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ABSTRACT: Integrating multiple components to realize |
cancer diagnosis and therapy in a single theranostic nanoplat-
form has drawn considerable attention. Herein, a multifunc-
tional theranostic nanoplatform (mSiO,@PbS/CdS-Fe;0,)
was successfully fabricated by carefully designing thiol-
modified large-pore mesoporous silica nanospheres (mSiO,),
followed by coordination-driven embedding of Fe;O, nano-
particles (NPs) and PbS/CdS quantum dots (QDs) inside.
The excellent feature of near-infrared (NIR) excitation and NIR emission of PbS/CdS QDs enables deep-tissue
photoluminescence imaging, which was demonstrated ex vivo with tissue as thick as 14 mm. Meanwhile, owing to the
presence of superparamagnetic Fe;O, NPs, mSiO,@PbS/CdS-Fe;O, can be rapidly confined under an external magnetic field
(MF), and exhibit a significantly high T, relaxivity in T,-weighted magnetic resonance (MR) images in vivo. When mSiO,@
PbS/CdS-Fe;O, was exposed to external physical stimuli of MF and/or NIR laser, they produced strong local heating through
magnetothermal/photothermal effects. Owing to the unique mesoporous structure of mSiO,@PbS/CdS-Fe;O,, doxorubicin
(DOX) was readily loaded into them and the drug-release profile was subsequently evaluated under multistimuli (pH/MF/
NIR). The release of DOX was significantly enhanced at lower pH, and higher temperatures caused by magnetothermal/
photothermal effects. Our results pave the road toward developing a highly powerful nanoplatform for bimodal imaging (NIR
deep-tissue photoluminescence and MR imaging), and simultaneously for integrating synergistic treatment capabilities of

Bimodal
imaging

Photothermal
therapy/magnetic
hyperthermia therapy

hyperthermia and pH/MF/NIR-responsive drug release.

B INTRODUCTION

Over the last few decades, various imaging techniques have
been developed to study dynamic physiological changes in
biological environments, especially for early cancer diagnosis.
Magnetic resonance (MR) imaging, one of the most advanced
imaging techniques, has become a staple in the clinic and is
extensively applied for cancer diagnosis." However, retrieving
detailed subcellular information from MR imaging is difficult
due to the limited spatial resolution and low contrast agent
sens.itivity.2 Photoluminescence imaging, on the other hand,
can potentially overcome these issues due to its high sensitivity
at the subcellular level, which also has an additional advantage
of relatively low cost of related imaging facilities. The
combination of both, MR and photoluminescence imaging,
into a single bimodal imaging platform is thus highly desired in
the fight against cancer because it integrates acquisition of
macroscopic and subcellular information, in turn increasing the
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reliability and accuracy of diagnosis. Motivated by the
unprecedented efficacy of cancer diagnosis, studies that
combine MR and photoluminescence imaging probes have
been emerging gradually.”*~” Nonetheless, among these
previous studies, most of them focused on the use of visible-
emitting organic dyes, upconverting nanoparticles (NPs) and
quantum dots (QDs), which suffer from limited tissue
penetration and whose signal can be also obscured by tissue
autofluorescence in the visible range.” "*~'* To solve this
problem, an ideal photoluminescent component, with its
absorption and emission wavelengths both located in the so-
called biological windows with high optical transparency in the
near-infrared (NIR) range (NIR-I: 700—950 nm; NIR-II:

Received: January 4, 2019
Revised:  April 22, 2019
Published: April 24, 2019

DOI: 10.1021/acs.chemmater.9b00028
Chem. Mater. 2019, 31, 3201-3210


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b00028
http://dx.doi.org/10.1021/acs.chemmater.9b00028

Chemistry of Materials

Scheme 1. Schematic of Fe;0,- and PbS/CdS-Loaded Large-Pore mSiO, (mSiO,@PbS/CdS-Fe;0,) Nanospheres for
Application in Bimodal (NIR Photoluminescence and MR) Imaging, PTT/MHT, and Simultaneous pH/NIR/MF

Multiresponsive Drug Release
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1000—1350 nm), should be specifically developed.'”'* With
the introduction of NIR-operable emitters, the bimodal
imaging probe can efficiently circumvent absorption and
scattering of both incident and emitted photons by
endogenous tissue constituents, thus achieving deep-tissue
penetrated 1photoluminescence imaging with a high signal-to-
noise ratio."> Therefore, it is highly desirable to engineer new
multifunctional (superparamagnetic and photoluminescent)
NPs with integrated MR and NIR optical imaging for in vivo
deep-tissue bimodal diagnostics.

