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Abstract
Background: Multifunctional nanoparticles with targeted therapeutic function and diagnostic-imaging are
of great interest in the domain of precision therapy. The synergetic photothermal therapy
(PTT)/chemotherapy with the guidance of CT/PA imaging is greatly expected to precisely kill cancer
cells.

Results: The synthesized FBPD NPs not only own excellent CT/PA imaging contrast increase ability but
also reveal superior tumor-killing e�ciency. The prepared FBPD NPs revealed excellent dispersity, great
stability, outstanding optical properties. The release effciency of Dox in FBPD NPs after laser irradiation
was achieved 86.7%. Meanwhile, Liquid-gas phase conversion of per�uoropentane (PFP) induced by PTT
was discovered and veri�ed, which signi�cantly enhanced the drug release e�ciency in the tumor region.
Furthermore, a photosensitizer irradiated by PTT engenders heat toward tumor region. According to CCK-
8 assay, the cell viability of FBPD NPs + laser group reached 8.9%. In addition, in the cytotoxicity assay in
vivo, the tumors in the FBPD NPs + laser group were completely ablated. These results revealed whether
in vitro or in vivo, assessments on tumor-bearing mice proved that the precise inhibiting e�ciency of PTT
combined with FBPD NPs, which played a signi�cant role in the inhibition of tumor growth.

Conclusion: The FBPD NPs was successfully fabricated, realizing CT/PA imaging-guided combination
therapy against ovarian cancer. The unique nanoparticles with multiple abilities paves a emerging way
toward precise treatment.

1. Background
Cancer has become one of the diseases that pose a severe threat to human health, the development of a
more effective treatment against cancer has been attracting enormous interest [1]. Although conventional
cancer treatments, inchuding chemotherapy, radiotherapy, etc., have proved to be e�cient, they are often
associated with certain unignorable weaknesses, such as immune system depletion, high cost, patient
nonadherence, and poor curative e�ciency [2, 3]. These clinical problems have accordingly heightened
the need for more speci�c and effective treatment of tumor ablation. These rising therapeutic projects
should meet the rigorous demands of precise killing effect with the normal cells/tissue intact, which is
currently approved as the potential substitutive therapeutic design to conventional treatment [4].

Among all the traditional treatments, chemotherapy is the most commonly used method for the clinical
treatment of tumors [3, 5]. As one of the most widespread anthracycline anti-cancer drugs, doxorubicin
(Dox), as an ordinary Food and Drug Administration (FDA) approved anti-cancer drug, kills tumor cells
through a series of nuclear events, including DNA damage, apoptosis, and eventually cell death [6, 7].
However, the clinical application of Dox remains a challenge due to its low aqueous solubility, inadequate
accumulation, and nonspeci�c distribution [8]. In the meanwhile, the effectiveness of Dox is always
inevitably accompanied by various side effects, such as cardiac toxicity, gastrointestinal, and bone
marrow suppression [9]. In order to mitigate the aforementioned adverse effects, drugs are encapsulated
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by nanoparticles owing to their incomparable advantages such as non-toxicity and enhanced
biocompatibility [10, 11]. More importantly, nanoparticles have been proved to boost drug solubility
signi�cantly and minimize the systematic toxicity of traditional antitumor agents, strengthening the
therapeutic index ultimately [12]. Poly lactic-co-glycolic acid (PLGA) is a widely used FDA-approved
biodegradable materials for anti-cancer drug delivery [13]. The diameter of PLGA nanospheres was
described to be small enough to enable passive tumor targeting through the increased permeation and
retention (EPR) effect [14]. Thus in this study, a Dox-loaded PLGA nanoparticle (PLGA-Dox) is applied in
ovarian cancer treatment. In order to enhance the e�ciency of cancer treatment, folic acid (FA) was
chosen as the target as it is imperative in DNA synthesis and replication, cell proliferation, survival, and
growth [15]. Noticeably, the FA receptor could be overexpressed in various tumor cells but rarely
distributed in normal cells. Also, FA has been recognized to have several advantages such as lower
molecular weight, immunogenicity, relatively high stability, and ease of modi�cation [10, 11, 16].

In recent years, Photothermal therapy (PTT) has been performed as an emerging cancer treatment. Heat
generated from the assimilation of optical energy via light-assimilating agents accumulated in the tumor
area of post-NIR irradiation to kill tumor cells/tissues [17, 18]. Compared with visible light and ultraviolet,
NIR laser is a safe light because of the little hurt to healthy and deep penetration [19]. Despite the e�cient
tumor ablation of PTT, the application is limited by the possible tumor reoccurrence induced by de�cient
hyperthermia or asymmetrical heat delivery within tumor areas [20]. One probable approach to optimize
their therapeutic effects is to combine PTT with other types of treatments. It was reported that PTT and
chemo-drug synergistically enhance the antitumor effect to a great extent [21–25]. Due to the post-X-ray
bombardment, the secondary electrons were distributed to enhance the EPR effect, and consequently,
high-Z nanomaterials could optimize the passive tumor targeting. As the atomic number is positively
related to the photoelectric interaction, Bi nanoparticles are better than other elements [26]. Therefore, we
considered bismuth sul�de (Bi2S3) as a PTT agent on account of its outstanding biocompatibility and
imaging performance. Furthermore, per�uoropentane (PFP), as a phase change material, would trigger
the liquid-gas phase conversion and result in the generation of bubbles post laser irradiation, which could
accelerate the tumor cells uptake of Dox [27].

