Science Bulletin 63 (2018) 917-924

journal homepage: www.elsevier.com/locate/scib

Contents lists available at ScienceDirect

Science Bulletin

Science
[Bulletin|

www.scibull.com

Article

Functionalization of small black phosphorus nanoparticles for targeted imaging

and photothermal therapy of cancer

Lijuan Deng *P, Yifan Xu P, Caixia Sun ", Baofeng Yun ¢, Qiao Sun”, Chongjun Zhao**, Zhen Li">*

2 Key Laboratory for Ultrafine Materials of Ministry of Education, Shanghai Key Laboratory of Advanced Polymeric Materials, School of Material Science and Engineering,

East China University of Science and Technology, Shanghai 200237, China

b Center for Molecular Imaging and Nuclear Medicine, State Key Laboratory of Radiation Medicine and Protection, School for Radiological and Interdisciplinary Sciences
(RAD-X), Collaborative Innovation Center of Radiation Medicine of Jiangsu Higher Education Institutions, Soochow University, Suzhou 215123, China

€ College of Textile and Clothing Engineering, Soochow University, Suzhou 215123, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 March 2018

Received in revised form 19 April 2018
Accepted 2 May 2018

Available online 25 May 2018

Keywords:

Black phosphorus
Functionalization
Targeted imaging
Photothermal therapy

Black phosphorus (BP) nanomaterials have attracted extensive attention due to their unique physical,
chemical, and biological properties. In this study, small BP nanoparticles were synthesized and modified
with dextran and poly(ethyleneimine) for functionalization with folic acid and cyanine 7. The function-
alized BP nanoparticles exhibit excellent biocompatibility, stability, and near infrared optical properties
for targeted imaging of tumors through photoacoustic imaging and near-infrared fluorescence imaging.
They also display high photothermal conversion efficiency for photothermal therapy of cancer. This work
demonstrates the potential of functionalized small BP nanoparticles as an emerging nanotheranostic
agent for the diagnosis and treatment of cancer.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Black phosphorus (BP) is similar to other two-dimensional (2D)
nanomaterials [1,2], has attracted extensive attention due to its
unique physical, chemical, and biological properties. BP was first
synthesized in 1914 [3]. BP is the most stable one among the three
allotropes of phosphorus [4]. Semiconductive BP has a tunable
band gap from 0.3 to 2.0 eV, which is dependent on the thickness
(layers) of BP [5,6]. In addition, BP also has unique mechanical,
electrical, and thermal anisotropy for various promising applica-
tions, including transistors [7,8], memory devices [9], photodetec-
tors [10,11], energy storage [12,13], gas sensors [14,15], etc.

It is well known that phosphorus is an essential element in
humans, and BP has an excellent photothermal effect under
near-infrared (NIR) irradiation, which gives it great potential in
biomedical fields. For example, BP nanodots have been used for
fluorescence bioimaging [16], photoacoustic (PA) imaging [17,18],
and photothermal therapy (PTT) [19]. BP nanosheets could be used
as a photosensitizer for photodynamic therapy (PDT) [20]. To
improve their efficacy in diagnosis and treatment, surface
functionalization of BP nanomaterials has become an important
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strategy. For example, BP nanosheets were modified with poly
(ethylene glycol)-amine (PEG-NH;) to overcome the adsorption
of proteins [21], and were loaded with iron oxide (Fe;04) and Au
nanoparticles to introduce more functions for cancer theranostics
[22]. However, most modification and functionalization are
performed on large BP nanosheets. There are few reports on the
functionalization of small BP nanoparticles. Compared with large
BP nanosheets, small nanoparticles exhibit long blood circulation
and fast clearance and degradation [23,24].

