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ABSTRACT: “One-for-all” multifunctional theranostic agents are highly demanded in
biomedical fields. However, their design and fabrication still face enormous challenges.
Herein, we strategically design and fabricate 1,2-dilauroyl-sn-glycero-3-phosphocholine-
modified (DLPC-modified) bismuth nanoparticles (denoted as Bi@DLPC NPs) with
desirable size of 47 ± 3 nm as a theranostic agent for photoacoustic (PA) and X-ray
computed tomography (CT) imaging guided photothermal therapy (PTT) in response
to near-infrared (NIR) laser irradiation. Bi@DLPC NPs possess the excellent
photothermal conversion efficiency of 35% and PA/CT imaging properties, which
are attributed to the strong NIR absorption and high atomic number (83) of bismuth
element. Moreover, it is demonstrated that Bi@DLPC NPs are effectively accumulated
in the tumor region because of the enhanced permeability and retention (EPR) effect.
With the PTT, the growth of cancer cells (MDA-MB-231 cells) can be remarkably
ablated in vitro and in vivo; meanwhile no obvious damage and noticeable toxicity are
detected to major organs. The antitumor mechanism of Bi@DLPC NPs is attributable
to the mitochondrial dysfunction and change of cell membrane permeability of MDA-MB-231 cells caused by photothermal
effects upon laser irradiation. On the basis of their high stability and excellent biocompatibility, Bi@DLPC NPs have great
potential for the treatment of various types of tumors.

KEYWORDS: theranostic agent, Bi NPs, PA imaging, CT imaging, photothermal therapy

■ INTRODUCTION

Because of its high efficiency, low invasion, and remote
controllability, photothermal therapy (PTT) is regarded as one
of the most promising therapeutic strategies for solid tumor
ablation.1−6 Extensive studies have been focused on PTT
agents, including gold nanostructures, carbon quantum dots,
copper-/bismuth-based compounds, tungsten bronzes, and
various organic polymers, etc., in the past decade.7−17 In the
early stages of the PTT field, scientists mainly focused on the
photothermal effect of PTT agents to kill cancer cells; however,
recently considerable attention has been paid to integrate
diagnosis function into PTT agents.18,19 Cancer diagnosis
mainly relies on all kinds of biological imaging methods, such as
fluorescence imaging, magnetic resonance imaging (MRI), X-
ray computed tomography (CT) imaging, photoacoustic (PA)
imaging, positron emission tomography (PET) imaging, and so
on.20−26 A single imaging mode usually cannot meet the
diagnostic requirement. PA imaging can provide more details
on microstructure of a tumor site, while CT imaging has
advantages in deep tissue penetration and 3D visual
imaging.27−30 The combination of PA/CT dual-imaging
modalities would provide a more accurate diagnosis of cancer.
Thus, the theranostic agents combining PA/CT dual-imaging
with PTT functions have great potential in cancer treatment.

Most theranostic agents generally adopted the “all-in-one”
strategy, which combines different functional materials into one
complex nanomaterial for multiple functions. They have major
drawbacks of mutual interference, complex composition, and
ease of drug leakage.31−33 On the contrary, the “one-for-all”
strategy is to employ one species to achieve intrinsic
multifunctionality, such as a photothermal property and
multimodal imaging modalities. Currently, to the best of our
knowledge, very few such theranostic agents have been
reported. Hwang et al. have developed a kind of echinus-like
gold nanoparticle, which possesses in vivo photodynamic and
photothermal therapeutic effects in both the first (915 nm) and
the second (1064 nm) near-infrared (NIR) biological
windows.34 Moreover, the CsxWO3-based multifunctional
theranostic agent has been adopted as a PA/CT dual-imaging
guided PTT/PDT (PDT, photodynamic therapy) cancer dual-
therapy agent.35

