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ABSTRACT: Luminescent titania-fluorescein (FS) hybrid
nanoparticles (NPs) were successfully synthesized by a sol—
gel reaction of titanium alkoxide in the presence of
octadecylamine using a fluidic reactor with a Y-type channel.
The molar ratio of FS/Ti ratio was varied in the range from 1/
1000 to 1/100 in order to obtain the hybrid NPs with the
different luminescent behavior. The shape of the NPs is
spherical and their sizes are 400 nm which is almost the same
irrespective of the FS content, suggesting the different FS
molecular states in one NP. We also demonstrated that the
hybrid NPs exhibited a characteristic luminescence; the NPs
with the higher and lower FS contents exhibited an enhanced
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luminescence in PBS and air, respectively, indicating that the FS states responded to the molecular environment. Through
cytocompatible experiments using the NPs, it turned out that they had a high compatibility for fibroblasts. Therefore, the
preparation of a series of the luminescent NPs with a tunable luminescence property was achieved. The results will lead to a
guideline to determine a proper combination between material composition and an environment where they are used, being

useful for biomedical applications.
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B INTRODUCTION

Targeting, bioimaging, and drug delivery to specific cell
populations are key techniques in biomedical science fields.
For advancing such fields, it is necessary to create hybrid
nanomaterials, which have controlled particle size and shape. In
particular, the monodispersed nanoparticles are useful as a
model material, allowing to discuss their behavior in a human
body. Additionally, it is also important to consider nanostruc-
tures of hybrids. The well-designed nanostructures make it
possible to accommodate various species including surface
functional groups, drug molecules, luminescent molecules, and
so on. Among these species, luminescent ones, such as organic
dye and quantum dots play an important role in realizing the
biomedical applications because they can act as a biological
probe."” The organic dyes are likely to be degraded by light
exposure so that highly sensitive observation cannot be
conducted. On the other hand, quantum dots are known as
their sharp luminescence spectra where the luminescence
wavelength can be tuned depending on the nanoparticle size.
However, in most cases, quantum dots contain Cd, Hg, etc,,
which frequently cause some toxic effects. Therefore, it is
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expected to develop biocompatible and luminescent nanoma-
terials with a stable and characteristic luminescent property.
Hybrid functional nanomaterials have attracted many
researchers because of their versatile properties. It is possible
to combine various properties attributed to each component to
overcome inherent drawbacks or improve specific abilities.
Thus, a wide variety of hybrids have been reported with respect
to their applications. There are major expectations that new
functions are discovered through precise nanomaterial design.
One of the most extensively studied hybrids would be
inorganic—organic hybrid materials,> ™ especially inorganic
oxide-surfactant hybrids prepared by a surfactant-templated
approach.” Since the inorganic oxide-surfactant hybrids are
composed both of a hydrophilic oxide part and a hydrophobic
organic part (alkyl chain of surfactant molecules) within their
structures, they can solubilize hydrophobic molecules, such as
dyes,”® ™" which is difficult for inorganic hydrophilic surfaces
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Scheme 1. Proposed Formation Process of the Titania-Based Hybrid NP Synthesis in This Study”
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(i) TTIP, APTES and FS dissolve in IPA (Solution A), (ii) After admixing Solution A with Solution B (water/IPA admixture), TTIP and APTES
are partially hydrolyzed to form NH,-functionalized titania/FS nuclei, (iii) the pre-formed nuclei are admixed with Solution C that composed of
water, IPA and ODA, resulting in the formation of NH,-functionalized titania/FS/ODA hybrid nuclei, (iv) the hybrid nuclei assemble to form
aggregates, and (v) the aggregates grow to form a spherical nanoparticle.

