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ABSTRACT

Nanomaterial properties differ from those bulk materials of the same composition, allowing them to execute novel activities. A possible
downside of these capabilities is harmful interactions with biological systems, with the potential to generate toxicity. An approach to assess
the safety of nanomaterials is urgently required. We compared the cellular effects of ambient ultrafine particles with manufactured titanium
dioxide (TiO »), carbon black, fullerol, and polystyrene (PS) nanoparticles (NPs). The study was conducted in a phagocytic cell line (RAW 264.7)
that is representative of a lung target for NPs. Physicochemical characterization of the NPs showed a dramatic change in their state of
aggregation, dispersibility, and charge during transfer from a buffered aqueous solution to cell culture medium. Particles differed with respect

to cellular uptake, subcellular localization, and ability to catalyze the production of reactive oxygen species (ROS) under biotic and abiotic
conditions. Spontaneous ROS production was compared by using an ROS quencher (furfuryl alcohol) as well as an NADPH peroxidase
bioelectrode platform. Among the particles tested, ambient ultrafine particles (UFPs) and cationic PS nanospheres were capable of inducing
cellular ROS production, GSH depletion, and toxic oxidative stress. This toxicity involves mitochondrial injury through increased calcium
uptake and structural organellar damage. Although active under abiotic conditions, TiO » and fullerol did not induce toxic oxidative stress.
While increased TNF- a production could be seen to accompany UFP-induced oxidant injury, cationic PS nanospheres induced mitochondrial
damage and cell death without inflammation. In summary, we demonstrate that ROS generation and oxidative stress are a valid test paradigm
to compare NP toxicity. Although not all materials have electronic configurations or surface properties to allow spontaneous ROS generation,
particle interactions with cellular components are capable of generating oxidative stress.

Introduction. The unique physicochemical properties of size, large surface area, chemical composition, surface
engineered nanoparticles (NPs) are attributable to their smallreactivity, charge, shape, and media interactiofiglthough
- — — — impressive from the perspective of material science, the novel
*Corresponding author: Department of Medicine, Division of Clinical . . .
Immunology & Allergy, UCLA School of Medicine, 52-175 CHS, 10833  Properties of NPs could lead to adverse biological effects,

Le Conte Ave, Los Angeles, CA 90095-1680. Tel: (310) 825-6620. Fax: with the potential to create toxicity. Indeed, some studies

(310) 206-8107. E-mail: anel@mednet.ucla.edu. .
* Division of Clinical Immunology and Allergy, Department of Medicine, ~Nave shown that NPs could exert toxic effects and pose

UnivngiEXbOftC(?"fomiﬁl- o this work hazards to humans and the environmefitNanotoxicology

ontributed equally to this work. . . . .

§ Department of Civil & Environmental Engineering, Duke University. S @ €merging science that demands an understanding of
" Pathology Service, Veterans Administration Medical Center. the physicochemical properties of nhanomaterials that may
U Department of Civil and Environmental Engineering, University of lead d biological

Southern California. ead to adverse biological outcomes.
#The Southern California Particle Center, University of California. ; ; ; ;
*+ Department of Structural Biology, Department of Bioengineering, While the extraordinary properties of nanomaterials could

University of Pittsburgh School of Medicine. necessitate a novel investigative approach, research into air

10.1021/nl061025k CCC: $33.50  © 2006 American Chemical Society
Published on Web 07/26/2006



pollution and mineral dust particles has established a effects are mediated by the redox-sensitive MAP kinase and
scientific basis for assessing lung and cardiovascular injury NF-«B cascades that lead to the expression of cytokines,
by inhaled particled-® This includes evidence that ambient chemokines, and adhesion molecufed® In contrast, cy-
ultrafine particles (particulate matter with physical diameters totoxic effects are mediated by mitochondria, which are
<100 nm) induce reactive oxygen species (ROS), oxidative capable of releasing pro-apoptotic factors. It is noteworthy
stress, and inflammation in the lung and vasculature. that several types of NPs have the capacity to target
Likewise, occupational exposure to quartz and mineral dust mitochondria directly?:®

