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ABSTRACT: Development of stimuli-responsive theranostics is of
great importance for precise cancer diagnosis and treatment. Herein,
bovine serum albumin (BSA) modified bismuth nanoraspberries (Bi-
BSA NRs) are developed as cancer theranostic agents for multimodal
imaging and chemo-photothermal combination therapy. The Bi-BSA
NRs are synthesized in aqueous phase via a facile reduction method
using Bi,O; nanospheres as the sacrificial template. The morphology,
biocompatibility, photothermal effect, drug loading/releasing abil-
ities, chemotherapy effect, synergistic chemo-photothermal therapy
efficacy, and multimodal imaging capacities of Bi-BSA NRs have
been investigated. The results show that the NRs possess multiple
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unique features including (i) raspberry-like morphology with high specific surface area (~52.24 m*g™") and large cavity (total
pore volume ~0.30 cm’®-g™'), promising high drug loading capacity (~69 wt %); (ii) dual-stimuli responsive drug release,
triggered by acidic pH and NIR laser irradiation; (iii) infrared thermal (IRT), photoacoustic (PA) and X-ray computed
tomography (CT) trimodality imaging with the CT contrast enhanced efficiency as high as ~66.7 HU-mL-mg™'; (iv) 100%
tumor elimination through the combination chemo-photothermal therapy. Our work highlights the great potentials of Bi-BSA
NRs as a versatile theranostics for multimodal imaging and combination therapy.
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N anoparticle-based drug delivery systems (NDDSs) hold a
great promise for overcoming inherent defects of
traditional chemotherapy.' ™ Particularly, stimuli-responsive
NDDSs which are sensitive to external physical stimuli (light,
magnetic field, etc.) or tumor microenvironment (acidic pH,
H,0,, hypoxia, etc.) are highly desired to realize controllable
drug release at targeted sites and to avoid premature drug
leakage in normal tissues.*™” So far, numerous nanomaterials
such as mesoporous silica,® liposomes,” polymeric micelles,"’
and magnetic nanoparticles'' have been developed as
promising NDDSs for cancer treatment. However, these
NDDSs have limitations including relatively low drug loading
capacity and the possible drug leakage during their biological
circulation, which impeded their further wide applications.
Moreover, stand-alone chemotherapy frequently failed to
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completely eliminate tumor tissues due to the limited
therapeutic efficiency and multiple drug resistance of cancer
cells,12 resulting in tumor regeneration or metastasis. There-
fore, there is a high demand on multistimuli-responsive
NDDSs for precise cancer diagnosis and treatment.
Fortunately, photothermal therapy (PTT) has quickly
emerged as a potent complementary approach to enhance
chemotherapeutic efficiency.*~"* PTT employs photothermal
conversion agents (PTCAS) to convert photoenergy in the
near-infrared (NIR) range into heat, and specifically destroy
tumor tissues by this means.'®”'® Since sensitive imaging
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Scheme 1. Schematic Illustration of the Design and Bioapplications of the Bi-BSA NRs
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capability of nanomaterials holds great potentials for accurate
disease diagnosis, real-time guiding/monitoring therapeutic
process,'”*° and visualization of various cellular behaviors/
respons<e,21_24 it is quite fascinating to integrating imaging
functions into PTCAs for a precise, controllable and visualized
PTT treatment. So far, various PTCAs have been reported for
PTT, including gold nanostructures, carbon-based nanoma-
terials, transition metal chalcogenides, polymer nanoparticles,
and so on.””~*® Recently, Bi-based PTCAs (Bi,Se;, Bi,S;) have
sparked extensive interests due to their distinct advantages,
including prominent biocompatibility and metabolizability in
vivo, low-cost and facile synthesis, high photothermal
conversion efficiency and photostability, as well as accessional
high-contrast X-ray computed topography (CT) imaging
capability.zg_35 Inspiringly, pure metallic Bi nanoparticles
have been newly explored as a promising PTCA for efficient
photothermal ablation of tumors, showing much superiority
over other PTCAs.**™** Unfortunately, insufficient tumor
eradication and partial tumor recurrence could be observed in
these recent reports, possibly due to the intrinsic shortcomings
of PTT, such as inevitable depth-dependent attenuation of
laser intensity and discrepant heat distribution in tumor
tissues.”” Therefore, it is urgent to endow drug-delivery
function for the Bi PTCAs for synergistic chemo-photothermal
therapy (CPTT), which remains unexplored up to now.
Directing at this aim, two common and straightforward
strategies would be (1) encapsulating the Bi PTCAs in porous
shells (e.g., mesoporous silica); (2) modifying it with certain
polymers that can absorb drug molecules on the PTCAs’
surface. However, these strategies suffer from multiple
synthesis procedures, elaborated compositions, or poor drug
loading capacity.””***" More seriously, the photothermal
conversion performance and CT imaging ability could be
severely compromised due to the decreased Bi PTCA
proportion after shell coating. An alternative strategy is to
synthesize two-dimensional (2D) ultrathin-nanosheet or highly
porous nanostructured Bi PTCAs, which inherently possess
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high specific surface area (SSA). An inherent high-SSA PTCA
can already be a favorable cargo for drug delivery with high
drug loading capacity. Therefore, the fabrication of high-SSA
Bi PTCAs could be very fascinating and promising to realize
the high drug loading for synergistic CPTT.