Overall, with the rapid evolution of diagnostic-image technique, molecular imaging has been recognized
as a burgeoning methods for accurate diagnosis guaranteed with high sensitivity and resolution. The
establishment of multipurpose probes with the integrated function of cancer-targeting, imaging, and
therapeutics are fundamental for accurate oncology [28]. In contrast to other different imaging methods,
X-ray computed tomography (CT) is a mainstream clinical diagnostic strategy with advantages such as
high resolution, little depth limitation, and permitting for three-dimensional (3D) reconstruction [29].
Besides, various internal limitations of CT imaging, especially low soft-tissue contrast and limited
approachability, are vital factors that hinder the use of CT for clinical diagnosis [30, 31]. The performance
of precision diagnosis can be optimized by the integration of CT with other imaging strategies that can
uncover their preponderances. Comparatively, photoacoustic (PA) imaging, a nonionizing imaging form,
transforms photon energy into acoustic pressure waves to obtain pictures, offering comparatively deeper
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tissue penetration because of the less scattering of acoustic waves than light [4, 32]. Therefore, the
design and synthesis of a therapeutic agent have become a major area of interest to effectuate the dual-
modal imaging-guided treatment and concurrently maximize the virtue, safety, and precision of cancer
treatment.

Herein, we designed the FA-targeted multifunctional NPs loading with Dox, Bi2S3 and PFP to achieve an
appealing tumor-targeted and dual-modal imaging-guided ovarian cancer combination therapy. In this
nano-system, Bi2S3 was used as the imaging contrast agent and PTT agent, while Dox served as the
chemotherapy drug for the treatment of ovarian cancer. PFP as a phase change material, was further
encapsulated in PLGA. After intravenous administration of FA-Bi2S3-PFP-Dox-PLGA NPs (described as
FBPD NPs), these NPs availably accumulated into the tumor area assisted by active FA targeting after
been injected into the mouse. Subsequently, the investigations in vitro and in vivo proved that the FBPD
NPs manifest an excellent synergistic effect of PTT and chemotherapy with the guidance of CT and PA
imaging, which considerably inhibited the tumor growth in mouse ovarian cancer models (Fig. 1).

Schematic illustration of the multipurpose nanoplatform for availably CT/PA imaging-guiaded
combination therapy to tumor cells/tissue.

2. Materials And Methods
Materials

Dox was purchased from Beijing Bailingwei Technology Co., Ltd. (Mw = 579.99, China). Bi2S3 modi�ed by
oleic acid and PLGA-PEG-FA were obtained from Xi’an Ruixi Biological Technology Co., Ltd. (China).
Per�uoropentane (PFP) was obtained from Strem Chemicals, Inc. (America). Cell Counting Kit-8 (CCK-8)
was obtained from Dojindo (Japan). The 2-(4-Amidinophenyl)-6-indolecarbamidinedihydrochloride (DAPI)
and Trypsin-EDTA solution (0.25% trypsin) were obtained from Beyotime Technology. Dichloromethane
(CHCl2) and isopropyl alcohol were obtained from Chongqing Chuan Dong Chemical Co., Ltd. (China).
Poly (vinyl alcohol) (PVA), 1,1′-dioctadecyl-3,3,3′,3′- tetramethylindotricarbocyanine iodide (DiR) and
Dialysis membrane (10,000–12,000 Da) were obtained from Sigma-Aldrich Chemical Co., Ltd. (MW:
25,000, America). McCoy’s 5A was obtained from Procell Life Science&Technology Co., Ltd.

Synthesis of FPBD NPs

PLGA-PEG-FA encapsulating Bi2S3, PFP, and Dox (designed as FPBD NPs) was manufactured by a double
emulsion (water/oil/ water: W/O/W) method [33]. First, 10 mg of Dox dissolved in 200 µL of double
distilled water; Then 400 µL of PFP was added to the above solution, following by a probe sonication
under the ice bath (100 W, 1 min). 200 µL of Bi2S3 and 50 mg PLGA-PEG-FA were dissolved in 3 mL of
CHCl2, which was mixed with the mixture prepared before. Immediately, the compound was emulsi�ed
with an ultrasonic probe to form the initial emulsion (100 W, 3 min, ice bath). For the second emulsion,
8 mL of PVA (w/v = 4%) was joined into the initial emulsion and mixed by probe sonication for 2 min
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(100 W, ice bath). Subsequently, the second emulsion was diluted in 10 mL of isopropyl alcohol solution
(w/v = 2%), and the as-prepared emulsion was stirred at an ice bath for 3 hours to volatilize CHCl2 fully.
Finally, the FPBD NPs were collected after the centrifugation (10,000 rpm, 5 min, 4 ℃). As for the
preparation of FPB NPs or PBD NPs, the difference lies in the removal of FA or Dox. All operations were
carried out in dark.

