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Facing this problem, many innova-
tive therapeutic modalities have been 
proposed.

Photothermal therapy (PTT) is a non-
invasive therapeutic modality for cancer 
based on the photothermal conversion 
effect of light-to-heat agents to generate 
hyperthermia at the tumor site.[4] In addi-
tion to triggering irreversible harm to the 
tumor, hyperthermia could also make 
cancer cells more sensitive to antitumor 
drugs such as doxorubicin hydrochloride 
(DOX).[5] Thereby, a combination therapy 
that integrates PTT and chemotherapy 
could cooperatively enhance the thera-
peutic effects.[6] However, the realization 
of combination therapy relies on the con-
struction of a multifunctional nanoplat-
form to assemble two or more therapeutic 
agents into one structure.

Recently, nanotechnology has been 
developed rapidly, allowing for the pos-
sibility of multimodal synergistic therapy. 

Over the past decade, bismuth (Bi) nanoparticles have drawn 
much attention from researchers thanks to their unique char-
acteristics.[7,8] For instance, Bi was found to transform near-
infrared (NIR) light energy into heat. Additionally, Bi can 
attenuate X-ray significantly to enhance computed tomography 
(CT) imaging contrast. Sufficient CT contrast is dependent on 
the concentration of contrast agents. It is demonstrated that the 
Bi content in pure metallic Bi nanoparticles is nearly double 
that of Bi sulfide (Bi2S3) of identical size. Therefore, compared 
with some Bi-based compounds, Bi nanoparticles are more 
effective agents to promote CT imaging potentials. Due to 
their exceptional properties and biocompatibility, the medical 
applications of Bi-based nanoparticles were extended to many 
areas, such as regenerative medicine, antibacterial uses, drug 
delivery, cancer theranostics, and bioimaging.[9,10] Driven by 
this, multifunctional nanoparticles with core-shell structures 
could integrate multiple functionalities into one nanoplatform. 
Many reported multifunctional nanoparticles exhibited unique 
properties overcoming the intrinsic limitations of individual 
components.[9–12] However, the currently used multifunctional 
nanoparticles target tumors through enhanced permeability 
and retention (EPR) effect but lack an active and precise tumor-
targeting ability.[13,14] Only highly agglomerated nanoparticles in 
the tumor site exert the largest therapy effect and the clearest 

Due to the complexity and heterogeneity of cancer, the clear and accurate 
tumor imaging and image-guided multimodal synergistic therapy are highly 
in demand. Here, bismuth (Bi)-based mesoporous-silica-coated nanoparti-
cles (BMSNs) are successfully fabricated with the silica shell thickness being 
lower than the Bi nanoparticle diameter. Then, an MCF-7 breast cancer-
targeting peptide (termed AR) is modified onto the surface of BMSNs. The 
obtained nanoparticles (BMSN-AR) show a significantly higher loading 
of doxorubicin hydrochloride (DOX). The resultant BMSN-AR-DOX can 
agglomerate in the tumor site, enabling enhanced computed tomography 
(CT) imaging of the whole tumor. Under 808 nm near-infrared (NIR) laser 
irradiation, the BMSN-AR-DOX also effectively converts light energy into 
thermal energy to achieve synergistic chemo-photothermal therapy in vivo. 
The chemo-photothermal combination therapy is found to be more effective 
than chemotherapy or photothermal therapy alone. This work demonstrates 
that tumor-homing peptides can guide nanoparticles to tumors and allow the 
nanoparticles to enhance cancer imaging and photothermal/chemo combina-
tion therapy.
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1. Introduction

Cancer is still a serious health concern with high mortality 
and deaths.[1] Traditional treatments such as chemotherapy are 
ineffective in curing tumors due to the complexity and hetero-
geneity of tumors and the development of drug resistance.[2,3] 
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tumor imaging so as to avoid side-effect such as damage to 
normal tissues. Moreover, the structure and thickness of the 
shell will greatly affect the performance of the multifunctional 
nanoparticles.[15–17] Thereby, it is crucial to rationally design the 
structure of core-shell nanoparticles for integrating function-
ality to achieve tumor diagnosis and treatment.

Given these problems, here a core-shell Bi-based 
mesoporous-silica-coated nanoparticle (BMSN) was synthe-
sized with a larger core/shell thickness ratio because the 
nanoparticles with a lower core/shell thickness ratio could not 
reach a high in vivo temperature in photothermal therapy.[18] 
Mesoporous silica was used to coat Bi nanoparticles in 
designing BMSN because silica is good for drug loading and 
biofunctionalization. Additionally, the mesoporous silica shell 
thickness is lower than the Bi nanoparticle diameter because 
it is expected that a thin shell with a large core enables the 
heat produced by the core to be transferred outside the nano-
particles for efficient photothermal therapy. Furthermore, a 
reported MCF-7 tumor-targeted peptide (termed AR)[17] with 
the sequence of AREYGTRFSLIGGYR was conjugated onto the 
surface of BMSN to enhance the concentration of nanoparti-
cles in the tumor site, so as to achieve targeted CT imaging 
and combination therapy of tumor (Figure 1). Compared 
with previous silica-coated bismuth nanoparticles,[19,20] the 
resultant nanoparticles, termed BMSN-AR, have the following 
benefits: a) BMSN-AR could target and penetrate deep into 
MCF-7 tumors due to the action of the tumor-homing ability 
of AR peptide; b) BMSN-AR could load drug effectively in the 
mesopores of the silica shell; c) BMSN-AR could “heat” tumor 
under the NIR irradiation achieving photothermal therapy; 
d) BMSN-AR could serve as a CT imaging contrast agent due 
to the Bi core; e) BMSN-AR have good biocompatibility. When 

DOX was loaded onto BMSN-AR, the obtained nanoparticles, 
termed BMSN-AR-DOX, could treat tumors by chemical and 
photothermal synergetic therapy and also accurately detect 
tumors by enhanced CT imaging. We expect that the successful 
fabrication of the multifunctional BMSN-AR-DOX provides 
a paradigm for the development of the integration of tumor 
imaging and multimodal synergistic therapy.

