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Introduction

Bioconjugated nanomaterials that are composites between
metal or semiconductor nanomaterials and biomolecules,
such as DNA and proteins, have the potential to provide
various unique and new functions in a variety of areas such
as biosensors or drug and gene delivery.[1] Although the con-
jugations can be significant, several problems cannot be ig-
nored, namely the undesirable reactions and byproducts, the
possible toxicity or non-biocompatibility of the used materi-
als, and the higher cost of controlled-release systems.[2] Most
significantly, the adsorption and chemical-reaction dynamics
presumably associated with the spatial heterogeneities of
the surface and the local environments make it rather diffi-
cult for ensemble-averaged measurements to evaluate their
functions.

In this study, we attempted to overcome the above-men-
tioned problems by investigating the photocatalytic reac-
tions of a novel nanoconjugation consisting of TiO2 nanopar-

ticles and DNA at the single-molecule level. The TiO2 pho-
tocatalysts have found a wide application in fields such as
dye-sensitized solar cells, environmental purification, chemi-
cal sensors, and photodynamic therapy (PDT).[1c–e,3] Thus,
much would be gained if the photocatalytic reactions at the
heterogeneous interfaces could be directly monitored and
controlled with both time and spatial resolutions. However,
to the best of our knowledge, there is no report describing
the single-molecule detection of bioconjugated TiO2 nano-
particles.

Recently, it was reported that the catechol (CA) moiety
can be used in conjunction with TiO2 to selectively direct a
light-induced charge separation to the attached DNA
strands.[1c,d] Inspired by this, we selected the CA as a key
feature of the synthetic DNA for the fabrication of nano-
conjugates with TiO2 nanoparticles. Here, a dopamine mole-
cule was introduced into the 5-methylcytosine (MeC) group
of the DNA by postmodification (see Experimental Section
for details). Also, we applied the photocatalytic oxidation of
the CA moiety, which produces the non-adsorbed products,
such as quinones, to release the modified DNA into solution
(see reference [4] and Supporting Information for details).
To detect the photocatalytically induced cleavage of single
nanoconjugates upon UV irradiation, the complementary
DNA strand was modified with a strongly luminescent semi-
conductor quantum dot (QD, Invitrogen, Qdot 605 Strepta-
vidin Conjugate) as a probe by means of a streptavidin–
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biotin interaction (see Figure 1 and Experimental Section
for details). It is expected that the moving away of the QD-
modified DNA from the focus area, which is caused by the

photocatalytic oxidation of the CA moiety to produce qui-
nones, should quench the luminescence.

Results and Discussion

Figure 2A shows the single-molecule fluorescence images
observed under a 532-nm excitation before (left) and after
(right) the UV irradiation (365 nm, 0.2 mWcm�2) of the
TiO2 film for 30 s. Before the UV irradiation, a large
number of luminescent spots were observed. Notably, no
significant quenching of the QD emission in the presence of
TiO2 nanoparticles was observed due to the fact that the
CdSe core is encapsulated in a shell of ZnS and a polymer.
All of the control experiments, that is, in the absence of the
CA moiety or TiO2 (data not shown), the single-molecule
spectral and photoblinking measurements, and the bulk
measurements for the DNA-modified TiO2 suspensions
strongly support the fact that the observed spots are attrib-
utable to single QDs modified at the DNA duplex adsorbed
on the TiO2 surface through the chelating complex of the
hydroxyl groups of CA with the surface TiIV ions (see below
and Supporting Information).[1c,d,3d] On the other hand, only
a few luminescent spots were observed after a 30-s UV irra-
diation (Figure 2A, right).

Several possible reasons for the decrease in the number
of luminescent spots (N) upon UV irradiation should be
considered as follows: 1) the photobleaching of QD, 2) the
photocatalytic oxidation of the CA moiety to produce the
non-adsorbed products, such as quinones,[4,5] and 3) the oxi-

dative strand scission of DNA.[6] The reason for excluding
(1) is due to the fact that a negligible bleaching was ob-
served after the 532-nm laser irradiation (2 mWcm�2) for
10 min under the same conditions.