Table 1. Flow Rate and Chemical Components of the Solutions Used for the Synthesis of the Hybrid NPs

solution A solution B solution C

flow rate (mL-min~") TTIP (mL) APTES (mL) fluorescein (mg) IPA (mL) IPA (mL) H,0 (mL) ODA (mg) IPA (mL) H,O (mL)

*See SI 1.5 1.37 0.022 1.585 36.1 372 0.231 205 189 0.900

*See SI 7.5 137 0.022 1.55 36.1 372 0.231 205 189 0.900

*See SI 30 137 0.022 0.00 36.1 372 0231 205 189 0.900

30 137 0.022 1.55 36.1 372 0.231 205 189 0.900

30 1.37 0.022 3.10 36.1 37.2 0.231 205 189 0.900

30 1.37 0.022 15.5 36.1 372 0.231 205 189 0.900

30 1.37 0.022 1.55 36.1 37.2 0.231 205 236 0.900

*See SI 30 137 0.022 1.55 36.1 372 0231 205 236 3.00

*See SI 30 1.37 0.022 1.55 36.1 372 0.231 205 236 9.00
(e.g., bare silicas). This enables the oxide—surfactant hybrids to can be raised. Therefore, the development of titania based

be utilized as a pigment, a laser emitter, etc., while further work luminescent hybrid NP is of great importance.

is required to understand the resultant performance of the To construct the specific properties of hybrid NPs, and to
hybrids in more detail because the structure of the hybrids is investigate their formation mechanism, they have to be
complex due to the existence of multicomponents. precisely designed in terms of their size and shape.
Since titania is a noncytotoxic material, its solubility in our Monodispersed NPs help us to understand how homogeneous

the composition of each hybrid NP is. We can then discuss the
composition and the distribution of each component within
one NP, closely related to the hybrid property that can provide
various applications. In our previous study, a microfluidic device
was successfully applied to separate the nucleation and growth
researches, the research for controlling the shape and NP size processes”x}lnch ne 11.nportant to o]?taln moncl)dlsp ersed

25—30 products, and titania-based monodispersed oxide-surfac-
tant octadecylamine (ODA) hybrid spherical NPs were
synthesized.**** Taking advantage of the synthetic procedure,
we now report the synthesis of fluorescein (FS)-containing
monodispersed titania-ODA hybrid NPs with the same particle

body fluid is controllable. A large number of basic researches
for the biomaterial applications have been performed utilizing
oxide-based materials such as mesostructured silica,'* dye
containing silica,"~"” silica coated quantum dots,'®"® rare earth
element doped silica®® >* and so on. As related to these
has been reported in terms of their synthetic techniques.
Furthermore, the formation of mesostructured titania has been
reported.>’ >* Owing to its low solubility by light exposure,
titania based luminescent nanomaterials have also been

35-38 :
explored. However, there are few studies on the size and the different FS contents, as shown in Scheme 1. FS
cytocompatible luminescent titania based hybrid nanomaterials has been utilized in such fields as catalysis, optics, biology, and,
for the biomedical applications. For the sufficient conditions as especially, staining for living cell visualization. The titania-FS
biofunctional luminescent nanomaterials, the stability to light hybrids have attracted much attention because of its high
and thermal-exposure, longer excitation wavelength, non- stability and noncytotoxicity against the cells. Accordingly, it is
cytotoxicity and nanometer size for the animal cell absorptions worth investigating the way to prepare well-defined titania-FS
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hybrids with controlled hybrid properties for biological
functions. We also demonstrated the cytocompatible titania-
ODA-FS hybrid NPs with a characteristic luminescence
property for their nanoscale surface environment recognition.

B EXPERIMENTAL SECTION

Materials. Titanium tetraisopropoxide (TTIP; Tokyo Chemical
Industry Co., Ltd.), isopropyl alcohol (IPA; Wako Pure Chemical
Industries, Ltd.), fluorescein (FS; Wako Pure Chemical Industries,
Ltd.), octadecylamine (ODA; Aldrich, Inc.), 3-aminopropyltriethox-
ysilane (APTES; Sigma, Inc.), phosphate buffered saline (PBS;
Invitrogen Co., Ltd., pH 7.4), fetal bovine serum (FBS; product no.
12603C, lot no. 6D0975, SAFC Bioscience Co., Ltd.), Dullbecco’s
minimum essential medium (DMEM; Invitrogen Co., Ltd.), ethanol
(99.5 vol %, Wako Co., Ltd.), formaldehyde (37 vol %, Wako Co.,
Ltd.), and 0.05 w/v% trypsin—0.053 M ethylenediaminetetraacetate
(trypsin-EDTA; No. 204-16935, Wako Co., Ltd.) were used. NIH3T3
fibroblasts (RCB1862) as a cell line were provided by the Riken
BioResource Center. A plastic cell culture flask with an area of 75 cm?
was purchased from BD Bioscience, U.S.A. All the reagents were used
without further purification.

