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Abstract

Background
Metal based nanomaterials play essential roles in the �elds of cancer diagnosis and therapy, drug
delivery and exploration. As a novel kind of metal nanocomposites, magnetic-plasmonic nanohybrids are
promising candidates in combined therapy. However, few studies have demonstrated the multi-responsive
drug delivery properties of the nanohybrids. In this work, novel Fe3O4-Ag heterodimer nanoparticles
coated with mesoporous SiO2 were prepared for multi-responsive drug release applications.

Results
Seed growth method was employed to form the heterodimer particles, and a layer of mesoporous silica
was coated on the particle to improve the biocompatibility of metal nanoparticles, which also acted as
drug loading and release component. Characterized via infrared spectroscopy, X-Ray diffraction and
transmission electron microscopy, the particles were con�rmed to appear a Janus like structure with
Fe3O4 and Ag hemispheres encapsulating in silica. Doxorubicin hydrochloride (DOX) was loaded on the
surface of the particles for drug delivery. The drug loading e�ciency, release performance and the
apoptosis action of the particles on MCF-7 cells were investigated in vitro. The results showed that DOX
was successfully loaded on the particles with encapsulation e�ciency of 88.3% and drug loading of
30.6%. And the release amount after 48 h increased from 10.05 ± 0.19% to 68.53 ± 8.20% as the
environment was tuned to acidic, indicating an obvious pH response of the particles. Simultaneously, due
to the photothermal effect of Ag hemispheres, the particles had exhibited an enhanced drug release
stimulated by 808 nm near infrared (NIR) irradiation. And the results of apoptosis assay were in accord
with the drug release pro�les. Besides, the particles could well respond to an external magnetic �eld,
which is bene�cial to particle location or recovery.

Conclusion
The as-prepared particles exhibit good magnetic and photothermal properties originating from Fe3O4 and
Ag hemispheres respectively, which are desired features in magnetic hyperthermia and photothermal
therapy. The particles also possess pH and NIR light responsive drug release properties, enabling
triggered and targeted drug delivery.

Background
According to the World Health Organization, about 10 million people worldwide have been suffering from
cancer every year since 2003, and at least 6.2 million people would die annually of this disease [1]. In this
context, the development of e�cient and targeted treatments is receiving increasing attention. In recent
years, nanomaterials have been widely applied in biomedical applications, particularly in the �elds of
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drug delivery and bioimaging. Among numerous nanomaterials, metal nanoparticles hold broad
application prospects in drug release and targeted therapy due to their desirable physical (e.g. plasmon
resonance) and chemical (e.g. catalytic activity) properties [2, 3]. In terms of diagnosis and therapy of
cancer, metal nanoparticles hold unique advantages over other nanomaterials: easy to form
nanostructures, �exible size control and simple modi�cation. For instance, superparamagnetism, low
toxicity and good biocompatibility can be found with iron oxide nanoparticles. They can orient and
generate heat under the action of an external magnetic �eld, which can be applied to magnetic
hyperthermia of tumor cells [4, 5], magnetic resonance imaging (MRI) [6, 7] and targeted drug delivery [8,
9]. While some noble metal nanoparticles, such as Au and Ag nanoparticles possess surface plasmon
effect, and are capable of absorbing and scattering a portion of incident light, when applying this effect
in cancer treatment, the absorbed light can kill tumor cells through photothermal effects, while the
scattered light can be used for cell imaging [10, 11].

With the deepening of research, simplex treatment methods can no longer meet the clinical requirements,
and therapy and imaging are expected to be integrated on one nanoplatform. The development of
e�cient, precise and personalized treatment has begun to �ourish. For example, Hu et al [12] utilized a
microemulsion method to mix hydrophobic magnetic nanoparticles and amphiphilic block polymers by
ultrasonic emulsi�cation, and asymmetric nanocomposites were obtained after evaporation of organic
solvents. The particles exhibited a good magnetic response and could be applied in cell imaging.
Controlled by an alternating magnetic �eld, the integration of detection and therapy of tumor cells were
realized. Cui et al [13] prepared bovine serum albumin (BSA)-encapsulated Ag nanodots with a
biomineralization method. Under the irradiation of 1.0 W/cm2 808 nm near-infrared light, the temperature
could be raised to about 50°C, which could effectively kill tumor cells by photothermal effect. While the
particles possessed robust X-ray attenuation (5.7313 HU per mM Ag), it allowed the particles to serve as
computed tomography (CT) imaging agents, which had been proved on mice.

