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ABSTRACT: Multifunctional nanoparticles (NPs) have been designed for a variety of cell imaging and therapeutic applications,
and the study of their cellular interactions is crucial to the development of more efficient biomedical applications. Among current
nanomaterials, concave core—shell NPs with complex angled geometries are attractive owing to their unique shape-dependent
optical and physical properties as well as different tendency for cell interaction. In this study, we investigated the morphology
effect of spiky gold-coated iron oxide supraparticles (Fe;O,@Au SPs) on cytotoxicity and global gene expression in sarcoma 180
cells. Cells treated for 7 days with spiky supraparticles (SPs) at concentrations up to SO pg/mL showed >90% viability, indicating
that these NPs were nontoxic. To shed light on the differences in cytotoxicity, we monitored the expression of 33 315 genes
using microarray analysis of SP-treated cells. The 171 up-regulated genes and 181 down-regulated genes in spiky SP-treated cells
included II1b, Sppl, 1118, Rbp4, and Il11ral, where these genes are mainly involved in cell proliferation, differentiation, and
apoptosis. These results suggested that the spiky Fe;O,@Au SPs can induce noncytotoxicity and gene expression in tumor cells,
which may be a promising cornerstone on which to base related research such as cyto-/genotoxicology of nanomaterials or the

design of nanoscale drug carriers.
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1. INTRODUCTION

It is fundamental to understand the interaction between multi-
functional nanoparticles (NPs) and the cell for its application
on cell image and therapeutics.' > The mutual reaction
between cells and NPs varies with the surface properties of
NPs, including composition, morphology, size, shape, and ionic
strength.*> The surface morphology of NPs plays the most
important role in the cellular interactions and systemic distri-
bution of NPs.°™'> For example, cytotoxicity of gold NPs is
well studied under different surface coating and shape (nano-
particle, nanoshells, and nanorods). The studies showed that
the cell viability was not reduced by gold nanoshells compared
to control cells."> Moreover, spherical gold NPs with the same
surface functionalization are generally more toxic and more
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efficiently uptaken than rod-shaped particles.'* A few researches
focus on the cytotoxicity of concave metallic NPs.

Recently, increasing attention has been paid to the fabri-
cation of concave metallic NPs.">™>* Distinctively, Au-coated
iron oxide (Fe;O,@Au) NPs have been the focus of study
owing to their intriguing bifunctional (magnetic and optical)
properties.zs’26 Anisotropic Au NPs can support large optical
cross sections at near-infrared wavelengths and are easy to do
optical imaging modalities for their high rates of transmission
through biological tissues.””~>* Moreover, Fe;0, NPs are useful
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as T)-weighted contrast agents in magnetic resonance imaging
and are able to react to magnetic field gradients applied to site-
specific localization (e.g., magnetofection) or separation (e.g.,
cell sorting).*® Most importantly, the magnetic and plasmonic
properties in the hybrid structures can affect each other in
current work which is called magnetoplasmonics.*" As a multi-
functional magnetoplasmonic nanomaterial, the special optical
properties and superparamagnetic properties that NPs inherit
from these two components would highly improve and broaden
the application as multifunctional nanocomposites.

Indeed, due to their multifunctionality in surface modifica-
tion, superparamagnetic, and optical properties such as loca-
lized surface plasmon resonance and surface-enhanced Raman
scattering, Fe;O,@Au nanostructures have been recently
applied in biomedical fields, like drug delivery systems,>>*
bioanalysis,**** imaging,*® and disease detection/therapy.
The importance of the surface morphology of Fe;O,@Au NPs
in the design of high-performance delivery systems for
therapeutic drugs has been increased in order to examine the
effect of particle morphology on cellular functions using bio-
informatic methods up to gene expression.”” Profiling of gene
expression is a forceful tool to evaluate the mechanism of cell
response to any external stimuli that results in transcriptional
changes. Gene regulation can be figured out through a variety
of methods,**' and it can simultaneously determine the
expression of thousands of genes which occur in disease,* even
in its early period or in response to pharmacological® or toxi-
cological stimuli. Even simple experiments will produce large
amounts of data, and thereby expression profiling through
the experiments can revolutionize our understanding of many
cellular processes. Expression monitoring is also a powerful
means in the pharmaceutical industry such as drug discovery,
medicinal development, medical setting, medical diagnosis, and
clinical surveillance. Gene expression monitoring related to
toxicology is expected to make extraordinary contributions.**
Detailed transcriptional responses to toxic stress will be helpful
for us to comprehend the effects of toxic compounds, which
will enable us to design better strategies for safer nanomaterials.