Sample Preparation. FS-containing titania-ODA hybrid NPs
were synthesized based on a previously reported procedure.*** The
detailed conditions, such as composition of the starting solutions and
flow rate, are summarized in Table 1. The experitimental equipment is
schematically shown in Supporting Information Scheme S2. The
admixture of TTIP, APTES, FS, and IPA (solution A) and aqueous
IPA (solution B) were preparaed in glass vials. The two solutions were
separately flowed into a PTFE tube (1 mm inner diameter) by a
syringe pump (Fusion 200 Syringe Pump, provided by Chemyx, Inc.)
at the flow rates of 1.5, 7.5, and 30 mL/min. The molar ratio of TTIP
to H,O in the admixture of the two starting solutions was set at 1/2.7
(Table 1). The two solutions were then admixed and reacted through
the Y-shape junction of the flow reactor made of PTFE (the channel
cross section of ~1 mm?, KeyChem mixer, YMC, Inc.). The admixture
flowed through a PTFE tube of 70 cm in length. The admixture
solution was then added to Solution C composed of H,O, IPA, and
ODA in a polypropylene bottle (the constatnt molar ODA/TTIP ratio
of 0.18 (Table 1)) under stirring until the addition of the admixture
was completed. After aging the solution at room temperature for 24 h,
the product was separated by centrifugation (3500 rpm, 60 min),
washed several times with IPA, and finally dried at 60 °C in air for 24
h.

To check whether FS molecules dissolve or not from the hybrid
NPs in a biological fluid, 1 mL of PBS was added to each glass vial
containing 10 mg of the resultant sample powder with the different FS
content. After ultrasonication for 5 min, the vial was stationary
standing at r.t. for 24 h. Finally, the dispersion was centrifuged (14500
rpm, 1 min) to collect the supernatant.

Characterization. Scanning electron microscope (SEM) images
were obtained using a Hitachi Ultrahigh Resolution Scanning Electron
Microscope SU8000 at an accelerating voltage of 10 kV. Prior to the
measurements, the samples were coated with a few nanometers of
platinum. The average particle size and coefficient of variation (CV)
values were obtained from the SEM images by counting 100 particles.
Transmission electron microscopy (TEM) was performed using a
JEM-1400 (JEOL Co., Ltd.) at an accelerating voltage of 120 kV. Prior
to the observation, the sample preparation was conducted by
dispersing a small amount of the NPs into ethanol, casting the
suspension on a carbon-coated copper grid, and then drying. The
thermogravimetric-differential thermal analysis (TG—DTA) curves
were recorded by a SII EXSTAR 6000 TG/DTA6300 at the heating
rate of 10 °C/min under air flowing using @-alumina as the standard
material. The photoluminescence properties were evaluated by
photoluminescence spectroscopy. The excitation and luminescence
spectra were recorded with the luminescence monitored at 548 nm for
ES/Ti = 1/1000 at 555 nm for FS/Ti = 1/500 and at 568 nm for FS/
Ti = 1/100, respectively, and at the excitation wavelength of 468 nm
for the solid state measurement, and the excitation wavelength of 468
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nm for the solution state measurement (excitation-slit/detection-slit: 5
nm/S nm, measure time: 0.1 s, step width: 1.0 nm, sample weight =
150 mg). A fluorescent microscope (ECLIPSE Ni-E, Nikon) was
utilized to obtain fluorescence images of the hybrid particles. For
excitation, a wavelength of 465—495 nm was irradiated, and a
wavelength of 515—555 nm was selectively focused on for the
luminescence detection. The exposure time was 100 ms.

Scheme 2. Illustration of the Experimental Equipment That
Contains the PTFE Fluid Channels for Synthesizing the
Hybrid Particles

PTFE fluid channel
(Channel cross
section of ca. 1 mm?)