Once the early diagnosis of cancer has been established, the
survival rate for cancer can be largely increased if appropriate
therapeutic strategies are timely implemented. Designing
external stimulus-responsive nanoplatforms for remotely
controlled cancer treatment has aroused widespread interest,
as a means to potentially avoid drug overdose and reduce side
effects.' To date, a variety of external physical stimuli, such as
light, pH, temperature, and magnetic field (MF), have been
used to trigger/control functional NPs-based cancer ther-
apy.'’7?° Among these, magnetic hyperthermia therapy
(MHT) using superparamagnetic NPs has been translated
into the commercial clinical setting for the treatment of
cancers.”’ Meanwhile, the NIR light-stimulated photothermal
therapy (PTT) has become one of the research focuses rapidly
approaching the clinical setting, owing to its easy operation,
noninvasiveness, high specificity, and reasonable penetration.'”
Besides using heat to directly kill the cancer cells in both MHT
and PTT, the thermal effect can be used to trigger the release
of therapeutic drugs highly locally at specific tumor sites, thus
providing a synergistically improved therapeutic efficiency
compared to a single mode of MHT/PTT. A number of
studies based on gold NPs, carbon nanotubes, graphene oxide,
and iron oxide hybrid NPs for MHT/PTT and multiresponsive
drug release have been reported.”' ~>* Nonetheless, there are
few research studies integrating bimodal imaging (not to
mention NIR imaging), MHT/PTT, and multiresponsive drug
release into one nanoplatform, which can result in a largely
enhanced theranostic potential allowing for the simultaneous
diagnosis and treatment of the disease.”

Mesoporous silica (mSiO,) NPs are extensively investigated
in the application of drug delivery as an alternative to
traditional organic emulsions/liposomes because they generally
possess a rigid mesostructured framework, high stability against
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various temperatures, and ease of surface modification for
linking drug molecules.'®***” Unfortunately, mSiO, NPs
prepared by employing cetyltrimethylammonium bromide or
other alkylammonium surfactants as a template usually show
small pore size (<2 nm), which greatly hinders their use for
encapsulation of macromolecular drugs (>2 nm) and func-
tional NPs (iron oxide, gold, QDs, etc.).28 Therefore, it is of
paramount importance to fabricate uniform mSiO, with large
pore size (>S5 nm) for in vivo biomedical applications. Very
recently, Zhao and co-workers have reported a novel type of
three-dimensional dendritic biodegradable mSiO, nanospheres
using a biphase stratification approach.”” The average pore size
of mSiO, nanospheres could be adjusted to 13 nm by adopting
appropriate experimental reaction parameters. Owing to their
unique large pores, these mSiO, nanospheres acted as effective
nanocarriers, exhibiting high protein (bovine f-lactoglobulin)-
loading capacity.

Inspired by the previously published work of Zhao and co-
workers,”” herein, we successfully realized a multifunctional
nanoplatform based on the deliberately modified large-pore
mSiO, for bimodal imaging, PTT/MHT, and pH/MF/NIR-
responsive drug release, as illustrated in Scheme 1. Specifically,
Fe;0, NPs of suitable size and PbS/CdS QDs with desired
NIR photoluminescence were loaded into the thiol-modified
large-pore mSiO, to form a multifunctional photoluminescent
and superparamagnetic nanoplatform (mSiO,@PbS/CdS-
Fe;0,). Doxorubicin (DOX), a widely used clinical anticancer
drug, was used as a model to study their multiresponsive drug-
release behavior.”” The mSiO,@PbS/CdS-Fe;O, as a nano-
carrier/host with high loading capacity allows to integrate the
unique properties of each component in a single nano-
architecture. When this nanoplatform was exposed to an acidic
tumor microenvironment, pH-responsive drug release was
promoted. Under irradiation of NIR light, the PbS/CdS QDs
incorporated into the mSiO,@PbS/CdS-Fe;O, not only
generated NIR photoluminescence for deep-tissue bioimaging
but also converted NIR light to heat for PTT and further
triggered or accelerated drug release. Meanwhile, mSiO,@
PbS/CdS-Fe;O, consisting of a large number of super-
paramagnetic Fe;O, NPs were expected to serve as potential
MR imaging probes, MHT agents, and effective vehicles for
targeted delivery of drugs to cancer sites and to realize
promoted MF-responsive drug release.
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Figure 1. (a) Schematic of the synthetic procedure for mSiO,@PbS/CdS-Fe;0,. (b) Transmission electron microscopy (TEM) image of mSiO,.
The inset shows the corresponding TEM image of mSiO, at a higher magnification. (c¢) TEM images of thiol-modified mSiO, (denoted as mSiO,-
SH herein), (d) PbS/CdS QDs, and (e) Fe;O, NPs. (f, g) TEM images of mSiO,@PbS/CdS-Fe;O, at different magnifications. (h) High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and (i—k) energy-dispersive X-ray (EDX) elemental

mapping images of an individual mSiO,@PbS/CdS-Fe;0,.