Since Bi nanoparticles (Bi NPs) are made of Bi element (Z =
83) and possess good X-ray attenuation properties (Bi, 5.74;
iodine, 1.94; bone, 0.186 cm2/g at 100 keV)36−38 and strong
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absorbance in the NIR window, they are ideal theranostic
agents for CT/PA imaging and PTT. However, there are few
reports to date using Bi NPs as multifunctional theranostic
agents for cancer treatment. Herein, we developed a novel
multifunctional theranostic agent, i.e., 1,2-dilauroyl-sn-glycero-
3-phosphocholine (DLPC) lipid-membrane-coated Bi NPs
(named as Bi@DLPC NPs) for dual-imaging guided PTT,
which exhibits strong optical absorbance in the NIR region and
efficient tumor passive accumulation due to the enhanced
permeability and retention (EPR) effect.23,39−41 Compared
with very recently published Bi-based theranostic agents,42−44

Bi@DLPC NPs possess more biocompatibility and another
potential function as a drug carrier since 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC) lipid membrane was coated
on the surface of Bi NPs. Hydrophobic anticancer drugs, such
as paclitaxel, camptothecin, 5-fluorouracil, etc., can be
embedded inside the lipid membranes.45−47 Furthermore,
Bi@DLPC NPs showed high photothermal conversion
efficiency, low toxicity, and excellent water solubility. They
have great potential in cancer theranostics.

■ RESULTS AND DISCUSSION

Characterizations of Bi NPs and Bi@DLPC NPs.
Monodispersed Bi NPs were prepared using oleic acid and
trioctylphosphine as stabilizing and reducing agent, respectively.
The procedure of the reduction reaction was very fast even
within 30 s. The powder X-ray diffraction (XRD) pattern
reveals that the as-obtained Bi NPs are pure Bi NPs because
their characteristic peaks (Figure 1a) all match very well with
those from JCPDS 85-1329 of pure Bi materials. The valence
states of Bi NPs were determined by X-ray photoelectron
spectroscopy (XPS) analysis. The binding energy of spin−orbit
doublets Bi 4f7/2 and 4f5/2 at 156.6 and 161.9 eV in the high-
resolution XPS spectrum are attributed to zerovalent Bi NPs
(Figure 1b). Another two peaks at 158.7 and 164.0 eV may be
due to the surface oxidation of Bi NPs in the air.48−50 However,
the surface oxidation of Bi NPs did not display any influence on
their photothermal performance. Furthermore, the thermogra-
vimetric analysis (TGA) along with differential scanning
calorimetry (DSC) of noncoated samples (Bi NPs) are
displayed in Figure 1c. In general, TGA curves of most
inorganics modified with organics would decrease against

Figure 1. Characterizations of the as-prepared Bi NPs and Bi@DLPC NPs. (a) Powder XRD pattern and (b) XPS spectrum of Bi NPs. (c) TGA and
DSC curves of Bi NPs in air atmosphere. TEM images of (d) Bi NPs and (e) Bi@DLPC NPs. Inset: HR-TEM image of Bi NPs. (f) EDS elemental
mapping analysis of Bi@DLPC NPs: Bi (red) and P (green). (g) Statistical size distribution analysis of Bi@DLPC NPs (N = 100). (h) EDS
spectrum of Bi@DLPC NPs. (i) FT-IR spectra of Bi NPs and Bi@DLPC NPs.
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temperature because of their decomposition and their surface
organic substance. Surprisingly, in our case the weight of pure
Bi NPs increases by ∼9 wt %, which originates from generation
of Bi2O3. In addition, two exothermal peaks at around 273 and
322 °C on the DSC curve can be ascribed to the oxidation
reaction of Bi NPs, and degradation of oleic acid and 1-
dodecanethiol, respectively (Figure 1c). The high-resolution
TEM (HR-TEM) image and selected-area electron diffraction
(SAED) pattern indicate that the prepared nanoparticles are Bi
NPs, because well-defined lattice fringes (0.228 nm; in the inset
of Figure 1d) correspond to the (110) plane of Bi NPs crystal,
and the SAED result contains crystal information on Bi
materials (Figure S1a). The morphology and size of the as-
prepared Bi NPs were determined by transmission electron
microscopy (TEM), which shows relatively uniform spherical
nanoparticles with an average size of 45 ± 3 nm (Figure 1d and
Figure S1b). The structural composition distribution of Bi NPs
was further confirmed using elemental mapping analysis by
energy-dispersive X-ray spectrometry (EDS). Only Bi element
is found in EDS mapping (Figure S1c). For confirmation that
no Bi2O3 or BiP was formed during the synthesis, the powder
XRD pattern of Bi NPs was compared with the JCPDS card of
Bi2O3. From Figure S2, we can see that all the XRD peaks of
the Bi NPs do not match with the XRD pattern of Bi2O3
(JCPDS 78-1793). Meanwhile, there are no P element peaks
from the XPS data (Figure S3). All above-mentioned data
indicate that the as-obtained Bi NPs are pure Bi NPs.
To enhance the hydrophilic property, physiological stability,

