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ABSTRACT

With the fast development of nanotechnology, the nanomaterials start to
cause people’s attention for potential toxic effects. In this work, the effects
of cerium oxide (CeO,) nanoparticles on the human lung cancer cellswere
investigated. Asan indicator of membrane damage, |actate dehydrogenase
(LDH) was quantitatively assessed. Flow cytometer (FCM) and inductively
coupled plasmamass spectrometry (ICP-MS) were used for qualitative and
quantitative analysison cellular uptake of CeO, nanoparticles, respectively.
The results demonstrated that CeO, nanoparticles can enter cells through
cell membrane and did not induce significant lysosomal membrane destabi-
lization. The intensity of the side scattered light revealed that the
nanoparticles were taken up in the cells dose dependently. The quantita-
tive analysison cellular uptake of CeO, nanoparticles could be detected by
ICP-MS. These methods could be used for the initial screening of the
uptake potential of nanoparticles as an index of nanotoxicity.
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INTRODUCTION

Nanotechnology isadynamically developing field
of scientificinterestintheentireworld and hasaready
becomekey R& D prioritiesin Europeand America?,
Theemerging devel opment of nanotechnology haslead
to concern related to the manufacturing and use of large
quantities of nanoparticled®®. Thereisaseriouslack
of information concerning their effectson human hedth
and theenvironment. Therefore, the potentid effectsto
human health arising from nanoparticlesneed urgently
assessed. One mgjor toxicological concern is that
nanometerid sareeasily taken upinthehuman body!67.

Itisaparticular concernthat nanomaterialsaresmilar
insizetomajor classesof biologicdly activematerials
likeDNA, RNA, membranesand microtubules. Nota-
bly, nanoparticlesareconsidered to beinhded and dis-
tributedin the body!®9. Therefore, evauationsof trans-
location potential inbiological tissuesand cellscorre-
spondingto particlesizeareessentid for thesafeuse of
manufactured nanoparticles™?.

Cerium oxide (CeQ,) is an important material
widely usedin various applicationssuch ascatayss,
solar cdls, fud cdls, luminescence, oxygen pumpsand
automotive cata ytic converters't*3, Theinteractions
between CeO, nanoparticlesand biological targetsare
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somewhat paradoxica . CeO, nanoparticleshave been
shown to scavengereactive oxygen species(ROS) and
to reduceoxidative stressasfreeradica scavengert19,
In contrat, thetoxicological studiesrevededthat CeO,
nanoparticles decreased theviability of some human
and rodent cellsthrough generation of ROS*", The
uptake potentia of nanomaterid sdependson size, sur-
face charge, and behavior. Inthisstudy, we devel oped
a method to evaluate the uptake potential of
nanoparticlesusing cultured human lung cancer cells.
Theandysisusing flow cytometriclight scatter and in-
ductively coupled plasma-mass spectrometry accurately
reflected the changein amounts of CeQO, takenupinto
cells. Thismethod would be availablefor theinitial
screening of uptakeinto cellsasanindex of nanctoxicity.

EXPERIMENTAL

Materialsand reagents

Dulbecco’s modified Eagle’s medium (DMEM) and
trypsin were purchased from Gibco. MTT, penicillin,
streptomycin and cetyl pyridium chloride werefrom
Sigma-Aldrich (St. Louis, USA). Neonatd bovinese-
rum (NBS) was purchased from Hangzhou Sijiging Or-
ganism Engineering Institute. A LDH kit wasobtained
from the Nanjing Jiancheng Biol ogical Engineering In-
stitute (Jiangsu, China). CeO, nanoparticles (Purity >
99.9%) was obtained from Sigma-Aldrich Co (St.
Louis, USA).

