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apsules, a common morphology

with ultrathin shells and ultralarge

cavities, have been commercially
used as effective carriers for drug delivery,
especially for oral drug administration.
However, the extremely large particulate
sizes (in milli- or centimeters) of commer-
cial capsules severely limited their manipu-
lation for intravenous drug administration,
which has been generally considered as the
most effective chemotherapeutic mode for
serious diseases. The key that has fascinated
biomedical researchers is how to design
and control the sizes of capsules into the
micro- and nanoscale, which might be
solved by seeking help from chemistry. The
emergence and development of nanotech-
nology have created a chance for reducing
the sizes of the capsules into the micro/
nano- scale range, making the intravenous
drug administration of capsules possible. A
large number of micro/nano- capsules, in-
cluding organic,' 2 inorganic,** and inor-
ganic/organic hybrid ones,®” have been de-
veloped as drug delivery systems (DDSs)
for transporting therapeutic agents to le-
sion sites in the past decade. The biocom-
patible and biodegradable nature of poly-
mer based capsules, generally fabricated by
the layer-by-layer self-assembly
technique,” "2 showed great potential ap-
plication in chemotherapy of serious dis-
eases such as cancer and HIV."*""7 The in-
trinsic instable nature of organic systems,
unfortunately, still cast a shadow on their
further clinical use. Alternatively, inorganic
capsules with biocompatible and biode-
gradable features, especially porous ones,
such as mesoporous silica,* mesoporous
carbon,'® carbon nanotube,'® Fe;0,
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ABSTRACT A potential platform for simultaneous anticancer drug delivery and MRI cell imaging has been
demonstrated by uniform hollow inorganic core/shell structured multifunctional mesoporous nanocapsules, which
are composed of functional inorganic (Fe;0,, Au, etc.) nanocrystals as cores, a thin mesoporous silica shell, and a
huge cavity in between. The synthetic strategy for the creation of huge cavities between functional core and
mesoporous silica shell is based on a structural difference based selective etching method, by which solid silica
middle layer of Fe,0;@5i0,@mSi0, (or Au@Si0,@mSi0,) composite nanostructures was selectively etched away
while the mesoporous silica shell could be kept relatively intact. The excellent biocompatibility of obtained
multifunctional nanocapsules (Fe;0,@mSi0,) was demonstrated by very low cytotoxicity against various cell
lines, low hemolyticity against human blood red cells and no significant coagulation effect against blood plasma.
The cancer cell uptake and intracellular location of the nanocapsules were observed by confocal laser scanning
microscopy and bio-TEM. Importantly, the prepared multifunctional inorganic mesoporous nanocapsules show
both high loading capacity (20%) and efficiency (up to 100%) for doxorubicin simultaneously because of the
formation of the cavity, enhanced surface area/pore volume and the electrostatic interaction between DOX
molecules and mesoporous silica surface. Besides, the capability of Fe;0,@mSi0, nanocapsules as contrast agents
of MRI was demonstrated both in vitro and in vivo, indicating the simultaneous imaging and therapeutic
multifunctionalities of the composite nanocapsules. Moreover, the concept of multifunctional inorganic
nanocapsules was extended to design and prepare Gd—Si—DTPA grafted Au@mSi0, nanocapsules for
nanomedical applications, further demonstrating the generality of this strategy for the preparation of various

multifunctional mesoporous nanocapsules.
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aggregates?®?' and CaCO;,? exhibited vari-
ous advantages compared to organic ones
in their high chemical/thermal stability,
high drug loading capability, sustained
drug release from the supports and rich sur-
face chemical functionalities for possible
molecular recognition and targeted deliv-
ery, etc.

On the other hand, the multifunctional-
ization of capsules may enable the develop-
ment of multifunctional nanomedical plat-
forms for simultaneous imaging diagnosis
and therapy.?>?* The general methodology
to achieve multifunctionalities on capsules
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Scheme 1. Schematic Representation for the Preparation of Hollow Core/Shell Structured Mesoporous Nanocapsules with Magnetic
Fe3;0, as the Core and Thin Mesoporous Silica Layer As the Shell® “Ellipsoidal Fe,0; nanocrystals were coated by solid and mesoporous silica
layer by traditional sol-gel process. Then, the fabricated composite nanoellipsoidals were etched in ammonium solution to partially or entirely remove the
middle solid silica layer to prepare rattle-type (or yolk-shell type) nanocapsules using the structural difference between solid silica layer and mesoporous
silica layer. After H,/Ar reduction, the Fe,O; core could be converted into magnetic Fe30,. DOX molecules could be encapsulated into mesopores and cavi-
ties in the prepared magnetic nanocapsules.

is to add diverse functional inorganic nanocrystals into
the cavity part of the capsules or to chemically graft
functional groups onto the shells based on the rational/
elaborate design in nanoscale. These inorganic nano-
crystals can be Au,?732 Ag,® quantum dots (QDs),3*%
Fe;0, magnetic nanoparticles,* 38 and the functional
groups can be fluorescent molecules®® or targeting mol-
ecules such as folic acid, etc., endowing capsules with
unique optical, acoustic and magnetic properties for
clinical multi-imaging purposes (CT, MRI, US, PET, etc.)
or targeting features for drug delivery. So far, however,
the combined functionalities between physical imag-
ing, such as MRI for cancer diagnosis, and an enhanced
anticancer drug delivery property (e.g., high drug load-
ing amount and efficiency) have been rarely
reported.?>3%37 Such a combination, as we believe, is
greatly important because it allows simultaneous imag-
ing diagnosis and drug delivery in one.

