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ABSTRACT: Biochars are widely used as soil amendments and are
major sources of agricultural dusts. Inhalation of biochar fine
particles can increase the exposure of respiratory systems to
mutagenic and carcinogenic polycyclic aromatic hydrocarbons
(PAHs) that are bound to the materials during pyrolysis of biomass,
but the specific mechanisms are elusive. Here, we show that biochar
fine particles enhance the intracellular transfer of benzo(a)pyrene (a
model PAH) into the J774A.1 macrophage via the “Trojan-horse”
mechanism; i.e., the endocytosed benzo(a)pyrene-bearing particles
act as a vector to deliver benzo(a)pyrene into the cells. Notably,
biochar particles are found to serve as a reservoir that continuously
releases benzo(a)pyrene into the lung fluids. Thus, benzo(a)pyrene
bound to biochar is available to the neighboring cells such as lung
epithelial cells (tested with A549 cells), even without apparent endocytosis. The aryl hydrocarbon receptor activation tests and in
vitro bioaccessibility assays further corroborate these findings, in that benzo(a)pyrene carried into the lungs by biochar fine particles
is still toxic to lung cells, and the cytotoxicity can be predicted based on the bioaccessibility in lung liquids. This work unearths the
cell-specific risk pathways via which biochar fine particles break respiratory defense systems by serving as both contaminant vector
and reservoir.

■ INTRODUCTION

Agricultural dusts are the largest contributor to airborne
particulates in intensively farmed regions and have long been
recognized as an occupational health hazard for farmers by
posing risks to respiratory systems.1 Commercial biochars,
which have been widely used as soil amendments, are major
sources of agricultural dusts.2,3 Natural wind erosion and
farming operations, particularly tillage, can significantly
accelerate the release of biochar fine particles into the air.1,4

Biochar materials often contain polycyclic aromatic hydro-
carbons (PAHs), which are bound to the materials during
pyrolysis of biomass.5,6 Additionally, biochar materials can
accumulate various contaminants when used as soil amend-
ments or sorbents in agricultural and environmental applica-
tions.7−9 Thus, inhalation of biochar fine particles may increase
human uptake of these toxic contaminants, leading to mutagenic
and carcinogenic effects.10−12

To date, the mechanisms via which biochar fine particles
mediate exposure and cellular uptake of PAHs in respiratory
systems have not been directly studied. While several previous
studies showed that other airborne carbonaceous particles may
enhance the uptake of PAHs, only lung epithelial cells were
tested, and the proposed mechanisms are inconsistent. For
example, in a study carried out using butadiene soot, it was

reported that PAHs were transferrable from the particles to the
cytosols and could further accumulate in lipid vesicles of a
human bronchial epithelial cell line (BEAS-2B), even though
there was no evidence that particles passed into the cells.13 In
another study, however, it was speculated that wood smoke
particles might increase uptake of PAHs to A549 lung epithelial
cells by serving as a vehicle via the “Trojan-horse”mechanism.14

Note that due to their functional differences, airway epithelial
cells and alveolar macrophages, which serve as the first line of
host innate immune defense against airborne environmental
hazards,15 likely will respond to the stress of PAH-bearing
particles via different mechanisms, leading to different
particles−cells interaction modes and cytotoxicity.
The overall objective of this study was to unravel the specific

mechanisms via which biochar fine particles enhance uptake of
PAHs by the phagocytic macrophages vs nonphagocytic
epithelial cells. A biochar sample was prepared using corn
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straw, one of the most common feed stocks of biochar materials.
The biochar fine particles were loaded with benzo(a)pyrene, a
highly carcinogenic PAH commonly detected in biochars.8,16

The cellular uptake of benzo(a)pyrene was examined using a
lung macrophage cell line (J774A.1) and a lung epithelial cell
line (A549). The toxicity of benzo(a)pyrene was examined by
investigating aryl hydrocarbon receptor (AHR) activation in a
sensitive recombinant epithelial cell line (CBG2.8D).17

Bioaccessibility assays in vitro, using simulated lung fluids and
culture medium, were carried out to estimate the bioaccessible
fractions of biochar-bound benzo(a)pyrene.