and biocompatibility of Bi NPs, we employed an artificial cell
membrane (DLPC membrane)51,52 to modify Bi NPs by an
ultrasonic method. As shown in Figure 1e, it is noted that Bi@
DLPC NPs are also in spherical shape with average diameter of
47 ± 3 nm (Figure 1g). The diameter difference of 2 nm
between Bi@DLPC NPs and Bi NPs is consistence with the

thickness of the DLPC monolayer. The existence of
phosphorus (P) element in the EDS mapping (Figure 1f)
and EDS spectrum (Figure 1h) confirms the successful coating
of DLPC membrane outside of Bi NPs. The average
hydrodynamic size of Bi@DLPC NPs (162 nm; Figure S4) is
larger than that from TEM. This kind of difference is also found
in reported results.53,54 The polydispersity index (PDI) of Bi@
DLPC NPs in water is 0.129, suggesting the excellent
monodispersity of Bi@DLPC NPs. The average hydrodynamic
size of Bi@DLPC NPs fulfills the requirement of the EPR effect
for tumor treatment. The Fourier transform infrared (FT-IR)
spectra of Bi NPs and Bi@DLPC NPs were measured to
further verify successful coating of DLPC. As illustrated in
Figure 1i, the peaks at 1384, 2850, and 2924 cm−1 are
associated with the deformation vibration bands of CH3, and
CH stretching vibrations for surface organic components of
the as-prepared Bi NPs, respectively. After coating with DLPC,
a prominent band at 1260 cm−1 corresponding to the PO
stretching vibration of DLPC is found. Other new peaks can be
assigned to the CO deformation vibration (1733 cm−1), C
OC stretching vibration (1166 cm−1), CN stretching
vibration (1094 cm−1), CO stretching vibration of POC
(965 cm−1), and PO stretching vibration of POC (816
cm−1), respectively. Those peaks confirm the successful
modification of DLPC on Bi NPs. In addition, the TGA
along with DSC of coated samples (Bi@DLPC NPs) are
displayed in Figure S5. As illustrated in Figure S5, the weight
loss of Bi@DLPC NPs is ∼12 wt % due to the degradation of
DLPC, oleic acid, and 1-dodecanethiol, which appeared in the
exothermal peaks at around 294 and 318 °C on the DSC curve,
respectively.

Optical and Photothermal (PT) Properties of Bi@DLPC
NPs. The ultraviolet−visible−near-infrared (UV−vis−NIR)
absorption spectrum of powder Bi NPs (Figure 2a) exhibits

