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A novel Mn2+-doped hollow Mn-HMAS aluminosilica (Mn-HMAS) nanoparticle for simultaneous T1-weighted magnetic
resonance imaging and drug delivery was reported. The magnetic resonance tests showed that the Mn-HMAS nanoparticles
display an excellent T1-weighted magnetic resonance imaging effect with a high T1 relaxivity (r1) of 8.8mM-1S-1. The MTT
assays showed that the Mn-HMAS-DOX nanoparticles possess a better tumour cell inhibition effect than DOX. In addition, the
Mn-HMAS nanoparticles also exhibit good stability and noncytotoxicity. These results demonstrated that the Mn-HMAS
nanoparticles can be applied for the loading and delivery of various drugs in medicine.

1. Introduction

Colorectal cancer (CRC) is the third most common malig-
nancy worldwide in both men and women [1, 2]. It is
expected that the CRC burden will increase dramatically in
the next 20 years due to the popularity of Western lifestyles
[3]. Currently, therapy for CRC includes surgical resection,
radiation, and chemotherapy with cytocidal chemicals and
biologic agents. Some targeted drugs, such as cetuximab
and panimab, are used for the treatment of colorectal cancer;
however, these drugs still exhibit many deleterious side
effects, such as destroying DNA or inhibiting its synthesis
[4, 5]. In addition, chemotherapy and biologics cause inflam-
matory reactions or interfere with certain aspects of it [6].
Moreover, the imprecise release and distribution of drugs in
the body also affect the effectiveness of chemotherapy. There-
fore, the development of new materials to enhance drug-
targeting therapy is of urgency.

Hollow porous silica-based nanomaterials have attracted
a great deal of interest as delivery carriers for anticancer
drugs, proteins, and DNA, due to their large surface area,

tuneable pore size, high drug-loading capacity, and nontoxi-
city [7–15]. Therefore, developing new hollow porous silica-
based nanosystems for the controlled-release delivery of
drugs is vital.

In recent years, multifunctional nanostructured materials
have been applied to cancer diagnosis and therapy [15–23].
The dominant advantage of these multifunctional nanoma-
terials is that they can integrate early cancer diagnosis, tar-
geted drug delivery, and treatment with in vivo tracing
and thus improve the anticancer therapeutic efficiency.
However, the synthesis of multifunctional nanosystems
for simultaneous cancer diagnosis and therapy remains a
challenge. Herein, we successfully synthesized Mn2+-doped
hollowmesoporous aluminosilica (designated asMn-HMAS)
nanoparticles by combining the in situ sacrificial template
method and the ion exchange method. We also demon-
strated that the Mn-HMAS nanoparticles could be used
for simultaneousmagnetic resonance imaging and drug deliv-
ery. In the present study, we determined that Mn-HMAS
nanoparticles exhibited low cytotoxicity towards human colo-
rectal cancer cells (HCT116 cells) and that Mn-HMAS-DOX
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nanoparticles exhibited a stronger inhibition efficiency
than DOX.

2. Materials and Methods

2.1. Materials. Tetraethoxysilane (TEOS) and cetyltrimethy-
lammonium bromide (CTAB) were purchased from Alfa
Aesar. AgNO3, DOX, Na2CO3, NH3-H2O (ammonium aque-
ous solution, 25-28%), and NaAlO2 were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Synthesis of [Na+]-HMAS Nanoparticles. The process of
the preparation of [Na+]-HMAS nanoparticles can be
divided into the following three steps [24, 25]: (1) The sSiO2
nanoparticles were synthesized through the Stöber method.
Typically, 74mL of ethanol and 3.15mL of ammonia aque-
ous solution (~28%) were mixed with 10mL of water. Then,
6mL of TEOS was added into the mixture while being heated
to 50°C and allowed to react for 6 hours. Hence, the sSiO2
nanoparticles were obtained. (2) First, 50mg of sSiO2 nano-
particles was dispersed in the 10mL aqueous solution that
contained 12.5mg of CTAB. Then, 35mg of NaAlO2 and
40mg of Na2CO3 were added into the solution. The mixture
was heated to 95°C and allowed to react for 4 hours. The final
[Na+]-HMAS/CTAB nanoparticles were collected by centri-
fugation. (3) The [Na+]-HMAS/CTAB nanoparticles were
heated to 550°C for 6 hours while continuously under
atmospheric pressure to remove the remaining surfactant
(CTAB) molecules.