Interestingly, as shown in Figure 2B, the decrease in N
was significantly inhibited by a single A/C mismatch in the
DNA sequences, strongly suggesting that the migration of
holes, which are injected from the photoexcited TiO2 into
the DNA, through the DNA bases plays an important role
in the decreased N. The characteristic lifetimes of the nano-
conjugates during UV irradiation were tentatively deter-
mined to be 4 and 11 s for the fully matched and mis-
matched DNA duplexes, respectively, by single-exponential
fits, although the decay profile should display a non-expo-
nential nature that may be a consequence of the complexity
and heterogeneity of the reaction dynamics. In addition, a
similar A/C mismatch effect on the decrease in N was
almost observed for two different base pairs as noted by the
upper lines in Figure 2B.

To confirm the formation and the photocatalytic oxidation
of the conjugates at the bulk level, the steady-state diffuse
reflectance measurements were performed. The CA–DNA
duplex (5J10�8 mol) was mixed with a TiO2 suspension
(4 mg ST-01 TiO2 powder and 100 mL cacodylate buffer
(20 mm, pH 7.0)), and the TiO2 particles in the suspension

Figure 1. Optical detection of single TiO2/DNA nanoconjugates. The
moving away of the QD-modified DNA from the focus area, which is
caused by the photocatalytic oxidation of the catechol (CA) moiety to
produce the non-adsorbed products, such as quinones, should quench the
luminescence.

Figure 2. A) Typical single-molecule fluorescence images obtained for the
fully matched DNA on the TiO2 surface before (left) and after (right)
the UV irradiation for 30 s. The bright spots are attributed to single QDs
modified at the DNA. The scale bars are 10 mm. B) The UV irradiation
time dependence of the N/N0 values obtained for the fully matched and
mismatched DNA duplexes. N0 and N denote the number of luminescent
spots before (over 300 spots) and after the UV irradiation, respectively.
A single mismatch (A/C mismatch) is indicated by the arrow. The charac-
teristic lifetimes of the nanoconjugates under UV irradiation were deter-
mined to be 4 and 11 s for the fully matched and mismatched DNA, re-
spectively, by single-exponential fits. Almost a similar A/C mismatch
effect on the decrease in N was observed for two different base pairs as
noted by the upper lines.
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were completely separated by centrifugation using a high-
speed microcentrifuge at room temperature. The resulting
DNA-modified TiO2 powder was washed twice with the ca-
codylate buffer, and then added to 100 ml of the cacodylate
buffer.

As shown in Figure 3A, a visible absorption band ap-
peared upon addition of the CA–DNA duplex to the TiO2

suspension, indicating the formation of a charge-transfer
complex between the CA moiety and TiO2 (see also Sup-
porting Information).[1c,d] We confirmed whether or not the
bleaching of the charge-transfer band due to the photocata-
lytic oxidation in the bulk solution occurs upon UV irradia-
tion. The light emitted from the cylindrical black-light lamp
(5–10 mW) was in the wavelength range of 305–410 nm with
a maximum intensity at 355 nm, which was determined by
using an EPP2000 fiber-optic spectrometer (StellarNet,
Inc.). Notably, free CA molecules in an aqueous solution
have negligible absorption in this wavelength region. As
shown in Figure 3A, it was found that the absorption due to
the charge-transfer complex decreased as UV irradiation
time increased. As expected, the bleaching rate observed for
the fully matched DNA was high relative to that for the mis-
matched DNA (Figure 3B). This result is qualitatively con-

sistent with that obtained for the single-molecule system, al-
though the experimental methods and conditions are quite
different from each other.

It should again be noted that the yield of the cleaved
TiO2/DNA nanoconjugates was changed by over 30% with
only a single base mismatch (Figure 2B). This variation is
much greater than that (about 10%) obtained at the bulk
level for the TiO2/DNA suspensions (Figure 3B). To clarify
the adsorption behaviors of CA–DNA on the TiO2 surface
in detail, we examined the amount of adsorbed DNA by
using the Cy3 dye-modified DNA (5’-(Cy3)-GGAGAGA-
GAGAGG-3’; Cy3-DNA, molecular structure of Cy3 is
shown in the inset of Figure 4A) as a complementary DNA
strand. The single-stranded Cy3-DNA (ssCy3-DNA),
double-stranded Cy3-DNA (dsCy3-DNA, i.e., in the ab-
sence of CA moiety), and double-stranded Cy3-DNA/CA-
DNA (dsCy3-DNA-CA) were mixed with the TiO2 suspen-
sions, and the TiO2 particles in the suspension were separat-
ed by centrifugation.

