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FeOOH-loaded mesoporous silica nanoparticles as a theranostic
platform with pH-responsive MRI contrast enhancement and drug
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The development of stimuli-responsive theranostic platforms is of great demand for efficient cancer treatment because they can
enhance diagnostic specificity and sensitivity. In this work, we report a pH-responsive theranostic nanoplatform based on
FeOOH clusters loaded mesoporous silica nanoparticles (Fe@MSNs). The as-synthesized Fe@MSNs possess activatable T
magnetic resonance imaging (MRI) performance that can respond to the acidic microenvironment of solid tumor to turn on T
singals by releasing paramagnetic Fe’" ions. The Fe@MSNs are biocompatible without appreciable cytotoxicity. Moreover, the
unique mesoporous structure endows the Fe@MSNs with significant advantages to effectively deliver chemotherapeutic drug for
inhibiting the growth of solid tumor. We believe that this novel pH-responsive theranostic nanoplatform holds great promise in

cancer treatment.
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1 Introduction

The development of highly specific and sensitive imaging
techniques is a long-term goal of disease diagnosis [1-4].
Activatable imaging nanoprobes that generate signals in re-
sponse to pathological stimuli, such as pH, temperature, and
redox potential, have received widespread attention because
they can minimize the background signal originating from
nontarget tissues [5—8]. Among various imaging techniques,
magnetic resonance imaging (MRI) is one of the most
powerful medical imaging modalities due to its noninvasive
character, deep tissue penetration, and ability to provide
images with excellent anatomical details. MRI contrast
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agents can greatly improve the accuracy and specificity of
MRI by enhancing the visibility of the target from the
background [9-12]. For example, 7, contrast agents can
shorten the longitudinal relaxation time of the surrounding
water protons, resulting in a brighter signal in target region.
Paramagnetic metal ions with a large number of unpaired
electrons, including Gd**, Mn*", and Fe’, are desirable for 7,
contrast agents. Paramagnetic Gd**, Mn”", and Fe’*-based
nanomaterials have been broadly developed as 7; MRI
contrast agents [13,14]. For example, Gd,O; nanoparticles,
MnO nanoparticles, and ultrasmall Fe;O, nanoparticles have
been demonstrated to effectively generate 7, contrast effects
[15-17]. However, these 7; MRI contrast agents produced
signals continuously (so-called “always on”), which lack
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specificity and sensitivity and fail to response to pathological
changes. The exploitation of smart MRI contrast agents that
signals only “turned on” under certain conditions is still of
great demand.

In recent years, theranostic nanoagents that combinating
imaging and therapy within a single nano-formulation have
been explosively investigated as next-generation nanome-
dicine system [18-21]. The specific incorporation of diag-
nostic and therapeutic functions enables the diagnosis and
treatment of diseases to be conductd in a single procedure.
Furthermore, theranostic nanosystems can serve as useful
tools for real time monitoring biological responses and
therapeutic efficacy [22,23]. Unfortunately, conventional
MRI contrast agents do not have therapeutic functions. The
construction of MRI-guided theranostic nanosystems with
stimuli-responsiveness to the tumor microenvironment, such
as physiological difference in pH, is highly desired for the
development of better cancer therapies. Because of their easy
synthesis and unique mesoporous structure, mesoporous si-
lica nanoparticles (MSNs) have been widely utilized in
biomedical applications [24,25]. The high specific surface
area and large pore volume endow them with significant
advantages to act as efficient delivery carriers for various
therapeutic agents [26]. More importantly, silica possesses
good biocompatibility, which is widely accepted as safe [24].
Therefore, the MSNs hold great promise in the translation
from the laboratory to the clinic. In this work, we report a
pH-responsive nanoplatform with activable MRI based on
MSNs for cancer theranostics (Scheme 1). The MSNs were
loaded with Fe’* ions and then treated with a hydrothermal
process to form FeOOH clusters within the MSNs. The as-
synthesized FeOOH clusters-confined MSNs (Fe@MSNs)
can respond to acidic environment and release paramagnetic
Fe’* ions, leading to significant 7, MRI contrast enhance-
ment. Furthermore, the mesoporous structure enables
Fe@MSNs to effectively load drug. Therefore, the
Fe@MSNs can achieve pH-responsive T; contrast enhance-
ment and drug release features simultaneously for cancer
theranostics.
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Scheme 1 Schematic illustration of the synthesis and application in ser-
ving as a pH-responsive theranostic nanoplatform of Fe@MSNs (color
online).
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2 Experimental

2.1 Materials

Hexadecyltrimethylammonium chloride (CTAC), triethano-
lamine (TEA), and tetracthyl orthosilicate (TEOS) were
purchased from Sigma-Aldrich (USA). Iron(III) chloride
hexahydrate (FeCl;-6H,0, 99+%) was purchased from Alfa
Aesar (USA). Doxorubicin hydrochloride (DOX) was pur-
chased from J&K Scientific (Beijing, China).