2. Results and Discussion

2.1. Design and Characterization of Core-Shell Mesoporous 
Nanoparticles

To prepare BMSN-AR-DOX nanoparticles (Figure 2a), we first 
synthesized uniform, monodispersed, and spherical Bi nano-
particles with a particle diameter of about 50 nm and a rhombo-
hedral crystal structure (Figure 2b and Figure S2a, Supporting 
Information). Then, mesoporous SiO2 was coated onto the sur-
face of Bi nanoparticles through a silica-based sol-gel reaction. 
In this process, Bi nanoparticles were injected into the CTAB 
micellar reaction medium stepwise to prevent the formation of 
multiple cores. As shown in Figure 2c,d and Figure S1, mono-
dispersed, homogeneous BMSNs with high quality and well-
ordered mesoporosity were obtained. The average thickness 
of SiO2 nanoshells and the average diameter of Bi nanocores 
were 19.83 and 65.07 nm, respectively. It should be noted that 
the dimensions of SiO2 nanoshells and Bi nanocores are con-
trollable by customizing the synthesis procedure. As shown in 
Figure 2d and Figure S1, Supporting Information, BMSNs were 
indeed fabricated with a thinner SiO2 nanoshell and a larger 
Bi nanocore. The core-shell structure of BMSNs was further  

Adv. Optical Mater. 2023, 2201482

Figure 1. Schematic illustration of using BMSN-AR-DOX in MCF-7 tumor-targeted CT imaging and image-guided combination photothermal-chem-
otherapy. Here, the monodispersed Bi-based mesoporous-silica-coated nanoparticles (BMSNs) are modified with a tumor-targeting peptide (AR) to 
form BMSN-AR and further loaded with DOX to produce BMSN-AR-DOX. Then the BMSN-AR-DOX are injected into the MCF-7-tumor-bearing mice 
model and accumulate in the tumor, allowing us to achieve CT imaging and synergistic photothermal-chemotherapy under the irradiation of NIR.
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confirmed by scanning transmission electron microscopy (STEM) 
and element mapping of Bi, O, and Si elements (Figure 2e–h).

The porous structure of BMSNs was evaluated through 
Brunauer–Emmett–Teller (BET) measurement. As shown in 
Figure S3, Supporting Information, the BET surface and total 
pore size/volume were analyzed through nitrogen adsorption-
desorption isotherms. It was found that BMSNs possessed 
a high specific surface area (692.32 m2  g−1) and specific pore 
volume (1.03 cm3 g−1), which is beneficial for drug loading. The 
average pore size of BMSNs was 5.93  nm. Hence, the silica 
shell of BMSNs was indeed mesoporous. Dynamic light scat-
tering (DLS) analysis also demonstrated that the mean hydro-
dynamic diameters of Bi nanoparticles and BMSNs were 40–60 
and 160–250 nm, respectively (Figure S2b, Supporting Informa-
tion). This result is consistent with the particle size observed by 
TEM imaging.

AR peptides were conjugated onto the surface of BMSNs 
through three steps. Firstly, APTES was used to react with the 
hydroxyl groups on the surface of BMSNs to achieve the sur-
face modification of amino groups (BMSN-NH2). Subsequently, 
the amino groups were converted to carboxyl groups through a 
succinic anhydride (SA) based method to form BMSN-COOH. 
Finally, peptides were reacted with carboxyl groups by a typical 
N’-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide 
(EDC/NHS) conjugation chemistry. To ensure the conjugation 
of peptides, an amino-rich linker (GGGGKKK) was added at the 
C-terminal of AR peptides. The process of the conjugation of 
AR peptides was confirmed through the change of zeta poten-
tial (Figure 3a). The Fourier transform infrared (FT-IR) spectra 
of both free AR peptides and BMSN-AR exhibit two bands 
between 1500 and 1800 cm−1 further verifying the conjugation 
of AR peptides (Figure 3b).

2.2. Characterization of Photothermal and Drug Loading/
Release Properties of BMSN-AR

The BMSN-AR exhibited a high photothermal effect under the 
irradiation of NIR. The BMSN-AR solution with different con-
centrations could fast increase the temperature of the solution 
when continuous irradiation was applied (Figure  3c,d). Addi-
tionally, the higher the concentration of BMSN-AR solution, the 
faster the solution temperature rises. After continuous irradia-
tion of 15  min, the solution temperature of BMSN-AR with a 
concentration of 800 µg mL−1 could rapidly increase from 27 to 
57.4 °C. Even the temperature of the BMSN-AR solution with 
a lower concentration (400  µg  mL−1) could rise up to 48 °C, 
exceeding the minimum temperature (41 °C) for killing cancer 
cells by photothermal therapy. The temperature elevation of the 
BMSN-AR solution was increased from 8.0 to 30.4 °C, with the 
concentration varying from 100 to 800  µg  mL−1 (Figure  3c–e). 
The photothermal conversion efficiency (η) was calculated to 
be 26.28% according to a reported method[20] (Figure S4, Sup-
porting Information). All these data indicated that BMSN-AR 
exposed under an 808  nm laser could effectively treat cancer 
by PTT.

