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esoporous silica materials that are

nontoxic in nature and have tun-

able pore diameter with high spe-
cific surface area and abundant Si—OH
groups on the pore surface are promising
candidates as drug-transport carriers in liv-
ing systems.' ' However, drug-transport
carriers entering into biological host sys-
tems may not be able to effectively locate
the target organs due to the complicated
in vivo environment, a challenge that makes
the monitoring of the transport routes for
drug-transport carriers important, espe-
cially for those carrying toxic anticancer
drugs. Fluorescent labeling is a real-time,
simple, and effective way to monitor the
route of drug-transport carriers in a living
system. Mesoporous structures doped with
dye molecules have been demostrated
to show novel and different fluorescent
behavior compared with dye molecules in
solution."' "7 Recently, nanocomposites
combining mesoporous structures with
fluorescent molecules have attracted con-
siderable attention for application as drug-
transport carriers. Several research groups
have made considerable progress in this
field. For example, Yang et al. functionalized
MCM-41 with luminescent YVO,Eu*" via a
Pechini sol—gel process.'® The obtained
YVO4Eu*" and MCM-41 composite main-
tained the mesoporous structure of MCM-
41 and the red luminescence property of
YVO,Eu*", which has great potential for
drug transport and disease therapy, as a
consequence of the fact that it can be easily
identified and tracked. Lin et al. reported
mesoporous silica nanoparticles end-capped
with CdS nanoparticles, which endowed the
system with fluorescence that can be used
to observe the transport and release of drug
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ABSTRACT A novel kind of monodisperse core—shell silica nanosphere composed of a
fluorescent solid core and a mesoporous shell has been successfully fabricated. These nanospheres
exhibit multifluorescent signals under a single-wavelength excitation as a result of the solid silica
core that is doped with three kinds of dyes and that can produce effective fluorescence resonance
energy transfer. The fluorescent signal of a single nanosphere is about 700 times brighter than its
constituent fluorophores. X-ray diffraction, transmission electron microscopy, and N, adsorp-
tion—desorption isotherms reveal that these nanospheres possess abundant mesopores in the
shell. Combining the advantages of extremely bright multifluorescent signals excited with a single
wavelength and an abundant mesoporous system, this core—shell silica nanosphere is designed for
the simultaneous monitoring of fluorescence of in vivo multiple-target drug transport. Experiments
on drug loading and release in addition to studies on cell uptake reveal that these nanospheres not
only show good drug storage and sustained release capacity but also demonstrate biocompatibility

and mutlifluorescent labeling capacity for biological systems.
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molecules." Zink et al. functionalized fluor-
escent dye molecules onto mesoporous
silica nanoparticles using a co-condensation
method.?° This modification of the particles
involves incorporating fluorescein along the
pore walls, enabling the cellular uptake of
the nanoparticles to be monitored by fluor-
escence microscopy. However, more re-
search is still required to synthesize mono-
disperse, biocompatible, and photostable
fluorescent mesoporous silica nanoparticles
with unimpeded access and high loading
capacity for application as trackable drug-
transport carrier systems.

Moreover, with the growing diversifica-
tion and complication of diseases, a de-
mand thus arises for multiple-target drug
transport independent of whether the drug
is taken up by a living body through the
same or different administration routes.
Along with this demand, the simultaneous
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tracking and monitoring of multiple-target transfer
routes of carriers loaded with different drugs becomes
more and more important to ensure their precise
location, which requires a combination of a barcode
library and excellent drug-transport carriers. Fluores-
cent resonance energy transfer (FRET) pairs can en-
gender abundant fluorescent signals excited with a
single wavelength. Therefore, to find a convenient way
to realize the combination of FRET and mesoporous
silica materials will be of great interest and potential.

Recently, our group reported the novel fluorescence
performance of duel-dye-doped FRET mesoporous
silica nanoparticles, which are fabricated by doping
and fixing one or two kinds of oligosilicate fluorescent
dots encapsulated with dye molecules into the pore
channels of mesoporous silica nanoparticles.?’ This
system can engender two fluorescent signals under a
single-wavelength excitation. However, for the appli-
cation as the transport carrier for drugs, the oligosili-
cate fluorescent dots in the pore channels may make
the drug molecules inaccessible to the mesopores or
have detrimental effects on the drug molecules.

