxicity. As small PM go deeper into the
lungs than the large PM that exist in the air, many scientiﬁc researches focus on evaluating the contribution of ﬁne fraction such
as PM 2.5 to health effects [5e7]. From another point of view, we
consider that investigating the biological outcomes of nanomaterials with sub-micro nanometers is a good approach to understand the PM 2.5 toxicity mechanism.
Over the past ﬁve years or so, we have performed a series
studies on nanotoxicology. In vitro cell experiments showed that
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different sized carbon blacks (CBs) were either nontoxic or slightly
toxic, as vehicles of phenol red, they played an essential role in the
cytotoxicity induced by phenol red [8]. Subsequently, we found that
in serum-free medium, toxicity of nanodiamonds (NDs) to cells was
related to the adsorption of sodium ions by NDs [9]. Recently, we
further demonstrated that NDs could act as Trojan horse for
intracellular delivery of metal ions to trigger cytotoxicity, while NDs
alone showed good biocompatibility to cells [10]. As such, we
consider that nanoparticles do not necessarily lead to toxicity due
to their small size. In nanotoxicity assessments, we should investigate not the direct interaction between nanoparticles and living
systems, but the complicated interactions including nanoparticles,
multicomponents in environmental media and living systems [11].
Similar to nanoparticles, PM 2.5, with large speciﬁc surface area,
can also absorb multipollutants in air, and then display toxicity
proﬁles that are very different from those of coarse particles of the
same composition [2]. One particularly relevant interaction is that
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of PM 2.5 and the anthropogenic metals [12]. In this study, we used
CBs and metal ions as model materials to investigate the synergistic
toxic effects in vitro and in vivo. CBs have been used extensively in
toxicology studies as a surrogate for elemental carbon in airborne
PM [13,14]; while metals, including Ni, Cu, Cd and Cr presented in
PM due to anthropogenic activities [15,16]. We demonstrate that
CBs, acting as vehicles for metal delivery, promoted the metal ioninduced toxicity both in vitro and in C57BL6 mice intratracheal
instillation model. More importantly, we indicate that autophagy
and lysosomal dysfunction accounted for the synergistic toxic effect
of co-exposure to CBs and metal ions (Fig. 1).
2. Materials and methods
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controls. For CBs-metal ion mixture samples, each kind of metal ion
solution was mixed thoroughly with the aqueous CB solution for 2 h
prior to experiments.
BEAS-2B cells were grown in RPMI-1640 cell culture medium
supplemented with 10% heat-inactivated FBS, 1.5 g/L NaHCO3, 100
units/mL penicillin, 100 mg/mL streptomycin, 4.5 g/L glucose and
4 mM L-glutamine at 37  C in a humidiﬁed 5% CO2-containing atmosphere. A cell suspension (8  104 cells/mL) was dispensed into
24-well plates. After incubation overnight for cell adherence, they
were treated with Ni2þ (0e40 mg/mL) with or without 50 mg/mL CBs
(or LCBs) for 24 h.
The evaluation system was composed of the following: (1)
cytotoxicity analysis, (2) in vitro distribution and (3) autophagy and
lysosomal function assessment.

2.1. Materials
2.3. Animals and treatment
CBs (Printex 90 and Printex G) were obtained from Degussa
(Shanghai, China). The mean individual sizes are 14 and 51 nm for
Printex 90 and Printex G, respectively. They were easily dispersed
in aqueous solution by sonication. Resultant suspensions were
stable for extended periods of time. Transmission electron microscopy (TEM) images and dynamic light scattering (DLS) analysis
showed that the sizes of the majority of Printex 90 clusters in water,
cell culture medium (containing 10% FBS) and normal saline (containing 0.05% Tween 80) were about 95, 102 and 106 nm, respectively (Table S1). The details for characterization have been
described in our previous work [8].
Metal
chlorides
including
NiCl2$6H2O,
CuCl2$2H2O,
CdCl2$2.5H2O, and CrCl3$6H2O were obtained from Sigma-Aldrich,
China. Stock solution of each metal ion was prepared with MilliQ
water and was used to make serial dilutions. All other chemicals
used were of analytical grade.

C57BL6 mice (male, 18e22 g) were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd., China and kept in conventional
conditions. All animal experiments were conducted in accordance
with the Institute's Guide for the Care and Use of Laboratory Animals and were approved by the ethical committee of Shanghai
University of Traditional Chinese Medicine (Approval No. ACSHU2014-200, approved in 16 July, 2014).
Groups of mice were instilled with 100 mL normal saline (NS),
20 mg CBs, 4 mg Ni2þ or CBs-Ni2þ mixture. All samples were suspended in NS containing 0.05% Tween 80. At 1 and 7 d postinstillation, animals in control and experimental groups were
weighed and then sacriﬁced. The evaluation system was composed
of the following: (1) the bronchoalveolar lavage (BAL) ﬂuid
biomedical index, (2) serum and BAL ﬂuid (BALF) cytokine activity,
(3) lung histopathological evaluation, (4) in vivo biodistribution
and (5) autophagy and lysosomal function assessment.