To the best of our knowledge, this is the first report to
simultaneously combine bimodal imaging (NIR deep-tissue
photoluminescence and MR imaging), PTT/MHT, and pH/
ME/NIR-responsive drug release in one system. This system
exhibits three remarkable advantages: (1) multimodal imaging
featuring combined preferred NIR deep-tissue photolumines-
cence and MR imaging; (2) synergistic and highly localized
hyperthermia and multiresponsive drug release; and (3)
remotely controlled drug release due to the MF/NIR-
responsive character. It is expected that such a nanoplatform
can be simultaneously used for high eflicacy imaging,
diagnostics, and therapeutics. The thiol modification, the
relatively large pore size, and the rational synthesis of loaded
NPs with appropriate sizes are all critical in achieving this
complex, highly functional nanostructure.

B RESULTS AND DISCUSSION

The synthetic strategy for mSiO,@PbS/CdS-Fe;0, is outlined
in Figure la, which involves the functionalization of large-pore
mSiO, first with thiol groups using (3-mercaptopropyl)-
trimethoxysilane as a coupling agent and subsequent
immobilization of Fe;O, NPs and PbS/CdS QDs into thiol-
modified nanocarriers (mSiO,). The large-pore mSiO, was
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synthesized by a biphase stratification continuous growth
approach, i.e., a heterogeneous oil-water biphase stratification
reaction system containing tetraethyl orthosilicate in hydro-
phobic organic solvent of the upper oil phase as well as cationic
cetyltrimethylammonium chloride as the template and
triethanolamine as the catalyst in the lower aqueous phase.”’
The mesopore size of the nanospheres highly depends on the
swelling behavior of the hydrophobic organic solvent in oil-
water biphase stratification system. According to the previously
published work, mSiO, with the largest mesopore size of ~13
nm could be obtained when 5% v/v tetraethyl orthosilicate-in-
cyclohexane solution was selected as the upper oil phase due to
its more effective swelling behavior compared to other organic
solvents.”” Here, since mSiO, was used as a host for Fe;O,
NPs and PbS/CdS QDs, relatively large pore sizes (>10 nm)
are in principle preferred for loading more Fe;O, NPs and
PbS/CdS QDs. We thus took the same strategy to prepare the
mSiO, with mesopore size >10 nm, as shown in Figure 1b. The
resultant large-pore mSiO, is highly uniform and has a three-
dimensional dendritic mesoporous structure with an average
size of ca. 170 nm (Figure S1c). Their center-radial mesopore
channels can be clearly observed in the inset of Figure 1b. To
evaluate the surface area and pore size distribution of mSiO,,
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Figure 2. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distribution of mSiO, and mSiO,@PbS/CdS-Fe;0,. (c) Textural
properties of mSiO, and mSiO,@PbS/CdS-Fe;0,. (d) Relationship between the measured loading level and feeding content of Fe;O, NPs and
PbS/CdS QDs. (e) Photographs of the supernatant (top) and redispersed mSiO,@PbS/CdS-Fe;0, (bottom) after loading Fe;O, NPs and PbS/
CdS QDs into thiol-modified mSiO, with feeding content varied from 50 to 120%. (f) Photoluminescence spectrum of mSiO,@PbS/CdS-Fe;0, in
the NIR-II window. The inset shows the corresponding integrated NIR photoluminescence intensity as a function of mass ratio of PbS/CdS QDs
to Fe;0, NPs. (g) Field-dependent magnetization of mSiO,@PbS/CdS-Fe;O, at 300 K. The inset shows the enlarged view of field-dependent
magnetization curve under low magnetic fields. (h) Temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves
at 100 Oe for mSiO,@PbS/CdS-Fe;0,. (i) Photographs of an aqueous dispersion of mSiO,@PbS/CdS-Fe;0, in a cuvette (left) before and (right)
after applying a magnet for 2 min. mSiO,@PbS/CdS-Fe;0, can be well redispersed in aqueous solution again after shaking. Logo in (e): used with

permission from INRS.

