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Introduction: Aim to obtain a NO donor that can control released NO in vivo with the high 
efficacy of tumor suppression and targeting, a nanoplatform consisting of FA-Fe3O4@mSiO2 

-Au/DOX was constructed.
Methods: In vitro, the nanoplatform catalyzed NO’s release with the maximum value of 
4.91 μM within 60 min at 43°C pH=5.0, which was increased by 1.14 times when the 
temperature was 37°C. In vivo, 11.7 μg Au in the tumor tissue was found to catalyze 
S-nitrosoglutathione continuously, and 54 μM NO was checked out in the urine.
Results and Discussion: The high concentration of NO was found to increase the apoptotic 
rate and to reduce tumor proliferation. In the chemo-photothermal combination therapy, the 
tumor inhibition rate was increased up to 94.3%, and Au’s contribution from catalyzing NO 
release NO was 8.17%.
Keywords: thermotherapy, chemotherapy, NO control release, magnetic mesoporous silica 
nanocomposites

Introduction
The multifunctional therapeutic system with targeted drug delivery, imaging, and 
a combination therapy mode, which can greatly increase therapeutic efficacy and 
minimize the damage to normal tissues, has been extensively studied.1–3 The integra-
tion of the thermo-chemo therapeutic system consisting of gold nanocomposites,4 

carbon nanotubes,5 and magnetic mesoporous microspheres6 is an effective therapeu-
tic system in vitro and vivo. Despite achievements that have been made, the inte-
grated therapeutic systems usually loading an exogenous drug (doxorubicin, 
paclitaxel, and macromolecular protein), which commonly bring undesirable side 
effects, ineffective delivery to the tumor sites, and tumor cell resistance,7–9 are still 
facing difficult problems. Nitric oxide (NO) as a messenger molecule in vivo plays an 
important role in many physiological activities, such as cardiovascular, cerebrovas-
cular, respiratory, nervous, and immune response.10 NO presenting in low concentra-
tion exerts physiological function; however, NO with high concentration forms highly 
reactive substances (N2O3, ONOO−, etc.), causing nitrification and oxidative stress, 
excessive consumption of glutathione (GSH) in cells, obstruction of mitochondria 
normal function, damage DNA and induce apoptosis.11–13 Given the dramatically 
opposite roles of NO causing by concentration, it is a good strategy to design 
a controlled release NO donor integrated into a multifunctional therapeutic system.
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Several kinds of NO donors have been reported as 
drugs to investigate the anti-tumor efficacy.14–17 

Unfortunately, those donors lack cancer cells targeting 
design for NO release in a controlled manner resulting in 
unsatisfactory tumor suppression and limiting their real 
application in treatment. Recently, some specific catalysts 
(such as Cu2+, Fe3+, Au, etc.) have been proved for the NO 
generation whenever they come into contact with fresh 
blood serum; for example, S-nitroso serum albumin and 
S-nitrosoglutathione (GSNO) wide-spreading in blood will 
break S-NO bond to produce NO under the action of 
catalysts.18,19 Among these catalysts, Au nanoparticles, 
which have near-infrared light absorption characteristics 
and can convert the absorbed light energy into heat energy, 
and meanwhile, activate heat-related pathways in tumor 
cells and induce expression of apoptotic proteins,20–23 

draw our research interest. Also, it has been reported that 
magnetic gold nanocomposites could precisely accumulate 
in the tumor after a long period of blood circulation and 
significantly improve anti-tumor drugs’ efficacy (doxoru-
bicin, paclitaxel, and macromolecular protein) in the com-
bination of thermo-chemotherapy.24–26 To design 
a multifunctional therapeutic system consisting of Au is 
an ideal solution for integrating controlled NO-release 
donors into a thermo-chemotherapy system.

To demonstrate Au can act as a NO donor catalyst 
in vivo chemotherapy by releasing NO in a thermally con-
trolled manner and obtain satisfactory tumor suppression, 
the nano platform FA-MMSN-Au/DOX combining thermo- 
chemotherapy and multiple recognition mechanisms for 
tumor cells was constructed. Firstly, the aminated magnetic 
mesoporous silicon nanoparticles (MMSN-NH2) were pre-
pared by a thermal decomposition method and sol-gel 
method and then assembled with Au nanoparticles by elec-
trostatic adsorption (MMSN-Au), and finally loaded with 
DOX and coupled with FA molecules (as shown in Figure 
1A). Secondly, in vitro, the relationship between NO release 
amount catalyzed by MMSN-Au particles and temperature 
and GSNO concentration was measured. Thirdly, in vivo 
with a magnetic target and the near-infrared light radiation, 
the FA-MMSN-Au/DOX carrier accumulated at the tumor 
site and produced heat increasing tissue temperature; the 
NO released amount checked out in the urine. A contrastive 
combination therapy scheme was designed to investigate 
the effect of NO catalyzed by Au on tumor suppression. 
Under the same hyperthermia conditions, the effects of FA- 
MMSN-Au/DOX and the FA-MMSN/DOX carrier on 
tumor growth at different stages were compared, and Au’s 

contribution as NO donor catalyst was clarified. This pro-
vides a useful complement to Au’s thermotherapy mechan-
ism, and the results have never been reported before. Our 
work also provides a new strategy for integrating nitric 
oxide chemical biology and multi-modal combination ther-
apy, such as Au thermo-chemotherapy.