2.2 Characterisation

Transmission electron microscopy (TEM) image and energy-
dispersive X-ray spectroscopy (EDS) were collected on a
Hitachi HT7700 (Japan) at an accelerating voltage of 100 kV.
Energy dispersive X-ray (EDX) element mapping analyses
were performed on a Tecnai G2 F20 microscope (EFI, USA)
at an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) was measured on a Thermo escalab
250Xi XPS spectrometer (USA). Dynamic light scattering
(DLS) was performed on a Malvern Zetasizer nano ZS in-
strument (UK). The metal concentration of samples was
determined by a XSeries 2 inductively coupled plasma mass
spectrometry (ICP-MS) (Thermo Fisher Scientific, USA).
Confocal fluorescence microscope imaging was performed
on a Nikon A1 CLSM microscope (Japan).

2.3 Synthesis of Fe@MSNs

The MSNs were firstly synthesized according to the previous
method [27]. In brief, 2 g of CTAC and 71 pL of TEA were
dispersed in 20 mL of water at 95 °C under vigorous stirring
for 1 h. Subsequently, 1.5 mL of TEOS was added dropwise
and the reaction mixture was stirred for another 1 h. The
product was collected by centrifugation and washed with
ethanol several times. Finally, the obtained MSNs were ex-
tracted for 3 h with methanol solution containing 1 wt%
NaCl for several times to remove the CTAC. To load Fe'
ions, the MSNs were dispersed in FeCl; aqueous solution
(1 gmL™). After stirring for 12 h, the product was collected
by centrifugation and washed with water two times. The Fe’*
stored MSNs were re-dispersed in water, and the resulting
solution was transferred into a Teflon-lined stainless-steel
autoclave. After hydrothermal treatment at 150 °C for 3 h,
the Fe@MSNSs products were collected by centrifugation and
washed with deionized water several times.

2.4 In vitro MRI

The in vitro MRI studies were performed on a 05T
NMR120-Analyst NMR system (Niumag Corporation,
Shanghai, China). The longitudinal relaxation times (7})
were measured using an inversion recovery (IR) sequence.
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The longitudinal relaxivity (r;) was determined from the
slope of the plot of 1/7, against Fe concentrations ([Fe],
mM). T;-weighted phantom images were acquired using a
2D multi-slice spin-echo (MSE) sequence with the following
parameters: TR/TE=100/2 ms, thickness=1 mm, 512x512
matrices, slices=1, and NS=4. For cell imaging, 1x10" HeLa
cells were incubated with Fe@MSNs (200 ug mL™") at 37 °C
for 2, 6, and 12 h, respectively. Subsequently, the cells were
collected and washed with phosphate buffered saline (PBS)
three times to remove the free Fe@MSNs. Finally, the cells
were concentrated at the button of small tubes by cen-
trifugation for 7;-weighted phantom imaging.

2.5 Drug loading and release

To load the DOX, Fe@MSNs (0.2 mgmL™") were mixed
with DOX solution (200 ug mL ™). After stirring for 48 h at
room temperature under dark condition, the DOX loaded
Fe@MSNs were collected by centrifugation. The super-
natant solution was measured by UV-vis spectrum at 480 nm
wavelength to determine the residual DOX content. The
loading capacity was calculated by comparing the total
amount of DOX before and after loading. To investigate the
release of DOX, Fe@MSNs-DOX were dispersed in pH 5.4
citrate buffer or pH 7.4 PBS. At different time points, the
supernatant was monitored by UV-Vis spectrum at 480 nm
wavelength to determine the release amount of DOX. The
standard curve was created by measuring the absorbance at
480 nm wavelength of several DOX samples with known
concentrations.

2.6 Cytotoxicity assay

The cytotoxicity of the Fe@MSNs and Fe@MSNs-DOX
was evaluated by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. HeLa cells were firstly
seeded into a 96-well plate with a density of 1x10* cells/well
in RPMI-1640, and incubated in the atmosphere of 5% CO,
at 37°C for 24 h. The cells were then incubated with
Fe@MSNs or Fe@MSNs-DOX at various concentrations for
another 24 h. After that, the culture medium was discarded,
and each well was added with 100 pL of new culture medium
containing MTT (0.5 mg mL™") and the plate was incubated
for 4 h at 37 °C. Finally, the medium was discarded and each
well was added 200 pL. dimethyl sulfoxide (DMSO). The
OD,y, value (Abs.) of each well was measured by a SH-1000
Lab microplate reader immediately. The cell viability was
calculated from OD,y, value of experimental group by sub-
tracting that of blank group.

