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Scanning proton microscopy, scanning electron microscopy (SEM) and fluorescence microscopy have
been used to probe the cytotoxicity effect of benzo[a]pyrene (BaP), ethidium bromide (EB) and nanopar-
ticles (ZnO, Al,03 and TiO,) on a T lymphoblastic leukemia Jurkat cell line. The increased calcium ion
(from CaCl,) in the culture medium stimulated the accumulation of BaP and EB inside the cell, leading
to cell death. ZnO, Al,03 and TiO, nanoparticles, however, showed a protective effect against these
two organic compounds. Such inorganic nanoparticles complexed with BaP or EB which became less toxic
to the cell. Fe,O5 nanoparticles as an insoluble particle model scavenged by macrophage were investi-
gated in rats. They were scavenged out of the lung tissue about 48 h after infection. This result suggest
that some insoluble inorganic nanoparticles of PM (particulate matters) showed protective effects on
organic toxins induced acute toxic effects as they can be scavenged by macrophage cells. Whereas, some
inorganic ions such as calcium ion in PM may help environmental organic toxins to penetrate cell mem-
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brane and induce higher toxic effect.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The toxicological effect of inorganic nanoparticles such as TiO,
and ZnO has received significant attention [1] as they exist in aero-
sols [2-5]. Particulated pollutants are estimated to cause more
than 500,000 annual deaths. Ultrafine air particles can easily gain
access to the lung and systemic circulation where their toxic com-
ponents inflict tissue damage and inflammation [1]. At the cellular
level, the nanoparticles of particulate matters (PM) can penetrate
into the cell and induce toxic effects. The daily mortality rate is re-
lated to the PM increase [6-8]. Aerosols induce reactive oxygen
species (ROS) and inflammatory mediators, resulting in vascular
permeability changes, airway constriction and tissue injury
[9,10]. The transition metal ions and peroxide in aerosols can in-
duce free radicals, resulting in both cytotoxicity and a strong oxi-
dation response [11]. To date, most studies focus on the effect of
nanoparticles per se [4] without considering their interaction with
organic pollutants although they often coexist as aerosol which can
be inhaled by human beings. Nanoparticles, found in macrophages,
can induce mitochondrial damage [5]. The acute effects of aerosols
might be mainly due to soluble metal ions [12]. However, the main
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contributing components of ultrafine particles (UFP) such as organ-
ic and/or inorganic toxins have not been investigated.

As ultrafine air particles can easily gain access to the lung and
systemic circulation and induce cytotoxicity of T cell, the cytotox-
icity experiments can use T lymphoblastic leukemia Jurkat cell line
as a good model. This study focuses on the cytotoxicity of three
common nanoparticles: Zn0O, Al,03 and TiO,, in the presence or ab-
sence of two carcinogenic agents, benzo[a]pyrene and ethidium
bromide (BaP and EB) on a T lymphoblastic leukemia Jurkat cell
line cultured under various calcium ion concentrations. BaP and
EB were selected as the test models since a vast number of studies
over the previous three decades have documented a link between
BaP and cancers [13]. EB, commonly used to detect nucleic acids
[14], is suspected to be carcinogenic and teratogenic because of
its mutagenicity.

2. Materials and methods
2.1. Cell toxicity in the presence of inorganic particles and calcium ion
2.1.1. Stimulation by calcium ion

RPMI-1640 (containing 0.42 mM Ca?*), ethidium bromide (EB)
and benzo[a]pyrene (BaP) were purchased from MP Biomedicals
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(Irvine, CA). Nanopowders (ZnO and TiO,, 99.9% purity) were from
Aldrich whereas Al,03; was purchased from CH Instruments (Aus-
tin, TX). Those inorganic particles can be formed stable water sus-
pension at pH 7 and their average size distribution is 50-200 nm in
diameter. Human Jurkat (clone E6-1) T lymphocyte line was
obtained from the Institute of Biochemistry and Cell Biology,
Shanghai, China. The cells were grown on a RPMI-1640/10% FCS
medium in a 48-well plate, each well contained 290 pul medium
with ~5 x 10* cells. Different concentrations of EB, BaP, ZnO and
TiO, and Al,O5 suspension and Ca?* (the Ca?* concentration was
regulated by adding CaCl, solution at pH 7) were added and PBS
was used as control. After 20 h incubation at 37 °C under 5% CO,,
the cells were collected by centrifugation and resuspended in
300 pl PBS. The cell suspension of each sample was used for the
MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bro-
mide) assay to estimate the cell survival rate. The whole process
of the EB accumulation inside the cell was monitored by fluores-
cence microscopy (Leica FC300FX, excitation: 300-365 nm, emis-
sion <510 nm, acquired time: 540 ms, 9.8x, color saturation
1.35x). A typical ZnO particles on Si surface and ZnO particles sus-
pension has been analyzed by SEM and Nicomp 380/ZLS (Zeta
Potential Analyzer) respectively.