Herein, multifunctional hollow core/shell structured
nanocapsules with magnetic Fe;s04 or Au nanocrystals
as the cores, thin mesoporous silica layer as the shell
and controllable cavities between the core and shell
have been fabricated and applied as both MRI contrast
agent and carriers for anticancer DDSs. We employed
the magnetite core-based nanocapsules of ellipsoidal
morphology to demonstrate our concept of multifunc-
tional core/shell nanocapsules as DDSs because meso-
porous nanomaterials with larger aspect ratios could be
taken up by cells in larger amounts and have higher in-
ternalization rates,***' which is of great significance for
the enhancement of chemotherapy effectiveness. Be-
sides, the reason for adopting magnetic Fe;0, nano-
crystals to functionalize the nanocapsules is that mag-
netic nanocrystals could be used for magnetically
targeted drug delivery,**? magnetic hyperthermia,*®
and as MRI contrast agents as well.**** This is the first re-
port, as far as we know, to prepare multifunctional core/
shell structured hollow mesoporous silica nanocap-
sules with ellipsoidal morphology as both MRI imaging
agents and DDSs. Moreover, the concept of multifunc-
tional inorganic nanocapsules was extended to design
and prepare Gd—Si—DTPA grafted Au@mSiO, nano-
capsules for T;-weighted MRI and dark-field light scat-
tering live cell imaging, further demonstrating the gen-
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erality of this strategy for the preparation of
multifunctional mesoporous nanocapsules.

RESULTS AND DISCUSSION

Synthesis of Core/Shell Structured Multifunctional Hollow
Mesoporous Nanocapsules. As shown in Scheme 1, monodis-
persed ellipsoidal Fe,03; nanocrystals were chosen as
the morphology-deciding template to obtain magnetic
mesoporous nanocapsules, which were fabricated by
hydrothermal synthesis using iron perchlorate as the Fe
precursor (Figure 1a).* A thick layer of dense silica was
deposited onto the surface of Fe,0; to form Fe,0;@Si0O,
core/shell nanostructures by the well-known Stéber
method (Figure 1b).* Then, a thin layer of mesoporous
silica shell could be deposited onto the surface of
Fe,0;@Si0, to form a trilayered composite nanostruc-
ture (Fe,0;@Si0,@mSi0,) by the co-condensation of
tetraethyl orthosilicate (TEOS) and octadecyltrimethox-
ysilane (C;gTMS) in virtue of the existence of similar -OR
(R = CHj3 or C3Hs) groups in both molecules (Figure
1c). The condensation degree between the middle
dense silica layer and outer mesoporous silica layer is
different, resulting in the unexpected differentiated dis-
solution behaviors between two silica layers. The
middle silica layer (lower condensation degree) could
be etched away under alkaline conditions (e.g., ammo-
nia solution), forming huge cavities between the shell
and core (Fe,0;@mSi0,), while the mesoporous silica
shell part (higher condensation degree) could be kept
integrated.* Finally, the Fe,Os core of the nanocapsules
was reduced in a flowing gas mixture of H, and N, to
produce hollow Fe;0,@mSiO, nanocapsules (Figure 2).
TEM image of hollow Fe;0,@mSiO, (Figure 1d) reveals
that the middle silica layer could be completely re-
moved by alkaline etching, which is different from the
ring-shaped cavity formation under hydrothermal treat-
ment of spherical Fe;0,@Si0,@mSiO, composite nano-
structures caused by further condensation/densifica-
tion of the middle silica layer reported by us recently.?®
It is necessary to point out that the overall diameter and
morphology of the composite nanocapsules, and the
thickness of the outer mesoporous silica shell remain al-
most unchanged after the etching process, leaving a
complete and huge cavity in between the thin mesopo-
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Figure 1. TEM images of ellipsoidal (a) Fe,05, (b) Fe,0;@Si0,, (c) Fe,0;@Si0,@mSiO, and (d) Fe;0,@mSiO,; Secondary electron
SEM image of ellipsoidal Fe,0;s (e, inset: SEM image at high magnification) and backscattered electron SEM (f) image of ellipsoi-
dal Fe;0,@mSiO, nanocapsules (inset: purposely selected backscattered electron image of broken nanocapsules to reveal the

hollow nanostructure).

rous shell and magnetic Fe;0, core. In addition, the di-
mension of the cavity in Fe30,@mSiO, nanocapsules
could be simply tuned by selecting adequate etching
time, supported by TEM observations of different etch-
ing time intervals (Figure 3; 0 h, 4 h, 12 and 24 h) of
Fe,0;@Si0,@mSiO, composite nanostructures. A sec-
ondary electron SEM image of the Fe,03 nanocrystals
and Fe;0,@mSiO, show that the particles are uniformly
ellipsoidal in shape (Figure 1e and 1f), while a composi-
tional backscattered SEM image (Figure 1f) reveals the
contrast difference between the central heavy core and
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the cavity/silica shell of the hollow structure, which
could be further confirmed by a purposely selected bro-
ken nanocapsule (inset of Figure 1f).

N, adsorption—desorption technique was adopted
to characterize the pore structural evolution of the
magnetic nanocapsules after alkaline etching in ammo-
nia solution. Surprisingly, the isotherms of
Fe;0,@Si0,@mSiO, core/shell nanostructures and
Fe;0,@mSiO, nanocapsules show apparently different
styles, where rattle-type core—shell nanocapsules ex-
hibit a much larger hysteresis loop than those without
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Figure 2. (a) Small-angle and (b) wide-angle X-ray diffraction patterns of Fe,0;@mSiO, and
Fe30,@mSiO, nanocapsules. (c) Digital pictures of (A) Fe,0;:@mSiO, and (B) Fe;0,@mSiO, dispersed
in PBS solution, and (C) Fe30,@mSiO, nanocapsules in PBS solution under magnetic field. The appear-
ance of characteristic diffraction peaks in wide-angle XRD pattern of Fe;0, in Fes0,@mSiO, and dis-
appearance of characteristic diffraction peaks of Fe,0s in Fe,0;@mSiO, demonstrated the successful
conversion of Fe,0;@mSiO, into Fe;0,@mSiO,. Besides, small-angle XRD patterns indicated that the
mesopores in the nanocapsules are disordered, in consistent with TEM observations.

nanocapsules in drug deliv-
b ery and/or magnetic-recycled
catalysis applications.