2.2. Cell lines and treatment
2.4. Cytotoxicity analysis
RAW264.7 macrophage-like cells were grown in the Dulbecco's
modiﬁed Eagle's medium (DMEM) supplemented with 10% heatinactivated fetal bovine serum (FBS), 1.5 g/L NaHCO3, 100 units/
mL penicillin, 100 mg/mL streptomycin, 4.5 g/L glucose and 4 mM Lglutamine at 37  C in a humidiﬁed 5% CO2-containing atmosphere.
Cells were seeded in 24-well plates at a density of 105 cells/well and
incubated overnight to allow for cell adherence. After washing
twice with phosphate buffered saline (PBS), cells were treated with
Ni2þ (0e60 mg/mL), Cu2þ (0e40 mg/mL), Cd2þ (0e4 mg/mL), Cr3þ
(0e300 mg/mL) with or without 50 mg/mL CBs (or LCBs) for 24 h.
Cells incubated with the complete culture medium were used as

After incubation, cells were washed with PBS to remove the
uninternalized nanoparticles. Cell viability was determined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT, Sigma-Aldrich, Shanghai, China) assay. The cell viabilities
were expressed as a percentage of ODtest/ODcontrol. All of the
viability assessment data was based on three independent measurements. The IC 50 value of each metal ion and CBs-ion mixture
was determined by Origin Pro 7.5 software. The combination indexes of CBs and each metal ion were calculated by CompuSyn 1.0
software, and for each speciﬁc test, if the combination index is <1,

Fig. 1. Schematic showing of autophagy and lysosomal dysfunction accounted for the synergistic pulmonary toxic effect of co-exposure to CBs and metals. (A colour version of this
ﬁgure can be viewed online.)

324

H. Kong et al. / Carbon 111 (2017) 322e333

Fig. 2. Synergistic cytotoxicity of carbon black-metal ions co-exposure. (a) The differential viability of RAW264.7 in individual metal ion at various concentrations with or without
50 mg/mL CBs after treatment for 24 h Ni2þ at various concentrations ranging from 0 to 60 mg/mL, Cu2þ at various concentrations ranging from 0 to 40 mg/mL, Cd2þ at various
concentrations ranging from 0 to 4 mg/mL, Cr3þ at various concentrations ranging from 0 to 300 mg/mL. Data are represented as means ± SD. *p < 0.05, **p < 0.01, signiﬁcantly
different from metal ions. (b) The IC50 values of metal ions and CBs-ion mixture and the differences between them. (c) The combination indexes of CBs and metal ions calculated by
CompuSyn. (A colour version of this ﬁgure can be viewed online.)