Figure 4A shows the steady-state diffuse reflectance spec-
tra observed for the TiO2 suspensions containing dsCy3-
DNA and dsCy3-DNA-CA. The concentrations of adsorbed
DNA on the TiO2 surface after reaching adsorption equilib-
rium were determined on the basis of the steady-state UV-
visible absorption measurements of the supernatant solu-
tions (Figure 4B). As a result, the yields of the adsorbed
DNA on the TiO2 surface were estimated to be 5 and 13%

Figure 3. A) Steady-state diffuse reflectance spectra observed after UV ir-
radiation (0, 15, 30, and 60 min) for the TiO2 suspension (ST-01) contain-
ing the fully matched CA–DNA. The spectrum of the TiO2 suspension in
the absence of CA–DNA, i.e., bare TiO2, is also shown. B) Normalized
differential absorbance at 430 nm (DAbs430), which is calculated by sub-
tracting the absorbance values in the absence of CA–DNA from those in
the presence of CA–DNA, observed after the UV irradiation (0, 15, 30,
and 60 min) of TiO2 suspensions containing the fully matched and mis-
matched CA–DNA duplexes.

Figure 4. A) Steady-state diffuse reflectance (solid lines) and fluorescence
spectra (broken lines, lex =500 nm) observed for the TiO2 suspensions
containing dsCy3-DNA and dsCy3-DNA-CA. B) Steady-state UV-visible
absorption spectra observed for the supernatant solutions of ssCy3-DNA,
dsCy3-DNA, and dsCy3-DNA-CA after centrifugation.
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for the dsCy3-DNA and dsCy3-DNA-CA, respectively,
clearly indicating that the amount of adsorbed DNA in-
creased in the presence of the CA moiety.

Messersmith and co-workers reported that the quinone
form of CA binds much more weakly to Ti surfaces and can
be removed with a lower force (ca. 200 pN) from the Ti sur-
face relative to the enediol form (ca. 800 pN) under alkaline
conditions (pH 9.7).[4b] We also found that the Langmuir ad-
sorption constants (Kad) for 3,5-di-tert-butylcatechol
(DBCA) and 3,5-di-tert-butyl-1,2-benzoquinone (DBBQ)
were 6500�1500 and 35�20m

�1, respectively, in acetonitrile
containing TiO2 powder (see Supporting Information for de-
tails). According to these experimental results, the observed
small difference in the amount of adsorbed DNA would be
partially attributable to the undesirable oxidation of the CA
moiety during the experimental treatments. In addition, the
excess amount of DNA molecules should result in a non-
specific adsorption on the TiO2 surface and the possibility
for changing the adsorption behaviors, that is, physisorbed
and chemisorbed species. Recently, the site-specific adsorp-
tion and degradation processes of organic compounds on
the TiO2 surface were studied by solid-state NMR spectro-
scopy.[3d] Interestingly, the 13C MAS NMR signal of the phys-
isorbed 4-nitrocatechol was quickly reduced by UV irradia-
tion, compared with those of the monodentately or biden-
tately chemisorbed species. The photocatalytic degradation
mechanism of catechols at the TiO2 surface was interpreted
in terms of the interfacial charge-recombination reaction
with conduction band (CB) electrons. Consequently, it is
strongly suggested that in-situ monitoring of the charge-
transfer dynamics within the nanoconjugates is essentially
impossible at the bulk level.

When considering the TiO2 photocatalytic reaction mech-
anisms,[3b,c] the influences of the photogenerated reactive
oxygen species (ROS) cannot be ignored (see Supporting
Information for details). As is well known that oxidative
DNA damage is initiated by reaction with the ROS, such as
singlet oxygen (1O2), by hydrogen-atom abstraction from the
deoxyriboses to form intermediate radicals, and by the loss
of electrons from the aromatic bases that form radical cat-
ions.[6]

To identify the ROS, several of the following experiments
were performed: 1) in the presence of NaN3, 2) in the pres-
ence of a hydroxyl-radical (HOC) quencher, dimethylsulfox-
ide (DMSO), and 3) in the presence of a superoxide (O2C

�)
quencher, superoxide dismutase (SOD).[7] In all the experi-
ments, the decrease in N upon UV irradiation was sup-
pressed (Figure 5). In particular, in the case of NaN3, which
is an effective scavenger of HOC, O2C

�, and 1O2, the decrease
in N was completely inhibited.[8] On the other hand, a rela-
tively weak inhibition was observed for the other scaveng-
ers.

