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Abstract In this paper, we report a novel biological
fluorescent probe for the diagnosis of human ovarian tumor
based on sandwiched TiO, nanoparticles. The fluorescence
nanoparticles consist of a fluorescent molecule, tetramethyl
rhodamine isothiocyanate (TRITC), sandwiched between
titanium dioxide (TiO,) nanoparticles and nano-gold via
reacting with each other. The antibodies HER2, labeled on
the surface of the biofluorescence nanoparticles, have
granted nanoparticles the privilege of aiming at peculiar
tumor antigen. The specificity of antibody-nanoparticles
interacting with cells was characterized by Laser Scanning
Confocal Microscope. The results showed that these
sandwiched nanoparticles were innocuous and stable, and
the method offered potential advantages of sensitivity and
simplicity due to high combing efficiency between nano-
particles and cells and provided an alternative method for
the diagnosis of human ovarian tumor (HOT).
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Introduction

Cell recognition plays an important role in the biology and
medicine and can be used for the disease diagnose and cell
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biology studies. Nanoparticles, with high reactivity, bene-
ficial physical properties and ultrasmall size, are alternative
materials used to get biological information inside or
outside of a living specimen and provide an excellent
analytical system for cell biology and immunoassay. Many
successful examples of biocompatible nanoparticles have
been introduced. The most nanoparticles used in this case
are the nanoparticles doped with inorganic or organic dyes.
For example, core-shell fluorescence nanoparticles encap-
sulating fluorescent dyes, such as the inorganic dye [tris
(2,2"-bipyridyl) dichlororuthenium(Il) hexahydrate] [1, 2],
have been widely studied in fluorescent labeling of
biomolecules and issue because their fluorescence charac-
teristics are protected due to the high insulation from
environment [3].

Nanometer titanium dioxide (TiO,), a kind of n-
semiconductor, has been used in the environmental field
due to its excellent photocatalytic activity for some organic
substances [4—6]. When irradiated by ultraviolet light at
387.5 nm, titanium dioxide nanoparticles (TiO, NPs) are
excited, and the electron jumped from valence band to
conduction band, producing free electron, electropositive
hole and electron-hole pair (e-h+). TiO, NPs react with O,
and OH" adsorbed on the surface of these NPs to obtain free
radical ‘O, and hydroxyl free radical -OH. Because these
two free radicals can directly attack the cell wall, cell
membrane and the intracellular constitutes of bacillus, the
TiO, NPs has shown a strong power of killing pseudomo-
nas aeruginosa, escherichia coli, staphylococcus, salmonel-
la, cancel cell and so on [7]. The photocatalysis of TiO, to
kill the cancel cell effectively offers a new way to cancer
therapy. TiO, NPs, with great potential value in many fields
such as biochemical immune because of their photo-
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catalysis, high stability, small size effect, surface effect and
unique innocuity, have been received great attention of
chemists and biologists.

As an excellent photocatalyst for some organic sub-
stances, the photoabsorption characteristics of the TiO, NPs
can be changed by chemically modification. So far as we
know, the most studies of titan dioxide are mainly focused
on its photocatalysis [8]. However, there are few reports on
its application in biological system, especially on the
preparation and application of sandwiched TiO, nano-
particles. Gheshlaghi et al [9] reported the toxicity and
interaction of titanium dioxide nanoparticles with microtu-
bule protein. Their research showed that TiO, NPs have an
inhibitory effect on microtubule protein. In the present
work, we report a novel biological fluorescent probe based
on a sandwiched model nanoparticles for the diagnosis of
human ovarian tumor. The TiO, nanoparticles were
prepared by the method of Sol-Gel. A common fluorescein,
tetramethyl rhodamine isothiocyanate (TRITC), was sand-
wiched between TiO, and gold nanoparticles. The nano-
particles were clearly characterized by laser scanning
confocal microscopy, scanning electron microscope and
atomic force microscope. The toxicity of the fluorescein
was weakened and optics stability of the nanoparticles did
not changed due to the special sandwich construction. The
results demonstrated that the fluorescent nanoparticles, as
labels in tumor cell, showed a great improvement in
sensitivity, selectivity.