Materials and Methods
Materials
FeCl3·6H2O, sodium oleate, oleic acid were purchased 
from Tianjin Yongda Chemical Reagent Co., Ltd.; oleyla-
mine (80–90%) was purchased from Shanghai McLean 
Biochemical Technology Co., Ltd. Cetyl trimethyl ammo-
nium bromide (CTAB) and ammonium nitrate were pur-
chased from Beijing Chemical Reagent Co., Ltd.; 
n-hexane, absolute ethyl alcohol and sodium hydroxide 
(95%) were purchased from Tianjin Damao Chemical 
Reagent factory; octadecene, N-(2-aminoethyl)-3-amopro-
pyl trimethoxysilane (EDS), tetraethoxysilane (TEOS) 
were purchased from Beijing Balinwei Reagent Co., Ltd.; 
Polyoxyethylene-polypropylene-polyoxyethylene copoly-
mer (F127) was purchased from Germany BASF 
Company; chloroauric acid (HAuCl4·3H2O, 99.99%) was 
purchased from Alfa Aesha (China) Chemical Co., Ltd.; 
folic acid (FA, ≥97%), doxorubicin hydrochloride (DOX, 
≥98%) and S-Nitrosylglutathione (GSNO) was obtained 
from Aladdin Bio-chem Technology Co., Ltd.; Griess 
reagent Shanghai Biyuntian Biotechnology Co., Ltd. 
1-hydroxybenzotriazole (HOBT) and O-benzotriazole - 
tetramethyl urea hexafluorophosphate (HBTU) were pur-
chased from Gill Biochemical (Shanghai) Co., Ltd. All 
chemicals were analytical reagent grade and used without 
further purification.

Construction of the Multifunctional 
Platform FA-MMSN-Au
Fe3O4 magnetite nanoparticles (MNP) were synthesized 
using the thermal decomposition method established by 
Park et al.27 Fe3O4@mSiO2-NH2 magnetic mesoporous 
silica nanocomposites (MMSN-NH2) were prepared 
according to the method reported by our group.28 Au 
nanoparticles were prepared according to the literature.29 

The above MMSN-NH2 absolute ethyl alcohol solution 
(1 mL, 20 mg/mL) was added to the Au solution 
(10 mL, 2.4 mg/mL) and kept stirring for 1 h. After 
centrifugation (4500 rpm/min, 10 min), the magnetic 
gold nanocomposites (MMSN-Au) were collected and 
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rinsed with ethanol two times. FA (10 mg) was dissolved 
in dimethyl sulfoxide (DMSO, 5 mL). Then, 1-ethyl- 
(3-dimethyl aminopropyl) carbodiimide hydrochloride 
(EDC, 200 mg) and n-hydroxysuccinimide (NHS, 
160 mg) were added for excitation 3 h. MMSN-Au 
(100 mg) nanoparticles dispersing in DMSO (20 mL) 
were added to the above solution and reacted 24 h at 
room temperature. The final carrier of FA-MMSN-Au 
was obtained by centrifugation.

Thermal Properties Study
The test solutions were prepared by dispersing accurate 
amounts of the FA-MMSN-Au composites in PBS 
(pH=7.4) solutions. The prepared solutions (1 mL) with 
different concentrations were introduced into cuvettes and 
exposed to the NIR light laser (808 nm, 0.27 W/cm2). For 
another group, series concentration FA-MMSN-Au solu-
tions (1 mL) were placed in a high-frequency induction 
heating instrument with different alternating current. The 

temperature of the solutions was recorded using a thermal 
imager.

Drug Loading and in vitro Release
First, DOX (4 mg) and MMSN-Au (20 mg) composites 
were added to PBS (2.0 mL, pH=7.4) solution, followed 
by mixing and shaking dispersion for 24 h. Second, the 
composites were washed with pH 7.4 PBS solution to 
remove the DOX adsorbing on the support surface until 
colorless. The composites were then collected and 
recorded as FA-MMSN-Au/DOX; the supernatant was 
also collected and measured at a wavelength of 480 nm. 
According to the literature method,30 the load capacity was 
calculated as follows: EE¼ MloadingDOX

MTotalDOX
� 100%

The drug release behavior was investigated as follows: 
4 mg MMSN-Au/DOX was dispersed in 10 mL pH 5.0 
and 7.4 PBS in two different dispersion media (simulating 
tumor tissue and normal tissue environment, respectively), 
and placed in a 37°C air bath shaker at 120 rpm shaking. 
At a specific time (0.5, 1, 2, 3, 4, and 6 h), the release 

Figure 1 (A) Scheme of the multifunctional platform; TEM images of (B) MNP, (C) MMSN, (D) HRTEM image of Au nanoparticles, (E) MMSN-Au nanocomposites; MMSN- 
Au with different dose of EDS (G) 20 μL, (H) 40 μL, (I) 80 μL; (F) the size distribution of MNP, MMSN, and MMSN-Au. The diameter of MNP comes from reference,32 (J) 
Zeta potential change.
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medium’s absorbance was measured at 480 nm. The drug 
release behavior of MMSN-Au/DOX was measure in the 
same procedure.

