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We have fabricated a nanodevice composed of a matrix of nine nanodot arrays with various dot sizes,
ranging from a flat surface to 10 nm, 50 nm, 100 nm, and 200 nm arrays. HELA, C33A, ES2, PA-1,
TOV-112D, TOV-21G, MG63, and NIH-3T3 cells were seeded onto the device and cultured for three
days. To evaluate the size-dependent effect of nanodot arrays on cell growth, indices corresponding to
cell proliferation, apoptosis, cell adhesion, and cytoskeletal organization were defined. VD5 is defined
as the diameter of nanodots on which 50% of the cell population remains viable. ADs is defined as the
diameter of nanodots on which 50% of the cell population appears to have an apoptosis-like
morphology. FDs is the diameter of nanodots that promotes the formation of 50% of the focal
adhesions compared to cells grown on a flat surface. CDs is defined as the diameter of nanodots on
which cells have half the amount of microfilament bundles compared to cells grown on a flat surface.
We were able to distinguish between the invasive ability of HELA versus later-staged C33A cells.
Ovarian cancer cell lines (ES2, PA-1, TOV-112D, and TOV-21G) also exhibited differential growth
parameters that are associated with cell type, grade, and stage. Modulation of the growth of MG63 cells
was also achieved. More broadly, we have established a platform that can be used to assess basic
parameters of cell growth. A simplified fabrication process ensures mass production and lowers cost.
According to our results, the device is capable of distinguishing among cancer cell lines at various stages
and also provides basic design parameters for artificial implants. Our device will serve as a convenient
and fast tool for tissue engineering and cancer treatment.

different materials for the surface growth or by coating surfaces
with extracellular matrix (ECM) or growth factors.'' Many
studies indicate that nanostructures such as nanofibers, sharp
tips, or nanotubes can affect cell proliferation. For example,
nanofibers could guide the growth direction of cell prolifera-
tion.?® As the nanotopographical three-dimensionality of a sharp
tip is increased, consistent trends of fewer cells and a smaller cell
size were observed.'? Cell adhesion and spreading were severely
impaired on nanotubule layers with a tube diameter larger than
50 nm, resulting in dramatically reduced cellular activity and
a high incidence of programmed cell death.' In our previous
studies, we have shown differential growth of NIH-3T3 cells on
nanodot arrays with dot diameters ranging from 10 nm to
200 nm. Cells grew normally on the 10 nm array and on flat
surfaces. However, 50 nm, 100 nm, and 200 nm nanodot arrays
induced apoptotic events. The occurrence of apoptosis is medi-
ated by the formation of focal adhesions, which can be seen using
immunostaining. Thus, utilization of assemblies containing
a range of nanostructures should be helpful in obtaining
parameters that are useful in the design and evaluation of arti-
ficial implants for tissue engineering.

In the current study, we fabricated a nanodevice consisting of
a matrix of nine nanodot arrays with various dot sizes ranging

Introduction

The development of invasive and metastatic properties in cancer
cells is complicated.'™ Invasion of cancer cells begins when cells
break away from the primary tumor and penetrate the
surrounding tissue, followed by movement into the circulatory
system, transportation through the body, and the establishment
of a secondary tumor. Changes in motility and the production of
enzymes that break through surrounding tissue are characteristic
of invasive cancer cells. Genes such as the KCI cotransporter
(KCC) family>® and actinin-47-'° are associated with the invasive
ability of cancer cells. KCI cotransport plays a crucial role in the
growth and invasion of human cervical cancer, and actinin-4 is
both a biomarker of cancer invasion and a prognostic indicator
for cancer patients. A fast and convenient platform for cancer
diagnosis should be beneficial in obtaining additional factors and
parameters that control or manipulate the invasive properties of
cancer cells.

Additionally, identifying an optimized surface for cell growth
is very important in tissue engineering. In recent years, many
researchers have modulated cell growth and apoptosis by using
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from a flat surface to 200 nm dots. We used this device to survey
the basic parameters of cancer cell lines. According to our results,
the device is capable of distinguishing among cancer cell lines of
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various stages and also provides basic design parameters for
artificial implants. Our device will serve as a convenient and fast
tool for tissue engineering and cancer treatment.