2.7 Blood circulation and tissue biodistribution ana-
lyses

Animal experiments were executed in accordance with the

Guide for the Care and Use of Laboratory Animals (Ministry
of Science and Technology of China, 2006) and were ap-
proved by Institutional Animal Care and Use Committee of
Fuzhou University. Male BALB/c nude mice (~20 g) were
purchased from Shanghai SLAC laboratory Animal Co. Ltd.
(China). To induce a solid tumor, murine sarcoma S180 cells
(5%10%in 100 uL PBS) were injected subcutaneously into the
right thigh areas of the mice. The mice were intravenously
injected with 100 pL of Fe@MSNs-DOX (535.8 mg Si per
kg of mouse body weight). For blood circulation analysis,
50 uL of blood were collected from mice submandibular
vein at different time points. To investigate the tissue bio-
distribution of Fe@MSNs-DOX, the mice were sacrificed
12 h after the injection, and heart, liver, spleen, lung, kidney,
and tumor were collected for analyses. The blood and tissue
samples were treated with HNO;-H,O, and NH,HF, diges-
tions, and Si concentration in these samples was measured by
ICP-MS.

2.8 In vivo MRI

T\-weighted images of the mice were first collected on a
PharmaScan 70/16 US MRI scanner (Bruker, German)
without injection. The mice were then intravenously injected
with 50 pL of Fe@MSNs-DOX (dosage of 6 mg Fe per kg of
mouse body weight). The same slices were further acquired
at 2, 8 and 24 h after the injection, respectively. All the
images were obtained using a T1 FLASH sequence under the
following parameters: TR/TE=500/2.5 ms, FOV=40x
40 mm, thickness=0.5 mm. To quantify the contrast en-
hancement, the signal-to-noise ratio (SNR) was measured by
finely analyzing regions of interest (ROIs) of the images, and
the contrast enhancement was defined as the increase of SNR
after the injection, ASNR=(SNR ., —SNR,,.)/SNR ..

2.9 In vivo therapy

To evaluate the anticancer effect of Fe@MSNs-DOX on
solid tumor, S180 tumor-bearing nude mice with a tumor
diameter of ~6 mm were divided into three groups (five mice
per group). The mice of Fe@MSNs-DOX treated group were
intravenously injected with 100 uL of Fe@MSNs-DOX
(20 mg Fe per kg of mouse body weight). The mice of
Fe@MSNs group were intravenously injected with
Fe@MSNs with the same dose. The mice of PBS group were
intravenously injected with 100 pL of PBS only. The sizes of
tumors were measured by a caliper and the tumor volume
was calculated according to equation: tumor volume=(tumor
length)x(tumor width)’/2. Relative tumor volumes were
calculated as V/V, (V was the tumor volume calculated after
treatment, while V,, was the initiated tumor volume before
treatment). For hematoxylin and eosin (H&E) staining, tu-
mor bearing mouse was sacrificed 3 d after the treatment,
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and the tumor was collected for analysis. The tumor section
with thickness of 4 um was prepared and stained with H&E
following the standard protocol.

3 Results and discussion

We firstly synthesized the MSNs according to the previous
method [27]. To load Fe’* ions, the as-prepared MSNs were
mixed with FeCl; aqueous solution and stirred overnight.
After the centrifugation, yellow products were collected. The
colour of the collected MSNs precipitate turned from white
to yellow, indicating that the Fe’™ ions were successfully
stored into the mesoporous of MSNs (Figure S1(a, b), Sup-
porting Information online). The Fe’* ions stored MSNs were
re-dispersed in water, and followed with a hydrothermal
treatment. The hydrothermal treatment promoted the hy-
drolysis of Fe’* ions, leading to the formation of FeOOH
clusters [28]. The colour of the treated MSNs aqueous so-
lution becoming orange suggested the formation of FeOOH
clusters within MSNs (Figure S1(c)). The transmission
electron microscopy (TEM) image showed that the as-syn-
thesized Fe@MSNs had a spherical shape, with a diameter of
75.02+6.69 nm (Figure 1(a)). The EDS analysis showed ty-
pical peaks of Fe, and the atomic ratio of Si:Fe was de-
termined as about 47.8 (Figure 1(b)). The element mapping
analysis of Fe@MSNs revealed that the distribution of Fe in
MSNs was homogeneous (Figure S2). The XPS spectrum of
Fe@MSNs exhibited typical Fe 2p photoelectron lines. The
Fe 2p;, peak was measured at a binding energy of about
711.25 eV, which agrees with the value of that in FeOOH
[29], indicating the successful formation of FeOOH within
MSNs (Figure 1(c)). The dynamic light scattering analysis
presented that the hydrodynamic diameter (HD) of
Fe@MSNs was about 106 nm (Figure 1(d)). The mass ratio
of Si and Fe in Fe@MSNs determined by ICP-MS was about
26.79.

