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Mesoporous Silica Hybridized With
Gadolinium(III) Nanoplatform for Targeted
Magnetic Imaging–Guided Photothermal
Breast Cancer Therapy

Longqing Wang1 and Xiaofeng Sun2

Abstract
Achieving drug target accumulation in antitumor tissue, simultaneous diagnostic imaging, and optimal release behavior with
treatment needs a best chemotherapy procedure involving receptive switch of drug delivery. Constructed on mesoporous silica
nanoparticles, which are crossed with multiscale charming nanoparticles for magnetic resonance imaging (MRI)-aided and
alternate magnetic field (AMF) response chemotherapy for breast cancer, we report in this work the assembly of a new ther-
anostics drug conveyance process. Hydrothermal processes (gadolinium(III) oxide nanoparticles [Gd-NPs]) and heat decom-
position process (radical size uFe-NPs) were used to prepare superparamagnetic Gd-NPs with multiscale sizes. Gadolinium(III)
oxide nanoparticles act as an AMF-responsive heat mediator, while ultra-Fe nanoparticles (uFe-NPs) act as an MRI T2 contrast
mediator. Nanoparticles of the mesoporous silica with radially oriented mesochannels were further grown in situ on the surfaces
of the Gd-NPs, and the uFe-NPs anticancer drug doxorubicin can be easily incorporated in the mesochannels. To provide better
targeting capabilities for the as-synthesized biotin-loaded nanohybrids, the particle surfaces are updated with biotin (Bt). This
optimized drug conveyance method based on nanocomposites of SiO2 demonstrated great efficiency of medication charging and
receptive properties of AMF stimulus release. However, tests of MRI in vitro showed an outstanding contrast effect in MRI with a
high stimulation quality (299 mM�1 s�1). In contrast, the study of in vitro cytotoxicity assessment revealed that an MRI-directed
stimulus-mediated theranostics tool can be used as a drug conveyance device to efficiently treat breast cancer.
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Introduction

Since the Food and Drug Administration authorized the first

anticancer drug for the diagnosis of human cancer, chemother-

apy has been accepted as the most common type of treatment

for all stages of cancer, including patients with early-stage

illness and full-resection patients.1-4 Nevertheless, following

a growing list of highly effective chemotherapy agents, for

instance, docetaxel, vincristine, topotecan, pemetrexed, pacli-

taxel, and irinotecan, extreme side effects of therapy remain the

major challenges during care due to excess dosage and unse-

lective conveyance of chemotherapy mediators.5-8

Nanotechnology-based drug delivery systems facilitate admin-

istration mechanisms for the effective conveyance of medica-

tions to grazes and targeting sites to prevent inadequate

management due to low-dose and overdose poisonousness

quality. However, when these conveyance processes

demonstrated release performance, drug concentrations might

be consistently delivered in the appropriate therapeutic sort.

Different drug conveyance processes, such as liposomes,

hydrogels, dendritic polymers, nanocapsules micelles,
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nanospheres, and liquid crystals, have been effectively estab-

