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Abstract: The present study presents a new approach for
evaluating in wvitro cytotoxicity of nanoparticles. The
approach is based on American National Standard ISO
10993-5. Hepatoma HepG2 and fibroblast NIH3T3 cell lines
were incubated with nanoparticles, and their associated
extracts were derived at 70 and 121°C. Nanoparticles pro-
posed as potential biomedical imaging probes were eval-
uated on the basis of the detection of metabolic activities
and cell-morphology changes. In general, nanoparticles
incubated directly with cells showed higher cytotoxicity
than their associated extracts. CdSe and core-shell
CdSe@ZnS quantum dots resulted in low cell viability for
both cell lines. The cytotoxicity of the quantum dots was
attributed to the Cd ion and the presence of the nanopar-
ticle itself. A statistically significant (p < 0.05) decrease in

cell viability was found in higher dosage concentrations.
Rare earth nanoparticles and their extracts appear to affect
NIH3T3 cells only, with cell viability as low as 71.4% =
4.8%. Magnetic nanoparticles have no observable effects on
the cell viabilities for both cell lines. In summary, we
found the following: (1) both direct incubation and extracts
of nanoparticles are required for complete assessment of
nanoparticle cytotoxicity, (2) the rare earth oxide nanopar-
ticles are less cytotoxic than the Cd-based quantum dots,
and (3) the extent of cytotoxicity is dependent upon the
cell line. © 2009 Wiley Periodicals, Inc. ] Biomed Mater
Res 93A: 337-346, 2010
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INTRODUCTION

The development of nanotechnology has resulted
in a wide array of nanomaterials. Many of these
nanomaterials have been proposed for biomedical
applications and have drawn enormous attention in
recent years.' Assessment of their potential toxicity
is a key concern in bioapplications, as exposure to
toxic nanomaterials may lead to detrimental conse-
quences. Although the number of nanoparticle types
and applications continues to increase, studies to
characterize their effects after exposure and to
address their potential cytotoxicity are few in com-
parison.4_7 Currently, there is no uniform way of
assessing nanoparticle cytotoxicity in wvitro, and
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developing a standard protocol for nanoparticle tox-
icity evaluation is an urgent need.

Nanoparticles used in bioimaging and drug deliv-
ery are often bioconjugated to target specific cells.
Because nanoparticles are engineered to interact
with cells, it is important to ensure that they do not
have any adverse effects. For example, nanoparticles
may accumulate within cells and lead to intracellular
changes such as the disruption of organelle integrity
or gene alterations.” Semiconductor nanocrystal
quantum dots (QDs) have shown promise in biologi-
cal labeling for their robust and bright emission.® "
Most of the studies on potential cytotoxicity of QDs
revealed that the core metal constituents of QDs are
toxic."! If the QDs are exposed to conditions promot-
ing degradation, such as an oxidative environment,
free metal ions are leached out and released from
the core, causing toxicity. One of the strategies to
reduce QD toxicity is to protect the core from degra-
dation with surface coating—a layer of ZnS or a
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silica shell. However, the coating might only be a
partial solution, as the release of Cd over a pro-
longed period of time has not been comprehensively
studied.® Superparamagnetic iron oxide nanopar-
ticles with tailored surface chemistry have been used
in numerous applications, as in magnetic resonance
imaging contrast enhancement, hyperthermia, drug
delivery, cell separation, and so forth.'* In terms of
cytotoxicity, bare iron oxide nanoparticles exert
some toxic effects, whereas surface-coated nanopar-
ticles, especially PEG-coated nanoparticles, have
been found to be relatively nontoxic."> In recent
years, rare earth (RE)-doped nanomaterials have
gained attention as a potential bioimaging probes.
One of the reasons is its up-conversion ability, which
provides a nice window for deep-tissue imaging.'*
However, to the best of our knowledge, there are
limited studies on the investigation of the cytotoxic-
ity of the RE-doped inorganic nanocrystals.