Materials and methods
Chemicals

Glutaraldehyde and osmium tetroxide were purchased from
Electron Microscopy Sciences (USA). Anti-vinculin mouse
antibody was purchased from Abcam (USA). Alexa Fluor 594
phalloidin and Alexa Fluor 488 goat anti-mouse IgG were
purchased from Invitrogen (USA). Trypsin was purchased from
Sigma (USA). Polydimethylsiloxane (PDMS) was purchased
from Sil-More (Taiwan). Other chemicals of analytical grade or
higher were purchased from Sigma or Merck.

Fabrication of the nanodevice/matrix of nanodot arrays

Nanodot arrays were fabricated as described.?® A tantalum
nitride (TaN) thin film with a 200 nm thickness was deposited
onto a 6 in silicon wafer followed by deposition of 400 nm thick
aluminium on top of the TaN layer. Anodization was carried out
in 1.8 M sulfuric acid at 5 V for the 10 nm nanodot array, and in
0.3 M oxalic acid at 25 V and 100 V for the 50 nm and 100 nm
nanodot arrays or in 5% (w/v) phosphate acid (H;PO,4) at 100 V

100nm

200nm | 50nm

100nm | 50nm | 200nm

for 200 nm nanodot arrays. Porous anodic alumina was formed
during the anodic oxidation. The underlying TaN layer was
oxidized into tantalum oxide nanodots using the alumina
nanopores as a template. The porous alumina was removed by
immersion in 5% (w/v) H;PO,4 overnight. A thin layer of plat-
inum (ca. 5 nm) was sputtered onto the structure to improve
biocompatibility and to unify the surface chemistry. The
dimensions and homogeneity of the nanodot arrays were
measured and calculated from images taken using JEOL JSM-
6500 TFE-scanning electron microscopy (SEM).

The fabricated nanodot arrays were cut into 1 cm x 1 cm
squares and integrated into a 3 x 3 matrix that was set in
a PDMS frame (Fig. 1c). The PDMS frame was molded in a glass
template fabricated by photolithography.?” Before curing, the
template-covered PDMS was held for 1 h to allow all bubbles in
the PDMS layer to escape. The curing process was performed by
heating the PDMS to 75 °C in an oven for approximately 45 min.
The final matrix contained a flat-surfaced square at the center
surrounded by nanodot arrays ranging from 10 nm to 200 nm
(Fig. lc).

Cell culture

Characteristics of the cell lines are summarized in Table 1.
HELA, PA-1, and MG63 cells were cultured in Dulbecco’s

Fig. 1 Fabrication of an integrated nanodevice for screening of cellular response. (a) Schematic representation of fabrication of tantalum-based
nanodot arrays using AAO processing. (b) SEM images of tantalum oxide nanodot arrays with dot diameters of 10 nm, 50 nm, 100 nm, and 200 nm
constructed on a silicon wafer. (c) Schematic drawing (left) and photograph (right) of integrated nanodevice.
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Table 1 Characterization of cell lines used in the current study

Cancer type Name Cell type  Clinical origin Description
Cervical carcinoma HELA Epithelial ~ Adenocarcinoma Low p53 expression, contains HPV-18
C33A Epithelial ~ Carcinoma Negative for HPV DNA and RNA
Ovarian carcinoma ES2 Fibroblast Clear cell carcinoma Low P glycoprotein expression
PA-1 Epithelial ~ Teratocarcinoma Has diploid female karyotype with a translocation between chromosomes 15
and 20.
TOV-112D Epithelial ~ Adenocarcinoma Grade 3, stage 111
TOV-21G  Epithelial  Clear cell carcinoma Grade 3, stage 111
Osteosarcoma MG63 Osteoblast  Osteosarcoma Produces high yields of interferon after superinduction with polyinosinic acid,
polycytidylic acid, cycloheximide and actinomycin D
NIH-3T3 Fibroblast Highly contact inhibited and sensitive to sarcoma virus focus formation and

leukemia virus propagation

Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and incubated in 5% CO, at 37 °C. ES2
cells were cultured in DMEM supplemented with 10% fetal calf
serum (FCS) and incubated in 5% CO, at 37 °C. C33A cells were
cultured in MEM Alpha supplemented with 10% FBS and
incubated in 5% CO, at 37 °C. TOV-112D and TOV-21G cells
were cultured in MCDB105 and Medium199 supplemented with
15% FBS and incubated in 5% CO, at 37 °C.