■ MATERIALS AND METHODS

Preparation and Characterization of Biochar Fine
Particles. The biochar was produced from corn straw, and
benzo(a)pyrene was loaded to biochar fine particles following a
commonly adopted method.18−20 The detailed sample prepara-
tion and characterization methods are given in the Supporting
Information (SI). Three biochar samples with different
benzo(a)pyrene loadings (9.94 ± 0.26, 49.9 ± 1.2, and 101 ±
3 μg/g, respectively) were prepared and are referred to as B10,
B50, and B100 hereafter.
Cellular Uptake Assays. The J774A.1 and A549 cell lines

were purchased from the Shanghai Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. To observe the
intracellular uptake of biochar fine particles, after co-incubating
the cells with biochar fine particles (the rationale for selecting

the doses of biochar, 5−100 mg/L, is described in the SI) for 24
h, the cells were collected and fixed with 2.5% glutaraldehyde
solution and then embedded in epoxy resin. Then, ultrathin
sections of the embedded cells were examined by transmission
electron microscopy (TEM) (Hitachi Scientific Instruments,
Tokyo, Japan). To quantify cellular uptake of benzo(a)pyrene,
the cells co-incubated with benzo(a)pyrene alone or benzo(a)-
pyrene-bearing biochar for 24 h were collected and washed
gently with phosphate-buffered saline (PBS) three times and
then digested using 100 μL of cell lysis buffer (Beyotime,
Shanghai, China) for 15 min. The concentrations of benzo(a)-
pyrene were determined using a liquid scintillation counter
(LS6500, Beckman Coulter, Fullerton, CA, USA), and
concentrations of proteins were determined using a bicincho-
ninic acid protein assay kit (Beyotime, Shanghai, China).21

Cellular uptake of benzo(a)pyrene was reported as μg of
benzo(a)pyrene per g of total cell protein. Quality control
experiments showed that the presence of cell lysis buffer in the
scintillation cocktail had negligible influence on 14C counting.

Cytotoxicity Tests. The cytotoxicity of benzo(a)pyrene-
bearing biochar fine particles was examined with the AHR
activation test using a sensitive recombinant mouse hepatoma
cell line CBG2.8D, following the protocols of Zhang et al.17 The
detailed procedures are described in the SI.

Bioaccessibility Assays and Desorption Kinetics
Experiments. Bioaccessibility of biochar-bound benzo(a)-
pyrene was evaluated in vitro using a cell culture medium,

Figure 1. Transmission electron microscopy (TEM) images of macrophage J774A.1 and epithelial A549 cells after exposure to biochar fine particles
without or with loaded benzo(a)pyrene, showing that biochar particles are internalized into J774A.1 cells but not A549 cells. Red arrows denote
biochar fine particles. PB, B0, B10, and B100 represent pristine biochar, the biochar sample undergone the same contaminant-loading process but in
the absence of benzo(a)pyrene, and the biochar samples loaded with 10 and 100 μg/g benzo(a)pyrene, respectively.
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simulated epithelial lung fluid (SELF),22 and artificial lysosomal
fluid (ALF)20 with 0.05 g/L of acid phosphatase (an hydrolase
marker). The detailed procedures are given in the SI.
Bioaccessibility was calculated as the percentage of the leachable
amount of benzo(a)pyrene relative to the total content in the
biochar fine particles after a 24-h incubation.23,24 Desorption
kinetics experiments in SELF and ALFwere also carried out (see
the SI for detailed procedures).
Statistical Analysis. Significant differences were deter-

mined by one-way analysis of variance (ANOVA) using SPSS
software (IBM Corporation, Armonk, NY, USA).

■ RESULTS AND DISCUSSION

Characteristics of Biochar Fine Particles. The SEM
images (Figure S1a) show that the biochar sample exhibited
plate-like morphology. The particle sizes covered a wide range,
from 0.04 to 6.99 μm, with an arithmetic mean of 1.33 μm
(Figure S1b). Of note, a majority of the particles were below 4
μm and, thus, could easily enter the alveolar region or deep
lung.22 The biochar sample had a moderate specific surface area
of 33 m2/g, which was comparable to those reported in the
literature.25,26 Pores of different sizes were visible on the carbon
skeletons of the particles (Figure S1a), and the measured
micropore volume was 0.00968 cm3/g. This feature indicates
that the biochar sample could serve as an efficient adsorbent for
PAHs.7,27 The biochar samples bearing different amounts of
benzo(a)pyrene were negatively charged in the culture medium,
with similar ζ-potential values (−23.0± 0.3 to−24.2± 0.8mV).
No apparent aggregation of the particles was observed, as
evidenced by the measured hydrodynamic diameter (1.30 ±
0.03 to 1.36 ± 0.07 μm) and the TEM images (Figure S2).
Biochar Fine Particles Are an Effective Vessel of