Many kinds of metal nanoparticles can play positive roles in tumor diagnosis and therapy, and
synergistic effects and enhanced therapeutic performances can be achieved through constructing
heterostructures. Among plentiful composite structures, the magnetic (e.g. iron oxide) – plasmonic (e.g.
Au, Ag) nanohybrid is most attractive because the combination not only enables the inheritance of
excellent surface chemistry, special optical and superparamagnetic properties from both components but
also overcomes some limitations of conventional magnetic hyperthermia [14]. For example, Li et al [15]
synthesized a therapeutic nanocomposite taking Fe3O4/Ag complex as the core and hollow gold as the
shell, the composite nanoparticle possessed both nuclear magnetic imaging capability from magnetic
particles and photothermal effect due to absorption in the infrared region. Xu et al [16] �rst generated
oleate/oleylamine-coated Au-Fe3O4 nanoparticles, and then the Pt complex was immobilized on the Au
hemisphere, while Her2-speci�c monoclonal antibody, Herceptin, was attached to the Fe3O4 hemisphere.
The formation of platin-Au-Fe3O4-Herceptin nanoparticles enabled the speci�c binding of platinum
anticancer drugs to cancer cells, as well as the magnetic and optical tracing of Pt complexes in cells or
organisms. Sotiriou et al [17] fabricated Janus like Ag/Fe2O3 nanoparticles coated with a thin layer of
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SiO2 on the surface by �ame aerosol technique, and applied the particles in tumor cell imaging and
detection. SiO2 coated Ag/Fe2O3 nanoparticles could not only maintain the original morphology,
plasmonic and magnetic properties of the particles, but also block the contact between nano-silver and
cells, therefore reduced the toxicity of Ag nanoparticles to living cells. In addition, the nanoparticles
coated with the SiO2 shell could be stably dispersed in aqueous solutions and biological buffers, thereby
effectively avoiding the problem of agglomeration and sedimentation or settling of the nanoparticles.
Despite the achievements in magnetic-plasmonic nanohybrid fabrication, there are few systematical
studies on the exploration of multiple functions of the composites. Especially the multi-response property
which may be the most typical feature of nanocomposites, has not been adequately demonstrated for
combined treatment of tumor.

Herein, multi-responsive and Janus type magnetic-plasmonic nanoparticles were designed to unfold the
potential of this kind of nanocomposites in combination therapy of tumor. Fe3O4 and Ag were integrated
to construct a multifunctional nanocomposite for multi-responsive chemotherapy. Due to lattice defects,
Fe3O4 nanoparticles (NPs) were used as seeds to allow the growth of Ag NPs on the surface, and
heterodimers were formed in a non-polar solution. To improve the biocompatibility of the particles, a layer
of mesoporous silica was coated on particle surface. The nanocomposite particles enabled the
integration of both characteristics of nano-Fe3O4 and nano-Ag, including magnetic responsibility and
photothermal effect. While the silica shell could serve as a drug loading layer that would accomplish pH
stimulated drug release. Application prospects of MRI and CT imaging can also be found with the
particles, which are expected to achieve a combination of multiple treatments.

Results
The OA-modi�ed Fe3O4 NPs were positively charged, and the ligands transferred the lone pair electrons to
the empty orbitals of the nanocrystal surface, while the silver nitrate and the oleylamine were mixed in
priority to form positively charged Ag-OAm, and they were attracted by each other. Thus Ag+ was
concentrated on the surface of magnetic particles with OA, and Ag was generated by free electron
reduction on the surface of the magnetic particles. Once the initial silver domain was formed, the
reduction of silver was accelerated under the autocatalytic action of Ag. Once the electrons were
completely consumed, the Ag reduction was completed, and Ag nanoparticles were formed at one end of
the magnetic particles. The medium employed in the study was a non-polar solvent and could not supply
electrons. Therefore, silver domain with a large surface was inhibited on the magnetic particle surface,
such as forming core-shell structure, and �nally a Fe3O4-Ag heterodimer was obtained [18].