Cell Uptake, Intracellular
Location, Cytotoxicity, Hemolysis,
Coagulation of Multifunctional
Mesoporous Fe;0,@mSi0,
Nanocapsules. Excellent cell up-
take of the prepared inor-
ganic nanocapsules guaran-

cavities between the core and shell (Figure 4a), which
represents the typical ink-bottle-type pores in which
larger cavities are connected by narrow windows.”” The
surface area increased from 261 m?/g to 318 m?/g while
the pore volume from 0.44 cm3/g to 0.78 cm?/g after al-
kaline etching. The average pore size of Fe;0,@mSiO,
also increased from 2.5 to 3.6 nm (Figure 4b). As shown
in Scheme 2, the mesoporous silica shell of
Fe,0;@Si0,@mSiO; is still relatively unstable under
alkaline condition because of the existence of abun-
dant Si—O—Si bonds in the shell.**¢ Partial Si—O—Si
bonds in the shell can be broken during the etch-
ing process, resulting in the enlargement of the ini-
tial pores templated by the surfactants (C;sTMS) and
finally causing the increase of surface area and pore
volume. According to above analysis, we believe that
this etching process provides an alternative but ver-
satile route to tune the structural parameter of me-
soporous nanocapsules, such as surface area, pore
volume and pore size. Selective etching of silica to
form nanocapsules, such as Au@SiO,, CNTs@Si0,*
and Si0,@Si0,,*° has been reported recently. How-
ever, there were no well-defined mesoporous struc-
tures on those silica shells due to their intrinsic ab-
sence, which may limit their practical applications
due to the mass transfer blockage by the solid silica
shells. Our prepared Fe;0,@mSiO, hollow core/shell
nanocapsules with well-defined mesopores in the
silica shell and controllable cavity sizes show the ap-
parent advantage superior to nonporous inorganic
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tees the high delivery
efficiency of encapsulated
drugs because intracellular re-
lease of drugs from the carri-
ers could cause higher cyto-
toxicity than extracellular
drugs. To facilitate the obser-
vations of cell uptake of the
nanocapsules by confocal la-
ser scanning microscopy
(CLSM), the prepared
Fe30,@mSiO, nanocapsules
were grafted by fluorescein
isothiocyanate (FITC-
capsules). Figure 5a; —az show
bright-field, fluorescent and
merged images of breast can-
cer MCF-7 cells incubated with FITC-capsules (100 pg/
mL) for 3 h. The CLSM images show that the nanocap-
sules could be taken up by MCF-7 cells within a short
period as manifested by the appearance of green fluo-
rescence in cells. The overlay of the bright field and fluo-
rescent images further demonstrate that the lumines-
cence is strongly correlated with the intracellular
location (Figure 5a and S1, Supporting Information),
suggesting the feasibility and efficiency of the nanocap-
sules for fluorescent cell imaging and anticancer drugs
delivery into cancer cells. To further reveal the uptake
mechanism of the magnetic nanocapsules into MCF-7
cells and the intracellular location, bio-TEM analysis was
carried out after ultrathin section of MCF-7 cells after
the uptake of the nanocapsules. The distribution of
magnetic nanocapsules could be clearly observed in
TEM images, and a large number of them were found
in the cytoplasm while no nanocarriers were found in
the nucleus (Figure 5b; and b,). In addition, part of the
nanocapsules could be found near the cell membrane
forming vesicles (Figure 5bs). After the uptake by can-
cer cells via endocytosis, the nanocapsules will be pro-
cessed in endosomes and lysosomes, and are eventu-
ally released into the cytoplasm.>' >3

It is important to investigate the biocompatibility of
the hollow Fe;0,@mSiO, nanocapsules with blood cells
to guarantee the successful intravenous administration
of drug-loaded nanocapsules. In fact, the blood com-
patibility of the inorganic hollow core/shell nanocap-
sules has been rarely reported. Hemolysis experiment
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Figure 3. TEM images of magnetic mesoporous composites obtained by etching in an ammonium solution for (a) 0 h, (b)

4h,(c)12hand (d) 24 h.

of the hollow Fe;0,@mSiO, nanocapsules was carried
out preliminarily according to the previous reports
about the evaluation of blood compatibility of mesopo-
rous silica or mesoporous carbon.***>> The suspen-
sions of red blood cells (RBCs) were isolated from freshly
obtained human volunteer’s blood by centrifugation
and purified by successive washes with sterile isotonic
phosphate saline-buffered solution (PBS) for hemolysis
assay. The hemolysis results show that almost no
hemolysis of RBCs could be detected in the samples of

Fe30,@mSiO, nanocapsules at concentrations ranging
in 25—100 pg/mL, as shown in Figure 6a and S2 (Sup-
porting Information). About 1.2 and 3.7% of hemolytic
activities were distinguished at very high concentra-
tions of 300 and 500 p.g/mL, respectively, much smaller
than those of traditional amorphous silica (44% of 100
ng/mL>%), demonstrating the excellent blood compat-
ibility of Fe30,@mSiO, nanocapsules.