The characterization of FBPD NPs

Scanning electron microscopy (SEM, Hitachi S-3400N, Japan) and transmission electron microscopy
(TEM, Hitachi H-7600, Japan) were used to characterize the morphology and structure of the FPBD NPs.
The Zeta potential and average diameter were determined by Malvern Zetasizer Nano ZS instrument
(Malvern Instruments, UK). A UV − vis spectrophotometer (UV-3600, Shimadzu, Japan) was used to
assess the UV − vis absorption spectra. The concentration of Dox was determined by a standard curve
method using a UV − vis spectrometer. The concentration of Bi2S3 was con�rmed by inductively coupled
plasma mass spectrometry (ICP-MS).

The release of Dox in vitro under laser irradiation was assessed by dialysis [34]. FPBD NPs was
transferred into dialysis bags (MWCO:10,000 Da) that were placed into 50 mL PBS, with stirring
(150 rpm) at 37 ℃. FBPD NPs was irradiated with laser (1.5 W, 10 min) or not before stirring. 1 mL of
dialysate was aliquoted from the �ask at different points (1, 2, 3, 4, 6, 12, 24, and 48 h), and 1 mL fresh
PBS was added to the �ask to remain constant volume. All samples were stored in -20 ℃ before
measurement. The absorbance of Dox in the above solutions was measured by UV-Vis
spectrophotometer.

Cell culture

The human ovarian cancer SKOV-3 cells line was acquired from Procell Life Science & Technology Co.,
Ltd. The cells were cultivated in McCoy’s 5A medium and maintained in an incubator with 5% CO2 at 37
℃. When the cells were observed under the microscope to reach the logarithmic growth phase, 0.25%
trypsin-EDTA was employed to harvest the cells for follow-up experiments.

In vitro cytotoxicity assay of FBPD NPs

The SKOV-3 cells were cultivate in 96-well culture plates at a density of 1 × 104 cells/well in McCoy’s 5A
medium at 37 ˚C in the condition of 5% CO2, although the cells adhere to the plates. Then, fresh culture
medium containing NPs at the concentration of 2 mg/mL was used to substitute the above culture
medium. Incubation of 6 h later, the viability of cells was evaluated by the CCK-8 assay. An EL × 800
Universal Microplate Reader (Bio-Tek Instrument Inc., America) was used to record at the optical density
(OD) at 450 nm. Seven treatment groups were set up in this experiment: the control group (Control), the
group subjected to laser only (Laser only), the group operated with FBP NPs and laser (FBP NPs + laser),
the group operated with BPD NPs (BPD NPs), the group operated with BPD NPs and laser (BPD NPs + 
laser), the group operated with FBPD NPs (FBPD NPs), and the group operated with FBPD NPs and laser
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(FBPD NPs + laser). These groups treated by laser at an intensity of 1.5 W/cm2 for 5 min. Finally, the
viability of the cells was assessed by a standard CCK-8 assay.

In vitro targeting ability of FBPD NPs

The cellular uptake effect of FBPD NPs was assessed by confocal laser scanning microscopy (CLSM)
and �ow cytometry. SKOV-3 cells in logarithmic growth were seeded into CLSM-exclusive culture dishes
at a density of 1 × 105 cells/well. After 24 h of culture, FBPD NPs and BPD NPs were added separately
and incubated 0.5, 1, 2, 3, and 4 h, respectively. After co-incubation with nanoemulsions, the cells were
washed with PBS, and �xed in paraformaldehyde (4%) for 15 min. After �xing the cells, SKOV-3 cells were
incubated with DAPI �uorescein (300 µL) for 15 min. Ultimately, these �uorescence pictures were
obtained through CLSM. Furthermore, the quantitative intracellular uptake of FBPD NPs and BPD NPs
were analyzed with �ow cytometry. In detail, the cells were digested with trypsin (0.25%) after incubation
with FBPD NPs or BPD NPs then suspended in PBS immediately. Finally, the �ow cytometry was used to
assess the phagocytosis rate.

Animal model

All animals (female nude mice with the weight of 16–20 g and age of 6–8 W) were obtained from
Chongqing Tengxin Biotechnology Co., Ltd. All the operation were executed under direction rati�ed by the
Institutional Animal Care and Use Committee of Chongqing Medical University. To constructed SKOV-3
tumor-bearing mice models, SKOV-3 cells were suspended into McCoy’s 5A medium and then injected
subcutaneously to the �ank of nude mice.

In vivo targeting ability of FBPD NPs

To study the distribution of FBPD NPs in vivo, six SKOV-3 tumor-bearing mice were divided into two
groups: FBPD NPs group and BPD NPs group (n = 3). Firstly, all the mice were injected with FBPD NPs or
BPD NPs (200 µL, 5 mg/mL) intravenously, then the �uorescence pictures were collected at certain
moments (0, 0.5, 1, 2, 3, 4, 6, and 24 h) after injected NPs by a �uorescence system (Fx7 Ir Spectra, Vilber
Lourmat, France). The excitation and emission wavelengths of 748 nm and 780 nm.