2.3. Synthesis of Mn-HMAS Nanoparticles. First, 30mg of
[Na+]-HMAS nanoparticles was dispersed in 6.0mL of a
0.05M MnCl2 aqueous solution, which was continuously
stirred for 24 hours at room temperature. The final product
(Mn-HMAS) was collected through centrifugation and
washed with distilled water.

2.4. DOX Loading and Release Tests. First, 10mg of
Mn-HMAS nanoparticles was suspended in the DOX

solution (2.0mL, 2.5mg/mL). The mixture solution was kept
for 12 hours, allowing the loading of DOX into the
Mn-HMAS structure. The obtained DOX-loaded Mn-HMAS
(Mn-HMAS-DOX) nanoparticles were collected by centrifu-
gation and washed with ultrapure water. To test the release
kinetics of DOX from the Mn-HMAS-DOX nanoparticles,
the samples were dispersed in 1.0mL of PBS (pH 5.0, 6.0,
and 7.4) at 37°C with gentle shaking. At each time point, the
solution was collected by centrifuging and replaced with fresh
PBS. The amount of released DOX was tested by a UV-Vis
spectrophotometry with the absorbance at 479nm.

2.5. MRI Tests. The T1-weighted MR images of Mn-HMAS
nanoparticles were acquired on a 0.5T NMR120-Analyst
NMR system (Niumag Corporation, Shanghai, China). For
the MRI test, various Mn2+ concentrations of nanoparticles
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Figure 1: (a) Transmission electron microscopy (TEM) image of the Mn-HMAS nanoparticles and (b) scanning transmission electron
microscopy (STEM) image and the corresponding energy-dispersive X-ray (EDS) elemental mapping images of theMn-HMAS nanoparticles.
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Figure 2: Plots of T1 versus manganese ion concentrations of
Mn-HMAS nanoparticles.
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in an aqueous solution containing 1% agar were prepared,
including 0.8656, 0.4328, 0.2164, 0.1082, and 0.0541mM.
The T1-weighted fast-recovery spin-echo (FR-FSE) sequence
was as follows: TR/TE = 800/12 ms, 128 × 256 matrices, and
repetition times = 4.

To evaluate the contrast effect of these nanoparticles
inside the cells, HCT116 cells were seeded in 6-well plates
and treated with Mn-HMAS nanoparticles (25 ppm). Six
hours after the treatment, the cells were washed twice with
1mL PBS. Then, 1mL trypsin was added to digest the cells
for 3min, and the trypsin was discarded. The supernatant
was discarded at the end of centrifugation, while the cells
were resuspended with 200μL PBS and then added into a
0.2mL EP tube for the MRI test.

2.6. Cell Proliferation Assay. HCT116 cells were seeded into
24-well plates at a concentration of 5 × 104 cells per well.
After the overnight culture, the Mn-HMAS nanoparticles
were added in different concentrations. After 24 hours, cell
proliferation was determined by adding the MTT solution
(50 g/well) and incubating for 1 hour and then mixed with
dimethyl sulfoxide after the supernatant was removed. The
OD value at 570 nm was read using the microplate reader.
This assay was repeated three times.

2.7. Statistical Analysis. Results were presented as the mean
± standard deviation (SD). Statistical significance was per-
formed via one-way Student’s t-test. P < 0:05 was considered
statistically significant.