Scanning electron microscopy

Harvested cells were fixed with 1% glutaraldehyde in phosphate
buffered saline (PBS) at 4 °C for 20 min, followed by post-fixa-
tion in 1% osmium tetroxide for 30 min. Dehydration was per-
formed through a series of ethanol concentrations (5 min
incubation each in 50%, 60%, 70%, 80%, 90%, 95%, and 100%
ethanol) followed by air drying. The specimens were sputter-
coated with platinum and examined by JEOL JSM-6500 TFE-
SEM at an accelerating voltage of 10 keV. We randomly picked
five SEM pictures for each condition, and we calculated the
number of abnormal cells and the total number of cells.

Immunostaining of vinculin and actin filaments (microfilaments)

Cells were harvested and fixed with 4% paraformaldehyde in PBS
for 15 min, followed by three washes in PBS. The membrane was
permeabilized by incubation in 0.1% Triton X-100 for 10 min.
Permeabilization was followed by three PBS washes, blocking
with 1% bovine serum albumin (BSA) in PBS for 1 h, and three
washes in PBS. The sample was incubated with anti-vinculin
antibody (properly diluted in 0.5% BSA) and phalloidin for 1 h,
followed by incubation with Alexa Fluor 488 goat anti-mouse
antibody for 1 h, followed by three washes in PBS. We randomly
picked five fluorescent pictures for each condition and calculated
the number of focal adhesions (i.e., green spots of vinculin) per
cell.

Results
Fabrication of an integrated nanodot array device

The 3 x 3 matrix was composed of nine nanodot arrays with dot
sizes ranging from 10 nm to 200 nm. Each array was cut into
a lcm x 1 cm square and assembled as a matrix by fitting into
a preformed PDMS frame.

Nanodot arrays were fabricated by AAO processing on
a tantalum-coated wafer.? Tantalum oxide nanodot arrays with
dot diameters of 10 nm, 50 nm, 100 nm, and 200 nm were con-
structed using different solutions and voltages on a silicon wafer
(Fig. 1a). To provide a biocompatible and unique interaction
surface, platinum of ca. 5 nm thickness was sputter-coated onto
the top of the nanodots. SEM showed diameters of 10 + 2.8 nm,
52 £ 5.6 nm, 102 + 9.2 nm, and 212 £ 18.6 nm for 10 nm, 50 nm,
100 nm, and 200 nm dot arrays, respectively (Fig. 1b). The
dimensions of the nanodots were well-controlled and highly
defined.

The fabricated nanodot arrays were cut into 1 cm x 1 cm
squares and integrated into a 3 x 3 matrix set on a PDMS frame
(Fig. 1c). The PDMS frame was molded on a glass template
fabricated by photolithography.?’” The final matrix contains
a flat-surfaced square at the center with surrounding nanodot
arrays ranging from 10 nm to 200 nm (Fig. 1c).

Assessment of proliferation, apoptosis, cell adhesion, and
cytoskeleton reorganization for cultured cells

To define parameters that modulate the growth state of cells and
to assess the cellular response against a varied nanostructured
surface, the integrated nanodevice was first placed in the cell
culture dish. HELA, C33A, ES2, PA-1, TOV-112D, TOV-21G,
MG63, and NIH-3T3 cells were seeded on the device and
cultured for three days (Table 1). Among them, NIH-3T3 cells
were incorporated as a control cell line for normal fibroblasts.
Cell density was counted to examine the viability of cells, and
SEM was performed to assess the morphological changes of cells
(Fig. 2). To evaluate cell adhesion and cytoskeletal reorganiza-
tion, immunostaining specific to vinculin and actin filaments
(microfilaments) was performed (Fig. 3 and 4).