In this paper, to the best of our knowledge we report
for the first time a monodisperse multicolor core—shell
nanocomposite, using a triple-dye-doped FRET silica
nanoparticle as the core and mesoporous silica as the
shell. To simultaneously achieve multifluorescence and
high-capacity drug loading, the dye molecules are
encapsulated into the nonporous silica core, not the
mesoporous channels of the silica shell. This kind of
core—shell structure not only presents open and un-
impeded mesoporous channels but also exhibits multi-
ple and extremely bright fluorescence signals under a
single-wavelength excitation, which provides a suita-
ble nanoplatform for the fluorescence-monitored
in vivo drug transport with different transport routes
to address the growing need for sensitive monitoring
of multiple-target drug-transport routes. The unique
and excellent fluorescent performance of this core—
shell composite loaded with drug molecules was spe-
cifically studied by confocal fluorescence images.
Moreover, the biocompatibility and fluorescent perfor-
mance of this composite in the biological system were
also studied.

RESULTS AND DISCUSSION

Preparation of Mesoporous Nanospheres (MNSs). The pre-
paration of MNSs takes three steps: (1) the premodifi-
cation of the dye molecules: 3-aminopropyltriethoxy-
silane (APTS) reacts with fluorescein isothiocyanate
(FITC), rhodamine B isothiocyanate (RBITC), and rhoda-
mine 107 succinimide (R101-SE) to form three types of
dye—APTS conjugates; (2) the hydrolysis and co-con-
densing of dye—APTS and tetraethylorthosilicate
(TEOS) to produce dye-doped silica cores (DSCs); (3)
fabricating a mesoporous layer on the DSCs to form

LEI ET AL.

Ethanol

b Nzl'}—..\ 7 —ren—y
1
Ethanol
10| g
+
Ethanol L
NH,* H,0
CTAB
TEOS
—————
(3)

«-+4 1 FITC or RBITC or R101-SE N, H- : APIS
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Scheme 2. Representation of the FRET processes in the
MNSs.

core—shell MNSs by adopting the modified Stober
method (Scheme 1).

In the first step, using a method reported by
Wiesner's group,?? 2% amine-reactive dye molecules
FITC, RBITC, and R101-SE were covalently linked to the
silane coupling agent APTS; in this way dye molecules
are less prone to leak out from the silica matrix than
fluorophores incorporated into the silica particles by
other methods.?® To obtain multiple fluorescent sig-
nals with different colors and intensities, the three
types of dye—APTS conjugates were simultaneously
introduced into the silica cores with various ratios. The
three tandem dyes were carefully chosen to allow for
efficient fluorescence resonance energy transfer be-
cause of their effective spectral overlapping (Figure 3a).
In the triple-dye-doped silica cores, FITC can be used as
the common donor for RBITC and R101-SE, while RBITC
acts as an acceptor for FITC and a donor for R101-SE,
which can lead to effective fluorescence energy trans-
fer under a single-wavelength excitation (Scheme 2).

Mesostructure of MNSs. The initial dye-doped silica
cores are uniform with an average diameter of 80.4 nm
determined by manually measuring over 100 particles
from TEM (Figure 1a), where the standard deviation is
4.86 nm. These uniform cores result in a narrow
distribution of the final particle sizes since the TEM
images of MNSs (Figure 1b and ¢) show that the
mesoporous silica coating is also uniform. The average
diameter of the core—shell nanoparticles is 138.6 nm
with a standard deviation of 4.3 nm. After removing
cetyltrimethyl ammonium bromide (CTAB), which
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Figure 1. TEM images of DSCs (a) and MNSs (b and c).
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Figure 2. (a) Nitrogen adsorption/desorption isotherms and pore size distributions (inset); (b) low-angle XRD pattern of

MNSs.

serves as the porogen during the growth process of the
mesoporous layer, the pores are revealed to be diver-
ging from the center to the fringes (Figure 1c).