GSNO PBS solution was used to simulate plasma, and 
gold nanoparticles in MMSN-Au composites could catalyze 
GSNO release NO, converted to nitrite or nitrate in PBS 
solution. The Griess kit was used to detect MMSN-Au carrier 
performance catalyzing S-nitrosoglutathione (GSNO) to 
release of NO.31 According to the instruction of the Griess 
kit, the NO standard curve was determined. Next, 2 mL PBS 
solution containing 300 μL GSNO (1.2 mM) and 1 mL of 
MMSN-Au nanocomposite aqueous solution (12 mg/mL) 
was mixed in the sealed dialysis bag immersing in a 35 mL 
PBS solution at 37°C. After dialysis for a different time, 
1 mL of PBS solution outside the dialysis bag was taken 
out for NO test with maintaining the constant volume of PBS 
solution. The experiments under the condition of 2.4 mM and 
4.8 mM GSNO, and 25°C and 43°C were also measured with 
the above procedure.

Cell Culture and Cellular Uptake
MCF-7 cells were provided from Shanghai Cell Institute 
(Shanghai, China). MCF-7 cells maintained in RPMI 1640 
supplemented with FBS (10%), penicillin (1%), and strep-
tomycin (1%) in 5% CO2 at 37°C. The medium was 
routinely changed every 2 days, and the cells were sepa-
rated by trypsinization before reaching confluence. For 
microscopic analysis, MCF-7 cells were seeded in round 
glass coverslips at 5 × 104 cells/well in 24-well plates. 
Then, DOX solution and FA-MMSN-Au/DOX (equal to 5 
µg/mL DOX) were added into the corresponding wells. 
After 2 h, the cells were washed with cold PBS, fixed with 
formaldehyde, and stained with DAPI. The fixed cells 
were observed by confocal laser scanning microscopy 
(CLSM). A quantitative evaluation of the cellular uptake 
was performed on the flow cytometry technique (FCM). 
MCF-7 cells were seeded in 6-well plates and incubated 
with DOX solution and FA-MMSN-Au/DOX (equal to 5 
µg/mL DOX). Subsequently, the cells were rinsed, trypsi-
nized and resuspended in 400 μL PBS. The mean fluores-
cence intensity (MFI) was measured using FCM 
(FACSCalibur, Becton Dickinson, USA). In the competi-
tion experiment, the MCF-7 cells were incubated with 
2 mg/mL FA for 2 h before the nanoparticles were added.

Therapy Program
Experiments involving animals were carried out under the 
following information. The ethics approval number was 

SYPU-IACUC-C2017, the authorizing institution name 
was Animal Ethics Committee of Shenyang 
Pharmaceutical University, and the use of animals in 
research was followed to NC3Rs ARRIVE guidelines.

Mouse sarcoma S180 cells were provided from Shanghai 
Cell Institute (Shanghai, China) and were cultured in RPMI 
1640 medium containing 10% FBS in 5% CO2 at 37°C. 
Kunming mice were subcutaneous inoculation of S180 
cells (1 × 107 cells) into the right flanks. S180 tumor- 
bearing mice were randomly divided into several groups 
consisting of six mice each. Blank control group: no treat-
ments were given. DOX control group: 0.2 mg/mL DOX 
0.2 mL was injected into the tail vein. FA-MMSN-Au/DOX 
magnetic targeting chemotherapy experimental group (T): 
the mouse injected 0.2 mL 3.5% chloralhydrate solution for 
abdominal anesthesia and was fixed on the thermotherapy 
plate. After tail vein inception of 0.2 mL 12 mg/mL FA- 
MMSN-Au/DOX carrier, 0.3T permanent magnet was used 
for the 30 min’s target. FA-MMSN-Au/DOX magnetic tar-
geting chemo-magneto therapy experimental group (T+MT): 
the same treatment as FA-MMSN-Au/DOX (T) experimental 
group was used. The mouse was then put in the magnetic 
induction coil; the tumor site was located at the center of the 
magnetic induction coil with alternating current 25 A to 
maintain 43°C for 30 min. FA-MMSN/DOX magnetic tar-
geted chemo-magneto thermal experimental group (T+MT): 
the same treatment as FA-MMSN-Au/DOX (T+MT). FA- 
MMSN-Au/DOX magnetic targeting chemo-photo thermal 
experiment group (T+PT): After anesthesia, tail vein injec-
tion, and magnetic target, the mouse was put under the 808 
nm near-infrared laser emitter with a power density of 0.27 
W/cm2, and the irradiation of the tumor site was heated to 43° 
C for 30 min. The thermal imager recorded the temperature.