To evaluate the size-dependent effects of nanodot arrays on
cell growth, indices corresponding to cell proliferation,
apoptosis, cell adhesion, and cytoskeletal organization were
defined. VD5 is defined as the diameter of nanodots on which
50% of the cell population remains viable compared to cells
seeded on a flat surface after 3 days of incubation. VD5, for each
cell line was derived by counting the number of cells on the
nanodot arrays, drawing the graph of viability versus dot diam-
eter, and calculating the dot diameter at which 50% viability was
obtained (Fig. 5).

ADs is defined as the diameter of nanodots on which 50% of
the cell population appears to display apoptosis-like morphology
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Fig. 2 SEM images of cells seeded on nanodot arrays. HELA, C33A, ES2, PA-1, TOV-112D, TOV-21G, MG63, and NIH-3T3 cells were seeded on
a flat silicon surface and a 10 nm nanodot array, 50 nm nanodot array, 100 nm nanodot array, and 200 nm nanodot array. Cells were harvested at 72 h

(day 3) after seeding. Representative SEM images are shown.

after 3 days of incubation. ADso was calculated by counting the
percentage of apoptotic cells on the nanodots, drawing the graph
of percent apoptotic cells versus dot diameter, and calculating the
dot diameter that causes 50% apoptosis (Fig. 6).

FDjs is the diameter of nanodots that promotes the formation
of 50% of the focal adhesions compared to cells grown on a flat
surface. FDsy was calculated by counting the number of vinculin
stained spots per cell, drawing the graph of percent focal adhe-
sions versus dot diameter, and finding the diameter that promotes
50% of focal adhesions compared to a flat surface (Fig. 7).

CDs is the diameter of nanodots on which cells exhibit half
the number of microfilament bundles compared to cells grown on
a flat surface. Microfilaments (or actin filaments) are the thinnest

filaments of the cytoskeleton found in the cytoplasm of all
eukaryotic cells. Actin filaments are assembled in two general
types of structures: bundles and networks. These structures are
regulated by many other classes of actin-binding proteins. With
confocal microscopy, an estimation for the number of microfil-
ament bundles can be obtained by building a 3-d cell image.
CDso was calculated by counting the number of microfilament
bundles per cell, drawing the graph of microfilament bundles
versus dot diameter, and obtaining the diameter that gives a two-
fold reduction in the amount of microfilament bundles compared
to cells grown on a flat surface (Fig. 8).

Table 2 summarizes VDso, ADsg, FDso, and CDs, scores for
all cell lines employed in the current study.
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Fig. 3 Immunostaining for distribution of vinculin in cells cultured on 10 nm, 50 nm, 100 nm, and 200 nm nanodot arrays and on a flat surface. Cells
were seeded on arrays for 72 h before harvest. The sample was incubated with anti-vinculin antibody (properly diluted in 0.5% BSA), followed by

incubation with Alexa Fluor 488 goat anti-mouse antibody.

NIH-3T3 cells, used as a normal control cell line in the current
study, are a mouse embryonic fibroblast cell line established from
an NIH Swiss mouse embryo. They are highly contact inhibited
and are sensitive to sarcoma virus focus formation and leukemia
virus propagation. This cell line was established from NIH Swiss
mouse embryo cultures in the same manner as the original
random-bred 3T3 and the inbred BALB/c 3T3. Viability was at
78% and 74.2% for 10 nm and 50 nm nanodots respectively, but
dropped to 30.4% and 35% for 100 nm and 200 nm nanodot
arrays respectively. VD5, for NIH-3T3 is 71 nm. The percentage
of apoptosis-like cells was 58.3% for 100 nm and reached 78.3%
for the 200 nm dot array. ADs, for NIH-3T3 is 75 nm. The
vinculin staining indicated the density of focal adhesions, which
dropped to 68.8% at 50 nm and decreased to 54.6% and 46.8%
for 100 nm and 200 nm respectively. FDsy for NIH-3T3 is
110 nm. The cytoskeletal organization lost its order when the

array size was larger than 100 nm. CD5, for NTH-3T3 is 148 nm.
The NIH-3T3 cell line grew well on flat, 10 nm, and 50 nm
surfaces, but dropped to apoptotic levels and lost cell adhesion if
the nanodot size was larger than 100 nm.