Fig. 3. Interactions between CBs and Ni2þ determine their internalization fate. (a) STXM images of nickel distribution in a typical control RAW264.7 cell (top left), cell after incubation with CBs (top right), Ni2þ (bottom left), and CBs-Ni2þ mixture (bottom right) for 24 h. The range of quantities noted by the color bar is from 1.8  105 to 2.2  105 in (top
left), from 2.2  105 to 2.5  105 in (top right), from 2.7  105 to 7.8  105 in (bottom left) and from 1.5  105 to 2.0  104 in (bottom right). The scanning step was 50 nm. (b)
Intracellular Ni2þ concentration determined by ICP-OES. Data are represented as means ± SD. **p < 0.01, signiﬁcantly different from control; ##p < 0.01, signiﬁcantly different from
Ni2þ. (A colour version of this ﬁgure can be viewed online.)
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that combination effect is ‘synergistic’ [17,18].
Fluorescence-based LIVE assay was used to distinguish the live
cells. After exposure, the cells were washed thrice with PBS and
stained with calcein AM (Invitrogen, 2 mM, 10 min, Ex/Em: 494 nm/
517 nm). Excess calcein-AM was washed with PBS and all samples
were observed with the corresponding ﬁlters under a Leica
DMI3000 B ﬂuorescent microscope.
2.5. Inductively coupled plasma-optical emission spectrometer
(ICP-OES)
For adsorption experiments, each metal ion solution (500 mg/
mL) was mixed thoroughly with the CB solution (1 mg/mL) at a v/v
ratio of 1:1 for 2 h at 37  C. After centrifugation at 14,000 rpm for
20 min, the concentration of metal ions in the supernatant was
determined by ICP-OES (Optima 8000, PerkinElmer, America). The
amounts of metal ions adsorbed on the CBs were obtained by
subtraction.
For in vitro experiments, after treatment, RAW264.7 cells were
washed three times with PBS and then trypsinized, collected and
transferred to Enppendorf tubes. Aliquots of 100 mL were taken
from the each sample to determine the number of cells, and the
remainder of the cell suspensions was sonicated for 3e5 min. The
cell supernatant after sonication was digested for 12 h by 2% nitric
acid. For in vivo experiments, tissues including heart, liver, spleen,
lung and kidney were digested by HNO3 and H2O2 mixture (v/v
ratio is 7:1) at 180  C until the mixed solutions became colorless
and clear. The Ni concentration in all samples were analyzed by ICPOES.
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A RAW264.7 cell suspension (105 cells/mL) was dispensed into 24well plates and incubated overnight to allow for cell adherence to
the Si3N4 windows. After CBs (50 mg/mL), Ni2þ (10 mg/mL) and CBsNi2þ mixture treatment for 24 h, cells were ﬁxed with a few of 4%
paraformaldehyde in 0.1 M PBS, and then dehydrated in a graded
gradient ethanol series. The imaging condition and method is the
same as mentioned above.
Another synchrotron-based X-ray ﬂuorescence (XRF) microscopy was used to investigate in vivo fate of CBs-Ni2þ after intratracheal instillation. Optimal cutting temperature compound (oct)embedded lung sections were placed on Mylar X-ray ﬁlms and the
XRF microscopy was performed at the beamline BL15U1 of SSRF.
Incident x-rays energy of 10 keV, obtained with a Si (111) monochromator, was chosen in order to excite the K-lines of X-ray
ﬂuorescence of elements of Ni, Fe, Cu, Zn and Ca. A light microscope
was coupled to a computer for sample viewing and the sample
platform was moved by a motorized X-ray mapping stage. A
Kirkpatrick-Baez mirror system focused the x-ray beam to a spot
size of 150  150 mm on the specimen, which was raster-scanned.
XRF from the specimen was captured with an energy dispersive
silicon drift detector (Vortex, USA). From the analysis of the X-ray
ﬂuorescence spectrum for each pixel, a spatial image can be obtained for each element separately. Such an image represents a
two-dimensional projection of the volumetric distribution of the
elements. The vertical and horizontal pixel size was 150 mm each.
Data collection time for each pixel was 2 s and ﬁtting of the ﬂuorescence data has been performed in batch processing using the
PyMca 4.0.9 software [21].

2.6. Intratracheal instillation

2.8. Western blotting analysis

Here we developed a rapid, non-surgical, and efﬁcient intratracheal instillation method (Fig. S11). Brieﬂy, anesthetized mice
were hung on the board by catching their incisors with silk. After
pulling out their tongues, open transmission light source to align
their necks. Adjust optimum tilt angle until the glottidis rimae of
mice can be clearly seen. Then, carefully insert the vein detained
needle with trimmed needle head into trachea via glottidis rimae
and instill precise volumes of particulate suspension into mouse
lungs, which allowing minimal damage to tracheas compared to
conventional intratracheal instillation method [19].

For in vitro experiments, after treatment, RAW264.7 cells were
harvested by SDS-loading sample buffer. Protein samples were
analyzed by 10% or 15% SDS-PAGE (as appropriate) and blotted to
PVDF membranes. The blots were blocked for 30 min using 6%
nonfat milk in PBST (PBS containing 0.1% Tween 20) buffer and then
incubated overnight at 4  C with the primary antibodies as
required: anti-LC3B (1:1000 dilution, Novus), p62 (1:1000 dilution,
Abcam), Lamp2 (1:1000 dilution, Abcam) or GAPDH (1:1000 dilution, Abcam). After extensive washing, the blots were probed with a
goat anti-rabbit horseradish peroxidase-conjugated antibody
(1:10000 dilution, KPL) for 1 h. The blots were then developed by
incubation with chemiluminescence (ECL) plus and exposed to Xray ﬁlm. The densities of all bands were quantiﬁed with a computer
densitometer (AlphaImagerTM 2200 System Alpha Innotech Corporation, San Leandro, GBBOX-chemi-XL1.4). The expression of
GAPDH was used as the protein loading control.
For in vivo experiments, lung tissues excised from mice after
treatment were minced, and homogenized in protein lysate buffer.
Debris was removed by centrifugation, and the levels of LC3-II,
Lamp2 and GAPDH in lysates were measured by the same method
as above.