Char acterization of CeO,nanoparticles

Themorphology and sizeof CeO, nanoparticleswere
meesured by field emisson scanning € ectron microscope
(JSM-7500F, JEOL, Japan). A minute drop of
nanoparticles solution was cast on to acarbon-coated
copper grid and subsequently dryinginair beforetrans-
ferringit to the microscope. X-ray powder diffraction
was performed on a Bruker D8 Advance X-ray
diffractometer employing Cu-Ka radiation with 40 kV
and 50 mA (D8ADVACE, Bruker, Germany). Thesize
digtribution of thenanopartidlesinmediumwasevauaed
by dynamic light scattering (DelsaNano C, Beckman,
USA). Datawereandyzed based on Six replicated tests.

Cdl culture
TheA549 humanlung carcinomaepithdid-likecell
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linewasobtained from ATCC. Cellswereculturedin
DMEM supplemented with L-alanyl-L-glutamine (2
mM), penicillin (100 units/ml), streptomycin (100 pg/
ml) and 10% heset inactivated new born calf serum. Cells
were maintained in ahumidified atmosphereat 37 °C
and 5% CO,,

Céll viability assay

A549 cells (2x10° cells/100 pl) were seeded onto
96-well platesand incubated overnight at 37 °C under
a5% CO, atmosphere. The mediuminthewellswas
then replaced with fresh medium containing nenoparticles
(5-40 pg/ml) and incubation continued for 24 and 48
h. Theeffectsof thenanoparticleson cdll viability were
determined usingtheMTT assay. Briefly, 10 ul of MTT
solution was added to each well and the plateswere
incubated for 4 h. The supernatant was removed and
DM SO (100 pl) was added to solubilize the MTT. The
absorbanceat 570 nm of each well wasmeasured with
amicroplate spectrophotometer (BioRad Model 3550,
USA). Cdlsincubated without nanoparticleswereused
asacontrol. Thecdl viability was cal culated according
totheformula A_ /A __ x100%.

sample
L DH measurement

L actate dehydrogenase (LDH) activity inthecell
medium wasdetermined usingacommercial LDH Kit.
One hundred microlitersof cell medium was used for
LDH analysis. Absorption was measured using a
mi cropl ate spectrophotometer (BioRad Model 3550,
USA) at 340 nm. Released L DH catalyzed the oxida-
tion of lactate to pyruvate with s multaneousreduction
of NAD*toNADH. Therate of NAD* reduction was
measured asanincreasein absorbanceat 340 nm. The
rate of NAD* reduction wasdirectly proportional to
LDH activity inthecedl medium.

Flow cytometric assay

Cdllstreated with severa doses (5, 10, 20, and 40
ug/ml) of CeO, nanoparticlesfor 24hweretrypsinized,
centrifuged and resuspended in PBS. The amounts of
particlestaken up by the cellswereanalyzed using a
flow cytometer (FCM) (FACSCalibur, BD, USA). In
FCM, thelaser beam (488 nm) illuminatescellsinthe
samplestream which go through thesensing area. The
laser light scattered a narrow anglestotheaxisof laser
beamiscalled forward scatter (FSC) light. Thelaser
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light scattered at about a 90° angle to the axis of the
laser beamiscaled sdescatter (SSC) light. Theinten-
sitiesof FSC and SSC are proportional to the size of
cdlsandtheintracellular dengity, respectively.

Cerium content analysis

Cells treated with several doses of CeO,
nanoparticlesweretrypsnized, digested and anayzed
for Cecontent. Briefly, the cellsweredigestedinnitric
acid overnight and heated at about 160 °C the next
day. At thesametime, H,O, solution wasusedtodrive
off thevapor of nitrogen oxidesuntil the solutionwas
colorlessand dear. At lagt, theremaining solutionswere
fixed to 3ml with 2% nitric acid. Inductively coupled
plasma-mass pectrometry (ICP-M S, Thermo Elemen-
td X7, Thermo Electron Co.) wasused to analyzethe
Ceconcentration in each sample. Indium of 20 ng/ml
waschosen asaninterna standard element.