In this work, we present a new approach of evaluat-
ing the toxicity of nanoparticles through in vitro cell
viability testing. This method is based on the Ameri-
can National Standard ISO 10993-5, which describes
test methods to assess in vitro cytotoxicity of medical
devices through extracts and direct contact of the de-
vice. The Alamar Blue™ assay was selected to quanti-
tatively measure the proliferation and cytotoxicity of
nanoparticle-treated human cell lines. This is because
Alamar Blue™ is nontoxic, and it is less likely to
interfere with normal metabolism. In addition, the
one-step Alamar Blue assay is simple to use. Alamar
Blue™ can be reduced by FMNH,, FADH,, NADH,
NADPH, and cytochromes, whereas the most com-
monly used tetrazolium salt (MTT) assay can be
reduced by all these mentioned substances except
cytochromes. The innate metabolic activity of cells
results in a chemical reduction of Alamar Blue and
causes this redox indicator to change from its blue oxi-
dized form to a reduced form red in color."” We
believe that this new approach could contribute to-
ward the goal of a generalized and systematic evalua-
tion of toxicity of nanomaterials for biomedical appli-
cation. In this study, we have chosen nanoparticles
that have been proposed as bioimaging probes as
model samples. These nanoparticles were amine func-
tionalized to render them dispersible in water, as it
has been reported that QDs surface functionalized
with amine groups were less cytotoxic.'®

MATERIALS AND METHODS

Materials

Ytterbium (III) chloride hexahydrate (99.99%), erbium
(ITT) chloride hexahydrate (99.9%), tetramethylammonium-
hydroxide (25 wt % in methanol), 1-octadecane (tech.
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90%), Igepal CO-520 [Polyoxyethylene(5)nonylpheny-
lether], diethylzinc (1.0M solution in hexanes), trioctyl-
phosphine oxide (99%), and oleylamine (tech., 70%), were
purchased from Aldrich. Yttrium oxide (99.99%), iron (III)
chloride hexahydrate (98%), selenium powder (99%),
HNO; (analytical reagents, 70%), n-octadecylphosphonic
acid, and oleic acid (tech. 90%) were purchased from Alfa
Aesar. From Fluka, we purchased 3-aminopropyltrime-
thoxysilane (97%), NaOH (reagent grade, 97%, beads),
trioctylphosphine (90%), and hexamethyl disilthiane.
Cadmium oxide (99%) was purchased from Hayashi Pure
Chemicals. Dulbecco’s modified Eagle’s medium and peni-
cillin were purchased from Biochrom AG. From JRH Bio-
sciences, we purchased I-glutamine. Phosphate-buffered
saline (PBS) (1X, containing 144 mg/L KH,PO,4, 9000 mg/
L NaCl, and 795 mg/L Na,HPO4-7H,0) and fetal bovine
serum were purchased from Invitrogen Corporation. Etha-
nol, hexane, cyclohexane, and chloroform were of analyti-
cal reagent grade and were used as received. Unless stated
otherwise, reagents were used as received.

Synthesis and functionalization of nanoparticles

Red-emitting CdSe and CdSe@ZnS QD nanocrystals
were synthesized using the methods described in the liter-
ature.'”'® Magnetic y-Fe,O3 nanocrystals were synthesized
using a method developed by Park et al.'” RE-doped and
codoped Y,O3; were prepared by reacting yttrium oxide
powder, oleic acid, sodium hydroxide, and RE-salts as
described in our previous work.”® In every case, the as-
synthesized nanoparticles were washed extensively 4-5
times with ethanol to obtain clean particles. Amine func-
tionalization of the nanoparticles was conducted according
to the process described by Selvan et al.*!