Figure 2. (a) UV−vis−NIR powder absorption spectrum of Bi NPs. (b) UV−vis−NIR absorption spectra of Bi@DLPC NPs dispersed in deionized
water at various concentrations. (c) Photothermal heating curves of Bi@DLPC NPs at various concentrations under continuous NIR laser irradiation
(880 nm, 1 W/cm2) as a function of time. (d) Temperature increase (ΔT) over a period of 10 min of irradiation versus the concentration of Bi@
DLPC NPs. (e) Heating and cooling curves of Bi@DLPC NPs. Inset: plot of cooling time versus negative natural logarithm of the temperature
driving force. (f) Photothermal stability of Bi@DLPC NPs for five laser on/off cycles.
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strong full spectrum adsorption from 400 to 2500 nm, which
implies that they are a potential photothermal agent under NIR
laser irradiation. The UV−vis−NIR absorption spectra of Bi@
DLPC NPs solutions with different concentrations (Figure 2b)
show remarkable concentration-dependent absorbance (Figure
S6) from the visible to NIR region, indicating that Bi@DLPC
NPs are good candidates for photothermal therapy (PTT). The
unusual peaks in Figure 2a,b are due to the change of light
source inside the instruments and are inevitable (Hitachi).
Moreover, the as-prepared Bi@DLPC NPs exhibit excellent
dispersibility and stability in different solvents including
deionized water, phosphate buffered saline (PBS), Dulbecco’s
modified Eagle’s medium (DMEM), and fetal bovine serum
(FBS), separately (Figure S7). For an investigation of the NIR
laser-induced photothermal therapy (PTT) effect, Bi@DLPC
NPs with various concentrations (0−500 μg/mL) were
continuously irradiated using an NIR laser at 880 nm with a
safe power density of 1 W/cm2 for 10 min. Figure 2c,d
distinctly reveals a concentration-dependent photothermal
property of Bi@DLPC NPs. The temperature of the Bi@
DLPC NP solution (500 μg/mL) greatly increases by 37 °C
after irradiation of 10 min, while the temperature of the
deionized water only increases by 7.2 °C at the same
conditions. The photothermal conversion efficiency (η) of

Bi@DLPC NPs was calculated to be 35% according to a
previously reported method (Figure 2e).55 Moreover, the
photothermal stability of Bi@DLPC NPs was investigated by
irradiating them for 10 min followed by naturally cooling to
room temperature for 15 min as one cycle. Five repeats only
display a 3% decrease in photothermal stability (Figure 2f),
which indicates preferable photothermal stability compared
with organic dyes.41

In Vitro Cellular Uptake, Cytotoxicity, and Antitumor
Effect of Bi@DLPC NPs. The cellular uptake of Bi@DLPC
NPs is of key importance to evaluate their anticancer therapy
property. Therefore, the cellular uptake and internalization
distribution of Bi@DLPC NPs (containing fluorescent-labeled
NBD PE) were investigated using MDA-MB-231 cells (breast
cancer cells) by confocal laser scanning microscopy (CLSM).
The NBD PE-labeled Bi@DLPC NPs exhibit a time-dependent
cellular uptake behavior (Figure 3a). The blue area in Figure 3a
represents the nucleus of MDA-MB-231 cells, while the green
dots are Bi@DLPC NPs. The bottom row images are the
merged images of top row and middle row in the same
columns. It is noted that the green dots accumulate more and
more around nuclei against time. In addition, we further
compared the cellular uptake abilities of Bi NPs with different
surface modifications. First, we modified the Bi NPs with

Figure 3. (a) Confocal microscopy images of MDA-MB-231 treated with NBD PE-labeled Bi@DLPC NPs for different times. Nuclei were stained
with DAPI (scale bars, 25 μm). (b) Fluorescence images of calcein-AM and PI costaining to visualize MDA-MB-231 cells treated with different
conditions (scale bars, 500 μm).
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DLPC, DSPE-PEG-2000, and PVP, separately. All the samples
show excellent dispersibility in water (Figure S8a) and relatively
uniform spherical shape (Figure S8b−d) after different
modifications. To validate the successful surface modifications,
we monitored the FT-IR spectra of the three samples. We have
already confirmed the successful modification of DLPC on Bi
NPs (Figure 1i and Figure S8e). The FT-IR spectra in Figure
S8f show a characteristic absorption peak at 1105 cm−1