nitrogen adsorption—desorption isotherms (Figure 2a) were
acquired by measuring Brunauer—Emmett—Teller (BET)
surface adsorption. The isotherms of large-pore mSiO, can
be classified as the type IV isotherm with H4 hysteresis loop,
which demonstrates the typical ordered mesoporous structure
with a narrow pore size distribution.”” The BET surface area of
mSiO, was measured to be ~664 m’/g and the total pore
volume ~1.496 cm®/g (Figure 2c). The derived pore size
distribution of the mSiO, is shown in Figure 2b, from which
the mean pore size was estimated to be ~12.5 nm (Figure 2c).
It is anticipated that the large pore volume and size of the
mSiO, can provide sufficient space for embedding both Fe;O,
NPs and PbS/CdS QDs. The large-pore mSiO, was
subsequently grafted with thiol groups using (3-
mercaptopropyl)trimethoxysilane for anchoring Fe;O, NPs
and PbS/CdS QDs.”' The thiol-modified mSiO, retains the
same morphology of mSiO, (Figure 1c), while the C—H and
S—H stretching modes at 2940 and 2560 cm™ in the Fourier
transform infrared (FTIR) spectrum (Figure S2) confirm the
successful thiol modification of mSiO,.*’
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To easily and efficiently embed Fe;O, NPs and PbS/CdS
QDs into the mesoporous channels of the mSiO,, the size of
Fe;0, NPs and PbS/CdS QDs should be small enough for
loading. Otherwise, these NPs may only be anchored onto the
surface of the mSiO, instead of inside the mesoporous
channels and the loading level will be largely restricted. Since
PbS/CdS QDs can be synthesized such as to operate in the
NIR-II (including both excitation and emission), which is well
suited for high-contrast deep-tissue imaging,*” they have been
chosen as the photoluminescent component. Generally, PbS
QDs synthesized from the most commonly used sulfur-
oleylamine injection method (also used herein) possess sizes
in the range of 4.2—6.4 nm.”>>> After the cation-exchange
process, the resultant PbS/CdS QDs maintain a similar size to
the initial PbS QDs.***” Their TEM image (Figure 1d) and
size distribution histogram (Figure Sla) indicate that the
prepared PbS/CdS QDs are 4.3 + 0.6 nm in diameter and are
suitable for loading into the mesopore channels of thiol-
modified mSiO,. The emission peak of PbS/CdS QDs is
located at 1200 nm in the NIR-II window (Figure S3).
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Regarding Fe;O, NPs, high-quality, uniform ones synthesized
by the typical thermal decomposition method in 1-octadecene
(ODE, boiling point: 320 °C) are usually larger than 10 nm in
diameter, which hinders their loading into mSiO,. To
circumvent this issue, herein, we have synthesized ultrasmall
Fe;O, NPs by a slightly modified thermal decomposition
method, in which a mixture of 1-tetradecene/ODE, instead of
pure ODE, was emg)loyed to lower the boiling point of the
solvent (290 °C).>” The diameter of resulting Fe;O, NPs
decreases to ca. 5 nm, which is much smaller than that of
Fe;0, NPs synthesized in pure ODE.”® From their TEM
image (Figure le) and size distribution histogram (Figure
S1b), it can be seen that the ultrasmall Fe;O, NPs have
uniform morphology, a narrow size distribution (49 + 05
nm), and good dispersity (i.e., no agglomeration), all pertinent
for efficient loading inside the thiol-modified mSiO,.

The loading procedure was performed by mixing Fe;O,
NPs, PbS/CdS QDs, and the thiol-modified mSiO, particles in
chloroform. The strong coordination between the thiol groups
and metal cations resulted in the efficient loading and
immobilization of Fe;O, NPs and PbS/CdS QDs inside the
mesoporous channels of mSiO,.>"*” Corresponding TEM
images (Figure 1fg), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image
(Figure 1h), and energy-dispersive X-ray (EDX) elemental
mapping images (Figure li—k) confirm the loading of Fe;O,
NPs and PbS/CdS QDs into thiol-modified mSiO,, and the
overall size of mSiO,@PbS/CdS-Fe;O, remains the same as
that of the initial mSiO, (Figure S1d), suggesting that most of
the particles are indeed uniformly situated inside the
mesoporous channels, instead of residing on the external
surface of thiol-modified mSiO,, which is favorable for targeted
biomedical applications herein. This conclusion was also
supported by BET measurements, to be described in the text
later. Meanwhile, the EDX spectra and X-ray diffraction
(XRD) patterns (Figure S4a,b) verify that the mSiO,@PbS/
CdS-Fe;0, consists of Fe;O, NPs and PbS/CdS QDs. In
addition, it should be mentioned that Fe;O, NPs and PbS/
CdS QDs cannot be immobilized inside the as-prepared mSiO,
without any surface modification due to the lack of strong
interactions between metal cations and SiO, (Figure SS). It
underlines the critical role of thiol modification, applied herein,
in the construction of the multifunctional nanoplatforms of our
interest.