Sample preparation

Nanoparticle dosages of 0.0625, 0.10, and 0.25 mg/mL,
which are typically used in in vitro experimentation, were
used to prepare extracts at 37, 50, 70, and 121°C. A dosage
of 0.25 mg/mL is approximately double of that used by
Jaiswal et al.** for the labeling of HeLa cells, and roughly
60 times higher than the concentrations used by Wu
et al.? for targeting Her2 epitopes on breast cancer cells.
However, it is four times less than that used by Derfus
et al.'! Three types of nanoparticle sample solutions at the
three sample dosages were prepared with the synthesized
nanoparticles: (1) direct dispersion in PBS, (2) formation of
nanoparticle extract at 70°C for 24 h in PBS, and (3) forma-
tion of nanoparticle extract at 121°C for 1 h in PBS. Sam-
ples from (1) were used in the direct contact (DC) method,
in which the nanoparticles were incubated directly with
the cells. Samples from (2) and (3) were extract samples
and were prepared according to the American National
Standard ISO 10993-5. The Standard proposes four extrac-
tion conditions at 37, 50, 70, and 121°C. The higher tem-
perature conditions at 50, 70, and 121°C are accelerated
test conditions used to determine what might be expected
at longer time periods at a body temperature of 37°C.
However, we have only found ions present at 70 and
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Figure 1. Photoluminescence spectra of (A) CdSe QDs, (B) Y,0s: Er, (C) Y,0;: Yb:Er, and (D) magnetization curve of y-Fe;Os.

121°C and hence have only reported results based on these
extraction conditions. The cells (HepG2 and NIH3T3) were
then exposed to the described extracts and nanoparticles
for different exposure times (24, 48, and 72 h).

Cell culture and viability

Human hepatocellular liver carcinoma (HepG2), and
mouse embryonic fibroblast (NIH3T3) cells were used for
cell viability tests. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium, supplemented with 10% fetal bovine
serum, and 1% penicillin/streptomycin at 37°C in a humidi-
fied incubator with 5% CO,. The cells were seeded in 96-
well plates, with a concentration of 10,000 cells/well.
Twenty-four hours after seeding, spent media was removed
and replaced with fresh media. The nanoparticle samples,
prepared as described in the earlier paragraph, were then
added, followed by incubation for 24, 48, or 72 h. Control
experiments of which no nanoparticle samples were added
were also prepared for comparison purposes. Cell viability
tests were performed using Alamar Blue™ assays (Bio-
source) to evaluate cell proliferation on the basis of detection
of metabolic activities. The tests were repeated three times
for each experimental condition to ensure reproducibility.

Characterizations

Transmission electron microscope images were obtained
on a JEOL 3010 electron microscope operating on 200 kV.

Photoluminescence (PL) spectra were collected on a Shi-
madzu RF-5301 PC spectrofluorophotometer using a 150
W Xenon lamp as an excitation source. The magnetic prop-
erties of these iron oxide nanocrystals were studied using
a vibrating sample magnetometer (VSM) (Lake Shore,
7300). Cell morphologies were observed with a Motic
AE21 microscope. The concentrations of Cd, Se, Zn, Fe,
Yb, and Er ions in the extract solutions were determined
using high dispersion induction coupled plasma optical
emission spectroscopy ICP-OES (Teledyne Prodigy). For
analysis using ICP-OES, 5% nitric acid was added to sam-
ples to precipitate the nanoparticles while retaining the
free ions in solution for analysis. The samples were centri-
fuged at 20,000 rpm to remove the nanoparticles, and the
solution was further diluted with nitric acid.