lished over the past decade for effective inert or energetic

directing conveyance strategies. Although every system has its

individual compensation, numerous significant limitations

often disturb its additional application. Owing to the high-

density lipoproteins, charity such as liposome and micelles

might affect from reduced chemical constancy. In the mean-

time, toxicity difficulties are the key problems to the applica-

tion of nanospheres, hydrogels, and polymers due to in vivo

degradation difficulties, while dendrimers are imperfect due to

their rapid removal by the kidneys and liver.9-11

Mesoporous silica nanoparticles (MSNs) have fascinated

considerable consideration in drug conveyance in the research

field, as both materials display adjustable pore size, chemical

inertia, thermal stability, large surface area, excellent biode-

gradability, and biocompatibility.12-15 Their porous interior and

huge surface make these resources outstanding reservoirs for

the delivery of hydrophobic medications and also their variable

pore sizes can be designed to particularly insert different anti-

tumor drug molecules of interest. Further, the simple synthesis

procedure helps us to receive enhanced shapes and sizes for

extreme uptake into tumor cells.16-19 Furthermore, the easy

modification of the mesoporous silica surface is possible to

design active-targeting and stimulus-responsive drug convey-

ance process. The medication transport process must be expli-

cit and time-controlled so as to accomplish exact disease

chemotherapy. Contrasted with the inactive focusing on gave

by the upgraded porousness and maintenance impact (EPR

impact), dynamic focusing on techniques, for example, includ-

ing an immune response, bearer protein, or ligand to the med-

ication conveyance framework, would enable it to gather at the

objective area, accomplishing high adequacy with low dose

and low symptoms and poisonous quality. Controlled arrival

of medications from conveyance frameworks can be actuated

by different interior or outer upgrades, for example,

temperature, light, electrical field, elective attractive field

(alternate magnetic field, AMF), pH, redox, catalyst move-

ment, and mechanical power. Among these, AMF delicate fra-

meworks, which can be incited by reconciliation with

supermagnetic iron oxide nanoparticles, have high potential for

medicating discharge because of their well-being, high

entrance profundity, and absence of radio harmfulness. Also,

supermagnetic iron oxide nanoparticles stacked in the medica-

tion conveyance framework can be utilized as a T2-weighted

magnetic resonance imaging (MRI) differentiate specialist to

assess the focusing on.20-23 The plan of a proficient conveyance

framework with high medication charging limit, dynamic

focusing on, and improved reaction conduct, alongside a simul-

taneous treatment symptomatic procedure, is in this manner

significant for effective disease treatment.

In this study, we document a new drug conveyance process

based on MSNs, which is hybridized with multiscale MNPs, for

MRI-guided breast cancer chemotherapy (Figure 1). Multiscale

size superparamagnetic iron oxide (gadolinium(III) oxide nano-

particle, Gd-NPs) has been prepared using a hydrothermal tech-

nique (Gd-NPs) and a thermal decay method (uFe-NPs), Gd-NPs

act as an AMF-responsive intermediary, and uFe-NPs act as a T2-

contrast agent for MRI. Mesoporous silica sphere with radially

directed mesochannels was further developed in situ on the sur-

faces of Gd-NPs, and both uFe-NPs and biotin, an anticancer

drug, can be readily integrated into the mesochannels (Gd-

MSN@uFe-Bt-NPs) to provide as-synthesized biotin loaded with

excellent targeting ability to receive the final Gd-MSN@uFe-Bt-

NPs. The results show that as-synthesized Gd-MSN@uFe-Bt-

NPs have shown the MRI contrast effect of drug delivery

efficiency and same size. Further, in vitro anticancer analysis

examination has shown that Gd-MSN@uFe-Bt-NPs are an out-

standing drug conveyance mechanism with excellent impending

as an MRI-aided stimuli-response drug conveyance theranostic

tool for successful active breast cancer chemotherapy.

Figure 1. A graphical sketch of the synthesized of Gd-MSN@uFe-Bt-NPs and magnetic resonance imaging–guided breast cancer photodynamic
therapy.
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Results and Discussion

Synthesis and Characterization of Gd-MSN@uFe-Bt-NPs

A simple soft-template method is shown in Figure 2 for synthe-

sizing uniform Gd-MSN@uFe-Bt-NPs. The first was the

single-pot hydrothermal method used for processing Gd-NPs.

Both the transmission electron microscopy (TEM) and scan-

ning electron microscopy (SEM) images show the irregular

spherical shape of the as-prepared Gd-NPs of a uniform dia-

meter of *93 nm. The soft models for Gd-NPs synthesis were

then used as the Gd-NH2 MSN. As shown in Figure 2A and B,

the NPs have a medium size of *113 nm and consists of an

irregular, radially oriented mesostructured, which is further

confirmed by the TEM microscopy.24-26 Continuous radial

mesostructure suggests that this kind of mesoporous Gd-

MSN-NPs can allow guest nanoparticles or molecules, such

as anticancer therapies, to be loaded or adsorbed and published.