To evaluate the coagulation effect caused by the
Fe30,@mSiO, nanocapsules, prothrombin time (PT)
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Figure 4. (a) N, adsorption—desorption isotherms and (b) corresponding pore diameter distributions of Fe;0,@Si0,@mSiO,

and Fe;0,@mSiO, nanocapsules after 24 h etching.

www.acsnano.org

VOL. 4 = NO. 10 * 6001-6013 = 2010 W)

1 1D1Ld

6005



6006

% 4
/" oK+ O sr;

Scheme 2. Schematic Representation of the Microstructure Evolution
Before, During and After the Alkaline Etching® ?Si—0-Si bonds in the
mesoporous silica shell part could be partially broken by OH™" in ammonia solu-
tion under hydrothermal treatment (150°C; 24 h), causing the expansion of sizes
of initial pores templated by C;sTMS.

and activated partial thromboplastin time (APTT) val-
ues were tested by mixing fresh blood plasma with
nanocapsules at different concentrations (25—500 wg/
mL). As shown in Figure S3 (Supporting Information),
the PT and APTT values of the plasma exposure to
Fe;0,@mSiO, nanocapsules of different concentrations
do not show significant difference compared to those
of the blank control, demonstrating that no significant
coagulation/anticoagulation effect of prepared nano-
capsules is present. It is known the coagulation effect
caused by the nanomaterials as DDSs in blood vessel
must avoided, so the coagulation test results of
Fe;0,@mSiO, nanocapsules guarantee the biosafety
for the intravenous administration of the prepared
nanocapsules.

To evaluate the cytotoxicity of the empty capsules,
in vitro cytotoxicity tests were conducted against differ-
ent cell lines, such as MCF-7 cells, HelLa cells and L929
cells by conducting MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) assays. Figure 6b and
S4 (Supporting Information) show the effect of concen-
tration of Fe;0,@mSiO, nanocapsules on the cell viabil-
ity for different incubation time periods. The difference
in cell viabilities after 24 and 48 h of incubation is neg-
ligibly small, and there is no apparent cytotoxicity after
incubation at a very high concentration up to 400
prg/mL for 48 h. The excellent biocompatibility (blood-
compatibility and low cytotoxicity) of the Fe;0,@mSiO,
nanocapsules guarantees the practical applications for
human beings as carriers in DDSs.
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Multifunctional Mesoporous Nanocapsules as Contrast Agents
of MRI Both In Vitro and In Vive. The functional inorganic
nanocrystals in the core part of the nanocapsules could
endow the capsules with simultaneous imaging and
drug delivery functionalities. For instance, the magnetic
Fes0, core of the prepared core/shell nanocapsules
could be used as the MRI contrast agent during the che-
motherapeutic process, playing a role of monitoring
the therapeutic efficiency and providing high-quality
images for operators. As an initial step in exploring po-
tential imaging functionality of the nanocapsules dur-
ing chemotherapy both in vitro and in vivo, the visibil-
ity of the nanocapsules was tested in water, in cells and
in mice by MRI. T, phantom images of the nanocap-
sules dispersed in water changed significantly in signal
intensity with the increase of Fe concentration (Figure
S5a, Supporting Information), indicating that the mag-
netic nanocapsules have generated magnetic reso-
nance contrast on transverse (T,) proton relaxations-
times weighted sequence due to the dipolar interaction
of magnetic moments between the nanocapsules and
proton in the water.>%” An r, value of 137.8 mM~'s™!
was measured for the magnetic nanocapsules (Figure
S5b, Supporting Information), revealing high potential
of the nanocapsules as T, contrast agents for cancer di-
agnosis. Under T,-weighted imaging mode, cells ex-
posed to the magnetic nanocapsules of a concentra-
tion of 50 wg/mL for 6 h could be easily detected
(Figure S5c¢, Supporting Information).

Furthermore, the nanocapsules were injected into
mice subcutaneously and noninvasively detected with
MRI at diverse concentrations and different time inter-
vals (Figure 5c and d). The darkened images from the in-
jection site confirmed the imaging capability of the
nanocapsules (Figure 5¢, red circled area). The dark-
ened area extended through the tumor part with time
(from 1 to 24 h), indicating the diffusion of magnetic
nanocapsules within tumor. Besides, the darkened area
was also larger at increased concentrations, demon-
strating the concentration-dependent MRI feature of
magnetic nanocapsules (Figure 5d).

Multifunctional Mesoporous Nanocapsules as DDSs for
Doxorubicin. To achieve the goal of complete eradication
of tumors, therapeutic agents have to be administrated
systematically in high dose to ensure the sufficient and
sustained therapy efficiency. However, most of antican-
cer drugs effective in eradicating cancer cells could
cause severe side-effect when the high doses are ad-
ministrated, which is caused by the nonspecific uptake
of anticancer drugs by healthy tissues/organs such as
kidney, liver, bone marrow and heart. An effective way
to reduce the side-effect is to encapsulate the antican-
cer drugs in DDSs with high loading amount and effi-
ciency, which could largely protect the healthy organs
from the toxic drugs and prevent the decomposition/
denaturing of the drugs prior to reaching the targeted
cells. We believe that the obtained multifunctional
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Bright field image

Fluorescent image

Merged image

Figure 5. CLSM images (a;—as) of MCF-7 cells after incubation with 100 pg/mL FITC-nanocapsules. Bio-TEM images (b;—bs)
of MCF-7 cells after incubation with magnetic Fe;0,@mSiO, nanocapsules. In vivo MRI (c and d) of a tumor-bearing mouse be-
fore and after injection of magnetic Fe;0,@mSiO, nanocapsules for different time intervals (c;, 1 h; ¢;, 4 h and ¢3, 24 h at

500 pg/mL of Fe;0,@mSiO, nanocapsules) and at different nanocapsule concentrations (d;, control; d,, 250 png/mL; d3, 500

rg/mL; dg, 1000 pg/mL in 1 h of postinjection).