corresponding to the CO stretching vibration of DSPE-
PEG-2000 after coating with DSPE-PEG-2000. The peaks at
2917 and 2849 cm−1 are associated with the deformation
vibration bands of CH stretching vibrations for surface
organic components of DSPE-PEG-2000, confirming the
successful modification of DSPE-PEG-2000 on Bi NPs. As
can be seen in Figure S8g, the peaks at 2922 and 2842 cm−1 are
associated with the deformation vibration bands of CH
stretching vibrations for surface organic components of PVP.
Meanwhile, the bands at 1675 and 1284 cm−1 are assigned to
CO and CN stretching vibrations of PVP, which
demonstrated the successful modification of PVP on Bi NPs.
Next, we explored and compared the cellular uptake abilities of
Bi@DLPC, Bi@DSPE-PEG-2000, and Bi@PVP NPs. MDA-
MB-231 cells were incubated with the three samples for 24 h
and lysed in the digesting solution. The contents of Bi in the
MDA-MB-231 cells were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis. As
can be seen in Figure S8h, the cellular uptake abilities show the
order of Bi@DLPC > Bi@DSPE-PEG-2000 > Bi@PVP NPs
with different concentrations. The results indicated that the
Bi@DLPC NPs possessed higher cellular uptake ability than
the Bi@DSPE-PEG-2000 and Bi@PVP NPs at the same
concentration and incubation time.
The investigation of the cytotoxicity of a novel theranostic

agent is of significance for determining its potential in the
anticancer field. Since the uncoated Bi NPs are hydrophobic,
the cytotoxicity of noncoated Bi NPs is impossible to be
analyzed. Lipid coating on Bi NPs enables them to be soluble in
aqueous solution. Therefore, we evaluated the potential
cytotoxicity of Bi@DLPC NPs toward MDA-MB-231 and
MCF-10A cells (breast epithelial cells) for 24 h using 3-(4,5-
dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Figure S9). As expected, MTT results show a negligible
cytotoxicity for Bi@DLPC NPs with concentration below 250
μg/mL, and 87% cell viability with 500 μg/mL of Bi@DLPC
NPs, which indicates the low cytotoxicity of Bi@DLPC NPs.
The remarkable photothermal stability and excellent photo-

thermal conversion performance of Bi@DLPC NPs enable
them to be good photothermal agents. Hence, the in vitro
antitumor performance of Bi@DLPC NPs toward MDA-MB-
231 cells was investigated using a fluorescent microscope. The
live cells and dead cells were stained with calcein-AM (green)
and PI (red), respectively. There is no cancer cell death upon
the conditions of both NIR laser irradiation only (10 min, 880
nm, 1 W/cm2) and Bi@DLPC NPs only (Figure 3b). However,
the amount of dead cells increased with NIR laser irradiation
time together with 250 μg/mL of Bi@DLPC NPs (Figure 3b).
The above-mentioned results confirm the excellent photo-
thermal performance of Bi@DLPC NPs toward cancer cell
treatment. The antitumor mechanism is probably due to the
permeability change of cell membrane and the damage of
mitochondria. The ethidium bromide (EB) molecule is
membrane-impermeable, and exhibits red fluorescence after
binding with nucleic acid.41,56 MDA-MB-231 cells treated with

Bi@DLPC NPs exhibit intensely red fluorescence under NIR
laser irradiation because EB molecules effectively enter into
apoptotic/dead cells from the damaged membrane and react
with nucleic acids (Figure S10, bottom right image). However,
we did not observe the EB molecules inside the cells in the
experimental conditions of control, NIR laser irradiation only,
and Bi@DLPC NPs only. These results suggest that Bi@DLPC
NPs combined with NIR laser irradiation can effectively lead to
a cell membrane permeability change by hyperthermia. The
mitochondria were also damaged during the PTT treatment. It
is well-known that JC-1 indicator is a mitochondrial probe to
assess function of the mitochondria.41 With the normal
mitochondria, JC-1 molecules form aggregates to display red
fluorescence, while with damaged mitochondria, JC-1 mole-
cules exist as monomers to show green fluorescence. From the
images in the bottom row of Figure 4, it is clearly seen that the

mitochondria are damaged with 250 μg/mL of Bi@DLPC NPs
under 10 min of NIR laser irradiation. In contrast, for cells
treated with NIR laser irradiation only, the Bi@DLPC NPs
only group still retains the same red fluorescence with normal
cells (control), which indicates that the mitochondria are not
damaged under those experimental conditions. These results
suggest that the dysfunction of mitochondria under NIR laser-
induced PTT may be one of the reasons causing cell apoptosis.