particles (e.g., coal and silicates) could induce oxidative Despite the intense interest in nanomaterial safety, no
injury, inflammation, fibrosis, and cytotoxicity in the ludg’ comprehensive test paradigm has been developed to compare
Tissue and cell culture analyses support the in vivo outcomesithe toxicity of different nanomaterials. However, some of
pointing to the role of ROS and oxidative stress in the the procedures and assays that have been developed to assess
generation of proinflammatory responses and cytotoxic the adverse biological effects of ambient PM could be helpful
effects. Taken together, these clinical and experimentalto study manufactured NPs. In particular, the ability to
studies indicate that a small size, large surface area, chemicajenerate ROS and oxidant injury may provide a paradigm
composition, and ability to generate ROS play a key role in to compare the toxic potential of NPs. In this communication,
the ability of ambient NP to induce lung injufy’ we will compare a number of manufactured NPs with
Although the heterogeneous characteristics of ambientambient UFPs to determine whether this is a valid paradigm
ultrafine particles (UFPs) are very different from the for NP toxicity. We demonstrate that ROS generation and
homogeneous composition of manufactured NPs, the limited mitochondrial injury constitute quantifiable toxicological
data on manufactured particles indicate that ROS productionresponses for ambient UFPs and cationic polystyrene nano-
could also feature as a mechanism of toxicity. For instance, spheres. We also demonstrate that the physicochemical
water-soluble fullerenes inducexO anions, lipid peroxida-  properties of the particles, particularly chemical composition,
tion, and cytotoxicity ROS production, lipid peroxidation, charge, and size determine the capability toward ROS
and the generation of proinflammatory responses have alsogeneration under abiotic and biotic conditions.
been described in tissue culture and animal studies that Materials and Methods. A detailed description of the
addressed the potential toxicity of metal oxide particles (e.g., materials and methods used in this study appear in Supporting
TiO;) and carbon nanotubé&s!? This suggests that an Information. Ambient UFPs<0.1 um) were collected in
investigation into the mechanisms of ROS production and the Los Angeles basin through the use of particle concentrator
their biological consequences could serve as a paradigm fortechnology as described by ¥Carbon black (CB) (Printex
NP toxicity. 90) and titanium dioxide (P25) NPs were obtained from
Oxidative stress is a state of redox disequilibrium in which Degussa (Hanau, Germany). Fullerol was from MER Corp.
ROS production overwhelms the antioxidant defense capacity(Tucson, AZ). Polystyrene (PS) nanospheres were obtained
of the cell, thereby leading to adverse biological conse- from Bangs Laboratory (Fishers, IN). The chemical charac-
guences. Oxidative stress is often expressed in terms of thgerization of these particles as well as assessment of particle
glutathione (GSH) to glutathione disulfide (GSSG) ratio in Size, shape, state of aggregation, charge, hydrophilicity/
the cell’®* The GSH/GSSG redox couple not only serves as hydrophobicity, and ability to generate ROS under abiotic
the chief homeostatic regulator of cellular redox balance but conditions are described in the Supporting Information. The
also functions as a sensor that triggers cellular responsesassessment of ROS production under biotic and abiotic
which, depending on the rate and level of decline, could be conditions, heme-oxygenase 1 (HO-1) expression, Jun kinase
protective or injurious in naturg!®'> The hierarchical activation, TNFe. production, mitochondrial membrane
oxidative stress model posits that minor levels of oxidative potential, and cellular ultrastructure also appears in the
stress induce protective effects that may yield to more Supporting Information. Cellular assays were carried out in
damaging effects at higher levels of oxidative stress. The @ murine macrophage cell line, RAW 264.7. Cell culture
protective cellular effects are regulated by the transcription conditions and a description of the biological assays are
factor, nuclear factor, erythroid 2-related factor 2 (Nrf2), described in Supporting Information. NP exposures were
which leads to transcriptional activation 8200 antioxidant ~ conducted by incubating triplicate aliquots 0&310° RAW
and detoxification enzymes that are collectively known as 264.7 cells in 24-well plates. Each well received $Q00of
the phase Il response. Examples of phase Il enzymes includecomplete medium (DMEM) that includes 10% fetal calf
heme oxygenase 1 (HO-1), glutathione-S-transferase (GST)serum (FCS) and antibiotics. All NP suspensions were
isoenzymes, NADPH quinone oxidoreductase (NQOL1), cata- prepared fresh from a stock solution as described in the
lase, superoxide dismutase, and glutathione peroxidaseSupporting Information. Results were analyzed by the
(GPx)1617 Defects or aberrancy of this protective pathway Student'st test unless otherwise specified, and expressed as
could determine the susceptibility to particle-induced oxidant the meant standard deviation.
injury, e.g., the exacerbation of allergic inflammation and  Results. (A) Particle Selection and PhysicatChemical
asthma by exposure to diesel exhaust particles (DEPs). Characterization. The particles that are being compared in
Should these protective responses fail to provide adequatehis study are listed in Table 1 and their corresponding
protection, a further increase in ROS production can result transmission electron microscopy (TEM) images are shown
in proinflammatory and cytotoxic effects. Proinflammatory in Figure 1. Ambient UFPs were chosen as a NP source that
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droplets. When suspended in water, the UFP agglomerates

Table 1. Physical Characterization of Nanopartiéles form fractal structures (Figure 1).

av electrophoretic zeta

. diameter mobility potential MATH UFPs generat_e ROS_and oxidativeigtress based on their
particle (mm)  PDI U(mem/(Vs)) {mV) (%) content of organic chemicals and transition met&&€These
In Aqueous Media reactions could take place on the particle surface or the
UFP 1034 1.0 -2.28 -291 82 ; ; ; ;
PS P 5ss _agd 97 surrounding aqueous medium after leaching of_ the chemicals
NHy-PS60 65  0.055 3.15 40.3 5.3 from the particle surface. The complete chemical character-
Igg&l_’lslggnm 622 8~8gg 3?? ‘2132 3'(2) ization of these particles is shown in Supporting Information
TiO, 364  0.466 _198 164 16 (Figurg SlB). A notewothy class. of components in the
carbon black 245  0.251 —4.26 ~54.6 7.1 organic fraction is polycyclic aromatic hydrocarbons (PAHS)
fullerol 218 0388 ~L76 226 06 (Figure S1B), including functionalized derivatives such as
UFP — %eél7gulture E/Ig‘ggm 116 quinones* A graphical display of UFP size distribution in
PS 90 0.200 ~1.00 127 aqueous buffer and the culture medium environments appear
Egz-ggeonm 13?; 3339 _8'3(75 —g; in the Supporting Information (Figure S1A). Compared to
27 600 nm . —VU. - . - e . . . .
COOH.PS 82 0191 _0.85 _10.9 other particle types, UFPs ex_hlblt a high poly_dlsper5|ty lnde_x
TiO, 175 0.877 -0.97 -124 (PDI) (Table 1). These particles are negatively charged in
carbon black 154 0.278 —1.06 —-13.5 1 [ H
fllerol 106 0.700 097 104 the aqueous buffer as determined by their isoelectrophoretic