In this article, water-soluble and biocompatible small BP
nanoparticles were prepared by a simple one-pot solventless
high energy mechanical milling (HEMM) approach [17]. As
illustrated in Scheme 1a, BP nanoparticles were modified
in situ with dextran (DEX) and branched poly(ethyleneimine)
(PEI) during ball milling to endow them with biocompatibility,
solubility, stability, and functional groups (i.e., -NH,). The
BP-DEX/PEI nanoparticles were then conjugated with folic acid
(FA) to improve their accumulation in tumors for targeted PA
imaging, and also conjugated with the fluorescent dye sulfo-
cyanine7 N-hydroxysuccinimide (NHS) ester (Cy7-SE) for
complementary near-infrared fluorescence (NIRF) imaging [25].
The functionalized BP nanoparticles also show high photothermal
conversion efficiency for PTT of cancer. Our work illustrates the
potential of multifunctional BP nanotheranostics for dual-modal
imaging-guided PTT of cancer [26-30].

2095-9273/© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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Scheme 1. (Color online) Schematic illustration of the synthesis of surface functionalized BP (BP-DEX/PEI-FA/Cy7) nanoparticles (a) and their applications (b) in PA imaging,
NIRF imaging, and photothermal therapy of cancer (i.t.: intratumoral injection, i.v.: intravenous injection).

2. Experimental
2.1. Materials

Red phosphorus (RP) was purchased from Sinopharm Chemical
Reagent Co. Ltd. DEX (M,, =20,000), PEI (M, =1800) and
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC, 98.5%) were all obtained from Aladdin. FA (97%) was
provided by Shanghai Qiangshun Chemical Reagent Co., Ltd.
N-hydroxysuccinimide (NHS, 98%) was purchased from J&K
Chemical Ltd. Cy7-SE (95%) was purchased from Okeanos.

2.2. Synthesis of BP-DEX/PEI nanoparticles

BP nanoparticles were synthesized using the ball-milling
approach [17]. Firstly, 500 mg BP and 2 g DEX were added into a
ball-milling jar, and the mixture was milled for 12 h to produce
BP-DEX powder. Secondly, 1 g BP-DEX powder was mixed with
50 mg PEI and milled for another 12 h. Then, the powder was dis-
persed in 100 mL H,0. The resultant dispersion was centrifuged at
a speed of 10,000 r/min for 20 min. The supernatant was further
purified by ultrafiltration at 4000 r/min by using a membrane with
a molecular weight cut-off of 100 kDa to yield a BP-DEX/PEI solu-
tion, which was stored at 4 °C for further use.

2.3. Functionalization of BP-DEX/PEI nanoparticles

A 10.2 mg FA, 21.8 mg EDC, and 14.1 mg NHS were added into
20 mL of phosphate buffered saline (PBS, pH 7.4) in a sequential
order, and the mixture was stirred at room temperature in the dark
for 4 h. BP-DEX/PEI (5 mg/mL, 4 mL) aqueous solution was then
added into the above reaction mixture under continuous stirring
at room temperature for overnight in the dark. After the reaction,
excess FA in the as-synthesized BP-DEX/PEI-FA sample was
removed by ultrafiltration through Amicon centrifugal filters with
100 kDa molecular weight cut-off (MWCO) and washed with PBS 8
times.

The purified BP-DEX/PEI-FA (200 pg/mL) was reacted with Cy7-
SE (100 pg/mL) in PBS solution with a pH of 7.4. The reaction was
allowed to proceed overnight in the dark at room temperature.
Excess dye molecules were removed by ultrafiltration through

100 kDa MWCO Amicon filters and washed with water for more
than 10 times until no Cy7 was detected in the filtrate solution.
Then, the BP-DEX/PEI-FA/Cy7 solution was stored at 4 °C.

2.4. Characterization of BP nanoparticles

The morphology of the BP nanoparticles was characterized with
a FEI Tecnai F20 transmission electron microscope (TEM) operating
at 200 kV. The hydrodynamic size was measured at 25 °C with a
Malvern Zetasizer Nano ZS90. Ultraviolet-visible-near-infrared
(UV-Vis-NIR) spectra were recorded with a PerkinElmer Lambda
750 UV-Vis-NIR spectrophotometer. Fourier transform infrared
(FTIR) spectra were recorded on a Magna-560 spectrometer. X-
ray photoelectron spectroscopy (XPS) measurements were
recorded using a Thermo Scientific Sigma Probe instrument with
Al Ko X-ray radiation and fixed analyzer transmission mode. The
crystal structure of the nanoparticles was characterized by X-ray
diffraction (XRD) with a Shimadzu XRD-600 with Cu Ka1 radiation
(4=0.15405 nm).

