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Scheme 1. Synthetic Procedure of Tumblerlike Mesoporous
Silica Nanocomposites (Mag-Dye@MSN)
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Multifunctional nanomaterials have recently become an
attractive research field. Nanosized materials with unique
magnetic and luminescence properties have great potentiananocomposites in biological systems is limited. Herein, we
in biological applications such as MRI contrast agent, drug develop a new strategy for the synthesis of uniform magnetic/
delivery carrier, cell sorting, and labelidgSeveral reports ~ luminescent functional mesoporous silica nanoparticles with
have focused on the synthesis and investigation of bifunc- well-ordered porous structure and good aqueous dispersity.
tional nanomaterials, such as hyB#id and core-shell Furthermore, we evaluate its potential in biological applica-
nanocomposite¥-e tions. Preliminary results in the cell uptake experiments are

Because mesoporous silicas possess unique properties gthown.
high surface area, large pore volume, uniform pore %ize, The synthetic procedure of uniform tumblerlike meso-
and low cytotoxicity*® multifunctional mesoporous com- porous silica nanoparticles (Mag-Dye@MSN) is illustrated
posites that d|sp|ay both magnetic and luminescence func-in Scheme 1. The first step is to Synthesize size-controlled
tionalities would be very useful in biomedical applications. Ssuperparamagnetic nanocrystals (4. Monodispersed
In our previous works, we reported gadolinium-incorporated F&0s nanocrystals (synthesized by Sun’s route) are obtained
nanosized mesoporous silica (Gd-MS) as an MRI contrastby a high-temperature decomposition of Fe(agamnd
agent2 and FITC attached mesoporous silica nanoparticles suspended in hexane (see the Supporting Information, Figure
(FITC-MSNSs) as cell marker®: Currently, there are afew ~ S1)° In the second part, the magnetic nanoparticles are

reports about the synthesis of magnetic mesoporous silicacoated with a silica shell by hydrolysis of TEOS in oil-in-
nanocomposites, but the porous structures are irregular andvater reverse microemulsiorto obtain water-suspended

the particles after calcination unable to disperse in water.

magnetic coreshell nanoparticles (F®,@Si0Q,, see the

Thus, the application of these magnetic mesoporous silicaSupporting Information, Figure S2). Details of the synthetic
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methods of F¢gD, and FeO,@SiO, are described in the
Supporting Information. During the synthetic process, organic
dyes can be simultaneously incorporated into the mesoporous
silica framework by the co-condensation metibdulti-
functional mesoporous nanoparticles are prepared by adding
organic dyes and B®,@SiCG to an ammonia solution
containing dilute tetraethyl orthosilicate (TEOS) and a low
surfactant concentration. Hence, 0.1 g of cetyltrimethylam-
monium bromide (gTAB) was dissolved in 45 g of 0.51

M NH4OH at 50°C, and 0.5 mL of 0.2 M dilute TEOS (in
ethanol) was added with vigorous stirring. After the solution
was stirred for 1 h, 0.4 mL of preconjugated-1-(3-
trimethoxy-silylpropyl)N-fluoresceyl thiourea (FITC- APT-
MS), 5 mL of FegO,@SiG; colloidal solution, and 0.4 mL

of 0.88 M dilute TEOS were added sequentially under
vigorous stirring. The solution gradually turned turbid and
was aged under static condition at 80 for 24 h. The as-
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Figure 1. (a) TEM, (b, c) HR-TEM, and (e, f) FE-SEM images of Mag-
Dye@MSN. The inset of (b) is the Fourier transform pattern of porous
structure. (d) Crystallinity of F£, inside extracted Mag-Dye@MSN.

synthesized particles were centrifuged at 12000 rpm for 20
min and then washed and redispersed in ethanol or water.
The surfactants were removed by a fast and efficient ion-
exchange methdd0.3 g of NHUNOs in 150 mL of ethanol)

and examined by FTIR (see the Supporting Information, Ji |
Figure S3). The nanoparticle solution used for relaxivity - !
measurements and cellular uptake experiments was prepared. . o

By ransteming ho exractod Mag DyE@MSN fom ehanel | 2, 0y Faen, ) 1 asonon esopton soterns
to D.l. water. curve of extracted Mag-Dye@MSN at 300 K. (d) PL spectruig &

TEM (Figure 1) and FE-SEM (Figure 1) images revealed ¢50.™) et susperdec e DycOMSH, Potograhe of ¢ agucas
that the multifunctional nanoparticles not only possess a magnetic capture, and (h) UV light irradiation.

unique tumblerlike morphology but are also very uniform

in size. Each Mag-Dye@MSN was formed by fusing one  We reasoned the formation mechanism of Mag-Dye@MSN
(Figure 1b) or two (Figure 1c) FE®,@SIO, and one as follows. When the dilute TEOS was added to the aqueous
mesoporous silica nanoparticle. The average dimensions ofammonia solution containing low surfactant concentrations
Mag-Dye@MSN are 154 nm in the long axis and 115 nm of C16TAB, self-assembled silicate micelles (SSMs) fornied.
in the short axis. Images ¢ and f of Figure 1 also show that As TEOS and FITC-APTMS further hydrolyzed, silica
some particles (9% of total) are composed of twgdz@ SiO, further deposited on the SSMs. Simultaneously, the nearby
nanoparticles, resulting in a funny morphology that looks F&O.@SiQ, coalesced with SSMs, forming the tumblerlike
like a frog. The HR-TEM image (Figure 1b) of Mag- structured nanoparticles. These nanoparticles not only com-
Dye@MSN and the Fourier transform pattern simultaneously bine magnetic and luminescence properties but also possess
show that the Mag-Dye@MSN exhibit a well-ordered porous well-ordered porosity.