2.7. Synchrotron-based X-ray microscopy
To investigate the CBs-Ni2þ interaction by synchrotron-based
scanning transmission X-ray microscopy (STXM), CBs solution
(50 mg/mL) was mixed thoroughly with Ni2þ solution (10 mg/mL) for
2 h at 37  C. After centrifugation at 13000 rpm for 20 min, the
resultant CBs-Ni2þ complexes were resuspended in MilliQ water
and dropped directly onto Si3N4 window (100 nm thickness) that
was installed on the sample holder of the STXM device. After excess
water had evaporated, the ratio-contrast imaging of dual-energy
absorption for sodium mapping were performed at the beamline
BL08U1 of Shanghai Synchrotron Radiation Facility (SSRF). A Fresnel zone plate focuses mono-energetic X-rays provided by SX700
monochromator and the focal beam point is 30 nm in diameter.
Two photon energies were chosen, E1 ¼ 853 eV and E2 ¼ 850 eV,
which are just above and below the absorption edge of nickle, to
scan the sample pixel by pixel. A K-edge division method [20] was
applied to obtain the overlay of absorption-contrast images of CBs
aggregates and nickle distribution images.
Subsequent cell internalization fate of CBs-Ni2þ was also
investigated by STXM techniques. Here the Si3N4 windows were
previously put into 24-well plates and sterilized by ultraviolet rays.

2.9. Immunostaining
After treatment, RAW264.7 cells were ﬁxed using 4% paraformaldehyde in PBS for 20 min at room temperature, washed
twice in PBS, and blocked for 45 min at room temperature in PBS
containing 6% BSA and 0.25% Triton X-100. Cells were then stained
with rabbit anti-LC3B antibody (1:200 dilution, Novus) and FITClabeled secondary antibody (1:2000 dilution, KPL). The stained
cells were visualized under a laser confocal microscope (Leica TCS
SP5).
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Fig. 5. General experimental design. (A colour version of this ﬁgure can be viewed online.)

2.10. Transmission electron microscopy (TEM)

2.14. Histopathological analysis of lung tissues

For in vitro experiments, after treatment, RAW264.7 cells were
washed twice with PBS, and preﬁxed with a few of 2.5% glutaraldehyde in 0.1 M PBS. Then, the cells were collected using a cell
scraper and centrifuged at 2000 rpm for 10 min. Cell aggregates
were ﬁxed in 2.5% glutaraldehyde for at least 2 h. Following a
further wash with PBS, the cells were then dehydrated in a graded
gradient ethanol series and embedded in Epon618. For in vivo experiments, lung tissue bits excised from mice were immediately
ﬁxed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB) and
stored at 4  C until embedding. Ultrathin sections of the embedded
cells and lung tissues were examined by TEM (JEM-1230, JEOL,
Japan).

Parafﬁn-embedded lung sections of mice were stained with
hematoxylin-eosin and examined by optical microscopy. The
pathologist performing the visual analysis was blind to the
grouping of mice.

2.11. Acridine orange (AO) relocation assay

All results are expressed as the mean ± standard deviation from
triplicate experiments performed in a parallel manner unless
otherwise indicated. Statistical signiﬁcance of the data was determined by t-tests or one-way analysis of variance (ANOVA) using
SPSS 11.5. * equals P < 0.05; ** equals P < 0.01.

Lysosomal stability was assessed by the AO-relocation method.
After exposure, the cells were washed thrice with PBS and stained
with AO (Sigma, 5 mg/mL, 15 min, Ex/Em: 488 nm/505-570 nm and
488 nm/615-754 nm) [22]. Excess AO was washed with PBS and all
samples were observed with the corresponding ﬁlters under a laser
confocal microscope (Leica TCS SP8).

2.15. Coefﬁcients of lung tissues
After weighing the body and tissues, the coefﬁcients of lung to
body weight were calculated as the ratio of tissues (wet weight,
mg) to body weight (g).
2.16. Statistical analysis

3. Results and discussion
3.1. Cytotoxicity for carbon black-metal ions co-exposure

2.12. Pulmonary lavage and biomedical analysis
The BAL was performed by cannulating the trachea and infusing
lungs two times with 2 mL physiological saline (37  C). The BAL
ﬂuid was centrifuged and various biomedical indexes including
lactate dehydrogenase (LDH), alkaline phosphatase (ALP) and acid
phosphatase (ACP) in their supernatant were determined according
to the detection kits (Nanjing Jiancheng Bioengineering Institute,
China). The results were expressed as IU/L.
2.13. Elisa analysis
The level of interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) in serum and BALF was determined by enzyme-linked
immunosorbent assay (ELISA) using antibody pairs speciﬁc to
these cytokines (eBioscience, antimouse IL-6 pair, Cat. Nos. 14-7061
and 13-7062; antimouse TNF-a pair, Cat. Nos. 14-7325 and 137326), following protocols recommended by the manufacturer. The
level of interleukin-12 (IL-12) in serum and BALF was determined
by Murine IL-12 Mini ELISA Development Kit (Pepro Teth).