3. Scavenge of inorganic particles
3.1. Ferric oxide intratracheal instillation experiment

Spraque-Dawley (SD) rats, free of known rodent pathogens,
(from the National Rodent Laboratory Animal Resources, Shanghai
Branch) weighing 200 + 10 g were used. They were selected be-
cause of their calmness and ease of handling. They received a stan-
dard pellet diet and water. Experimental rats were randomly
divided into six groups with four male rats per group. Four groups
were instilled from trachea with 0.2 ml ferric oxide particle sus-
pension (10 mg/kg body weight) to obtain tissue sections at differ-
ent times. One group was instilled with PBS (Phosphate Buffered
Saline), as control and the four remaining groups received no treat-
ment (placebo). Tissue sections were divided and analyzed by SPM
and SEM, respectively. The procedures were performed in accor-
dance with the recommendations in the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health (NIH, Bethesda, MD).

3.2. SPM analysis

Micro-PIXE measurement was performed using a 2.25 MeV pro-
ton beam focused to 1 pm. For the ion beam measurement, the cur-
rent was about 6-9 pA and the typical collected charge was about
0.60 pC. The typical resolution of images of elemental distributions
from PIXE analysis was 1 um. The elemental distribution was ob-
tained by the Geo-PIXE procedure.

4. Results and discussion
4.1. Cytotoxicity of EB and BaP

EB 30 pl (5 mg/ml) was added to the culture medium (1 ml)
containing ~2 x 10° Jurkat cells and after 60 min and 80 min of
incubation, the effectors were examined by fluorescent micros-
copy. As shown in Fig. 1, EB was able to penetrate the cell mem-
brane, followed by its inward movement and accumulation in
the nucleus. BaP also exhibited acute toxicity on the cell as antici-
pated from the well-known toxicity of this five ring polyaromatic
hydrocarbon. BaP was first determined in 1933 as a component
of coal tar that was responsible for the first recognized occupa-

tion-associated cancers. It induces vitamin A deficiency in rats
and is mutagenic and highly carcinogenic. Notice also that cytotox-
icity induced by EB and BaP became more pronounced if the cul-
tured medium contained an elevated level of Ca®* (0.42-20 mM)
as shown in Table 1. Such a finding was somewhat surprising since
Ca®* up to 20 mM exhibited no toxic effects on Jurkat T lymphocyte
cells (designated as 11 in Table 1).

The apoptosis event was monitored by taking photos of the cells
which were exposed to a relatively high concentration of EB
(200 pg/ml) with different concentrations of Ca®* (Fig. 2). After
10 min exposure, no significant EB accumulation was noticed and
these cells were transparent in optical microscopy with their via-
bility confirmed by the Trypan blue exclusion test. After 60-
90 min, the intracellular fluorescent intensity increased signifi-

80min

60min

2um

Fig. 1. Jurkat cell incubated with EB at 60 min and 80 min later.