The obtained BMSN-AR with negative zeta potential, high 
specific surface area, and total pore volume is good for encap-
sulating cationic small molecular drugs like DOX. After incu-
bation with BMSN-AR, the supernatant of the DOX solu-
tion exhibited a significant decrease at the absorption band 
of 482 nm. This result suggested that the BMSN-AR could be 
favorable for DOX delivery. The encapsulation efficiency of 
DOX on BMSN-AR was calculated as high as 58% (Figure 3f). 
Subsequently, the release profiles of BMSN-AR-DOX under 
different pH values were investigated. As shown in Figure 3g, 

Adv. Optical Mater. 2023, 2201482

Figure 2. Design and characterization of core-shell mesoporous nanoparticles. a) Schematic of the procedure of synthesis BMSN-AR-DOX. b–d) TEM 
images of b) Bi nanoparticles and c,d) BMSNs. e) The STEM image of BMSNs. f–h) The element mappings of BMSNs, including f) Bi, g) O, and h) Si.
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the DOX was rapidly released from the BMSN-AR in the acidic 
environment. Within 48  h, the cumulative release of DOX at 
pH 5.0 and 6.5 was up to 86% and 76%, respectively. In con-
trast, only 30% DOX of BMSN-AR-DOX within 48  h was 
released under neutral conditions. This pH-responsive release 
behavior shows that the DOX can be selectively released in 
tumors because of the acidic microenvironment in the tumor.

2.3. In Vitro Targeted Cancer Therapy

To evaluate the capability of AR-modified BMSNs to target breast 
cancer cells (MCF-7) in vitro, a control peptide (EARGFSLGYRI-
YGRT, termed CP) was commercially synthesized and modified 
onto the surface of BMSNs (termed BMSN-CP) through the 
same methods. It is believed that the accurate targeting of ther-
apeutic agents to tumor sites is still the main hurdle of cancer 
therapy. Therefore, these nanoparticles (BMSN-AR and BMSN-
CP) were applied to verify the specific targeting ability of AR 
peptides against MCF-7 breast cancer cells rather than MCF-
10A normal breast cells. This unique character of AR peptides 
was attributed to the excellent synergistic photothermal-chemo 
therapy against MCF-7 breast cancer cells.

Next, the BMSN-AR and BMSN-CP were labeled with fluo-
rescein isothiocyanate (FITC) to visualize the in vitro cancer 
cell targeting and cellular uptake through confocal fluorescence 
microscopy. As shown in Figure 4a, MCF-7 and MCF-10A cells 
were treated with FITC-labeled BMSN-AR and BMSN-CP in the 
culture medium. After 8 h of co-culture, FITC-labeled BMSN-
AR was efficiently uptaken by MCF-7 cells, but could not enter 
the cytoplasm of MCF-10A cells. In comparison, MCF-7 and 
MCF-10A cells co-cultured with FITC-labeled BMSN-CP for 
8 h show no green fluorescent signal, suggesting that BMSN-
CP with limited cellular uptake efficiency could not bind breast 
cells. To further confirm the cellular uptake of nanoparticles, 
the flow cytometry analysis was conducted and its result was 
found to be consistent with the confocal fluorescence images 
(Figure  4b,c). These results taken together indicated that AR 
peptides could accurately target the MCF-7 breast cancer cells. 
The intracellular distribution of BMSN-AR was also investi-
gated using LysoTracker Red (Figure S5, Supporting Informa-
tion). After 3  h of incubation, a yellow signal was observed 
around MCF-7 cells, indicating the colocalization regions of 
the green signal from BMSN-AR and the red signal from lys-
osomes. With the incubation period prolonged, the green 
fluorescence was inside the cells and distinguished with red 

Adv. Optical Mater. 2023, 2201482

Figure 3. Surface modification and characterization of photothermal and drug loading/release properties of BMSNs. a) Zeta potential change during 
conjugating of AR peptides onto the surface of BMSNs. b) FTIR spectra of free AR peptide, BMSN, and BMSN-AR. c) Infrared thermal images of 
BMSNs solutions with different concentrations under NIR (808 nm, 1 W cm−2) illumination. d) Quantitative temperature change of BMSNs solutions 
at different concentrations under the irradiation of NIR. e) Plots of temperature elevation versus the concentration of BMSNs after the illumination 
of NIR for 10 min. Inset: Photograph of BMSNs solutions with different concentrations. f) DOX encapsulation efficiency of BMSNs. g) DOX release 
behavior of BMSN-AR-DOX at neutral (pH = 7.4) and acidic (pH = 6.5, 5) environments.
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fluorescence, suggesting the lysosome escape of BMSN-AR. 
The results demonstrated that FITC-labeled BMSN-AR could 
efficiently escape lysosomes after cellular uptake to achieve 
effective drug delivery.