In vitro and in vivo CT Imaging

A clinical CT-imaging system was used to conduct CT-imaging. FBPD NPs dissolved in PBS at different
concentrations (0, 1, 2, 3, 4 and 5 mg/mL) were placed in a 2 mL eppendorf tube for CT imaging in vitro.
The imaging parameters were set as follows: 170 mA, 80 kV, and 0.625 mm. The CT-signal intensities of
ROI were measured. In the experiment of CT-imaging in vivo, SKOV-3 tumor-bearing mice were i.v. injected
with FBPD NPs or BPD NPs solution (200 µL, 5 mg/mL). Then CT imaging was conducted at different
time points (0, 0.5, 1, 2, 3, 4, 6, and 24 h). Average CT signal intensity (SI) of the tumor area of the same
slice was measured.

In vitro and in vivo PA Imaging
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A Vevo LAZR Photoacoustic Imaging System (VisualSonics Inc., Toronto, Canada) was employed to
obtain PA images. For in vitro PA imaging, different concentrations of FBPD NPs (0, 1, 2, 3, 4, and
5 mg/mL) were dissolved in PBS, which was used for PA signal inspection and to assess the linear
relation of the PA signal as a function of FBPD NPs concentration. As for PA imaging in vivo, the images
were surveyed using SKOV-3 tumor-bearing mice, which were con�gured into two groups (FBPD NPs and
BPD NPs) (n = 3). After i.v. injecting 200 µL (5 mg/mL) BPD NPs or FBPD NPs solution, the homologous
PA images were recorded at different time points (0, 0.5, 1, 2, 3, 4, 6 and 24 h). Then the PA signal
intensity of each sample was analyzed by Vevo LAZR software.

In vitro photothermal imaging and photo-induced phase change experiment

In order to verify the PTT effect, the FBPD NPs at different concentrations (0, 1, 2, 3, 4, and 5 mg/mL) was
exposed to an 808 nm laser (1.5 W/cm2, 5 min), and the infrared thermal images and temperature were
reserved by an infrared thermal imaging camera (Fotric 226, China). To further show the photothermal
stability of Bi2S3, the NPs were irradiated by NIR laser (1.5 W/cm2) for 5 min (laser on), then naturally
cooled to room temperature (laser off) for �ve cycles to indicate the cyclical temperature change of FBPD
NPs. The infrared thermal images were also recorded. Furthermore, in the experiment of FBPD NPs photo-
induced phase changed, the FBPD NPs were placed on an inverted �uorescence microscope post laser
irradiation, and the changes before and after the irradiation were recorded.

In vivo tumor growth inhibition of FBPD NPs

To further evaluate the in vivo chemotherapy /photothermal e�cacy of FBPD NPs, seven groups were
established as the in vivo experiment (n = 5). When the tumor volume reached approximately 50–80 mm3,
the SKOV-3 tumor-bearing mice were subjected to different treatments as follows: a. the group was i.v.
injected with saline solution (200 µL) (control group); b. the group was treated with laser only (1.5 W/cm2,
5 min) (Laser only); c. the group was i.v. injected with FBP NPs (200 µL, 5 mg/mL) followed by 808 nm
laser (1.5 W/cm2, 5 min) 3 h later (FBP NPs + laser); d. the group was i.v. injected with BPD NPs (200 µL)
at the concentration of 5 mg/mL (BPD NPs). e. the group was i.v. injected with BPD NPs (200 µL,
5 mg/mL) followed by 808 nm laser (1.5 W/cm2, 5 min) 3 h later (BPD NPs + laser); f. the group was i.v.
injected with FBPD NPs (200 µL, 5 mg/mL) (FBPD NPs); g. the group was i.v. injected with FBPD NPs
(200 µL, 5 mg/mL) followed by 808 nm laser (1.5 W/cm2, 5 min) 3 h later (FBPD NPs + laser). After
various treatments, the changes in tumor-volume and the weight of each mouse were recorded every two
days. The relative tumor volumes V/V0 (V0: the initial tumor volume before the treatment) was used to
express the tumor-volume changes. Collected the tumor tissues and the main organs (heart, liver, spleen,
lung, and kidney) of one mouse of each group after treatment, and then steeped in a 4%
paraformaldehyde solution. Ultimately, the primary organs were stained with H&E, and the tumor were
stained with H&E, TUNEL and PCNA for histopathological analysis.

Biosafety assay of FBPD NPs.
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Twenty-�ve Balb/c mice were i.v. injected with FBPD NPs (5 mg/mL, 200 µL) and were divided into �ve
groups (1, 3, 7, 14, and 28 days after the injection). Five Balb/c mice were injected with saline as the
control group. Blood samples were used for the blood index including routine blood and biochemistry,
and the major organs were used for H&E staining.

Statistical Analysis

All statistical analyses were executed with SPSS 20.0 software. Data were offered as mean ± standard
deviation. The signi�cance of the data is analyzed according to a Student’s t-test: *P < 0.01.