Eventually, Gd-MSN@Bt-NPs and Gd-MSN@uFe-Bt-NPs

were synthesized by modifying the surfaces with biotin and

using a cross-linker to load uFe-NPs in the radial mesonanos-

tructure of Gd-MSN-NPs. After APTES was conjugated on the

outer surface of the Gd-MSN-NPs to get Gd-MSN-NH2-NPs,

EDC can simply react with the �COOH groups of biotin,

which was effortlessly removed from the reaction mixture by

the attack of nucleophile from the �NH2 groups of the prepre-

pared Gd-MSN-NH2. Figure 2 evidently demonstrates that bio-

tin blocked the nanostructure of Gd-MSN-Bt-NPs, resulting in

a rougher surface relative to the Gd-MSN-NPs. The final Gd-

MSN@uFe-Bt-NPs have been obtained after stacking with

uFe-NPs in the radial nanostructures. Further, the variations

in hydrodynamic diameter of Gd-MSN-NPs to get Gd-MSN-

NH2-NPs during synthesis were recorded and are shown in

Figure 2D and E.

UV-VIS absorbance spectroscopy and Fourier-transform

infrared (FT-IR) spectroscopy were performed for Bt, Gd-

MSN@uFe-NPs and Gd-MSN@uFe-Bt-NPs in order to further

test the Bt on the Gd-MSN@uFe-Bt-NPs (Figure 2C). The Gd-

MSN@uFe-Bt-NPs displayed an important peak at approxi-

mately 360 nm corresponding to the Bt UV spectrum

(Figure 2F)..”]Furthermore, due to the presence of the –C [dou-

ble bond, length as m-dash] –O bond at 1679 cm�1, the FT-IR

results indicate a positive Bt modification, showing the loading

of the uFe-NPs and Bt encapsulation. The high-resolution SEM

(HR-SEM) descriptions evidently establish the nanostructure

morphology of the uFe-NPs and the amorphous MSN structure

of the Gd-MSN@uFe-Bt-NPs (Figure 3), which was confirmed

by the mapping of the corresponding element. In addition, the

HR-SEM energy dispersive spectroscopy (EDS) image of Gd-

MSN@uFe-Bt-NPs shows EDS elemental maps for the ele-

ments C Ka, Gd Ka, Si Ka, O Ka, and Fe Ka.

The In Vitro Cytotoxicity and Cellular Uptake

As it is well established, a drug delivery system’s biocompat-

ibility and cytotoxicity are of prodigious importance for its

presentation in the field of medicinal chemistry. The in vitro

cytotoxicity of Gd-MSN@uFe-Bt-NPs against the L929 cell

line was therefore discussed utilizing the CCK assay method.

The L929 cells showed the high cell viability of more than 95%
after incubated for 24 and 48 hours with a high concentration of

Figure 2. A and B, A transmission electron microscopy image. Scale bar is 100 nm. C, Infrared spectroscopy image of Gd-MSN NPs and Gd-
MSN@uFe-Bt-NPs. D and E, DLS of Gd-MSN NPs and Gd-MSN@uFe-Bt-NPs. F, UV-VIS image of Gd, Gd-MSN NPs, and Gd-MSN@uFe-Bt-
NPs.
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Gd-MSN@uFe-Bt-NPs of 200 mg�mL�1 (Figure 4). Although

the cell viability decreased slightly after 48 hours of incubation

at a concentration of 500 mg�mL�1, the cell viability remained

as high as 85%, suggesting that the Gd-MSN@uFe-Bt-NPs can

be utilized as an effective drug conveyance device. The out-

standing cellular uptake results obtainable by drug delivery

systems’ active directing approaches are an actual method to

improve the conveyance efficacy and outcome of chemother-

apy. A confocal laser scanning microscopy was used to investi-

gate the cell uptake of DiI-loaded Gd-MSN@uFe-Bt-NPs.

Figure 5 shows the growing number of nanoparticles adopted

in MCF-7 breast cancer cells by different cultivation periods

(Figure 5). Clearly, the efficiency of cell uptake for Gd-

MSN@uFe-Bt-NPs was much lower than initial uptake, which

suggests that Bt can improve the efficacy of cellular uptake of

Gd-MSN@uFe-Bt-NPs through the biotin receptor. Further, the

cellular uptake efficiency was confirmed by inductively coupled

plasma-mass spectrometry (ICP-MS; Figure 4). The different Fe

concentrations (5, 10, 15, 20, and 30 mg/mL). The CLSM and

ICP-MS results are revealed that the Gd-MSN@uFe-Bt-NPs are

effectively uptaken by the MCF-7 cells.