3. Results and Discussion

Hollow mesoporous aluminosilica (HMAS) nanoparticles
were first synthesized using an in situ sacrificial template
route reported by Liu et al. and Cabral et al. [20, 21]. Then,
the Mn-HMAS nanoparticles were obtained through an ion
exchange process. As shown in Figure 1(a), the Mn-HMAS
nanoparticles possessed a typical hollow porous structure
with an average diameter of ~450nm and an approximately
70 nm thick shell. Energy-dispersive X-ray (EDS) spectros-
copy was used to investigate the elemental distributions in
the Mn-HMAS nanoparticles (Figure 1(b)). As seen, the
Si, Al, and Mn elements were uniformly distributed in
the Mn-HMAS nanoparticles, meaning that manganese
ions were successfully loaded inside the porous structure
by our ion exchange method. In addition, size distribution
and zeta potential of the [Mn]-HMAS nanoparticles were
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Figure 3: T1-weighted MR images of human colorectal cancer cells (HCT116 cells) (a) and those that were treated with Mn-HMAS
nanoparticles at a concentration of 25 ppm (b).
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Figure 4: Absorption spectra of the solutions of DOX before and
after treatment with Mn-HMAS nanoparticles.
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Figure 5: The DOX release fromMn-HMAS-DOX nanoparticles in
PBS at varied pH values.
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Figure 6: (a) The MTT assay checking the viability effect of Mn-HMAS nanoparticles on HCT116 cells in the absence and in the presence of
various concentrations of Mn-HMAS nanoparticles for 24 hours. (b) Cell viabilities of HCT116 cells treated with Mn-HMAS nanoparticles,
DOX, and Mn-HMAS-DOX nanoparticles at a Mn-HMAS nanoparticle concentration of 20 μg/mL. ∗∗P < 0:01 and ∗∗∗P < 0:001 versus no
Mn-HMAS nanoparticles. ##P < 0:01 versus DOX.
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Figure 7: Light microscopic images of HCT116 cells after being treated with Mn-HMAS nanoparticles (a), DOX (b), and Mn-HMAS-DOX
nanoparticles (c) for 24 hours (scale bar = 100 μm).
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further determined by using dynamic light scattering (DLS)
(see Figures S1 and S2).

The potential of Mn-HMAS nanoparticles as the contrast
agents was tested by using a 0.5 T MRI scanner. Figure 2
shows that the T1 relaxivity of Mn-HMAS nanoparticles
was calculated as 8.8mM-1S-1. To evaluate the contrast effect
of these nanoparticles inside cells, human colorectal cancer
cells (HCT116 cells) were incubated with the nanoparticles
for 6 hours, washed with PBS, and collected in a 0.2mL tube.
The untreated cells were also used as a control. As shown in
Figure 3, the tube containing the control cells was fairly dark,
whereas the tube containing the cells treated with the
Mn-HMAS nanoparticles became bright. These results indi-
cated that the Mn-HMAS nanoparticles could be used as
MRI contrast agents in vitro.

From Figure 4, we quantitatively calculated the loading of
the drug DOX by measuring the change in absorbance before
and after the adsorption of DOX in the mixture solution. The
drug loading could reach 16.2% (w/w). To further test
whether DOX release from Mn-HMAS-DOX could be
triggered by pH, the drug release behaviours in PBS buffer
at different pH values were evaluated. As shown in
Figure 5, within the first 2 hours, in acidic PBS buffer solu-
tions having a pH of 5.0 and 6.0, the release rate of the
DOX was relatively faster than that in the neutral buffer solu-
tion at the pH level of 7.4. After 4 hours, the DOX release
amount reached equilibrium. In a period of 12 hours, in the
PBS buffer solutions, the drug release amounts were 38.1%
for pH7.4, 59.8% for pH6.0, and 63.2% for pH5.0.

To detect the toxic effects of Mn-HMAS nanoparticles
on the growth of human colorectal cancer cell lines, we per-
formed MTT assays on the colorectal cancer cell line
HCT116 cells. The results confirmed that nanomaterials pre-
sented little cytotoxicity at low concentrations (Figure 6(a)),
indicating the good biocompatibility of the blank carriers.

We next examined the therapy on HCT116 cells that
were studied with stable concentrations of Mn-HMAS-
DOX versus free DOX. Our results clearly demonstrated that
Mn-HMAS-DOX nanoparticles exhibited a stronger inhibi-
tion efficiency than DOX (Figure 6(b)). At the same drug
concentration (3.24 μg/mL), the inhibition rate of DOX
was approximately 25%; however, the inhibition rate of
Mn-HMAS-DOX nanoparticles was significantly increased
to 52%. These results suggested that Mn-HMAS-DOX
nanoparticles, loaded with DOX, may have a better ability
to stimulate apoptosis. In addition, our study showed that
Mn-HMAS-DOX nanoparticles stimulated morphological
changes in HCT116 cells (Figure 7).

4. Conclusion

In conclusion, we first demonstrated that the Mn-HMAS
nanoparticles could be used as both an MRI contrast agent
and a drug carrier. The Mn-HMAS nanoparticles possessed
good stability, noncytotoxicity, high drug-loading capacity,
and high MR imaging performance. Moreover, our results
also confirmed that Mn-HMAS-DOX nanoparticles present
a better tumour cell inhibition effect than DOX. These

features could make this nanosystem a promising material
for the treatment of deeply located cancers.
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