3. Results And Discussion
Design, Synthesis, and Characterization of FBPD NPs

The multipurpose FBPD NPs were synthesized following the strategy as shown in Fig. 2a. The double-
emulsion approach to synthesize FBPD NPs has been reported by our group before has been skillfully
operated [35]. A series of characterizations have been conducted on the as-synthesized NPs. The TEM
images (Fig. 2c) showed that the FBPD NPs had a well-de�ned spherical shape, and the SEM image
(Fig. 2b) revealed that homogeneous size distribution of FBPD NPs. The mean hydrodynamic diameter of
the FBPD NPs was 295.3 ± 40.3 nm (Fig. 2d). The size range indicated that it could readily transport in the
blood vessel and accumulate into tumor tissue via the representative enhanced permeability and
retention (EPR) effect [33]. In addition, the zeta potential of FBPD NPs was (-7.99 ± 6.66) mV. The EE and
DL of the FBPD NPs were calculated by UV spectrophotometry. UV-spectra of Dox dispersed in saline at
different concentrations (20, 25, 30, 35, 40, and 50 µg/mL) and the corresponding relationship between
concentrations of Dox and absorbance (Fig. 2e, 2f). The EE was (87.48 ± 0.19%) for Bi2S3 and (25.21 ± 
3.05%) for DOX, respectively. The DL was (3.38 ± 0.07%) for Bi2S3 and (4.07 ± 0.49%) for DOX,
respectively. The result displayed that FBPD NPs could carry oil-solute and soluble drugs. While these
FBPD NPs could act as photothermal conversion agents for therapeutic tumor ablation, due to its
excellent imaging performance, these FBPD NPs could be potentially used as contrast agents for CT and
PA simultaneously during the therapy, offering guidance for subsequent photothermal ablation and
evaluating the potential of treatment results post entering the tumor site.

Different releasing behaviors were observed for Dox for FBPD NPs when in the presence and absence of
laser irradiation (Fig. 2g). The percentage of DOX released almost reached 46.2% at 4 h after laser
irradiation, while the percentage of Dox released reached 49.7% at 48 h in the control group. This is
probably due to the addition of phase-changing PFP into the FBPD NPs. The laser irradiation triggered the
liquid-gas phase conversion and subsequently induced a faster release of Dox.

Morphology and characterization. (a) Schematic diagram for the fabrication of FBPD NPs. (b) SEM and
(c) TEM of FHMP NPs. (d) Size distribution of FBPD NPs. (e) UV-spectra of FBPD NPs dispersed in saline
in different concentrations (20, 25, 30, 35, 40, 45, 50 µg/mL) and (f) corresponding relationship between
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concentration of FBPD NPs and absorbance. (g) In vitro release of DOX in FBPD NPs with or without laser
irradiation.

In vitro cytotoxicity assay of FBPD NPs

The cytotoxicity against SKOV-3 cells was assessed by the CCK-8 protocol. As shown in Fig. 3, FBPD NPs
with laser irradiation demonstrated more effective cell growth suppression than that of FBPD NPs group
without laser irradiation. In addition, while both in the presence of laser irradiation, the group of FBP NPs
resulted in low cell viability. Furthermore, when compared with FBPD NPs group and BPD NPs group, it
was found that added FA resulted in more signi�cant growth inhibition on SKOV-3 cells. The result
showed that the chemotherapeutic approach, combined with photothermal techniques had an excellent
tumor-suppression. After connected with FA, it could more effectively deliver antitumor drugs to the tumor
region, which will greatly improve the anti-cancer effects. 

Relative cell viability of SKOV-3 cells after different treatments (n = 3, *p < 0.01).

In vitro targeting ability of FBPD NPs

Confocal microscopy and �ow cytometry were used to investigate the intracellular uptake of FBPD NPs.
As shown in CLSM images, NPs contained Dox present red �uorescence, and DAPI-labeled SKOV-3 cells
exhibit blue �uorescence (Fig. 4a). As expected, in the treatment group, numerous FBPD NPs with red
�uorescence were internalized within the cells after 3 h of co-incubation. On the other hand, only a few
BPD NPs assembled within the cells in the control group. Flow detection shows the same trend (Fig. 4b).
The group treated with FBPD NPs was observed with much stronger �uorescence in the cells than the
group treated with BPD NPs, especially at 3 h after incubation, which demonstrated that FA-labelled NPs
had the strongest accumulation ability. 

In vitro targeting ability. (a) Intracellular uptake of BPD NPs and FBPD NPs as observed by CLSM after
various intervals of incubation. The scale bars are 100 µm. (b) Flow cytometry analysis of intracellular
uptake of BPD NPs and FBPD NPs.

In vivo targeting ability of FBPD NPs

To further verify the targeting e�ciency in vivo, the SKOV-3 tumor-bearing mice model was created, and
�uorescence pictures were executed at certain time points after the intravenous administration with DiR-
labeled FBPD NPs or BPD NPs. After injection of DiR-stained FBPD NPs, strong �uorescence signals were
observed in the tumor area, while only weak signals were found in tumors in mice treated with BPD NPs
(Fig. 5a). According to Fig. 5b, the �uorescence intensities with tumor regions reached a peak at 3 hours
after FBPD NPs administration. Furthermore, in order to determine the distribution of NPs in the body,
main organs and tumors were collected 24 hours post-injection for excised �uorescence imaging
(Fig. 5c), and the relevant �uorescence intensities were quanti�ed (Fig. 5d).
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In vivo targeting ability. (a) In vivo �uorescence imaging and tumor targeting of a mouse at 0, 0.5, 1, 2, 3,
4, 6, and 24 h post-injection of SKOV-3 tumor-bearing mice. (b) Quantitative �uorescence intensity of
tumor tissue at different times (n = 3). (c) Bio-distribution of DiR-labeled BPD NPs or FBPD NPs in major
organs excised from mice at 24 h post-injection. (d) Quantitative bio-distribution of BPD NPs or FBPD
NPs in mice as determined by the average FL intensities of organs and tumors. (Values are means ± sd.,
n = 3.)