The ﬁrst line of defence in the lung are alveolar macrophages,
which phagocytize particles when inhaled [23,24]. In this work, we
choose a phagocytic cell line (RAW 264.7), which is representative
of a lung target for inhaled PM [25,26], as a main in vitro research
model. First, we evaluated the cytotoxicity of CBs-metal ion coexposure by the MTT assay. We found that CBs with individual
size of 14 nm (cluster size of 95 nm, Table S1, Fig. S1) showed no
obvious toxicity to cells (Fig. 2a), however, CBs-metal ions coexposure improved the metal ions induced cytotoxicity with
different extent (Fig. 2a) and IC 50 values of Ni2þ, Cu2þ, Cd2þ and
Cr3þ decreased by approximately 50%, 10%, 18% and 6%, respectively
(Fig. 2b). Fluorescence-based LIVE assays (Fig. S2) and combination
index analysis by CompuSyn also conﬁrmed this effect (Fig. 2c).
Further, we investigated the CBs-metal ions interaction. Results
showed that the adsorption amounts of CBs for different ions were
also different, and the adsorption for Ni2þ was the most strong
among divalent metal ions (Fig. S3), which probably responsible for
its most signiﬁcant synergetic effect. It is interesting to note that in
the case of CBs with larger particle size (LCBs, individual size of
51 nm and cluster size of 159 nm, Table S1, Fig. S1), the synergistic

Fig. 4. Interactions between CBs and Ni2þ induced cell autophagy and lysosomal dysfunction. (a) Representative immunoblots of autophagy and lysosomal function related proteins
LC3-II, Lamp2, and their quantiﬁcation (n ¼ 3) in CBs, Ni2þ or CBs-Ni2þ mixture treated cells. Left: after 24 h exposure; Right: after 12e24 h exposure. *p < 0.05, **p < 0.01,
signiﬁcantly different from control; ##p < 0.01, signiﬁcantly different from CBs-Ni2þ. (b) Immunostaining of LC3-II in CBs, Ni2þ or CBs-Ni2þ mixture treated cells. (c) TEM images of
CBs, Ni2þ or CBs-Ni2þ mixture treated cells. The bottom panel is high-magniﬁcation images of the indicated portion. Typical structures of autophagosomes containing CB clusters
induced by CBs and autophagosomes induced by Ni2þ are indicated with white or black arrows, respectively. Lysosomes containing CB-ion clusters are indicated with red arrows.
Disruption of the lysosomal membranes is indicated with blue arrows in high-magniﬁcation images. (A colour version of this ﬁgure can be viewed online.)
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Fig. 7. Interactions between CBs and Ni2þ determine their in vivo fate. C57BL6 mice were instilled with NS (100 mL), CBs (20 mg), Ni2þ (4 mg) or CBs-Ni2þ mixture (n ¼ 6). (a) Ni
concentration in the major organs of mice at 1 and 7 d post-instillation determined by ICP-OES. Data are represented as means ± SD. **p < 0.01, signiﬁcantly different from NS;
##
p < 0.01, signiﬁcantly different from Ni2þ. (b) XRF images of nickel distribution in lung tissues of mice at 1 and 7 d post-instillation. Each X-ray ﬂuorescence image (right) is paired
with its respective histological image (left). (c) XRF images of Fe, Cu, Zn, and Ca distribution in lung tissues of mice at 1 and 7 d post-instillation. (A colour version of this ﬁgure can
be viewed online.)