2.5. Cytotoxicity assay of BP nanoparticles

Murine breast cancer cells (4T1) and mouse embryo fibroblasts
cells (3T3) (1 x 10* cells/well) were seeded into 96-well plates in
standard cell media, cultured at 37 °C in a 5% CO, atmosphere,
and then incubated with BP-DEX/PEI and BP-DEX/PEI-FA
nanoparticles at different concentrations (i.e., 3.125, 6.25, 12.5,
25, 50, and 100 pg/mL) for 12 h. The relative cell viabilities
were determined by the standard 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay.

2.6. Tumor model

The 4T1 tumor models were generated by subcutaneous injec-
tion of 2 x 10° cells in 50 pL of PBS into the flank region of the right
backs of 5-week-old male BALB/c mice (for the PTT treatment) or
nude mice (for the PA imaging and NIRF imaging). The tumor imag-
ing studies were carried out at 8 d after the inoculation with tumor
cells. All animal experiments were carried out according to the
protocols approved by the Soochow University Laboratory Animal
Center.
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2.7. Photoacoustic (PA) imaging

In vitro PA imaging was performed on a multispectral optoa-
coustic tomography scanner (MSOT, iThera Medical). A series of
BP-DEX/PEI-FA nanoparticle solutions (0, 12.5, 25, 50, 100, and
200 pg/mL) were prepared for in vitro test. For in vivo PA imaging,
nude mice bearing subcutaneous tumors were anesthetized with
1.5% isoflurane delivered via a nose cone, and then BP-DEX/PEI
and BP-DEX/PEI-FA nanoparticles (2 mg/mL of P, 200 pL) were
injected via the tail vein. PA images were acquired at different time
points post injection by a multispectral optoacoustic tomography
instrument. Ten slices were obtained at each position and averaged
to minimize the influence of animal movement on the images.

2.8. NIRF imaging

For in vivo NIRF imaging, BP-DEX/PEI-Cy7 and BP-DEX/PEI-FA/
Cy7 nanoparticles (2 mg/mL of P, 200 pL) were injected via the tail
vein into the mice bearing 4T1 tumors. Then, under isoflurane
anesthesia, the in vivo NIRF imaging was performed using an IVIS
Lumina Il imaging system at different time points’ post injection,
respectively. The excitation wavelength for the NIRF imaging is
750 nm.

2.9. In vivo photothermal therapy

BP-DEX/PEI-FA/Cy7 (50 pL, 2 mg/mL) or PBS solution was intra-
tumorally injected into tumor-bearing mice, which were irradiated
for 6 min with an 808 nm NIR laser at a power density of 1.5 W/
cm?. The tumor sizes and body weights were measured every 2
days, and the tumor volume was expressed by L x W2/2, where L
and W represent the length and width of the tumor, respectively.

2.10. Histological analysis

The mice from the control group or treatment group were sac-
rificed to resect their heart, liver, spleen, lung, and kidney. The
major organs were dipped in 10% formalin, processed routinely
into paraffin, sectioned into thin slices, and stained with hema-
toxylin and eosin stain (H&E) for histological analysis.