Table 1
The Jurkat cell survivor rate after 20 h incubation with different formation of
environmental toxin BaP and EB

Survivor
rate

(1) Control (300 pl cells) (0.42 mM  100%
Ca%")

Cultured condition p value

(2) 60 pug/ml BaP (0.42 mM Ca**) 87% + 6% <0.05 (compared with the
control)

(3) 60 pg/ml BaP (5 mM Ca®*) 85% + 5% <0.05 (compared with the
control)

(4) 60 ug/ml BaP (10 mM Ca**) 75% +3% <0.05 (compared with (2))

(5) 60 pg/ml BaP (20 mM Ca?*) 60% + 5% <0.05 (compared with (2))

(6) 60 pg/ml EB (0.42 mM Ca**) 75% + 3% <0.05 (compared with the
control)

(7) 120 pg/ml EB (0.42 mM Ca®*) 70% + 4% <0.05 (compared with the
control)

(8) 60 pg/ml EB (5 mM Ca®") 69% + 5% <0.05 (compared with (6))

(9) 60 pg/ml EB (10 mM Ca?*) 60% + 4% <0.05 (compared with (6))

(10) 60 pg/ml EB (20 mM Ca?*) 50% + 6% <0.05 (compared with (6))

(11) (20 mM Ca**) 95% + 7% >0.5% (compared with the

control)

The sample number is 6 and the p value is calculated from student’s t-test.
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10min after incubation

30min after incubation

60in after incubation

100min after incubation
Fluorescent optical Fluorescent optical
200 pg/ml EB in 1640 medium 200 pg/ml EB in 1640 medium (SmM Ca’")

Fig. 2. The typical photos of Jurkat T lymphocyte cells under toxin EB (200 pg/ml) with 0.42 mM and 5 mM Ca?* in 1 ml culture medium at different cultured time.
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Fig. 3. The relatively intensity of fluorescence of marked cell clusters at different cultured time under toxin EB (200 ug/ml) with 0.42 mM and with 5 mM Ca?*, respectively.



5044 Y. Tong et al./Nuclear Instruments and Methods in Physics Research B 266 (2008) 5041-5046

Table 2
The Jurkat cell survivor rate after 20h incubation with different formation of
environmental toxin BaP

Cultured condition Survivor p value
rate
(1) Control (300 pl cultured 100%
cells)
(2) 100 pg/ml ZnO 93% + 6% >0.5 (compared with the
control)
(3) 100 pg/ml Al,03 94% + 5% >0.5 (compared with the
control)
(4) 100 pg/ml TiO, 96% + 3% >0.5 (compared with the
control)
(5) 60 pg/ml BaP 60% + 5% <0.05 (compared with the
control)
(6) 120 pg/ml BaP 40% + 7% <0.05 (compared with the
control)
(7) 60 pg/ml BaP, 100 pg/ml ZnO  85% + 6% <0.05 (compared with (5))
(8) 60 pg/ml BaP, 100 pg/ml 83% + 4% <0.05 (compared with (5))
Al,03
(9) 60 pg/ml BaP, 100 pg/ml 71% + 6% <0.05 (compared with (5))
TiO,

The number of samples is 6 and the p value is calculated from student’s t-test.

cantly and such a result was not totally unexpected since this
intercalating agent is commonly used as a nucleic acid stain
(Fig. 3). When exposed to ultraviolet light, it will fluoresce with a
red-orange color, intensifying almost 20-fold after binding to
DNA. Further prolonged incubation resulted in a rapid decrease
in the fluorescence intensity and stained cells became black as evi-
denced by optical microscopy, an indicator of cell death. After
120 min, a majority of cells turned to black as revealed by optical
microscopy and failed to transform MTT. In brief, MTT is reduced

by active cells, in part by the action of dehydrogenase enzymes,
to generate reducing equivalents such as NADH and NADPH.
Experimental data also confirmed that the penetration of EB, lead-
ing to cell death, was more rapid at high Ca?* concentrations.

4.2. Cytotoxicity of EB and BaP in the presence of nanoparticles

ZnO, TiO, and Al,05 nanoparticles below 0.1 mg/ml exhibited
no appreciable cytotoxicity on the cell (Table 2). TiO, was consid-
ered here since it is the most commonly manufactured and most
promising nanoparticle, being used for a variety of applications
from self-cleaning surfaces to water purification. Only minimal
toxicological effects have been reported for macrophages exposed
as high as 500 pg/ml Al,0s-nanoparticles for 24 h. However, a
significant delayed toxicity occurred at 96 and 144 h post expo-
sure. Therefore, a series of experiments was conducted to evalu-
ate the cytotoxicity of 10l BaP in the presence of such
nanoparticles at this level. The survival rate increased more than
10% (from 60% in formation (5) to 71, 83 and 85%, respectively in
formation (7), (8), (9), cultured in the presence of ZnO, TiO,,
Al,03 nanoparticles, respectively). This was an important finding
since inorganic nanoparticles often coexist and interact strongly
with organic pollutants. Although there are several reports on
nanoparticle induced cell toxic effects [3-8], there is little infor-
mation about the combined effects of inorganic nanoparticles co-
existing with environmental pollutants. It was reasoned that BaP
was absorbed by nanoparticles mainly via hydrophobic interac-
tion to form a BaP-nanoparticle complex which became less toxic
to the cell. As particles in the cardiopulmonary system are most
often ingested by phagocytes, the organic pollutant-nanoparticle
complex can be more easily scavenged compared to individual
organic compounds.

