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Design and Synthesis of Multifunctional Drug Carriers
Based on Luminescent Rattle-Type Mesoporous Silica
Microspheres with a Thermosensitive Hydrogel as a

Controlled Switch

Xiaojiao Kang, Ziyong Cheng,* Dongmei Yang, Ping'an Ma, Mengmeng Shang,

Chong Peng, Yunlu Dai, and Jun Lin*

A novel approach for the fabrication of multifunctional microspheres inte-
grating several advantages of mesoporous, luminescence, and temperature
responses into one single entity is reported. First, the hollow mesopo-

rous silica capsules are fabricated via a sacrificial template route. Then,
Gd,05:Eu" luminescent nanoparticles are incorporated into the internal
cavities to form rattle-type mesoporous silica nanocapsules by an incipient-
wetness impregnation method. Finally, the rattle-type capsules serve as a
nanoreactor for successfully filling temperature-responsive hydrogel via
photoinduced polymerization to form the multifunctional composite micro-
spheres. The organic—inorganic hybrid microspheres show a red emission
under UV irradiation due to the luminescent Gd,O;:Eu?* core. The in vitro
cytotoxicity tests show that the samples have good biocompatibility, which
indicates that the nanocomposite could be a promising candidate for drug
delivery. In addition, flow cytometry and confocal laser scanning microscopy
(CLSM) confirm that the sample can be effectively taken up by SKOV3 cells.
For in vitro magnetic resonance imaging (MRI), the sample shows the prom-
ising spin-lattice relaxation time (T;) weighted effect and could potentially
apply as a T;-positive contrast agent. This composite drug delivery system
(DDS) provides a positive temperature controlled “on-off”drug release pat-
tern and the drug, indomethacin (IMC), is released fast at 45 °C (on phase)
and completely shut off at 20 °C (off phase). Meanwhile Gd,05:Eu" plays
an important role as the luminescent tag for tracking the drug loading and
release process by the reversible luminescence quenching and recovery phe-
nomenon. These results indicate that the obtained multifunctional composite
has the potential to be used as a smart DDS for biomedical applications.

1. Introduction

Compared with conventional mesoporous
silica materials, such as MCM-41 (Mobil
Composition of Matter No. 41), SBA-15
(Santa Barbara amorphous silica-15),
and MCF (siliceous mesocellular foam),
hollow mesoporous silica spheres have
attracted considerable attention for drug
and gene delivery due to the fact that they
can provide a higher storage capacity and
exhibit sustained drug release kinetics.!!
Moreover, particles with spherical mor-
phology are favorable for drug delivery
because of their injectable and ingestible
properties.Zl Recently, lanthanide-doped
luminescent materials have become a
hot subject of research as a new class of
luminescent optical labels in Dbiological
assays and medical imaging.’l Notably,
gadolinium oxide doped with europium
ions (Gd,;05:Eu*") has been proven to be
an important red-emitting phosphor as a
result of its good optical properties, high
chemical and photochemical stability, and
low toxicity.*! Furthermore, Gd*" is com-
monly used as a positive contrast agent
for magnetic resonance imaging (MRI)
in current clinical applications.”] Hence,
Gd,03:Eu’* can work as bimodal imaging
probe of optical imaging and MRI. There-
fore, synthesis of rattle-type structure of a
mesoporous shell and movable core with
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an interstitial hollow space between them is an effective strategy
to combine the merits of the high drug payload of hollow mes-
oporous silica spheres and the biolabel function of luminescent
particles.[®!

In recent years, much effort has been dedicated to the develop-
ment of “smart” drug delivery systems (DDSs) because the drug
entrapped into the carriers can be released in a controlled way at
specific time intervals at a required site in response to external
stimulation, such as temperature, pH, magnetic field, ultra-
sound, ion strength.”] Poly(N-isopropylacrylamide) (PNIPAm),
the most extensively investigated temperature-sensitive

Adv. Funct. Mater. 2012, 22, 1470-1481


http://doi.wiley.com/10.1002/adfm.201102746

A

M
\ie'S
www.MaterialsViews.com

polymer, exhibits a reversible phase transition at the lower crit-
ical solution temperature (LCST, 32 °C) in aqueous solution.®!
Below the LCST, the polymer is expanded and soluble, whereas
it is collapsed and insoluble when heated above the LCST.!
Since the temperature is intermediate between room tempera-
ture and body temperature, PNIPAm has been widely used as
a drug carrier.'% Generally, PNIPAm hydrogel affords a nega-
tive temperature release, via a skin layer regulated diffusion
mechanism.['!l At the temperature above the LCST, PNIPAm
hydrogel may shrink and quickly form a dense, thick skin layer
and block off the drug release. With a temperature decrease, the
hydrogel network expands to increase the mesh size and allows
drug molecules to diffuse out, which leads to an increase in the
drug release rate. However, in some cases, a positive controlled
release pattern, i.e., the faster drug release at increased temper-
ature, is expected because it can respond to an increased body
temperature arising from diseases such as inflammation or
cancers.'l In a positive controlled pattern, an already hydrated
gel collapsed rapidly when heated, exuding water and much of
the imbedded drug. In recent years, remarkable progress has
been made in developing hyperthermia for disease therapy, in
particular tumor treatment. Some external fields energy, such
as magnetic fields, near-infrared (NIR) laser, and ultrasonica-
tion, can penetrate through deep tissue and rapidly improve the
regional temperature to achieve localized therapy.'3! The posi-
tive thermal-sensitive hydrogel is an ideal DDS in combination
with hyperthermia for triggering drug release. Unfortunately,
in positive released hydrogels it is difficult to realize the oft-
phase for drug release when it swells at low temperature, which
greatly limits their practical applications. Therefore, a rational
design for developing a positive intelligent DDS is still urgently
needed to meet the requirements.