HELA cells are a human cervical cancer cell line carrying
human papillomavirus-18 (HPV-18), with a low level of p53
expression. HELA cells are an immortal cell line used in scientific
research. Viability was maintained at 91.7% for 50 nm, but it
dropped to 43.2% when the nanodot size reached 100 nm, and
further dropped to 24.4% for the 200 nm nanodot array. VD5,
for HELA cells is 112 nm. The cell morphology remained flat and
extended at 50 nm, but mounted and changed to an apoptosis-
like shape for 100 nm and 200 nm surfaces. ADs, for HELA cells
is 85 nm. Immunostaining indicated enhanced staining of vin-
culin, which represented enhanced cell adhesion for sizes under
50 nm. FDsy for HELA cells is 51 nm. The cytoskeletal
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Fig. 4 Immunostaining for distribution of microfilaments in cells cultured on 10 nm, 50 nm, 100 nm, and 200 nm nanodot arrays and on a flat surface.
Cells were seeded on arrays for 72 h before harvest. The sample was incubated with phalloidin.
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Fig. 5 Viability versus dot diameter for cells cultured on the nanodevice. Cells are cultured on the nanodevice for 3 days. The viable cells are counted
and percent viability relative to cells cultured on a flat surface (0 nm) is calculated and graphed against the nanodot diameter. The graphs show viability
of NIH-3T3 (left), HELA cells (center), and C33A (right). Each value is averaged from at least 6 independent experiments. The error bars are the
standard errors. The curves for best fit are derived using SigmaPlot software.
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Fig. 6 Percentage of cells that have undergone apoptosis versus dot diameter for cells cultured on the nanodevice. Cells are cultured on the nanodevice
for 3 days and SEM images are taken. Cells of apoptosis-like morphology are counted and percent apoptosis is calculated and then graphed against the
nanodot diameter. The graphs show percent apoptosis of NIH-3T3 (left), HELA (center), and C33A (right) cells. Each value is averaged from at least 6
independent experiments. The error bars are the standard errors. The curves for best fit are derived using SigmaPlot software.

organization lost its order when the size was larger than 100 nm.
CDso for HELA cells is 94 nm. In summary, HELA cells grew
well and reached optimized conditions at 50 nm, but lost cell
adhesion and switched to an apoptotic mode when the dot size
was larger than 100 nm. Compared to NIH-3T3 cells, HELA
cells exhibited higher VDsy and ADso but had lower FDsq and
CDsy. Although HELA cells proliferated better than NIH-3T3
cells on the nanosurfaces, the cytoskeletal organization associ-
ated with the formation of focal adhesions appeared to be less
tolerable to changes in nanosurfaces.

C33A cells represent a human cervical cancer cell line derived
from advanced carcinoma with highly invasive activity and with
negative expression for HPV DNA and RNA. No significant
difference in proliferation was observed among all nanodot
arrays, from flat to 200 nm. The cell morphology remained flat
and extended at all sizes of the nanodot arrays. The immuno-
staining showed no significant difference in the number of focal
adhesions. Cells grown at all conditions displayed well-organized
cytoskeletons. All indices are higher than 200 nm. Compared to
HELA cells, C33A cells proliferated and developed well-orga-
nized focal adhesions and cytoskeletons on all sizes of nanosur-
face. This cell behavior might be an indication that C33A is
derived from cervical cancer that is at a later stage than the
cancer from which HELA cells were derived.