3. Results and discussion
3.1. Characterization of BP-DEX/PEI nanoparticles

The morphology and size of the as-prepared BP-DEX/PEI
nanoparticles were examined by TEM and atomic force microscopy
(AFM). As shown in Figs. 1 and S1 (online), they are small
nanosheets with a size about 15-40 nm and a height of 1.6-4.3
nm (Fig. 1c¢). The crystal structure of BP-DEX/PEI nanoparticles
was determined by powder XRD (Fig. S2a online), and all the peaks
in the pattern can be assigned to that of standard orthorhombic
black phosphorus (JCPDS No. 76-1957). The chemical composition
of BP-DEX/PEI nanoparticles was confirmed by XPS. Figs. 1e, f and
S2b (online) show the binding energies of the elements in the sam-
ple after calibration with the binding energy of C 1s at 284.6 eV.
There are no other elements apart from C, O, N, and P, indicating
the high purity of the BP nanoparticles. The N 1s spectrum of BP-
DEX/PEI nanoparticles in Fig. 1e shows two peaks at 399.2 and
401.2 eV, which can be attributed to the binding energies of N from
C-N and N-H bonds [31], confirming the successful modification of
BP with PEL The two distinct peaks at 129.3 and 130.2 eV are
assigned to 2psj; and 2py; orbitals of zero-valence phosphorous
in the P 2p spectrum, respectively (Fig. 1f). The weak peak at
132.7 eV is attributed to oxidized phosphorus (i.e., P°*) [32], which

is due to the partial oxidation of BP nanoparticles during sample
preparation and purification.

The surface DEX and PEI, and the partially oxidized surface of
functionalized BP nanoparticles endow them with excellent water
solubility. Their hydrodynamic size and zeta potential were ana-
lyzed by dynamic light scattering (DLS) to be 30.2 nm (Fig. 1d)
and 20.0 mV (Fig. 2b), respectively. The negative zeta potential
(—41.3 mV) of BP-DEX further supports the partial oxidation of
BP nanoparticles and the formation of phosphate groups on the
surface. After PEI modification, the zeta potential changed from
negative to positive because the PEI possesses abundant amino
groups [33]. The hydrodynamic size of BP-DEX/PEI nanoparticles
did not change significantly within one week (Fig. S3a online),
and the BP-DEX/PEI nanoparticles can be well dispersed in differ-
ent media, such as H,O, PBS, low ionic strength saline (NaCl) solu-
tion, and 10% fetal bovine serum (FBS) solution (Fig. S3b, ¢ online).
The results demonstrate the excellent solubility and colloidal sta-
bility of BP-DEX/PEI nanoparticles.

Fig. S4a (online) presents photographs and UV-Vis-NIR absor-
bance spectra of BP-DEX/PEI nanoparticle solutions with different
concentrations. The absorbance of BP-DEX/PEI nanoparticles at
808 nm is linearly increased with BP concentration (Fig. S4b
online), which was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). According to the
Lambert-Beer law (A/L = «C, where A is the absorption intensity, L
is the length of the cuvette, C is the concentration, and « is the
extinction coefficient), the extinction coefficient of the BP-DEX/
PEI nanoparticle aqueous solution at 808 nm was calculated to be
1.19 L/(g cm). The small extinction coefficient could be due to the
partial oxidation of BP nanoparticles [17].

3.2. Functionalization of BP-DEX/PEI nanoparticles

The surface PEI of BP nanoparticles provides amino groups to
conjugate with FA for targeted imaging of tumors. To confirm the
successful conjugation, the FTIR spectra of BP-DEX/PEI and BP-
DEX/PEI-FA were measured and compared with those of BP, DEX,
and BP-DEX, as shown in Figs. 2a and S5 (online). The presence
of a small peak at ~1,694cm™! and a small sharp band at
~1,598 cm™~! confirm the successful conjugation of FA with these
BP-DEX/PEI nanoparticles. The DEX coating on BP is confirmed by
the P-O-C peak at ~1,000 cm~! [17] and the PEI coating is proved
by the peaks at ~1,630 and ~1,452 cm™~', which correspond to the
N-H vibration and C-N bending vibration [34,35]. Furthermore,
the zeta potential of the BP nanoparticles was also measured to
confirm their surface modification. After FA modification, the zeta
potential is decreased from 20.0 to 7.3 mV (Fig. 2b). The character-
istic absorption of pure FA was observed at 280 and 360 nm (Fig. S6
online). Fig. 2c compares the UV-Vis absorption spectra of BP-DEX/
PEI and BP-DEX/PEI-FA nanoparticles. The typical absorption of FA
in the spectrum of BP-DEX/PEI-FA nanoparticles is clearly
observed, indicating that the FA molecules have been grafted onto
BP-DEX/PEI nanoparticles successfully.