Herein, we report the synthesis of bovine serum albumin
(BSA) modified bismuth nanoraspberries (Bi-BSA NRs) as
theranostic agents for multimodal imaging and synergistic
CPTT (Scheme 1). Utilizing Bi,O; nanospheres (NSs) as the
sacrificial template, the NRs are synthesized straightforwardly
in aqueous phase by a facile reduction method, followed by
BSA modification to enhance the dispersibility and stability.
The resultant NRs possess a distinct porous nanostructure
(SSA ~ 52.24 m*g™"), resulting in a drug loading capacity as
high as ~69 wt %. The NRs exhibit a controllable drug release
manner triggered by both laser irradiation and acidic pH.
Moreover, benefiting from the strong NIR absorption and high
photothermal conversion efficiency of ~27.1%, a pronounced
photothermal effect is demonstrated. By integrating PTT and
chemotherapy, the DOX-loaded NRs can realize 100% tumor
elimination on mice through the synergistic chemo-photo-
thermal therapy. In addition, due to the high photothermal
conversion ability and X-ray attenuation coeflicient, the Bi-BSA
NRs show great potentials as multimodal contrast agents for
infrared thermal (IRT), photoacoustic (PA), and CT triple-
modal imaging. This work develops a stimuli-responsive drug-
delivery theranostic nanoplatform based on a single-compo-
nent metallic Bi PTCA for multimodal imaging and synergistic
CPTT of tumor.

Utilizing Bi,O; NSs as the Bi precursor and template, we for
the first time report the formation of raspberry-like Bi
nanoparticles with distinct porous structure via a facile
reduction method (Scheme 1). The precursor Bi,O; NSs
were synthesized through a one-pot solvothermal method, in
which bismuth nitrate pentahydrate was used as the Bi source,
polyvinylpyrrolidone (PVP) as the stabilizing agent, and
ethylene glycol (EG) as the reaction solvent. Typical scanning
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Figure 1. Representative SEM images of (a) the Bi,O; NSs and (b) the Bi NRs. (c) Typical backscattered electron SEM image and (d) TEM
image of the Bi NRs. (e) Digital photos of the Bi and Bi-BSA NRs in water and PBS. (f) UV—Vis—NIR absorption spectra of the Bi,O; NSs and Bi-
BSA NRs. (g) Photothermal heating curves of pure DI water and the Bi-BSA NRs dispersions (50 yg:-mL™") upon laser irradiation at gradient
power densities. (h) Photothermal heating curves and (i) IRT images of the NRs dispersions at various concentrations under irradiation (1.0 W-

cm_z).

electron microscopy (SEM) and transmission electron
microscopy (TEM) images reveal that the Bi,O; NSs were
spherical nanoparticles with relatively smooth surfaces (Figure
la and S1a). On the basis of the statistical result from the TEM
images, the average size of the Bi,O; NSs was ~120 nm
(Figure S1b). Besides, the energy dispersive spectroscopy
(EDS) analysis confirms the intense Bi element signals in the
Bi,O; NSs sample (Figure S2).