We previously reported a unique metallic core—shell
nanocomplex, ie., spiky gold-coated iron oxide supraparticles
(Fe;0,@Au SPs) with diameters of 105—185 nm and strong
magnetization using the self-assembly method, which has drawn
considerable attention because of their unique surface morphol-
ogy and electromagnetic bifunctionality.*Inorganic super-
clusters—which are also called “supraparticles (SPs)” because
they can assemble technically—are an emerging and hot re-
search topic in many research fields, such as chemistry, physics,
and materials science.*"”*® They exhibit unique physiochemical
properties due to their well-defined shape and distinctive
topological structure.*” Therefore, in this article we investigated
their cytotoxicity in detail by using mouse sarcoma 180 tumor
cells to obtain fundamental information on nanoscale toxicity
before we carry out different biomedical applications. Further-
more, we used microarray analysis to demonstrate the potential
effects of spiky SPs on cell differentiation, cell proliferation, cell
cycle, immune response, apoptosis, and signal transduction.
These bioinformatics approaches will shed light on the effects
of nanoscale differences in shape on cellular responses and pro-
vide fundamental information for the development of further
therapeutic nanocomplexes.

37,38
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2. EXPERIMENTAL SECTION

Materials. Gold(III) cloride hydrate (HAuCl,, 99.9%), sodium
citrate (NayC4H;O;), iron(Ill) chloride (FeCl;), hydroquinone
(98%), and 28% ammonium hydroxide solution (NH,OH) were
obtained from Sigma-Aldrich (Milwaukee, USA). Iron(II) chloride
(FeCl,) was purchased from Wako Pure Chemical Industries Ltd.
(Tokyo, Japan). Deionized water (>18.2 mQ/cm) was used
throughout the experiment. All chemicals were of analytical grade
without any further purification. Sarcoma 180 cells, a murine tumor
cell line, were obtained from the American Type Culture Collection
(Rockville, MD, USA). All cells were maintained in a humidified incu-
bator at 37 °C and 5% CO,. Fetal bovine serum, penicillin, and strep-
tomycin for cell cultures were purchased from Hyclone Laboratories
Inc. (Logan, UT, USA).

Synthesis of Fe;0, Magnetic NPs. Iron oxide nanoparticles
(Fe;0, NPs) were prepared through the coprecipitation method.*®
Typically, 1.622 g of FeCl;-6H,0 and 0.994 g of FeCl,-4H,0 were
dissolved in 40 mL of water with magnetic stirring. After that, S mL of
25% NH,OH was injected quickly to the reaction solution and allowed
to stand for 10 min. Next, 4.4 g of sodium citrate was added to this
reaction mixture under 90 °C for 30 min with stirring. Then the mix-
ture was cooled to room temperature and thoroughly rinsed with ethyl
alcohol several times. In rinsing, samples were separated from the
supernatant by a permanent magnet. Finally, the black precipitates
were dried under room temperature in vacuum.

Preparation of Spherical Au-Coated Iron Oxide (Fe;0,@Au)
Seed. Au-shell coating was performed by reducing Au** on the surface
of Fe;O, NPs via the modification of a method described in our pre-
viously published study.* Briefly, 20 mL of 0.5 mM HAuCl, solution
was heated until boiling with vigorous stirring. Rapidly injecting 10 mL
of Fe;O, solution resulted in the formation of Fe;O,@Au NPs; heat-
ing was continued for another 10 min; next, we removed the heating
plate and cooled the solution to room temperature with stirring.
The Fe;O,@Au NPs were obtained after 3 times of centrifugation at
6500 rpm for 20 min. Finally, the nanoparticles were redispersed in
10 mL of deionized water. The final Fe;O,@Au NP seed solution
showed dark purple color.

Preparation of Spiky Fe;0,@Au SPs. Spiky Au-shell coating was
achieved via reduction of Au** on the surface of spherical Fe;O,@Au
seed by the self-assembly method in our previous publication.* Typi-
cally, 10 mL of HAuCl, (0.25 mM) solution was made under magnetic
stirring, and then, 100 yL of Fe;0,@Au seeds and 1 mL of hydro-
quinone (30 mM) were added into the HAuCl, solution. The reaction
solution was stirred under room temperature for 30 min. The final
spiky Fe;O,@Au SPs solution showed green color.