The N, adsorption/desorption isotherms (Figure 2a)
exhibit a typical type IV isotherm of mesoporous
material. The pore size calculated using the BJH meth-
od (Figure 2a (inset)) is about 2.4 nm. The BET surface
area and the BJH desorption cumulative volume of
pores of MNSs are 378 m® g~' and 0.249 cm® g™ ',
respectively, which are considerably large since all the
solid cores have been included in the calculations. The
XRD pattern shown in Figure 2b exhibits a broad peak
in the low-angle region at approximately 26 = 2° and
no observable fine peak, which is typical for poorly
ordered hexagonal symmetry or amorphous wormlike
mesoporous channels. The spherical shape of meso-
porous particles can be ascribed to the distortion from
hexagonal symmetry, and the peak in the low-angle
region can be indexed to (100) diffraction.3°

Fluorescence of MNSs. The average amount of dye
molecules encapsulated in each nanosphere was cal-
culated in order to compare the brightness of a single
nanosphere with a single dye molecule. We employed
FITC-MNSs doped only with FITC as a control study
because of the difficulty of characterizing triple-dye-
doped MNSs, where the fluorescence intensity corre-
sponding to FITC, RBITC, or R101-SE is influenced by
energy transfer. The dye molecule numbers for each
particle was calculated as follows: First, the standard
curve of absorbance versus concentration for FITC was
plotted. Then the loading amount of FITC molecules
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per gram of silica core was calculated to be about
67.6% from the maximum absorption intensity of the
filtrated FITC solution. Subsequently, the number of
nanoparticles per gram was determined by drying and
weighing a certain volume of nanoparticle solution.
The number of dye molecules per nanoparticle was
finally calculated to be about 900 based on the above
experiment. To compare the fluorescence intensities of
a single FITC dye molecule and a single FITC-doped
MNSs, the titration curves of the fluorescence intensity
as a function of the FITC dye concentration and FITC-
doped MNSs concentration were plotted, respectively.
The intensity and the concentration were linearly
dependent for the extremely dilute solution, and the
fluorescence intensities of the single FITC molecule
and FITC-doped MNSs were approximately obtained
by directly reading the axis intercept of intensity. The
single FITC-doped MNS was calculated to be 700 times
brighter than the corresponding single FITC molecule.
The above results indicate MNSs prepared by the
method shown in Scheme 1 exhibit extraordinarily
strong fluorescence, although partial fluorescence
quenching occurred according to the dye molecule
numbers and fluorescence intensity per particle. Actu-
ally, on the basis of the calculated local molar concen-
tration of FITC in the solid core (5.6 x 107> M), the
fluorescence quenching is considerably reduced since
FITC dispersed in homogeneous solution with the
same concentration suffers severe self-quenching
due to intermolecular collisions. Different from
the homogeneous solution, the dye molecules
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Figure 3. (a) Excitation and emission spectra of FITC, RBITC, and R101-SE dyes; (b) fluorescence spectra of MNSs co-doped
with FITC, RBITC, and R101-SE with different doping ratios excited at 488 nm.

encapsulated in the solid matrix are not free; that is,
they are restricted to a fixed area. Therefore, the
quenching caused by intermolecular collision can be
well reduced. It is possible that the fluorescence
quenching arising from the interaction between dye
molecules in the solid core may be completely avoided
by decreasing the loading amount of dye molecules.
We studied the relation between fluorescence inten-
sity and dye loading amount and found that the
fluorescence intensity actually improves with an ap-
propriate decrease in the amount of dye molecules.
However, the improved dispersive state of dye mol-
ecules is disadvantageous to the FRET process since it
leads to the improved distance between different dye
molecules. A little excessive doping amount of dye
molecule can ensure that adequate dye molecules can
be involved in the FRET process. In fact, compared with
the fluorescence intensity of mesoporous silica by
introducing dye molecules in the pore channels, which
is only 50 times brighter than the corresponding single
dye molecule,?' the fluorescence intensity of the cur-
rent core—shell MNSs is much stronger. The improved
fluorescence intensity of the core—shell MNSs is attrib-
uted to the more effective shielding of dye molecules
in the solid core than in the open pore channel from
the outer environment, which is advantageous to the
application of in vivo fluorescence monitoring.