mobility and zeta potential (Table 1). Due to their coating
® The reported mean particle size (average diameter) is calculated basedyjth organic chemicals, UFPs exhibit a relatively high
on an intensity weighted average; PBlpolydispersity index; MATH= L . . .
microbial adhesion to hydrocarbon test. hydrophobicity index, as determined by the microbial adhe-
sion to hydrocarbon (MATH) test (Table 1). The MATH
assay assesses NP partitioning between laboratory grade
n-dodecane and water (Supporting Information). The rela-
tively high hydrophobicity index of these particles could be
important for their cellular uptake, as will be discussed later.
Carbon black (CB) nanoparticles (Printex 90) were
; included as a control for the UFPs. Although these particles
TiO, have a carbon backbone, they exhibit a low PAH content
and no measurable transition metals (Table S1). Since CB
nanoparticles are produced in bulk, are in widespread use,
and could be spread via the air, they are indeed important
NPs from a toxicological perspective. These particles have
a BET surface area of 300%fg with a mean primary particle
diameter of 14 nn3® Printex 90 particles exhibit a consider-
able tendency to aggregate in aqueous medium (Figure 1),
although not to the same degree as UFPs. TheirPDI25,
UrP and they exhibit a relatively high hydrophobicity index (Table
1). These particles carry a negative charge (Table 1).
TiO; is another NP type that is produced in millions of
tons per year and is used in a wide range of consumer
Figure 1. TEM of the NPs used in this study. All NPs were products. The P25 particles from Degussa contains 80%
prepared into solution and applied to a grid as described in the anatase and 20% rutile (Table S1). They have a BET surface
Supporting Information. Pictures were taken with Hitachi electron 5045 of 50 g, and a primary particle diameter of 260
microscope (Hitachi Instrument Inc., Tokyo, Japan). nm26 TiO, is capable of spontaneous ROS production, as
will be discussed later. These particles form large aggregates
exhibit known health risks and have a defined mechanism wjith a PDI of 0.45 (Figure 1, Table 1). They carry a negative
of biological injury, namely, ROS generatiét® These  surface charge and exhibit a relatively low hydrophobicity
particles were collected in downtown Los Angeles by means index (Table 1).
of the versatile aerosol concentration enrichment system pFyllerol is a hydroxylated & (Cso(OH)m M = 22—26)

(VACES)*2* Atmospheric UFPs have a mean aerodynamic fyllerene derivative that is capable of ROS production under
diameter of 30 nm (Figure S1, Supporting Information). abiotic conditions but requires an appropriate electron donor
However, combustion-generated particles have the tendencyto do so?’ Various forms of fullerenes are emerging as
to grow from nearly spherical primary particles into fractal- additives to consumer products such as cosmetics, tires,
like agglomerates with high carbon content. Diesel engines, batteries, and tennis rackets. Fullerol forms large aggregates
in particular, emit large amounts of agglomerate soot with a PDI= 0.39, a negative zeta potential, and a relatively
particles??23To conduct biological experiments, the effluent low hydrophobicity index (Figure 1, Table 1).

line of the VACES was connected to a liquid impinger, which  In contrast to other engineered NPs, polystyrene (PS)
allows the supersaturated UFPs to be collected as watemanospheres remain monodisperse (RO).1) under aque-

PS
(60 nm)

Carbon Black

COOH-PS |
(60 nm)

NH,-PS
(60 nm)

b‘ =
" 200
NH,-PS

(600nm) | - e "

1796 Nano Lett, Vol. 6, No. 8, 2006



ous aqueous conditions (Figure 1, Table 1). PS particles are A ROS production at pH =7
available in a variety of sizes and can also be purchased as o
positively charged amino (NJ+PS or negatively charged
carboxylated (COOH)-PS nanospheres. This allows an %01
independent assessment of the role of particle size and charge
by a material that lacks semiconductor capabilities and is
incapable of ROS generation. Physieahemical analysis
reveals that 60 and 600 nm Nthbeled PS spheres indeed
exhibit a positive zeta potential, while that of the 60 nm

CB, PS, NH, PS, COOH-PS

neutral and COOHPS nanospheres were negative (Table -0.05
1). All PS nanospheres are relatively hydrophobic except for 006
the COOH-PS patrticles that are more hydrophilic (Table ’
1). -0.07
NP characteristics were also assessed in complete culture ¢ r . . . . .
medium (that includes DMEM and 10% FCS). In the 0 20 40 60 S0 100 120 140

presence of complete medium, MPS particles show a

. . . . . . Time (nin)
considerable increase in size due to agglomeration, while

other NPs showed smaller increases or no changes (Table B 2
1, Figures S2 and S3). Accordingly, the PDI of NHPS 15 TiO,
particles increased substantially (Table 1). A possible UFP £ Fulleral
explanation is that proteins in the culture media may be _ 1 Backgromd Sk
adsorbed onto the particle surface, leading to neutralization *"é,‘ 05 ‘\j i&\
of charge and interference in electrostatic repulsion. This 2 . T
notion is supported by the near-equalization of the zeta £ 0
potential of the particles (Table 1, bottom panel). 5 -0.5 i

(B) Assessment of ROS Generation and Speciation 1 \’Li}i"i Carbon
under Abiotic Conditions. A number of studies indicate I‘I}J Black
that some NP exhibits the potential for spontaneous ROS -15 t
generation based on material composition and surface P
characteristics. Examples include the presence of redox-
cycling chemicals (UFP), crystallinity of the material surface 'z'fm o7 022 037 o032 037 o4z o os

and electronic configurations (T#) UV excitability (TiO,
and fullerol), and presence of a conjugatedhond system
(fullerol). We used two complementary techniques to assessgigyre 2. The ROS generating capacity of NPs under abiotic
ROS generation by the NP. The first uses the ROS quenchergconditions was performed as described in the Supporting Informa-
furfuryl alcohol (FFA), to measure the rate of oxygen tion: (A) FFA assay, 0.5 mg/L nanoparticles were added to a
consumption as an indirect indicator of the amounts that are solution of 100 mM furfuryl alcohol in aerated phosphate buffer

. a . (pH=7); (B) CNT-Npx-bioelectrode platform, cyclic voltammo-
being produced® Because FFA quenches ROS production, grams of individual NP demonstrate a clear redox signal for UFPs,

the quantity of ROS that is being produced is measured asTio,, and fullerol, whereas CB was inactive. The negative CB

a decrease in dissolved oxygen, corrected for the appropriateprofile also represents similar results obtained with all the PS
blank. Results from the indirect measurements are plottednanospheres (not shown).

as the log of the ratio of the instantaneous to initial

concentrations of oxygen measured over time (Figure 2). A quenchers such as superoxide dismutase (SOD) suggest that
steeper slope corresponds to a higher rate of ROS productionthis assay measures multiple species.