The cytotoxicity of BMSN-AR was investigated through the 
Cell Counting Kit-8 (CCK-8) assay (Figure 4d). The MCF7 cells 
were incubated with different concentrations of BMSN-AR for 
24 h followed by an analysis of relative cell viability. From the 
result of Figure  4d, BMSN-AR solution with a high concen-
tration (100  µg  mL−1) could not influence the cell viability of 
MCF-7 cells, indicating the good biocompatibility of BMSN-
AR. Additionally, the results of in vitro hemolysis assay indi-
cated the negligible hemolytic activity of BMSN-AR (Figure S6, 
Supporting Information). Then, the BMSN-AR solution with a 

concentration of 100  µg  mL−1 was chosen for the study of in 
vitro synergistic PTT and chemotherapy.

To evaluate the targeted photothermal-chemo therapy of 
BMSN-AR-DOX, the MCF-7 cells were treated with different 
conditions. As presented in Figure  4e, CCK-8 analysis shows 
that the BMSN-AR-DOX could effectively kill MCF-7 cancer 
cells under the irradiation of NIR (808  nm, 1  W  cm−2). The 
cell survival rate after targeted synergistic photothermal-chemo 
therapy (BMSN-AR-DOX + NIR group) was 12%, significantly 
lower than the targeted PTT (BMSN-AR + NIR group) or chem-
otherapy (BMSN-AR-DOX group) alone. When the AR peptides 
were replaced by CP, the treatment efficacy was decreased due 
to the loss of the targeting capability. Furthermore, the results of 
fluorescence live/dead staining further confirmed the efficiency 

Adv. Optical Mater. 2023, 2201482

Figure 4. In vitro cancer therapy. a) The confocal fluorescence images of MCF-7 and MCF-10A cells after being co-cultured with FITC labeled BMSN-
AR and BMSN-CP. b,c) The flow cytometry analysis of b) MCF-7 and c) MCF-10A cells after stained FITC labeled BMSN-AR or BMSN-CP. d) Relative 
cell viability of MCF-7 cells after the 24 h incubation with different concentrations of BMSN-AR solutions. e) Relative cell viability of MCF-7 cells after 
different treatments: PBS, free DOX, BMSN-CP-DOX, and BMSN-AR-DOX with or without NIR laser irradiation, BMSN-CP with NIR irradiation, and 
BMSN-AR with or without NIR irradiation. f) Live/dead staining of MCF-7 cells after different treatments: PBS, free DOX, BMSN-CP-DOX, and BMSN-
AR-DOX with or without NIR irradiation, BMSN-CP with NIR irradiation, and BMSN-AR with or without NIR irradiation.
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of targeted synergistic therapy (Figure  4f). The MCF-7 cancer 
cells treated with BMSN-AR-DOX and NIR irradiation were 
almost all dead and stained by ethidium homodimer-1 with red 
fluorescence. However, some lived MCF-7 cells stained by cal-
cein acetoxymethyl with green fluorescence could be observed 
in the BMSN-AR-DOX and BMSN-AR + NIR groups, indicating 
that the monotherapy could not kill cancer cells completely. 
Additionally, the MCF-7 cells of BMSN-AR groups were in good 
condition, suggesting the low cytotoxicity and good compat-
ibility of BMSNs. These results were in good agreement with 
the CCK-8 results (Figure  4e), verifying that BMSN-AR-DOX 
was a valuable candidate for targeted combination therapy.

2.4. In Vitro and In Vivo CT Imaging

To demonstrate the potential of BMSNs as a CT contrast 
agent, the Hounsfield unit (HU) values of BMSNs solutions 
with different concentrations were measured (Figure 5a). A 

significant enhancement of CT contrast was observed when 
the concentration of BMSNs solution increased from 0.6 to 
10  mg  mL−1. The slope of BMSNs was 26.73, suggesting that 
BMSNs could effectively attenuate X-rays. The concentration-
related CT imaging effect and the excellent MCF-7 cancer cell 
targeting capacity of BMSN-AR encouraged us to further inves-
tigate the tumor imaging performance in vivo. Here, BMSNs 
were separately modified with AR, CP, and polyethylene glycol 
(PEG), termed BMSN-AR, BMSN-CP, and BMSN-PEG, respec-
tively. These three different BMSN solutions were injected into 
MCF-7-tumor-bearing nude mice through the tail vein. After 
1 h of system circulation, BMSN-AR could accumulate at the 
tumor site making the whole tumor tissue clearly visualized 
(Figure 5b). In comparison, no CT contrast signal was observed 
at the tumor site of the BMSN-CP and BMSN-PEG groups due 
to the limited amount of BMSN reaching the tumors simply 
through the EPR effect. Moreover, the tumor imaging was still 
clear at 24  h post-injection of the BMSN-AR, suggesting the 
nanoparticles could aggregate in the tumor site with a long 
retention time. These data identified that BMSN-AR as an excel-
lent CT contrast agent could effectively target MCF-7-tumor in 
vivo and visualize the whole tumor tissue through CT imaging.