In Vitro Cytotoxicity

The cytotoxic effects of Gd-MSN@uFe-Bt-NPs were tested

against MCF-7 cells with or without AMF treatment. The

results (Figure 4) indicate that Gd-MSN@uFe-Bt-NPs exhib-

ited duration-dependent inhibition of cell proliferation

associated with an untreated cells group. Gd-MSN@uFe-Bt-

NPs revealed higher cytotoxicity to MCF-7 cancer cells. There-

fore, further biotin within the cells would be released, causing

additional cell death. Outstandingly, for the group of Gd-

MSN@uFe-Bt-NPs exposed to AMF (14.02 kA�m�1, 279 kHz)

for 15 minutes, a further effective anticancer consequence was

observed with a less cell viability of 45% after 48 hours of

incubation associated with 60% deprived of the revelation of

the AMF. Hence, the results are displayed that the Gd-

MSN@uFe-Bt-NPs show high potential of cancer tissue target-

ing and improving in vivo chemotherapy.

In Vitro MRI Analysis

To assess the T2-signal MRI difference outcome of the Gd-

MSN@uFe-Bt-NPs, a 3.0 T full MR imager was applied to

get T2-signal MR images of the Gd-MSN@uFe-Bt-NPs

deferred in DI water with altered (iron) Fe meditations of

0.026, 0.029, 0.032, 0.036, and 0.039 mM. The Fe meditation

of the Gd-MSN@uFe-Bt-NPs was regulated by ICP-optical

emission spectrometry. As shown in Figure 6, Gd-

MSN@uFe-Bt-NPs persuaded a dim gesture improvement

in a dose-dependent method. By snowballing Fe meditation,

sturdier gestures (dim signal) were found, which was addi-

tionally confirmed by the crosswise relaxivity parameter (r2).

The r2 value of the Gd-MSN@uFe-Bt-NPs was 299

mM�1�s�1 in terms of Fe, representing that the Gd-

Figure 3. A, Scanning electron microscopy images of Gd-MSN@uFe-Bt-NPs. B, High-resolution scanning electron microscopy image of Gd-
MSN@uFe-Bt-NPs. C, Energy dispersive spectroscopy elemental maps for the elements C Ka, Gd Ka, Si Ka, O Ka, and Fe Ka. Scale bar is 50
nm.
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MSN@uFe-Bt-NPs display countless possibility to act as an

MRI contrast for using T2 signals of cancers.

In Vitro Infrared Thermal Imaging

The real-time temperature changes upon irradiation were

examined using an infrared (IR) thermal imaging camera. The

temperature of the Gd-MSN@uFe-Bt-NPs suspension was rap-

idly increased over 36�C under irradiation for 2, 4, 6, and 8

minutes and was up to 50�C after 8 minutes (Figure 7). How-

ever, the temperature of phosphate-buffered saline was slowly

increased to 36�C upon irradiation for 10 minutes. To observe

the photothermal conversion effect under laser irradiation, 50,

100, and 150 mg/mL of the Gd-MSN@uFe-Bt-NPs dispersion

(1.0 � 104 mol�L�1) was stored in vials. The phenomenon

meant that Gd-MSN@uFe-Bt-NPs can rapidly convert light

energy into heat energy, which was mainly attributed to the

Gd-enhanced character of Gd-MSN@uFe-Bt-NPs. The excel-

lent photothermal conversion of the Gd-MSN@uFe-Bt-NPs

hybrid enabled its application as a 2-photon photothermal ther-

apeutic agent. After the irradiation, the relative Fe content of

the supernatant was analyzed by ICP-MS. The relative Fe con-

tent decreased to 90% of its original value after 10 minutes of

irradiation. The result indicated that Fe ion leakage from the

Gd-MSN@uFe-Bt-NPs hybrid was very low in a short irradia-

tion time, which ensures its phototherapeutic effect.