In vivo HE Staining Observation
HE staining microscopic observation of heart, lung, liver, 
spleen, and kidney specimens of mice after 24 h of injec-
tion with FA-MMSN-Au/DOX (12 mg/mL, 0.2 mL) was 
used as a control group to observe histopathology.

Detection of NO Content in Urine
The measurement was performed using a Griess kit. Blank 
control group: no treatment was given; 0.5 mL urine was 
taken daily for measurement. FA-MMSN-Au/DOX mag-
netic targeted chemo-photo thermal experimental group (T 
+PT): After each treatment, it was measured for 0.5 mL of 
urine within 4–24 h.
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Results
Materials Synthesis and Characterization
The integrated therapeutic system was synthesized as the 
scheme in Figure 1A and the characterization is described 
in the Supplementary materials. It can be seen that the MNP 
magnetic nanoparticles were uniform solid spheres with 
a particle size of about 14 nm and good dispersibility 
(Figure 1B). The MMSN carrier was spherical with 
a uniform size of 50 nm, and the thickness of the mesoporous 
silicon shell was about 15–20 nm. The magnetic MNP nano-
particles were embedded in the center of the silica shell. To 
get better magnetic and thermal properties, we increased the 
mass ratio of MNP and TEOS in synthesizing magnetic 
mesoporous silica nanocomposites, which resulted in multi- 
cores of MNP embedding in the center of the silica shell 
(Figure 1C). The MMSN-Au nanocomposites showed 
a certain degree of aggregation, and a small amount of gold 
nanoparticles were adsorbed on the surface of MMSN 
(Figure 1E). The gold nanoparticles with a particle size of 
about 8 nm (Figure 1D) can be adsorbed on the surface of 
MMSN in a controlled manner. The silane coupling agent 
N-(2-aminoethyl)-3-aminopropyl trimethoxysilane (EDS) 
was used as the adjusted reagent to modify the Zeta potential 
of MMSN (Figure S1). As shown in Figure 1G and H, when 
the amount of EDS was 20 μL and 40 μL, the number of gold 

nanoparticles adsorbed by MMSN was similar; when the 
amount of EDS was 80 μL, the MMSN-Au carrier’s disper-
sibility decreased, and the amount of Au absorbed by MMSN 
increased significantly (Figure 1I). The size distribution of 
MNP, MMSN, and MMSN-Au was evaluated by DSL 
(Figure 1F). The change of particle size during the prepara-
tion process was consistent with the composite structure 
observed by TEM. The synthesis procedure was also proved 
by the Zeta potential (Figure 1J). MSN with hydroxyl 
showed −16.2 mV and MMSN modifying with amino groups 
showed 30.0 mV, which changed little with the amount of 
EDS; after coupling with Au stabilized by citric acid, the 
potential of MMSN decreased to −7.6 mV. MMSN-Au load-
ing FA with amino groups accordingly resulted in the poten-
tial increase to −2.877 mV.

Figure 2A shows the XRD patterns of MNP, MMSN, 
and MMSN-Au. The MNP diffraction pattern was con-
sistent with the standard Fe3O4 PDF card (19–0629). 
The characteristic diffraction peaks of Fe3O4 nanoparti-
cles appeared at 2θ=35.40, 42.92, 56.97, and 62.22°, 
which proved that Fe3O4 nanoparticles were formed. 
As for the MMSN diffraction pattern, the characteristic 
peaks of Fe3O4 still maintain, which indicates that the 
crystal structure of Fe3O4 nanoparticles does not change 
during the SiO2 coating. In the MMSN-Au diffraction 
pattern, Au nanoparticles’ diffraction peaks appeared at 

Figure 2 (A) XRD patterns of MNP, MMSN, and MMSN-Au; (B) XPS spectrum of MMSN-Au; (C) UV-vis spectrum of Au, MNP, MMSN, and MMSN-Au; (D) N2 adsorption- 
desorption isotherm; (E) pore size distribution curve of MMSN; (F) hysteresis loop of MNP, MMSN and MMSN-Au nanocomposites, T=298 K.
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2θ=38.17, 44.24, 64.90, 77.70, and 81.82°, indicating 
that Au (17–0629) was successfully prepared, also, the 
crystal structure of Fe3O4 nanoparticles had not changed 
during Au adsorption. The binding energies and atomic 
percentage of MMSN-Au were analyzed by XPS (Figure 
2B and Table 1). The two peaks of 709.2 and 722.3 eV 
in the carrier coincided with Fe2p1/2 and Fe2p3/2, two 
different state standard peaks. The peak of the binding 
energy of 397.7 eV indicated the binding energy spec-
trum of N. The peaks in 81.4 and 85.1 eV were Au’s 
characteristic peaks. The atom ratio Si: C was reduced 
slightly after the grafting process, indicating that Au 
stabilized by citric acid coupled with MMSN. In sum-
mary, the magnetic gold nanocomposites were success-
fully constructed. The UV absorbance spectrum is 
shown in Figure 2C. The absorbance peak of 480 nm 
was the characteristic of Au nanoparticles. After cou-
pling with MMSN, Au’s absorbance intensity declined 
but remained, indicating that the MMSN assembled 
with Au.