nanocapsules with huge cavities between the core
and shell, and enhanced large surface area/pore vol-
ume of mesoporous shell, could be used to encapsu-
late anticancer drugs with high amount and efficiency.
To demonstrate this hypothesis, a typical and widely
used anticancer drug, doxorubicin hydrochloride (DOX),
was chosen as a model drug to investigate the loading
amount, encapsulation efficiency and in vitro interac-
tion with cancer cells. The effective DOX storage capaci-
ties of the obtained samples immersed into a DOX/PBS
(pH = 7.4) solution can be monitored by UV—vis absor-
bance spectrometry. Figure 6c shows the UV—vis absor-
bance spectra of 0.5 mg/mL DOX/PBS solutions before
and after the interaction with the nanocapsules. The
DOX in PBS solution could be well loaded into the mag-
netic nanocapsules with a high efficiency, which was
demonstrated by the disappearance of the characteris-

www.acsnano.org

tic absorbance peaks in UV—vis spectrum and the color
change of DOX solution after the interaction with the
nanocapsules (inset of Figure 6¢). The loading amount
of DOX in the nanocapsules is about 20%. It is known
that organic carriers, such as liposome and micelles,
could store drugs with high efficiency but low loading
capacity, whereas inorganic carriers, such as mesopo-
rous silica nanoparticles, usually showed high drug
loading capacity, however, the loading efficiency is usu-
ally low. Our drug delivery system with both high drug
loading capacity and efficiency was attributed to the
enhanced surface area/pore volume, formation of cavi-
ties to leave more room for drug molecules and the
electrostatic interaction between positively charged
DOX molecules and negatively charged mesoporous
silica surface.?”*8 It is commonly accepted that mesopo-
rous materials possess sustained drug release
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Figure 6. (a) Hemolysis assay for the magnetic nanocapsules (inset: photographic images for direct observation of hemoly-
sis by the nanocapsules, using PBS as a negative control and water as positive control (the two tubes on the left), and the cap-
sules suspended at different concentrations (the six tubes on the right)). The red blood cells are red due to the presence of he-
moglobin in the RBCs. During the hemolysis assay experiment, hemoglobin will be released into the solution by hemolysis,
resulting in visually red color in solution. (b) Cell viabilities of the empty nanocapsules against MCF-7 cells, L929 cells and
Hela cells at different concentrations for 24 h. (c) UV—vis spectra of DOX before and after interaction with the nanocap-
sules (inset, from left to right: digital pictures of pure DOX solution, and the nanocapsules added DOX solutions before,
after 30 s magnetic field attraction and after complete magnetic field attraction). The color of DOX/PBS solution changes
from the red to colorless, demonstrating the complete loading of DOX molecules into the nanocapsules. (d) Cell viabilities
of free DOX and DOX loaded Fe;0,@mSiO, nanocapsules against MCF-7 cells at different concentrations for 24 and 72 h
(*represent significance difference compared with free DOX with the same drug concentration at P < 0.05).

property.>®~%2 Combined with this special sustained higher DOX accumulation from Fe;0,@mSiO, nanocap-
drug release property and simultaneous high loading sules in the nucleus might be partly attributed to the
capacity/efficiency for DOX, Fe30,@mSiO, nanocap- different cell uptake mechanism between free DOX and
sules could be used in chemotherapy for cancer treat- DOX loaded nanocapsules. For free DOX, the cell up-
ment with continuous therapy without frequent inter-  take mechanism is a passive diffusion process, while for
val medication administrations. DOX loaded carriers, a possible endocytosis mecha-

To verify whether the released DOX was pharmaco-  ism is involved, which is more effective than the pas-
logically active, the cytotoxic effect of the

DOX-loaded Fe;0,@mSiO, nanocapsules
against breast cancer MCF-7 cells was tested.
As shown in Figure 6d, DOX loaded
Fe;0,@mSiO, nanocapsules induced the
MCF-7 cell death comparatively to free DOX,

Gd complex
grafting

| =y

Elchmg

which indicates that the loaded DOX keeps its ““@5‘0’@"’5“" Aulgm3ioz  0d-81-DTPA-ALZMSIO:

g

pharmaceutical activities. The DOX loaded
magnetic nanocapsules exhibited even
greater cytotoxicity than free DOX after cul-
tured for 24 and 72 h at DOX concentrations
not higher than 20 pwg/mL. It has been under-
stood that the intracellular action site of DOX
is within the nucleus, and delivery of DOX into

cancer cellsiand a.ccumulatlo.n. in the nucleus Figure 7. Schematic representation (top) and TEM images (bottom) of
can ensure its antitumor activity.%>%* The Au@Si0,@mSiO,, Au@mSiO, and Gd—Si—DTPA-Au@mSiO,.
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Figure 8. UV—vis spectrum of Gd—Si—DTPA-Au@mSiO,
nanocapsules. (Inset) Digital picture of the solution.

sive diffusion. After incubated with MCF-7 cells, the ma-
jority of DOX-containing nanocapsules are endocytosed
by the cancer cells, whereas, only limited amount of
DOX diffused into the cells for free DOX. Thus, the bet-
ter uptake of DOX-containing nanocapsules by the
MCF-7 cells should be responsible for the higher con-
centration of DOX in the nucleus, leading to the en-
hanced DOX cytotoxicity and cell death. On the other
hand, when the cancer cells are treated with free DOX,
the development of multidrug resistance (MRD) of can-
cer cells, which results from the expression of
p-glycoprotein pump in the cell membrane, hampers
the drug action by pumping out drug molecules from
cytosol to extracellular area.> However, the uptake of
the drug loaded nanocarriers within cancer cells might,
to some extent, circumvent the MRD effect.®®

Preparation of Au@mSi0, Nanocapsules and Their Biological
Bimodal Imaging. Many functional inorganic nanocrystals
could be coated by silica layers. The subsequent meso-
porous silica layer coating depends on the surface
chemistry of coated dense silica layer rather than the
nanocrystals, so this nanocapsule formation strategy
could be extended to synthesize various multifunc-
tional hollow core/shell structured nanocapsules by
simply changing the functional core, depending on the
practical requirements and elaborate design in nano/
micrometer scale.