The TiG, nanoparticles displayed the highest rate of ROS  Because the FFA assay does not assess speciation, we
production under UV irradiation, followed closely by fullerol.  exploited the efficiency and specificity of redox enzymes to
This result is particularly significant given the recognized develop a nano-biosensor that is relatively specific for
efficiency of TiQ, as a photocatalyst. While hydroxylation  H,0,.31-32|t has been reported recently that carbon nanotubes
of the Gy cage is thought to reduce the net generation of (CNTSs) can be used to promote direct electron transfer from
singlet oxygen compared with the nonderivatized mol- redox enzymes to an electrode surf&tBetails about the
ecule?®3° fullerol nonetheless appears to be a relatively assembly of this electrode and its use are described in the
powerful ROS producer. UFPs also produced significant Supplementary Information section, along with pictorial
guantities of ROS, in contrast with the polystyrene particles displays of the bioelectrode and its assembly (Figure-S4A
that were inert (Figure 2). A lack of ROS production by the C). Introduction of NPs to the CNT-Npx-bioelectrode array
PS particles is expected, as these particles are neithedemonstrated kD, generation by UFPs, Tiand fullerol
semiconductors nor photosensitizers. Although FFA does notsamples (Figure 2). Similar to the FFA assay, Jg@nerated
differentiate between different ROS, supplementary tech- the strongest signal, followed by UFPs, and then fullerol
nigues such as the use of electron spin trapping and(Figure 2). In contrast, CB and PS nanospheres showed little

Potential (V)
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as an increase in MFI. This increase commens@dh and
remained stable for 8 h, whereupon a sudden acceleration
in the rate of @~ production leads to a progressive increase
nanomaterial day0 dayl day3 day7 day12 day21 in fluorescent intensity for up to 16 h (Figure 4C). Compared

Table 2. Time-Dependent kD, Production As Assessed by
the Nanobiosensar

UFP ++  ++ ++  ++ + - to UFP, all commercial NPs were inactive except for the
TiO, +++ 4 + + NH,—PS nanospheres (Figure 4B). These nanospheres
fullerol ++ +t ++ £ - 0 generated a biphasic ROS response (Figure 4C). The first
;asl“bon black i 8 g g g 8 peak reached its maximum at 5 h, followed by a decline

and then a progressive increas8 h (Figure 4C). Interest-
21n vitro detection of oxidative species in solution. All NPs were prepared  ingly, NAC could interfere in UFP-induced,© generation

at 50 pM in 1 mL of water. The presence of oxidants is detected in the ; ; ; DHHP

cyclic voltammogram (CV) scans (Figure 2B). The absence of a signal in at all time points but had_ dlffer?m Eff(,acl[s on S

the carbon black sample demonstrated is in Figure 2B. PS gave a very lowresponses at 8 and 16 h time points (Figures 4D and S5).

signal on day 0, which quickly dropped to baseline. UFPs Tédd fullerol Thus. while NAC failed to suppress the ROS response at 8
all gave clear signals that continued for up to about 2 weeks. Legend ’

presence of oxidant, number of plus signs indicates signal stresgth; N (not shown), it did interfere in the NHPS response at
indicates decreasing signal for oxidant; baseline signal for oxidant; 0, 16 h (Figures 4D and S5).
no detectable signal for oxidant. . . .

All considered, UFPs participate in spontaneous and cell-

mediated ROS production. Among the manufactured par-
ticles, only fullerol could mimic these actions. Despite being
the most active material under abiotic conditions, Fd

not generate ROS in cells. This is diagonally opposite from
é\le—PS nanospheres that are incapable of spontaneous ROS
production, yet are potent inducers of,® and Q*

signal above baseline (CB alone is shown to avoid the data
crowding, Figure 2). The longevity of the oxidant signals
was followed over 3 weeks (Table 2), with UFP, gj@nd
fullerol exhibiting the potential for continuous oxidant
generation over a time period of at least 7 days. The decreas
in the signal strength by day 12 could be due to decreased . .
activity of the enzyme component of the biosensor. Taken generatlon_ at cellular I_evel. A key ques_tlon therefore becomes
together, these data show that some but not all NP are capabl(gvhether @ffere_nces in ROS productpn aF a cellular level
of spontaneous ROS generation. A key question is Whethertranslate into different levels of biological injury.
this activity is related to biological ROS production and (D) UFP and NH,-PS Nanospheres Are Capable of
oxidant injury. Inducing Oxidative Stress As Reflected by GSH Depletion

(C) Induction of ROS Production in RAW 264.7 Cells. and Heme Oxygenase 1 (HO-1) ExpressionVhether a
ROS generation by NPs was detected in macrophages bpiological response will follow ROS production is dependent
using the fluorescent dyes, dichlorofluorescein diacetate On the magnitude of the response as well as the antioxidant
(DCFH-DA) and MitoSOX Red (Figures 3 and 4). In the defense capability of the cell. The GSH vs the GSSG content
presence of a D, and hydroxyl (OH) radicals, DCFH is of the cell acts as a sensor that elicits further cellular
oxidatively modified into a highly fluorescent derivative, 2,7- €Sponses. Cellular thiol levels can be assessed with a thiol-
dichlorofluorescein (DCF). DCF fluorescence was detected interactive fluorescent dye, monobromobimane (MBB).
in RAW 264.7 cells by a flow cytometry procedure, in which  While treatment with UFP and N-PS nanospheres induced
the fold-increase in mean fluorescence intensity (MFI) was & dose-dependent decline in MBB fluorescence, CBTiO
expressed as the ratio of particle-treated vs control cells fullerol, and other forms of PS nanospheres had no effect
(Figure 3A). Increased DCF fluorescence commenséd (Figure 5A). The kinetics of the UFPs and RS responses
of the addition of UFP and then continued to increase for 4 differ. While UFPs failed to cause thiol depletion for up to
h before beginning to decline (Figure 3B). Pretreatment of 8 N, NH-PS induced a more rapid and linear rate of decline
the cells with the thiol antioxidanh-acetylcysteine (NAC), ~ (Figure 5B), suggesting different biological mechanisms of
significantly suppressed 4, production at 4 and 16 h  action.
(Figure 3C). This is in agreement with previous studies According to the hierarchical oxidative stress hypoth&sis,
showing that the redox cycling organic chemicals that are cells respond to even minimal levels of oxidative stress with
present on the UFP surface are directly neutralized by a protective antioxidant response. This pathway is dependent
NAC.153*NAC also acts as a radical scavenger and precursoron transcriptional activation of phase Il gene promoters by
of glutathione (GSH) synthesis. In the testing of manufac- the transcription factor, Nrf2. HO-1 is a prime example of a
tured NP, only the cationic PS nanospheres induced an effecphase 1l enzyme that mediates antioxidant, antiinflammatory,
of similar magnitudef < 0.01) as UFP (Figure 3D). NAC  and cytoprotective effects and is useful as a marker for
effectively disrupted the ROS production by MHPS particle-induced oxidative stress. Using an immunoblotting
particles, suggesting that these particles engage in a thiol-approach to assess HO-1 expression, both UFP andP$H
dependent biological reaction (not shown). Fullerol generated nanospheres could be seen to elicit a response, while fullerol,
a small but statistically significanfp(< 0.05) increase in  CB, TiO,, and other PS nanoparticles were ineffective (Figure