To form colorfully fluorescent MNSs, the dye mol-
ecules FITC, RBITC, and R101-SE were selected in our
model because of their effective spectral overlapping,
as shown in Figure 3a, which permits the energy
transfer among the three tandem dyes and can form
various fluorescent signals by using a single excitation
wavelength. The fluorescence spectra of the MNSs
doped with FITC, RBITC, and R101-SE are shown in
Figure 3b. The simultaneous appearance of the emis-
sions of three dyes excited at 488 nm is obviously
observed, which demonstrates efficient FRET between
the above three dye molecules. The fluorescence
emission shape varies with the doping ratio, indicating
a finely controllable fluorescent signal is easily achieved.
The covalent trichromophoric doping method pre-
sented here can be further extended to more than

LEI ET AL.

three chromophores, and the FRET MNSs strategy can
be applied to any energy transfer dye series for the
generation of more colorful fluorescence signals.

To acquire more information about the FRET in the
core—shell nanospheres, calculations of the average
donor—acceptor distance between two FRET dye mol-
ecules as well as the energy transfer efficiency were
carried out. The energy transfer efficiency, denoted as
E, was calculated by comparing the fluorescence in-
tensity of the donor alone (Fp) and in the presence of
the acceptor (Fpa) according to eq 1,>' 732 where R, is
the Forster radius and R is the average donor—acceptor
distance.

— R06
RS +R,®

Foa

=1- o (1)

Using single FITC-doped nanospheres and FITC—
RBITC (1:1) co-doped nanospheres, we calculated a
transfer efficiency of 15.76% based on the fluorescence
intensity of both the nanospheres. This transfer efficiency
values then was used to calculate R according to eq 2, a
rearrangement of eq 1, along with eq 3 and eq 4:*

R = Rol(1 —E) —11/¢ @)
o _ 9000(n 10/’
Ro™ = 128757*N @ ®)
JA) = / . Fo(A) ea()A* di (4)

In eq 3, 7 is the refractive index of the aqueous
medium (1.33), «? is the orientation factor resulting
from the vector nature of dipole transitions, generally
assumed to be 2/3, N is Avogadro's number, ¢p is the
donor quantum yield, Fp(4) is donor (FITC) emission
(normalized to unity) as a function of wavelength 4,
and ¢, is the extinction coefficient of the acceptor
(RBITC). The term R, has the units of distance and is
unique for each donor—acceptor pair. The above Forster
model has been employed to calculate the average
distances between the donor—acceptor pair.>>~3°

The UV—vis absorption spectrum of an aqueous
RBITC solution of known concentration and the
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Figure 4. (a) Release of IBU from MNSs; (b) UV—vis spectra of IBU in simulated body fluid solution (1) and the release media

after IBU is released from the MNSs—IBU system (2).

Figure 5. Confocal fluorescence image of a mixture of eight
types of MNSs—IBU under 488 nm argon-ion laser
excitation.

emission spectrum of FITC (Figure 3) are used to
calculate the spectral overlap integral in the rate
expression. The resulting calculated spectral overlap
using eq 4is 2 x 10'8. The quantum yield, ¢, of the FITC
donor in the core—shell nanospheres was estimated to
be 0.75 by using the relationship ¢ = 7/7;,>”*° where 1
is the intrinsic lifetime of the FITC excited state. Using
the previously reported value of 7; = 4.5 ns** and an
average lifetime of 3.3 ns measured for FITC in core—
shell nanospheres, a value of gpp = 0.73 is calculated.
Inserting the above values into eq 3 gives the Forster
radius of 1.13 nm. Consequently, the average donor—
acceptor distance, R, was calculated to be 2.48 nm. It is
known that when the donor and the acceptor are in
close proximity (2—8 nm), the excited-state energy
from the donor can be transferred to the acceptor via
dipole—dipole coupling between the chromophores.*?
Therefore, the 2.48 nm separation distance offers the
optimal space for the occurrence of FRET within the
core—shell nanospheres, leading to abundant fluores-
cent signals under a single-wavelength excitation.
Moreover, to check if there was any dye leaking
from MNSs, the FITC-MNSs were dissolved in 0.1 M
phosphate buffer (pH = 7.4), which was followed by
ultrasound and centrifugation treatment. The fluores-
cence intensity of the supernatant was close to that of

LEI ET AL.