The ES2 cell line was established from a surgical tumor spec-
imen taken from a 47-year-old black woman. The tumor was
described as a poorly differentiated ovarian clear cell carcinoma.
This cell line exhibits low to moderate resistance to a number of
chemotherapeutic agents including doxorubicin, cisplatin, car-
mustine, etoposide, and cyanomorpholinodoxorubicin (MRA-
CN). It also expresses low levels of P glycoprotein. The viability
for ES2 cells dropped to 61.3% for 100 nm and to 70.9% for
200 nm nanodots. The morphology was extended on surfaces
ranging from a flat surface to 100 nm nanodots. The morphology
indicated that apoptosis occurred when the nanodot size reached
200 nm. Immunostaining of vinculin showed that the number of
focal adhesions decreased dramatically when cells were grown on
a 200 nm dot array, and cytoskeletal organization became
disordered at 200 nm. VDs,, AD5q, FD5,, and CDs, for ES2 are
>200, 198, >200, and >200 nm, respectively. In summary, ES2
cells grew well on a flat surface and on nanodots up to 100 nm,
but showed apoptosis and loss of cell adhesion at 200 nm.

The human ovarian teratocarcinoma cell line PA-1 was iso-
lated from the ascites fluid of a 12-year-old girl suffering from

recurrent malignant teratocarcinoma. Malignant ovarian
teratocarcinomas differ from their benign counterparts in that
they are a rare form of tumor and usually occur in prepubertal
females. They consist of many immature elements and can arise
by several mechanisms, including failure of meiosis I or II or
fusion of two ova. High passage PA-1 cells are tumorigenic in
nude mice upon subcutaneous injection, form embryoid bodies
under nonadherent culture conditions, and form colonies in soft
agar. Cytogenetically, PA-1 has a stable diploid female karyo-
type with a single balanced translocation between chromosomes
15 and 20. Cell viability was enhanced and rose to 107.6% on
surfaces with 50 nm nanodot arrays, but decreased to 30.2%
when the nanodot size reached 100 nm, and further decreased to
12.6% at 200 nm. The morphology remained flat and extended
until 50 nm, but mounted and began to exhibit apoptosis on
surfaces with nanodots between 100 nm and 200 nm. Decreased
staining of vinculin was observed, which indicated decreased cell
adhesion for nanodot sizes larger than 100 nm. The cytoskeletal
organization was less ordered when the dot size was greater than
100 nm. VDso, AD5g, FD5g, and CDs, for PA-1 are 108, 147, 72,
and 142 nm, respectively. In summary, PA-1 cells grew well and
reached optimized conditions on 50 nm arrays, but displayed
apoptosis and loss of cell adhesion if the nanodot size was larger
than 100 nm. PA-1 exhibited an earlier-staged cancerous
behavior compared to the ES2 cell line.

TOV-112D cells represent a human ovarian cancer cell line
derived from an endometrioid epithelial carcinoma from a 42-
year-old female. It is a primary malignant adenocarcinoma of
grade 3 and staged as IIIC. Viability did not change for cells
grown on a flat surface to 50 nm nanodot arrays, but it decreased
to 70% when the nanodot size reached 100 nm, and dropped to
50% at 200 nm. The morphology remained flat and extended at
50 nm, but mounted and showed apoptosis on 100 nm and
200 nm dot arrays. VDsy, ADsg, FDso, and CDso for TOV-112D
are 198, 127, >200, and >200 nm, respectively. In summary,
TOV-112D cells grew well on flat, 10 nm, and 50 nm surfaces, but
apoptosis occurred if the nanodot size was larger than 200 nm.
TOV-112D exhibited characteristics of late-stage cancer.

TOV-21G cells are a human ovarian cancer cell line. These
cells are from a clear cell epithelial carcinoma derived from a 62-
year-old female. This is a primary malignant adenocarcinoma, of
grade 3 and staged as III. Viability was enhanced and reached
110% when grown on 50 nm nanodot arrays, but decreased to
90% when the array size was 100 nm, and to 60% at 200 nm. The
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Fig. 7 Percentage of focal adhesions versus dot diameter for cells
cultured on the nanodevice. Cells are cultured on the nanodevice for 3
days and immunostaining using anti-vinculin antibody is performed.
Number of vinculin stains per cell is counted and percent focal adhesions
relative to cells grown on a flat surface is calculated and then graphed
against nanodot diameter (A). The graphs show percent focal adhesions of
NIH-3T3 (left), HELA (center), and C33A (right) cells. Each value is
averaged from at least 6 independent experiments. The error bars are the
standard errors. The curves for best fit are derived using SigmaPlot soft-
ware. Representative images used in the measurement are shown in (B).