TiO2 has been used as a sunscreen agent and a photocata-
lyst, and has been recently suggested to be a potential pho-
tosensitizer in the fields of biomedicine, such as PDT.[9–13]

Wamer et al. found that G undergoes photooxidative
damage in DNA physisorbed on TiO2 particles, resulting in

the hydroxylation of G.[9] Recently, Hirakawa et al. studied
the site specificity of DNA damage by anatase and rutitle
TiO2 particles by using a 32P-5’-end-labeled DNA fragment
obtained from the human p53 and p16 tumor-suppressor
genes and the c-Ha-ras-1 protooncogene.[10] They found that
the photoexcited TiO2 caused mainly copper-dependent
DNA damage through H2O2 generation in vitro. On the
other hand, in the absence of CuII ions, a high concentration
of anatase TiO2 particles could induce DNA damage by the
photocatalytically generated HOC. Notably, DNA can be a
target molecule of the photocatalysis of TiO2 in vivo. Ser-
pone et al. also reported that the TiO2 specimens extracted
from commercial sunscreen lotions caused damage to both
DNA plasmids in vitro and to whole human skin cells in cul-
tures by HOC.[12] In our work, the photocatalytic oxidation of
CA and/or DNA, most probably the G sites, which would
cause the cleavage of the TiO2/DNA nanoconjugate, was re-
markably inhibited by the addition of scavengers such as
N3
�, DMSO, and SOD (Figure 5). Our experimental results

clearly suggest that several free ROS in solution are in-
volved in the photocatalytic oxidation processes of DNA.

The proposed photocatalytic reaction mechanism of the
TiO2/DNA nanoconjugate is summarized in Figure 6. Our
finding implies that both the photogenerated holes in TiO2

and the free ROS in solution are involved in the oxidation
processes of the CA moiety and/or DNA itself, although it
is difficult to conclude which is the most crucial reaction
pathway at this time.

Recently, Lewis and co-workers determined the absolute
rates of hole transfer between guanines separated by one or
two A/T base pairs in stilbenedicarboxamide-linked DNA
hairpins based on transient absorption measurements and
theoretical calculations.[15] For instance, the forward and
return hole-transfer rates from GC+ to GG separated by a
single A/T base pair (GAGG sequence) were reported to be
6.0 and 1.7J107 s�1, respectively. Notably, the hole-transfer
rate dramatically decreased due to the longer bridge consist-
ing of two A/T base pairs separating the proximal G and the
distal GG. The determined forward and return hole-transfer
rates from GC+ to GG separated by two A/T base pairs
(GAAGG sequence) were 4.8J105 and 2.4J104 s�1, respec-

Figure 5. The N/N0 values obtained from single-particle photolumines-
cence measurements for the fully matched DNA in the absence and pres-
ence of NaN3 (100 mm), DMSO (100 mm), and SOD (5 nm), and the mis-
matched DNA. The UV irradiation time is 30 s.
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tively.[15] On the other hand, the charge-recombination dy-
namics between the surface-bound radical cations, such as
CAC+, and the electrons in TiO2 showed a wide distribution
from 105–1012 s�1 due to the heterogeneous electron-trapping
and -detrapping processes.[3d,14] These kinetic data would
partially explain why we could observe a significant mis-
match effect on the cleavage of the nanoconjugates upon
UV irradiation, such that the formation of intermediate rad-
ical cations near the surface increases the charge recombina-
tion and thus lowers the quantum yield for degrada-
tion.[14b,16] Thus, it was considered that the spatial separation
between the photogenerated charge carriers by the G-hop-
ping of holes enhanced the oxidation efficiency of CA,
which acts as a deep hole trap, because the electrons in TiO2

are allowed to competitively react with oxygen molecules at
the interface (Figure 6).[17] In other words, for the fully
matched DNA duplex, the photogenerated electrons in TiO2

would be eventually consumed by oxygen molecules before
recombining with GC+, resulting in the efficient oxidation of
the CA moiety. On the other hand, for the mismatched
DNA duplex, the photogenerated holes should localize near
the surface of TiO2 nanoparticles, resulting in the efficient
charge recombination with electrons in TiO2. However, we
need further knowledge about the charge-transfer dynamics
obtained by other methods, for example, time-resolved mi-
crowave conductivity and transient absorption spectroscopy
techniques, before we can discuss this in detail.