Figure 6. Fluorescence confocal micrograph of Hela cells
without MNSs. Upper: fluorescence image. Lower left: dif-
ferential interference contrast (DIC) image. Lower right:
merged image.

the background signal. The above experiment was
repeated three times, which obviously indicates that
dye molecules covalently bound to the silica matrix are
very stable and do not readily leach from the solid core.
Moreover, there was no noticeable change in the
fluorescence intensity of the FITC-MNSs after succes-
sive illumination experiments over 2 h in duration with
a UV source (300 W mercury lamp). This result indicates
dye molecules doped into the silica core are not prone
to photobleaching. This is because the solid and
porous silica framework protect the fluorescent dye
from the environment, which suggests that these
superbright and multifluorescent core—shell nano-
composites can be applied and maintained in complex
in vivo environments and be monitored.

Drug Loading and Release. To investigate the drug
loading and release performance of MNSs, we selected
ibuprofen (IBU) as a model drug, which has been
extensively investigated for sustained and controlled
drug release due to its short biological half-life (2 h),
good pharmacological activity, and suitable molecule
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Figure 7. Fluorescence confocal micrographs of Hela cells after 10 h incubation with different MNSs: (a) FITC-doped MNSs.
Upper left: fluorescence image. Upper right: differential interference contrast (DIC) image. Lower left: merged image. (b) FITC
and RBITC co-doped MNSs. Upper left: fluorescence image of FITC channel. Upper right: fluorescence image of RBITC channel.
Lower left: DIC image. Lower right: merged image of FITC channel, RBITC channel, and DIC. (c) FITC, RBITC, and R101-SE co-
doped MNSs. Upper left: fluorescence image of FITC channel. Upper right: fluorescence image of RBITC channel. Lower left:
fluorescence image of R101-SE channel. Lower right: merged image of FITC, RBITC, and R101-SE channel. (d) Mixture of cells
incubated with MNSs co-doped with FITC, RBITC, and R101-SE with different ratios. All these images were acquired under
488 nm argon-ion laser excitation. The emissions of FITC, RBITC, and R101-SE are colored blue, yellow, and red.

size.'® The drug was dissolved in hexane (1 mgmL™),
and then the MNS sample was added. The mixture was
stirred for 24 h while making sure the evaporation of
hexane was prevented. The amount of IBU loaded in
the MNSs was determined by UV spectrometry, read-
ing at 264 nm, resulting in about 12 wt % with respect
to the starting addition.

IBU molecules were released from samples via a
diffusion-controlled mechanism. Figure 4a shows the
IBU release behaviors from the MNSs—IBU system over
a 48 h period in simulated body fluid. It can be seen
that burst releases are obtained within 2 h from the
MNSs—IBU system, and then a steady release follows;
95% of the adsorbed IBU is released from MNSs within
48 h. It is obvious that this MNSs—IBU system has
sustained release behavior.

In addition, Figure 4b shows the UV absorbance
spectra of the release media after IBU is released from
the MNSs—IBU system. It can be seen that the positions
of the absorbance peaks remain unchanged and no
new band appears. Therefore, the IBU drug stored in
MNSs is released in its original form and no impurity
especially for the dye molecule is released. The
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morphology of the nanoparticles and structure of the
mesopores remained unchanged after immersing into
a simulated body fluid, as shown in the Supporting
Information.

To demonstrate the coding and labeling perfor-
mances of the MNSs, confocal fluorescent images of
MNSs—IBU were recorded (Figure 5). Eight kinds of
MNSs—IBU doped with FITC, RBITC, and R101-SE with
different ratios were mixed together and excited with a
488 nm argon-ion laser, and distinguishable bright
colors were clearly and simultaneously observed. This
model demonstrated the potential of these multicolor
MNSs for application as a fluorescently trackable car-
rier, which can be loaded with different drugs and
simultaneously monitored.