Fig. 6. Synergistic pulmonary toxicity of carbon black-metal ions co-exposure. C57BL6 mice were instilled with NS (100 mL), CBs (20 mg), Ni2þ (4 mg) or CBs-Ni2þ mixture. (a, b)
Analysis of (a) biochemical parameters in BALF (n ¼ 8) and (b) serum and BALF cytokines in mice at 1 and 7 d post-instillation (n ¼ 6). Data are represented as means ± SD.
**p < 0.01, signiﬁcantly different from normal; #p < 0.05, ##p < 0.01, signiﬁcantly different from Ni2þ; &p < 0.05, &&p < 0.01, signiﬁcantly different from 1 d. (c) Hematoxylin and
eosin (H&E) histopathological sections of lung tissues were analyzed at 1 and 7 d post-instillation (n ¼ 3). Insets are morphological observation of the lungs from mice after
corresponding treatment. (A colour version of this ﬁgure can be viewed online.)
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Fig. 8. Interactions between CBs and Ni2þ induced autophagy and lysosomal dysfunction in lung tissues. C57BL6 mice were instilled with NS (100 mL), CBs (20 mg), Ni2þ (4 mg) or
CBs-Ni2þ mixture. (a, b) Representative immunoblots of autophagy and lysosomal function related proteins LC3-II, Lamp2, and their quantiﬁcation (n ¼ 3) in lung tissues of mice at
(a) 1 and (b) 7 d post-instillation. **p < 0.01, signiﬁcantly different from NS; #p < 0.05, ##p < 0.01, signiﬁcantly different from CBs-Ni2þ. (c) TEM images of lung tissue sections of mice
at 7 d post-instillation. The bottom panel is high-magniﬁcation images of the indicated portion. Typical structures of autophagesomes containing CB clusters induced by CBs and
autophagosomes induced by Ni2þ are indicated with white or black arrows, respectively. Lysosomes containing CB-ion clusters are indicated with red arrows. Disruption of the
lysosomal membranes is indicated with blue arrows in high-magniﬁcation images. (A colour version of this ﬁgure can be viewed online.)

cytotoxic effect of metal ions and CBs was much poorer (Fig. S4),
conﬁrming large particles executed toxicity proﬁles that were
different from those of small particles. This synergistic cytotoxic
effect of metal ions and different sized CBs was again conﬁrmed
when cell viability assessments were performed for human lung
bronchial epithelial cells (BEAS-2B) (Fig. S5), which is another
biological target of inhaled PM [27].
3.2. CBs-metal ions interaction induced cell autophagy and
lysosomal dysfunction
Since the CBs-Ni2þ co-exposure leads to most notably