Materials and methods
Chemicals

Tetrabutyl titanate, sodium borohydride, ethanol, sodium
citrate, nitric acid and chloroauric acid were obtained
from Sinopham Chemical Reagent Co., Ltd (Shanghai,
China). 3-(4,5-dimethyl-thiazol-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), McCoy’Samedium and trypsinase
were obtained from Sigma-Aldrich (St Louis, MO,
USA). Fetal bovine serum was purchased from HyClone
(FBS, Utah, USA). Penicillin, streptomycin, tetramethyl
rhodamine isothiocyanate (TRITC), and sodium dodecyl
sulfate (SDS) were obtained from Shanghai Sangon
Biological Reagent Company (Shanghai, China). The
SKOV-3 cell line was supplied by Shanghai Cell Bank
(Shanghai, China). Monoclonal anti-HER2 antibodies
from Chemicon International Inc (Temecula CA, USA)
and the mouse anti-CEA from Zymed Laboratories
(USA) were used in this experiment. Other chemical
reagents used in the experiment were of analytical
grade. Milli Q 18.3M_ water was used throughout the
experiments.
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Instruments

Fluorescence spectra were obtained using a Hitachi F-2500
luminescence spectrometer (Japan). The pictures of fluo-
rescent nanoparticles were taken with a JEM-2100 trans-
mission electron microscopy (TEM, JEOL, Japan) or
atomic force microscopy (AFM, Veeco nano III a Multi-
mode, USA). The results of the incubation of nanoparticles
and cells were characterized with a laser scanning micros-
copy (Carl Zeiss, LSM 5 Pascal Laser Module, Germany).
The MTT measurement was carried out using a spectro-
photometer (Bio-RAD Model 680, USA). All optical
measurements were carried out at room temperature under
ambient conditions.

Synthesis of titanium dioxide NPs

Titanium dioxide NPs (TiO, NPs) were synthesized accord-
ing to the method described by Li et al [5]. First, tetrabutyl
titanate was put into 40 mL ethanol in the beaker with
stirring under the 40°C water bath. Then a mixture solution
containing 10 mL ethanol mixed with 2.5 mL nitric acid
(Va20:Vano3=5:1) was added into above reactor beaker
drop by drop with stirring until it became to pale yellow sol.
The mixture solution was put into Drying Ovens (80°C) for
2 days to get titanium dioxide NPs powder. The titanium
dioxide NPs was transferred into furnace for 4 h at 500°C
prior to abrade it in the agate mortar.

Synthesis of AuNPs

Au colloid (AuNPs) was prepared according to the
literature [10]. All the glassware used in the following
procedure was cleaned in a bath of freshly prepared
solution of aqua regia for about 30 min, and rinsed
thoroughly with pure water and then dried in air. 50 mL
0.01% HAuCl,; was heated to a boiling condition with
vigorous stirring, then 1.75 mL 1% sodium citrate was
rapidly added, which resulted in a color change from pale
yellow to blue, and finally arrived at red—violet. The
solution of Au colloidal particles was examined by UV—
vis spectra. The result showed a strong peak at 525 nm due
to their surface plasma resonance, the characteristics of
monodisperse colloidal Au [10, 11].

Conjunction of fluorescent nanotitan dioxide and AuNPs

Dissolve 0.01 g tetramethyl rhodamine isothiocyanate
(TRITC) in the ultra-pure water (3.63 mL), after 0.2 g
TiO, nanopowder was added, the mixture was stirred for
3 days prior to air it at room temperature. The TiO,-TRITC-
Au powder can be obtained by mixture 0.1069 g TRITC-
TiO, and 1,855 puL AuNPs. Figure 1 illustrates schematic



J Fluoresc (2011) 21:179-186

181

Fig. 1 Schematic of synthesis
of fluorescent nanoparticles: a
the synthesize process of the
novelty material; b the possible
structure of the novelty material
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of the synthesis process and possible structure of resulting
fluorescence nanoparticles consisted of a fluorescent mol-
ecule, tetramethyl rhodamine isothiocyanate (TRITC),
sandwiched between titanium dioxide (TiO,) nanoparticles
and nano-gold. In this paper, TiO,- TRITC- Au NPs was
used to denote above nanoparticles.