To obtain the highly porous Bi NRs, the Bi,O; NSs were
used as the sacrificial templates, and the reduction was
triggered by dropwise addition of sodium borohydride
(NaBH,) aqueous solution under vigorous stirring. Upon the
addition, NaBH, continuously reduced Bi,O; to metallic Bi
immediately meanwhile entered the porous channels, generat-
ing larger pores in the resultant nanostructures. This synthesis
method in aqueous phase is simple and rapid and can render
the Bi NRs high hydrophilia. Representative SEM image of the
resultant Bi NRs reveals their distinct spherical raspberry-shape
nanostructure with three-dimensional (3D) cavities stacked by
small Bi dots (Figure 1b). The backscattered electron SEM
image (Figure 1c) clearly shows their plentiful cavities. The
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SSA, pore volume, and distribution were then investigated via
Brunauer—Emmett—Teller (BET) method. The result in
Figure S3a presents a typical type-IV N, adsorption—
desorption isotherm with hysteresis loops, indicating the
typical porous nanostructure (Figure S3b). The SSA and
total pore volume were measured to be ~52.24 m*g~' and
~0.30 cm®-g~!, respectively. Except the C signals (attributed to
the carbon substrate for sample measurement), only intense Bi
signal peaks were detected in the EDS spectrum (Figure S4).
Powder X-ray diffraction (XRD) pattern (Figure SS) shows
that all the diffraction peaks are well indexed to hexagonal Bi
(PDF#85-1329), suggesting the high purity. Typical TEM
image of the Bi NRs is shown in Figure 1d, where the contrast
variation of the individual NRs also confirms their raspberry-
like morphology and highly porous nature. The average size of
the NRs were ~123 nm (Figure S6), consistent with that of the
Bi,O; NSs templates (~120 nm). The Bi NRs could be well
dispersed in DI water with an average hydrodynamic size of
~127 nm (Figure S7).

However, the as-prepared NRs would easily aggregate in the
presence of salts (Figure le) due to the electron screening
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Figure 2. (a—d) Typical TEM images of HeLa cells before (Control) or after incubated with the Bi-BSA NRs. The lower-row images are the
corresponding zoom-in sections marked by the red squares. (e) Quantitative cellular uptake study analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) measurement. Cell viability of (f) HeLa and (g) HUVEC cells after incubation with the bare Bi NRs or Bi-BSA NRs for 24

and 48 h. (h) Hemolysis test of the NRs on RBCs.

effect. BSA, a natural protein (commercially available) with
excellent biocompatibility and colloidal stability, was chosen to
modify the Bi NRs. BSA can anchor onto inorganic
nanoparticles through physical adsorption*”** and preferen-
tially bind with metal ions due to the abundant active groups
such as N-terminal amine, carboxyl groups in aspartic residues,
and thiol groups in cysteine.**"* In addition, the abundant
functional groups of BSA offer the NRs great convenience of
further functionalization with specific-binding molecules (like
folic acid, antibodies) to realize active targeting of tumors
hence prevent nonspecific uptake of the NRs on normal
tissues.****” After modification, the obtained Bi-BSA NRs
showed remarkably enhanced dispersibility and stability,
without any detectable agglomeration in water, phosphate-
buffered saline (PBS), cell medium and serum over time
(Figure le, Figure S8, Figure S9—S11). Three well-resolved
characteristic peaks of BSA appeared in the Fourier transform-
infrared (FT-IR) spectrum of the Bi-BSA NRs (Figure S12),
indicating the successful BSA modification. Moreover, the
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average hydrodynamic size of the Bi-BSA NRs was measured
to be ~134 nm (Figure S13), a little larger than that of the
bare Bi NRs (~127 nm) (Figure S7). Meanwhile, the Bi-BSA
NRs were strongly negative-charged (—29.78 + 1.55 mV),
much higher than that of the pristine Bi NRs (— 9.88 + 1.19
mV) (Figure S14). Importantly, the Bi-BSA NRs aqueous
dispersion (transparent black color) showed a strong broad-
band absorption from 400 to 900 nm (Figure 1f), which is in
sharp contrast to the Bi,O; sample (milk white color). In
addition, the NIR optical absorbance of the NRs is highly
associated with their concentrations, as evidenced by the
perfect linearly incremental 808 nm absorbance with the
increased concentrations in both water and cell medium
(Figure S15 and S16). Such high NIR absorbance can
significantly benefit their photothermal effect.