Fluorescence-Activated Cell Sorting (FACS) Analysis of
Sarcoma 180 Cells to Fe;0, Magnetic NPs. Flow cytometry was
performed on a FACS Calibur (MuseTM Cell Analyzer, EMD
Millipore, Germany). Sarcoma 180 cells (7 X 10°/well) were cultured
overnight on six-well cell culture plates in RPMI medium containing
10% of fetal bovine serum, 100 IU/mL of penicillin, and 100 yg/mL of
streptomycin. When the cells reached 70—80% confluence, they were
exposed to deionized water (control) and various concentrations of
Fe;0, magnetic NPs (0.75, 1.5, 3.15, 6.3, 12.5, 25, and SO pug/mL) for
7 days. Cells were harvested using trypsinization and 100 uL of
cell suspensions for 20 min using MuseTM Annexin-V & Dead Cell
reagent in the darkness. Then, the Annexin-V/7-AAD positive cells
were quantitatively detected with a MuseTM Cell Analyzer (Merck-
Millipore, Germany). Annexin-V stained cells were only marked for
early apoptotic and cells double-stained with Annexin-V and 7-ADD
were marked for late apoptotic.

Cell Culture and Cell Viability Assay. Cell viability was deter-
mined indirectly using the tetrazolium compound MTT (Sigma-
Aldrich, Korea). Briefly, sarcoma 180 cells were seeded at 200 cells/uL
density in 96-well plates and incubated in a carbon dioxide incubator
for 24 h at 37 °C. After 70—80% confluence of cells was achieved, the
cells were exposed to different concentrations of spiky SPs (0, 0.79,
1.58, 3.17, 6.25, 12.5, 25, and SO pg/mL) for 7 days. Two groups
of cells were prepared for comparison of cytotoxicity and gene
expression—namely, a deionized water-treated group as a control
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(vehicle) and spiky groups. After the supernatants of sarcoma 180 cells
were removed, fresh RPMI 1640 medium (200 yL, 2 mg/mL in PBS
solution) and MTT solutions (S0 yL, 2 mg/mL in PBS solution) were
injected to the control and spiky groups. After that, the cells were
incubated at 37 °C. The viable cells were determined to convert the
soluble MTT into an insoluble purple formazan precipitate in a 220 uL
sample of control and spiky groups in 4 h. The formazan precipitate
was quantified by measuring the absorbance at 570 nm using a spec-
trophotometer (Molecular Devices, Sunnyvale, CA, USA).

Transmission Electron Microscopy (TEM) of Spiky SP-
Treated Cells. The intracellular ultrastructure of sarcoma 180 cells
treated with increasing concentration (0—S0 pg/mL) of spiky SPs
was observed after 24 h of incubation by transmission electronic
microscopy (TEM). After treatment using spiky SPs, the cells (1 X
10° cells) were washed with PBS buffer three times and then with 2.5%
of glutaraldehyde and 1% of osmuim tetroxide at 4 °C in 7.2 PBS solu-
tion. The fixed cell cultures were dehydrated using graded ethyl
alcohol and finally embedded by covering with a layer of epoxy resin
(Epon 812 mixture). Ultrathin sections (50—60 nm) were obtained
using an ultramicrotome (EM UC7, Leica) and contrasted with uranyl
acetate and lead citrate. Finally, the thin sections were observed using
an electron microscope (H-7600, Hitachi, Japan) at 80 kV.

Microarray Analysis. RNA was extracted using an RNA-Bee
solution (Tel-Test, Austin, TX, USA). To control and test RNAs, we
synthesized and hybridized target complementary RNA (cRNA)
probes using a low-RNA input linear amplification kit (Agilent
Technolo%y, USA). The process was performed as Jong Kun Park
reported.”

Data Acquisition and Analysis. All data and hybridized images
obtained from Microarray assays were analyzed based on Hyo-Eun
Kim’s report.”’