Lysosomal membranestability

Lysosomd membranestabilityin control groupand
cellsincubated with different concentrations of CeQO,
nanoparticles (5, 10, 20 and 40 ug/ml) for 30 minwas
evaluated by the Neutral Red (NR) Retentiontime as-
say as previously described according to Lowe et
a®2u_ Cellsin plateswereincubated with 30 ul of a
NR solution (final concentration 40 pg/ml froma stock
solution of NR 40 mg/ml DM SO), after 15 min excess
dyewaswashed out, Control group wasruninparalldl.
Every 15 mincellswereexamined under an optical mi-
croscope and the percentage of cellsshowingloss of
the dyefrom lysosomesin each field was eval uated.
For eachtimepoint 10 fieldswererandomly observed,
each containing 8-10 cells. Theendpoint of the assay
wasdefined asthetimeat which 50% of thecdlsshowed
sgnof lysosomd leaking (the cytosol becoming red and
thecellsrounded). Triplicate preparationswere made
for each sample.

RESULTSAND DISCUSSION

Particlecharacterization

The SEM results showed that CeO,
nanoparticleswere sphere-likewith approximatedi-
ametersof 40 nm (Figure 1 (a)). The XRD patterns
(Figure 1(b)) of CeO, nanoparticlesindicated that
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only the CeO, phase without any other phases was
found and all of diffraction peaks could be assigned
accordingtosinglecubic crystal phase of CeO,which
belonging to space group O° -F,,,, (JCPDS No.4-
0593). It was a so revea ed that CeO, nanoparticles
exhibited sharp diffraction peaks, indicating ahigh
crystallinity. The SEM images provided information
on the size and shape of nanoparticles, however, it
could not provide information on whether the
nanoparticles existed in single or aggregated forms
in the culture medium. The sizedistributioninthe
culture medium, therefore, wasinvestigated using a
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(a) SEM images; (b) XRD patterns; (c) Particlesizedistribution
in medium.

Figurel: Characteristicsof CeO, nanoparticles.
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DL S method, which showed that the average size of
CeO, in the culture medium was 48.1 + 17.7 nm
(Figure 1(c)). The DLS analysis showed that the
CeQ, nanoparticleswere homogeneously dispersed
in culture medium. After 7 days, homogeneous CeO,
nanoparticlesthat were dispersed in the culture me-
dium remained stable. The particle size of the
nanoparti cles was not noticeably changed.

Effectsof CeO,nanoparticleson thecell viability

Asshowninfigure2, CeO, nanoparticlespromoted
theviability of A549 cdlssignificantly at 24 and 48 h.
After cellswereexposed to CeO, nanoparticlesat 10,
20 and 40 pg/ml for 48 h, cell viability increased to
109.8.3%, 111.7% and 113.1%, respectively, com-
pared tothecontrol group. Interestingly, the cytotoxic-
ity of CeO, nanoparticlesat 24 h wasnot significantly
different fromthat at 48 h.

224 h

Cell viability vs control (%)

5 10 20 40
Concentration {pg/mL)

Figure 2 : Viability of A549 cells after exposure to CeO,
nanoparticles. Valuesaremean = SD from three independent
experiments. (P <0.05, P <0.01 compar ed with thecorre-
sponding control group, n=6.)

Release of L DH resulted from exposureto CeO,
nanoparticles

The cell membrane damage wasreflected inthe
elevated LDH leve sinthecell medium after cellswere
exposed to 40 nm CeO, nanoparticlesfor 24 h. The
LDH levelsinthecell culturewereincreasedin al
groups after exposure to CeO, nanoparticles for a
period of 24 h (Figure 3). The LDH levelswerein-
creased by 17.5%, 37.5%, 52.8%, and 59.6% fol-
lowing exposureto 5, 10, 20 and 40 pg/ml of CeO,
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Figure3: TheLDH activitiesinthecdl culturemedium after
24 h exposureto CeO, nanoparticles.. Valuesaremean = SD
from threeindependent experiments. ("P < 0.05, "P < 0.01
compar ed with thecor responding contr ol group, n=6.)