Next, we studied the photothermal performance by
irradiating the Bi-BSA NRs aqueous dispersions (0—200 ug:
mL™") with a NIR laser (808 nm, 0.3—1.8 W-cm™2). Choosing
808 nm laser for PTT application is based on its minimal
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Figure 3. CT and PA imaging. (a) CT images and values of the Bi-BSA NRs dispersions at various concentrations (unit: mg-mL™"). The 3D in vivo
CT images of HeLa tumor-bearing mice (b) before (Pre) and (c) after the NRs injection. The tumor area is marked by the yellow circle. (d) PA
images and (e) PA amplitudes of the NRs dispersions at various concentrations (unit: #g-mL™") upon 808 nm laser irradiation. (f) PA signal
intensity and (g) PA images of HeLa tumors on mice before (Pre) and after injection with the NRs employing different NIR wavelengths (700,

808, and 900 nm). Student’s t test, *p < 0.0S, **p < 0.01.

absorption coefficient (<0.05 cm™) and deep penetration (up
to several centimeters depending on the laser power and the
tissue type) in biological tissues.*® Interestingly, the temper-
ature of the NRs dispersions could be dramatically elevated
upon the irradiation (ambient temperature of the systems: 19—
21 °C), and such photothermal effect highly depended on the
applied laser power density, irradiation duration, and NRs
concentration (Figure 1gh). For 50 ug-mL™" NRs dispersion
upon 10 min irradiation at gradient laser power densities (0.3,
0.6, 1.0, 1.4, 1.8 W-cm™2), the system temperature reached
~25.8, 30.8, 39.2, 50.3, and 64.7 °C, respectively (Figure 1g).
On the other hand, when the NRs concentrations were
gradually increased from 10 to 200 ug-mL™’, the temperature
elevation (AT) was ~7.0, 9.8, 18.9, 274, and 41.1 °C,
respectively (Figure 1h and Figure S17). In marked contrast,
pure deionized (DI) water only showed negligible temperature
increase (~1.9 °C for 1.0 W-cm™2, ~3.9 °C for 1.8 W-cm™)
under identical conditions. Importantly, the strong photo-
thermal effect also provided excellent signal contrast for IRT
imaging, and the intensity was also strongly dependent on the
laser power density, irradiation duration and sample concen-
tration (Figure 1i and Figure S18). Using the calculation
method reported by Roper et al,*” the photothermal
conversion efficiency of the NRs was calculated to be
~27.1% (Figure S19a,b), which is higher than that of the
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widely studied Au nanorods (21%) and Au nanoshells
(13%).>°

Prior to assessing the biocompatibility, we first studied the
cellular uptake efficacy of the Bi-BSA NRs. Different from
HeLa cells in the control group (Figure 2a), the Bi-BSA NRs
can be visualized in cytoplasmic vesicles mainly via nonspecific
cell endocytosisSl’52 after incubation, and the internalized NRs
amount increased commensurately with the incubation time
and concentration (Figure 2b—d). This phenomenon was
further confirmed by the quantitative cellular uptake study
(Figure 2e), that is, the cellular uptake efficacy steadily
followed incubation time- and concentration-dependent
manners. These results reveal the efficient cellular uptake of
the NRs by cancer cells.”> We then performed Cell Counting
Kit-8 (CCK-8) assay to examine cytotoxicity of the bare Bi
NRs and the Bi-BSA NRs. The cell viability of neither HeLa
cells nor human umbilical vein endothelial cells (HUVEC) was
affected after incubated with the Bi NRs or Bi-BSA NRs for 24
or 48 h (Figure 2fg), suggesting no appreciable cytotoxicity at
the tested concentrations. It is noticed that at a given
concentration the cell viability after incubated with the Bi-
BSA NRs is even slightly higher than the Bi NRs-treated case,
suggesting that BSA modification can further improve the
biocompatibility. Moreover, hemolysis (Figure 2h) and
hemagglutination (Figure S20) assays revealed no adverse
impact of the Bi-BSA NRs on red blood cells (RBCs). All these
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results demonstrate the potentially excellent biocompatibility
of the Bi-BSA NRs for biomedical applications.