We further explored the loading capacity of the mesoporous
channels of the mSiO, matrix. We mixed the Fe;O, NPs and
PbS/CdS QDs at a mass ratio of 1:1 and then added them into
the thiol-modified mSiO,-in-chloroform dispersion at varying
quantities. The loading content (mass ratio of loaded Fe;0,
NPs and PbS/CdS QDs to thiol-modified mSiO, matrix),
measured by inductively coupled plasma-optical emission
spectrometry, reached 95% (Figure 2d), very close to the
nominal feeding content of 100% (mass ratio of added Fe;O,
NPs and PbS/CdS QDs to thiol-modified mSiO,). This
excellent result was in line with our observation that the
supernatant after centrifuging the mixed dispersion was nearly
colorless, straightforwardly supporting that not many free,
unloaded Fe;O, NPs and PbS/CdS QDs remained in the
dispersion (Figure 2e). With a highly porous structure, it is
clear that the thiol-modified mSiO, exhibits a high loading
capacity and widely tunable loading levels, which can be
adjusted in the range of 0—103% (Figure 2d) by varying the
feeding content from 0 to 120%.
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It is known that Fe;O, NPs have the photoluminescence
quenching effect on QDs, namely, the photoluminescence of
QDs decreases in the presence of Fe;O, NPs in a mixed
system.*”*" The details of the photoluminescence quenching
mechanism are beyond the scope of the present work. Herein,
we fixed the concentration of Fe;O, NPs and then gradually
increased the loading concentration of PbS/CdS QDs for the
purpose of obtaining the maximum photoluminescence of
mSiO,@PbS/CdS-Fe;0, for NIR deep-tissue imaging. It can
be observed from TEM images (Figure S6a—c) that
significantly more PbS/CdS QDs can be found in the channels
of mSiO,@PbS/CdS-Fe;0, with the increased loading of PbS/
CdS QDs. The NIR photoluminescence spectrum of mSiO,@
PbS/CdS-Fe;0, shows a peak centered at around 1200 nm in
the NIR-II window (Figure 2f), which is almost the same as
that of the initial PbS/CdS QDs (Figure S3). The NIR
photoluminescence intensity of mSiO,@PbS/CdS-Fe;0, first
increases with the mass ratio and then decreases mainly due to
the self-quenching effect of PbS/CdS QDs at higher
concentrations, with the maximum intensity achieved at the
mass ratio of 2:1 (Figure 2f). We thus fixed the mass ratio of
PbS/CdS QDs to Fe;O, NPs at 2:1 as an optimal value for
NIR deep-tissue imaging and used it for the subsequent
investigations of this work. After loading with PbS/CdS QDs
and Fe;O, NPs, the nitrogen adsorption—desorption isotherms
shrink (Figure 2a), which can be easily understood since the
mesopores of mSiO, are now occupied by PbS/CdS QDs and
Fe;O, NPs. Similarly, the average pore size becomes smaller
and the pore size distribution becomes narrower (Figure 2b),
as expected. The average pore size, BET surface area, and pore
volume of mSiO,@PbS/CdS-Fe;0, were measured to be ~7.8
nm, ~475 m*/g, and ~0.953 cm?/g (Figure 2c), respectively.
Although they are all smaller than those of pure mSiO,, as
expected, mSiO,@PbS/CdS-Fe;0, still has sufficient space for
loading drug molecules because of their unique three-
dimensional dendritic mesoporous structure.

Since the ultrasmall Fe;O, NPs are embedded into the
mesopores of mSiO,, the mSiO,@PbS/CdS-Fe;0, possesses
interesting superparamagnetic properties. The magnetic
characterization was performed using a vibrating sample
magnetometer. The field-dependent magnetization plot with
negligible remanence and coercivity shown in Figure 2g
illustrates that mSiO,@PbS/CdS-Fe;0, is superparamagnetic
with a saturation magnetization (M) of ~7.1 emu/g at 300 K.
This value is lower than those reported for plain Fe;O, NPs in
the literature because the presence of nonmagnetic compo-
nents of thiol-modified mSiO, and PbS/CdS QDs inside
mSiO,@PbS/CdS-Fe;0, reduces the “magnetically effective”
weight, and thus decreases the value of Ms per gram of
mSiO,@PbS/CdS-Fe;O,. The temperature-dependent zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
curves of mSiO,@PbS/CdS-Fe;O, (Figure 2h) were measured
under a magnetic field of 100 Oe between 5 and 300 K. The
ZFC and FC curves coincide at high temperatures but diverge
at low temperatures due to progressive blocking of particles as
the temperature decreases, which is consistent with the
characteristic superparamagnetic behavior."””*> The blocking
temperature (T},) was estimated to be ~115 K, lower than
room temperature, suggesting the superparamagnetic behavior
of mSiO,@PbS/CdS-Fe;0, at room temperature and further
ensuring its easy manipulation by an external MF at room
temperature. As a consequence, the complex mSiO,@PbS/
CdS-Fe;0, particles well dispersed in an aqueous solution

DOI: 10.1021/acs.chemmater.9b00028
Chem. Mater. 2019, 31, 3201-3210


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00028/suppl_file/cm9b00028_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b00028

Chemistry of Materials

(Figure 2i, left) can be rapidly confined toward a magnet in 2
min after it is applied (Figure 2i, right). Slight shaking of the
cuvette will redisperse the mSiO,@PbS/CdS-Fe;0, back into
the original solution after removing the magnet. The easy
confinement and redispersion of the mSiO,@PbS/CdS-Fe;0,
is reversible and can be repeated many times. Unlike classic
ferromagnetic NPs that will form nonseparable agglomerates
after initial magnetic confinement, the superparamagnetic,
redispersible behavior of these mSiO,@PbS/CdS-Fe;0,
particles is undoubtedly very important for magnetically driven
biomedical applications, such as bioseparation and site-specific
targeting.[1r4