To investigate the pH-responsive behavior of Fe@MSNs,
we dispersed Fe@MSNs in buffer solutions with different
pH. We measured the release profiles of Fe’* ions by ICP-MS
at different incubation times (Figure 2(a)). The Fe@MSNs
showed a slow release of Fe’ ions at pH 7.4 PBS, and only
20.87% of Fe’* ions were released within 24 h. In contrast, a
faster release was observed when the Fe@MSNs were dis-
persed in pH 5.4 citrate buffer. About 63.52% of Fe’* ions
were released within 12 h at pH 5.4. Paramagnetic Fe'" ions
can shorten the 7 relaxation time of the surrounding water
protons due to their high magnetic moment and long electron
spin relaxation time. The pH-triggered release of Fe’* ions
capability suggests the potential of Fe@MSNs to serve as an
activatable 7} MRI contrast agent. We then evaluated the T
MRI performance of Fe@MSNs under different pH condi-
tions. The 7, values of Fe@MSNs were first measured on a
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Figure 1 (a) TEM image, (b) EDS pattern, (c) XPS Fe 2p spectrum, and
(d) hydrodynamic diameter of the Fe@MSNs (color online).
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Figure 2 (a) Release profiles of Fe*" ions from Fe@MSNs at pH 5.4 and
pH 7.4 (n=3); (b) r, values (n=3) and (c) T}-weighted phantom images of
Fe@MSNs dispersed in buffers with different pH for different times
([Fe]=0.4 mM); (d) T;-weighted images of HeLa cells after incubating with
Fe@MSNs for different times (color online).

0.5 T MRI system (Figure 2(b)). The free Fe’" ions (FeCl; in
5% HNO;) have an 7, value of 10.9120.23 mM ' s™', con-
firming that they can shorten the 7, relaxation time of water
protons (Figure 2(b)). The Fe@MSNs showed relatively low
7, values (~0.71x0.14 mM ' s™") at pH 7.4, indicating that
Fe@MSNs generated little 7| contrast performance under
neutral conditions. However, the r; value of Fe@MSNs
could significantly increase when the Fe@MSNs were dis-
persed in pH 5.4 buffer. For example, the , value increased
to 4.82+0.13 mM ' s at 24 h. This r, value is similar to that
of commercial Gd contrast agents such as Gd-DTPA and Gd-
DOTA (4-5mM 's ' at 0.5 T) [19,30]. The acidic environ-
ment triggered the Fe@MSNSs to release paramagnetic Fe''
ions, leading to the great enhancement in 7 relaxivity. We
further collected the T7)-weighted phantom images of
Fe@MSNs at different pH conditions (Figure 2(¢c)). No ap-
preciable brighten signals were observed in phantom images
at pH 7.4, suggesting that Fe@MSNs exhibited little T;
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contrast enhancement at pH 7.4. In contrast, significant
brighten signals were observed when Fe@MSNs were dis-
persed in acidic buffer. This could be ascribed to the release
of Fe’" ions triggered by acidic environment. We next tested
the pH-responsive contrast performance of Fe@MSNs inside
living cells. HeLa cells were incubated with Fe@MSNs and
then were collected at different time points for 7}-weighted
imaging. Cells can uptake nanoparticles through endocytosis
and trap them in endosomes and lysosomes [31]. T}-weigh-
ted imaging of the HeLa cells showed that a gradual en-
hancement in brighten signals were observed in phantom
images with the increase of incubation time, suggesting that
the acidic condition of endosomes or lysosomes could trigger
Fe@MSNs to release Fe’* ions, therefore resulting in the 7,
contrast enhancement of the cells (Figure 2(d)).