Here, we design and synthesize P(NIPAm-co-AAm) hydrogel-
modified luminescent rattle-type mesoporous silica micro-
spheres, where AAm is acrylic acid amide. The rattle-type struc-
ture was obtained by incorporating Gd,03:Eu** luminescent
particles into the hollow mesoporous silica microspheres via an
incipient-wetness impregnation route. Subsequently, the mono-
mers of the hydrogel were impregnated into the interstitial
space of microrattles and applied photoinduced polymerization.
Thus the temperature-sensitive hydrogel was successfully filled
into the middle layer and the channels of the mesoporous silica.
As far as we known, most research work is done on coating
or grafting thermosensitive PNIPAm onto the exterior surface
of mesoporous silica particles.'* Polymerization of PNIPAm-
based hydrogel into the inner cavity of a rattle-type mesoporous
silica spheres is rarely reported. The design of the unique archi-
tecture is in order to confine the soft hydrogel within the rigid
silica shells and the mesochannels were expected to be blocked
off at low temperature with hydrogel swelling. At high tempera-
ture, the mesochannels were opened with the shrinking of pol-
ymer gel and the entrapped drugs were squeezed out depending
on a positive release mechanism.["”] Moreover, the PNIPAm-
based hydrogel is very fragile owing to the poor mechanical
properties, which greatly limits its practical applications.!'®!
Encapsulation of PNIPAm hydrogel in the rigid silica rattles is
in favor of preventing the fragments leaking out and therefore
improving the safety performance when they are used as a DDS
in human body. Additionally, compared with the other synthetic
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methods, such as atom transfer radical polymerization (ATRP)
and reversible addition-fragmentation chain transfer (RAFT)
polymerization for preparation of PNIPAm-based composites,
photoinduced polymerization and crosslinking is a rather facile
and time-saving strategy, and is convenient for incorporating
other functional monomers, such as AAm in this paper.l'4¢162
Finally, the in vitro MTT assays show that the as-prepared com-
posite carriers have good biocompatibility, which indicates
that the novel nanocomposite could be a promising candidate
for drug delivery. Cell uptake of composite by SKOV3 cells
was examined by flow cytometry and confocal laser scanning
microscope (CLSM). Because of the Gd** ions in the compos-
ites, these microspheres can act as a spin-lattice relaxation time
(T1)-MR contrast agent. Indomethacin (IMC), a non-steroidal
anti-inflammatory drug commonly used to reduce fever, pain,
stiffness, and swelling, was selected to study drug release of
the composite carrier. The loading amount of the drug (IMC)
reached as high as 28.6 wt%, and the release behavior of IMC
was obviously temperature dependent. The rapid drug release
behavior at 45 °C and stopping of release at 20 °C was found,
indicating that we can regulate the rate of drug release via the
change of the temperature due to the unique architecture of
composite carriers and controlled switching of hydrogel.

2. Results and Discussion

2.1. Preparation and Characterization of Gd,05:Eu**@P(NIPAm-
co-AAm)@HMS Microspheres

Scheme 1 illustrates the procedure for the synthesis of
Gd,05:Eu**@P(NIPAm-co-AAm)@HMS microspheres and
subsequently loading and release of IMC in the present work.
Firstly, the pre-formed Fe;O, particles were coated with mes-
oporous silica layer by the hydrolysis and condensation of tetra-
ethoxysilane (TEOS )and cetyltrimethylammonium bromide
(CTAB) was used as templating agent (Figure S1 and S2, Sup-
porting Information). Then, removing the templates involved
extracting CTAB with acetone and etching the Fe;O, core with
HCI solution to form the hollow mesoporous silica (HMS)
nanocapsules. Next, the transparent precursor solution con-
taining gadolinium nitrate and europium nitrate aqueous solu-
tion was impregnated into the HMS with the aid of vacuum
suction owing to the wetting action and the capillary force. The
vacuum conditions favor removal of the air inside HMS. The
precursor-containing HMS was calcined at 550 °C in order to
obtain rattle-like Gd,03:Eu**@HMS. Finally, the as-prepared
rattle-type capsules served as a nanoreactor for successfully
filling temperature-responsive P(NIPAm-co-AAm) hydrogel
via photoinduced polymerization to form the multifunctional
composite microsphere, denoted as Gd,03:Eu**@P(NIPAm-co-
AAm)@HMS. Furthermore, IMC was used as a model drug to
assess the drug loading and controlled release of the composite
carriers.

Figure 1 shows representative scanning electron microscopy
(SEM) (Figure lab) and transmission electron microscopy
(TEM) (Figure 1lc,d) images of the HMS samples prepared
using Fe;O, as a hard template. The HMS microspheres have a
smooth surface with a mean diameter of 400 nm, as determined

wileyonlinelibrary.com

1471

dadvd T1TInd



NCTIONAL 2\
! M,. 5

www.afm-journal.de
www.MatenaIsVnews.com

o 1 5
E @ TEOS extract CTAB .‘ “
o) ——>— ——>— _ HMS
< cTAB etching HCl 4 _ o
- S 3z
5 >|2a
2v 2a
a 5 Yo
20 °C S
\ Pt
dnig monomers . O A
N
"’ loading % photo
’4/ . polymerlzatlon
N Gd,0,:Eu*@hydrogel@HMS Gd,0,:Eu*@HMS
o

Scheme 1. Scheme for the synthetic process for P(NIPAm-co-AAm) hydrogel modified luminescent rattle-type mesoporous silica microspheres and
subsequent loading and temperature-controlled release of IMC.

from the SEM image (Figure 1a). The hollow structure can be  hollow silica microspheres presents the typical feature of mes-
confirmed by a selected broken microsphere under SEM obser-  oporous structure. The shells exhibited rather uniform thick-
vation (Figure 1b) and the wall thickness of the shell is around  ness and the mesochannels penetrate from the surface to the
50 nm. The TEM images (Figure 1c,d) of HMS also revealed inner cavity. Such a feature is highly desired for drug loading
that Fe;O, templates have been etched out and the shell of the  and transport.