In Vitro and in Vivo PA/CT Imaging of Bi@DLPC NPs.
Ideal multifunctional theranostic agents should possess both
excellent therapy and remarkable imaging contrast effects. Bi@
DLPC NPs were found to be ideal photoacoustic (PA) and CT
imaging contrast agents. PA imaging with high spatial
resolution and deep penetration ability is a new emerging
biomedical imaging technique to provide bioinformation for
tumor tissue structures.57 Figure S11a and Figure 5a exhibit a
gradually enhanced PA signal intensity for Bi@DLPC NPs with

Figure 4. Mitochondrial membrane potential change study of MDA-
MB-231 cells with JC-1 staining after different treatments: control,
NIR laser irradiation only, Bi@DLPC NPs only, and Bi@DLPC NPs
with NIR laser irradiation (880 nm, 1 W/cm2) for 10 min (scale bar,
25 μm).
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concentration from 0 to 1000 μg/mL. The calibration curve at
880 nm in Figure S11b indicates the concentration-dependent
property of Bi@DLPC NPs as PA imaging agents. Bi@DLPC
NPs (2 mg/mL, 100 μL) were then intravenously injected into
MDA-MB-231 tumor-bearing mice to achieve PA signals in
vivo under 880 nm excitation laser at different times (0, 1, 3, 6,
12, 24 h), as shown in Figure 5b. Only a weak PA signal in
tumor sites (circle area in the image) is observed before
injection of Bi@DLPC NPs due to the existence of oxy-
hemoglobin and deoxyhemoglobin in the tumor vasculatures.
The signals become more and more pronounced from 1 to 6 h
after injection due to the EPR effect benefiting from the
suitable size (162 nm) of Bi@DLPC NPs. These results
illustrate that Bi@DLPC NPs can effectively accumulate at
tumor sites by long-time circulation in vasculatures. From 6 to
24 h, the PA signals gradually decrease. It is concluded that the
accumulative amount of Bi@DLPC NPs peaks at 6 h after
injection. Therefore, in the following in vivo tumor treatment, 6
h after injection is chosen to start PTT treatment. Bi@DLPC
NPs with a high X-ray attenuation ability due to the large Bi
atomic number (Z = 83) are expected to be CT imaging
contrast agents. The CT imaging property of Bi@DLPC NPs
was investigated using a computed X-ray tomography scanner.
With the increase of Bi@DLPC NP concentrations, the signal
intensity of each corresponding CT image remarkably enhances
(Figure 5c). The Hounsfield unit (HU) values of Bi@DLPC
NPs in vitro present a concentration-dependent linear behavior
with the slope of HU value to be 45 HU L/g (Figure 5d).
Before administration of Bi@DLPC NPs, no CT signal was
observed in the tumor region. Particularly, after the MDA-MB-
231 tumor-bearing mice were intratumorally administrated with

100 μL of Bi@DLPC NPs (4 mg/mL), remarkable CT signals
from Bi@DLPC NPs at the tumor region were clearly
observed, which displayed a long-time CT imaging ability
even after intratumoral injection for 12 h. Therefore, Bi@
DLPC NPs are confirmed to be excellent contrast agents for
CT imaging (Figure 5e).