B RESULTS

Preparation of Spiky Fe;0,@Au SPs. We designed spiky
Fe;0,@Au core—shell SPs with multifunctional properties
using the self-assembly approach.*>* Citrate-coated Fe;0,
NPs are initially prepared as the central cores in an aqueous
state. They are subsequently coated with Au layers via reduc-
tion of HAuCl, on the citrate on the Fe;O, surface. Then,
using synthesized spherical Fe;O,@Au NPs as seed, the spiky
Fe;O,@Au SPs were produced via the self-assembly of addi-
tional Au NPs through seed-mediated reduction of HAuCl,
with hydroquinone. Figure 1 presents the transmission elec-
tron microscopy (TEM) images of Fe;O, core NPs, spherical
Fe;0,@Au seed, and spiky Fe;O,@Au SPs. On the basis of
micrographs from multiple areas, Fe;O, NPs appear to be
almost spherical with a diameter of ~10 nm (as shown in
Figure 1A and B). Next, 10 mL of Fe;O, NP solution was
added to hydrogen tetrachloroaurate (III) (HAuCl,) solu-
tion, yielding Fe;O,@Au NPs with high monodispersity. In
Figure 1C and D, Au is fully covered on the magnetic core, and
the spherical Fe;O,@Au seeds are approximately 25 nm in
diameter. Figure 1E and F show spiky Fe;O,@Au SPs with
multiple branches after 1 mL of hydroquinone and 100 yuL of
Fe;0,@Au seeds were added into the reaction system. The
number of branches was carefully counted in the TEM images
and was approximately 25—30 per NP. Each branch was a cone
shape with (111) direction of epitaxial growth and a height of
30 nm; the bottom and top diameters were ~25 and ~5 nm,
respectively. The average size of the spiky Fe;O,@Au SPs was
165 nm. Figure S4 (Supporting Information) shows the Fourier
transform infrared spectra of sodium citrate and spiky Fe;O,@
Au SPs. The 1578 cm™ peak attributed to the C=0 stretch-
ing vibration from the COOH group of citrate shifts to an
intense band at about 1560 cm™' for spiky Fe;O,@Au SPs.

Figure 1. Transmission electron microscopy (TEM) images of (A, B)
Fe;0, core NPs, (C, D) spherical Fe;O,@Au seeds, and (E, F) spiky
Fe;O,@Au SPs.

It demonstrated citrate’s bonding on the surface of spiky
Fe;0,@Au SPs by chemisorptions.

Spiky Fe;0,@Au SP Effect on Cell Morphology. After
exposure to toxic materials, the most noticeable change of cell is
its shape or morphology in a monolayer culture. Sarcoma 180
cells, also known as Crocker’s tumor, originated in mice as a
spontaneous tumor of epithelial lineage. This cell is one of
the transplantable, nonmetastasizing, connective tissue tumors
of the mouse. Microscopic observations of the treated cells
showed no distinct morphological changes between spiky SP-
treated groups with different concentrations and the control
group. Moreover, microscopic observation of the spiky SP-
treated cells showed that the colloidal stability of respective
NPs was not changed obviously after the 7 days of treatment,
compared with the control group (Figure 2), demonstrating
that spiky SPs were nontoxic to sarcoma 180 cells. The whole
images depending on culture days (1, 3, 5, and 7 days) can also
be seen in Figure S1 (Supporting Information).

Transmission Electron Microscopy (TEM) of Cell
Sections. In order to study the biodistribution of the spiky
SPs, TEM analyses of the sarcoma 180 cells treated with 25 and
50 pug/mL of spiky SPs were performed. Through endocytosis,
such as phagocytosis, pinocytosis, nonspecific endocytosis,
receptor-mediated endocytosis (RME), and so on, the nano-
particle can penetrate into the cell.>* There are no specific
ligands on the surface of spiky SPs in our experiment, which
suggested that the particles can be permeated into the cell by
pinocytosis or nonspecific endocytosis. Untreated cells showed
no abnormalities (Figure 3A and B), whereas spiky SP-treated
cells showed endosomes near the cell membrane with some
nanoparticles inside (Figure 3C and D). We also studied the bio-
distribution of spiky SPs with high concentration (469 pg/mL)
in sarcoma 180 cells. The TEM images were shown in Figure S2
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Figure 2. Optical microscopy images (X100) of sarcoma 180 cells exposed to spiky SPs of various concentrations after 7 days: (A) vehicle; (B)
0.79 ug/mL; (C) 1.58 ug/mL; (D) 3.17 ug/mL; (E) 6.25 ug/mL; (F) 12.5 ug/mL; (G) 25.0 pug/mL; and (H) 50.0 pg/mL.
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Figure 3. TEM images of sarcoma 180 cells exposed to spiky SPs of various concentrations after 24 h: vehicle (A, B); 25.0 ug/mL (C, D); and

50.0 pg/mL (E, F).

(Supporting Information). We can observe that there is no
change in the morphology of sarcoma 180 cells compared with
the vehicle group; however, the number of particles permeated
into the cell was much higher than 50 pg/mL of the spiky SP
group. Therefore, these results demonstrated that 469 pg/mL of
spiky SPs was nontoxic to sarcoma 180 cells. The spiky SPs were
also found to distribute throughout the cytoplasm, inside lyso-
somes. Furthermore, spiky SPs were not agglomerated in the
cytoplasm (Figure 3D and F). We also observed large endo-
somes with engulfed spiky SPs in the cytoplasm near the cell
membrane (Figure 3F).