Because Bi element has a higher X-ray attenuation
coefficient than Au, Pt, Ta, and 1> the pure metallic Bi-BSA
NRs with 100% Bi payload are anticipated to be a high-
performance CT imaging agent. As shown in Figure 3a,
brighter CT signals of the Bi-BSA NRs dispersions were
observed at higher concentrations, revealing the incremental
CT signal values. Importantly, the CT contrast enhanced
efficiency was determined to be ~66.7 HU-mL-mg™" (R?
0.99). Such superhigh X-ray absorption coefficient is much
higher than that of any other previously reported CT agents
(such as I-based, Au-based, W-based, Ta-based, and bismuth
chalcogenide-based CT ag(=.nts).27’33’53_58 We next carried out
the in vivo CT imaging of the NRs using HeLa tumor-bearing
mice. Only normal bone structures were seen before (Pre) the

NRs injection (Figure 3b), while strong CT imaging signals in
the tumor site were visualized immediately after (Post)
injection (Figure 3c). These results suggest that the Bi-BSA
NRs could serve as a highly effective CT imaging agent.
Besides CT imaging, the high NIR absorption and efficient
photothermal conversion property endowed the Bi-BSA NRs
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great potentials for PA imaging, which is a noninvasive
biomedical imaging modality with high imaging depth and
spatial sensitivity/resolution.”” As shown in Figure 3d,e, under
NIR irradiation PA images with more pronounced signals were
observed as the NRs concentrations increased gradually, and
such PA signal enhancements increased monotonously with
concentrations, suggesting the excellent PA imaging capacity.
We then carried out the in vivo PA imaging of the NRs using
HeLa tumor-bearing mice. As shown in Figure 3fg, negligible
PA signals were observable in the tumor site before injection,
whereas PA signals in the tumor were remarkably enhanced
after injection with ~6.3-fold, ~ 5.8-fold, and ~4.2-fold
enhancement of PA signal intensity when exposed to 700, 808,
and 900 nm laser irradiation, respectively. The results reveal
the great promises of the NRs as an efficient agent for PA
imaging applicable to a wide range of NIR wavelengths.
Moreover, the Bi-BSA NRs can realize strong IRT imaging
signals and significant temperature elevation on HeLa cells
upon laser irradiation after incubation (Figure S21a,b). The
results of live—dead cell staining assay (Figure S21c) show that
the NRs could cause obvious cell death upon laser irradiation,
and the photothermal killing efficacy remarkably enhanced
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Figure S. (a) In vivo IRT images of tumor-bearing mice treated with laser only, the Bi-BSA plus laser (the used dose of 2.0 mg-kg™

lis denoted as

Bi-BSA + laser —1, while the dose of 4.0 mg-kg™" is as Bi-BSA + laser —2), or the Bi-BSA@DOX (dose ~2.0 mg-kg™") plus laser (Bi-BSA@DOX +
laser). (b) Tumor-temperature variations in different groups. (c) Tumor growth profiles, (d) digital photos of tumors, and (e) the corresponding
average tumor weights collected at the end of the experiment. Student’s t test, ns: p > 0.05, *p < 0.0, **p < 0.01.

with an extended irradiation duration, or increased NRs
concentration, or higher irradiation power density. Moreover,
quantitative study via CCK-8 assay further revealed the strict
irradiation duration-, concentration-, and power density-
dependent manners of the photothermal killing efficacy
(Figure S22a,b). All these results clearly demonstrate that
the Bi-BSA NRs can act as a potent PTCA to mediate efficient
photothermal destruction of cancer cells.

Because of the large SSA and highly porous nature, the Bi-
BSA NRs hold a great potential to be loaded with antitumor
drugs for chemotherapy. As a proof-of-concept study, we chose
DOX (a broad-spectrum chemotherapeutic drug in clinic) as a
model drug to evaluate their loading capacity. Compared with
the absorption spectrum of the bare Bi-BSA NRs, the Bi-BSA@
DOX NRs showed increased absorption in the range of 350—
700 nm (Figure 4a), which is originated from the loaded DOX.
The typical DOX absorption peak at ~480 nm shifted to ~498
nm in the spectrum of the Bi-BSA@DOX NRs, which is mainly
due to the DOX hydrophobicity transformation and the strong
interaction between DOX molecules and the NRs. Meanwhile,
the successful DOX loading was also confirmed by zeta
potential measurement (Figure S14), where the Bi-BSA@DOX
showed less negative charge (—3.87 + 0.91 mV) after loaded
with positively charged DOX molecules. The NRs-DOX
interaction can be attributed to the electrostatic/hydrophobic
interaction between BSA and DOX together with the
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coordination between Bi metal and functional groups
(=NH,, —OH) in DOX molecules. In addition, the DOX
loading capacity (DLC) increased commensurately with the
amount of feeding DOX, and a DLC as high as ~69% was
obtained when the feeding DOX versus Bi (w/w) was 2:1
(Figure 4b). However, the DOX loading efficiency (DLE)
gradually decreased as the feeding DOX/Bi mass ratios
increased (Figure $23). Therefore, considering the economical
utilization efficiency, we chose the feeding ratio of 1:1 (DOX
vs Bi) for the following experiments.