The small-angle XRD patterns of Fe3O4 NPs and Fe3O4-Ag dimers are shown in Fig. 1(a), it was clear that
the diffraction peaks of Fe3O4 NPs were located at 2θ of 30.38°, 35.72°, 43.34°, 53.86°, 57.28°, 63.05°,
respectively, corresponding to Fe3O4 crystal face (220), (311), (400), (422), (511), (440), respectively
(JCPDS#72-2303). In addition to the diffraction peak position of Fe3O4, diffraction peaks at 2θ of 35.75°,
43.45° and 64.54° occurred in the XRD pattern of Fe3O4-Ag particles, which corresponded to the (111),
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(200), (220) crystal faces of silver. The UV-visible absorption spectra of Fe3O4-Ag and pure Fe3O4

particles in Fig. 1(b) revealed that a signi�cant absorption peak appeared near 440 nm with Fe3O4-Ag
particles, which was the typical absorption wavelength of silver. Therefore, the existence of silver in the
prepared dimer particles were con�rmed by XRD and UV absorption patterns.

Functional groups on the surface of the as-prepared particles were characterized by Fourier transform
infrared (FT-IR) spectroscopy to ensure the successful coating of oleic acid and silica, as shown in Fig.
2(a). From the FT-IR spectrum of oleic acid-coated Fe3O4 NPs, the peaks at wavenumbers of 2900 cm-1

and 2850 cm-1 corresponded to the vibration of -CH2- and -CH3- groups of oleic acid, the wave number of
1401 cm-1 corresponded to the -CH=CH- vibration, and the wavenumber of 575 cm-1 indicated the Fe-O
vibration of oleic acid. Consequently, the magnetic particles containing Fe-O bond were successfully
prepared, and the particle surface was coated with oleic acid, which made the Fe3O4 NPs hydrophobic.
From the FT-IR spectrum of silica coated heterodimers, the vibration peak of oleic acid at wave number of
1401 cm-1 disappeared, and the absorption peak at 575 cm-1 obviously weakened, while the absorption
peak at 1100 cm-1 corresponding to the Si-O vibration of silica was dramatically enhanced. These results
suggested that silica had indeed covered the surface of the heterodimers.

The surface of the silica shell was modi�ed with a silanization agent. The amino group was �rst
introduced to the surface of the silica, and then the amino group reacted with succinic anhydride to form
the carboxyl group, which would provide the particles with pH sensitivity. Fig. 2(b) demonstrates the FT-IR
spectra of the silica shells modi�ed with amino and carboxyl groups on the surface respectively.
Absorption peaks appeared at 1474 cm-1 and 695 cm-1 in the spectrum of amino modi�ed silica
corresponded to the bending vibration of the NH bond in amino group and the -NH3

+ symmetric vibration.
After modifying carboxyl groups on the surface of the silica, the characteristic peaks of amino group
disappeared or weakened, and the transverse longitudinal symmetrically contracted vibration peak of the
Si-O-Si bond at 1101 cm-1 was enhanced, implying that part of the modi�ers condensed with Si-OH
groups. While the peak appearing at 1379 cm-1 signi�ed the secondary amide -CO-NH- absorption band,
con�rming that the surface of the silica had been modi�ed with carboxyl groups.