Fig. 4. Typical S and Fe distributions of lung tissue sections after intratracheal instillation at different time: A1: 6 h, (scan area X = 0.100 mm, Y = 0.100 mm) A2: 6 h, (scan
area X =0.050 mm, Y=0.050 mm) B1: 24 h, (Scan area X=0.100 mm, Y =0.100 mm) B2: 24 h, (scan area X =0.050 mm, Y =0.050 mm) C1: 48 h, (scan area X =0.100 mm,
Y =0.100 mm) C2: 48 h, (scan area X = 0.0500 mm, Y = 0.0500 mm), (circle marked areas are ferric oxide particles).
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Table 3
Elemental contents of lung tissue by SPM
Sampleno. (h) Alveolar septal position Particle position in 3 pm circle
P S E€] P S Fe
glg vglg uglg uglg vglg yglg
6 1190 + 100 2240+ 150 150+ 30 1400 + 250 2300 + 300 4500 + 1000
24 1850 + 400 3530+ 500 290 +90 2000 + 500 3500 + 500 3900 + 900
48 1650 + 250 2510 + 400 220+ 50 3300 + 700 3600 + 500 700 + 200°

2 The number of detected samples of each group is 5 and there is a significant difference (p < 0.05) (compared with the concentration in group 6 h, or group 24 h).

e 2
ARy

Fig. 5. A typical SEM scanning of lung tissue section of 24 h after installation of
ferric oxide particles (arrow marked areas are ferric oxide particles).
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It is well known that the changes in the cytoplasmic calcium
concentration ([Ca%']i) regulate a wide variety of cellular pro-
cesses. External calcium can change intracellular calcium in nor-
mal and neoplastic keratinocytes [15]. Ca%* has a role in cell
injury that appears to uniquely involve mitochondrial homeosta-
sis [16]. The extracellular calcium level is normally about 1-3 mM
compared to 0.1-0.27 uM of its intracellular counterpart. A vari-
ety of membrane transport-channels regulate calcium homeosta-
sis and modulate cell responses to environmental stimuli.
Damage to calcium transport channels or the integrity of the cell
membrane results in the rapid influx of calcium. A major contrib-
utor to cell membrane damage is lipid peroxidation that is initi-
ated by oxidative stress. When membrane damage elevates the
intracellular concentration of calcium above 0.5 1M, mitochon-
dria begins to work to remove calcium from the cytoplasm. The
sufficiently high level of calcium inside cells will mediate a cas-
cade of destructive events including the disruption of enzyme
functions, ion and pH balances and alterations in the functions
of critical organelles including the mitochondria, leading to apop-
tosis. If organic toxins induced higher TNF (tumor necrosis factor),
higher external Ca induces higher intracellular Ca®* ions, resulting
in cell death. It is reported that the cultured macrophage cells ex-
posed continuously to a well-defined model of PM benzo[a]pyr-
ene adsorbed on carbon black (CB and BaP)] exhibit a time-
dependent expression and release of the cytokine TNF. TNF medi-
ates PM-induced apoptosis and the MAPK (Mos/mitogen-acti-
vated protein kinase) pathway might play an important role in
this pathway [17]. Thus, the external Ca accelerates cell death
owing to TNF mediated cell death when organic toxins exist.
The external Ca may have another way to accelerate cell death
by stimulating cells to accumulate environmental toxins. Usually,
the exchange of substances across cellular membranes may be
accomplished by diffusion, facilitated diffusion, or active trans-
port. The result of unaided diffusion is an equilibration of concen-
trations on both sides of the membrane. In facilitated diffusion,
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Fig. 6. A typical SEM scanning (left) and a typical analysis by Nicomp 380/ZLS (Zeta Potential Analyzer) (right) of ZnO particles on Si surface and on ZnO particles suspension,