We further substituted ellipsoidal FesO, with spheri-
cal Au nanoparticles to demonstrate this hypothesis, in
virtue of the unique optical properties of Au nanoparti-
cles such as surface plasma resonance enhanced light
scattering and absorption, and the ability to efficiently
convert the strongly absorbed light into localized heat,
which could be exploited for in vivo imaging and the se-
lective laser photothermal therapy of cancer.®® Further-
more, we grafted Gd—Si—DTPA into the pores of
Au@mSiO, nanocapsules using the abundant surface
chemistry of mesoporous silica layer (e.g., Si—OH),
which could be used for biological bimodal imaging in-
cluding dark-field light scattering cell imaging and T;-
weighted MRI, and anticancer drug encapsulation and
delivery. Figure 7 and S6 show the structural evolution
during the preparation process, including coating non-

Www.acsnano.org

porous silica and mesoporous silica shells on Au sur-
face, etching away the middle silica layer and further
grafting Gd—Si—DTPA (T; MRI contrast agent) for mul-
tifunctionalization. The obtained Gd complex grafted
Au@mSiO, nanocapsules exhibit strong surface plasma
enhanced absorption (Figure 8), which makes them
useful for biomedical dark-field light scattering imag-
ing and detection of live cells (Figure 9).” Besides, the
obtained Gd—Si—DTPA grafted Au@mSiO, nanocap-
sules show T;-weighted signal enhancement with a r;
value of 7.43 mM~'s™1, demonstrating the potential ap-
plication in T;-weighted MRI (Figure 10).

Figure 9. Dark-field optical microscopic images of HelLa cells (a) be-
fore and (b) after incubation with 100 pg/mL Gd—Si—DTPA grafted
Au@mSiO, nanocapsules. Dark-field microscopic observation of
Gd—Si—DTPA grafted Au@mSiO, nanocapsules was carried out to
evaluate whether the obtained multifunctional nanocapsules could
be used for optical cell imaging, which is endowed by the special light
scattering ability of Au nanoparticles. The experimental condition for
obtaining the images of HeLa cells before and after the treatment was
the same. From the images, it could be seen that the Hela cells could
scatter light to a certain degree, the outline of which could not be

clearly distinguished. However, HelLa cells could be lit up by

Gd—Si—DTPA grafted Au@mSiO, nanocapsules, which could be di-
rectly observed from the clear cell outlines. This implies that obtained
Au@mSiO, multifunctional nanocapsules could be uptaken by cells

and used for optical cell imaging.
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Figure 10. Schematic illustration of the Gd—Si—DTPA grafting of (a)
Au@mSiO, nanocapsules and (b) T;-weighted images of
Gd—Si—DTPA-Au@mSiO, nanocapsules of different Gd concentra-
tions in water; (c) r, relaxation curve of Gd—Si—DTPA-Au@mSiO,
nanocapsules.

CONCLUSIONS

In summary, the concept of hollow core/shell struc-
tured mesoporous nanocapsules as multifunctional
DDSs has been demonstrated by using ellipsoidal
Fe;0,@mSiO, nanocapsules as an example of a promis-
ing platform for simultaneous drug delivery and cell im-
aging. The obtained Fe;0,@mSiO, nanocapsules
showed much increased surface area and pore volume
after the removal of the middle silica layer from

EXPERIMENTAL METHODS

Materials. Tetraethyl orthosilicate (TEOS), ethanol, ammonia
solution (25—28%), urea, pyridine, sodium citrate tribasic dehy-
drate, HAuCl, - 3H,0 and NaH,PO, were obtained from Sinop-
harm Chemical Reagent Co.. Octadecyltrimethoxysilane (C;sTMS)
was purchased from Tokyo Chemical Industry Co., Ltd.. PBS solu-
tion (pH = 7.4) was obtained from Shanghai Runcheng Biomedi-
cal Co., Ltd.. 3-Aminopropyltriethoxysilane (APTES),

Fe(ClO,); - 6H,0, polyvinylpyrrolidone (PVP10), diethylenetri-
amine pentaacetic dianhydride, fluorescein isothiocyanate (FITC)
and GdCl; - 6H,0 were purchased from Sigma-Aldrich. Antican-
cer drug doxorubicin hydrochloride (DOX, for injection use) was
provided by Zhejiang Haizheng Pharmacy Co., Ltd. Deionized
water was used in all experiments.