Figure 1. SEM and TEM images of HMS sample: a,b) low- and high-magnification SEM images and c,d) low- and high-magnification TEM images.
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from the wide-angle X-ray diffraction (XRD)
pattern (Figure 2c¢), the broad band located at
20 =22° can be assigned to the characteristic
diffraction peak of amorphous SiO, (JCPDS
29-0085), and the four diffraction peaks at 26 =
28.5°, 34.1°, 47.8°, and 56.3° should be attrib-
uted to the crystallized Gd,05:Eu*" (JCPDS
11-0608). In addition, energy dispersive X-ray
spectroscopy (EDX) data (Figure 2d) confirms
the presence of silicon (Si), oxygen (O), gado-
linium (Gd), and europium (Eu) in the as-pre-
pared sample. On the basis of these results,
it is believed that the void space of HMS is
filled with functional Gd,0;:Eu*" beads and
formed the rattle-like structure.

SiO:

JCPDS No.11-0608
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Figure 3a displays the TEM image of the
Gd,05:Fu**@HMS samples after decorating
with  temperature-sensitive ~ P(NIPAm-co-
AAm) polymer. The mesoporous structure on
the shell can still be observed clearly, and no
bulk polymer can be seen from the external
surface of the microspheres. The EDX ele-
mental mapping was further carried out to
Gd identify the composition and the elemental

Gd || cy distributions of Si, O, Gd, Eu, C, and N in
the composite microspheres (Figure 3b-h).

10 20 30 40 50

20 (degree)

0 800

HMS sample.

A vacuum suction was employed during the experiments
in order to impregnate the gadolinium nitrate and europium
nitrate solutions into the cavity of the HMS. After calcinations
in air, Gd,05:Fu®" particles crystallized in the cavity of HMS.
In the TEM image (Figure 2a), the rattle-type structure can be
clearly distinguished because of the difference of electron pene-
trability and image contrast between the cores and shells. Seen

2 4 6 8
Energy (keV)

Figure 2. a,b) TEM images, c) XRD pattern, and d) EDX spectrum of as-prepared Gd,O3:Eu**@

10 The Gd and Eu signals (Figure 3e,f) show that
Gd,05:Eu’* particles were mainly mustered in
the center of HMS and only a small quantity
of Gd,05:Eu*" was deposited in the mesopo-
rous channels of silica shell. And the widely
distributed C and N signals confirm the suc-
cessful polymerization of thermal-sensitive P(NIPAm-co-AAm)
hydrogel within the middle layer or mesochannels.

The Fourier transform infrared (FTIR) spectra for HMS,
Gd,03:Eu** @HMS, Gd,05:Eu**@P(NIPAm-co-AAmM) @
HMS, IMC-loaded Gd,03:Eu**@ P(NIPAm-co-AAm)@HMS,
and pure IMC are depicted in Figure 4, respectively. In the
case of HMS (Figure 4a), the obvious absorption bands from

(9)

-K

EU'L C-K

Figure 3. TEM image (a), high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image (b) and the corresponding
2D dimensional EDX elemental mapping for Si (c), O (d), Gd (e), Eu (f), C (g), and N (h) of Gd,03:Eu>*@P(NIPAm-co-AAm) @HMS composite

microspheres.
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Figure 4. FTIR spectra of HMS (a), Gd,03:Eu>*@HMS (b), Gd,05:Eu** @
P(NIPAm-co-AAm)@HMS  (c), IMC-loaded Gd,05:Eu**@P(NIPAm-
co-AAm) @HMS (d), and pure IMC (e).

OH (3450 cm™), H,0 (1635 cm™), Si-O-Si (v,, 1080 cm™;
Vo, 803 cm™!), Si-OH (vg, 951 cm™), and Si-O (5, 469 cm™)
(where v; represents symmetric stretching, v, asymmetric
stretching, and & bending) are present.l'’] Compared with that
of HMS, the intensity of the OH and Si—-OH groups decreased
due to calcination for introducing Gd,O3:Eu’t crystal. In
Figure 4c, the appearance of characteristic IR peaks at 1649
and 1548 cm™ in Gd,0;Eu**@P(NIPAm-co-AAm)@HMS
should be attributed to the C=0O stretching and N-H bending
vibrations, respectively. In addition, the band at 1456 cm™! cor-
responds to the bending vibration of C-H while the bands at
1386 and 1367 cm™! are attributed to isopropyl group. These
results indicate that P(NIPAm-co-AAm) was successfully incor-
porated into Gd,O3:Eu**@HMS sample. Furthermore, two
main characteristic bands at 1724 and 1691 cm™ in pure IMC
(Figure 4e) can be assigned to the stretching vibration bands
of aliphatic and aromatic carbonyl groups, respectively. After
loading into P(NIPAm-co-AAm) modified carriers, the IR band
of IMC at 1691 cm™ appeared to shift to a lower wavenumber
of 1680 cm™!, which may be explained by the interaction of this
carbonyl group with the amide groups of P(NIPAm-co-AAm).
Figure 5A shows the N, adsorption-desorption isotherms of
HMS, Gd,05:Eu** @HMS, Gd,0;:Fu**@P(NIPAm-co-AAmM)@
HMS, IMC-loaded Gd,0;:Eu**@P(NIPAm-co-AAm)@ HMS
and their corresponding pore size distributions are shown in
Figure 5B. The isotherms of all the samples can be classified as
type IV with the leap start-points at relative pressures of P/P, =
0.2-0.3, which demonstrates the typical ordered mesoporous
structure. In addition, all the samples exhibited H4 hysteresis
loops, which have conventionally been associated with narrow
slit-like pores. However, some reports indicate that hollow
spheres with walls composed of ordered mesoporous silica
also exhibited this type hysteresis behavior due to the delay
of nitrogen evaporation from the hollow voids blocked by the
surrounding mesopores in the shells during the N, desorption
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Figure 5. N, adsorption/desorption isotherms (A) and the corre-
sponding pore sized distributions (B) for HMS (a), Gd,O3:Eu’ @
HMS (b), Gd,05:Eu**@P(NIPAM-co-AAm)@HMS (c), and IMC-loaded
Gd,0;:Eu3*@P(NIPAM-co-AAM) @HMS (d).