respectively.
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the establishment of equilibrium is accelerated by the function of
a protein. Active transport is necessary to accumulate a substance
against a concentration gradient. Thermodynamics requires en-
ergy to perform this task, so there has to be another downhill gra-
dient that may be dissipated or some other form of chemical
energy such as transport ATPases and sodium pumps utilizing
decarboxylation energy. Nutrients as well as toxins can be trans-
ported into the cell by the downhill or uphill gradient state. From
our result, environmental toxins were accumulated in cell against
a concentration gradient and external calcium stimulated the pro-
cess. Due to the accumulation of organic toxins, cells failed the
Trypan Blue exclusion test, confirming their non-viability.

4.3. Animal experiments of scavenge of inorganic particles

Fe ions induce toxicity in lung tissues [18] and Fe,0O5 particles
can be identified by optical microscopy, SPM and SEM. The histopa-
thological changes in the lungs of different rat groups have been
reported in the literature [18]. Black ferric oxide particles were
found in alveolar but we could not ascertain the difference be-
tween ferric oxide particles with other deposits including carbon
and the scavenging process of such particles with time. Fe,O3 par-
ticles were used in this study as a model of scavenge. When those
particles were scavenged, the absorbed organic toxin on particles
and the source of toxic ions were scavenged as well.

4.3.1. SPM scanning

Fig. 4 illustrates that S and Fe element distributions changed
with different time after instillation. Six hours into the experiment,
ferric oxide particle (white spots in Fe image in circle area) depo-
sition was present in alveolar walls (A1, A2) and within 24 h (B1
and B2), the ferric oxide particles were not significantly scavenged.
However, after 48 h the level of the ferric oxide particles decreased
drastically as no white spot was observed in the Fe image (C1 and
C2). The alveolar wall was thickened; an obvious characteristic of
lung inflammation and usually at this time, a lot of alveolar macro-
phages would be present. Thus, the ferric oxide particles would be
scavenged by macrophages. Inflammation might be induced by the
ferric oxide particles and help to scavenge the ferric oxide particles
from lung tissue. As shown in Table 3, the Fe concentration after
48 h in the 3 pm circle area (Fig. 4) decreased significantly. At this
time, Fe,05 particles should be phagocytized by pulmonary macro-
phages and eliminated from lung tissue [15,16].

4.3.2. SEM scanning

Twenty-four hours after instillation, most ferric oxide particles
were within macrophage cells as shown in Fig. 5, implying that
the scavenge of Fe,03 particles was phagocytized by macrophage
cells. Furthermore, ferric oxide particles (2.6 pum) were phagocy-
tized by pulmonary macrophages and induced lung inflammation,
24 h after intrapulmonary instilled ferric oxide particles [19]. As
reported, the particles instilled in pulmonary cell can be phagocy-
tized within 6-12 h and scavenged [3]. The dynamics of scavenging
particles (5 pm) from human pulmonary has also been reported
[20]. Some biological targets of inhaled PM are the pulmonary epi-
thelium and resident macrophages. Blood cells are also the target
as nanoparticles and organic toxins penetrate into blood. Insoluble
particles (Fe,03, CaCOs, CaO, etc.) can produce ions and induce
higher toxicity in lung tissue [10] under high acid environment.

A typical SEM scanning and a typical detection by Nicomp
380/ZLS (Zeta Potential Analyzer) of ZnO particles on Si surface
and on ZnO particles suspension respectively have been analyzed
and showed on Fig. 6. Most ZnO particles are 100-160 nm in
diameter.

Our results demonstrated that inorganic nanoparticles with or-
ganic environmental toxins exhibited less toxic effects than such
toxins alone per se on T lymphocyte cells. The integrative progress
of inorganic particles may act as a protective progress when organ-
ic toxins exist. In contrast, elevated calcium facilitated the penetra-
tion of organic toxins to the cell membrane and induced higher
toxic effects.
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