The immobilization of anti-HER2 on the TiO,- TRITC-
Au NPs was achieved by adding 25 puL anti-HER2 into the
aqueous solution containing TiO,-TRITC- Au NPs, stirring
and mixing them in the refrigerator (4°C).

Cell culture and incubation of nanoparticles bioconjugates
with cells

SKOV-3 cell line were grown on glass cover slips in
McCoy’5a medium supplemented with 10% FBS, 100 units/
mL of penicillin, and 100 pg/mL of streptomycin in an
atmosphere of 95% humidified air and 5% CO, at 37°C. Cells
were cultured until exponential phase, the growth medium
was replaced by a fresh McCoy’5a medium supplemented
with 25 pL nanoparticles connected by anti-HER2 or 25 uL

@ Springer



182

J Fluoresc (2011) 21:179-186

with FITC connected by anti-CEA, shaken up, and incubated
at 37°C for 2 h, and characterized by the LSM.

Cell viability experiment

The cells were trypsinized with trypsinase and suspended
in McCoy’5a medium at a concentration of 10*~10°
cells/mL. Then an amount of 10°~10* cells/well (100 pL)
was seeded in 96-well culture plate and allowed it to
adhere overnight in an incubator at 37°C with 5% CO,.
Media was exchanged with fresh medium containing
varying concentration fluorescent nanoparticles (10 pL
aqueous dispersion per well) and mixed gently. The plates
were then set for 44 h, and then 20 uL of MTT dissolved
in physiological brine at 5 mg/mL was added to each well.
After the cells were incubated for 4 h again, 100 uL. SDS
was added to each well and incubated continuously for
another 12 h in order to dissolve any purple MTT
formazan crystals at room temperature. Finally, the
absorbance was measured by ELIASA.

Results and discussion
Characterization of fluorescent nanoparticles

Figure 2 shows the transmission electron micrographs
(TEM) of the TiO, NPs (Fig. 2a) and Au NPs (Fig. 2b).
As can be seen from the Fig. 2, the nanoparticles are
dispersed well, and the diameters of the nanoparticles for
titanium dioxide and Au NPs were ca 25 nm and ca 8 nm,
respectively. It was found that the nanoparticles newly
prepared have much bigger size.

XPS of the nanoparticles

To have an in-depth understanding of the structure of the
nanoparticles, the composition of the sandwiched fluores-
cence nanoparticles was investigated. Figure 3 displays the
XPS spectra of elements participated in the synthesis of
fluorescent nanoparticles, curves a and b in Fig. 3 are the

Fig. 2 TEM image of TiO, NPs
(a) and Au NPs (b)
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spectra obtained by Auw/TiO, and TiO,-Au-TRITC NPs,
respectively. As shown in Fig. 3a, the binding energy of
Ti 2ps3; is equal to 461.2 eV and the binding energy of
Ti 2p;,, is equal to 467 eV. Both Yang et al [12] and Herman
[13] reported that the binding energies of Ti 2ps,, and Ti 2py,
> were 458.5 eV and 464.1 eV, respectively. Compared with
the results obtained by these reports, the peaks of Ti 2ps),
and Ti 2p;,, here shifted ca 2 eV. The reason producing this
phenomenon maybe due to the existence of a large amount
of surfactants during synthesis of the nanoparticles, which
not only induces the congregation of electrons on the TiO,
surface, but also induces the orbit of Ti orbit to be changed.
On the other hand, there are some differences between
hollow TiO, nanoparticles prepared by Yang et al [12] and
the TiO, nanoparticles synthesized here.

The XPS peaks of Au 4fs;, and 4f;, (Fig. 3b) for the
nanosized metallic Au at 87.3 and 83.7 eV with a separation
of spin-orbit coupling of 3.6 eV can be clearly observed for
the freshly prepared sample Au nanoparticles. The data are
in reasonable agreement with those reported in the literature
[14]. But for the Au-TRITC-TiO, particles, the separation of
spin-orbit coupling decreased to 1.2 eV, which related to the
change of Au particle size [15-17].

The O;4 XPS spectra are exhibited in Fig. 3c. The peak
at 533 eV, coincident with those reported in the literature
(529.5 eV) [14], can be assigned to oxygen specie in H,O
molecules and Ti-OH or CO;> [14, 18]. A higher binding
energy of the Ti 2p measured at 461.2 and 467 eV can be
ascribed to a higher degree of charge transfer from Ti
cations to carboxyl in the sample.