In Vivo Antitumor Efficacy, Blood Biochemistry
Analysis, and Biodistribution of Bi@DLPC NPs. Encour-
aged by the excellent biocompatibility, high photothermal
conversion efficiency (η), and antitumor efficacy in vitro of Bi@
DLPC NPs, we further evaluated their antitumor efficacy in
vivo. MDA-MB-231 tumor-bearing mice with an approximate
volume of 200 mm3 were randomly assigned to five groups (5
mice in each group), including PBS injection only as a control
group I, NIR laser irradiation only as group II, Bi@DLPC NPs
injection only as group III, Bi@DLPC NPs injection plus NIR
laser irradiation for 5 min as group IV, and 10 min as group V,
respectively. The mice were intravenously administrated with
100 μL of PBS or Bi@DLPC NPs (1 mg/mL), and then
irradiated by NIR laser (880 nm, 1 W/cm2) at 6 h
postinjection. The infrared thermal camera was employed to
take infrared thermal images and monitor temperature change
of the tumor area under NIR laser irradiation (Figure 6a,b).
The results show that the surface temperature of the tumor area
in the mouse injected with Bi@DLPC NPs dramatically
increases from 37.4 to 57.7 °C by NIR laser irradiation for
10 min. On the contrary, the temperature of the tumor area of
the mouse treated with NIR laser irradiation only (group II)
only increases to 43.8 °C (Figure 6b). These data confirm the
efficient NIR energy absorption of Bi@DLPC NPs in vivo to
ablate tumors. The relative volume changes of tumors of groups

Figure 5. In vitro and in vivo PA and CT imaging. (a) PA images of Bi@DLPC NPs as a function of concentration (μg/mL). (b) In vivo PA imaging
of MDA-MB-231 tumor-bearing mice after intravenously injection of Bi@DLPC NPs (2 mg/mL, 100 μL) at different times (0, 1, 3, 6, 12, 24 h). (c)
In vitro CT images (mg/mL) and (d) HU values of Bi@DLPC NPs at various concentrations. (e) In vivo CT imaging of MDA-MB-231 tumor-
bearing mice after intratumoral injection of Bi@DLPC NPs (4 mg/mL, 100 μL) at different times (0, 0.5, 1, 3, 6, 12, 24 h).
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I−V were monitored by caliper during the subsequent 14 days
(Figure 6c). The tumor volumes of NIR laser irradiation only
(group II) and Bi@DLPC NPs injection only (group III)
exhibit a slight decrease compared with the control group
(group I) as expected. Interestingly, tumor size of Bi@DLPC
NPs combined with NIR laser irradiation for 5 min (group IV)
decreases in the first 9 days, but reverses during the following 5
days (pink curve in Figure 6c). The hyperthermia in this case is
not enough for the whole tumor ablation. When the irradiation
time increased to 10 min, the hyperthermia caused by Bi@
DLPC NPs led to an effective tumor ablation because the
tumors of two mice were even cured after the treatment (Figure
6c−e). For further confirmation of the PTT efficacy of Bi@
DLPC NPs, hematoxylin and eosin (H&E) were used to stain
tumor tissues in different groups as shown in the bottom
images of Figure 6e. There is no significant damage to tumor
cells for groups I, II, and III. However, the partial cell necrosis
for group IV and relative high cell necrosis ratio for group V are
observed.
The biodistribution of Bi@DLPC NPs is also important in

biomedical fields. Therefore, the distributions of bismuth (Bi)
in the major organs (heart, liver, spleen, lung, and kidney) of

mice and tumors at 1, 3, 7, and 14 days were analyzed by ICP-
OES measurement, as shown in Figure 6f. Bi@DLPC NPs
mainly distribute in the liver and spleen because of the filtering
effect of the reticuloendothelial system (RES).58,59 Bi@DLPC
NPs accumulated in major organs could be remarkably
decreased from the 1st day to the 14th day, indicating that
they show a time-dependent clearance effect. Previous studies
indicated that the liver is the most effective elimination pathway
for nanoparticles because Kupffer cells in the liver can quickly
phagocytize the nanoparticles.60 The energy required of
phagocytosis is obtained by glycolysis; thus a large amount of
lactic acid will be produced and accumulated in the liver.
Meanwhile, the pH value in the phagosome can reach ∼4. If the
nanoparticles accumulated in the liver, they will react with
glucuronic acid and sulfuric acid in the liver. Thus, we studied
the possible metabolic mechanism of Bi@DLPC NPs by
simulating the liver environment in vitro. The simulated liver
liquid was configured by adding 10 μL of 0.5 M glucuronic acid,
1 M lactic acid, and 1 M sulfuric acid in a beaker, and then, the
deionized water was added into the beaker and was followed by
adjusting the pH to ∼4. Bi@DLPC NPs were added into five
different bottles, which contained 4 mL of simulated liver