In addition, the residual amino groups of BP-DEX/PEI-FA
nanoparticles can be used to functionalize with fluorescent dye
sulfo-cyanine7 NHS ester (Cy7-SE). After Cy7-SE modification, the
zeta potential is further decreased to —24.5 mV (Fig. 2b), and the
typical absorption of Cy7 in the absorption spectra of BP-DEX/
PEI-FA/Cy7 nanoparticles (Figs. 2c and S7 online) is also observed.
An obvious red shift can be found in the spectrum of BP-DEX/PEI-
FA/Cy7 nanoparticles, however, in comparison with that of free
Cy7, which demonstrates the covalent conjugation of Cy7 with
BP-DEX/PEI-FA via the formation of an amide bond. The photolu-
minescence spectrum of BP-DEX/PEI-FA/Cy7 was recorded under
excitation by 750 nm light source, and emission at 780 nm is
observed (Fig. 2d).
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Fig. 1. (Color online) TEM image (a), AFM image (b), height profiles (c) along the black lines in (b), hydrodynamic size (d), and high-resolution XPS spectra of N 1s (e) and P 2p

(f) of as-prepared BP-DEX/PEI nanoparticles.

To evaluate the photothermal properties of BP-DEX/PEI-FA/Cy7
nanoparticles, different amounts of nanoparticles were dissolved
in aqueous solutions and exposed to an 808 nm NIR laser
with a power density of 1.0 W/cm? for 10 min. Fig. 3a clearly
demonstrates the concentration-dependent photothermal
conversion of BP-DEX/PEI-FA/Cy7 nanoparticles, and the
temperature increments (AT) can be finely tuned between 5.9
and 32.5°C by simply changing their concentrations. The
photothermal conversion efficiency is calculated to be 41.0%,
and the detailed calculations are shown in Fig. S8a, b (online).
Furthermore, at the same BP concentration, the temperature
increment for the nanoparticles modified with Cy7 is slightly
higher (1-4.5 °C) than without Cy7 (Fig. S9a, b online), suggest-
ing that BP-DEX/PEI-FA/Cy7 nanoparticles are more effective in
photothermal conversion. To assess the photothermal stability
of BP-DEX/PEI-FA/Cy7 nanoparticle solution, the temperature
profiles of BP-DEX/PEI-FA/Cy7 were recorded for five successive

cycles of heating/cooling processes with an interval of around
30 min (Fig. 3b).