PTFE tube
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Cell Culture and Evaluation Method of Cytocompatibility.
NIH3T3 fibroblasts (RCB1862) as cell lines provided by the Riken
BioResource Center were cultured and used, then evaluated by the
WST-8 method in this study.”*** On the basis of our previous
report,”** the fibroblasts were cultured in a plastic cell culture flask
with an area of 75 cm” containing 15 mL of fetal bovine serum
dispersed in DMEM at 10 vol % (10% FBS/DMEM). The cells were
incubated at 37 °C in a humidified atmosphere of 5% CO,, then
subcultured every 7 days using 1 mL of the trypsin-EDTA. After being
washed with 15 mL of PBS and treated with 1 mL of the trypsin-
EDTA for 10 min at 37 °C, the cells were dispersed in 15 mL of PBS,
separated by centrifugation (2000 rpm, 2 min), and dispersed in 1S5
mL of 10% FBS/DMEM. The centrifugation and dispersion were
carried out twice. The number of cells in the suspension was counted
and adjusted at the seeding density of 2.72 X 10* cells/mL. The
fibroblast suspension was cultured on a commercially available 96-well
cell culture plate at the area density of 8000 cells/cm”. At the culture
time of 12 h, 100 uL of the synthesized nanoparticles (NPs) in 10%
FBS/DMEM (concentration = 100 pug/mL) was added to the cell
surfaces and additionally cultured for 60 h according to our previous
report.46 At the additional culture times of 24, 36, and 60 h, the cell
viability was evaluated by the WST-8 method. After washing the
cellular surfaces, 10 pL of the Cell Counting Kit-8 solution was added
and stored for 3 h at 37 °C in a humidified atmosphere of 5% CO,.
The absorbance at 450 nm of the resulting solution was measured by a
photospectrometer. The background absorbance of the 10% FBS/
DMEM was subtracted and the average value for ten samples was
calculated. The absorbance maximum of the samples was 100%. The
control, which was defined as the cells without adding the NPs, was
used for the experiment.

For observing the cellular reactions, the cultured cells were fixed
with 3.7 vol % formaldehyde in PBS for 10 min. Before and after the
fixation, the cells were washed twice with 1 mL of PBS and twice with
1 mL of ultrapure water. Immediately, the cells in the PBS were
covered and sealed with a glass to prevent evaporation with a confocal
laser scanning fluorescence microscope (TCS SP-S, Leica Micro-
systems Inc.).
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Figure 1. FE-SEM images and the corresponding particle size distributions of the hybrid NPs with the different FS/Ti molar ratios: (a) 1/1000, (b)
1/500, and (c) 1/100. The TEM images are shown in each inset. (d) The average particle size (open circle) and coefficient of variation (closed

circle) changes with the FS/Ti molar ratio.

Bl RESULTS AND DISCUSSION

Synthesis of Monodispersed Titania-ODA-FS Hybrid
NPs. The separation of the nucleation and growth processes is
important for the preparation of monodispersed NPs.**™* As
we have already reported,*** well-defined titania-ODA hybrid
spherical NPs were synthesized by a two-step approach, in
which nucleation occurs in the microfluidic reactor (solution A
+ B, without APTES and FS) and the nuclei were subsequently
added to a reaction vessel (containing solution C) placed at the
end of the reaction system for further growth. Taking advantage
of the same technique, the hybrid NPs with three different FS
contents, “i.e., molar ratios FS/Ti = 1/1000, 1/500, and 1/100”
were synthesized in the present study. The synthesis proceeds
based on the following two steps: formation of titania NPs by
hydrolysis and condensation reaction of TTIP, and formation
of titania-ODA hybrid NPs caused by several possible
interactions, such as hydrogen bonding, hydrophobic inter-
action, etc. FS and APTES were both added to solution A in
this study, expecting an interaction between the amino group of
aminopropylsilane and carboxyl group of FS shown in Scheme
li. The co-condensation of titania-ODA and various silane
coupling reagents including APTES was also reported
previously, and a homogeneous distribution of silyl groups in
each NP was indicated.*’” Therefore, the present synthesis
should lead to the formation of aminopropyl-functionalized
monodispersed titania-ODA-FS hybrid spherical NPs as shown
in Scheme liv. The reaction solution color turned orange and
opaque in less than 1 min after admixing the three solutions.
Orange colored powder was collected after 24 h as shown in
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Scheme 1v, which exhibits different colors depending on the FS
concentration, indicating that the FS is included in the titania
NPs.