As mentioned above, mSiO,@PbS/CdS-Fe;O, exhibits
strong photoluminescence in the NIR-II window, which is a
merit for deep-tissue bioimaging. To demonstrate the use of
mSiO,@PbS/CdS-Fe;O, particles as a bioprobe for deep-
tissue imaging, we designed an ex vivo setup to examine their
NIR photoluminescence penetration capability (Figure 3a).
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Figure 3. (a) Scheme of the experimental setup for the deep-tissue
NIR photoluminescence imaging of mSiO,@PbS/CdS-Fe;0,. (b)
The corresponding bright-field and NIR photoluminescence images of
mSiO,@PbS/CdS-Fe;0, in the cuvette covered with tissue. The
bright-field image was acquired under indoor light without any filters
in the optical path. The NIR photoluminescence image was recorded
upon excitation with an 806 nm laser, along with an 830 nm long-pass
filter. (c) Normalized photoluminescence intensity of the mSiO,@
PbS/CdS-Fe;O, measured from the NIR images as a function of
tissue thickness. (d) T,-weighted MR images of mSiO,@PbS/CdS-
Fe;0, with various Fe concentrations. (e) Relaxation rate r, (1/T,) vs
different molar Fe concentrations of mSiO,@PbS/CdS-Fe;0,. (f) In
vivo T,-weighted transversal cross-sectional MR imaging of nude
mouse bearing a tumor acquired at pre-injection and 30 min
intratumoral post-injection of mSiO,@PbS/CdS-Fe;0, at 1.5 mg/kg.
The position of the tumor was marked by white dashed circles.

Briefly, an 806 nm laser with power density of 10 W/cm” was
used to excite the mSiO,@PbS/CdS-Fe;O, aqueous dispersion
in a cuvette through a piece of pork tissue, while the NIR
camera equipped with an 830 nm optical long-pass filter was
fixed above the tissue to collect the emitted NIR signal. The
use of the 806 nm laser as an excitation source not only
provides enhanced penetration depth, compared to excitation
wavelengths around 1000 nm, but also reduces the thermal
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load in the area of interest and thus minimizes potential
damage to healthy biological tissues.'>** Figure 3b shows the
bright-field and NIR photoluminescence images of mSiO,@
PbS/CdS-Fe;O, in the cuvette covered with the pork tissue.
Intense NIR photoluminescence can be seen in the center of
pork tissue, which is larger than the size of the excitation beam
due to the scattering of both the excitation and emitted lights
as they pass through the tissue. By changing the thickness of
the pork tissue, we can evaluate the NIR photoluminescence
penetration depth from the normalized photoluminescence
intensity of the mSiO,@PbS/CdS-Fe;O, in the aqueous
solution, as illustrated in Figure 3c. The intensity of the
photoluminescence signal saturates the detector of the NIR
camera when the thickness of the pork tissue is <5 mm. After
that, with increasing thickness of the pork tissue (>5 mm), the
signal gradually diminishes. With this setup, a maximum
penetration depth of approximately 14 mm was obtained using
mSiO,@PbS/CdS-Fe;0,.