DCF fluorescence (Figure 3D). 6A,B). The effect of UFPs is dose-dependent (Figure S6A).
MitoSOX Red is a novel fluorogenic indicator offering GAPDH immunoblotting was used to ascertain equal protein
direct measurement of superoxide,{Q production in live loading (lower panels). These data indicate that UFP and

cells35 UFP exposure leads to a significant increase in the NH,-PS are indeed capable of generating biologically
percent of bright (M1)-fluorescent cells (Figure 4A), as well relevant oxidative stress effects. The induction of HO-1
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Figure 3. DCF fluorescence in RAW 264.7 cells treated with NPs: (A) histogram to show the fold increase in mean fluorescence intensity
(MFI) in RAW 264.7 cells, stained with 2,8M DCF-DA, and treated with 1@g/mL UFP for 4 h; (B) time course of ¥D, generation in
response to UFP treatment; (C) effect of NAC (10 mM) on UFP-inducgd; ldroduction at 4 and 16 h; (D) comparison of the effect of
UFPs, fullerol, CB, TiQ, and PS particles. All particles were used apt0mL and used to treat cells for 4 or 16 h. Data are representative

of three separate experimentp * 0.01, compared to control.

expression was suppressed by NAC (Figure 6C). These data To demonstrate the dynamic relationship between protec-
demonstrate that some but not all NPs are capable oftive and proinflammatory cellular responses, the effect of

generating oxidative stress under biological conditions. increase of phase Il enzyme expression was investigated on
(E) Jun Kinase Activation and TNF-o. Production as the UFP-induced responses (Figure 7C). Sulforaphane (SFN)
a Reflection of Proinflammatory ResponsesWhen anti- is an electrophilic chemical that is capable of transcriptional

oxidant defenses fail to restore redox equilibrium, escalation activation of phase Il gene promoters without inducing overt
in the level of oxidative stress could lead to cellular injury. toxicity. Prior treatment of RAW 264.7 cells with SFN
One mechanism is the activation of proinflammatory cas- resulted in HO-1 expression and interference in ToNF-
cades. The Jun kinase (JNK) and NB-cascades are redox-  production (Figure 7C, insert). HO-1 is a representative phase
sensitive signaling cascades that are capable of inducing thdl €nzyme’®*’ Subsequent addition of UFP led to a blunted
expression of proinflammatory cytokines and chemokines, TNF-a response (Figure 7C). NAC was also capable of
e.g., TNFe.2 Among the NPs, only the UFPs were capable interfering in UFP-induced TNIe production for reasons

of INK activation and TNFe production (Figure 7 A,Band  discussed earlier on (Figure 7C).

Figure S6B). This response was dose-dependent (Figure 6B). (F) NP Increase Cellular and Mitochondrial Calcium

The UFPs that we used in this application contain a small (Ca?") Levels. Oxidative stress is capable of inducing
amount (20 U/mL) of endotoxin (Table S2). Polymyxin B changes in the intracellular free calcium concentration,
was used to rule out possible endotoxin effects on TNF- [Ca'];, or could perturb Cd compartmentalization, with
production. Thus, while PMB was capable of a significant the potential to lead to cellular toxicif§.Mitochondrial C&*
suppression of the LPS-induced response, it had a smalllevels, [C&']., were followed by treating Rhod-2 stained
effect on the UFP response (Figure S6C). None of the cells with NPs (Figure 8A). UFP exposure induced a
manufactured NPs contained any measurabkie.1 U/mL) significant increase in Rhod-2 fluorescence starting at 4 h;
endotoxin levels (Table S2). This rules out the possibility this increase is progressive, culminating in a 2.5-fold increase
that endotoxin contamination was responsible for this proin- by 16 h (Figure 8A). When repeated with manufactured NP,
flammatory effect. Despite their ability to generate ROS, only the amino-modified PS nanospheres exerted a compa-
NH,-PS nanospheres were ineffective inducers of JNK rable (2-fold) effect; fullerol generated a smaller yet still
activation or cytokine production (Figure 7B). This supports statistically significant increase (Figure 8A,B). The intimate
the notion that these particles operate via different mecha-relationship of [C&"],, and [C&"]; was further demonstrated
nisms. with Fluo-3 (Figure S7). Cellular staining with this dye
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Figure 4. Mitochondrial @~ production in RAW 264.7 cells after treatment with NP: (A) histogram to show the generation of a population

of bright-positive (M1-gated) cells, obtained by staining of RAW 264.7 cells with MitoSOX Red{Rand treatment with UFPs (10

ug/mL) for 12 h; (B) 12 h time point of MitoSOX Red-stained cells treated with au@0nL dose of UFPs, fullerol, CB, Ti© or PS
particles. The flow data were expressed as a bar graph to show the percent of MitoSOX Red bright-positive cells; (C) time course of
increased MitoSOX fluorescence in cells treated withut@mL UFP or NH-PS; (D) effect of NAC (10 mM) on cells treated with 10

ug/mL UFP or NH-PS for 16 h. Data are representative of three separate experimpnts0:01, compared to control.