SEM and TEM images of the collected products are shown
in Figure 1. All the products were monodispersed with
coefficient of variation ranging from 5% to 8%, which is the
same as that of the control product synthesized without FS
(Supporting Information Figure S1, as can be seen in each
particle size distribution). Interestingly, all the three products
showed almost the same NP size at around 400 nm in spite of
the different FS amounts in solution A, while 460 nm in the
case of the control without FS, indicating that different
amounts of FS molecules interacted and were confined in the
NP. Other control products were also prepared focusing on
different synthetic parameters such as flow rate (Supporting
Information Figure S2) and H,O/IPA solvent ratio (Support-
ing Information Figure S3); the NP sizes were controlled in the
range from 100 to 750 nm depending on the parameter. This
implies the well-known particle size dependent cytotoxic effect,
which are different from the purpose of only a surface effect in
this study.

Discussion on the Formation Mechanism of the
Hybrid NPs. One possible reason for the formation of the
proposed formation mechanism as shown in Scheme 1. In
Scheme 1i, TTIP, APTES, and FS coexist in solution A. The
color of the Solution A turned from yellow to yellowish red
after the addition of TTIP to the IPA solution containing
APTES/FS, suggesting the TTIP-FS complex formation. It was
pointed out that deprotonation of the hydroxyl group of

dx.doi.org/10.1021/am500636d | ACS Appl. Mater. Interfaces 2014, 6, 6825—6834
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Figure 2. (a) Excitation and (b) luminescence spectra of the hybrid NPs with the different FS/Ti molar ratios of 1/1000, 1/500, and 1/100 (the
excitation spectra were obtained for each luminescence maxima). Inset: the integrated intensity changes with the FS/Ti molar ratio. (c): Fluorescent
microscope images of the hybrid particles with the different FS/Ti molar ratios (4., = 465—495 nm, A, = S15—555 nm, exposure time = 100 ms).

fluorescein causes a red shift in the luminescence spectra. For
example, the coordination of the hydroxyl group to titanium
atoms presumably induces a similar red shift.**

After admixing solutions A and B, the hydrolysis and co-
condensation reaction occurred, and the titania nuclei were
partially modified with the aminopropyl groups (Scheme 1ii).
The carboxyl groups of FS are thought to interact with the
near-surface amino groups by an electrostatic interaction. In
addition, it is known that carboxyl groups are also likely to bind
to the titania surface through a dissociative process, which
results in two oxygens of the carboxylate ion bonding to the in-
plane titanium atoms at the interface. The remaining proton
then bonds to a bridging oxygen site, forming a hydroxyl
group.#~5!