The nuclear envelope has multiple pores (nuclear pore com-
plexes) which can transport proteins. Spiky SPs could be easily
diffused into the nucleus through the pores owing to their small
size. As is shown in Figure S2 (Supporting Information), small
vesicles carrying nanoparticles are in contact with invaginations
of the nuclear membrane. The cytoplasm exhibited endosomes
loaded with heavy nanoparticles, resulting in deposition of

spiky SPs in the cytoplasm. A similar mechanism has been
reported recently, whereby Au and Ag NPs were engulfed
through clathrin- and caveolae-mediated endocytosis in the
cell.**** The TEM images demonstrate the endocytic pathway
of spiky SP uptake.

Cytotoxicity of Magnetic Core NPs and Spiky SPs. Cell
viability analysis was carried out depending on the concen-
tration and culture days. Since the spiky SPs are composed of
two different nanomaterials, it is important to validate both
materials, i.e., magnetic core NPs and spiky SPs. In particular, it
might be possible that the cytotoxicity of the spiky SPs can be
swiftly changed because of their unique shape and extraordinary
surface areas and charges. The hydroquinone used for branch
growth during the synthesis of spiky SPs was eliminated thor-
oughly before cell experiments. We evaluated the effects of
spiky SPs on sarcoma 180 cell viability using an MTT assay.
The cytotoxicity profiles of magnetic core NPs and spiky SPs
are shown in Figure 4. The cell viability in the presence of
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Figure 4. Relative cell viability of sarcoma 180 cells exposed to increasing concentrations (0—50 pg mL™") of (A) magnetic core NPs and (B) spiky
SPs for 7 days.
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—— X o o ] Up-Regulated Genes
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= RNA splicing 1
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signal transduction 24
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Figure S. (A) Migration patterns (electrophoretic traces), (B) peak cell differentiation 20
patterns (electropherograms) of the vehicle and the spiky groups, (C) cell proliferation 15
microarray analysis plot summaries of gene expression data on the cell cycle 9
mouse genome survey, where 33 315 genes were analyzed for the spiky immune response 9
groups: G, green channel; R, red channel. apoptosis 8
inflammatory response 8
magnetic core NPs showed no effect on sarcoma 180 cell regulation of cellular protein metabolic process 6
viability when administered for 7 days (Figure S3, Supporting angiogenesis s
Information, and Figure 4A). Cells exposed to spiky SPs for 7 neurogenesis 5
days showed >90% viability, indicating that the spiky SPs were aging 2
nontoxic (Figure 4B). In our observation, the spiky SPs show a DNA repair 2
little less cell compared with magnetic core NPs. On the basis extracellular matrix 2
of this knowledge, noble gold NPs are generally nontoxic due response to oxidative stress 1

. 6 .
to their inert nature.>>*® Therefore, our observation suggests

that the branched structure of spiky SPs slightly affected the
growth of sarcoma 180 cells.

Spiky SP-Mediated Gene Expression Changes in
Sarcoma 180 Cells. Changes in global gene expression in-
duced by NPs were investigated to explain the cause of the

19684

“The cutoff of M value is >2 for up-regulation and <0.5 for down-
regulation.

variance on cell viability at the molecular biology level. First, to
verify the quality of total RNA extracted from sarcoma 180
cells, we analyzed the migration and peak patterns of the
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Table 2. Cell Differentiation

fold of
change
gene in spiky
symbol gene name accession no. SPs
Up-Regulated Genes
Sry sex determining region of Chr Y NM_011564 7.14
Sppl secreted phosphoprotein 1 NM_ 009263 7.07
Ascl2 achaete-scute complex homologue 2 NM_ 008554 427
(Drosophila)
Tcf23 transcription factor 23 NM_053085 3.96
Onecut2  one cut domain, family member 2 NM_ 194268 3.82
Emx2 empty spiracles homologue 2 NM_010132 3.66
(Drosophila)
Notch4 notch gene homologue 4 NM_010929 3.63
(Drosophila)
Tl2rg interleukin 2 receptor, gamma chain NM_013563 3.50
Aspa aspartoacylase NM_023113 3.21
Hsf4 heat shock transcription factor 4 NM_011939 321
Crygd crystallin, gamma D NM_007776 3.05
Terc telomerase RNA component NR_001579 3.0
Mibl mindbomb homologue 1 NM_ 144860 2.78
(Drosophila)
Olig2 oligodendrocyte transcription factor 2~ NM_016967 274
Omp olfactory marker protein NM_011010 2.71
Dtx1 deltex 1 homologue (Drosophila) NM_008052 2.68
Sox3 SRY-box containing gene 3 NM_009237 2.67
1123a interleukin 23, alpha subunit p19 NM_031252 2.51
Sprr4 small proline-rich protein 4 NM_173070 2.36
Tubd1 tubulin, delta 1 NM_019756 228
Lhx2 LIM homeobox protein 2 NM_010710 2.26
Slcla3 solute carrier family 1 (glial high NM_ 148938 2.15
affinity glutamate transporter),
member 3
Met met proto-oncogene NM_008591 2.10