In the present study, nanoparticles were characterized
to determine their sizes and functionalities. All the nano-
particles used were monodispersed and uniform in size.
The size of the CdSe, CdSe@ZnS, and +vy-Fe,O; and RE-
doped Y,0; nanoparticles were measured to be 6, 7, 8, and
3 * 0.2 nm respectively by transmission electron micro-
scope. PL spectra of the CdSe nanocrystals indicated an or-
ange emission band at 585 nm when excited at 355 nm
[Fig. 1(A)]. PL spectra of Y,Os:Er at 245 nm excitation
shows emissions at 525, and 553 nm for ZH;; 2 15 /2
and ‘S, 2 - 4115/2 transition within Er®" ions [Fig. 1(B)].
Figure 1(C) shows the green and red up-conversion spec-
tra of Y,05:Yb:Er at 980 nm excitation. The two peaks in
the green emission region centered at 525 and 535 nm
correspond to the 2H11/2 - 4115/2, and 453/2 - 4115/2
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TABLE I
Ion Concentrations of Samples Prepared Under Different Conditions
Ion Concentrations (ppm)
Cell Medium (Direct Contact Method,
72 h After Incubation)
Nanoparticle Ton 70°C 121°C
Samples Released HepG2 NIH3T3 Extract Extract
CdSe@ZnS Cd 421 593 0.51 1.51
Se 5.34 4.72 NT 3.32
Zn 477 6.20 1.01 1.75
CdSe Cd 8.41 10.53 211 5.11
Se 9.22 8.87 NT 731
v-Fe,O5 Fe 523 6.41 1.89 3.15
Y,053:Er Y 2.46 4.23 2.34 524
Er 0.12 0.65 NT 1.92
Y,03:Yb:Er Y 2.07 3.78 2.01 343
Er 0.43 NT NT 1.12
Yb NT NT NT 0.90

NT, nondetectable (detection limit at 10 ppb).

transitions, respectively, whereas a third peak appearing in
the red region at 652 nm corresponds to the 4F, /2 = s /2
transition. The magnetization curve of the y-Fe,O; nano-
particles shown in Figure 1(D) suggests the saturation
magnetism of the nanoparticles is 30.5 emu/g.

Statistical analysis

The results are presented as means *+ standard devia-
tion. Responses of the cells to the nanoparticles were statis-
tically analyzed wusing one-way analysis of variance
(ANOVA). In all cases, p values lower than 0.05 were con-
sidered statistically significant. Significant changes induced
by samples are marked by asterisks in the figures.

120

RESULTS

Nanoparticle extracts

The ion concentration from the cell media was
exposed directly to the nanoparticles for 72 h, and
the extracts formed at 70 and 121°C is presented in
Table 1. Extractions at 37 and 50°C for 72 h, which
were described in the standard, were also investi-
gated. However, no ions could be detected in the
extracts. For CdSe, CdSe@ZnS, and y-Fe,O3; nanopar-
ticles, the highest ion concentration was found when
the nanoparticles were exposed directly to the cells

100

g

g

Cell viability (%)
&

70-C Leachate

121-C Leachate

Sample condition

Figure 2. Cell viability of HepG2 cells at 0.25 mg/mL and 72-h exposure. Data are presented as mean * standard devia-
tion for at least three independent experiments. Value is statistically significant compared to control (ANOVA), *p < 0.05;

#p < 0.01; **p < 0.001.
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for 72 h. However, the concentration of RE ions was
not significantly higher for the DC method. It is sug-
gested that the harsher conditions at 121°C resulted
in more RE ions leaching out when compared with
the DC method, in which the incubation took place
at 37°C. It is also notable that the amount of ions
was generally higher in the NIH3T3 cell media.

In vitro cytotoxicity studies using HepG2 cells

The exposure of the HepG2 cells at a concentration
of 0.25 mg/mL with an exposure duration of 72 h is
the highest concentration and longest exposure time
used in the current study. This condition is referred
to as the extreme condition. The HepG2 cells
exposed to the extreme condition are shown in Fig-
ure 2. Of the five types of nanoparticles, y-Fe,Os,
Y,03:Er, and Y,O5:Yb:Er studied through the DC
method and their associated extracts produced mini-
mal cytotoxicity, with cell viabilities observed to be
almost 100%. The results obtained here are consist-
ent with other studies: iron oxide was reported to be
of little or no toxicity at low Fe concentration.'>***
Similarly, no significant toxicity was found when the
cytotoxicity of Tb-doped Y,O; was studied using
HepG2 cells.”® The results obtained for cell viability
were found to be statistically significant with respect
to control and are marked by asterisks in Figure 2.
CdSe and CdSe@ZnS QDs showed toxicity in the
extreme condition with low cell viability, using the
DC method and with the 121°C extract. Cells sub-
jected to 70°C extracts have shown comparatively
higher cell viability.