2.5. In Vivo Tumor-Targeting Photothermal-Chemo Therapy

To demonstrate the potential of BMSN-AR-DOX for in vivo 
tumor-targeting photothermal-chemo synergistic therapy, a 
therapeutic model using BMSN-AR-DOX as the therapeutic 
agent was constructed. The MCF-7-tumor-bearing nude mice 
with a tumor size of 75–100 mm3 were randomly divided into 
seven groups, which were subsequently injected with different 
solutions with or without NIR irradiation: 1) PBS, 2) DOX + 
NIR, 3) BMSN-AR-DOX, 4) BMSN-AR + NIR, 5) BMSN-PEG-
DOX + NIR, 6) BMSN-CP + NIR, and 7) BMSN-AR-DOX + 
NIR on days 0 and 7. The NIR irradiation was applied to the 
tumor site using an 808 nm laser (1 W cm−2) 2 h after injecting 
different solutions. As can be seen in Figure 6a, the tempera-
ture at the tumor site for the BMSN-AR group could reach 49.4 
°C, much higher than the minimum temperature requested 
for PTT. In comparison, the temperature for the BMSN-CP 
and BMSN-PEG groups was around 42 °C because of the EPR 
effect. The temperature change of PBS groups was negligible. 
To further investigate the antitumor effect, we measured the 
tumor sizes and body weights of nude mice of seven groups 
every 2 days. As shown in Figure 6d, the groups treated with 
PBS or DOX with NIR irradiation exhibited rapid tumor 
growth, indicating negligible tumor inhibition effect. The 
tumor growth in the BMSN-AR-DOX group was moderately 
suppressed due to the single chemotherapy. Moreover, the 
groups treated with BMSN-PEG-DOX or BMSN-CP-DOX with 
NIR irradiation showed moderate inhibition of tumor growth 
because of insufficient nanoparticle enrichment. Addition-
ally, administration of BMSN-AR with NIR irradiation could 
regress the tumor growth in the first 5 days but could not com-
pletely eliminate tumors due to the monotherapy of PTT. In 
comparison, the tumors in the BMSN-AR-DOX + NIR group 
were significantly regressed, and some of the tumors even 
completely disappeared, suggesting the remarkable antitumor 

Adv. Optical Mater. 2023, 2201482

Figure 5. In vitro and in vivo CT imaging. a) The CT contrast of BMSNs 
solutions with different concentrations. The slope of BMSN was 26.73. b) 
The in vivo CT imaging of MCF-7-tumor-bearing nude mice at 1, 6, and 
24 h after the administration of BMSN-AR, BMSN-CP, and BMSN-PEG 
solutions via tail vein.
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efficacy of tumor-targeted synergistic photothermal-chemo 
therapy (Figure 6b–d).

To further investigate the tumor-targeted synergistic therapy, 
tumor sections of seven groups were analyzed by hematoxylin 
and eosin (H&E) staining (Figure 7). Severe cell necrosis could 
be observed in the BMSN-AR-DOX + NIR group, as evidenced 
by the cell shrinkage to a small round shape and chromatin 
condensation. The cells in the BMSN-AR-DOX without NIR 
and BMSN-AR + DOX groups only suffered from moderate 
apoptosis, suggesting that monotherapy is less effective than 
dual-modal synergistic therapy. During the treatment, there 
was no obvious body weight loss among all groups (Figure 6e). 
To further validate the minimum side effect of tumor therapy, 
the main organs of different groups were histopathologically 
analyzed through H&E staining. There was no tissue damage 
in the main organs (Figure S7, Supporting Information). These 
results indicated the excellent biocompatibility of BMSN-AR-
DOX. Subsequently, the pharmacokinetics and blood clearance 
of BMSN-AR-DOX were further investigated. As shown in 
Figure S8, Supporting Information, the half-life of blood clear-
ance of BMSN-AR-DOX was 11.74 h. Given the drug-releasing 

behavior of BMSN-AR-DOX in Figure 3g, the leakage of DOX 
during blood circulation would be no more than 30%. To inves-
tigate the biodistribution of BMSN-AR-DOX, the Bi element 
was accumulated in the liver and spleen at 3 and 24 h post intra-
venous injection. This result was probably because the majority 
of BMSN-AR-DOX circulating in the blood was removed by 
the liver and spleen of the reticuloendothelial system. At 7 and 
14 days post-injection, the amount of Bi element in the liver 
and spleen significantly decreased. A weak Bi3+ signal was 
detected in the XPS spectrum of spleen lysate, indicating that 
the Bi nanocore of BMSN-AR-DOX might be converted to Bi3+ 
in vivo (Figure S9, Supporting Information). In addition, the 
BMSN-AR-DOX exhibited significantly long tumor retention. 
The amount of Bi element did not decrease at the tumor site 
even after 14 days post-injection. This long retention is probably 
because of the binding of the AR peptides to the MCF-7 cells 
(Figure S8c, Supporting Information). In addition, the blood 
routine analysis and the liver and kidney function analysis of 
the nude mice treated with BMSN-AR-DOX exhibited no sig-
nificant differences with the control group (Figures S10 and 
S11, Supporting Information). All these results indicate that 

Adv. Optical Mater. 2023, 2201482

Figure 6. In vivo synergistic antitumor therapy. a) Thermal image photos of the nude tumor-bearing mice treated with different solutions with the 
irradiation of 808 nm laser (1 W cm−2) for 10 min. b) Typical image of nude mice after different treatments on day 19: i) BMSN-AR-DOX + NIR; ii) 
BMSN-AR + NIR; iii) BMSN-CP-DOX + NIR; iv) BMSN-PEG-DOX + NIR; v) BMSN-AR-DOX; vi) DOX + NIR; vii) PBS. c) Typical images of acquired 
tumors from MCF-7 tumor-bearing mice in (b). d) The volume change of MCF-7 tumors in various treatment groups. e) The body weight change of 
MCF-7 tumor-bearing nude mice in various treatment groups.
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BMSN-AR is a promising therapeutic agent for treating MCF-7 
breast cancer through targeted synergistic therapy.