In Vitro and In Vivo CT Imaging

Based on deep tissue penetration and 3D structure imaging advantages, CT imaging is one of the most
helpful diagnostic methods [36]. The high atomic number of bismuth has strong X-ray absorption ability,
which can signi�cantly improve the contrast of CT imaging. Furthermore, Bi-nanoparticles has the
advantages of low toxicity, small particle size, long blood circulation time, and surface modi�cation [37].
Therefore, the experiment investigated the CT contrast imaging both in vitro and in vivo of FBPD NPs.
When in vitro, it has been found that as the concentration of FBPD NPs increased, the CT signal value
also increased and showed a good linear relationship (Fig. 6a). The CT imaging property in vivo was
further evaluated on SKOV-3 tumor-bearing mice. As shown in Fig. 6c, after i.v. injection of FBPD NPs or
BPD NPs, the group of FBPD NPs showed an distinct bright effect within the tumor area. The CT signal
intensities of the tumor regions were measured with Pacs software, and it showed that the CT signal
value peaked at 3 h (Fig. 6b). Furthermore, the pseudo-colored images were also recorded, it clearly
indicated the increasement of CT imaging. This result demonstrated that FA has excellent targeting
properties; therefore, could FBPD NPs could be delivered to the tumor region e�ciently. 

In Vitro and In Vivo CT Imaging. (a) In vitro CT contrast images and CT values of FBPD NPs at different
concentrations. (b) Changes of CT-signal intensities within tumor regions at corresponding time points.
(c) In vivo CT images of tumors on SKOV-3 tumor-bearing mice after i.v. injection of BPD NPs or FBPD
NPs as recorded at different time points. The top row shows black and white images, and bottom row
represents the pseudo-colored images.

In vitro and in vivo PA imaging

To evaluate the capability of FBPD NPs as a PA probe, PA images were obtained using FBPD NPs as the
contrast agent both in vivo and in vitro. Compared with other imaging methods, PA imaging has very high
sensitivity [20]. Bi2S3 has been used as a PA contrast agent because of its strong absorbance in the NIR
region [31]. While applied in vitro, PA imaging performance of FBPD NPs dispersed in PBS at different
concentrations were recorded (Fig. 7a). Furthermore, the PA signal intensities increased linearly with the
concentration of NPs increased from 1–5 mg/mL, suggesting that FBPD NPs could effectively achieve
PA imaging. During the in vivo assessment, PA imaging of SKOV-3 tumor-bearing mice was conducted at
different time points after i.v. injection of BPD NPs or FBPD NPs (Fig. 7b), and the relevant quantitative
analyses of PA intensities were executed (Fig. 7c). Before i.v. injection, the tumor showed only a weak PA
signal. The PA signal reached the maximum approximately 3 h after injection with FBPD NPs. The reason
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could be the actively tumor-targeting induced by FA modi�cation tumor cells at 3 h, and speci�cally bind
to the folate-receptor on the tumor surface resulting in a high degree of accumulation of FBPD NPs in the
tumor. In contrast to the FBPD NPs injection, few PA signal was discovered after BPD NPs injection.
These results demonstrated that FBPD NPs could be served as a excellent contrast agent for PA imaging,
which achieves diagnostic-imaging guidance and monitoring during tumor therapy.

In vitro and in vivo PA imaging. (a) In vitro PA contrast images and PA values of FBPD NPs at different
concentrations. (b) PA images of tumor regions in SKOV-3 bearing-mice after i.v. injections of BPD NPs or
FBPD NPs at varied time intervals (0, 0.5, 1, 2, 3, 4, 6, and 24 h). (c) PA signal at tumor regions in SKOV-3
tumor-bearing mice.

Photothermal and Photo-induced Phase Change performance of FBPD NPs

To assess the photothermal performance of FBPD NPs, the temperature changes of FBPD NPs aqueous
solution were recorded by an infrared thermal imaging camera after the NIR irradiation (808 nm). After
laser irradiation at 1.5 W/cm2 for 5 min, FBPD NPs showed a rapid temperature increase at all
concentrations. Comparatively, the PBS did not show any obvious temperature rise as the given
conditions (Fig. 8a). During the laser on-off cycles, the maximum temperature of FBPD NPs did not drop
signi�cantly after the cycle, indicated that it has good thermal stability (Fig. 8b).