process.'818] It can be clearly seen from Figure 5A that the
proportion of hysteresis loop shrinks gradually with loading of
Gd,05:Eu’t, P(NIPAm-co-AAm) and IMC due to the occupancy
of internal void. Meanwhile, all the samples have narrow pore
distributions and the pore size distribution peaks, as expected,
shift toward smaller pore diameter. The structure parameters
of these four samples are given in Table 1. It can be seen that
HMSs possess a relatively high Brunauer-Emmett-Teller (BET)
surface area of 1465 m? g! and a pore volume of 1.28 cm? g1,
making these microspheres an ideal host for loading guest spe-
cies of diverse sizes, shape, and functionalities. Additionally, the
BET surface area and pore volume decrease after modification
of Gd,05:Eut and P(NIPAm-co-AAm) and further incorpora-
tion of IMC. It is worthwhile to point out that the obtained mul-
tifunctional microspheres with mesoporous, luminescent, and
temperature-sensitive properties still have moderate BET sur-
face area and pore volume for storing drug molecules because
of their unique mesoporous rattle-type structure.

Figure S3 (Supporting Information) shows the low-angle
XRD patterns of as-prepared HMS, Gd,O3:Eu’*@HMS,
Gd,0;:Fu** @P(NIPAm-co-AAm)@HMS  and  IMC-loaded
Gd,05:Eu** @P(NIPAm-co-AAm) @HMS, respectively. The (100)

Adv. Funct. Mater. 2012, 22, 1470-1481
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Table 1. Textural properties of HMS, Gd,O3:Eu**@HMS, Gd,0;:Eu**@
P(NIPAm-co-AAm) @HMS and IMC-loaded Gd,05:Eu**@P(NIPAm-co-
AAM)@HMS samples.

Samples Vpa) Sger? Dpc) IMC loading
[em®g7] m?g™] [nm] [wt.%]

HMS 1.28 1465 3.50

Gd,05:Eu**@HMS 0.61 1057 2.68

Gd,05:Eu** @P(NIPAm- 0.41 662 2.47

co-AAm)@HMS

IMC-loaded 0.17 198 2.01 40.3

Gd,05:Eu**@P(NIPAm-co-

AAmM)@HMS

3) Pore volume; ®) Surface area calculated using the Brunauer—Emmett—Teller
(BET) method; © The abbreviation for pore diameter.

and (110) Bragg diffraction peaks of the HMS sample can be
observed (Figure S3a, Supporting Information), which is typical
for ordered 2D hexagonal mesostructure (P6mm). The peak
intensities of the Gd,03:Eu*" encapsulated, P(NIPAm-co-AAm)
modified, and IMC-loaded samples decrease with respect to that
of pure HMS, which can be attributed to the decrease of the
mesoscopic order along with integrating functional materials
and drug.

The  photoluminescence  (PL)  properties of the
Gd,05:Eu**@P(NIPAm-co-AAm)@HMS sample were char-
acterized by excitation and emission spectra (Figure 6). The
excitation spectrum was taken with a monitoring wave-
length of 610 nm and the emission spectrum was excited on
228 nm, respectively. The excitation spectrum consists of a
broad intense band with a maximum at 228 nm and a shoulder
at 249 nm, which could be attributed to the Gd,05 host excita-
tion band and charge-transfer absorption between the O~ and
Eu’t, respectively.'! After dispersing in water, the sample
forms a translucent colloidal solution as seen under daylight
(Figure S4a, Supporting Information). Upon excitation into the
Gd,0; host absorption band at 228 nm, the water-dispersed
composite microspheres show red luminescence, which can

25004 228
612

Aem =612nm Lgy =228nm
1500 -

249

1000 4

Intensity (a. u.

500

—

200 ) 3(l)0 ) 460 ) 560 ) 6(')0 ) 7(')0 ) 800
Wavelength (nm)

Figure 6. PL excitation (left, A.,, = 612 nm) and emission (right, A, =
228 nm) spectra of Gd,03:Eu** @P(NIPAmM-co-AAm) @HMS.
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be seen from the digital luminescence photograph taken under
the irradiation of a 254 nm UV lamp (Figure S4b, Supporting
Information). In the emission spectrum, the characteristic
transition lines from the lowest excited °Dy level of Eu** to “F,
(J =0, 1, 2) are observed, dominated by the Eu**°D, — ’F,
transition, which is an electric-dipole-allowed transition and is
hypersensitive to the environment.