The above remarkable photothermal conversion performance
and photothermal stability suggest that the functional BP-DEX/
PEI nanoparticles could be a promising photothermal transducer
for PA imaging. The in vitro PA imaging was performed with a laser
wavelength of 680 nm. The photoacoustic signal is drastically
enhanced with the assistance of BP-DEX/PEI-FA nanoparticles,
and it is linearly increased with increasing nanoparticle concentra-
tion from 0 to 200 pg/mL (Fig. 3c). In addition, the potential cyto-
toxicity of functional BP-DEX/PEI nanoparticles toward healthy
cells and cancer cells (3T3, mouse embryo fibroblasts cells, and
4T1, murine breast cancer cells) was investigated by a standard
methyl thiazolyl tetrazolium (MTT) assay (Fig. 4a, b). The results
demonstrate that the BP-DEX/PEI nanoparticles with or without
FA have good biocompatibility, and no serious cytotoxicity toward
4T1 and 3T3 cells was observed in the range of 0-100 pg/mL.
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Fig. 2. (Color online) Characterization of as-prepared functionalized BP nanoparticles. (a) FTIR spectra of BP-DEX, BP-DEX/PEI, and BP-DEX/PEI-FA in comparison with those of
PEI and FA. (b) The zeta potential of (1) BP-DEX, (2) BP-DEX/PEI, (3) BP-DEX/PEI-FA, and (4) BP-DEX/PEI-FA/Cy7. (c) UV-Vis-NIR spectra of BP-DEX/PEI, BP-DEX/PEI-FA, and
BP-DEX/PEI-FA/Cy7, with the inset showing an enlargement of the indicated range. (d) Fluorescence spectra of BP-DEX/PEI-FA and BP-DEX/PEI-FA/Cy7 excited with 750 nm
light.
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dispersions of BP-DEX/PEI-FA /Cy7 at different BP concentrations under continuous irradiation by an 808 nm laser with a power density of 1 W/cm? for 10 min. (b)
Temperature variation of BP-DEX/PEI-FA/Cy7 nanoparticles solution (1 mg/mL) with five cycles of consecutive laser irradiation (1 W/cm?, 10 min) and natural cooling (the
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Fig. 4. (Color online) In vitro relative cell viabilities of 4T1 (a) and 3T3 (b) cells determined by MTT assay, after they were cultured with different concentrations (0, 3.125,
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3.3. In vivo imaging

As mentioned previously, BP-DEX/PEI-FA nanoparticles show
great potential in targeted PA imaging. Therefore, BP-DEX/PEI
nanoparticles with or without FA were intravenously injected into
4T1 tumor-bearing nude mice, and then a set of PA images of the
tumor region was acquired before and after injection. Figs. 5a
and S10 (online) present the PA images and the signals from the
tumor site obtained at different times. These results indicate that
the signal is gradually increased with the circulation of nanoparti-
cles after their intravenous injection. The PA signals reached their
maximum intensity at 8 h post injection and then decreased. The
maximum signals obtained from BP-DEX/PEI and BP-DEX/PEI-FA
nanoparticles are 2.4 and 3.1 times higher than that of the pre-
contrast image, respectively. The stronger signal from BP-DEX/
PEI-FA nanoparticles is attributed to the targeting capability of
FA and the enhanced permeability and retention (EPR) effect.

To further demonstrate the in vivo targeting effect of BP-DEX/
PEI-FA nanoparticles, the same amounts of BP-DEX/PEI-Cy7 and
BP-DEX/PEI-FA/Cy7 were intravenously injected into mice bearing
4T1 tumors, and NIRF images were acquired at different time
points. As shown in Fig. 5b, strong fluorescence signals were
observed in the whole mouse at the beginning (15 min post injec-
tion) in both cases. Then, the fluorescence signals gradually
decreased, and the signal from BP-DEX/PEI-FA/Cy7 nanoparticles
was higher than that from BP-DEX/PEI-Cy7 nanoparticles, due to
the conjugation of FA with nanoparticles to enhance their stability
and accumulation in the tumor. These results could further verify
the in vivo targeting effect of BP-DEX/PEI-FA nanoparticles.

3.4. In vivo photothermal therapy
As mentioned previously, BP-DEX/PEI-FA/Cy7 nanoparticles

show potential in photothermal therapy. Although the accumu-
lated BP nanoparticles are sufficient for imaging to diagnose the
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tumor after they were intravenously injected (200 pL, 2 mg/mL),
they could not produce enough heat for photothermal therapy if
the same amount of nanoparticles is intravenously injected. There-
fore, BP nanoparticles were intratumorally injected, and only one
quarter (50 pL, 2 mg/mL) of dosage used for imaging is enough to
kill cancer cells by photothermal therapy. Four groups of 4T1
tumor-bearing BALB/c mice (5 mice/group) were respectively
intratumorally injected with BP-DEX/PEI-FA/Cy7 nanoparticles (2
mg/mL, 50 pL) or PBS solution (50 pL). The mice in the treatment
group were then irradiated for 6 min by an 808 nm NIR laser with
a power density of 1.5 W/cm?. Three other control groups are
referred to as (1) mice without any treatment (control group), (2)
mice only injected with BP-DEX/PEI-FA/Cy7 nanoparticles without
laser irradiation (BP-DEX/PEI-FA/Cy7 group), and (3) mice injected
with PBS and irradiated with the laser (PBS + NIR group).