The observed changes in cell morphology in Fig-
ure 3 are indicative of cytotoxicity. Figure 3(A)
shows the confluence of HepG2 control cells. Hepa-
toma cells generally exhibited spindle-shaped mor-
phology. The morphology of the viable cells was
similar to control cells when exposed to relatively
nontoxic nanoparticles like Y,O3:Er, Y,O3:Yb-Er, and
v-Fe>O;. However, changes in cell morphology were
observed when low cell viability was encountered in
the cases of DC method and 121°C extract. For the
DC method subjected to CdSe@ZnS QDs, there was
evidence of significant cell disruption and ubiquitous
cell debris, as shown in Figure 3(B). For cells sub-
jected to 121°C CdSe@ZnS extract, cell membranes
showed “blebbling,” cell volume reduced, and cells
were found to be sparsely packed [Fig. 3(C)].

We have further investigated the effects of higher
nanoparticle concentration and longer exposure time
using 121°C extracts (Fig. 4). The total amount of Cd
ions leached out was dependent on the amount of
nanoparticles charged. Our data indicate that with
increasing CdSe@ZnS dosage, from 0.0625 to 0.25
mg/mL, the cell viability decreases from 79.5 to

S0 pm

Figure 3. Morphology of HepG2 cells at 0.25 mg/mL and
72-hr exposure observed under microscope: (A) control,
(B) cells subjected to DC method with CdSe@ZnS, and (C)
cells subjected to 121°C of CdSe@ZnS extract. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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©0.0625mg/ml (121C) B 0.1mg/ml (121C) mO.25mgiml (121C)

Cell viability (%)

24hrs

48hrs T2hrs

Incubation Time

Figure 4. Effects of concentrations and exposure time of CdSe@ZnS nanoparticles on cell viability of HepG2 cells using
121°C extract. Data are presented as mean * standard deviation for at least three independent experiments. *p < 0.05;

one-way ANOVA for repeated measures.

61.9%, corresponding to an increase of Cd ion con-
centration from 0.89 to 1.51 ppm and indicating
dose-dependent cytotoxicity. Cell viability did not
vary significantly with increasing exposure time.

In vitro cytotoxicity studies using NIH3T3 cells

The cell viability of NIH3T3 cells in response to
these nanoparticles and their extracts was investi-
gated (Fig. 5). We started with exposing the NIH3T3
cells to the nanoparticles at the extreme condition.
The response of the NIH3T3 cells to the nanopar-

ticles is shown in Figure 5. y-Fe,O; nanoparticles
and associated extracts showed minimal cytotoxicity.
NIH3T3 cell viability was found to be depressed in
the presence of CdSe and CdSe@ZnS nanoparticles
and their extracts, and in fact, the viability was
lower compared to that of HepG2 cells. The cell via-
bility was found to be lowest in the DC method, fol-
lowed by in the extracts obtained at 121°C and then
in those obtained at 70°C. Contrary to results from
HepG2 cell viability studies, Y,O5:Yb:Er and Y,O3:Er
nanoparticles and their extracts at 70 and 121°C
showed lower cell viability. As shown in Figure 5,
the cell viability is lowered to 71% when they are

120

OCdSe-ZnS
CdSe
100 B Y203-Er
m Y203-YbEr
| BFe203
80
20
-]
3
E
W 40
o
20 4--mneenenanes
u -4
oc T0-C Leachate 121+C Leachate
Sample condition

Figure 5. Cell viability of NIH 3T3 cells at 0.25 mg/mL and 72-hr exposure. Data are presented as mean * standard
deviation for at least three independent experiments. Value is statistically significant compared to control (ANOVA),

*p < 0.05; **p < 0.01; **p < 0.001.
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incubated with nanoparticles directly, and to approx-
imately 87% for the extracts. Small amounts of RE
ions were found in the extracts and cell media (Table
I). This finding indicates that NIH3T3 cells were
more sensitive to the RE ions than HepG2 cells. The
RE ions, though present in a small concentration,
caused aggregation and deformation of the NIH3T3
cells [Fig. 6(B)]. When exposed to the 121°C extracts
of CdSe@ZnS nanoparticles, the cells were sparsely
spaced, and cell debris was observed, indicating a
more severe toxicity as compared to the RE oxides
[Fig. 6(C)].