Pdgfrb platelet derived growth factor
receptor, beta polypeptide

NM_001146268 2.10

Ager advanced glycosylation end product-
specific receptor

NM_007425 2.04

fold of

change

gene in spiky
symbol gene name accession no. SPs

Up-Regulated Genes

SemaSa sema domain, seven thrombospondin ~ NM_009154 2.02
repeats (type 1 and type 1-like),
transmembrane domain (TM), and
short cytoplasmic domain,
(semaphorin) SA
Down-Regulated Genes

I11ral interleukin 11 receptor,
alpha chain 1

NM_001172054 0.24

Ntfs neurotrophin § NM_ 198190 0.31

Mkks McKusick—Kaufman syndrome NM_021527 0.34
protein

Zic3 zinc finger protein of the NM_009575 0.39
cerebellum 3

Coq7 demethyl-Q 7 NM_ 009940 0.39

Sprrlb small proline-rich protein 1B NM_009265 0.40

Phox2a paired-like homeobox 2a NM_008887 0.41

Fabp4 fatty acid binding protein 4, adipocyte ~ NM_ 024406 0.42

Trim54 tripartite motif-containing 54 NM_021447 0.42

Gab2 growth factor receptor bound protein ~ NM_010248 0.42
2-associated protein 2

Pexlla peroxisomal biogenesis factor 11 NM_011068 0.43
alpha

Acadm acyl-Coenzyme A dehydrogenase, NM_007382 0.43
medium chain

Azil S-azacytidine induced gene 1 NM_009734 0.44

Tcpll t-complex protein 11 NM_013687 0.44

Lhx$ LIM homeobox protein 5 NM_ 008499 0.45

Cd3e CD3 antigen, epsilon polypeptide NM_007648 0.46

Baspl brain abundant, membrane attached NM_027395 0.47
signal protein 1

Cxcr4 chemokine (C—X—C motif) NM_009911 0.47
receptor 4

Cd28 CD28 antigen NM_007642 0.47

Vps33a  vacuolar protein sorting 33A (yeast) ~ NM_029929 0.48

groups, vehicle, and spiky SP group, in which the vehicle is a
deionized water-treated group and the spiky SP group had
different concentrations of spiky SP (0.79, 1.58, 3.17, 6.25, 12.5,
25, and SO pg/mL) treated group. Electrophoretic traces and
electropherograms told us that bands for 28S, 18S, and 5.8S
rRNA were clearly detected in the total RNA extracted from
each group; they exhibited normal patterns in electrophoretic
traces (Figure SA and B), demonstrating that the total RNA
extracted from all cells was of sufficient quality for microarray
analysis plots.

Figure SC shows microarray analysis plot summaries of gene
expression data on the mouse genome survey, in which 33 315
genes were analyzed for the spiky groups. The microarray
analysis plot presents dependences between the log ratio of two
variables and the mean values of the same two variables that
were analyzed from red (R) and green (G) channels of a single
chip to visualize the intensity-dependent ratio of raw microarray
data. In our experiment, the G value represents the vehicle
group, and the R value represents the spiky groups. The middle
line (M = 1) depicts equivalent intensity of R and G, indicating
equivalent gene expression between the vehicle and spiky
groups. An M value of >2 indicates more than 2-fold up-
regulation in gene expression in the spiky group, compared
with that in the vehicle group. The location of average gene
expression values along the first diagonal in Figure SC (average

intensity vs intensity ratio) shows systematic bias of overall
distributions of gene expression.