structure with a 2D hexagonal arrangement. The HR-TEM  The XRD pattern (Figure 2a) shows a well-ordered 2D
image (Figure 1d) and XRD pattern (see the Supporting hexagonal mesoporous structure. The adsorption-de-

Information, Figure S4) of Mag-Dye@MSN both indicate sorption isotherms (Figure 2b) exhibit a characteristic type
that the magnetic nanocrystal embedded in silica still retains |v jsotherm, and no hysteresis loop is observed. The pore

its original crystallinity after silica coating and surfactant sjze (2.5 nm) of extracted Mag-Dye@MSN is obtained by
extraction.

(9) Cai, Q.; Luo, Z.-S.; Pang, W.-Q.; Fan, Y.-W.; Chen, X.-H.; Cui, F.-
(8) Lang, N.; Tuel, A.Chem. Mater2004 16, 1961. Z. Chem. Mater2001, 13, 258.
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BJH calculation, as shown in the inset of Figure 2b. The Fe*conc, : 0 0.1 0.2
surface area and pore size of Mag-Dye@MSN are 828 m (mM)

g tand 2.5 nm, respectively. The SQUID spectrum (Figure Mag-Dye

2c¢) measured at 300 K exhibits no hysteresis loop, which @SN

means that Mag-Dye@MSN still possess the superpara-

magnetic property after surfactant extraction. PL spectrum 00+ (b) r=153mM's”

(Figure 2d) shows the typical fluorescence emission of FITC.

It is easy to change the color of luminescence by incorporat- R'= 09999

ing different dyes into silica frameworks. Digital photographs g 1
of an aqueous suspension of Mag-Dye@MSN before and e "
after UV light irradiation (images e and f, respectively, of ™ 100-

Figure 2) show that Mag-Dye@MSN is well-dispersed in
water. Dynamic light scattering (DLS) measurements give
an average size of 150 nm, confirming that Mag-Dye@MSN o as " 1 5 20
is well-dispersed in water (see the Supporting Information, Fe™ (mM)

Figure S5). Besides, the magnetic separation of Mag-
Dye@MSN was tested by applying a magnet near the cuvette
(Figure 2g). It is obvious that the green fluorescence of FITC

is detected only next to the magnet (Figure 2h). This

observation further proves that the coehell FgO,@SiO,

and FITC are combined together.

Because Mag-Dye@MSN is well-dispersed in waler,
weighted MR images (MRI) are taken at 4.7 T on a Biospec
spectrometer without dispersion aids. It is overt that the
image (Figure 3a) darkens as the amount of Mag-Dye@MSN
increases. Th&,-enhancing capabilityr§, T, relaxivity) of
Mag-Dye@MSN is also measured at 0.47 T on a Minispec 2 11am
spectrometer. ThE&, relaxivity (the slope obtained by plotting

: B p Figure 3. (a) T>weighted MR images of an aqueous suspension of Mag-
1/T, versus F& content, Figure 3b) of Mag-Dye@MSN is Dye@MSN taken at 4.7 T on a Biospec spectrometer;Tebjelaxivity

r =153 mM* S (The Fé" content of Mag-Dye@MSN  plot of an aqueous suspension of Mag-Dye@MSN measured at 0.47 T on
is determined by ICP-AES). This is a rather good contrast a Minispec spectrometer. (c) Merged confocal images of Mag-Dye@MSN

agent forT-weighted MR images. To explore the biological |54 *13 el st . hofptae e cel skelton s sianc i
applications of Mag-Dye@MSN, cellular uptake of extracted i
Mag-Dye@MSN was investigated by confocal microscope. mode gnd .demonstrated that Mag-Dye@MSN is able to
Merged confocal images of NIH 3T3 fibroblast cells (Figure ntérnalize into NIH 3T3 cells without any other uptake-
3c) show that Mag-Dye@MSN have been internalized into enhangng techmques_. These porous r}anopartlcles have great
cells. This implicates that Mag-Dye@MSN is a potential Potential in cell tracking and drug delivery.

biomarker for multimodal imaging. Details of MRI and
cellular uptake experiments are described in the Supportingfr

Information. The cytoxicity of Mag-Dye@MSN on NIH 3T3 . : . .

I ined b - BI lUSi from the Functional and Micro-Magnetic Resonance Imaging
CEllS was examined by a Irypan blue exclusion assay (SeeCenter supported by the National Research Program for Ge-
the Supporting Information, Figure S6). The results indicate omic Medicine, Taiwan, is acknowledged. We thank Dr. Yao-
that the cell viability was not affected up to 2@@/mL of  Hung Tseng for his help with FE-SEM measurements.
Mag-Dye@MSN.

In conclusion, we have developed a strategy for the Supporting Information Available: Detailed synthesis, TEM
synthesis of a multifunctional nanomaterial. Mag-Dye@MSN images, FTIR, XRD spectra, dynamic light scattering, and cell
simultaneously possesses magnetic, luminescence, and po\Liability in PDF format. This material is available free of charge
rous properties. We have further measured the relaxivity and"/2 the Internet at http://pubs.acs.org.
taken phantom images of Mag-Dye@MSN in the MRI CM061976Z
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