The adsorption-desorption isotherms and pore size 
distributions of MMSN were characterized by N 2 

adsorption-desorption analysis, as shown in Figure 2D 
and E. N 2 adsorption-desorption isotherm showed the 
shape and characteristics of the type IV isotherm with 
a hysteresis loop that confirmed the typical mesoporous 
structure inside the carrier. The pore size distribution 
curve of MMSN showed a sharp peak distribution indi-
cating that the pore structure of the MMSN carrier is 
uniform and regular. The SBET, pore size distribution 
(Dp), and total pore volume (Vt) were shown in Table 
2. The single-point BET specific surface area of the 
carrier was 734.956 m2/g, the cumulative pore volume 
of BJH adsorption was 1.41 cm3/g, and the calculated 

pore size of BJH desorption data was 3.2 nm. Figure 2F 
shows the magnetic properties of MNP, MMSN, and 
MMSN-Au nanocomposites. All MNP, MMSN, and 
MMSN-Au nanocomposites exhibited paramagnetic 
characteristics at T=298 K. The saturated magnetic 
strength of the MNP nanoparticles decreased from 49.1 
to 30.8 and further to 22.3 emu/g after coating with 
SiO2 and Au nanoparticles.

NO Catalysis Release and DOX Release
Under the conditions of simulating the tumor’s acidic 
environment (pH 5.0 PBS) and plasma (pH 7.4 PBS) 
in vitro, it can be seen from Figure 3A–E that the 
reaction of GSNO to release NO catalyzed by Au was 
positively correlated with GSNO concentration and tem-
perature. In tumor tissue acid condition, as the GSNO 
concentration increased from 300 μL to 1200 μL, the 
release amount of NO increased from 4.36 μM to 5.85 
μM in about 60 min (Figure 3D); as the temperature 
increased from 37 to 43°C, the NO release rate and 
amount gradually increased, reaching an equilibrium 
state 4.91 μM in about 60 min (Figure 3E). At the 
hyperthermia temperature of 43°C for 30 min, the total 
amount of NO produced by Au catalytic release was 
1.14 times that of released at normal body temperature. 
Compared with the normal tissue condition, the NO 
release amount increased by 28.6% in the tumor, indi-
cated in Figure 3C. Therefore, the carrier’s performance 
to catalyze the release of NO from GSNO has a dual 
response to weak acid conditions and hyperthermia tem-
perature. It can be inferred that in the tumor tissues 
treated with photothermal therapy, within 60 min, the 
release of NO is significantly greater than that of normal 
tissues without thermotherapy.

The loaded and released DOX was calculated by the 
standard curve of DOX: A=0.0204C-0.0276. The drug encap-
sulating of MMSN-Au for 24 h was 21.0%. The −COOH 
group of DOX and the Si−OH group on the surface of the 
mesoporous pore wall may interact with each other in the 
form of hydrogen bonding, promoting the loading of DOX in 
the mesoporous channel. The in vitro DOX release behavior 
of MMSN-Au/DOX is shown in Figure 3F. The cumulative 
release amount of DOX from MMSN-Au/DOX in pH 5.0 and 
7.4 PBS solution was 27.8% and 19.9%. The release amount 
of DOX from FA-MMSN-Au/DOX in pH 7.4 PBS solution 
was 6.5%, which was significantly lower than that of MMSN- 
Au/DOX because the modification of FA molecules had 
a steric hindrance leading to the release of DOX slowed.

Table 1 Elemental Analysis of MMSN and MMSN-Au (Atomic 
Percentage)

Sample Fe(%) Si(%) O(%) C(%) N(%) Au(%)

MMSN 0.35 24.45 45.62 27 2.59 –
MMSN-Au 0.31 22.55 41.66 32.28 2.89 0.31

Table 2 Size Distribution and Mesopore Structural Parameters 
of MMSN

Sample SBET(m2/g) Vt(cm3/g) WBJH(nm)

MMSN 734.96 1.41 3.2
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Magnetothermal and Photothermal 
Properties
It can be seen from Figure 4A that the medium containing 
a higher amount of MMSN-Au generated a more signifi-
cant temperature increase. For example, the sample of 
12 mg/mL was heated up 29.1°C in 20 min at the current 
25 A (Figure 4A). When the current increased from 20 
A to 30 A, the sample solution’s temperature (12 mg/mL) 
changed from 17.7°C to 43.1°C (Figure 4A). Basing on 
the withstanding current values and MMSN-Au hemolysis 
rate for the mice, the condition of current 25 A and con-
centration 12 mg/mL were selected in the following 

magnetothermal treatment. It can be seen from Figure 5B 
that the medium containing a higher amount of MMSN-Au 
generated a more significant temperature increase. The 
12 mg/mL sample was heated up at 33.6°C in 20 min at 
the density of 0.27 W/cm2. When the optical density 
increased from 0.15 to 0.36 W/cm2, the sample solution’s 
temperature (12 mg/mL) varied from 28.0°C to 42.7°C 
(Figure 4B). In general, MMSN-Au nanocomposites 
exhibited obvious photothermal performance and magne-
tothermal behavior.