Figure 6. In vivo antitumor efficacy of Bi@DLPC NPs. (a) Infrared thermal images and (b) temperature curves against time in the tumor site of
MDA-MB-231 tumor-bearing mice intravenously injected with Bi@DLPC NPs (1 mg/mL, 100 μL) at 6 h under NIR laser irradiation (1 W/cm2).
(c) Normalized tumor volumes during the therapeutic period after different treatments. (d) Representative photos of mice from each experimental
group during the treatments. (e) Photographs and their corresponding hematoxylin and eosin (H&E) staining of tumor tissues at the 14th day after
different treatments (scale bar, 50 μm). (f) Biodistribution of Bi@DLPC NPs in major organs of mice after intravenous injection for different times
(n = 3).
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liquid. The concentration of Bi@DLPC NPs in each bottle is
50 mg/L. The five bottles were stirred by magnetic force for 0,
1, 3, 7, and 14 days, and then centrifuged to obtain the
supernatants. The concentration of Bi3+ in each supernatant
was tested by ICP-OES. As can be seen in Figure S12, we can
see the free Bi3+ remarkably increased from the 1st day to the
14th day, indicating the degradation of Bi@DLPC NPs. To the
best of our knowledge, it is important to know the blood
circulation situation of Bi@DLPC NPs. The concentration of
Bi@DLPC NPs in blood was calculated to be 38.3% at 24 h
according to the distributional data (ICP) of Bi@DLPC NPs in
different organs. In addition, we also know that Bi@DLPC NPs
can accumulate very well in the tumor site by the blood
circulation from PA imaging in vivo, which indicated the good
blood circulation ability of Bi@DLPC NPs.
Because the biological toxicity of a novel material has to be

carefully evaluated before its potential application in the clinical
setting, we measured biological toxicity of Bi@DLPC NPs in
vivo by body weight changes, H&E staining, and blood analysis.
The body weight changes among these groups show negligible
difference within 14 days (Figure S13). As expected, no
remarkable damage (i.e., necrosis or inflammation) is revealed
for the major organs, including heart, liver, spleen, lung, and
kidney of all mice (Figure 7). For the blood biochemistry
analysis, all kinds of representative hematology indicators of the
treated mice were analyzed, including red blood cell (RBC),
white blood cell (WBC), hemoglobin (HGB), hematocrit
(HCT), platelet (PLT), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), and mean corpuscular
hemoglobin concentration (MCHC), separately. It is noted
that all indicators are within normal ranges (Figure S14). All
above-mentioned results indicate that Bi@DLPC NPs are of
low biological toxicity during the tumor treatment.

■ CONCLUSION

In summary, we fabricated a novel “one-for-all” multimodal
imaging (PA/CT) guided photothermal theranostic agent, i.e.,

DLPC-membrane-coated Bi NPs. Bi@DLPC NPs exhibited
superior photothermal conversion efficiency, PA/CT imaging
contrast, photostability, biocompatibility, excellent cellular
uptake efficiency, and passive tumor accumulation via EPR
effect. Cancer cells were efficiently ablated in vitro and in vivo
by Bi@DLPC NPs combined with NIR light irradiation. Their
antitumor mechanism was attributed to the change of cell
membrane permeability and mitochondrial dysfunction. The
hematology and histology analysis results of Bi@DLPC NPs
further certify their potential for in vivo application. Therefore,
Bi@DLPC NPs are a potential multifunctional theranostic
nanoplatform for cancer treatment in clinical trials and pave the
way to use single matter for multifunctional theranostics.
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