synergistic cytotoxic effect, a detailed investigation of CBs-Ni2þ
interaction and its toxicity mechanism is of great interest. 10 mg/mL
Ni2þ with low cytotoxicity was chosen for the succedent observations. Synchrotron-based scanning transmission X-ray microscopy
(STXM) was used to investigate the CBs-Ni2þ interaction and subsequent internalization fate. From STXM images, we could see that
after incubation with Ni2þ for 2 h, extensive nickel ions were loaded
onto CBs and the size of CB clusters signiﬁcantly increased (Fig. S6
and Table S1). Next, RAW264.7 cells were exposed to CBs-Ni2þ
mixture or free Ni2þ for 24 h, we observed a signiﬁcant increase in
the intracellular Ni2þ concentration after addition of CBs (Fig. 3a
and Fig. S7). Additionally, for the CBs-Ni2þ co-exposure groups,
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Ni2þ inside the cells were mainly attached to CBs, illustrating that
Ni2þ entered the cells in the form of CBs-Ni2þ complexes (Fig. 3a).
Inductively coupled plasma-optical emission spectrometer (ICPOES) was used to quantitatively measure the difference in intracellular Ni2þ concentration. The amount of intracellular Ni2þ was
28.9 ± 1.0 ng after CBs-Ni2þ co-exposure, whereas that was only
11.4 ± 0.4 ng after Ni2þ exposure alone (Fig. 3b). All these data
demonstrated that large amounts of Ni2þ could be adsorbed and
delivered into cells by CBs.
Multiple nanoparticles have been demonstrated to induce
autophagy [28]. During autophagy, biochemical analysis of the
conversion of non-lipidated form of LC3, LC3-I to the
autophagosome-membrane-associated lapidated form, LC3-II and
microscopic analysis of the formation of LC3 punctate structures
are widely used to monitor autophagosome formation [29e31].
Here, by western blot analysis, we found the ratio of LC3-II/LC3-I
was signiﬁcantly increased in either CBs or Ni2þ treated
RAW264.7 cells (Fig. 4a), confocal microscopic studies with immunostaining further indicated that either CBs or Ni2þ could induce
accumulation of LC3-positive dots formation in cells (Fig. 4b). In
combination with degradation of the autophagy substrate protein
p62 [31,32] (Fig. S8), we conclude that CBs or Ni2þ alone induced
cell autophagy. For CBs-Ni2þ co-treated cells, western blot analysis
indicated that the ratio of LC3-II/LC3-I increased during the ﬁrst
16 h and decreased afterwards. Immunostaining outcomes of LC3-II
over time induced by CBs-Ni2þ are compatible with these
biochemical evidences (Fig. S9), suggesting that CBs-Ni2þ coexposure resulting in possible dysfunction of the autophagy
pathway. In general, autophagy dysfunction also shows evidence of
lysosomal dysfunction [33], we thus determined the level of
lysosome-associated membrane protein2 (Lamp2), which is crucial
for the maturation of autophagosomes by fusion with lysosomes as
well as the regulation of lysosomal membrane permeabilization
(LMP) [22,34,35]. By western blot analysis, we indeed observed the
expression of Lamp2 decreased with the increasing incubation
time, while after 24 h incubation, Ni2þ or CBs alone had minimal or
nearly no effect on Lamp2 degradation in cells (Fig. 4a). Meanwhile,
a transmission electron microscopy (TEM) study revealed that cells
treated with CBs or Ni2þ contained autophagesomes, while cells
treated with CBs-Ni2þ mixture did not contain autophagesomes but
instead contained lysosomes containing CB-ion clusters (Fig. 4c).
Moreover, after co-exposure, we found obvious disruption of the
lysosomal membranes inside cells (Fig. 4c, high-magniﬁcation images). In combination with acridine orange (AO) relocation assay
(Fig. S10) and the Lamp2 expression analysis, we conclude that
excessive metal ions delivered into cells by CBs leads to autophagy
and lysosomal dysfunction, which led to autophagosome accumulation at ﬁrst, and subsequently more lysosomal dysfunction and
lysosomal membrane disruption probably resulted in release of
lysosomal enzymes into the cytoplasm and then decreased the
autophagosome number. This autophagy and lysosomal dysfunction related mechanism may be a new insight into understanding
the mechanism of synergistic cytotoxic effect of CB-metal ion coexposure.
3.3. Synergistic pulmonary toxicity of carbon black-metal ion coexposure
Considering the potential threat to human beings posed by
particulate pollution during haze events, the C57BL6 mice were
treated with CB-metal ion mixture to investigate its acute pulmonary toxicity by using an improved rapid intratracheal instillation
method (details see method section and Fig. S6 in Supporting Information). Previous reports showed that 25 mg CBs showed minimal pulmonary toxicity to mice [36,37], in order to better assess
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the synergistic effect of co-instillation, we chose 20 mg CBs and 4 mg
Ni2þ with few pulmonary toxicity [36e38] for the following experiments. Here, the weight ratio of CBs to Ni2þ was consistent with
that in cell experiments. We performed assays of biomedical indexes in bronchoalveolar lavage (BAL) ﬂuid, inﬂammatory mediators in serum and BAL ﬂuid (BALF), and pathological lesions in lung
tissues to evaluate the acute pulmonary responses induced by CBsNi2þ co-instillation (Fig. 5). At 1 and 7 d post-instillation, we found
that there were no signiﬁcant differences of BALF biomedical indexes, including lactate dehydrogenase (LDH), alkaline phosphatase (ALP) and acid phosphatase (ACP) activity in either CBs or Ni2þ
treated groups compared to that in normal groups (Fig. 6a), while
the level of these BALF biomedical indexes were signiﬁcantly
increased in CBs-Ni2þ mixture treated groups, suggesting obvious
lung cell toxicity [39]. Similarly, at both timepoints postinstillation, CBs-Ni2þ co-instillation signiﬁcantly increased the
selected inﬂammatory mediators including cytokines interleukin-6
(IL-6), interleukin-12 (IL-12), and tumor necrosis factor-alpha (TNFa) production in serum and BALF compared to that in normal
groups, while either CBs or Ni2þ had nearly no effects on cytokine
secretion in serum and BALF (Fig. 6b). In addition, neutrophil