The peaks for S,; are shown in Fig. 4; the peak at
231.2 eV can be assigned to the S-Au bond. Clearly, thiol
ends from TRITC molecules can contribute to the S-Au
formation [19]. This result is rather expected since all
organic sulfur is reacted with the Au nanoparticles easily.

Possible structure of novelty fluorescent nanoparticles
Figure 1 illustrates the synthesis process and possible

structure of the TRITC-doped TiO, and Au fluorescent
nanoparticles in this paper. According to the synthesis
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Fig. 3 a XPS spectra of Ti 2p; b XPS spectra of Au 4f; ¢ XPS spectra
of O 1 s. a as-prepared Au/TiO,, b Au-TRITC-TiO,

process of the nanoparticles, we speculate that the network
is formed (Fig. 1b). This sandwich network maybe stable
due to sandwich structure. We supposed the formation
process of the sandwich nanoparticles as follows: At first,

S 2s
235.4
= a
S
= 231.2
T T T T T T T
225 230 235 240

Binding Energy (eV)

Fig. 4 XPS spectra of Sy

TRITC with carboxyl group was connected onto the surface
of TiO, [20-22], and then assigned to the gold through S-
Au bond as reported in the literature [23-25]. When the
functional group is reacting with each other, the uniform
and stable fluorescent nanoparticles can be obtained due to
the presence of bifunctional groups in the TRITC linker
molecules [14]. Figure 5 shows the AFM images of the
sandwiched fluorescent nanoparticles. From Fig. 5, the
morphology of the nanoparticles can be seen clearly.

Photobleaching experiment

In the biological detection system, the photostability of the
fluorescent nanoparticles is very important. TRITC is an
organic dye and is extensively used as a label in the bio-
analysis. But the photostability of TRITC is rather poor. The
photobleaching experiments of TRITC and the nanoparticles
were carried out at an excitation wavelength of 558 nm
(Fig. 6). As shown in Fig. 6, over 400 min of successively
irradiation, the fluorescence intensity of the TiO, - TRITC-
Au NPs did not decrease obvioursly. However, for the pure
TRITC, the fluorescence intensity decreased quickly and
significantly after exposing under the excitation light. The
result demonstrated that the photostability of the fluorescent
nanoparticles was much better than that of the pure TRTIC,
indicating that the fluorescent nanoparticles were more
photostable due to the sandwiched structure and the photo-
stability of the fluorescent nanoparticles prepared here was
similar to the core -shell nanoparticles [26, 27].

Fluorescent image in the conjunction of cell
and nanoparticles

The target cell recognition could be helpful in biochemical
analysis and clinical diagnosis. Human ovarian carcinoma
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Fig. 5 AFM characterizations
of TiO,- TRITC —Au NPs

Flatten

cells SKOV-3 [28] are HER2— overexpressing tumor cells.
The antigen of this tumor cell can be selectively targeted
using anti-HER2 monoclonal antibody easily. Huang et al
[29] synthesized shell-core SiO2 fluorescent nanoparticles
for the detect of cells SKOV-3. Here, we used TiO,-
TRITC-Au NPs as a biological label for recognizing target
cells, human ovarian carcinoma (SKOV-3). First, lumines-
cent TiO,-TRITC-Au NPs were covalently immobilized
with anti-HER2 according to the procedure described prior.
The incubated cells were imaged with both optical and
fluorescence microscopy. Figure 7 a shows the optical
image. As shown in Fig. 7b, after the SKOV-3 cells were
incubated with TiO,-TRITC-Au NPs modified anti- HER2,
the bright emission of some cells could be observed by
Laser scanning microscopy. The optical image of the cells
correlated well with the fluorescence image. In contrast, the
control experiment with bare luminescent TiO,-TRITC-Au
did not show any fluorescence signal of the cells. From
Fig. 7, it can be seen that the cells with bright emission

a—8—TiO,-TRITC-Au

8600+ b-e TRITC

3500 a

0
3400 - .,
= L)
=)
< 3300
= \o\.
\.
3200 e b
\.
3100
3000 —
0 100 200 300 400

time (min)

Fig. 6 Photostability of TiO,-TRITC-Au NPs (a) and TRITC in the
solution (b)
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under fluorescence microscopy are SKOV-3. These cells
were recognized selectively by the TiO,-TRITC-Au NPs
labeled with anti-HER2. The antibodies were caught by the
network of the materials and took place immunoreaction
with the antigens in the surface membrane of the SKOV-3
cells. For the non-special antibody, anti-CEA, the cells are
not connected with this antibody (Fig. 7c), indicating that
there is a specific immunoreaction between the SKOV-3 by
anti-HER2.