Figure 7 shows the effect of dose concentration
and exposure time of Y,Os:Er nanoparticles with the
DC method. We found that the concentration
changes in Y ions were minimal (3.98, 3.79, and 4.23
ppm), with increasing exposure time. These results
indicate that the presence of the RE nanoparticles is
the main contributor to the decrease in cell viability.

DISCUSSION

Effects of nanoparticles and their extracts
on cell viabilities

On the basis of the results obtained from the
extreme condition, it is apparent that the QDs were
toxic under the conditions of the DC method and
the 121°C extract. However, as suggested by Figures
2 and 5 and the cell morphology observations, nano-
particles incubated directly with cells (DC method)
were more cytotoxic than their respective extracts.
The higher cytotoxicity can be attributed to the pres-
ence of both the nanoparticle itself and the toxic Cd
ions. For HepG2 cells, only the QDs and their associ-
ated extracts showed cytotoxic effects. The presence
of the other nanoparticles and their ions (Fe, Yb, Y,
and Er) produced minimal toxicity to HepG2 cells.
However, for NIH3T3 cells, QDs, RE-oxide nanopar-
ticles, and their extracts showed cytotoxicity.

Few mechanisms have been proposed to explain
the cytotoxicity of CdSe QDs. Oxidation of QDs can
result in the decomposition of CdSe nanocrystals,
leading to the release of Cd ions and/or CdSe com-
plex from the core.?® In addition, QDs can induce re-
active oxygen species generation through energy or
electron transfer to molecular oxygen.” Moreover,
the nanoparticles may be internalized by the cells,
disrupting the cell membrane and leading to leakage
of cellular content, or affecting the functions of cell
organelles and nuclei.® In our study, high concentra-
tions of Cd and Se ions were found in the cell media
after the CdSe and CdSe@ZnS nanoparticles were
incubated with the cells for 72 h. The lower cytotox-
icity of the CdSe@ZnS is attributed to its ZnS coat-

Figure 6. Morphologies of NIH 3T3 cells at 0.25 mg/mL
and 72-hr exposure: (A) control, subjected to (B) 121°C
extract of Y,O3:Er nanoparticles and (C) 121°C extract of
CdSe@ZnSe nanoparticles. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Journal of Biomedical Materials Research Part A
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Figure 7. Effects of concentrations and exposure time on cell viability of NIH 3T3 cells using the DC method and
Y,0O5:Er nanoparticles. Data are presented as mean = standard deviation for at least three independent experiments.

ing, which offers a barrier to the leaching of Cd ions
(Table I). The cell viability correlates strongly to the
Cd-ion concentrations found in the cell media (via
the DC method) and extracts.

Even though RE oxides are temperature resist-
ant,”® the presence of a small amount of RE ions in
the extracts suggests that ions have leached out from
the nanoparticle surface, the most probable reason
being the high surface area. Very few studies report
the toxicity of RE ions at low concentrations. In a
study, Hopp et al.*’ tested cytotoxicity of neodym-
ium (Nd) and samarium (Sm) alloy compounds in
NIH 3T3 cells and found that the Sm alloy was sig-
nificantly more toxic than Nd. In an earlier effort,
Palmer et al.*® also tested cerium (Ce), lanthanum
(La), and Nd metal cytotoxicity in rat pulmonary
alveolar macrophages and reported a low toxicity
for these metal ions. Duchen®" reports that the radii
of RE ions are very similar to that of Ca®" (0.099
nm); hence, they may mimic Ca®" ions in the cellular
environment. High uptake of calcium causes mito-
chondrial dysfunction and cell death.