Aim to understand the difference between the magneto 
and photothermal behavior and its effect factors, the 

Figure 3 NO release behaviors of MMSN-Au (1.2 mg/mL, 1 mL) (A) in different GSNO concentrations at 37°C and pH=7.4 PBS solution; (B) at different temperatures in 
300 μL GSNO and pH=7.4 PBS solution; (C) DOX release behaviors in 37°C, pH=7.4 and 5.0 PBS solution; (D) 37°C and pH=5.0 PBS solution; (E) 300 μL GSNO and 
pH=5.0 PBS solution; (F) DOX release behaviors.

Figure 4 (A) Magnetothermal heating curves of MMSN-Au nanocomposites, (B) photothermal heating curves of MMSN-Au nanocomposites under the 808 nm laser 
radiation, (C) the heating curves of MNP, MMSN and MMSN-Au with the same concentration of 12 mg/mL, I=25 A, d=0.27 W/cm2, V=1 mL.
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changes in magneto/photothermal properties of MNP and 
MMSN were also measured and further compared with the 
behavior of MMSN-Au carriers. As shown in Figure 4C, 
the MNP itself had excellent photothermal absorption prop-
erties that could be rapidly heated up at 34 °C within 8 min. 
After coating with the SiO2 shell layer, which had no 
absorption of light, the heating rate of the carrier MMSN 
decreased (Figure 4C). When Au is coupled with MMSN, 
the photothermal effect increased to a certain extent, which 
may be attributed to Au’s surface electron oscillation after 
absorbing near-infrared light. As Fe3O4 microspheres had 
stronger absorption in the near-infrared region than Au, and 
MNP had better photothermal conversion under near- 
infrared light,32,33 MNP temperature heating rate was higher 
than MMSN-Au under PT. However, things were different 
for magnetothermal properties because Au nanoparticles 
could not generate heat in an alternating electric field. The 
coupling of Au led to reducing the magnetothermal proper-
ties of the carrier. Therefore, for the composite carrier 
MMSN-Au, the photothermal performance was superior to 
the magnetocaloric property under the experiment condi-
tion. The light-to-heat conversion efficiency of MMSN-Au 
was 24.04% that was calculated from Figure S2.

Cellular Uptake
FA receptors over-expressed MCF-7 cells were used to 
evaluate the cellular uptake of FA-MMSN-Au/DOX 
nanoparticles.34,35 As shown in Figure 5A, free Dox was 
mainly localized in the nuclei due to its high affinity with 

DNA. The red fluorescence of DOX appeared in the cyto-
plasm for FA-MMSN-Au/DOX group, and the fluores-
cence intensity markedly decreased after preincubation 
with FA for 2 h, indicating that the target-specific endo-
cytosis of FA-MMSN-Au/DOX was mediated by FA 
receptors. Furthermore, FCM was used to quantification-
ally measure the cellular uptake of FA-MMSN-Au/DOX 
(Figure 5B). The MFI was dramatically reduced compared 
with the untreated FA-MMSN-Au/DOX group with a p 
value of 0.003, when MCF-7 cells were pretreated with 
2 mg/mL FA for 2 h. These results indicated that the 
modified FA on the surface of MMSN-Au could improve 
the cellular uptake in FA receptors over-expressed MCF-7 
cells.

Materials Cytotoxicity
Before the hyperthermia treatment, the histocompatibility of 
the FA-MMSN-Au/DOX carrier was investigated by HE 
staining. As shown in Figure 6, the liver structure of the FA- 
MMSN-Au/DOX group (Figure 6B) was slightly different 
from the saline control group (Figure 6B1), the accumulation 
of FA-MMSN-Au/DOX was observed in the liver cells. The 
hepatocytes were polygonally arranged in a stripe shape 
around the central vein, and the hepatocytes were free from 
degeneration and necrosis. The FA-MMSN-Au/DOX did not 
show obvious pathology reactions of the heart by comparing 
Figure 6A and A1, spleen (Figure 6C and C1), lung (Figure 6D 
and D1), and kidney (Figure 6E and E1). Therefore, the carrier 
was histocompatibility. The constructed FA-MMSN-Au/DOX 

Figure 5 (A) CLSM images and (B) FCM analysis of MCF-7 cells incubated with free DOX, and FA-MMSN-Au/DOX and preincubated with FA for 2 h before the addition of 
FA-MMSN-Au/DOX. 
Note: **P<0.05.
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carrier was safe for blood; the adsorption capacity of FA- 
MMSN-Au/DOX to BSA was 12.25%, which can avoid the 
interference of protein to a certain extent; the systemic acute 
toxicity of the FA-MMSN-Au/DOX was negative (Figure S3, 
Table S1 and Table S2).