nanoparticles, respectively.
Qualitativeanalysisof CeO, nanoparticlesuptake

Figure 5 showsthe FCM light scatter histograms
of the cells treated with different doses of CeO,
nanoparticles. Intensitiesof FSC and SSC reflect the
cell sizeandinner cdll density, respectively. Regard-
less of treatment with CeO, nanoparticles, thevalue
of FSC was constant (Figure 5(a)). On the other
hand, higher concentrations of CeO, nanoparticles
resulted inhigher intengitiesof SSC (Figure5(b)). That
is, the cells which took up higher doses of
nanoparticles showed higher intensitiesof SSC. This
result suggested that the determination of SSCisa
good way to judge the uptake potential of CeO,
nanoparticles. Using thisexperimental approach, a
dose-dependent increasein cellular uptake of CeO,
nanoparticleswas detected at dosesfrom 5to0 40 pg/
ml after 24 h exposure (Figure4).

Qualitativeanalysisof CeO, nanoparticlesuptake

ICP-M S analyseswereempl oyed to further verify
the uptake of CeO, nanoparticlesinA549 cells at dif-
ferent time pointsand doses. The contents of cerium
in cellsexposureto CeO, nanoparticlesareshownin
Figure 6. Cerium could not be detected in controls.
However, adose- and time-dependent accumulation
of CeQO, nanoparticles could be measured in A549
cellsat 24 and 48 h (Figure 6(b)). After cellswere
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Figure4: Analysisof incor poration of CeO, nanoparticlesby flow cytometric light scatter. Dose-dependent comparison of
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Figure5: FCM histogramsof FSC and SSC.

exposed to CeO, nanoparticlesat 10, 20 and 40 pg/
ml for 24 h, the cerium content was 6.7+ 0.1, 18.7 +
0.1and 18.6 + 0.2 ng/mm?, respectively. When the
exposuretime extended to 48 h, the cerium content
wasincreased t0 12.1+0.1,24.0+ 0.1 and 26.0 +
0.2 ng/mm? at the same dose.

Effectsof CeO, nanoparticleson lysosomal mem-
branestability

Different concentrations of CeO, nanoparticleswere
first tested for thar effectson lysosoma membranesta:
bility (LMS), a common marker of cellular stress,
utilising theNR retention timeassay. Asshownin Fig-
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ure7, cellsexposurewith CeO, nanoparticlesfor 24 h
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Figure6: Thecontentsof ceriumin cellsweredeter mined by

ICP-MS. Thedataareexpressed asmean + SD of threeinde-
pendent experiments.
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Figure7: Effectsof CeO, nanoparticleson lysosomal mem-

branegability. Thedata ar eexpressed asmean + SD of three
independent experiments.
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CONCLUSIONS

Usageof nanomaterialswill increasewith the de-
velopment of nanotechnol ogy, and assessmentsof thelr
risksto theenvironment and human headthasowill be
required.

Academia, industry, and regulatory governmenta
agencies should seriously consider the view that
nanomateria shave new and uniquebiologic properties
and thepotentia risksarenot the same asthose of bulk
materid s of the same chemistry. Inthisstudy, wehave
demonstrated that 40 nm CeO, nanoparticles showed
no cytotoxic effectstowards pulmonary adenocarci-
nomaA549 cells. CeO, nanoparticles can enter cells
follow dose-response effect and did not inducesignifi-
cant lysosomal membrane destabilization. At present,
accurae, sendtiveand codt-effective measurement tech-
niquesfor characterizingthemdo not exist. Thesmple
methodsintroduced in this study were useful for the
initial screening of the uptake potential of insoluble
nanomateridsinbiologica tissuesand cdlls.
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