Subsequently, the preformed nuclei were added to solution C
containing ODA to form titania-ODA-FS hybrids (Scheme
liii—iv). It was pointed out that an amino group of ODA
interacts with the titania surface hydroxyl groups by hydrogen
bonding.‘B’52 Furthermore, the ODA should also relate to the
hydrogen bonding with a hydroxyl group in the FS molecular
structure. After the formation of the aminopropyl-function-
alized titania-ODA-FS nuclei, they grow to form a homoge-
neous spherical shape (Scheme liv—v). We have previously
reported that the absence of ODA led to the formation of
random-shaped NPs.*’ In addition, it turned out that ODA
promoted the formation of the titania-based hybrid NPs with a
yield at around 90%, while the titania yield was less than 50%
without the ODA. On the basis of these results, the ODA
molecules adsorb on the surface of the titania NPs, then the
titania-ODA hybrids effectively assemble to form secondary
NPs with spherical shape as shown in Scheme 1v, which may be
initially driven by hydrophobic interactions. The main solvent
of the present system is IPA and relatively smaller amount of
H,0 molecules also coexist. Considering that IPA is hydro-
philic and can freely admix with H,O, hydrophobic ODA
molecules are not easy to dissolve in IPA, although very small
amount of ODA can dissolve (e.g.,, we experimentally checked
that 0.2 g of ODA dissolved in 100 mL of IPA). H,0O molecules
can form hydrogen bonding between IPA molecules as well as
IPA—H,0O molecules, letting a propyl group of IPA molecules
direct toward the alkyl chains of ODA molecules on the surface
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of the hybrid particles to stabilize the hybrids. When the
hydrogen bondings are enhanced in the system, accelerating the
precipitation of titania-ODA hybrids. We also checked that the
ODA molecules in the hybrids did not dissolve into IPA even
when the IPA was heated up to 70 °C, indicating that the
interfacial interactions between titania and ODA is rather
stable. This hypothesis can be supported by the fact that the
higher molar water/IPA ratio in solution C resulted in the
formation of the smaller sized NPs as shown in the Supporting
Information Figure S3. This indicates that the hydrophobic
titania-ODA NPs do assemble together if the water molecules
increase more and more, and subsequently form the spherical
shape in order to minimize the surface energy, suggesting the
importance of the additive ODA in the synthesis.

In the present synthesis, the molar ODA/Ti ratio is 0.18, and
the FS/Ti ratio is in the range from 0.001 to 0.01. This FS
amount is not enough to cover the entire surface of the titania-
based NPs if we take into account the surface area of the NPs
with the size of 400 nm. We assume that both ODA and FS
interact with the inside of the titania surface, leading to the
three interactive hybrids (ODA-FS-titania) to be functionalized,
although the orientation of ODA and FS is not clear. Therefore,
the spherical NP formation should be dominated by ODA, and
the constant ODA amount successfully gives the same hybrid
NP size with the different FS contents, which can be regarded
as a “surface effect”. On the other hand, the reason for the
slightly different NP sizes between the NPs synthesized with
and without FS (400 and 460 nm, respectively) is now under
investigation. The spherical NP formation may be possibly
promoted because of the slightly hydrophobic near-surface
properties as compared to the NPs without FS. This makes it
possible to characterize and discuss the luminescence property
in detail correlating with the nanoscale environment around the
FS molecules in a NP.

Photoluminescence Property of the Hybrid NPs. The
photoluminescence properties of the as-synthesized titania-
ODA-FS hybrid NPs were characterized by fluorescent
spectroscopy as shown in Figure 2, which was performed in
atmospheric environment. In the excitation spectra (Figure 2a),
there are three luminescence bands at 468, 483, and 493 nm.
According to previous studies, the bands at 468 and 483 nm

dx.doi.org/10.1021/am500636d | ACS Appl. Mater. Interfaces 2014, 6, 6825—6834
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Figure 3. Photoluminescence spectra of the hybrid NPs with the different FS/Ti molar ratios of (a) 1/1000, (b) 1/500, and (c) 1/100 dispersed into
PBS, and (d) the integrated intensity changes with the particle concentration. Inset: the photograph of the sample (FS/Ti = 1/100) dispersed into
PBS under interior light at the concentration of 240 mg/mL, indicating the intense green luminescence.

can be attributed to the transition of the FS anion form,
whereas the luminescence at 493 nm can be attributed to that
of the FS dianion form,>™% suggesting the FS complex
formation in the hybrids. As can be seen in each luminescence
spectrum in Figure 2b, there is one luminescence band centered
at around 550 nm. The luminescence appeared at around 520
nm is due to the monomer dianion states, whereas the
luminescence appeared at around 560 nm, which is similar to
that in the present study, is due to the FS aggregated states.>
For more details, the spectral red shift with respect to the
monomer was caused by the FS aggregation, in which the FS
monomers were arranged in a head-to-tail manner (known as J-
type aggregates). Moreover, this geometric restriction only
allows a transition from the ground state to the lowest split
level, causing the spectral red shift.>® The luminescence
integrated intensity decreases with the increasing molar FS/
Ti, and the strongest luminescence was observed in the case of
FS/Ti = 1/1000. This trend was also confirmed by observation
using a fluorescent microscope as shown in Figure 2¢; a bright
green luminescence is clearly observed only in the case of FS/
Ti = 1/1000, while the luminescence is relatively very weak in
the case of FS/Ti 1/100 (see also Figure S4 in the
Supporting Information).