Experimental Part

Combination of Gd-NPs and uFe-NPs

Gadolinium(III) oxide nanoparticles were combined utilizing

an aqueous procedure wherein Gd2O3 was somewhat dimin-

ished preceding the development of Gd2O3-MSN. Quickly,

1500 g of Gd2O3, 2500 g of NaAc, and 1.4 g of SDBS were

applied to a mix of 10 mL of EG and 30 mL of DEG. The blend

was then vivaciously mixed for 5 hours and fixed in a 50 mL

Teflon-lined hardened steel autoclave (with a filling proportion

of roughly 70%) at 200�C for 12 hours. Subsequent to chilling

off to room temperature, the material was washed multiple

times with ethanol and DI air, at that point extricated by attrac-

tive partition and dried in a vacuum broiler at 60�C for 24

hours. In the end, APTES was utilized as a wellspring of amino

gatherings for the change of Gd-NPs under acidic conditions,

and Gd-NPs were acquired by the disposal of free APTES.

Gadolinium(III) oxide nanoparticles have been blended by the

past strategy utilized.27-29

Readiness of Spiral Gd2O3@SiO2 Mesoporous
(Gd-MSN)

Typically, 1.0 g of Cetyltrimethylammonium Bromide

(CTAB) was applied to the arrangement of NH3�H2O (2 mL)

Figure 4. A, The in vitro cell viability of L929 cells after incubation with various concentrations (0, 100, 200, and 500 mg/mL) of Gd-MSN@uFe-
Bt-NPs for 24 and 48 hours. B, The in vitro cell viability of MCF-7 cells incubated with Gd-MSN@uFe-Bt-NPs at concentrations of 3.125, 6.25,
12.5, 50, and 100 mg/mL for 24 and 48 hours. C, Cellular uptake of Gd-MSN@uFe-Bt-NPs.

Wang and Sun 5



and DI fluid (180 mL). Once CTAB had totally broken up, 35

mL of ether and 50 mL of anhydrous ethanol were included.

After bubbling, 0.2 d Gd-NPs, which were homogeneously

spread in 10 mL of anhydrous ethanol, were applied to the

blend. Later in the wake of mixing for 10 minutes, 5 mL of

TEOS was added drop shrewd to the response blend under

enthusiastic mixing at room temperature for another 2 hours.

The last Gd-MSN-NPs were secluded by attractive partition

and washed multiple times with DI water and ethanol and in

the end dried at 70�C for 12 hours. In the argon environment,

the as-arranged Fe-MSN-NPs were asserted at 500�C for 4

hours to evacuate CTAB.

Preparation of Bt (Biotin) Changed Gd-MSN-NPs
(Gd-MSN-Bt-NPs) and uFe-Stacked Gd-MSN-NPs
(Gd-MSN@uFe-Bt-NPs)

The change of the outside of Gd-MSN-NPs with Bt was prac-

ticed by a cross-linker science process. To put it plainly, 0.3 g

of Gd-MSN-NPs was added to 50 mL of anhydrous EtOH

containing 1 mL of APTES. In the wake of blending at room

temperature for 24 hours, the blend was altogether washed with

ethanol and dried at 80�C to acquire the Gd-MSN-NH2-NPs. At

that point, 300 mg Bt was empowered utilizing EDC (90 mg)

and NHS (80 mg) broke up in a DMF-water (27 mL, 3:1, vol/

vol) arrangement with blending for 24 hours. Thus, the Gd-

MSN-NH2-NPs (250 mg) are applied to the dynamic Bt

arrangement and mixed at room temperature under anhydrous

conditions. Finally, the blend was centrifuged and washed with

water and ethanol commonly to get the Gd-MSN-Bt-NPs. So as

to set up the Gd-MSN@uFe-Bt-NPs, uFe-NPs were added to

the Gd-MSN-NH2-NPs for another 24 hours of blending earlier

alteration with Bt.

In Vitro Cytotoxicity Test and Cellular Uptake

L929 and MCF-7 cells were regularly cultured in Dulbecco’s

modified Eagle medium (DMEM) and Roswell Park Memorial

Institute (RPMI) 1640, respectively. The used DMEM and

RPMI 1640 were supplemented with 10% fetal bovine serum,

100 U/mL penicillin, and 100 U/mL streptomycin. The cell

culture was maintained at 37�C in a 5% CO2 incubator.

Figure 5. Cellular uptake of Gd-MSN@uFe-Bt-NPs for MCF-7 cells with different time periods (0, 10, 15, and 30 minutes). Scale bar is 10 mm.
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Figure 6. A, In vitro phantom magnetic resonance imaging contrast and color-mapped images of the Gd-MSN@uFe-Bt-NPs at different Gd
(mM) concentrations of 0.039, 0.036, 0.032, 0.029, and 0.026. B, Linear fit curve of the T2 value in relations of various concentrations of Gd
(mM).