Methods. Preparation of Fe;0,@mSi0, Nanocapsules. The Fe30,@mSiO,
nanocapsules with ellipsoidal morphology were fabricated ac-
cording to a structural difference based selective etching strat-
egy. Briefly, 30 mg of ellipsoidal Fe,0; were dispersed in a mix-
ture of 71.4 mL of ethanol, 10 mL of H,0 and 3.14 mL of
ammonia solution under ultrasonic treatment. Then, 0.53 mL of
TEOS was diluted in 4 mL of ethanol and added into above solu-
tion by an injection pump with the speed of 4 mL/h under mag-
netic stirring at room temperature. After the injection, the reac-
tion solution was stirred for another 1 h (Fe,0;@SiO,). A mixture
of 0.3 mL of TEQS, 0.2 mL of C;sTMS and 4 mL of ethanol was in-
jected into the reaction medium by the injection pump at the
speed of 4 mL/h, and then the reaction was continued for an-
other 1 h at room temperature by magnetic stirring
(Fe,0;@Si0,@mSi0,). The product was collected by centrifuga-
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Fe,0;@Si0,@mSiO, nanostructures for middle cavity
formation, and the cavity space between the core
and shell, together with the pore size on the thin
mesoporous silica shell could be well controlled by
changing experimental conditions of the selective
etching process. Importantly, the Fe;0,@mSiO,
nanocapsules showed high loading capacity (20%)
and encapsulation efficiency (up to 100%) for doxo-
rubicin simultaneously. The excellent biocompatibil-
ity of Fe30,@mSiO, was demonstrated by its negli-
gible hemolysis against human blood cells, no
significant coagulation effect against human blood
plasma and very low cytotoxicity against various cell
lines (MCF-7, HeLa and L929). The cytotoxicity of
doxorubicin loaded Fe;0,@mSiO, against human
breast cancer MCF-7 cells was higher than free dox-
orubicin at relatively low drug concentrations be-
cause of the intracellular release of drugs and re-
duced MRD effect. Besides, the potential application
of Fe30,@mSiO, nanocapsules as contrast agents
for MRl was also demonstrated both in vitro and in
vivo. The results indicate that biocompatible mag-
netic Fe30,@mSiO; nanocapsules are the excellent
anticancer drug carriers for the simultaneous imag-
ing diagnosis and chemotherapy applications. In ad-
dition, various types of multifunctional platforms of
core/shell structured mesoporous nanocapsules
could be obtained by using the similar synthetic strat-
egy but different inorganic cores, such as Gd—Si—DTPA
grafted Au@mSiO, nanocapsules, which was also demon-
strated and discussed in this paper.

tion with the speed of 10 000 rmp for 10 min. Half the product
was then dispersed in 50 mL of H,O by ultrasonic treatment for
2 h. Then, 7 mL of ammonia solution (2 mol/L) was added into
the solution, which was put in an autoclave (100 mL volume) and
transferred into the baking oven (150 °C) for different time inter-
vals (Fe,0;@mSi0,). After the autoclave was cooled down to
room temperature, the sample was collected and washed with
H,0 and ethanol for several times. Then the sample was dried at
100 °C and calcined at 550 °C for 10 h to burn out the surfac-
tant (C;5TMS). Finally, to transform Fe,0;@mSiO, nanocapsules
into magnetic Fe30,@mSiO, nanocapsules, the sample was re-
duced in a mixed H, (5% volume percentage) and Ar (95% vol-
ume percentage) gases at 410 °C for 5 h.

Hemolysis Assay. The hemolysis assay experiments were carried
out according to previous reports.*>*%> To be further close to
the actual situation, human blood stabilized by EDTA, which was
kindly provided by Shanghai Blood Center (obtained from volun-
teers), was employed to evaluate the blood compatibility of ob-
tained nanocapsules. The red blood cells (RBCs) were collected
by removing the serum from the blood by centrifugation and
suction. The RBCs were purified by washing with PBS for five
times. Then, the RBCs were diluted to 1/10 of their initial vol-
ume with PBS solution. A 0.3 mL suspension of diluted RBCs sus-
pension was then mixed with: a) 1.2 mL of PBS as a negative con-
trol; b) 1.2 mL of deionized water as a positive control; ¢) 1.2
mL of magnetic nanocapsules suspensions (PBS) at concentra-
tions ranging from 25 to 500 pg/mL. The mixtures were then
shook and stood still for 2 h at room temperature. The samples
were centrifuged and the absorbance of the supernatants at 541
nm was measured by a UV—vis spectroscope.
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In Vitro Cytotoxicity. In vitro cytotoxicity of magnetic
Fe30,@mSiO, nanocapsules was assayed against different cell
lines, including breast cancer MCF-7 cells, cervical Hela cells and
mouse fibroblast L929 cells. Cells (MCF-7, HeLa and L929) were
seeded in a 96-well plate at a density of 10* cells per well and cul-
tured in 5% CO, at 37 °C for 24 h. Then, the nanocapsules were
added to the medium separately, and then the cells were incu-
bated in 5% CO, at 37 °C for 24 and 48 h. The concentrations of
the nanocapsules were 50, 100, 200, 400 pg/mL respectively. At
the end of the incubation, the media containing the nanocap-
sules was removed, and 100 p.L of 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) solution (diluted in a cul-
ture media with a final concentration of 0.8 mg/mL) was added
and incubated for another 4 h. The medium was then replaced
with 100 pL of dimethyl sulfoxide (DMSO) per well, and the ab-
sorbance was monitored using a microplate reader (Bio-Tek
ELx800) at the wavelength of 490 nm. The cytotoxicity was ex-
pressed as the percentage of cell viability compared to untreated
control cells.

Cell Internalization of Fe;0,@mSi0, Nanocapsules for Confocal Laser Scanning
Microscopy (CLSM) Observations. Fluorescein isothiocyanate (FITC) was
grafted into the nanocapsules to facilitate CLSM observations,
which was described as follows: FITC (15 mg) was reacted with
3-aminopropyltriethoxysilane (APTES, 100 pL) in ethanol (5 mL)
under dark conditions for 24 h. Subsequently, magnetic nano-
capsules (20 mg) were reacted with FITC-APTES stock solution (1
mL) under dark conditions for 24 h. The FITC grafted nanocap-
sules were collected by centrifugation and washed with ethanol
several times to remove the unreacted FITC-APTES. Finally, the
FITC-nanocapsules were dried under vacuum at room tempera-
ture. For CLSM observations, MCF-7 cells were seeded in a 6-well
plate with one piece of cover glass at the bottom of each well
in incubation medium (DMEM containing 10% FBS, 100 U/mL
ampicillin, 100 wg/mL streptomycin) and incubated for 24 h at
37 °C. FITC-nanocapsules were added into the incubation me-
dium at the concentration of 100 pg/mL for 3 h incubation in 5%
CO, at 37 °C. After the medium was removed, the cells were
washed twice with cold PBS (pH = 7.4) and the cover glass was
visualized under a laser scanning confocal microscope (FluoView
FV1000, Olympus).