Cell Uptake. Human cervical cancer (HelLa) cells were
employed to investigate the fluorescence performance
and biocompatibility of MNSs in biological systems.
The cancer cells were incubated with MNSs of
different colors in the growth medium with serum,
penicillin, and streptomycin for 10 h and analyzed by
confocal microscopy. Figure 6 shows that the cells
without MNSs obviously have no fluorescence under

VOL.5 = NO.5 = 3447-3455 = 2011 F@L@Mi{\)

WWW.acsnano.org

3452



argon-ion laser excitation. Figure 7 clearly shows that
MNSs can actually enter into the cell cytoplasm and
form strong fluorescent signals under 488 nm argon-
ion laser excitation. The fluorescence color of MNSs
varies with the doping ratio of FITC, RBITC, and R101-
SE. The confocal microscopy images reveal that the
cells incubated with different MNSs can exhibit multi-
ple emission colors under a single-wavelength argon-
ion laser excitation. The cells incubated with single
FITC-doped MNSs have only blue emission of FITC
(Figure 7a), while cells with FITC and RBITC co-doped
MNSs show two emissions simultaneously (upper left
and upper right, Figure 7b) merged as bright yellow
(lower right, Figure 7b) and cells with FITC, RBITC, and
R101-SE co-doped MNSs have three emissions (blue,
yellow, and red) merged as pink-purple (lower right,
Figure 7c). When cells are incubated with different
kinds of MNSs mixed together, colorful signals
are obtained (lower right, Figure 7d). The above
results suggest that the core—shell MNSs are able to
enter cells efficiently without any uptake-enhancing

MATERIALS AND METHODS

Materials. FITC and RBITC were acquired from Amresco.
N-Hydroxysuccinimide and N,N'-dicyclohexyl carbodiimide
were supplied by Shanghai Kayon Biological Technology Co.,
Ltd. R101 was purchased from Exiton Inc. IBU was obtained from
Alfa Aesor. CTAB, absolute ethanol, TEOS, and ammonium
hydroxide were purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd., China. APTS was supplied by Shanghai
Yaohua Chemical Plant. Distilled deionized water was used for
the preparation of all aqueous solutions. All starting materials
and solvents were used as received without further purification.

Synthesis of R101-SE. R101 (591 mg, T mmol) and N-hydro-
xysuccinimide (115 mg, 1 mmol) were dissolved in dichloro-
methane (40 mL). Then N,N'-dicyclohexyl carbodiimide (206 mg,
1 mmol) was added. The mixture was stirred at 318 K for 48 h
followed by cooling and filtering. The organic filtrate was evapo-
rated, and the residue was purified by chromatography over silica
(eluent, CH,Cl,—MeOH, 100:1) to afford R101-SE.

"H NMR (400 MHz, CDCl, ): 8.414 (d, J = 8.0 Hz, TH, ArH),
7.935(t,J=7.6Hz, 1H,ArH), 7.797 (t, J=7.8 Hz, 1H, ArH), 7.416 (d,
J=7.6Hz, TH, ArH), 6.589 (s, 2H, ArH), 3.559—3.484 (m, 8H, CH,),
3.077-2984 (m, 4H, CH,), 2.772—-2.640 (m, 8H, CH,),
2.138-1.054 (m, 8H, CHy). *C NMR (100 MHz, CDCls, o):
168.957, 160.756, 152.640, 151.996, 151.258, 135.462, 134.790,
131.525, 131.392, 130.303, 125.587, 124.152, 112.592, 105.380,
50.937,50.456, 27.583,25.611, 20.554, 19.892, 19.651. MS (ESI+,
m/z): [M + H]" calcd for C5,H35N,05 ", 588.26; found, 589.3. UV
(H50): Amax = 585 nm.

Synthesis of Dye—APTS Conjugates. For the synthesis of FITC—
APTS and RBITC—APTS conjugates, FITC and RBITC were cova-
lently attached to the APTS silane compound by a stable
thiourea linkage, while R101-SE—APTS was attached by a steady
amide linkage. Briefly, APTS (1.32 mL) and dye molecules (2.7
umol) were combined in absolute ethanol (2 mL) under a dry
nitrogen atmosphere and stirred magnetically overnight. The
dye—APTS conjugate solution was protected from light during
both the reaction and storage to prevent photobleaching. The
conjugate was later used as the fluorescent silane reagent.

Synthesis of DSCs. The three dye—APTS conjugates were
mixed at desired ratios and added to a clean glass reaction
vessel containing pure ethanol (33.5 mL) and ammonium
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techniques and engender abundant fluorescent sig-
nals under a single-wavelength excitation, which can
be ascribed to the efficient energy transfer within the
core—shell nanospheres. The above results further
corroborate that the multifluorescent nanospheres
possess great potential application for the simulta-
neous labeling and monitoring of multiple-target drug
transport.