B DISCUSSION

Distribution of the Regulated Genes. To analyze the
ontology classification of spiky SP-regulated gene expression in
sarcoma 180 cells, we categorized gene lists through functional
clustering according to gene ontology (GO) classification using
the PANTHER/X ontology online software. On the basis of
the cutofts of M value >2 for up-regulation and <0.5 for down-
regulation, 171 were increased, and 181 were down-regulated in
the spiky SP group. These results suggest that microarray
analysis can identify differences effectively in gene expression
resulting from the treatment with the control and the spiky SPs.
The PANTHER/X ontology software identified 16 major GO
categories in the list of up-regulated transcripts. As shown in
Table 1, the largest number of transcripts was associated with
signal transduction, followed by cell differentiation, transcrip-
tion neurogenesis, cell proliferation, and apoptosis. In the list of
down-regulated transcripts, the PANTHER/X ontology soft-
ware identified 15 major GO categories (Table 1) that were
generally very similar to the categories of the up-regulated
transcripts. In this group, genes involved in signal transduction
and transcription were especially highly expressed, followed
by those involved in cell differentiation, cell proliferation, cell
cycle, immune response, and apoptosis. These results suggest
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Table 3. Cell Proliferation

fold of
change
gene in spiky
symbol gene name accession no. SPs
Up-Regulated Genes
111b interleukin 1 beta NM_008361 8.25
Ascl2 achaete-scute complex NM_ 008554 427
homologue 2 (Drosophila)
Emx2 empty spiracles homologue 2 NM_010132 3.66
(Drosophila)
Hsf4 heat shock transcription factor 4 ~ NM_011939 321
Terc telomerase RNA component NR_001579 3.05
Crip2 cysteine rich protein 2 NM_ 024223 2.56
Ncfl neutrophil cytosolic factor 1 NM_010876 2.55
1123a interleukin 23, alpha subunit NM_031252 2.51
p19
EifSa2 eukaryotic translation initiation ~ NM_177586 2.29
factor SA2
Met met proto-oncogene NM_008591 2.10

Pdgfrb platelet derived growth factor
receptor, beta polypeptide

NM_001146268 2.10

Ager advanced glycosylation end
product-specific receptor

NM_007425 2.04

Down-Regulated Genes

Rbp4 retinol binding protein 4, NM_001159487 0.22

plasma
Il11ral interleukin 11 receptor, alpha NM_001172054 0.24
chain 1
Hdgfrp3  hepatoma-derived growth factor, NM_013886 0.27
related protein 3
118 interleukin 18 NM_ 008360 0.31
Fabp4 fatty acid binding protein 4, NM_ 024406 0.42
adipocyte
Gab2 growth factor receptor bound NM_010248 0.42
protein 2-associated protein 2
Prrx2 paired related homeobox 2 NM_009116 0.44
B4galt7  xylosylprotein betal,4- NM_ 146045 0.44
galactosyltransferase,
polypeptide 7
(galactosyltransferase I)
Lhx$ LIM homeobox protein $ NM_ 008499 0.45
Itgb2 integrin beta 2 NM_ 008404 0.46
Cd3e CD3 antigen, epsilon NM_007648 0.46
polypeptide
Hsfl heat shock factor 1 NM_ 008296 0.46
Cxcr4 chemokine (C—X—C motif) NM_009911 0.47
receptor 4
Cd28 CD28 antigen NM_007642 0.47
Hyall hyaluronoglucosaminidase 1 NM_008317 0.50

that spiky SPs regulate the expression of genes related to signal
transduction, cell differentiation, and regulation of gene ex-
pression in sarcoma 180 cells.

Genes with the Highest Up-Regulation and Down-
Regulation. To characterize genes showing the highest levels
of overexpression, we selected three categories (i.e., cell differ-
entiation, proliferation, and apoptosis) directly related to
cell viability from Table 1, and genes showing at least a 2-
fold increase in expression were ranked according to their
expression levels. Within these cell differentiation categories
(Table 2), transcripts with the highest fold increase in the spiky
SPs group were Sry (7.14-fold), which initiates male sex
determination. Moreover, several transcripts, including Il11ral,
NtfS, Mkks, Zic3, and Coq7, were expressed at lower levels in
the spiky SP group. In the cell proliferation category (Table 3),
a dramatic increase in expression was observed for the Il1b
transcript (8.25-fold) among the up-regulated genes. The