reflects [C&"];, which was increased in response to UFP and proximately 10% of the cells showed electron dense clumps
NH2-PS (Figure S7). All considered, these data demonstratethat appear not to be membrane bound (Figure 9D). Mito-
that particle-generated oxidative stress influence cellular andchondria remained intact iR 95% of these cells.
mitochondrial function via a Ca-regulated pathway that has Anionic and cationic PS nanospheres were responsible for
a recognized link to cytotoxicity. contrasting morphological changes. Carboxylated-NP was
(G) Electron Microscopy Reveals NP Uptake and taken up in loose-fitting phagosomes, with preservation of
Mitochondrial Damage. Detailed investigation of nanoma- mitochondria architecture. (Figure 9E). In contrast, ;NH
terial toxicity should consider NP uptake and subcellular PS nanospheres could be seen to collect in large membrane-
localization. Mitochondria have been identified as a possible bound vacuoles and the nuclei of cells that showed disap-
subcellular target for UFP, fullerene derivatives, and micellar pearance of mitochondria (Figure 9F). This suggests that the
nanocontainer®. Electron microscopy (EM) analysis of cationic particles could enter an endocytic compartment that
RAW 264.7 cells demonstrated mitochondrial swelling targets mitochondria, similar to UFP. Sixty nanometer PS
h of the addition of UFP (data not shown). This was followed particles and 600 nm NHPS particles did not exhibit
by loss of cristae and the appearance of intracellular vacuoleshoticeable cellular uptake or damage (not shown).
that contain electron dense material (Figure 9B). These (H) NP Exerts Functional Effects on Mitochondria and
changes were progressive, ultimately resulting in large Induces Cellular Toxicity. Toxic oxidative stress can perturb
particle-filled vacuoles and disappearance of mitochondria mitochondrial function in a number of ways, including
(Figure 9B). In contrast, Ti@particles were taken up into  disruption of electron flow in the inner membrane, dissipation
lose-fitting phagosomes without noticeable mitochondrial of the mitochondrial membrane potential'lf m), mitochon-
damage (Figure 9C). Similarly, CB particles were taken up drial C&" uptake, and large-scale opening of the PTP.
in phagosomes without mitochondrial damage (nhot shown). Using fluorescent dyes that are tracked in a flow cytometer,
Although it was difficult to visualize fullerol uptake, ap- one can follow these changes. Di@i€ a cationic dye that
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Figure 5. Decrease in intracellular thiol levels in response to NP
treatment in RAW 264.7 cells: (A) histogram to display the
decrease in MFI in MBB-stained (4aM) RAW 264.7 cells,
following treated with the indicated amount of the particles for 16
h; (B) time course of the change in MBB fluorescence in cells
exposed to 1@g/mL of the indicated particles. Data are representa-
tive of three separate experimentp.< 0.01, compared to control.

is highly concentrated in the negatively charged mitochon-

drial matrix. Dissipation of theAWm leads to the DIOE

A
o = HO-1
(4~ GAPDH

¢ UFP Fullerol CB
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Figure 6. Induction of HO-1 expression, as determined by

immunoblotting. RAW 264.7 cells were treated with 4/mL of

each individual NP for 16 h, before cellular extraction. (A)
Comparison of the effects of UFP with fullerol, CB, and Fi(B)
Comparison of the effects of UFPs with PS nanospheres. (C) Effects
of NAC (10 mM) on HO-1 expression. The lower panel in each
blot shows equal protein loading as determined by GAPDH
immunoblotting. Data are representative of two separate experi-
ments.

positive cells (Figure 10D). NAC could interfere in the
cytotoxicity of UFP and NHPS (Figure 10E).

Discussion. In this study we looked at the adverse
biological effects of ambient ultrafines in parallel with
manufactured NPs. Our study was carried out in a phagocytic
cell line that is representative of the macrophages and
dendritic cells that are targeted by aerosolized nanoparticles
in the lung®® Characterization of the particle physicochemical
properties show a dramatic change in their state of aggrega-
tion, dispersibility, and charge during transfer from an
aqueous solution to protein-containing tissue culture medium.
NPs also differed with respect to cellular uptake, subcellular
localization, and ability to catalyze ROS production under
biotic and abiotic conditions. Ambient UFPs and cationic
PS nanospheres were capable of ROS production, thiol

release and decreases cellular fluorescence as seen duringepletion, and the induction of mitochondrial damage and

treatment with UFP and NFPS (Figure 10A). These

cellular toxicity. Although an increase in TNé&-production

changes commence within an hour of the addition of the ¢oyid be seen in conjunction with mitochondrial damage and

UFPs but require a longer incubation perioel6( h) upon
addition of NH-PS (not shown). Compared to the effects
of UFPs and NHPS, fullerol, CB, TiQ, and other PS
particles failed to exert an influence on théPm (Figure
10B).

cytotoxicity during UFP exposure, NHPS nanospheres

induced mitochondrial damage and cytotoxicity without
proinflammatory effects (Figure 7). These data show that
assays for ROS production and oxidant injury provide a
means of comparing the toxicity of a range of NPs. This

Large-scale PTP opening leads to mitochondrial depolar- investigation will now be extended to other nanomaterials

ization, Q*~ production and the release of pro-apoptotic
factors?” Cellular toxicity was assessed by propidium iodide

to demonstrate the wider application of the approach.
The unique physicochemical properties of NPs are at-

(P1) staining (Figure 10C). UFPs induced a dose-dependenttributable to variables such as small size, large surface area,
increase in Pl uptake in the nuclei of damaged cells; thesechemical composition, crystallinity, electronic properties,

changes commenced at a particle dose of @bBnL (not

surface reactivity, inorganic/organic coatings, solubility,

shown). Compared to the statistically significant increase in shape, and state of aggregation. Partictd®0 nm fall in

Pl fluorescence with UFPs, TKDCB, and fullerol were

the transitional zone between individual molecules and bulk

inactive (Figure 10D). Among the PS particles, only the;NH — materials of the same composition. As the particle diameter
nanospheres induced a significant increase in the % Pl-approaches the nanoscale dimension, there is a dramatic
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Figure 7. Jun kinase activation and TN&-production in response to NPs. RAW 264.7 cells were treated withgl®L of each of the
individual NP fa 3 h before cellular extraction and anti-phosphopeptide and protein immunoblotting to reveal JNK activation. For enzyme-
linked immunosorbent assay (ELISA), cells were incubated witlud/fnL of particles for 6 h, before harvesting of the supernatants for
assessment of TN&-levels by ELISA. (A) ELISA and immunoblotting results to compare UFP with fullerol, CB, anc.Ti®) Similar

analysis for the comparison of UFP with PS nanospheres. (C) NAC (10 mM) and SkN)(&ere introduced to RAW 264.7 cells for 2

and 4 h, respectively, before the addition of AgymL UFPs for an additional 6 h. Supernatants were harvested to measure TeNEls

by ELISA. The inserted immunoblot shows the effect of SFN on HO-1 expression. Data are representative of four separate experiments.
*p < 0.01, compared to control.