2.2. In Vitro Cytotoxicity of Gd,03:Eu** @P(NIPAm-co-AAm)@
HMS Microspheres

It is important to evaluate the biocompatibility of a material
for its potential biomedical applications. 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays
were performed on L1929 cell lines to evaluate the cytotox-
icity of our samples. It can be seen from Figure 7 that HMS,
Gd,03:Eu**@HMS and Gd,0;:Eu**@P(NIPAm-co-AAm) @
HMS showed no significant cytotoxic effect on the L1929 cells
at 3.125-200 pug mL™! after incubation for 24 h. Even the con-
centration of Gd,0;:Eul*@P(NIPAm-co-AAmM)@HMS was
as high as 200 ug mL™!, the cell viability remained 96%. The
results demonstrated that the obtained organic-inorganic
composites are biocompatible and can be potentially used as
the drug carriers.

2.3. Cell Uptake and In Vitro MR Imaging

The Gd,03:Eu**@P(NIPAm-co-AAm)@HMS was labeled with
fluorescent dye, fluorescein isothiocyanate (FITC), so the cell
uptake degree of the composites could be quantified with flow
cytometry by determining the green fluorescence emitted from
Gd,05:Eu**@P(NIPAm-co-AAm) @HMS-FITC treated SKOV3
cells. After incubation of SKOV3 cells with the sample for dif-
ferent times (10 min, 30 min, and 3 h), the cell-labeling ability
of Gd,05:Eu**@P(NIPAmM-co-AAmM)@HMS-FITC  compos-
ites was estimated by flow cytometry. As revealed by Figure 8,
Gd,05:Eu**@P(NIPAm-co-AAm) @HMS-FITC composites were
taken up by SKOV3 cells compared to the controlled cells, and
the cell uptake of sample increases with incubation time.

To further verify the location of the particles relative to the
cells, the confocal laser scanning microscopy (CLSM) photo-
graphs of human SKOV3 ovarian cancer cells incubated with
FITC-labeled  Gd,03:Eu**@P(NIPAm-co-AAm)@HMS  for
10 min, 30 min, and 3 h at 37 °C are showed in Figure 9. The
green fluorescence of FITC can be clearly seen in confocal
images with an excitation wavelength of 488 nm. In the first
10 min, the green FITC appears localized as scattered dots,
which demonstrate that only a few of composites were taken
up by SKOV3 cells. With the increase of the incubation time,
the intensities of green signal increase, that is, more particles
have crossed the membrane and localized in the cytoplasm.
The results confirm that as-prepared samples can be effectively
taken up by SKOV3 cells.

The Gd-containing composites have potential as a MR con-
trast agent due to their signal-enhancement ability. We evalu-
ated in vitro spin-lattice relaxation time (T;)-weighted images
at 1.5 T for Gd,03:Eu** @P(NIPAm-co-AAm)@HMS sample in
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Figure 7. Cell viabilities of HMS, Gd,05:Eu*@HMS and Gd,O5:Eu**@P
(NIPAmM-co-AAm)@HMS to L929 fibroblast cells measured by MTT
assay.

the range of 0~0.75 mg mL™! (Figure 10). With the increase of
composites concentration, Tj-weighted MR imaging intensity
substantially brightened, demonstrating that the sample could
serve as T;-MR contrast agent.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4. Drug Loading and Release Properties

Quantitative determination of the organic content was per-
formed by TG analyses (Figure S5, Supporting Information).
As shown from Figure S5 (Supporting Information), no notable
decrease in weight can be observed for Gd,03:Eu**@HMS in
the temperature range from 25 to 800 °C. For the organic—inor-
ganic composites of Gd,03:Eu*"@P(NIPAm-co-AAm)@HMS,
however, a high decrease of 13.9% in weight is found, indi-
cating that the polymer content is about 13.9 wt% in the com-
posite (Figure S5b, Supporting Information). Furthermore, the
loading amount of drug is calculated by the difference of weight
loss between the dried Gd,0;:Fu**@P(NIPAm-co-AAm)@HMS
and IMC-loaded Gd,03:Eu**@P(NIPAm-co-AAmM)@HMS. As a
result, the payload of IMC in the composite microspheres is
determined to be 400 mg IMC per Gd,0;:Eu**@P(NIPAm-co-
AAm)@HMS g. Although the porous volume and surface area
decreased greatly after integrating the functional materials into
HMS, the rattle-type composite carriers still possess a high
drug storage capacity.

The release behavior of IMC from the Gd,03:Eu**@P(NIPAm-
co-AAm)@HMS composites in 10 mm phosphate buffered saline
(PBS) buffer in response to a temperature change between 20
and 45 °C is shown in Figure 11A. As can be seen, besides an
initial small burst effect due to the presence of the drug at the
surface, the drug release was completely cut off and even exhib-
ited a slight negative release rate at the low temperature (20 °C),
whereas the system showed a sustained release behavior at
45 °C. The “turn on” and “turn off” phase of drug release is
cycled by the changes of temperature. In contrast, there is no
significant change of the IMC release rate observed between 20
and 45 °C by using Gd,05:Eu*@HMS as carrier, in which the
thermal-sensitive hydrogel is absent (Figure 11B). These results
implied that the temperature-sensitive hydrogel play an impor-
tant role of controlled switch for drug release. We suppose that
hydrogel absorbs water and expands in a great extent in the
cool medium (20 °C), however, the swelling was confined to
the rigid silica shell, which brings about a consequence that the
cavity and channels were stuffed with the swelling hydrogel
network and blocked the drug release to a certain extent. On
the other hand, as the temperature is increased above the LCST
of P(NIPAm-co-AAm), the shrinking of the hydrogel opened
the porous channels and simultaneously squeezed out the drug
molecules entrapped into the hydrogel network. Swelling and
deswelling of polymer gel by changing temperature is similar
to a physical squeezing and water reabsorption of a sponge. In
other words, the temperature-responsive P(NIPAm-co-AAm)
works like a thermopump that squeezes and sucks up media
utilizing its reversible phase transition. In addition, based on
the previous study, the integrating of hydrophilic monomer of
AAm into PNIPAM gel can effectively improve the water con-
tent, response rate to temperature changes, and improve the
LCST of the PNIPAm hydrogel.?! This should be attributed to
the hydrophilic AAM is considered as the diffusion channels
for water molecules and prevent the forming of the dense skin
layer at the external surface of hydrogel at high temperature.
However, besides temperature, the phase transition behavior
of PNIPAm is also affected by many factors, such as salt
concentrations or surfactants in media. Some published reports
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in 10 mm PBS (pH = 7.4). C) PL emission
intensity of Eu* in Gd,03:Eu**@P(NIPAm-co-
AAM)@HMS as a function of the cumulatively
released IMC.