During the NIR laser irradiation, the tumor temperature of the
mice was monitored by an infrared thermal camera. As shown in
Fig. 6a, b, the tumor temperature of mice in the treatment group
increased quickly and reached 64 °C within 6 min, higher than that
of PEGylated BP nanoparticles [17], which may be due to the fact
that FA facilitates the uptake of BP-DEX/PEI-FA/Cy7 nanoparticles
by tumor cells. The tumor temperature of the treatment group is
much higher than that of the mice injected with PBS (44 °C), which
is enough for ablating the cancer cells.

The tumor volume (Fig. 6¢), the body weights (Fig. 6d), and pho-
tographs (Fig. S11 online) of the mice were measured and taken
every 2 d after the treatments. The weights of four groups of mice
showed negligible differences, which indicates that the current
dose of BP-DEX/PEI-FA/Cy7 nanoparticles did not induce acute tox-
icity. The tumors of mice injected with the BP-DEX/PEI-FA/Cy7
nanoparticles followed by laser irradiation gradually shrank and
were completely cured within 15 d. No recurrence was observed
in this treatment group until the mice were sacrificed after 30 d
(Fig. S12 online). To further determine that the therapeutic efficacy
of BP-DEX/PEI-FA/Cy7 nanoparticles, the major organs of mice
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Fig. 5. (Color online) Targeted imaging of tumor with BP-DEX/PEI-FA nanoparticles. (a) In vivo PA images of the 4T1 tumor-bearing mice before and after tail vein injection of
BP-DEX/PEI and BP-DEX/PEI-FA nanoparticles (200 pL, 2 mg/mL) at different time points. (b) In vivo NIRF images of the 4T1 tumor-bearing mice before and after tail vein

injection of BP-DEX/PEI-Cy7 and BP-DEX/PEI-FA/Cy7.
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were harvested at day 30 after treatment, which were sliced and
stained with H&E. As shown in Fig. 6e, there were obvious
metastases in the livers and lungs of mice in the control group
compared with healthy mice. In contrast, no metastasis was
observed in organs of the mice treated by photothermal therapy
with BP-DEX/PEI-FA/Cy7 nanoparticles, which further confirms
the effectiveness and safety of BP-DEX/PEI-FA/Cy7 nanoparticles
for PTT.

4. Conclusions

In summary, 20-nm BP-DEX/PEI nanoparticles were prepared
by a solventless one-pot high energy mechanical milling (HEMM)
approach and subsequently functionalized with FA and Cy7 by
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Fig. 6. (Color online) Photothermal therapy of cancer with functionalized BP nanoparticles. Infrared thermal images (a) and tumor temperature curves (b) of mice bearing 4T1
tumors after injection of BP-DEX/PEI-FA/Cy7 solution or PBS and then irradiation with an 808 nm NIR laser at a power density of 1.5 W/cm? for 6 min. The relative tumor

volumes normalized to the original volumes (c) and the average body weights (d) of mice after the treatments. (e) H&E stained images of major organs from the healthy mice,
the control group, and treatment group (with the organs collected after 30 d of therapy).

covalent conjugation. The resultant BP-DEX/PEI-FA/Cy7 small
nanoparticles exhibit excellent water-solubility, colloidal stability,
biocompatibility, and high photothermal conversion efficiency for
in vivo targeted imaging (PA, NIRF) and photothermal therapy of
cancer. The tumor images obtained from BP nanoparticles conju-
gated with FA exhibit better brightness and higher intensity than
those from BP nanoparticles without FA. The therapy results also
show excellent performance of BP-DEX/PEI-FA/Cy7 nanoparticles.
These multifunctional BP nanoparticles hold promise for the
diagnosis and treatment of cancer.
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