Bio-TEM Observations. The MCF-7 cells were incubated with 200
rg/mL of magnetic nanocapsules for 24 h. Then, the cells were
washed twice with D-hanks and detached by incubation with
0.25% trypsin for 5 min. The cell suspension was centrifuged at
5000 r/min for 2 min. After the removal of incubation medium,
the MFC-7 cells were fixed by glutaraldehyde at room tempera-
ture, then rinsed with PB and dehydrated through a graded eth-
anol series, finally cleared with propylene oxide. Then, the cell
sample was embedded in EPOM812 and polymerized in the oven
at 37 °C for 12 h, 45 °C for 12 h and 60 °C for 48 h. Ultrathin sec-
tions of approximately 70 nm thick were cut with a diamond
knife on a Leica UC6 ultramicrotome and transferred to the cop-
per grid. The images were viewed on JEM-1230 electron
microscopy.

DOX Loading, Intracellular DOX Delivery and Cytotoxicity Assay. Ten milli-
grams of magnetic nanocapsules were mixed with 5 mL of DOX
solution in PBS (0.5 mg/mL). After stirred for 24 h under dark con-
ditions, the DOX-loaded particles were collected by centrifuga-
tion. To evaluate the DOX loading capacity, the supernatant was
collected and the residual DOX content was measured by
UV—vis measurements at the wavelength of 480 nm. To test
the cytotoxicity of DOX loaded magnetic Fe;0,@mSiO, nanocap-
sules, breast cancer cells MCF-7 were seeded in a 96-well plate
at a density of 2 X 10° cells per well and cultured in 5% CO, at
37 °C for 24 h. Then, free DOX, DOX-nanocapsules were added to
the medium, and the cells were incubated in 5% CO, at 37 °C
for 24 and 72 h. The concentrations of DOX were 0.1, 1, 5, 20 g/
mL, respectively. Cell viability was determined using MTT assay,
which was the same as the procedure for cytotoxicity assay for
the empty Fe,0;@mSiO, nanocapsules.

MRI Test. The in vitro MR imaging experiment was performed
on a 3.0 T clinical MRI instrument (GE Signa 3.0 T), and the pulse
sequence used was a T-weighted Fast-recovery fast spin—echo
(FR-FSE) sequence with the following parameters: TR = 4000 ms,
slice thickness = 3.0, TE = 98 ms, echo length = 15 ms. For
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MRI tests, the Fe content (or Gd) of the nanocapsules in water
was determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES). For in vitro MCF-7 cells MRI test, 2 X

106 of MCF-7 cells were seeded in a culture dish for 24 h. Then,
the as-prepared magnetic nanocapsules were incubated with
cells for 6 h at the concentration of 50 pwg/mL. After washed by
D-hanks for three times, the cells were detached by incubation
with 0.25% trypsin for 5 min. The detached cells were collected
by centrifugation at 5000 rmp for 2 min. Then the cells were im-
aged on a 3.0 T clinical MRI instrument (GE signa 3.0 T). For in
vivo MRI test, C57/BL6 mice bearing melanoma tumor were se-
lected to assay the imaging ability of the magnetic nanocapsules.
In vivo MRI was carried out before and at selected time intervals
(1 h, 4 and 24 h) after the injection of magnetic nanocapsules
with the same concentrations (500 wg/mL in physiological sa-
line solution). Moreover, magnetic Fe30,@mSiO, nanocapsule
physiological saline solution (250 pwg/mL, 500 pg/mL and 1000
rg/mL, respectively) was subcutaneously injected right at the tu-
mor site of the tumor-bearing mouse. Then the mouse was taken
for the T,-weighted MRI test. Animal procedures were in agree-
ment with the guidelines of the Instituonal Animal Care and Use
Committee.

Dark-Field Microscopy Observations of Hela Cells Before and After Incubation
with Gd— Si—DTPA Grafted Au@mSi0, Nanocapsules. HeLa cells were seed
in culture dishes until the cell density reached about 80%. The
obtained Gd—Si—DTPA grafted Au@mSiO, nanocapsules were
dispersed into culture medium (DMEM containing 10% FBS, 100
U/mL ampicillin, 100 pwg/mL streptomycin) at the concentration
of 100 pg/mL by ultrasonic treatment. Then, cell culture contain-
ing multifunctional nanocapsules was added into the culture
dish, which was incubated with Hela cells for 12 h. After the in-
cubation, the cells were washed with D-hanks for three times to
remove the nanocapsules which were not uptaken by Hela cells.
Hela cells without incubation with nanocapsules were used as
control. The dark field microscopic images were obtained on
Olympus BX51 optical microscopy, using a dark-field imaging
accessory.

Characterization. Transmission electron microscopy (TEM) im-
ages were obtained on a JEM-2100F electron microscope oper-
ating at 200 kV. Scanning electron microscopy (SEM) images
were obtained on a field emission JEOL JSM-6700F microscope.
UV —vis spectra were recorded on a UV-3101PC Shimadzu spec-
troscope. Nitrogen adsorption—desorption isotherms at 77K
were measured on a Micrometitics Tristar 3000 system. All
samples were pretreated for 12 h at 393K under nitrogen be-
fore measurements, The pore size distributions were calculated
from desorption branches of isotherms by the
Barrett—Joyner—Halenda (BJH) method. Pore volume and spe-
cific surface area were calculated by using
Barrett—Joyner—Halenda (BJH) and Langmuir methods,
respectively.
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