The morphology of Fe3O4-Ag@SiO2 NPs were characterized by transmission electron microscopy (TEM)
and energy dispersive spectrometer (EDS). Fig. 3(a) shows the TEM image of Fe3O4 NPs, the particles are
spherical, and the particle size is about 10 nm and generally uniform. Fig. 3(b) shows the TEM image of
Fe3O4-Ag heterodimers and the particles appear clear asymmetry. Ag NPs had grown on the surface of
Fe3O4 NPs to form a dumbbell-shaped morphology, and the size of Ag particles is about 8 nm. Fig. 3(c)
shows the TEM image of Fe3O4-Ag@SiO2 NPs. The image exhibits that an asymmetric core is wrapped in
the silica shell, the particles are spherical, and the particle size is between 80-100 nm with a narrow
distribution. The elemental analysis map of Fe3O4-Ag@SiO2 NPs was obtained from EDS (Fig. 3(d)). The
�nally prepared particles contain the elements of Ag, Fe and Si, a�rming that the heterodimers were
indeed encapsulated in the silica shells.
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The magnetism of the as-prepared nanoparticles was measured and tested by magnetometer and a
magnetic �eld. The hysteresis loop diagrams of Fe3O4 NPs and Fe3O4-Ag@SiO2 NPs are given in Fig.
4(a). The saturation magnetization of Fe3O4 and Fe3O4-Ag@SiO2 NPs was 66.71 emu/g and 49.39
emu/g respectively. Compared to pure Fe3O4, the magnetization of the nanocomposite was slightly
reduced due to the encapsulation with silica on the surface, still the nanocomposites could well respond
to an external magnetic �eld, as displayed in Fig. 4(b). Fe3O4-Ag@SiO2 NPs dispersed in ethanol solution
were attracted by a magnet, and the particles were completely adsorbed within 1 min. Therefore, the as-
prepared Fe3O4-Ag@SiO2 NPs can be easily separated from matrix, which allows for the in vivo location
or recovery of the particles controlled by a magnetic �eld.

Drug loading and releasing

DOX is one of the most widely used chemotherapeutic drugs in cancer therapy. DOX is positively charged,
while the surface of modi�ed Fe3O4-Ag@SiO2 NPs is negatively charged, thus DOX can be loaded on the
surface of silica by electrostatic interaction. The encapsulation e�ciency of the particles was calculated
to be 85.7 ± 2.1%, and the drug loading was 30.0 ± 0.5%. Fig. 5(a) illustrates the Raman spectra of free
DOX and DOX-loaded particles. The peak locations of both spectra are generally the same, hence it could
be deduced that DOX was loaded on the particles. In order to avoid the side effects and enhance the
e�cacy of anticancer drugs, drug delivery systems should be endowed with the ability of controlled drug
release. By modifying carboxyl group on the surface of Fe3O4-Ag@SiO2 NPs, the loaded drug would be
released rapidly in an acidic environment, such as tumor tissues. 

Fig. 5(b) presents the in vitro drug release pro�les of the particles at different pH values, at pH 7.4, the
cumulative release of the drug was 10.0 ± 0.2%, and at pH 5.4, the cumulative release of DOX reached
68.5 ± 8.2%, which is about 6 times higher than that at pH 7.4. This result indicates that the obtained
particles were produced with pH responsibility by surface modi�cation with the carboxyl groups, and the
drug release pro�le at acidic environment was quite different from that at neutral environment. Actually,
the carboxyl groups were attached on the surface of the silica shell, and in neutral solutions, DOX could
�rmly attach on the particles due to the strong electronegativity actions. When the environment was
converted to acidic, the electronegativity of the particles weakened and the particle surface gradually
converted to positively charged, thus the adsorption capacity of DOX weakened [19]. Compared with
normal tissues, tumor tissue has a lower pH value and is weakly acidic [20]. Therefore, the pH sensitive
drug carriers may reduce the side effects on normal tissues because massive drug leakage would not
occur under neutral pH conditions. When the carriers enter a tumor tissue with a slightly acidic
environment, the anticancer drugs can be effectively released, improving the e�cacy of anticancer drugs.

Cytotoxicity of the particles

Biocompatibility is one of the prerequisites for drug delivery systems to ensure that the carriers will not
affect the growth and reproduction of normal cells. A MTT assay was carried out to test the
biocompatibility of the prepared particles, and the results are shown in Fig. 6. For blank particles at the



Page 7/19

concentration ranging from 0 to 100 μg/mL, the viability of MCF-7 cells was maintained above 95% after
co-incubation with the particles for 24 h. Therefore, no obvious cytotoxicity was found with the particles
at the given doses. For DOX loaded particles at the concentration ranging from 0.1 to 100 μg/mL, the cell
viability decreased from 90.0 ± 8.7% to 30.5 ± 3.2% with the increase of particle concentration. The
results demonstrate that the drug was effectively released in MCF-7 cells and the particles had promoted
the apoptosis of MCF-7 cells in a dose-dependent manner.