morphology remained flat and extended at 50 nm, but mounted
and showed apoptosis on the 100 nm and 200 nm dot arrays.
Immunostaining indicated slightly enhanced staining of vinculin
for sizes under 50 nm. The cytoskeletal organization loses order
when the size is larger than 100 nm. VDsg, ADsg, FDsg, and CDs
for TOV-21G are >200, >200, 68, and >200 nm, respectively. In
summary, TOV-21G cells grew well on flat, 10 nm, and 50 nm
surfaces, but became apoptotic and showed loss of cell adhesion
if the size was larger than 200 nm.
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Fig. 8 Percentage of microfilament bundles per cell versus dot diameter
for cells cultured on the nanodevice. Cells are cultured on the nanodevice
for 3 days and phalloidin staining is performed. 3-D fluorescence images
are obtained using a confocal microscope. The number of microfilament
bundles per cell is counted and percent microfilament bundles relative to
cells grown on a flat surface is calculated and graphed against nanodot
diameter (A). The graphs show percent actin filaments of NIH-3T3 (left),
HELA (center), and C33A (right) cells. Each value is averaged from at
least 6 independent experiments. The error bars are the standard errors.
The curves for best fit are derived using SigmaPlot software. Represen-
tative images used in the measurement are shown in (B).

MG063 cells, a cell line derived from an osteosarcoma, produce
high yields of interferon after superinduction with polyinosinic
acid, polycytidylic acid, cycloheximide, and actinomycin D.
Studies using MG63 cells provide some important mechanistic
clues concerning the details of the amplification process in
tumors. Viability was enhanced and reached 158% on 50 nm
nanodot arrays, but dropped to 77.8% at 100 nm, and to 50% for
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Table 2 VDsy, ADsy, FDsj, and CDs of cell lines employed in the current study

Cell line VDj5y/nm VD7s/nm ADs’/nm FDsynm CDsy?mm CD7s/nm
HELA 112 35 85 51 94 45
C33A >200 68 >200 >200 >200 >200
ES2 >200 167 198 >200 >200 167
PA-1 108 37 147 72 142 85
TOV-112D 198 110 127 >200 >200 >200
TOV-21G >200 167 >200 68 >200 152
MG63 196 164 143 >200 >200 184
NIH-3T3 71 26 75 110 148 99

“ VD5 is defined as the diameter of nanodots on which 50% of the cell population remains viable compared to cells seeded on a flat surface after 3 days of
incubation. VD5, for each cell line was derived by counting the number of cells on the nanodot arrays, drawing the graph of cell number versus dot
diameter, and calculating the dot diameter at which 50% viability was obtained (Fig. 5). ® ADs, is defined as the diameter of nanodots on which
50% of the cell population appears to have apoptosis-like morphology after a 3 day incubation. ADs, was calculated by counting the percentage of
apoptotic cells on the nanodots, drawing the graph of percent apoptotic cell versus dot diameter, and calculating the dot diameter that causes 50%
apoptosis (Fig. 6). © FDs is the diameter of nanodots that promotes the formation of 50% of the focal adhesions compared to cells grown on a flat
surface. FDso was calculated by counting the number of vinculin stained spots per cell, drawing the graph of percent focal adhesions versus dot
diameter, and finding the diameter that promotes 50% of the focal adhesions compared to the number present in cells grown on a flat surface
(Fig. 6). “ CDsj is the diameter of nanodots on which cells exhibit half the amount of microfilament bundles compared to cells grown on a flat
surface. CDsy was calculated by counting the number of microfilament bundles per cell, drawing the graph of microfilament bundles versus dot
diameter, and obtaining the diameter that reduces by half the number of microfilament bundles compared to cells grown on a flat surface (Fig. 7).