Activity analysis of SKOV-3 cell with novelty fluorescent
nanoparticles

The anti-HER2-NPs can combine with the antigen in the
cell easily because SKOV-3 cell is an over-expressing
HER2 human ovarian carcinoma cells. In this paper, the
colorimetric MTT assay was used to measure the cell
proliferation and viability according to the literature [30—
33]. In the MTT assay, the absorbance of formazan
produced by the MTT cleavage caused by dehydrogenases
in living cells at 570 nm reflects the amount of alive cells.
The spectrophotometer was calibrated to zero absorbance
using culture medium without cells. The sample without
nanoparticles was taken as a control group, and the
absorbance of the sample containing TiO,-TRITC-Au NPs
was measured. We can adopt following expression to
calculate the inhibitory rate (%) [34]:

Inhibltory rate = ( ([A] control [A] test) / [A] control) X 100%

where [Alconwor 18 the absorbance of control sample; and
[Ales: 1s the absorbance of nanoparticles-exposed cells.
The lower the cell growth inhibitory rate obtained is, the
lower toxicity of the nanoparticles is. Figure 8 shows the
MTT assay results of the culture of nanoparticles and cells.
From Fig. 8, it can be found that the cell growth
inhibitory rate was close to zero when adding 110> g/mL
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Fig. 7 Optical images (a) and fluorescence image of KOV-3 incubated with anti- HER2 - TiO,- TRITC —Au NPs (b); fluorescence image of

SKOV-3 incubated with anti- CEA - TiO,- TRITC —Au NPs (c¢)

of TiO,-TRITC-Au nanoparticles to culture cell, indicating
that biofluorescent nanoparticles showed very low or no
toxicity on the cells. In contrast to TiO,-TRITC-Au NPs,
when TRITC with same concentration as nanoparticles
was used, the relative cell growth inhibitory rate of
70.82% showed that the pure TRITC greatly killed all
the cells and the toxicity of TiO,-TRITC-Au NPs was
much lower than that of pure TRITC in this case. It is
interesting that when none of nanoparticles were added
into cells, a negative value of inhibitory rate was obtained.
Perhaps the nanoparticles were metabolized as a foreigner
by the cells. It seems that the effect of the nanoparticles is
very complex and need to study in depth in further work.
Obviously, the larger the addition concentration of nano-
particles was added, the more difficult the cell metabolism
became, and the cell life activity and metabolism were
affected obviously.
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Fig. 8 Inhibitory rate of the cells by TRITC (a) and nanoparticles (b)

Conclusion

The antibody was easily immobilized on the surface of
TiO,-TRITC-Au nanoparticles with a sandwich structure.
The TiO,-TRITC-Au nanoparticles label has some unique
advantages over the pure TRITC label in the photostability
and toxicity. A stable compound formed after the nano-
particles cultured with SKOV-3 cells of coverexpressing
HER2 antigen. The MTT experiment showed that the
fluorescent nanoparticles had little cell toxicity to HOT
cells. When the addition concentration of nanoparticles was
1x107° g/mL, the novelty nanoparticles are regarded as
innocuity , which providing the foundation of the cell
detection using fluorescent nanoparticles. This method
provided an alternative method of determination of HOT.
Our results indicate that the novel fluorescence probe based
on TiO,-TRITC-Au nanoparticles is potential biomarkers
that would play important roles in cell recognition and other
biochemical analysis. It is possible that different cancer
cells can be detected by modification of different antibodies
on the NPs.

This method, using the designed antibody-functionalized
fluorescent nanoparticles specifically targets specific anti-
gen on ovarian carcinoma cells SKOV-3 for realizing the
aim of detecting tumor cells, can be used as a new measure
technique in biological assay- antigen-antibody affinity
assays.
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