The DOX releasing behavior was investigated in PBS
solutions at different pH (5.0 and 7.4). The faintly acid pH
(5.0) can induce faster DOX release rate than the neutral pH
(7.4) (Figure 4c). The released DOX amount at pH 5.0 after
24 h reached ~67%, much higher than that at pH = 7.4
(~12%). The accelerated drug release is very likely due to the
increased protonation and hydrophilia of DOX molecules
under acid conditions. Moreover, a burst DOX release was
observed upon laser irradiation (Figure 4d), indicating the
laser-responsive drug release. This was mainly attributed to the
rapid local temperature increase which could enhance thermal
vibration to weaken the DOX-NRs interaction and accelerate
DOX dissolution from the NRs.**** In addition, such laser-
responsive release was also potentiated in acidic environment.
As a result, the released DOX amount at pH = 5.0 after 25 min
irradiation was almost 4-fold as that without irradiation (24%
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vs 6%). Since the tumor extracellular microenvironment and
endosome/lysosome inside tumor cells are acid,’”°' the Bi-
BSA@DOX can therefore realize preferential drug release
upon the targeted laser irradiation. Such bimodal pH- and
NIR-responsive drug release capacity is preferred for on-
demand drug delivery, minimizing the undesirable drug
leakage and thus reducing side effects to normal tissues.

The intracellular drug delivery was studied by incubating
HeLa cells with the Bi-BSA@DOX, followed by staining with
4',6-diamidino-2-phenylindole (DAPI). As shown in Figure 4e
and Figure S24, intense DOX fluorescence signals were
observed in the cells incubated with the Bi-BSA@DOX (e;),
which was sharply different from the results of the control
group (e;) and Bi-BSA group (e,). Moreover, the intracellular
DOX fluorescence was obviously enhanced in the cells treated
by the Bi-BSA@DOX plus irradiation (e,), suggesting that
NIR light can trigger more DOX release (consistent with
results in Figure 4d). As the targeted active site of DOX mainly
locates in the nucleus, we then studied the nuclear morphology
of HeLa cells after treated with the Bi-BSA@DOX (Figure 4f
and Figure $25). At variance with the control group (f;), many
abnormal nucleus fragments (f,, f;, f;) were visible in HeLa
cells treated by the Bi-BSA@DOX. The number of abnormal
fragments were increased with the concentration, revealing the
dose-dependent manner. CCK-8 assay was employed to
measure the cell viability of HeLa cells after incubated with
the Bi-BSA@DOX (Figure 4g). Consistently, a remarkable
concentration-dependent decrease of the cell viability was
observed for the cells after treated with the Bi-BSA@DOX,
suggesting the efficient chemotherapy efficacy.

Next, the stimuli-responsive performance of the Bi-BSA@
DOX for synergistic CPTT was explored. HeLa cells were
treated by the Bi-BSA + laser (PTT), free DOX (chemo-
therapy), or the Bi-BSA@DOX + laser (CPTT) for cell
viability measurement. As shown in Figure 4h, the CPTT
group exhibited much stronger killing efficacy than either the
PTT or chemotherapy group at all the tested concentrations.
For instance, at 50 ug-mL~", CPTT killed ~96.3% cancer cells,
much higher than either PTT (~84.6%) or chemotherapy
(~87.8%) alone. These results clearly demonstrate the
superior synergetic antitumor effect of CPTT.