3. Conclusion

In summary, monodispersed mesoporous silica-coated Bi nano-
particles (BMSNs) have been successfully fabricated as a novel 
multimodal theranostic platform. Moreover, a peptide (AR) with 
tumor-homing ability was modified onto the surface of BMSNs. 
The resultant BMSN-AR could selectively target the MCF-7 
cancer cells in vitro and agglomerate at the MCF-7 tumor site 
in vivo. This significant tumor-homing behavior of BMSN-AR 
enables its accumulation in the tumor site, achieving precise 
deep CT imaging of the whole tumor. Additionally, the BMSN-
AR with a large surface area could effectively load chemothera-
peutic drug agents (DOX). Under the 808 nm NIR irradiation, 
the BMSN-AR-DOX could more effectively inhibit the growth 
of MCF-7 tumors than chemotherapy and photothermal therapy 
alone. We expect that the successful fabrication of the multi-
functional BMSN-AR-DOX provides a paradigm for the devel-
opment of the integration of tumor imaging and multimodal 
synergistic therapy.

4. Experimental Section
Materials: All chemical reagents were analytical grade and used 

directly without further purification. Bismuth nitrate pentahydrate 
(Bi(NO3)3 · 5H2O) and ammonium nitrate-15N (NH4

15NO3) were 
purchased from Macklin. Tetraethyl orthosilicate (TEOS, 99%) was 
obtained from J&K Scientific. 1-Dodecanethiol (DT), hexadecyl trimethyl 
ammonium bromide (CTAB), (3-aminopropyl) triethoxysilane (APTES), 
triethylamine (TMB) and dimethyl sulfoxide (DMSO) were purchased 
from Aladdin. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and succinic 
anhydride (SA) were purchased from Sigma-Aldrich. Ethanol and 
trichloromethane (chloroform) were obtained from HUSHI.

Characterization: The transmission electron microscopy (TEM) 
images were collected using a Hitachi HT-7700 TEM operating at 

120 kV. The scanning transmission electron microscopy (STEM) images 
and the element mapping were obtained from the FEI Tecnai G2 F20 
S-TWIN. Zeta potential and hydrophilic size were measured with a 
Zetasizer Nano-ZS (Malvern). Fourier transform infrared spectroscopy 
(FTIR) spectra were collected using a Thermo Fisher Nicolet iS50. X-ray 
diffraction (XRD) patterns were collected with Shimadzu XRD-6000. The 
confocal fluorescence images were collected using a Nikon A1. The flow 
cytometry analysis was measured with a BD BIOSCIENCE FACSCalibur. 
The computed tomography (CT) images were obtained using a Milabs 
U-CT-XUHR. Nitrogen adsorption/desorption analysis was obtained 
using Micromeritics ASAP 2020 Plus apparatus. The XPS spectra were 
collected using Thermo Scientific ESCALAB 250Xi. The ICP-MS analysis 
was obtained using Thermo Fisher ICAPRQICPMS.

Synthesis of Bi Nanoparticles: The Bi nanoparticles were fabricated 
through a modified procedure according to a previous report.[21] Bi(NO3)3 
· 5H2O (0.97 g) was added into a 50 mL three-necked flask containing 
10 mL of DT. The solution was heated to 60 °C under stirring and kept 
for several minutes to form a clear solution. After the removal of oxygen, 
the solution was heated slowly under a nitrogen atmosphere. At about 
172 °C, the solution turned black and was kept at 172 °C for 4 min. The Bi 
nanoparticles were washed with ethanol and then dispersed into 20 mL 
of chloroform for further usage.

Synthesis of Bi-Based Mesoporous-Silica-Coated Nanoparticles (BMSNs): 
The BMSNs were prepared through a modified route according to 
previous literature.[22] 0.05 g CTAB was added into a 50 mL three-necked 
flask containing 24  mL ultrapure water and 0.176  mL of a solution of 
NaOH (2 M). The solution was heated to 70 °C under vigorous stirring 
and kept for 1 h. After the removal of oxygen, a Bi nanoparticles 
chloroform solution (0.5  mL) was injected step-wise (10 × 50  µL) into 
the mixture under the protection of nitrogen. The time interval between 
each injection was 5  min, and a brief vacuum of several seconds was 
applied after each injection to remove chloroform from the mixture. 
Then the temperature was heated to 80 °C, and a vacuum was applied 
several times to clear the chloroform thoroughly. The mixture was kept 
at this temperature for 1 h. Subsequently, 20  µL TEOS was injected 
into the mixture dropwise. The mixture was reacted for 30 min. Finally, 
0.1 mL TEOS was injected into the reactants dropwise, and the reaction 
was kept for 1.5  h. After the reaction, the BMSNs were washed with 
ethanol and then dispersed into DMSO for further usage.