In the experiment of photo-induced phase change, before laser irradiation, FBPD NPs did not change
signi�cantly under the optical microscope (Fig. 8c); After exposed to laser irradiation, FBPD NPs
undergone a liquid-gas phase change, and the volume of FBPD NPs increases signi�cantly (Fig. 8d). This
result indicated that the NPs could easily transform into gas while heating to physiological temperature
due to the lower boiling point of PFP [17]. The PFP had eventuated a phase change after being heated,
then resulted in increase in the size of the FBPD NPs, which was subsequently more helpful for the
release of drugs and the thermal ablation effect in the tumor area.

Photothermal and Photo-induced Phase Change performance. (a) Plot of temperature change (△T) of
PBS and FBPD NPs at different concentrations (0, 1, 2, 3, 4, and 5 mg/mL) as a function of irradiation
duration using an 808 nm laser (1.50 W/cm2). (b) Cycled heating pro�les of FBPD NPs (concentration:
100 µL, 5 mg/mL) irradiated by an 808 nm laser (1.50 W/cm2) for �ve laser on/off cycles. (c) The
imaging of FBPD NPs under the optical microscope before an 808 nm laser (1.50 W/cm2). (d) The
imaging of FBPD NPs under the optical microscope after an 808 nm laser (1.50 W/cm2).

In vivo cytotoxicity assay of FBPD NPs.

The combination of PTT and chemotherapy, an e�cient therapy for tumors, causes lesser damage to
surrounding normal tissues. According to cytotoxicity assay in vitro, seven groups (control, laser only, FBP
NPs + laser group, BPD NPs group, BPD NPs + laser group, FBPD NPs group, and FBPD NPs + laser group)
were performed to evaluate the therapeutic e�cacy of FBPD NPs. After conducting different treatments,
the inhibitory effect on SKOV-3 tumor growth is shown in Fig. 9b. The volumes of tumor and the weights
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of mice were measured every two days (Fig. 9c, 9d), meanwhile, photographs of these mice were taken
every two days for fourteen days after the therapy (Fig. 9a). The result displayed the the tumor volume in
the FBPD NPs + laser group was much smaller than those of the other groups. It showed that
chemotherapy combined photothermal therapy with FA-modi�cation could inhibit tumor growth
signi�cantly. Compared to FBP NPs + laser group and laser only group, it was found that the tumor
growth in FBP NPs + laser group was signi�cantly inhibited, which indicated that laser irradiation with
FBP NPs also showed a suppression effect on the tumor growth. The result demonstrated that FA-loaded
NPs could deliver Dox and Bi2S3 to the tumor area and speci�cally kill the tumor. Furthermore, it had been
reported that hyperthermia at 41℃-45℃ would incur a synergistic effect together with traditional
therapeutic approaches es such as chemotherapy in tumor treatment [38]. Our experimental results
presented consistency with reported mechanisms. 

In vivo cytotoxicity. (a) Photographs of SKOV-3 tumor-bearing mice of seven groups taken during 14 d
period after various treatments. (b) Photographs of tumors dissected from mice of seven groups after
various treatments. (c) Time-dependent tumor volume curves of seven groups after various treatments (n 
= 5). (d) Time-dependent body weights of seven groups after various treatments (n = 5).

Hematoxylin-eosin (H&E) staining, proliferating cell nuclear antigen (PCNA) staining, and TdT-mediated
dUTP Nick-End Labeling (TUNEL) staining on tumor slices better a�rmed the synergistic PTT/
chemotherapy effect (Fig. 10a). As shown in the H&E-staining tumor sections, there were much more
deformed nucleus in PTT/ chemotherapy group than tumor sections in other groups, prompting serious
necrosis of tumor cells. Furthermore, the apoptosis of cancer cells in the FBP NPs + laser group was more
serious than that in laser only group. The rusult of TUNEL and PCNA staining followed the parallel
tendency. Representative apoptosis cells were prompted by brown nucleus in the TUNEL staining. PCNA
staining on tumor slices showed the in vivo proliferative abilities of seven groups where proliferative
tumor cells were stained into brown. The TUNEL and PCNA staining indicated that synergistic PTT + 
chemotherapy possessed the highest e�cacy than other groups. In addition, heart, liver, spleen, lung, and
kidney of mice were conducted H&E staining after the treatments to survey the relevant pathological
toxicity. Insigni�cant negative effect was discovered during the treatment course for all groups, indicating
no obvious histological damage in the treatment group (Fig. 10b). 

(a) H&E, TUNEL and PCNA staining on tumor sections from SKOV-3 tumor-bearing mice after various
treatments. (b) H&E staining of the major organs (heart, liver, spleen, lung, and kidney) of SKOV-3 tumor-
bearing mice after different treatments. The scale bars are 50 µm.

Biosafety assay of FBPD NPs

In order to explored the short/long-term potential toxicity of FBPD NPs, a blood biochemical assay and
H&E staining of major organs were veri�ed on Balb/c mice. The result of blood biochemical revealed that
negligible changes after different treatments (Fig. 11A), indicating the satisfactory biocompatibility of
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FBPD NPs. In addition, no obvious damage to major tissues was discovered, suggesting the the high
therapeutic biosafety of FBPD NPs (Fig. 11B). 

Biosafety of FBPD NPs. (a) Assay of blood index after i.v. injection of FBPD NPs (n = 5). (b) Images of
H&E stained slices of major organs (scale bar = 50 µm).