In order to clarify the performance of the particles on cells, MCF-7 cells were stained with Calcein-AM and
propidium iodide (PI) for �uorescent imaging. The results are shown in Fig. 7. The morphology of cells
cultured with blank particles is similar to that of the control group (without particles or drug). Green
�uorescence (indication of living cells) is evident and red �uorescence (indication of apoptotic cells) does
not appear, suggesting that the cells were in regular growth state, with few cells in the middle and late
stages of decline. For the cells co-cultured with drug-loaded particles, the morphology of the cells
observed under bright �eld deforms into rounded shape. The intensity of green �uorescence is
dramatically decreased and red �uorescence emerges obviously, indicating that the number of cells in the
middle and late stages of decline was increased. This result is in accord with the cytotoxicity test, thus it
can be concluded that DOX was effectively released from the particles and successfully induced cell
apoptosis.

NIR assisted drug release

Since Ag NPs with an average diameter of 8 nm were embodied in the Fe3O4-Ag@SiO2 NPs, heat can be
generated under the irradiation of 808 nm NIR laser through the well-known photothermal effect of Ag
NPs, which would also promote the release of the drug and accelerate the decline of MCF-7 cells. Fig. 8
exhibits the images of MCF-7 cells treated with blank particles and drug-loaded particles after NIR
irradiation. For cells irradiated by NIR laser, the shapes of the cells are regular. Meanwhile, green
�uorescence is palpable and red �uorescence is absent, implying that NIR laser had not affected the cell
growth. For the cells co-cultured with Fe3O4-Ag@SiO2 particles, the green �uorescence is slightly
decreased and a few cells appear red �uorescence. This phenomenon indicates that after laser
irradiation, heat generated by the NPs had killed some of the MCF-7 cells, but there was no extensive
apoptosis. However, for the cells co-cultured with the drug-loaded particles, the cells deform after
irradiation with green �uorescence almost extinguished, in the contrary, red �orescence greatly lightened,
indicating that the majority of the cells were apoptotic. Compared with the cells which had not been
treated with laser irradiation, the apoptosis rate of the NIR treated cells was enhanced. In conclusion, the
local heat generated by the particles was conducive to the rapid release of DOX and accelerated the
apoptosis of MCF-7 cells.

Discussion
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The type of magnetic-plasmonic hybrid nanoparticles hold great promise in tumor imaging, magnetic
hyperthermia and photothermal therapy. A variety of studies have fabricated this kind of particles via
various methods and revealed their potential to act as the contrast agents in MRI and CT imaging, and
heat generating components in enhanced or combined thermal therapy using magnetic �eld or light. And
core-shell structure is most frequently employed when fabricating the nanoparticles, despite the potential
of Janus structure having different hemispheres that will give full play to their strengths independently.
Therefore, the present work has demonstrated the fabrication of Janus like Fe3O4-Ag NPs which are
expected to accomplish the missions of magnetic response and photo-thermal conversion respectively
and simultaneously in a non-interference manner. Facing the challenge of developing nanoplatforms with
multiple diagnostic and therapeutic functions, drug delivery (with drug loading and controlled release)
was endowed to the proposed Fe3O4-Ag NPs, which is believed to be the icing on the cake. Here the silica
layer on the particle acted as not only the isolating �lm to avoid the potential toxicity of Ag NPs, but also
the carrier for drug loading and controlled release. Thus triple functions (magnetic manipulation,
photothermal effect and drug delivery) can be found with the nanoparticles developed in this work. Still
there is space for this work to be further improved. For instance, the potential of the particles to serve as
the contrast agents in MRI or CT imaging had not been adequately explored in vivo, although the particles
are promising in these �elds contributing to the inherent features of metal NPs contained in the particles.
Hence efforts may be devoted to unfold the availability of the particles in live models in the future work.