To investigate the capability of Fe@MSNs for drug de-
livery, we chose clinically approved doxorubicin (DOX) as
the model drug. DOX was loaded into the mesoporous of
Fe@MSNs at pH 7.4. About 50 wt% DOX was loaded as
determined by comparing the total amount of drug before
and after loading, and the loading content reached up to
33.3% after the optimization of precursor ratios (Table S1,
Supporting Information online). To determine the drug re-
lease behavior of Fe@MSNs-DOX, we measured the release
amount of DOX at pH 5.4 and 7.4. (Figure 3(a)). The DOX
showed a relatively slow release from Fe@MSNs-DOX at
pH 7.4, and only 21% DOX was released within 12 h. In-
terestingly, the release of DOX from Fe@MSNs-DOX was
significantly accelerated in the acidic environment, and
about 53.7% DOX was released within 12 h at pH 5.4. This
acid-sensitive drug release behavior of Fe@MSNs-DOX
suggested its great potential for drug delivery. To evaluate
the therapeutic efficiency of Fe@MSNs-DOX, we first in-
vestigated the cytotoxicity of Fe@MSNs using the tetra-
zolium-based colorimetric assay (MTT assay). The
Fe@MSNs showed no appreciable cytotoxicity on HelLa
cells after being incubated with HeLa cells for 24 h, con-
firming the good biocompatibility of Fe@MSNs (Figure S3).
We then assessed the cytotoxicity of Fe@MSNs-DOX. The
confocal fluorescence microscope images confirmed the ef-
fective intracellular uptake of Fe@MSNs-DOX by HeLa
cells after the incubation (Figure S4). Similar to the free
DOX, the Fe@MSNs-DOX exhibited dose-dependent cyto-
toxicity on HeLa cells, indicating that Fe@MSNs-DOX
could effectively inhibit the growth of cancer cells (Figure 3
(b)). The enhanced cellular uptake of Fe@MSNs-DOX could
lead to the high accumulation of DOX within cancer cells.

Encouraged by the in vitro results, we further investigated
the in vivo pH-triggered MRI and therapy performance of
Fe@MSNs-DOX on S180 tumor bearing BALB/c nude
mice. We first investigated the blood circulation behavior
and biodistribution of Fe@MSNs-DOX after the intravenous
injection. The blood circulation analysis showed that
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Fe@MSNs-DOX circulated in blood over a span of 12 h
(Figure S5). The biodistribution analysis confirmed that
Fe@MSNs-DOX could effectively accumulate in tumor
(Figure S6). T;-weighted images of the mice were then col-
lected at different time points. Tumor region showed gradual
brightening signals with increasing time after the adminis-
tration of Fe@MSNs-DOX (Figure 4(a)), confirming that the
Fe@MSNs-DOX could accumulate in tumor via EPR effect.
To quantify these T, signal enhancements, we calculated the
signal-to-noise ratio (SNR) by analyzing the measurement
region of interest (MROI) in tumor area. The contrast en-
hancement was defined as the change of SNR, ASNR=
(SNR,,,s—SNR,,.)/SNR,,... The calculated ASNR values were
18.8%+11.1%, 60.5%=+8.1%, 7.4%+4.1% at 2, 8 and 24 h
after the injecion, respectively (Figure 4(b)). These time-
dependent T, signal changes confirmed that the acidic mi-
croenvironment of tumor could stimulate the Fe@MSNs-
DOX to release Fe’" ions, leading to the shortening effect of
longitudinal relaxation in tumor region. We further evaluate
the chemotherapy performance of Fe@MSNs-DOX by
monitoring the growth of solid tumor. Notably, the
Fe@MSNs-DOX showed an obvious inhibitory effect on the
growth of S180 tumor, suggesting the outstanding in vivo
therapeutic performance of Fe@MSNs-DOX (Figure 4(c)).
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The H&E staining of tumor section revealed the necrosis that
tumor cells were irregularly shaped with shrinking cell nu-
cleus, confirming the therapeutic effect of Fe@MSNs-DOX
(Figure S7). The body weight of the mice was also monitored
during the treatment. No significant weight drops were ob-
served, suggesting the low toxicity of the treatments (Figure
S8).

4 Conclusions

In conclusion, we have successfully synthesized Fe@MSNs
and applied them as a pH-responsive nanoplatform for can-
cer theranostics. The Fe@MSNs can respond to the acidic
microenvironment of tumor, triggering the release of para-
magnetic Fe'* ions to switch on the 7, MRI singals in the
tumor area. Furthermore, the mesoporous structure of
Fe@MSNs makes them efficient drug carriers to deliver
chemotherapeutic drug for cancer treatment. We believe that
this biocompatible pH-responsive theranostic nanoplatform
holds the great potential for further clinical translations and
applications.
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