We also investigated the relationship
between PL intensity of the IMC-loaded

Gd,03:Eu’*@P(NIPAm-co-AAm)@HMS
and the cumulative release of drug. As
shown in Figure 11C, the emission inten-
sity of Gd,05:Eu’t was completely quenched
after loading IMC and subsequently under-
went a recovery process with a continued

release of drug. It is well known that
the emission of rare earth ions will be
quenched to some extent in the environ-
ments where high phonon frequencies are

present. The organic groups in IMC with
tremendous vibration frequencies from
1000 and 3200 cm™! will quench the emis-
sion of Eut to a great extent. According
to previous reports, it is found that the
radiative rate is approximately equal to

the non-radiative rate if the energy gap in
the non-radiative transition equals five times

the maximum phonon frequency.?? In
IMC-loaded luminescent microspheres, the
maximum phonon energy of IMC is about
3100 cm™! (determined by the IR spectra
shown in Figure 4d) and the energy gaps
between the °D, and ’Fs/’F,/’F; levels
amount to 13 453/14 508/15 486 cm™,
respectively. These energy gaps are smaller
than five times of the maximum phonon
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Figure 8. Flow cytometry analysis of the control cells (a,b) and SKOV3 cells incubated with
Gd,03:Eu3*@P(NIPAm-co-AAm) @ HMS-FITC composites for 10 min (c,d), 30 min (e,f), and

3h (gh).

indicated that the presence of salt in solution can shift LCST
and influence the stability of PNIPAm due to the direct inter-
actions between the salt ions and the polymer.?!l The salts
could destroy the hydration structures and subsequent aggre-
gation of PNIPAm. This “salting out effect” phenomenon
is observed in many different kinds of biological buffers.
Hence, the thermosensitive behavior of PNIPAm become
relative complicated in a practical bioenvironment. It still
requires detailed investigation to improve our prepared drug
carrier and resolve aforementioned problem.Figure 11. Con-

trolled release of IMC from Gd,03:Eu3*@P(NIPAmM-co-AAm)@HMS
(A) and Gd,03:Eu*@HMS (B) in response to temperature changes
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energy of IMC (3100 cm™!). Hence, the
relaxation of the excited electrons from
D, level to the lower “Fs/’F,/’F; levels is
liable to occur due to IMC molecules in
our system, resulting in the decrease of red
emission from °Dj level. With the increase
of release time, more and more IMC mol-
ecules can be liberated from system and
the quenching effect would be weakened,
resulting in the increase of emission inten-
sity. This property makes the drug delivery
system can be easily identifiable and moni-
torable during the drug release process.

3. Conclusions

In summary, we have demonstrated a feasible route to the syn-
thesis of multicompartment drug carrier containing a luminescent
rattle-type mesoporous silica microsphere filled with the thermo-
sensitive hydrogel as temperature-controlled switch. Distinctive
of the conventional synthetic route, we first prepared the hollow
mesoporous silica capsules via the sacrificial template route and
followed that was used as a nanoreactor to fill the Gd,05:Eu?*
and P(NIPAm-co-AAm) hydrogel. The organic—inorganic hybrid
microspheres demonstrate a good biocompatibility by MTT assay
in terms of in vitro cytotoxicity test to L929 cells. Flow cytometry
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Figure 9. LCSM images of SKOV3 cells incubated with Gd,03:Eu**@P(NIPAmM-co-AAM) @
HMS-FITC composites for 10 min (a—c), 30 min (d-f), and 3 h (g—i) at 37 °C. Each series
can be classified to the nuclei of cells (being dyed in blue by Hoechst 33324 for visualization),
Gd,03:Eu3*@P(NIPAm-co-AAM) @ HMS-FITC, and a merge of the two channels of both above,

respectively.

and confocal laser scanning microscope (CLSM) were used to
confirm the internalization of as-prepared composite by SKOV3
cells. The sample has the potential to serve as a T;-MR contrast
agent due to the existance of Gd*" ions in the composite. The
multifunctional carriers exhibit a remarkable positive temperature-
sensitive on—off modulation for indomethacin (IMC) release, i.e.,
rapid drug release rate at an increased temperature (on phase) and
completely stopping at a decreased temperature (off phase). The
swelling or deswelling of the hydrogel located the interstitial layer
and mesochannels is believed to play a relevant role for controlled
drug release. In addition, the emission intensity of Gd,05:Eu’*
was strongly dependent with the loading and cumulative release
of IMC molecules, which has potential to be used in tracking or
detecting applications.