Table 4. Apoptosis

fold of
gene change in
symbol gene name accession no. spiky SPs
Up-Regulated Genes
111b interleukin 1 beta NM_008361 8.25
Sppl secreted phosphoprotein 1 NM_ 009263 7.07
Uaca uvealautoantigen with coiled- NM_028283 5.18
coil domains and ankyrin
repeats
Terc telomerase RNA component NR_001579 3.05
Ncfl neutrophil cytosolic factor 1 NM_010876 2.55
Bcl7c B-cell CLL/lymphoma 7C NM_009746 2.48
Traf3ip2  TRAF3 interacting protein 2 NM_ 134000 2.36
Rnf130 ring finger protein 130 NM_021540 2.05
Ager advanced glycosylation end NM_00742S 2.04
product-specific receptor
Down-Regulated Genes
118 interleukin 18 NM_008360 0.31
Nr4al nuclear receptor subfamily 4, NM_010444 0.34
group A, member 1
Irak3 interleukin-1 receptor- NM_ 028679 0.36
associated kinase 3
Cd3e CD3 antigen, epsilon NM_007648 0.46
polypeptide
Nmnat3  nicotinamide nucleotide NM_ 144533 0.46
adenylyltransferase 3
Cd28 CD28 antigen NM_ 007642 0.47
Pdcd7 programmed cell death 7 NM_016688 0.50
P2rx4 purinergic receptor P2X, NM_011026 0.50

ligand-gated ion channel 4

information about Il1b and Rbp4 genes was cited from NCBI
GenBank. The protein encoded by Il1b is a member of the
interleukin 1 cytokine family, which is produced by activated
macrophages as a proprotein and proteolysis to its active form
by caspase 1 (CASP1/ICE).>” As an important regulator of the
inflammatory response, it has been involved in a variety of
cellular activities, including cell proliferation, differentiation,
and apoptosis. Rbp4 (Retinol binding protein 4) presents the
highest down-regulation in this group. Not only does it belong
to the lipocalin family but also carries retinol (vitamin A
alcohol) from the liver stores to the peripheral tissues.>®

Finally, for the up-regulated genes in the apoptosis category
(Table 4), I11b and Sppl were the most highly up-regulated
in the spiky SP group, followed by Uaca, Terc, Ncfl, and
Bcl7c 1118, Nr4al, and Irak3 were the most highly down-
regulated in the spiky SP group. Interleukin-1 receptor-
associated kinase 3 (Irak3) is an enzyme encoded by the
IRAK3 gene.>” Members of this family play a vital role in Toll/
IL-R immune signal transduction. These results indicate that
spiky SP treatment regulates genes involved in cell prolifer-
ation, cell differentiation, and apoptosis.

Biological Pathway Analysis. To study the role of genes
with the highest expression induced by spiky SP treatment, we
used the Kyoto Encyclopedia of Genes and Genomes to
analyze three important up-regulated genes: Sppl, Met, and
Pdgfrb. The introduction about these genes was cited from
NCBI GenBank. Spp1 (secreted phosphoprotein 1), the protein
encoded by this gene, can secrete hydroxyapatite and binds
with it with high affinity, and it can attach osteoclasts to the
mineralized bone matrix. As a cytokine, the protein can up-
regulate expression of interferon-gamma and interleukin-12.%
The proto-oncogene MET product is the hepatocyte growth
factor receptor. It shows tyrosine-kinase activity.”’ As members
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Figure 6. Pathway assignments of important genes based on the spiky SPs. Genes up-regulated in the (A) cell cycle pathway and down-regulated in
the (B) TGF-f signaling pathway were determined for spiky SPs. Genes identified in our microarray analysis are labeled using stars.

of the platelet-derived growth factor family, Pdgfrb encodes a
cell surface of tyrosine kinase receptor.”> These genes play an
important role in focal adhesion and are involved in the
synthesis and polymerization of actin through regulation of the
focal adhesion kinase and Ras homologue gene family, member
A (Figure 6). Moreover, among down-regulated genes, Il1b, the
gene with the lowest expression level, is closely related to the
toll-like receptor-signaling pathway. Peptidoglycan and lip-
oprotein bind toll-like receptors to stimulate the secretion of
cytokines such as tumor necrosis factor @ and interleukin
(IL)1p, IL-6, and IL-12 via the PI3K signaling pathway.

Bl CONCLUSION

We investigated the influence of spiky Fe;O,@Au SPs on cell
cytotoxicity and gene expression. The results from our research

19687

indicated that different concentrations of spiky SPs showed
high cell viability. It suggests that spiky morphology can induce
different regulation of gene expression in tumor cells. These
findings provide strong evidence that nanostructure not only
passively interacts with cells but also actively engages molecular
processes essential for the regulation of cell function. Our
findings provide useful information for the development of new
strategies for cancer treatment.
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