Conclusions
Here we fabricated a novel kind of hybrid Fe3O4-Ag@SiO2 NPs with the properties of magnetism,
photothermy and controlled drug delivery. Seed growth method was employed to generate the Janus type
Fe3O4-Ag NPs and the morphology and size of the particles were con�rmed and characterized. In order to
avoid cytotoxicity of the particles, a layer of mesoporous silica was coated on the particle surface.
Experimental results indicated that the silica shell did not affect the magnetism of the particles obviously,
and could serve as an e�cient drug delivery component. High encapsulation e�ciency and drug loading
of DOX were obtained with the particles, and pH stimulated drug release was observed due to the
existence of carboxyl group on silica shell. The cytotoxicity and intracellular drug release experiments
demonstrated that the nanoparticles were biocompatible, and the drug was effectively released into cells
to induce cell apoptosis, which could be further promoted by NIR laser irradiation. The proposed NPs are
expected to have presented a comprehensive function in antitumor application, including drug delivery,
photothermal therapy and magnetic control which can be further explored for magnetic targeting,
magnetic hyperthermia and CT imaging. It is believed that more advanced functions will be developed
and integrated on these hybrid nanoparticles to achieve progressed treatment effects in �ghting against
tumor.

Methods
Reagents
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Ferric trichloride, ferrous sulfate, ammonium hydroxide, n-hexane, isopropyl alcohol, tetraethyl
orthosilicate (TEOS), cetyl trimethyl ammonium bromide (CTAB), anhydrous sodium carbonate, N, 'N-
dimethyl formamide, butanedioic anhydride and octane were purchased from Sinopharm Chemical
Reagent Corporation, Shanghai, China. Oleic acid (OA), oleylamine (OAm) and 3-
aminopropyltrimethoxysilane (ATPES) were purchased from Aladdin Industrial Corporation, Shanghai,
China. Silver nitrate, propidium iodide (PI) was purchased from Shanghai yuanye Bio-Technology Co.,
Ltd., Calcein-AM was purchased from Yeasen Biotech Co., Ltd., Shanghai, China. Methylthiazolydiphenyl-
tetrazolium bromide (MTT) was purchased from Dalian Meilun Biotechnology Co., Ltd., China. All of the
above reagents were used as received without further puri�cation, and deionized water was used
throughout the experiment.

Preparation of OA-modi�ed Fe3O4 NPs. 

OA-coated Fe3O4 NPs were prepared by a chemical co-precipitation method [21]. In brief, 12 mmol FeCl3
and 6 mmol FeSO4 were dissolved in 80 mL of deionized water, and the mixture was heated to 40 ℃ in a
water bath and 16 mL of ammonia water was added. After heating to 80 ℃, 5 mL of OA was added and
reacted for 2 h. The product was collected by magnetic separation, then dissolved in n-octane, and the
precipitate was removed by suction �ltration. The supernatant was precipitated with excess absolute
ethanol, and the precipitate was washed with anhydrous ethanol and deionized water alternately, and
dried in vacuum.

Preparation of Fe3O4-Ag NPs. 

Silver nitrate (34 mg) and oleylamine (800 μL) were dispersed in 15 mL of n-hexane, under 70 ℃ and
mixing, 1 mL of OA-coated Fe3O4 dispersion (in n-hexane, 5 mg/mL) was added, and the temperature was
set to 80 ℃, reacted for 2 h. After reaction, the mixture was cooled down to room temperature, excess
ethanol was added for precipitation, and the precipitate was washed with ethanol and dried in vacuum.

Preparation of Fe3O4-Ag@SiO2 NPs. 