Prior to performing in vivo MR imaging studies, we assessed
the biocompatibility of mSiO,@PbS/CdS-Fe;0, in vitro using
HelLa cancer cells and human embryonic kidney (HEK 293T)
cells. As shown in Figure S7, after being incubated with
mSiO,@PbS/CdS-Fe;0, for 24 h, both HeLa and HEK 293T
cells retained more than 70% viability even at the high particle
concentration up to 250 ug/mL. Inspired by their excellent
superparamagnetic properties, we next examined their use as
T, contrast agents for MR imaging. The in vitro T,-weighted
MR images of mSiO,@PbS/CdS-Fe;O, with various Fe
concentrations are shown in Figure 3d, which clearly
demonstrates the characteristic concentration-dependent neg-
ative enhancement effect on T, MR imaging. That is, the
images of mSiO,@PbS/CdS-Fe;O, dispersions are gradually
getting darker with increasing Fe concentration in dispersions,
whereas the particle-free sample remains bright. The T,
relaxivity coefficient (r,) of mSiO,@PbS/CdS-Fe;0, could
be calculated from the fitting curve of T, versus Fe
concentration (Figure 3e), and was determined to be
approximately 142 mM ™' s™', which is almost twice that of
Ferumoxsil (r, = 72 mM™ s7!, one of the clinically approved
Fe-based MR imaging contrast agents).46 The short distance
between Fe;O, NPs located in the mesoporous channel of the
mSiO, might permit magnetic coupling between the magnetic
NPs, resulting in a synergistic increase in r,.*” This value is not
only higher than that (61 mM™ s™') of our previously
reported single-core Fe;0,@5i0,@NaYF,:Nd** nanoplatform,
but also comparable to those of multi-magnetic-core NPs for
MR imaging reported in the literature.”**~>° Considering the
excellent in vitro MR imaging capability of mSiO,@PbS/CdS-
Fe;0, particles, we further explored their potential as a
negative contrast agent for in vivo MR imaging. A mouse
bearing a tumor was imaged by a 3.0 T clinical MR scanner at
pre-injection and 30 min after intratumoral injection of
mSiO,@PbS/CdS-Fe;O, (200 uL, 2 mg/mL, dose = 1.5
mg/kg), as shown in Figure 3f. The tumor area of the mouse
appears bright before the injection of mSiO,@PbS/CdS-
Fe;0,, while a remarkable darkening effect in the tumor site
can be observed at 30 min post-injection (white dashed circles
in Figure 3f). This significant T, negative effect makes
mSiO,@PbS/CdS-Fe;0, ideal as a highly efficient T, contrast
agent for MR imaging. Combined with excellent deep-tissue
NIR photoluminescence penetration capacity, these exper-
imental results reveal that mSiO,@PbS/CdS-Fe;O, can serve
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Figure 4. (a) Absorption spectra of free DOX, mSiO,@PbS/CdS-Fe;0,, and DOX-loaded mSiO,@PbS/CdS-Fe;0, (mSiO,@PbS/CdS-Fe;0,/
DOX). (b) DOX release profile of mSiO,@PbS/CdS-Fe;0,/DOX at pH = 7.4 and 5. (c) Schematic illustration of PTT/MHT and heat-induced
DOX release in response to the external laser and MF. (d) Thermal images of mSiO,@PbS/CdS-Fe;0, solution after 30 min of two types of
modulation (laser at 1.3 W/cm?, MF at 5 kA/m). (e) Corresponding time-dependent temperature curves of mSiO,@PbS/CdS-Fe;0, (0.4 mg in a
total volume of 2 mL) solution. (f) DOX release profiles of mSiO,@PbS/CdS-Fe;0,/DOX dispersion (0.2 mg/mL, 2 mL) stimulated by laser/MF
(top) and the time evolution of the corresponding temperature of the solution (bottom); the mSiO,@PbS/CdS-Fe;0,/DOX dispersion under no
stimulation, i.e., without the use of the laser or MF, is shown as a control. The laser and MF were switched between “ON” and “OFF” modes.

as a promising and powerful bimodal (photoluminescence and
MR) imaging probe in vivo.

To investigate their potential as drug-delivery carriers, DOX
was selected as a model drug to load into mSiO,@PbS/CdS-
Fe;0,. There are not any obvious peaks in the absorption
spectrum of mSiO,@PbS/CdS-Fe;O, before drug loading,
while an absorption peak located at ~480 nm can be clearly
found after DOX loading, which is the characteristic
absorption peak of DOX (Figure 4a). Hence, the loading
efficiency of DOX can be calculated by monitoring the
absorption intensity at 480 nm (the details of calibration of
DOX loading are shown in Figure S8). In our case, the loading
efficiency of DOX for mSiO,@PbS/CdS-Fe;0, was calculated
to be about 36.4%, lower than that (71%) of plain mSiO,,
which is due to the fact that the integrated Fe;O, NPs and
PbS/CdS QDs occupy considerable space in the mesoporous
channels of the mSiO, (as supported by BET measurements)
and block the DOX molecules from easily accessing the
mesopores. It has been known that the extracellular pH value
of normal cells is close to neutral, but the presence of cancer
cells increases the acidity of their microenvironments due to
the excess metabolic products in the rapid proliferation of
cancer cells.’"”* The different pH values between normal
tissues and cancer cellular environment may provide an
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additional safe and efficient physiological stimulus for pH-
responsive and target-specific drug delivery. In this way, the
drug release can be inhibited during systemic circulation of
drug carriers at a physiological pH value of 7.4, while it is
enhanced in the acidic environment at tumor sites. Thus, pH-
sensitive nanoplatform, like mSiO,@PbS/CdS-Fe;0,/DOX, is
appealing and highly desirable to reduce overdose-induced side
effects of traditional nonspecific chemotherapy. Considering
this factor, we studied the DOX release behavior from
mSiO,@PbS/CdS-Fe;0,/DOX in phosphate-buffered saline
(PBS) at two different pH values (pH = 7.4 and §), as
illustrated in Figure 4b. Both profiles show fast release of DOX
in the first 4 h, followed by a slow release over 8 h. These
different release rates can be reasonably explained by the
different loading locations of DOX inside mSiO,@PbS/CdS-
Fe;0,. To be more specific, the DOX molecules situated in the
outer mesoporous channels or on the external silica surface are
easily released at the beginning, while the DOX molecules
loaded into the inner channels require longer time to diffuse
from inside to outside. This behavior is beneficial for targeted
drug release since the initially fast release can efliciently inhibit
the growth of cancer cells and then the slow release of the rest
of drugs can further curb the surviving cancer cells.”” In
addition, the DOX release profile of mSiO,@PbS/CdS-Fe;O,/
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DOX shows pH-dependent behavior: the DOX release reaches
41% after 56 h at pH = 5, while it only increases to 28% at pH
= 7.4. The higher drug release can be ascribed to the enhanced
hydrophilicity and higher solubility of DOX by increased
protonation of NH, groups of DOX at lower pH values. This
clear pH-sensitive drug release behavior is advantageous for
localized cancer chemotherapy.