Conclusions

In summary, we successfully constructed multifunctional theranostic FBPD NPs for highly e�cient PTT/
chemotherapy combination therapy with dual CT/PA imaging guidance/monitoring. The cells/tissues
growth inhibition was comprehensively con�rmed both in vitro and in vivo. The thermal energy generated
by laser irradiation and the DOX released after the phase changed exerted a strengthened therapeutic
effect on tumor cells/tissues. Dox could be rapidly released under an on-site laser irradiation, thus with
reduced toxicity to non-tumor regions. In vivo experiments showed that FBPD NPs after laser irradiation
could effectively inhibit the growth of tumors, and the NPs effectly accumulated in tumor region assisted
by FA guidance. Furthermore, these NPs enhanced CT/PA imaging both in vitro and in vivo, offering he
potantial for tumor treatment guidance/monitoring. Our study provided greats insights on using FBPD
NPs as a multifunctional caner theranostics nanoplatform.
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Figure 1

Schematic illustration of the multipurpose nanoplatform for availably CT/PA imaging-guiaded
combination therapy to tumor cells/tissue.
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Figure 2

Morphology and characterization. (a) Schematic diagram for the fabrication of FBPD NPs. (b) SEM and
(c) TEM of FHMP NPs. (d) Size distribution of FBPD NPs. (e) UV-spectra of FBPD NPs dispersed in saline
in different concentrations (20, 25, 30, 35, 40, 45, 50 µg/mL) and (f) corresponding relationship between
concentration of FBPD NPs and absorbance. (g) In vitro release of DOX in FBPD NPs with or without laser
irradiation.
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Figure 3

Relative cell viability of SKOV-3 cells after different treatments (n = 3, *p < 0.01).
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Figure 4

In vitro targeting ability. (a) Intracellular uptake of BPD NPs and FBPD NPs as observed by CLSM after
various intervals of incubation. The scale bars are 100 µm. (b) Flow cytometry analysis of intracellular
uptake of BPD NPs and FBPD NPs.
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Figure 5

In vivo targeting ability. (a) In vivo �uorescence imaging and tumor targeting of a mouse at 0, 0.5, 1, 2, 3,
4, 6, and 24 h post-injection of SKOV-3 tumor-bearing mice. (b) Quantitative �uorescence intensity of
tumor tissue at different times (n = 3). (c) Bio-distribution of DiR-labeled BPD NPs or FBPD NPs in major
organs excised from mice at 24 h post-injection. (d) Quantitative bio-distribution of BPD NPs or FBPD
NPs in mice as determined by the average FL intensities of organs and tumors. (Values are means ± sd.,
n = 3.)
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Figure 6

In Vitro and In Vivo CT Imaging. (a) In vitro CT contrast images and CT values of FBPD NPs at different
concentrations. (b) Changes of CT-signal intensities within tumor regions at corresponding time points.
(c) In vivo CT images of tumors on SKOV-3 tumor-bearing mice after i.v. injection of BPD NPs or FBPD
NPs as recorded at different time points. The top row shows black and white images, and bottom row
represents the pseudo-colored images.
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Figure 7

In vitro and in vivo PA imaging. (a) In vitro PA contrast images and PA values of FBPD NPs at different
concentrations. (b) PA images of tumor regions in SKOV-3 bearing-mice after i.v. injections of BPD NPs or
FBPD NPs at varied time intervals (0, 0.5, 1, 2, 3, 4, 6, and 24 h). (c) PA signal at tumor regions in SKOV-3
tumor-bearing mice.

Figure 8
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Photothermal and Photo-induced Phase Change performance. (a) Plot of temperature change (△T) of
PBS and FBPD NPs at different concentrations (0, 1, 2, 3, 4, and 5 mg/mL) as a function of irradiation
duration using an 808 nm laser (1.50 W/cm2). (b) Cycled heating pro�les of FBPD NPs (concentration:
100 μL, 5 mg/mL) irradiated by an 808 nm laser (1.50 W/cm2) for �ve laser on/off cycles. (c) The
imaging of FBPD NPs under the optical microscope before an 808 nm laser (1.50 W/cm2). (d) The
imaging of FBPD NPs under the optical microscope after an 808 nm laser (1.50 W/cm2).

Figure 9
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In vivo cytotoxicity. (a) Photographs of SKOV-3 tumor-bearing mice of seven groups taken during 14 d
period after various treatments. (b) Photographs of tumors dissected from mice of seven groups after
various treatments. (c) Time-dependent tumor volume curves of seven groups after various treatments (n
= 5). (d) Time-dependent body weights of seven groups after various treatments (n = 5).

Figure 10

(a) H&E, TUNEL and PCNA staining on tumor sections from SKOV-3 tumor-bearing mice after various
treatments. (b) H&E staining of the major organs (heart, liver, spleen, lung, and kidney) of SKOV-3 tumor-
bearing mice after different treatments. The scale bars are 50 µm.
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Figure 11

Biosafety of FBPD NPs. (a) Assay of blood index after i.v. injection of FBPD NPs (n = 5). (b) Images of
H&E stained slices of major organs (scale bar = 50 µm).