Surface Modification of BMSNs: A suspension of the previously 
synthesized BMSNs (20  mg) in DMSO (30  mL) was sonicated for 
15  min. Then, 0.5  mL APTES was added to the mixture under stirring 
for 12  h. After washing three times with DMSO, the BMSNs modified 
with amino groups were obtained and designated BMSN-NH2. 20  mg 
of BMSN-NH2 was dispersed in DMF (9 mL). 800 mg of SA was added 

Adv. Optical Mater. 2023, 2201482

Figure 7. H&E staining images of the MCF-7 tumor after various treatments. The scale bar is 100 µm.
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in DMF (13 mL) and mixed with DMF solution containing BMSN- NH2. 
The mixture was sonicated for 15 min. Then, 0.1 mL triethylamine was 
added dropwise under stirring overnight. After washing three times with 
DMF, the BMSNs modified with carboxyl groups were obtained and 
designated BMSN-COOH. 20 mg of BMSN-COOH, 6 mg of EDC, and 
7 mg of NHS were dispersed in DMF (9 mL) and sonicated for 15 min. 
Then, a solution of AR peptide in DMF (1 mL) was added under stirring 
overnight. After three times washing with DMF, the BMSNs modified 
with AR peptides were obtained and designated BMSN-AR.

Calculation of Photothermal Conversion Efficiency: The photothermal 
conversion efficiency of BMSN-AR was calculated according to the 
following method. Under the irradiation of an 808  nm laser, the 
temperature of the BMSN-AR solution increased. During this process, 
the total energy balance was given by Equation (1).

∑ = −,m C dT
dt

Q Q
i

i p i laser surr  (1)

In Equation  (1), m (g) is the mass of aqueous solution containing 
BMSN-AR, Cp (J g−1  °C−1) is the constant-pressure heat capacity of 
aqueous water, T is the temperature of BMSN-AR solution at time t. For 
Qsurr (mV), the energy dissipated to the surrounding environment can be 
expressed by Equation (2),

( )= ∆ = −Q hS T hS T Tsurr surr  (2)

where h is the heating transfer coefficient, S is the surface area of the 
container, Tsurr is the temperature of the surrounding environment.

Qlaser (mV) for the input 808  nm laser energy can be calculated by 
Equation (3),

= +Q Q Qlaser NS Dis  (3)

where QNS (mV) is the energy input by BMSN-AR, QDis (mV) is the 
energy absorbed by the solvent and container. The QDis was measured 
independently to be 39  mV using a cuvette cell containing pure water. 
The QNS was expressed by Equation (4),

η( )= − − λ1 10Q INS
A  (4)

where I is the power of 808 nm laser,Aλ is the absorbance of BMSN-AR 
at the wavelength of 808  nm, and η is the photothermal conversion 
efficiency.

When the temperature of the BMSN-AR solution reached a steady 
value, the energy input is equal to the energy output. Therefore, the left 
side of Equation (1) is zero. In this case, Equation (5) was established.

=Q Qlaser surr  (5)

Combining Equations (2)–(5), the photothermal conversion efficiency 
(η) was calculated by Equation (6),

η ( )
( )=

− −
− −1 10 808

hS T T Q

I
Max Surr Dis

A
 (6)

To obtain the value of hS, a dimensionless parameter θ and a simple 
system time constant τs were introduced by Equations (7) and (8).

θ = −
−

T T
T T

Surr

Max Surr
 (7)

∑τ =
,m C

hSs
i i p i

 (8)

During the cooling process of the BMSN-AR solution,

τ θ= −t lns  (9)

Based on Figure S4b, Supporting Information, τs is calculated 
to be 339.7 s. According to Equation  (8), hS was calculated to be  
12.36 mW °C−1. Afterward, according to Equation (6), the photothermal 
conversion efficiency (η) of BMSN-AR was calculated to be 26.28%.

DOX Loading and Release: To investigate the DOX loading efficiency 
of BMSNs, 5 mg of DOX was added to 10 mL of PBS to form a solution. 
Then, 10 mg BMSN-AR was dispersed in the solution followed by stirring 
overnight. The BMSN-AR-DOX was obtained through centrifuging and 
washing with PBS to remove free DOX. The supernatant solution was 
collected to analyze the DOX amount by measuring the absorbance 
at 482  nm. The loading efficiency of BMSNs was calculated through 
the weight of DOX loaded into BMSN divided by the initial weight of 
DOX. To evaluate the DOX release behavior, 5 mg BMSN-AR-DOX was 
dispersed in 10 mL PBS solution with different pH (pH = 5.0, 6.5, or 7.4). 
The solution was continuously vibrated at the temperature of 37 °C. The 
supernatant of the solution was collected at different time points (0, 8, 
16, 24, 32, and 48 h) and measured by the absorbance at 482 nm.

Cell Incubation: MCF7 cells were cultured in DMEM (Gibco) 
supplemented with 10% (v/v) FBS (fetal bovine serum, Gibco) and 
1% (v/v) penicillin/streptomycin (P/S) antibiotics. MCF10A cells 
were cultured in DMEM (Gibco) supplemented with 5% (v/v) horse 
serum (HS), 20  ng  mL−1 epidermal growth factor (EGF), 0.5  µg  mL−1 
hydrocortisone, 10  µg  mL−1 insulin, 1% (v/v) non-essential amino acid 
(NEAA), and 1% (v/v) P/S antibiotics. All cells were incubated in a CO2 
incubator at 37 °C.

Cell Compatibility: MCF-7 cells (6000 cells) were seeded into 96 well 
plates and cultured overnight. The medium of cells was removed, and 
different concentrations (1, 2, 10, 20, 100, and 200 µg mL−1) of BMSN-AR 
dispersed in DMEM culture were added. The plate was placed in a CO2 
incubator at 37 °C for 24 h. Then, relative cell viabilities were detected via 
the standard CCK-8 assay.