In vivo Magneto/Phototherapy and NO 
in situ Chemotherapy Evaluation
Multi therapy was used on tumor-bearing mice, as shown 
in Figure 7A. The tumor volume of experiment mice was 
recorded to evaluate the NO in situ chemotherapy effect 
and the combination magneto/photothermal therapeutic 
effect. The inhibition rate was calculated from the rela-
tive change of tumor volume. The tumor volume changes 
with time in each experimental group are shown in 
Figure 7B. Compared with the tumor growth of the saline 
group, the tumor growth was inhibited in the DOX group, 

FA-MMSN-Au/DOX (T) group, FA-MMSN/DOX (T 
+MT) group, FA-MMSN-Au/DOX (T+MT), and FA- 
MMSN-Au/DOX (T+PT) group. As shown in Figure 
7C, compared with the tumor inhibition rates of DOX 
chemotherapy group 43.4%, FA-MMSN-Au/DOX (T) 
group, FA-MMSN-Au/DOX (T+MT) group, FA-MMSN 
/DOX (T+MT), and FA-MMSN-Au/DOX (T+PT) group 
exhibited higher tumor inhibition rate with the value of 
69.0%, 79.7%, 71.6%, and 94.3%, respectively. The 
tumor inhibition rate of FA-MMSN-Au/DOX (T+MT) 
was 10.7% higher than that of FA-MMSN-Au/DOX (T), 
which can be ascribed to the contribution of magnetic 
hyperthermia to tumor suppression. The tumor inhibition 
rate of FA-MMSN-Au/DOX (T+PT) was 25.3% higher 
than that of FA-MMSN-Au/DOX (T) and 14.6% higher 
than the magnetic thermal group, which may be a result 
of the differences of magnetocaloric and photothermal 

Figure 6 Cell HE staining results of experimental group with tail vein injection 0.2 mL 12 mg/mL FA-MMSN-Au/DOX after 24 h (A–E) and the control group (A1–E1). 
(A) Heart; (B) liver; (C) spleen; (D) lung; and (E) kidney in experimental group and the control group.

Figure 7 (A) Scheme of multi-therapy, (B) Tumor growth curves and (C) tumor inhibition curves of different treatments. 
Notes: *P<0.05, **P<0.05, and ***P<0.05.
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properties. As can be seen from the comparison of the 
FA-MMSN-Au/DOX (T+MT) and FA-MMSN/DOX (T 
+MT) group, Au’s presence in the combination procedure 
of DOX chemotherapy and thermal therapy can contri-
bute to tumor inhibition with an increment of 8.17%.

Distribution and Catalytic Ability of 
FA-MMSN-Au/DOX Carrier in vivo
To verify that Au can act as a NO donor catalyst in vivo 
chemotherapy by releasing NO in a thermally controlled 
manner, the distribution of FA-MMSN-Au/DOX carrier 
and its catalytic ability in vivo was studied. As shown in 
Figure 8A, after the carrier was magnetically targeted at the 
tumor site for 30 min followed by hyperthermia procedure, 
the target site’s temperature increased quickly. It reached 
more than 43°C in 300 s while the non-target part showed 
less change, suggesting the distribution of FA-MMSN-Au 
/DOX carrier was mainly at the target tumor site (Figure 
8A). During the multiple therapy processes, the Au content 
in the tumor tissue is shown in Figure 8B. The Au content in 
the tumor tissue increased to 11.7 μg after the third target 
and photothermal treatment. The release amount of NO 
catalyzed by the carrier in vivo increased with the number 
of treatments related to the accumulation of Au in tumor 
tissues. After three hyperthermia treatments, the amount of 
54 μM NO was checked out in urine in 96 h (Figure 8C). 
Without hyperthermia triggering NO release, the nitrogen 
content of mice’s normal metabolism in the blank group was 
about two-thirds of the hyperthermia group. It can be seen 
that FA-MMSN-Au carrier exerted NO chemotherapy by 
releasing NO in a thermally controlled manner and 
hyperthermia effects in vivo through accumulation at target-
ing tumor site.