In addition to the luminescent behavior in air, we also
characterized the luminescence in PBS virtually considering
future experiments in body fluid. Before the photoluminescence
measurements, we checked whether FS molecules dissolve or
not from the hybrid NPs in PBS. TG-DTA curves of each
sample are shown in the Supporting Information Figure SS, and
the resultant weight loss values before and after PBS treatment
in the range from 150 to 600 °C are summarized in the
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Supporting Information Table S1. The weight loss in this range
can be attributed to oxidative decomposition of organic
compounds (FS and ODA). There was no apparent weight
loss after the PBS treatment of each sample (~a few wt %
decrease), suggesting the slight dissolution of FS in PBS during
the 24 h treatment. Furthermore, the hybrid NPs were
dispersed in PBS at the NP concentration of 25—240 ug/mL,
and the solution was aged at rt for 10 min, exhibiting no
dissolution of FS at the shorter time.

Figure 3 shows the photoluminescence spectra of the hybrid
NPs with the different FS/Ti molar ratios in PBS, and the
integrated intensity changes with the NP concentration. The
relationship between the luminescence intensity and FS content
became completely opposite as compared to that observed in
the atmospheric measurement. Namely, the luminescence
intensity increases with the increasing NP concentration. The
NPs with FS/Ti ratio 1/100 exhibited the strongest
luminescence centered at around 514 nm. Each luminescence
spectrum has a broad shoulder at around 560 nm. As previously
described, the luminescence at the 520 nm and the 560 nm
shoulder can be attributed to the monomer dianion and the J-
type aggregates, respectively. Taking into consideration that FS
changes its form depending on the pK, values as follows: cation
to neutral (pK, 2.1), neutral to monoanion (pK, 4.2), and
monoanion to dianion (pK, 6.5). It can be concluded that
there existed both monomer dianions and J-type aggre-
gates.>>”>® The luminescence efficiency of the monomer
dianions is higher than that of the J-type aggregates, which is
almost the same in this study, indicating that the relatively
enhanced FS monomeric states in the PBS contribute to the
present luminescence. However, it should be noted that there
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Figure 4. (A) Fibroblast viabilities of the additional culturing at 24, 36, and 60 h after adding the NPs. (B) (a) Differential interference, (b)
fluorescent, and (c) the composite images from panels a and b of the fibroblast reacted with the NP with FS/Ti = 1/100 at the culture time of 24 h.

may be some contributions from the dissolved FS. Since there
is another possibility that ODA dissolved, the exact amount of
dissolved FS is now under investigation by various analytical
techniques and will be reported in near future.

The possible reason for the different luminescence behaviors
in air and in PBS can be explained on the basis of the number
of water molecules accessible to the FS on/inside the hybrid
surfaces (see Supporting Information Scheme S1). For the
monomeric states of FS molecules on/inside the hybrid
surfaces, water molecules, which work as luminescence
quenching agents, can access the sample surfaces of the
molar FS/Ti = 1/1000 easier than the case of the FS/Ti =1/
100. Taking into account that the ODA molecules can interact
with a hydroxyl group of FS by hydrogen bonding on the
hybrid surfaces and can be stabilized subsequently by the
relatively week hydrophobic interactions among the ODA
alkylchains in the case of FS/Ti = 1/100, the ODA molecules
would prevent water molecules from accessing the FS, realizing
more efficient luminescence in PBS. It is reported that the FS
concentration of 1 X 10™* M causes aggregate formation, while
the FS concentration of 1 X 107 M does not result in any
significant FS aggregation.sa59 In the present case, the FS
concentration was in the range from 1 X 107* to 1 X 107° (in
Solution A (Table 1)), leading to the formation of aggregates
and the more significant FS aggregation in the case of the FS/
Ti = 1/100. The FS was diluted when solution A was admixed
with solution B and also solution C, resulting in the final FS
concentration of 2 X 107> to 2 X 107* This indicates that FS
molecules may be dissociated except for the sample with the
molar FS/Ti = 1/100. In contrast, water molecules can access
the dissociated and monomeric FS states on the sample surface
with FS/Ti = 1/1000 more easily, although some FS molecules
can be rearranged. For the measurements in air, the self-
quenching in the aggregation state for the sample with the
molar ES/Ti 1/100 relatively affects the luminescence
behavior. The amount of water molecules in air is extremely
lower than those in PBS, thus the sample with the molar ratio
of FS/Ti = 1/1000 did not suffer from quenching caused by the
water molecules.