We then further studied the PTT and MHT of mSiO,@
PbS/CdS-Fe;O, under external stimuli of the NIR laser and
MEF, respectively, and their effect on the DOX release behavior
(Figure 4c). The thermal images of mSiO,@PbS/CdS-Fe,0,
dispersion (0.2 mg/mL) after 30 min of two types of
modulation (laser at 1.3 W/cm? MF at § kA/m) and time-
dependent temperature curves of mSiO,@PbS/CdS-Fe;0O,
solution are shown in Figure 4d,e, respectively. The temper-
ature of mSiO,@PbS/CdS-Fe;O, dispersion after 30 min
heating by the NIR laser and MF increases by 6.7 and 9.5 °C,
respectively, while the PBS solution alone shows negligible
temperature increase under the same modulation (Figure S9).
This result clearly confirms that the temperature increase is
attributed to the response of mSiO,@PbS/CdS-Fe;O, to the
external laser/MF and suggests their high potential as PTT/
MHT agents. Subsequently, the MF/NIR-responsive drug
release of DOX from the mSiO,@PbS/CdS-Fe;0,/DOX
particles was examined (Figure 4f). The dispersion was
stimulated with the MF or NIR laser (ON) for 10 min,
followed by a 50 min interval with MF/NIR being switched
OFF. The “ON/OFF” cycles were performed in a 45 h period,
and the time evolution of the temperature of the dispersion
was recorded at the same time. Meanwhile, an mSiO,@PbS/
CdS-Fe;0,/DOX dispersion without being stimulated by the
laser/MF was shown as a control. The release of DOX is
increased when the NIR/MF is ON. When the NIR/MF is
switched OFF, the drug-release rate returns back to the regular
value, similar to that of the control. The temperature curves
under the ON/OFF mode show the similar trend to the drug-
release profile, which means that the surge of DOX release is
ascribed to the local heating effect produced by the external
stimuli of NIR/MF (Figure 4c). The total release amount of
DOX reached 59 and 70% after 45 h under NIR/MEF,
respectively, compared to 40% in the control experiment.
Given their excellent magnetothermal and photothermal
conversion effect of mSiO,@PbS/CdS-Fe;0,, this nanoplat-
form should be an ideal candidate for PTT/MHT and a new
efficient drug carrier for MF/NIR-responsive drug release.

B CONCLUSIONS

In summary, we have successfully prepared a multifunctional
nanoplatform (mSiO,@PbS/CdS-Fe;0,), which integrated
NIR photoluminescent PbS/CdS QDs and superparamagnetic
Fe;O, NPs into a large-pore silica matrix enabled by simple
thiol modification. The mSiO,@PbS/CdS-Fe;O, exhibited
excellent photoluminescence in the NIR-II window, enabling
its use for deep-tissue imaging, as well as excellent super-
paramagnetic properties that make it easily confined by an
external MF and ideal as a highly efficient T, contrast agent for
MR imaging in vivo. In particular, it showed an extremely high
r, value due to the synergistic magnetic coupling effect induced
by close distance of Fe;O, NPs embedded in the mesoporous
channel. This nanoplatform also demonstrated a great
potential as a drug-delivery carrier for cancer therapy. After
being loaded with DOX, in addition to showing pH-responsive
drug-release behavior, mSiO,@PbS/CdS-Fe;O, can produce
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local heat via the magnetothermal effect, thanks to the
presence of superparamagnetic NPs, and accelerate the drug
release. Furthermore, benefitting from the presence of the
NIR-absorbing QDs, mSiO,@PbS/CdS-Fe;O, can not only
serve as a highly efficient PTT agent but also increase the drug-
release rate under NIR irradiation. This nanoplatform thus
yields a synergistic effect from the integrated heating mode and
multiresponsive drug release to achieve a high therapeutic
efficacy. Such specifically designed multifunctional nanoplat-
form combining bimodal imaging (NIR deep-tissue photo-
luminescence and MR imaging), PTT/MHT, and pH/MEF/
NIR-responsive drug release has a great potential for cancer
imaging diagnostics and therapeutics.
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