CONCLUSION

In conclusion, we have successfully prepared a novel
kind of fluorescent core—shell mesoporous nano-
sphere by combining triple-FRET and mesoporous
characteristics. The significance of this study lies in
the fact that we prepared superbright and multifluor-
escent core—shell MNSs, which may be loaded with
different drugs and tracked simultaneously in living
systems. We expect this study to open up a new
perspective in the design of more multifunctional
structures for trackable drug transport based on core—
shell mesoporous silica nanospheres.

hydroxide (3.34 mL). The mixture was stirred for 24 h. TEOS
(1.42 mL) was added afterward and stirred for another 24 h.
After the reaction, the product mixture was centrifuged to
collect the silica nanoparticles. The nanoparticles were further
washed with ethanol and deionized water using centrifugation
and decantation several times to remove the unreacted
chemicals.

Synthesis of MNSs. To coat DSCs with a layer of mesoporous
silica, DSCs (100 mg) were added to ethanol (190 mL) in a
500 mL reaction flask equipped with a stir bar. After 20 min of
ultrasonic treatment, ammonium hydroxide (24 mL) and CTAB
(1.0 g) were added to the mixture. The mixed solution was
homogenized for 0.5 h to form a uniform dispersion. Then TEOS
(250 ulL) was added and the solution was stirred for 16 h. The
obtained product was centrifuged and redispersed in ethanol.
This purification process was repeated several times.

Finally, the CTAB templating agents were removed using an
acid extraction process: The synthesized core—shell nanoparti-
cles (100 mg) were suspended in EtOH (100 mL), and concen-
trated HCl (2 M, 5 mL) was added. The suspension was
vigorously stirred for 24 h, and the materials were then collected
via vacuum filtration, washed extensively with EtOH and dis-
tilled water, and dried under vacuum.

Dye Leaking Experiment. After the removal of surfactants (as
mentioned above), MNSs were checked for any dye leakage. An
aqueous suspension of MNSs (10 mg mL™") was first treated
with ultrasound for 5 min and then centrifuged at 12 000 rpm
for 15 min. The fluorescence of the supernatant was measured,
and this experiment was repeated three times.

Drug Storage and Release. The IBU drug storage experiment
was conducted as follows: MNSs (50 mg) were added into IBU
hexane solution (10 mL) with a concentration of 1 mg mL~!
at room temperature. The vials were sealed to prevent the
evaporation of hexane; then the mixture was stirred for 24 h.
The IBU-loaded MNSs (MNSs—IBU) were separated from this
solution by centrifugation and dried under vacuum at 333 K.
The filtrates were vaporized and then dissolved in simulated
body fluid of pH 7.4 (250 mL) and analyzed by UV/vis spectros-
copy at a wavelength of 264 nm. The calibration curve of IBU
was determined by taking absorbance measurements of I1BU
solutions at various concentrations.
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A typical in vitro drug release experiment was performed as
follows: the above MNSs—IBU materials were redispersed into
simulated body fluid of pH 7.4 (10 mL) under stirring at a rate of
100 rpm. The release medium was removed for analysis every
other hour by centrifuging at 12 000 rpm for 20 min. The solid
residue was added to the same volume of fresh simulated fluid.
The filtrates were analyzed with UV/vis spectroscopy at a
wavelength of 264 nm, and the percentage of released drug
molecules in the solution phase was calculated.

Uptake of MNSs into Hela cells. Hela cell lines were obtained
from Cell Bank of Type Culture Collection of Chinese Academy
of Sciences (Shanghai, China) and maintained using Rosewell
Park Memorial Institute 1640 medium supplemented with 10%
heat-inactivated bovine serum, penicillin (100 U mL™"), and
streptomycin (100 U mL™"). HeLa cells were seeded into 35 mm
glass-bottomed dishes coated with polylysine for 24 h prior to
the experiment. After 24 h, the dishes were seeded with MNSs
(0.2 mg mL™") in growth medium. After 10 h, the medium was
removed and the cells were washed three times with phos-
phate-buffered saline. Images were acquired with a Leica TCS
SP5 confocal unit.
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