In Vitro Cytotoxicity of the Hybrid NPs. Figure 4A
shows the cell viabilities of the fibroblasts cultured for 24, 36,
and 60 h after adding the NPs on the adhered cell surfaces. The
cells with and without adding the NPs significantly spread out
on the plate and maintained their normal morphologies.*
Furthermore, the proliferation behaviors by adding the NPs
were almost the same as those without adding any NPs,
indicating that the NPs are nontoxic. The size of the NPs is
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important for the cytotoxicity. For amorphous silica, the
toxicity tends to be inversely related to the NP size, and a NP
size below 100 nm has actually been found to induce the
cytotoxicity.””® It was also reported that titania NPs with the
size of 25 nm induced a much greater inflammatory response to
rats compared to larger particles with the size of 250 nm.*" A
number of previous studies have pointed out that the
relationship between the size of NPs, cellular uptake and
cytotoxicity is complicated. The uptake and cytotoxicity usually
depends on many factors including composition, shape, surface
state other than size, and even the type of cells. Among the
various factors, smaller size should affect differently because
surface area is getting larger when particle size decreases,
resulting in higher surface energy. In this study, the NP size is
~400 nm, which would be a good candidate to exhibit a high
cytocompatibility at least from a viewpoint of surface area.

Figure 4B shows differential interference, fluorescent, and the
composite images of the fibroblast reacted with the NP with
FS/Ti = 1/100 at the culture time of 24 h. The green
luminescence was observed by the fluorescent microscopy. The
fluorescent image indicates the presence of luminescent NPs
located around the nuclei, and the cell would uptake the NPs,
while the NPs were not functionalized with ligands which can
promote the uptake so that the uptake behavior is not clear.
With an increase in the culture time, the number of
luminescent NPs in the cells increased. Thus, the NPs were
found to be effectively taken up by the cell to show the
cytocompatibility, and can be used as potential fluorescent
labels in biomedical imaging.

As has described, NPs for biomedical applications should
have stable/effective luminescent property and cytocompati-
bility. In this sense, tunable luminescence property and
cytocomapatibility which we demonstrated in the present
paper are promising for targeting, bioimaging and drug delivery.
Furthermore, titania can effectively absorb light in UV region,
allowing to protect FS molecules from degrading. The
controllable particle size will be also helpful to systematically
understand complicated behavior of the NPs in a human body.

Bl CONCLUSIONS

We reported the synthesis of FS-containing monodispersed
titania-octadecylamine hybrid spherical NPs and demonstrated
their characteristic luminescence property and cytotocompat-
ibility. The hybrid NPs were uniform in size and shape even if
the molar FS/Ti ratio varied in the range from 1/1000 to 1/
100, indicating that the alternative FS molecular states were
confined in one nanoparticle. In addition to the formation
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mechanism of the NPs, the origin of the characteristic
luminescence was also discussed in detail; the luminescence
can be controlled by varying the molar FS/Ti ratio, which is
one possible factor that dominates the reversible monomeric/
aggregation states of FS in various environments, such as in air
and in PBS. The unique luminescence behavior will enable to
determine a proper combination between material composition
and an environment where they are used, being useful for
various biomedical applications. We believe that a better
understanding of the luminescence property and the
cytocompatibility of nanomaterials contributes to the develop-
ment of various multidisciplinary applications in such fields as
biomedicine, optics and so on.
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