075 050 0.25 0.10 0.025 0 Hg/mL

Figure 10. Tj-weighted MR imaging of various mass of
Gd,03:Eul*@P(NIPAm-co-AAm) @HMS. Deionized water (0 mg mL™)
was the reference.
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4. Experimental Section

Materials: N-isopropylacrylamide (NIPAm) was
purchased from J&KCHEMICA. NIPAm monomer
was recrystallized from hexane and dried in vacuum
prior to use. Sodium acetate, CTAB (99%), and TEOS
were purchased from Beijing Yili Fine Chemicals
Co., Ltd. Diphenyl(2, 4, 6- trimethylbenzoyl)-
phosphine oxide (TPO) was purchased from Tokyo
Kasei Kogyo Co., Ltd. Gd,O; and Eu,03 (99.999%)
were purchased from Science and Technology
Parent Company of Changchun Institute of Applied
Chemistry. FITC, acrylic acid amide (AAm), and N,N-
methylenebiacrylamide (BIS) were acquired from
Aladdin  Company. 3-aminopropyltrimethoxysilane
(APTMS) was purchased from Sigma-Aldrich. The
other chemicals, including ethylene glycol, ethanol,
acetone, 1, 6-dioxane, and concentrated HCl were all
purchased from Beijing Chemical Regent Company.

Preparation  of  Hollow  Mesoporous  Silica
Microspheres (HMS): The Fe;O, spheres with a
mean diameter of about 300 nm were prepared via a
solvothermal method as described previously.’l The
Fe;O, particles were coated with a thin silica layer
generated from the hydrolysis and condensation of
TEOS. Subsequently, an ordered mesoporous silica
shell was coated on the Fe;O,@nSiO, surface, and
the detailed procedure was described previously.?4l
Fe;0,@nSiO, particles were well dispersed in a
mixed solution containing CTAB (0.3 g), ethanol
(60 mL), and deionized water (80 mL). Afterwards,
TEOS (0.2 mL) was added dropwise to the reaction
mixture under vigorous stirring and kept for 6 h at
room temperature. The product was collected by
centrifugation, washed with ethanol 3 times, and
dried at 60 °C in vacuum. The CTAB templates were
removed by the acetone extraction. Finally, the Fe;O,
cores were removed by acid treatment, for example
by using HCl solution (2 m) at 80 °C for 8 h. The
final products were named hollow mesoporous
sphere (HMS).

Luminescence  Functionalization of HMS by Gd,O3Eu’": HMS
(0.1 g) was added to a 25 mL conical flask and then vacuumed at room
temperature for 0.5 h. Subsequently, an aqueous solution containing
stoichiometric Gd(NO;3); and Eu(NO;); was injected into the flask under
magnetic stirring. The doping concentration of Eu** was 5 mol% to Gd**
in Gd,05:Eu’*. After 0.5 h, the vacuum pump was turned off and air
was allowed to refill into the system. The sample was stirred for another
12 h at ambient atmosphere and then separated by centrifugation. After
drying at 100 °C for 1 h to remove water, the sample was calcined in air
with a heating rate of 1 °C min~' from room temperature to 550 °C, and
held for 3 h for the crystallization of Gd,O;:Eu3*. The obtained samples
were denoted as Gd,05:Eu**@HMS.

Synthesis of Gd,03:Eu** @ P(NIPAm-co-AAm) @ HMS Organic—Inorganic
Composite Materials: NIPAm (0.25 g), AAm (0.0157 g), BIS (0.0051 g,
crosslinker), and TPO (0.0025 g, photoinitiator) were dissolved in
1,6-dioxane (1 mL) and then Gd,O3:Eu*@HMS (0.05 g) powders were
added under vacuum similar with the previous procedure for filling
Gd,03:Eu" core. The suspension was further stirred overnight at room
temperature in the dark, and then the resulting material was separated
by centrifugation. After rinsing with 1,6-dioxane to remove the surface-
adsorbed monomers and centrifugation, the monomer-containing
nanoparticles were exposed to UV light (200 W cm=2, LAMP, PHILIPS)
for 8 min to make the photoinitiated polymerization occur. Then, the
prepared product was soaked in ethanol for 12 h to remove unreacted
monomers and impurities and dried in vacuum at 50 °C to obtain the
final samples, denoted as Gd,O;:Eu3*@P(NIPAm-co-AAm)@HMS.
As for fluorescein-labeled Gd,0;:Eu**@P(NIPAmM-co-AAm)@HMS,

Adv. Funct. Mater. 2012, 22, 1470-1481
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Figure 11. Controlled release of IMC from Gd,O;:Eu**@P(NIPAm-co-
AAM)@HMS (A) and Gd,03:Eu>*@HMS (B) in response to tempera-
ture changes in 10 mwm PBS (pH = 7.4). C) PL emission intensity of Eu’*
in Gd,0;:Eu3*@P(NIPAm-co-AAm) @HMS as a function of the cumula-
tively released IMC.

FITC-APTMS was formed by stirring FITC in ethanolic APTMS solution
overnight in the dark. Then, the dried Gd,05:Eu>*@P(NIPAm-co-AAM) @
HMS sample reacted with FITC-APTMS in 30 mL of ethanol under reflux
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for 24 h. The resultant solid was centrifuged, washed with ethanol, and
dried under vacuum.