Benzo(a)pyrene Due to Strong Adsorption. Clearly, a
large fraction of the preloaded benzo(a)pyrene remained with
the biochar fine particles in the culture medium, as evidenced by
the small extents of benzo(a)pyrene release (6.1%−10%) from
the biochar fine particles into the culture medium upon 24 h of
incubation (Figure S3a). (The extent of release was a function of
biochar concentration; see the SI for detailed discussion.) This

would allow the transfer of the adsorbed benzo(a)pyrene into
the cells, when biochar particles are phagocytized (see more
discussion later). Similarly, only 4.4%−12% of biochar-bound
benzo(a)pyrene was released in SELF (Figure S3b), indicating
that a large portion of benzo(a)pyrene would retain with the
biochar fine particles in the lung fluid environment for a
prolonged period of time. It has been reported that biochars
exhibit strong affinity for PAHs,7,27 through the combined
mechanisms of the hydrophobic effects, π−π interaction, and
pore filling (i.e., adsorption of PAH molecules in the
(micro)pores of biochar particles).28,29 Moreover, adsorption
in the pores can result in physical entrapment of PAHmolecules,
leading to desorption hysteresis,20 even in the presence of
enzymes and surfactants of lung fluid.

Biochar Fine Particles Enhance Contaminant Transfer
into Macrophages via the “Trojan-Horse” Mechanism.
The TEM images of the macrophage J774A.1 cells following co-
incubation with biochar fine particles (either benzo(a)pyrene-
free or benzo(a)pyrene-bearing particles) clearly show that
biochar particles were internalized into J774A.1 cells (Figure
1a). This internalization of biochar particles significantly
facilitated the transfer of benzo(a)pyrene from the culture
medium into macrophages (p < 0.05, Figure 2a). For example, at
a total benzo(a)pyrene exposure dose of 5 μg/L (expressed as
the total amount of benzo(a)pyrene per L of culture medium),
the cellular uptake of benzo(a)pyrene was 85.7 ± 6.2 μg/g-
protein in the absence of biochar but reached 214 ± 21 μg/g-
protein in the presence of 100 μg/mL of biochar. Additionally, at
any given exposure dose of benzo(a)pyrene, greater uptake was
observed at higher biochar concentrations (p < 0.05, Figure 2a),
indicating that the enhanced benzo(a)pyrene uptake by biochar
fine particles was probably due to the “Trojan-horse” effect; i.e.,
benzo(a)pyrene-bearing biochar particles were internalized by
macrophages during the phagocytosis process.30,31 The highly
hydrophobic benzo(a)pyrene has very low aqueous solubility.
Thus, in the absence of biochar (i.e., the carrier), the
concentration of benzo(a)pyrene near the surface of a plasma
membrane would be low. Moreover, diffusion of molecular
benzo(a)pyrene across the membrane is difficult, as the outside
of the phospholipid bilayer (the basic cytoskeleton of plasma

Figure 2. Cellular uptake of benzo(a)pyrene after 24-h incubation, showing that the effect of biochar on benzo(a)pyrene uptake is cell specific. (a)
Binding to biochar enhanced cellular uptake of benzo(a)pyrene into J774A.1, a model macrophage. (b) Biochar-bound benzo(a)pyrene was available
for cellular uptake by A549, amodel epithelial cell line. Exposure dose is reported as μg of total amount of benzo(a)pyrene per L of culturemedium, and
intracellular concentration of benzo(a)pyrene is normalized as μg of benzo(a)pyrene per g of total cell protein. Error bars represent standard deviations
of triplicates. Different letters denote a significant difference at a given exposure dose of benzo(a)pyrene (0.25, 0.50, 2.50, or 5.00 μg/L) (p < 0.05). BaP
is the acronym of benzo(a)pyrene.
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membrane) is mostly hydrophilic, exhibiting low affinity toward
highly hydrophobic molecules.32,33 By contrast, cellular uptake
of biochar particles can readily occur through endocytosis
(Figure 1a), especially for phagocytes (e.g., macrophages).
Thus, when bound to biochar, benzo(a)pyrene can be
transferred into the cells more easily due to particle endocytosis.
Inside the cells, these benzo(a)pyrene-bearing particles can
serve as a long-term source for benzo(a)pyrene by slowly
releasing the compound,34,35 as demonstrated by the desorption
kinetics of benzo(a)pyrene in ALF (Figure 3a), thereby exerting
prolonged stress to the cells.36,37