increase in surface area and display of chemically reactive Previous studies on the toxicological effects of DEPS,
groups on the surface that could play a role in the adversewhich are emitted in the nanorange, demonstrated their ability
biological effects. For instance, a change in the material to induce ROS, oxidative stress, and mitochondrial damage
properties to create discontinuous crystal planes or enhancen target cells such as alveolar macrophages and bronchial
of electron Storage can contribute to ROS generation_ epithelial cellst®40-43 Cellular studies have also demonstrated
Alternatively, the increased surface reactivity could lead to that organic DEP extracts induce protective and injurious
protein denaturation, membrane damage, DNA C|ea\,age’cellular responses, including the. expression of phase I
immune reactivity, and inflammatiGiThe small size of NP~ €NZymes, cytokine and chemokine production, and the
is also responsible for deep penetration in the lung where INitiation of programmed cell deatfi.These constitute the
they have a high rate of retention due to van der Waals elements of the hierarchical oxidative stress response. We

interactions®® Ultimately the effect of the small particle size now extend those studies by demonsirating that UFPs induce

. . . . similar effects. It is important to recognize that the protective
combines with particle number and surface area to determine P 9 P

. and injurious cellular responses are in dynamic equilibrium
the actual dose of exposure, which could be more accurate

. ) _ i and that weakening or strengthening of the phase Il response
than using a weight metric alone. Although we used weight/ ., ;14 getermine susceptibility to oxidant injury. This prin-
volume calculations for dispensing the particles into tissue ciple is illustrated by the use of SFN, a nontoxic chemical
culture medium, the difference in particle size and number {5t induces a phase Il response in RAW 264.7 cells (Figure
could actually translate into differences in the total surface 7¢). subsequent UFP exposure protects these cells from
area, which could be a better measure of dose. Although it proinflammatory and cytotoxic effects (Figure 7C).
is possible to calculate the combined surface area of The use of the oxidative stress paradigm to study the
monodisperse particles by some straightforward methods,effects of manufactured NPs lead to a number of interesting
these calculations are inaccurate when the particles begin tcand novel observations. While NHPS nanospheres are
aggregate, as seen in our study. capable of cellular ROS production and induction of oxidant
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A (Figures 2-4). These differences are the result of differences
25 in material composition, size, and charge.

1.0 We have previously demonstrated that redox-cycling of
organic chemicals and transition metals play an important
1 role in particle-induced ROS generatit¥! This includes
2 ] H>0, production, which likely originates from £ through
] spontaneous or enzyme-catalyzed dismutation. Functional-
3 ized organic chemical groups, such as oxy-PAH and quino-
nes, are capable of,© generation by redox cycling reactions
0 1 2 3 4 that involve an intermediary electron acceptor (e.g., semi-
L o o 0 18 qguinones). Enzyme-assisted one-electron transfers, e.g., mi-
Rhod-2 MFI crosomal NADPH-P450 reductase, can strengthen this
B reaction in cells The presence of transition metals assists
31 Rhod-2: [Ca*], in the formation of additional radicals, e.g., the hydroxyl
radical (OH), through the catalysis of the Fenton reaction.
Mitochondrial perturbation represents another source of UFP-
induced ROS generation. This involves interference in inner
membrane electron transfer, mitochondrial depolarization,
and opening of the PTP in response to PM chemi®dsom
H a kinetic perspective, it is noteworthy that® generation
&

Fold

Counts
=]
=]

(3]

%

Fold T in MFI

by UFP commences early and then declirdsh, while G~
production starts later and is progressive in nature (Figures
3 and 4C). We propose that these different phases of ROS
_ & production represent different mechanisms. One possibility
S W O is that the early phase of ROS production is due to redox
cycling chemistry, while mitochondria are responsible for

Figure 8. Effect of NPs on mitochondial calcium levels, an: the late and progressive increase igOIn contrast to

(A) histogram showing the fold-increase in MFI in RAW 264.7 ambient UFPs, CB particles contain small quantities of redox
cells, which were incubated WIth/AM Rhod-2 for 0.5 h after the Cyc"ng chemicals and are incapab|e of ROS genera’[ion

addition of 10ug/mL UFP for an 16 h; (B) comparison of the MFI ; ; ; ; ;
of cells treated with 1@«g/mL UFPs, fullerol, CB, TiQ, and PS (Tablg Sl).' In accordance with this notion, CB was inert in
gur biological assays.

nanospheres for 16 h. Data are representative of three separat
experiments. p < 0.01 or **p < 0.05, compared to control. ROS generation by Ti©occurs when absorbed photons

promote electrons across the FiGand gap to the conduction

stress injury, other NPs were incapable of doing the sameband, simultaneously creating a vacancy or hole in the
(Figures 3-5). While fullerol was capable of producing small  valence band of the semiconductdElectrons that diffuse
amounts of HO, in conjunction with a small increase in 0 the surface may react with oxygen to form thg"O
[Ca?*]m, there was no increase in cellular toxicity (Figure Electron holes that diffuse to the su.rface'may react with
8). This suggests a subthreshold effect or suppression of2dsorbed water to form hydroxyl radicéfsTiO, does not

injurious effects by an effective antioxidant defense mech- form thege highly reaptive species_ in the dark. The rutile
anism. However, we found no evidence that fullerol could form of TiO, absorbs light over a slightly broader range of
induce HO-1 expression (Figure 6). Despite the lack of wavelengths than does the anatase form. However, it is the

spontaneous ROS production, cationic PS nanospheres Werenatase form th"."t eX'thItS a higher photocataly_tlc ag:tmty.
. . . . n contrast to their ability to generate ROS under illuminated

as toxic as ambient UFP (Figures 8 and 10). Different from abiotic conditions, Ti@nanoparticles are incapable of doin