In  Vitro Cytotoxicity Assays of HMS, Gd,OzEu**@HMS and
Gd,05:Eu**@P(NIPAm-co- AAm)@HMS: The in vitro cytotoxicity of
HMS, Gd,O3:Eu**@HMS and  Gd,O3:Eu**@P(NIPAm-co-AAM) @
HMS were determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays. 5000-6000 L929 fibroblast cells
in 200 puL media per well were plated in 96 well plate for 24 h to allow
the cells to attach, and then exposed to different concentration of
HMS, Gd,03:Eu3*@HMS or Gd,03:Eul*@P(NIPAm-co-AAm) @HMS
(3.125, 6.25, 12.5, 25, 50, 100, and 200 pg mL™") for 24 h in 5% CO,
at 37 °C. At the end of the incubation time, the media containing HMS,
Gd,O3:Eu**@HMS  or  Gd,05:Eu** @P(NIPAmM-co-AAM)@HMS  was
removed, and then the MTT solution (20 L, diluted in a culture medium
to a final concentration of 5 mg mL™") was added. After incubation at
37 °C in the dark for 4 h, 100 uL of acidified isopropanol was added to
each well, and the absorbance was monitored with a microplate reader at
a wavelength of 570 nm. Averages and standard deviations were based
on four samples and all tests performed in triplicate. The cell viability was
calculated using the following equation: Cell viability (%) = [Aliest/[Alcontrol
% 100, where [As: is the average cell viability after adding as-prepared
Gd,03:Eus+@P (NIPAmM-co-AAM)@HMS nanoparticles and [Alcontrol iS
the cell viability for the control experiment that did not add nanoprticles.

Cell Uptake: Cellular uptake by SKOV3 ovarian cancer cells was
examined using flow cytometry and CLSM, respectively. For flow
cytometry studies, SKOV3 ovarian cancer cells (1 x 10°) were seeded
in 6-well culture plates and grown overnight. The cells were then treated
with Gd,03:Eu3*@P(NIPAm-co-AAm) @ HMS-FITC or free FITC at 37 °C
for 10 min, 30 min, and 3 h, respectively. A single cell suspension was
prepared consecutively by trypsinization, washing with PBS, and filtration
through 35 mm nylon mesh. Thereafter, the cells were lifted using a
cell stripper (Media Tech. Inc.) and analyzed using a flow ctyometer
(FACSCalibur). Cells incubated in the absence of the microspheres were
used as the control.

For CLSM, the SKOV3 ovarian cancer cells were seeded in 6-well culture
plates (a clean cover slip was put in each well) and grown overnight as a
monolayer, and were incubated with Gd,O03:Eu**@P(NIPAm-co-AAmM) @
HMS-FITC at 37 °C for 10 min. Thereafter, the cells were rinsed with PBS
three times, fixed with 2.5% formaldehyde (1 mL per well) at 37 °C for
10 min, and then rinsed with PBS three times again. For nucleus labeling,
the nuclei were stained with Hoechst 33342 solution (from Molecular
Probes, 20 mg mL™" in PBS, 1 mL per well) for 10 min and then rinsed
with PBS three times. The cover slips were placed on a glass microscope
slide, and the samples were visualized using CLSM (FV10-ASW).

In Vitro MR Assay: The T;-weighted MR images were obtained using a
1.5 T Siemens Magnetom Espree. Dilutions of Gd,O3:Eu**@P(NIPAm-
co-AAm)@HMS samples (0.75, 0.5, 0.25, 0.1, 0.025 mg mL™") in
deionized water were placed in a series of 2 mL tubes for T;-weighted
MR imaging. The following parameters were adopted: TR/TE (repetition
time/echo time) = 500/9.5 ms, matrix = 512 X 512, FOV (field of view in
cm) =350 x 350, slice thickness = 3.0 mm.

In Vitro Indomethacin (IMC) Loading and Release Test: IMC was
selected as the model drug for release test. Typically, the composite
(0.1 g) was immersed in 10 mL of ethanol-water (4:1, v/v) solution with
IMC concentration of 16 mg mL™", and soaked for 24 h with stirring. The
IMC-loaded Gd,O3:Eu**@P(NIPAm-co-AAm)@HMS was separated by
centrifugation and dried at 80 °C for 12 h. The loading amount of IMC
was determined by thermogravimetry (TG) analysis.

A certain amount of IMC-loaded Gd,O5:Eu3*@P(NIPAm-co-AAmM) @
HMS was immersed in 5 mL of phosphate buffer solution (pH 7.4 PBS,
10 mm). At certain time intervals and different temperature, aliquots of
PBS supernatant (100 pl) were taken out after centrifugation to test
the concentration of the released IMC by UV-vis absorption spectra
(monitored on 320 nm) and 100 pL fresh PBS was added to the tube
again for the continued drug release.

Characterization: XRD was performed on a D8 Focus diffractometer
(Bruker) with Cu Ko radiation (A = 0.15405 nm). FTIR spectra were
recorded on a Perkin-Elmer 580BIR spectrophotometer using KBr
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pellet technique. N, adsorption/desorption isotherms were obtained
on a Micromeritics ASAP 2020 M apparatus. Pore size distribution was
calculated from the adsorption branch of N, adsorption/desorption
isotherm and the Barret—Joner—Halenda (BJH) method. The BET surface
areas were determined using the data between 0.05 and 0.35 just
before the capillary condensation, and the pore volume was obtained
by the t-plot method. TG measurements (Netzsch Thermoanalyzer
STA 409) were used to determine the loading amount of indomethacin
on the materials in an atmospheric environment with a heating rate
of 10 °C min™' from room temperature to 800 °C. The morphology
and composition of the samples were inspected using FESEM (XL30,
Philips) equipped with an energy-dispersive X-ray spectrum (EDS,
JEOL JXA-840). TEM images were recorded on a FEI Tecnai G2 S-Twin
transmission electron microscope with a field emission gun operating at
200 kV. Elemental mapping was conducted using the TEM equipped with
an energy dispersive X-ray spectroscope (EDX). The PL measurements
were performed with a Hitachi F-7000 spectrophotometer equipped with
a 150 W xenon lamp as the excitation source. The UV-vis absorption
spectra values were measured on a TU-1901 spectrophotometer. Flow
cytometry analysis was performed on FACSCalibur flow cytometer (BD
Biosciences) with 488 nm excitation lasers. CLSM images were observed
by confocal laser scanning microscope (Olympus, FV 1000).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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