Conclusion

We have successfully observed the photocatalytic cleavage
of TiO2/DNA nanoconjugates upon UV irradiation at the
single-molecule level. Notably, the present conjugates can
recognize a difference in a single nucleotide. This means
that the present conjugate has the potential for applications
such as novel biosensing and photoinduced drug-release sys-
tems. The single-molecule (particle) optical-imaging tech-
nique will open a new window for directly observing the mi-
croscopic world in many fields ranging from fundamental
physics to advanced technologies together with the develop-
ment of bioconjugated nanomaterials.

Experimental Section

The catechol (CA)-modified DNA (CA–DNA) was prepared by post
modification using an Applied Biosystem DNA synthesizer with standard
solid-phase techniques.[18] The thymidine modified by 1,2,4-triazole was
introduced at the 5’ end, and the DNA assembled by the solid-phase pro-
cess was then treated with a mixture of 1 mL of dopamine·HCl in DMF
(0.1m) and 0.2 mL of triethylamine at RT for 15 min to introduce the CA
group. The modified DNA was washed with DMF and acetonitrile, and
then cleaved from the resin by treatment with 28% NH3 aq at RT for
24 h. The CA is very sensitive to the presence of oxygen and easily oxi-
dizes to the quinone form. Therefore, all procedures for the sample prep-
aration were performed under anaerobic conditions and with shielding
from the UV light as far as possible. The resulting crude product was pu-
rified by JASCO HPLC with a reverse-phase C-18 column using an ace-
tonitrile/50 mm ammonium formate gradient. No significant absorption in
the visible region due to the quinone form, i.e., 1,2-benzoquinone, was
observed for the purified DNA strands modified with CA.[19] The CA–
DNA strands were analyzed by MALDI-TOF mass spectrometry. CA–
DNA (CA-C8T5): MS calcd for C131H172N34O83P12: 3922.6; found: 3924.5.

The colloidal aqueous solutions of TiO2 were prepared by the controlled
hydrolysis of TiCl4.

[12b,20] In a typical preparation, 7.58 g of fresh TiCl4
(Wako) maintained at �10 8C was slowly added dropwise over 1 h into
1 L of Milli-Q water (0 8C) in a glass beaker with vigorous stirring. The
TiO2 colloidal solution (0.3 L) was subsequently dialyzed at 4 8C (Visk-
ing-tube presoaked for 1 week in approximately 2.5 L of Milli-Q water
replaced several times per day) resulting in a pH of 2.0 for the colloidal
solution ([Cl�]<10�6

m). Transmission electron microscopy (TEM)
(JEOL, JEM-3000F) and atomic force microscopy (AFM) (Seiko Instru-
ments, SPA400-DFM) images indicated that the mean particle size of the
material was about 3–4 nm. A cleaned coverslip was spin-coated with the
TiO2 colloidal solution (10 mm, 40 mL) at 3000 rpm for 50 s, and then an-
nealed at 200 8C for 30 min in air. Note that a high annealing temperature
greater than 300 8C results in measurable luminescent artifacts that are
most probably due to cracks on the TiO2 film. The resulting TiO2-coated
coverslips were subsequently washed with Milli-Q water before the sur-
face modification. The thickness of the TiO2 film was estimated to be a
few hundred nm, based on the TEM and AFM analyses.