In Vitro Cancer Cell Targeting Effect of BMSN-AR: MCF-7 cells and 
MCF-10A cells (20 000 cells) were seeded into 96 well plates respectively 
and cultured overnight. The FITC labeled BMSN-AR, BMSN-CP, and free 
FITC were dispersed in DMEM culture and co-cultured with cells for 6 h, 
respectively. Then, the cells were washed with PBS and imaged under a 
confocal microscope. The number of cells containing FITC was counted 
through flow cytometry analysis.

Intracellular Distribution of BMSN-AR and Lysosome Escape: MCF-7 
cells were seeded into the confocal dish and cultured overnight. 
The FITC labeled BMSN-AR were dispersed in DMEM culture and 
co-cultured with cells for 2 and 17  h, respectively. Then, the cells were 
washed with PBS, and the DMEM culture containing LysoTracker probes 
(75 nM) was added. The cells were incubated for 1 h and imaged under 
a confocal microscope.

In Vitro Photothermal-Chemotherapy of BMSNs: MCF-7 cells were 
seeded into 96 well plates (6000 cells in 100 µL per well) and cultured 
overnight. After the removal of the culture medium, the 100 µg mL−1 of 
BMSN-AR, BMSN-CP with or without DOX, and free DOX dispersed 
in DMEM culture were added. The plate was then placed in a CO2 
incubator at 37 °C for 12 h and irradiated under NIR (808 nm, 1 W cm−2) 
for 5 min. Relative cell viability was detected through the standard CCK-8 
assay. Live/Dead Staining of MCF-7 cells followed the products’ protocol 
(C542, Dojindo), and the stained cells were imaged using a fluorescence 
microscope.

Animal Model: Balb/c nude mice (5–6 weeks, female) were obtained 
from the experimental animal center of Hangzhou Medical College. 
In vivo study was approved by the Institutional Animal Use and Care 
Committee of Zhejiang University. All animal experiment procedures 
were performed in conformity with the published guidelines of the 
Laboratory Animal Center of Zhejiang University.

In Vitro and In Vivo CT Imaging: BMSN-AR solutions with different 
concentrations (0.6, 1.2, 2.5, 5, and 10  mg  mL−1) were placed into a 
PCR 8-well strip. The CT image and HU value of each solution were 
measured under X-ray scanning. The MCF-7 tumor-bearing nude mice 
were injected with three different solutions (BMSN-AR, BMSN-CP, 

Adv. Optical Mater. 2023, 2201482
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BMSN-PEG) through the tail vein. The CT images of mice were collected 
at 1, 6, and 24 h post-injection.

In Vivo Tumor Therapy: The nude mice were randomly divided 
into seven groups when the MCF-7 tumor sizes reached a volume of 
50–70 mm3. They were subjected to different treatments: 1) PBS; 2) 
DOX + NIR; 3) BMSN-AR-DOX; 4) BMSN-PEG-DOX + NIR; 5) BMSN-
CP-DOX + NIR; 6) BMSN-AR + NIR; 7) BMSN-AR-DOX + NIR. After 
10 min irradiation, the temperatures at the tumor site were recorded 
using an infrared camera (Teledyne FLIR). The tumor sizes and body 
weight of mice were measured every 2 days. For histological analysis, 
the tumors and main organs of nude mice were harvested and stained 
with H&E.

In Vitro Hemolysis Assay: The blood (1 mL) was collected from nude 
mice and mixed with 2  mL of PBS. The mixture was centrifuged at 
3000  rpm for 5  min to collect red blood cells (RBCs). The RBCs were 
washed with PBS several times and diluted with 10  mL of PBS. Then, 
200 µL of RBCs suspension was mixed with 800 µL BMSN-AR solutions 
at different concentrations (6.25, 12.5, 25, 50, 100, and 200  µg  mL−1). 
Additionally, 800  µL of PBS solution and deionized water, as negative 
and positive controls, were also mixed with 200 µL of RBCs suspension. 
After incubation at room temperature for 4  h, all these samples were 
centrifuged at 12 000 rpm for 5 min. The supernatants were collected to 
analyze the absorbance at 561 nm.

Biodistribution and Blood Clearance of BMSN-AR-DOX: The MCF-7 
tumor-bearing nude mice were administrated with BMSN-AR-DOX 
through intravenous injection. The main organs, tumor tissue, and 
blood were collected at different time points. The organs, tumor, and 
blood samples were digested with HNO3 at 160 °C for 1  h. Then the 
concentration of Bi element in these samples was detected through 
ICP-MS.

XPS Analysis: The MCF-7 tumor-bearing nude mice were administrated 
with BMSN-AR-DOX through intravenous injection. The spleen organ 
was collected at 24  h post-injection and lysed with nondenatured lysis 
buffer. The lysis product of the spleen organ was collected through 
centrifugation and freeze-drying and analyzed by XPS.

Blood Routine and Biochemical Analysis: Balb/c mice were treated 
with BMSN-AR-DOX through intravenous injection. The blood samples 
of these mice were collected at 1, 7, and 14 days post-injection. Then, 
these blood samples were subjected to blood routine and biochemical 
analysis. In the control group, mice were injected with PBS.
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from the author.
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