50 mg of Fe3O4-Ag particles was dispersed in 20 mL of isopropanol and sonicated for 15 min. Under 40
°C and 300 rpm stirring, 1.8 mL of deionized water and 1 mL of ammonia water were added, and after 10
min of reaction, 50 μL of TEOS was injected to the mixture. After 2 h reaction, the particles were washed
with ethanol and water. Then the particles were dispersed in 10 mL water and sonicated for 15 min, then
transferred to a mixed solution of 15 mL water, 15 mL ethanol and 0.275 mL ammonia water with 75 mg
CTAB, and stirred at room temperature for 30 min at 300 rpm. Afterwards, 125 μL TEOS was added to the
dispersion and stirred for 6 h, and the particles were washed alternately with ethanol and water. The
particles were ultrasonically dispersed with 424 mg of sodium carbonate in 20 mL of water, reacted at 50
°C for 10 h, and washed alternately with deionized water and ethanol. The particles were then dispersed
in 15 mL of water, transferred to a reaction vessel and reacted at 100 °C for 2 h. Last the particles were
washed with deionized water and dried in vacuum.
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Particle surface modi�cation. 

For amino group modi�cation, 10 mg of the particles were dispersed in 30 mL of ethanol, 1 mL of ATPES
was dispersed in 10 mL of ethanol, these dispersions were mixed and stirred at room temperature for 8 h,
then the mixture was heated to 105 °C and re�uxed for 2 h. For carboxyl group modi�cation, 10 mg
particles were dispersed in 50 mL N, N'-dimethylformamide containing 2 wt% succinic anhydride, and the
mixture was stirred at room temperature for 24 h, and the particles were collected and washed with
absolute ethanol, last dried in vacuum before use.

The overall preparation process of Fe3O4-Ag@SiO2 NPs is presented in Scheme 1. 

Drug loading and in vitro release

1 mg of nanoparticles were dispersed in 1 mL of phosphate buffer saline (PBS, with DOX, at a
concentration of 0.5 mg/mL) and stirred for 8 h. After the particles were magnetically separated, the UV
absorbance of the solution was measured at 480 nm to deduce the encapsulation e�ciency and drug
loading, and they can be calculated by using the following formulas:

Encapsulation e�ciency (%) =Weight loaded DOX / Weight total DOX×100%

Drug loading (%) =Weight loaded DOX / Weight Fe3O4-Ag@SiO2/DOX×100%

For plotting drug release pro�les, 1 mg of drug-loaded particles were dispersed in 3 mL of neutral PBS (pH
7.4) or acidic PBS (pH 5.4), and the dispersions were shaken on an orbital shaker at 37 °C, 100 rpm. An
aliquot of the supernatant was taken at intervals and the corresponding release medium was replenished
in time. The UV absorbance of the removed supernatant was measured at a wavelength of 480 nm, and
the cumulative release amount of the drug at each time point was calculated, and each sample was
measured three times in parallel.

Cell apoptosis. 

MCF-7 cells were chosen for cytotoxicity test and apoptosis study. Toxicity of blank particles was tested
by MTT method, brie�y, cells were �rst transplanted to a 96-well plate with a density of 104 cells per well,
and cells in each well were incubated with 100 μL of culture medium (Dulbecco’s modi�ed Eagle’s
medium with fetal bovine serum and antibiotics) at 37 °C for 24 h. Then the medium in each well was
replaced by 100 μL of fresh medium (free of fetal bovine serum) or medium in which the particles were
dispersed to a concentration of 0.1, 0.5, 1, 5, 10, 50, 100 μg/mL. After a subsequent incubation for 48 h,
the particle suspensions were discarded, and the wells were washed twice with PBS. 80 μL of the medium
and 20 μL of MTT solution (5 mg/mL) were added into each well followed by 4 h incubation. Afterwards,
the solution in each well was discarded, 100 μL of dimethyl sulfoxide was added and shaken for 10 min
on an orbital shaker. Lastly, the absorbance at 490 nm of the solution in each well was measured for cell
viability estimation using a microplate reader (SynergyH1, BioTec, USA). Cells cultured with particle-free
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media were used as references. For cell apoptosis study, DOX loaded particles (0.1, 0.5, 1, 5, 10, 50, 100
μg/mL, with a drug loading of 28.4%) were used instead of blank particles. 

Cell imaging. 