UFPs, however, NHPS nanospheres did not induce JNK ' P P g

ivati INE qucti " giferent S° in RAW 264.7 cells (Figures 3 and #®)Although ROS
activation or & production, suggesting a ditieren production has been described in pulmonary alveolar mac-
mechanism of action (Figure 7).

rophages, exposure to Ti@anoparticles was not associated
Comparison of ROS production under biotic or abiotic ith lung damagé’“¢ Although the explanation provided
conditions yielded different response profiles. In one ex- for this dichotomy was the induction of an adaptive
ample, TiQ and fullerol were capable of ROS generation responsé’“8we found no evidence that Tids capable of
in a cell-free system but incapable of doing so in RAW 264.7 phase Il enzyme expression (Figure 6). This could mean that
cells, despite effective particle uptake (Figures 2 and 9). This passivation of the NP surface by culture medium components
outcome is diagonally opposite from the effects of cationic could prevent ROS production or otherwise that any ROS
PS nanospheres, which were capable of cellul#d;-and that are produced in the cell could be easily neutralized by
Oy~ production but incapable of doing so under abiotic available antioxidant defense mechanisms.
conditions (Figures 24). In contrast, UFPs generate ROS  ROS production by fullerol occurs via two pathways. In
under biological and nonbiological conditions, while CB and the first, a photon can excite fullerol from the ground to a
carboxylated-PS particles are inactive in both environments singlet state, where it has a nanosecond lifetime. Singlet state
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Figure 9. Use of electron microscopy to determine the uptake and subcellular localization of NP. The procedure is described in the
Supporting Information. (A) Untreated RAW 264.7 cells. (B) Cells were treated withgl®dL UFPs for 16 h. Similar analysis conditions
for: (C) TiO,, (D) fullerol, (E) COOH-PS nanospheres, and (F) A6 nanospheres. Labels: # mitochondria, P= particles.

fullerol may then relax to the longer-lived triplet state where  Although capable of ROS generation and cellular toxicity,

it readily reacts with ground-state oxygen to form singlet cationic PS nanospheres differ in their action from ambient
oxygen via what is known as a type | pathw@y°The triplet UFP. This includes lack of spontaneous ROS generation,
state fullerol can also be reduced by appropriate electrondifferent kinetics of the cellular ROS response, and a failure
donors and subsequently oxidized by oxygen to forsmr O  to induce TNFe production (Figures 24 and 7). Although

via the type Il pathway. Alternatively, in the absence of light we lack an exact explanation for the sequence of events that
and in the appropriate redox conditions, fullerol may act as follow the introduction of NH-PS nanospheres, it has been
an electron shuttle between electron donors and oxygen tosuggested previously that positively charged polyamine-
form O,*~.2” Our observations of ROS production by fullerol coated PS microparticles engage in strong ionic interactions
in this and previous studi&s'®% appear to contradict  with the negatively charged cell membradé&S The strength
conclusions from another study that explained low grade of these interactions facilitates particle uptake into tight-
fullerol toxicity as being due to a lack of ROS productfdn. fitting phagosomes, compared to the more loose-fitting
Indeed, fullerol was observed in the current study to induce phagosomes that forms around negatively charged particles.
spontaneous as well as cellular ROS production (Figures 2Tight adherence of the cationic particles to the membrane
and 3). The increase in cellular,8, production was interferes in phagosomal fusion with lysosomes. As a result,
associated with a modest increase in the?[a but did these phagosomes become isolated in the cytoplasm, with
not induce cytotoxicity, likely due to a failure to release pro- the possibility that the particles could escape to the cytosol
apoptotic factors from the mitochondria. after endosomal ruptuf@>® Behr proposed the so-called
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Figure 10. Changes in mitochondrial membrane potentisi{m) and cellular toxicity (Pl uptake) during NP exposure. Cells were treated
with UFP or manufactured NP for 16 h before staining with 20 nM DiO@®) Histogram to show the decrease in Dipiliorescence in
response to UFP treatment; this decrease represents a declitEnm The M1 bar was used to score the percent of QJO€ells. (B)
Comparison of the percent of DIQEC cells 16 h following the addition of 1@g/mL UFPs, fullerol, CB, TiQ, or PS nanospheres. (C)
Histogram to show Pl uptake in RAW 264.7 cells treated with@0nL UFPs for 16 h. M1 gating was used to assess the percémels,

which represent cells that are extensively damaged. (DxElls after treatment with UFPs, fullerol, CB, TiGnd PS nanospheres for 16

h. (D) Effect of NAC (10 mM) on cytotoxicity by UFPs and 60 nm KRS particles. Data are representative of three separate experiments.
*p < 0.01, NAC treated versus non-NAC treated samples.

proton sponge hypothesis to explain the mechanism of responsible for @ production in the phagosomal mem-
rupture®* His theory posits that extensive buffering by the brane. It is also interesting that while the first wave of O
cationic particle surface may lead to unchecked proton generation is insensitive to NAC quenching, this antioxidant
transport into the phagosome. This could lead to excessivecould suppress the second wave of NPE-induced @~
water influx, which, due to the space constraints, leads to generation (Figure 4C). NAC is capable of suppressigtg O
endosome rupture. From there, the particles may engage otheproduction in mitochondria from cells undergoing apoptosis
membrane-protected spaces, such as mitochondria. The abovéFigure 10E)!

sequence of events may explain the formation of particle- All considered, ambient UFPs and BHRS nanoparticles
filled vacuoles and the disappearance of mitochondria from showed the clearest evidence of toxicity and stand apart from
the cell (Figure 9). Mitochondrial damage may contribute the other particle types, even particles capable of spontaneous
to the late phase of © production (Figures 4C and 9). ROS production (Ti@and fullerol). We would therefore rank
Although the origin is of the first wave of ROS production UFPs and NHPS nanospheres as the most toxic, with
is uncertain, it is possible that NHPS could induce the  ambient UFPs having the additional effect of inducing
assembly and activation of NADPH oxidase; this enzyme is proinflammatory responses. Among the nontoxic particles,
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