The amount of adsorbed DNA using Cy3 dye-modified DNA (5’-(Cy3)-
GGAGAGAGAGAGG-3’; Cy3-DNA) (JBioS, Japan) was examined.
The single-stranded Cy3-DNA (ssCy3-DNA), double-stranded Cy3-DNA
(dsCy3-DNA), and double-stranded Cy3-DNA/CA-DNA (dsCy3-DNA-
CA) (5J10�9 mol) were mixed with TiO2 suspensions, and the TiO2 parti-
cles in the suspension were completely removed by centrifugation using a
high-speed microcentrifuge (Hitachi, Himac CF16RX). The TiO2 powder
(ST-01, Ishihara Sangyo Kaisha) was a generous gift from the manufac-
turer. This photocatalyst has a Brunauer–Emmett–Teller surface area of
300 m2g�1, a primary particle size of about 7 nm, and a crystal structure
of 100% anatase. The resulting DNA-modified TiO2 powder was washed
twice with the cacodylate buffer, and then added into the buffer. The

Figure 6. Proposed photocatalytic reaction mechanisms of the TiO2/DNA
nanoconjugate. The minus and plus signs denote an electron and hole, re-
spectively. CB and VB denote the valence and the conduction bands of
TiO2, respectively. ET and HT denote the electron and hole transfer
from CB and VB to the adsorbates, respectively. CR denotes the charge-
recombination reaction (see dashed arrows). The oxidation potentials of
the DNA bases and CA are reported in references [8b,14a], respectively.
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concentrations of the adsorbed DNA on the TiO2 surface after reaching
adsorption equilibrium were determined based on steady-state UV/Vis
absorption measurements of the supernatant solutions. Steady-state UV/
Vis absorption and diffuse reflectance spectra were measured by using
UV/Vis spectrophotometers (Shimadzu, UV-3100, and Jasco, V-570, re-
spectively) at RT. The steady-state fluorescence spectra were measured
by using a Hitachi 850 spectrofluorimeter with a xenon lamp as an excit-
ed source. The yields of the adsorbed DNA on the TiO2 surface were es-
timated to be 5 and 13% for dsCy3-DNA and dsCy3-DNA-CA, respec-
tively.

For the in-situ single-molecule fluorescence measurements, a sample flow
cell, which is composed of a TiO2-coated coverslip and a clean glass slide
with a double-sided adhesive spacer, was used. A 20-mm cacodylate
buffer solution (pH 7, 10 mL) of the CA-DNA/5’-biotinylated DNA
duplex (JBioS, Japan) (50 nm) was first introduced into the flow cell.
Note that CA–DNA is hardly adsorbed onto the TiO2 surface in phos-
phate buffer in the pH range of 6–7. After incubation for 10 min at RT,
the flow cell was flushed several times with cacodylate buffer, then filled
with a buffer solution of streptavidin-conjugated QD (Invitrogen, Qdot
605 Streptavidin Conjugate, 15 to 20 nm in diameter) (0.1 nm) to modify
the DNA with QD by a strong streptavidin–biotin interaction. The Qdot
605 Streptavidin Conjugate has a stable emission in a number of distinct
buffers across a range of pH conditions. An average photoluminescence
quantum yield was reported to be 0.85.[21] After incubation for 10 min at
RT, the TiO2 surface was repeatedly washed with the buffer to remove
the unattached and non-specifically adsorbed DNA and QD, and then
filled with the buffer. The surface density of the DNA molecules immobi-
lized on the TiO2 surface was determined to be about five molecules per
100 mm2, which was not dependent on the DNA sequences. All proce-
dures for the sample preparation were shielded from the UV light.

The experimental setup is based on using a wide-field fluorescence mi-
croscope (Olympus IX71).[22] Light emitted from a continuous-wave
Nd:YAG laser (JDS Uniphase, 4611-050, 532 nm, 50 mW) passing
through an objective lens (Olympus, PlanApo, 1.40 NA, 100J) was used
to excite the QDs. The TiO2 film was irradiated with a 100-W mercury
lamp (Ushio, USH-102D) through a band-pass filter (Olympus, U-
MWU2). The powers of the UV and 532 nm light passing through the ob-
jective lens were measured by using a power meter (Ophir, OrionTH).
The fluorescence from the QDs was collected by using an oil-immersion
microscope objective and intensified by an image intensifier (Hamamatsu
Photonics, C8600-03) coupled to a CCD camera (Hamamatsu Photonics,
C3077-70). The images were recorded at the video-frame rate of
30 frames per second, then converted into an electronic movie file by
using the ADVC 1394 video-capture board (Canopus). According to the
threshold criterion, the fluorescence intensities of the spots in the region
of interest were analyzed by using Image J software. All the experimental
data were obtained at RT.
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