Discussion
Effect of Au Catalysis on Tumor 
Proliferation
In 6–14 days of the therapy, only FA-MMSN-Au/DOX (T 
+PT) and (T+MT) groups combing chemo-thermotherapy 
with Au’s presence showed a reduction in tumor volume, 
which was different from other groups. This reduction was 
related to tumor proliferation. Without inhibiting the tumor’s 
proliferative ability, even if short-term combined therapy 
can cause tumor cell apoptosis within 48 h of the treatment, 
tumor cell expansion and even crazy growth of drug resis-
tance would occur in later stages following tumor volume 
increase. Therefore, Au’s presence has a suppressive effect 
on tumor proliferation in the combination of thermotherapy 
and DOX chemotherapy. As mentioned above, Au exerted 
NO chemotherapy and hyperthermia effects in vivo through 
accumulation and catalysis at targeting tumor sites; to be 
precise, it was NO that enhanced the inhibition of the pro-
liferative process of combination DOX chemotherapy and 
hyperthermia. Without NO action, the FA-MMSN/DOX (T 
+MT) group’s tumor volume showed an obvious increase in 
6–14 days. From the report that the hyperthermia combined 
NO chemotherapy could induce apoptosis and inhibit tumor 
proliferation,36 we can infer that Au catalyzing NO release 
contributes to reducing drug resistance and tumor prolifera-
tion, resulting in an increasing tumor inhibition rate 
of 8.17%.

Effect of Thermally Control Release NO 
on Tumor Apoptosis
On the 6th day, the FA-MMSN-Au/DOX (T+MT) tumor 
growth curves showed a lower peak of tumor growth 
inhibition rate than that of the FA-MMSN-Au/DOX (T) 

Figure 8 (A) Image of photothermal therapy; (B) ICP detection of gold ion concentration in tumor tissues; (C) NO amount in urine during 24 h after different times of 
target and photothermal treatments (T+PT).
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group, which could be ascribed to thermotherapy. For the 
T+MT group’s heating process was stable, protein thermal 
tolerance may be generated,37 and less tumor damage was 
caused by heat. Therefore, the effect of NO thermally 
controlled release on tumor growth can be analyzed by 
comparison with FA-MMSN-Au/DOX (T) group and (T 
+MT) group. Since the amount of gold-catalyzed NO 
release in vitro was temperature-dependent, the NO release 
amount at the hyperthermia temperature of 43°C was 1/3 
higher than that released at 37°C. Therefore, it can be 
inferred that the amount of NO released by the Au cata-
lysis in the T+MT group was greater than that of the 
T group. The group with a higher NO concentration has 
a higher apoptotic rate, which is consistent with previous 
studies.36 From the tumor growth curves comparison of 
the two groups, it can be seen that thermally control 
releasing NO causes a high apoptotic rate and results in 
tumor inhibition rate increasing by 10.7%.

Effect of Heating Rate on Tumor Survival 
Time
On the 14th day, the FA-MMSN-Au/DOX (T+PT) tumor 
growth curves showed a lower peak of tumor growth inhibi-
tion rate than that of the FA-MMSN-Au/DOX (T+MT) 
group, which can be ascribed to the difference of magneto/ 
photothermal properties. For the MMSN-Au carrier, the heat 
production rate of photothermal performance was higher 
than that of magnetothermal performance under the experi-
ment condition (Figure 5C). In vivo, it takes only 5 min for 
the tumor tissue to reach 43°C in photothermal therapy, and 
the time of heating the tumor site is 20 min for magnetic 
hyperthermia. In photothermal therapy, the tumor tissue tem-
perature increases rapidly that may cause more damage to the 
tumor cells. However, the temperature rise of the tumor 
tissue under the magnetothermal condition is gentle and 
slow, leading to the tumor cells’ heat tolerance. It has been 
reported that the formation of heat tolerance accompanied by 
overexpression of the BCL-2 gene reduces heat-induced 
apoptosis.38 We can infer that FA-MMSN-Au/DOX (T+PT) 
therapy with a higher heating rate character can increase 
tumor cell apoptosis than FA-MMSN-Au/DOX (T+MT) 
group with heat tolerance. Also, it should be noted that in 
the stage of 6–14 days, the tumor growth of the FA-MMSN 
/DOX (T+MT) group was stable. However, the tumor 
volume of the FA-MMSN/DOX (T+PT) group continued to 
decrease. This difference may be related to prolonged tumor 
survival. As mentioned above, heat tolerance may stimulate 

tumor growth, mainly prolonging cells’ survival time.39 We 
can infer that rapid-heat treatment is more helpful in increas-
ing tumor inhibition rate by shortening survival time. 
Combined with rapid-heat treatment, the tumor inhibition 
rate of chemotherapy can be increased by 25.3%.

Conclusions
We have constructed the FA-MMSN-Au/DOX platform as 
a NO donor that can thermally control released NO in vivo 
with a tumor inhibition rate of 94.3% in combining the targeted 
chemo-thermotherapy. This multifunctional platform cata-
lyzed GSNO release NO in vitro and caused a high NO release 
concentration in vivo in thermotherapy, which increased the 
apoptotic rate and reduced tumor proliferation. The feature of 
extremely rapid hyperthermia due to Fe3O4 and Au two- 
component also caused tumor shortening survival time. The 
contribution of this paper is constructing an integrated thera-
peutic system as a NO donor that can thermally control 
released NO in vivo and verifying the effect of Au on tumor 
inhibition. As many critical biological functions of NO are 
related to its concentration, in the future, the real-time detection 
of different concentrations of NO in vivo and the damage to 
different tumor cells will be further studied.
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