the 200 nm nanodot array. The cell morphology became more 142, and 198/127/>200/>200, respectively. The results showed

flat and extended at 50 nm, but mounted and changed to an that PA-1 cells grew poorly if the nanodot size was larger than
apoptotic shape on 100 nm and 200 nm dot array surfaces. 100 nm, but the nanostructure did not significantly influence the
Immunostaining showed enhanced staining of vinculin, which ES2, TOV-21G, or TOV-112D cells. For ovarian cancer, the

represents enhanced cell adhesion, for nanodot sizes under indices were consistent with the stage index and with the in vivo
50 nm. The cytoskeleton organization loses its order when the invasive ability of cancer cells. Although TOV-21G and TOV-
nanodot size is larger than 100 nm. VD5, ADsg, FDso, and CDsq 112D are of the same grade, TOV-112D has a stronger invasive
for TOV-21G are 196, 143, >200, and >200 nm, respectively. In ability than TOV-21G. The nanodevice is therefore capable of

summary, MG63 cells grew well and reached a maximized determining the stage and invasive ability of two cell lines.
condition at 50 nm, but dropped back to normal levels if the size Definition of the indices used in the current study all main-
was larger than 100 nm. tained the convention of 50%, such as 50% viability. However,
because nanostructures may not be as toxic as most other
Discussion medical drugs, the definition might be modified to better distin-

guish the growth ability between cell lines. For example, VDs,/
A nanodevice was fabricated that is capable of distinguishing the ADs/FDs,/CDs, for C33A and ES2 are >200/>200/>200/>200
ability of cells to grow on various nanostructures. To better and >200/198/>200/>200, respectively. If VDso/CDs; is switched
characterize this ability, four indices are defined. They are VDsy, to VD;5/CD5s, then VD;5/ADsy/FDso/CD-s for C33A and ES?2
ADso, FDso, and CDso, which are intended to represent prolif- 5o 68/>200/>200/>200 and 167/>200/>200/167, respectively

eration, apoptosis, cell adhesion, and cytoskeletal organization, (Table 2). C33A cells are apparently more viable but have more
respectively. difficulty in adapting to novel nanostructures.

Two cervical cancer cell lines were screened, HELA and C33A. Parameters that promote cell growth and apoptosis can be
C33A repr esents. a late-§tag§ gnd advanced cancer, while HELA derived instantly from our nanodevice. For example, HELA cells
cells are less malignant in clinical stages. VDso/ADso/FDso/CDsg grow at a maximum when the diameter of the nanodots
for HELA and C33A are 112/85/51/94 and >200/>200/>200/  3pproaches 50 nm, but start to die (apoptose) if the diameter is
>200, respectively. The indices were consistent with the clinical larger than 100 nm. In dental implants, the biocompatibility
stage.: and .also with the in vivo invasive ability of cancer cells. The between the implant and the osteoblasts determines the success
proliferation of HELA cells dropped, cells appeared apoptotic, of the operation and long-term maintenance. The parameters

and there was a loss of cell adhesion if the nanodqt sizes were  derived from the current study can provide pivotal information
larger than 100 nm. However, the nanodot arrays did not affect in design and fabrication of dental implants. In other cases,

the growth of C33A cells. C33A cells exhibited higher resistance implants such as cardiovascular stents also require accurate
to the nanostructures than HELA cells. Therefore, the nano-  ¢ontrol of the growth of epithelial cells and smooth muscle cells.
device is capable of distinguishing the clinical stage and invasive The surface in contact with these live tissues can be designed to
ability of cancer cells. match the expected performance of the stents.

There were four ovarian cancer cell lines tested, including clear
cell carcinoma (ES2, TOV-21G), teratocarcinoma (PA-1), and
endometrioid carcinoma (TOV-112D) cell lines. Grade 3/stage
III carcinomas (TOV-112D and TOV-21G) were also tested. We have established a platform that can be used to assess basic
VDs5o/ADso/FD5o/CDso for ES2, TOV-21G, PA-1, and TOV- parameters for cell growth. The specific platform could be
112D are >200/198/>200/>200, >200/>200/68/>200, 108/147/72/ used to observe the proliferation, apoptosis, adhesion, and

Conclusion
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cytoskeletal organization of cells. The simplified fabrication
process allows for mass production and lower costs. According
to our results, the device is capable of distinguishing between
cancer cell lines of various stages and also provides basic design
parameters for artificial implants. Our device will serve as
a convenient and fast tool for tissue engineering and cancer
treatment.
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