inﬁltration and alveolar septa thickening of lung tissue histopathological images, black discoloration of lung tissue morphological
images and increase in lung tissue coefﬁcients after co-instillation
further conﬁrmed the synergistic pulmonary toxic effect of metal
ions and CBs (Fig. 6c and Fig. S12). It is worthy to note that there
were no obvious differences in BALF biomedical indexes, serum and
BALF inﬂammatory mediators level, and lung histopathological
appearance in normal saline (NS) treated groups compared to that
in normal groups (Fig. 6a,b, Fig. S13a). Thus, combing CB cluster
aggregations on inner wall of bronchi in CBs or CBs-Ni2þ mixture
treated groups shown in histopathology images (Fig. S13b in Supporting Information), we consider that the non-surgical intratracheal instillation method used in this work is safe and efﬁcient.
3.4. CBs-metal ions interaction induced autophagy and lysosomal
dysfunction in lung tissues
To investigate whether the synergistic pulmonary toxic effect of
CB-metal ion co-instillation was due to CBs-metal ions interaction
or not, the concentration of metal ions in multiple tissues was
monitored. At 1 and 7 d post-instillation, by ICP-OES analysis, we
found that Ni was mainly accumulated in the lung tissues, and the
Ni concentration of lung in CBs-Ni2þ co-instillation groups was
signiﬁcantly higher than that in Ni2þ exposure groups (Fig. 7a).
Synchrotron-based X-ray ﬂuorescence (XRF) microscopy further
conﬁrmed the increased Ni concentration in lung tissues after coinstillation (Fig. 7b), suggesting that the excessive Ni2þ could be
delivered into lung tissues through CBs-metal ions interaction. In
addition to Ni, the natural distribution of other elements including
Fe, Cu, Zn and Ca in lung tissues, which are essential for living organisms and exhibit important biological signiﬁcance [40,41], were
observed. XRF images showed that at 1 and 7 d after co-instillation,
there was an obvious increase in concentration of Ca elements in
lungs compared to that in normal lungs (Fig. 7c), which probably
due to CBs-Ni2þ co-instillation induced pulmonary toxicity [41]. It
should be noted that although the majority of Ni was cleared from
lung tissues at 7 d after instillation (Fig. 7a and b), the Ca level in
lung at 7 d post-instillation was much higher than that in lung at
1 d post-instillation (Fig. 7c). Combing with BALF biomedical indexes, serum and BALF cytokine level analysis as well as morphological observation and histopathological evaluation of lung tissues
after 1 and 7 d post-instillation (Fig. 6), we conclude that CBs-Ni2þ
co-exposure induced acute lung injury was progressive.
Since autophagy and lysosomal dysfunction are correlated with
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synergistic cytotoxic effect of metal ions and CBs (Fig. 4), we then
assessed whether CBs-Ni2þ co-instillation would led to detrimental
effects on the autophagy and lysosomal pathways in lung tissues or
not. Western blot analysis indicated that at 1 and 7 d postinstillation, CBs-Ni2þ co-instillation indeed decreased the expression of LC3-II in lung tissues induced by CBs or Ni2þ (Fig. 8a and b).
More signiﬁcantly, we noticed that CBs-Ni2þ co-instillation led to
notably degradation of Lamp2, while Ni2þ or CBs alone had no effect on the expression of Lamp2 in lung tissues (Fig. 8a and b). In
addition, the Lamp2 degradation in lung tissues at 7 d post coinstillation was more severe than that at 1 d post co-instillation
(Fig. 8a and b), further conﬁrming the progress of co-instillation
induced acute lung injury. By TEM analysis of the lung tissue sections, we inspected the autophagesome formation and morphological change of lysosome in lung cells, especially in alveolar
macrophages (AM), the ﬁrst line of defence in the lung of all species
[42]. As shown in Fig. 8c, at 7 d post-instillation, either CBs or Ni2þ
instillation led to the formation of autophagesomes, while in the
case of CBs-Ni2þ co-instillation, we did not observe autophagesomes but instead observed lysosomes containing sub-micro CBion clusters as well as disruption of the lysosomal membranes
(Fig. 8c). All of these in vivo data are compatible with the in vitro
evidences, demonstrating that autophagy and lysosomal dysfunction are accounted for the synergistic toxicity of CBs-metal ion coexposure.
Particle surface chemistry represents an important factor for
biological and toxicological effects in vitro and in vivo [43,44].
Similar to CBs, it is reasonable to believe that PM 2.5, with large
speciﬁc surface area, can act as vehicles for metals, leading to lung
damage when it comes in contact with AM. In fact, in the work of
Nikula et al., they indeed found that PM 2.5 were more toxic than
CBs [45]. Here, our work demonstrated that the anthropogenic
metal contaminants adsorbed on nanoparticles contributed to the
observed toxic effects. Certainly, other surface contaminants such
as organic compounds and sulphate and nitrate [46] are also
involved in ﬁne particle toxicity, too. Understanding of all of these
interactions are very useful for mitigating the adverse health effect
of ﬁne particles, especially PM 2.5, and should be further
investigated.
4. Conclusion
In this work, we used carbon black nanoparticles (CBs) and
metals as model materials to investigate the ﬁne particle toxicity
mechanism in vitro and in vivo. Results showed that co-exposure to
CBs and metals caused a synergistic toxic effect that was signiﬁcantly greater than the additive effects of exposures to either CBs or
metals alone. This synergistic effect is due to CBs-metal ions
interaction. More importantly, we found that co-exposure to CBs
and metal ions led to autophagy and lysosomal dysfunction, which
accounted for the synergistic toxic effect of them. Our ﬁndings
provide a new insight into understanding the toxicological and
healthy effects of ﬁne particles, which have potential to aid in
developing pharmaceutical agents that target autophagy to
decrease ﬁne particle related respiratory infections and
inﬂammation.
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