Biochar Fine Particles Increase Exposure of Benzo(a)-
pyrene to Epithelial Cells by Serving as a Reservoir in
Lung Fluids. The above-mentioned “Trojan-horse” effect was
not a viable mechanism for nonphagocytic epithelial A549, in
that no apparent internalization of biochar fine particles into the
cells or attachment on plasma membrane was observed (Figure
1b). Consequently, a statistically lower uptake potential by A549
cells was observed for biochar-bound benzo(a)pyrene than for
benzo(a)pyrene directly added to the culture medium (p < 0.05,
Figure 2b), because only a small fraction of biochar-bound
benzo(a)pyrene can be released into the culture medium
(Figure S3a). Nonetheless, it is important to note that
benzo(a)pyrene bound to biochar was still available for cellular
uptake by epithelial cells, as evidenced by the considerable
accumulation of benzo(a)pyrene by A549 cells in the presence
of biochar (Figure 2b). This has important implication: it shows
that inhalation of PAH-bearing biochar fine particles can
significantly increase the risks of PAHs to nonphagocytic lung
cells by increasing the total PAH exposure concentration in the
lung environment, as PAHs cannot readily enter the lung unless
through the inhalation of PAH-bearing biochar fine particles.
Inside the lung, biochar fine particles serve as a source that
continuously releases PAHs into the lung fluid and,
consequently, exert toxic effects to the neighboring epithelial
cells.38 The desorption kinetics experiments confirmed that
benzo(a)pyrene-bearing biochar slowly released benzo(a)-
pyrene into SELF, while a significant fraction of benzo(a)pyrene
remained on the biochar after prolonged incubation (Figure 3a),
allowing biochar to serve as a long-term contaminant reservoir.

Cytotoxicity of Biochar-BoundBenzo(a)pyrene CanBe
Predicted Based on Its Bioaccessibility in Simulated
Lung Fluids. PAHs have been reported to cause dioxin-like
responses, mediated by AHR, as does TCDD (Figure S5).17,39

Thus, the AHR activation in CBG2.8D (a sensitive recombinant
epithelial cell line) by biochar-bearing benzo(a)pyrene was used
as an indicator for its cytotoxicity. When the AHR activation
level of biochar-bound benzo(a)pyrene was plotted against the
bioaccessible concentration of benzo(a)pyrene (i.e., the total
benzo(a)pyrene concentration used in the AHR activation
experiments multiplied by the fraction of benzo(a)pyrene that
can be released into the cell culture medium (Figure S3a)), the
data agreed very well with the dose−response curve obtained
using dissolved benzo(a)pyrene (Figure 3b). In fact, the AHR
activation by the bioaccessible fraction of biochar-bound
benzo(a)pyrene was statistically indistinguishable (p > 0.05)
from that by dissolved benzo(a)pyrene, regardless of the total
benzo(a)pyrene concentration and biochar concentration
involved (Figure 3b). This corroborates that PAHs carried
into the lung by biochar fine particles are still toxic to lung cells,
and their cytotoxicity can be predicted based on their
bioaccessibility in lung liquids. This finding is particularly
important for assessing the human-health risks of fine particles
released from field-aged biochar, in that bioaccessibility of
contaminants bound to these particles may be significantly
different from that of freshly bound contaminants (e.g., due to
increased extent of irreversible adsorption40) and can be difficult
to predict.
Overall, the findings of this study reveal the cell-specific

toxicological mechanisms via which biochar fine particles
enhance the toxic effects of PAHs toward the respiratory
system. While the “Trojan-horse” mechanism (i.e., the
endocytosed PAH-bearing particles act as a vector to deliver
PAHs into the cells) is mainly applicable for macrophages,
biochar fine particles enhance exposure of PAHs to both
macrophages and epithelial cells by serving as a long-term PAH
reservoir in the lung. As a caveat, only freshly prepared biochar
samples were used in the present study, whereas biochar
materials are subjected to aging/weathering in the field, resulting
in altered physicochemical properties, which consequently will

Figure 3. Desorption kinetics of biochar-associated benzo(a)pyrene in simulated lung fluids showing that biochar fine particles serve as a long-term
source that continuously releases benzo(a)pyrene into the lung fluids, and aryl hydrocarbon receptor (AHR) activation of CBG 2.8D cells upon
exposure to freely dissolved and biochar-bound benzo(a)pyrene showing that the toxic effects on lung cells can be well predicted based on the
bioaccessibility of benzo(a)pyrene in the lung environment. (a) Triangles and circles represent concentrations of benzo(a)pyrene in aqueous phase at
time t (Ct) and concentrations on biochar (qt), respectively. Biochar loaded with 100 μg/g benzo(a)pyrene was used to conduct release experiments.
Error bars represent variances of duplicates. (b) AHR activation as a function of the concentration of the bioaccessible benzo(a)pyrene is statistically
indistinguishable from the dose−response pattern of cells exposed to freely dissolved benzo(a)pyrene (p > 0.05). Error bars represent standard
deviations of triplicates. B10, B50, and B100 represent the biochar samples loaded with approximately 10, 50, and 100 μg/g benzo(a)pyrene,
respectively.
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affect biochar−contaminant interactions. Future studies should
involve aged/weathered biochar samples, as well as biochar
samples covering wide ranges of properties (e.g., metal elements,
minerals, and organic matter), to fully illustrate the effects of
biochar fine particles on the toxic effects of contaminants to the
respiratory system.
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