Figures 4 and 7 indicate that higher nanoparticles
dosage results in more ions in the media, resulting
in lower cell viability. Longer exposure time also
depresses cell viability. The presence of the nanopar-
ticles also contributes to higher cytotoxicity. A num-
ber of studies have reported similar findings on
nanoparticles dose-dependent cytotoxic behav-
ior.''323% Besides the toxic effects of Cd ions, inter-
nalization of the nanoparticles could induce cell
death, and the number of nanoparticles internalized
correlates to cytotoxicity, as revealed.* A higher
amount of internalized nanoparticles could induce a
greater extent of cell damage or death by disrupting

Journal of Biomedical Materials Research Part A

the cell membranes or destroying the cell organ-
elles,*” as evident in Figure 3(B). In summary, the
cell viability of HepG2 is nanoparticle dosage de-
pendent and ion concentration dependent. Toxic ion
concentration increases with longer exposure time
and higher nanoparticle dosage.

Sensitivity of cells to different nanoparticles

The comparison of the sensitivity of the different
cell lines to the CdSe@ZnS and Y,O3:Er nanopar-
ticles and their extracts at 121°C is presented in Fig-
ure 8. It was found that the cell viability in the DC
method was lower than in the extraction method.
Both cell lines were sensitive to CdSe@ZnS nano-
particles. However, NIH3T3 cells showed lower

120
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Figure 8. Comparison of HepG2 and NIH3T3 cells sensi-
tivity to different nanoparticles under different experimen-
tal conditions. Nanoparticle dosage: 0.25 mg/m.
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viability. This indicates that different cell lines
respond differently to different nanoparticles. Being
a liver cell, HepG2 is capable of the production of
metallothionein, a metal sequestering protein, which
binds to toxic metal ions to form inert complexes.*
This could explain the higher tolerance of HepG2
cells toward Cd ion toxicity in all the cases in the
current study. We also propose that metallothionein
is capable of sequestering RE ions, in particular Y
ions. The interaction of metallothionein with metal
ions takes place through the thiol groups in the cys-
teine moieties, which are nucleophiles. Therefore, it
is possible that the metallothionein can form com-
plexes with electrophiles such as metal ions. How-
ever, studies have shown that the electronic configu-
ration of the metal ions plays a crucial role in form-
ing stable metal complexes.”® The metal ions may
induce the production of metallothionein but may
not be able to bind to the protein.*®> Metal ions with
a d10 electronic configuration, such as Cd** and Y**
ions, are suited for complex formation with the mul-
tiple cysteine moieties in metallothionein. This could
explain why the HepG2 cells were more resilient to
the metal ions, manifesting higher cell viability.

CONCLUSION

In this study, we propose a new approach for evalu-
ating the in vitro cytotoxicity of nanoparticles by anal-
yses of their extracts obtained at different extraction
conditions. This approach contributes to the goal of a
generalized and systematic evaluation of toxicity of
nanomaterials. From the current study, metal (Cd, Zn,
Y, Yb, Er) ions were only found in extracts obtained at
70 and 121°C extraction conditions, as well as in the
cell media incubated directly with the nanoparticles.
The dosage concentration was found to be a critical
factor affecting the cell viability. Cell viability was
found to decrease in higher concentrations of Cd ions
found in the extracts obtained at 121°C and cell media
charged with nanoparticles. In addition, our study
has shown that different cell lines have different sensi-
tivity to nanoparticles and metal ion toxicity. In sum-
mary, the presence of ions in the extracts suggested
that the current proposed method of evaluating cyto-
toxicity is necessary for nanomaterials intended for
biomedical application. Finally, RE-oxide nanopar-
ticles are found to be less cytotoxic than Cd-based
QDs and could therefore be suitable candidates for
bioimaging probes.
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