Calcein-Am and propidium iodide (PI) were used as dyes to indicate the living cells and the middle and
late apoptotic cells respectively. The MCF-7 cell suspension was planted in a 24-well plate at a
concentration of about 300 μL per well and incubated for 24 h. Then blank particles and DOX loaded
particles were added into the culture medium and co-incubated for another 24 h. Afterwards, the culture
medium was discarded, and the cells were washed with PBS, then 50 μL of 10 μg/mL Calcein-Am was
added to each well and cultured for 15 min. Subsequently the cells were washed twice with PBS, followed
by adding 50 μL of 20 μg/mL PI to each well and culturing for 10 min. Last the cells were washed twice
with PBS and were placed under an inverted �uorescence microscope (Ti-U, Nikon, Japan) for
observation.

NIR laser assisted cell apoptosis. 

The MCF-7 cell suspension was planted in a 24-well plate at a concentration of about 300 μL per well and
incubated for 24 h, and the medium was discarded, 300 μL of culture medium having blank particles or
DOX loaded particles were added. The cells were irradiated with 808 nm laser at an intensity of 0.84
w/cm2 for 5 min, and then cultured for 24 h. After discarding the medium and washing with PBS, 50 μL of
10 μg/mL Calcein-Am was added to each well and cultured for 15 min, then each well was washed twice
with PBS, and added with 50 μL 20 μg/mL PI followed by another culturing for 10 min. Lastly, the wells
were washed twice with PBS, and the cells were observed under an inverted �uorescence microscope.

Abbreviations
DOX: Doxorubicin hydrochloride; NIR: Near infrared; MRI: Magnetic resonance imaging; BSA: Bovine
serum albumin; CT: Computed tomography; NPs: Nanoparticles; FT-IR: Fourier transform infrared; TEM:
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CTAB: Cetyl trimethyl ammonium bromide; OA: Oleic acid; OAm: Oleylamine; ATPES: 3-
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Figures

Figure 1

XRD and UV-vis spectra of Fe3O4 and Fe3O4-Ag NPs. (a) Small-angle XRD pattern of Fe3O4-Ag
heterodimer NPs, insert shows the XRD pattern of Fe3O4 NPs, (b) UV-vis absorption spectra of Fe3O4
NPs and Fe3O4-Ag heterodimer NPs.

Figure 2
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FT-IR spectra of different particles. (a) FT-IR spectra of Fe3O4 NPs and Fe3O4-Ag@SiO2 NPs, (b) FT-IR
spectra of Fe3O4-Ag@SiO2 NPs modi�ed with amino or carboxyl groups on the surface.

Figure 3

TEM images and EDS elemental analysis. (a) TEM image of Fe3O4 NPs, (b) TEM image of Fe3O4-Ag
NPs, (c) TEM image of Fe3O4-Ag@SiO2 NPs, (d) EDS elemental analysis of Fe3O4-Ag@SiO2 NPs.
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Figure 4

Magnetic property of Fe3O4-Ag@SiO2 NPs. (a) Magnetic hysteresis loop diagrams of Fe3O4 NPs and
Fe3O4-Ag@SiO2 NPs, (b) magnetic manipulation of Fe3O4-Ag@SiO2 NPs.

Figure 5

Drug loading and releasing performances of the particles. (a) Raman spectra of DOX and DOX-loaded
NPs, (b) in vitro release curves of drug-loaded Fe3O4-Ag@SiO2 NPs in different pH conditions.
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Figure 6

Apoptosis performance of the particles. MCF-7 Cells were incubated with different concentrations of
Fe3O4-Ag@SiO2 NPs and DOX-loaded NPs for 24 h.
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Figure 7

Bright �eld and �uorescent images of MCF-7 cells. Cells were cultured with blank Fe3O4-Ag@SiO2 NPs
and DOX-loaded Fe3O4-Ag@SiO2 NPs, scale bars represent 50 μm in all the images.
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Figure 8

Bright �eld and �uorescent images of MCF-7 cells. Cells were cultured with blank Fe3O4-Ag@SiO2 NPs
and DOX-loaded Fe3O4-Ag@SiO2 NPs after NIR laser irradiation, scale bars represent 50 μm in all the
images.
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