Given the fascinating in vitro results, we finally performed
animal experiments to evaluate the in vivo antitumor efficacy.
Before evaluation, we first conducted intravenous (i.v.)
injection of the Bi-BSA NRs (injection dose ~40 mgkg™")
to tumor-bearing mice to study if the NRs could passively
accumulate into tumors. Twenty-four hours after i.v. injection,
the mice were anesthetized and then irradiated by the laser. As
shown in Figure S26, for the intravenously injected group the
tumor temperature increased rapidly to ~46.2 °C and ~50.6
°C within 10 min irradiation at a laser power density of 1.0 and
1.5 W-cm™?, respectively, while the temperature of surrounding
tissues adjacent to the tumor was barely elevated. These results
reveal that the NRs can passively accumulated into the tumor
sites via the enhanced permeability and retention (EPR) effect.
In vivo biodistribution experiments (Figure S27) further
confirm tumor accumulation of the NRs. Besides, a large
amount of Bi** was detected in the liver and spleen, suggesting
the efficient uptake by the mononuclear phagocyte system.

To evaluate the in vivo antitumor efficacy, tumor-bearing
mice were randomly divided into six groups (n = 4) as follows:
(i) Control (no treatment), (ii) laser only, (iii) free DOX only,
(iv) Bi-BSA + laser —1 (injection dose ~2.0 mgkg™"), (v) Bi-
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BSA + laser —2 (injection dose ~4.0 mgkg™'), and (vi) Bi-
BSA@DOX + laser (injection dose ~2.0 mg-kg™"). The IRT
images and tumor temperature changes of the groups (ii), (iv),
(v), and (vi) upon laser irradiation (1.0 W-cm™2) were
recorded by the IRT camera. As anticipated, both the Bi-BSA
and Bi-BSA@DOX realized high-contrast IRT imaging on
tumors (Figure Sa). The IRT imaging signals became more
pronounced upon longer irradiation duration, revealing
remarkable temperature elevation. After 10 min irradiation,
the tumor temperature swiftly reached ~47.5 °C for group
(iv), ~57.2 °C for group (v), and ~47.9 °C for group (vi),
respectively (Figure Sb). Such high hyperthermia was sufficient
to eliminate tumor cells. In contrast, for group (ii) treated with
the irradiation alone, the tumor temperature was hardly
changed (~3.7 °C) during the whole irradiation.

After irradiation, the tumors in groups (iv), (v), and (vi)
were efficiently inhibited (Figure Sc and Figure S28),
suggesting the prominent antitumor effect. Remarkably,
group (v) with higher injection dose of the Bi-BSA showed
stronger inhibition efficiency than group (iv), revealing the
dose-dependent PTT eflicacy. Importantly, all the tumors in
CPTT group (vi) were completely eliminated and no regrowth
was observed during the following 26-day observation. In
marked contrast, negligible influence on the tumor growth was
found in the control group (i) or laser only group (ii); while
free DOX group (iii) only showed slight inhibition effect. At
the end of therapy, the mice were sacrificed and the tumors
were carefully stripped for weight measurements (Figure Sd
and Se). Consistent with in vitro results (Figure 4h), the
CPTT can realize more efficient tumor regression than either
chemotherapy or PTT (even a higher-dose PTT) alone.
Furthermore, no obvious body weight loss (Figure $29), major
organ weight loss (Figure S30), major organ injury (Figure
S31) and abnormal blood parameters (Figure $S32) were
observed during the therapy. Therefore, our results suggest
that the Bi-BSA NRs can serve as a promising theranostic
nanosystem with high biocompatibility for cancer treatments.

In summary, we have successfully developed a highly porous
Bi-BSA NRs platform for multimodal imaging, stimuli-
responsive drug delivery, and synergistic chemo-photothermal
combination therapy. Upon NIR irradiation, the NRs can
efficiently absorb and convert light energy into heat for
photothermal ablation of cancer cells. Chemotherapeutic DOX
can be loaded into the NRs, exhibiting a controllable drug
release manner sensitively triggered by the irradiation and
acidic pH. Importantly, the CPTT therapeutic eflicacy
mediated by the NRs is superior to that of either monotherapy
alone, as demonstrated both in vitro and in vivo. Preliminary
toxicity studies reveal that such NRs have good biocompat-
ibility without any appreciable toxicity to mice. Besides,
benefiting from the strong photothermal conversion capacity
and superhigh X-ray attenuation coefficient, the NRs are
capable of serving as attractive multimodal contrast agents for
high-performance IRT, PA, and CT triple-modal imaging. Such
Bi-BSA NRs nanoplatform may pave a promising avenue for
the development of more precise/efficient antitumor treat-
ments.
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