Figure 7. A, The infrared thermal imaging of Gd-MSN@uFe-Bt-NPs with various concentrations. B, The Gd-MSN@uFe-Bt-NPs temperature
curve. C, The temperature before and after Gd-MSN@uFe-Bt-NPs.
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In brief, 1 � 104 L929 cells were seeded into each well of a

96-well plate with 0.1 mL DMEM and cultured overnight.

After that, the medium was replaced with fresh medium con-

taining Gd-MSN@uFe-Bt-NPs, at different Gd concentrations

(0, 100, 200, 300, 400, and 500 mg/mL, respectively) for 24 and

48 hours. After that, the medium in each well was discarded

and CCK-8 solution (100 mL medium containing 10 mL CCK-

8) was added, and the cells were incubated for 4 hours. The

MCF-7 cells were seeded into 96-well plate with 0.1 mL of

RPMI 1640 and cultured overnight. Next day, the medium was

replaced with fresh medium containing Gd-MSN@uFe-Bt-

NPs, at different 3.12, 6.25, 12.5, and 50 mg/mL, respectively,

for 24 and 48 hours. After that, the medium in each well was

discarded and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) solution (100 mL medium containing

10 mL MTT) was added and the cells were incubated for 4

hours. Then the absorbance was measured at a wavelength of

450 nm by Thermo Scientific Multiskan MK3 ELISA reader

(Thermo Scientific, Waltham, Massachusetts).

MCF-7 cells were seeded in 48-well plates at a density of 2

� 105 cells per well in 1 mL of RPMI 1640 and incubated at

37�C and 5% CO2 overnight. Next day, the medium was sub-

stituted by 1 mL of fresh RPMI 1640 containing Gd-

MSN@uFe-Bt-NPs at different time durations (0, 10, 15, and

30 minutes). After 4-hour incubation, the cell number of each

well was counted and then the cells were digested by aqua regia

solution for 4 hours.30-33

T2 MR Relaxometry

It is established that Gd-MSN@uFe-Bt-NPs was performed on a

0.5-T NMI20 NMR analyzing and imaging instrument (Niu-

mag, Shanghai, China) at room temperature. The test parameters

were set as follows: IR sequence, point resolution of 156 mm�
156 mm, section thickness of 0.8 mm, and excitation number of

1. The above samples with different Gd concentrations (0.026,

0.029, 0.032, 0.036, and 0.039 mM, respectively) were mea-

sured. Besides, the T2 MR images of the above 3 materials were

recorded using a clinical MR system (3.0 T, MAGNETOM

VERIO; Siemens Medical Systems, Erlangen, Germany).34-37

In Vitro IR Thermal Imaging

The photothermal conversion effect of the hybrid was the main

basis of this study. To examine the photothermal conversion

effect under 2-photon laser irradiation, 50, 100, and 150 mg/mL

of the Gd-MSN@uFe-Bt-NPs dispersion (1.0 � 104 mol�L�1)

was stored in vials. An 808 nm laser (1.5 W�cm�2) was used as

a source for irradiation. The IR thermographic maps and

the maximum temperature were captured during 10 minutes of

irradiation using a Fluke Ti32 (IR) thermal imaging camera.38-40

Conclusions

In summary, Gd-MSN@uFe-Bt-NPs with MRI contrast prop-

erty, active targeting agents, and stimulus response behaviors

have been effectively synthesized via a simple soft-template

process for effective breast cancer therapy. Synthesized Gd-

MSN@uFe-Bt-NPs displayed high drug charging performance

and AMF stimulus response release properties due to high outer

surface size of their nanostructure and induced heating proper-

ties. In vitro MRI capacities showed a good MRI contrast

agents with an extraordinary relaxation value of 299

Mm�1�s�1. Lastly, in vitro studies have shown that Gd-

MSN@uFe-Bt-NPs has countless possibility to act as an

MRI-guided stimulus-mediated drug conveyance mechanism

aimed at successful active breast cancer therapy.
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