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Two of the challenges for clinical implementation of nano-therapeutic strategies are optimization of
tumor targeting and clearance of the nanoagents in vivo. Herein, a cell-mediated therapy by transporting
2D BiySe3 nanosheets within macrophage vehicles is described. The Bi;Se; nanosheets with excellent
near-infrared photothermal performance exhibit high macrophage uptake and negligible cytotoxicity
thus facilitating the fabrication of Bi,Ses-laden-macrophages. Compared with bare Bi,Ses, the BiySes-
laden-macrophages after intravenous injection show prolonged blood circulation and can overcome the
hypoxia-associated drug delivery barrier to target the tumor efficiently and dramatically enhance the
efficiency of photothermal cancer therapy. The Bi;Ses-laden-macrophages possess good biocompatibility
as demonstrated by the biochemical and histological analyses and furthermore, most of the materials are
excreted from the body within 25 days. Our findings reveal a desirable system for highly efficient near-
infrared photothermal cancer therapy.

Photothermal therapy

© 2017 Published by Elsevier Ltd.

1. Introduction

Since cancer poses one of the most serious threats to human
health, new and more effective therapeutic strategies are deman-
ded and novel nanotechnologies offer the unprecedented oppor-
tunity to promote precision treatment of cancer while mitigating
undesirable side effects [1—3]. Among the various nano-therapeutic
modalities, nanomaterials-mediated photothermal therapy (PTT)
which enables localized conversion of tissue-transparent near-
infrared (NIR) light into heat to ablate cancer cells has drawn
considerable attention [4,5]. Compared to conventional cancer
treatment approaches, PTT is minimally invasive, rapid, and easily
combined with other therapeutic approaches [6—8]. As a new class
of nanomaterials, two-dimensional (2D) nanomaterials are prom-
ising PTT agents on account of their intriguing physical and
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chemical properties [9]. Many types of 2D nanomaterials such as
graphene, reduced graphene oxide (rGO), MoS,, MoSe>, Bi;Ses, and
black phosphorus (BP) have recently been explored for in vitro and
in vivo PTT of cancer [10—27]. In comparison with other types of PTT
agents, 2D nanomaterials generally have large NIR extinction co-
efficients with little scattering and excellent photothermal stability
without undergoing shape transformation upon irradiation with a
high-power NIR laser [28]. Moreover, the large surface area of 2D
nanomaterials offers plenty of space to engineer a variety of
multifunctional nanocomposites suitable for drug delivery and
cancer theranostic applications [29—-33].

Nanomaterials-mediated cancer therapy generally involves de-
livery of nanoparticles to the tumor and subsequent light irradia-
tion to produce a high local temperature. It is critical to distribute
the nanoparticles evenly at an effective concentration throughout
the tumor because nanoparticles cannot functionalize as designed
if they do not accumulate at the diseased tissues at a sufficiently
high concentration [34—36]. As a common strategy in tumor tar-
geting, the size and surface properties of the nanomaterials are
modulated so that they can be passively delivered into tumors by
the enhanced permeability and retention (EPR) effect [37,38]. The
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biodistribution is governed by several mechanisms including
nonspecific binding to proteins in blood, removal by phagocytes,
and limitation of the EPR effect which relies on the size, shape,
coating, and surface charge of nanomaterials [39]. In this respect,
development of new 2D PTT agents is highly desirable in order to
improve the tumor-targeting efficiency in cancer therapy.

Since common drugs or nanomaterials delivered in human body
often fail to reach many areas, the cell mediated strategy is
attractive in therapeutic applications as the nearly impermeable
biological barriers can be effectively circumvented [40,41]. Tumor-
tropic cells including macrophages [42,43], neural stem cells [44],
human CIK cells [45], human induced pluripotent stem cells [46],
and mesenchymal stem cells [47] have been proposed as delivery
vehicles to transport nanoparticles to tumor tissues. Among them,
macrophages with innate phagocytotic capability are attractive as
they are circulating cells in human body which can be readily
gained [48,49]. It has been reported that macrophages can endo-
cytose Au nanoshells, recognize the cytokines secreted by tumor
cells, and migrate to tumor spheroids to produce photothermal
effects [50,51]. Recently, our group has produced laden macro-
phages with gold nanorods and intratumoral injection improves
the intratumoral distribution of the nanorods consequently
enhancing the photothermal therapeutic efficacy [52]. Neverthe-
less, in spite of recent advances, there have been few reports on the
use of 2D nanomaterial laden macrophages in tumor targeting.

In this work, a cell-borne 2D nanomaterials drug delivery sys-
tem is designed and produced by loading Bi>Se3; nanosheets into
macrophages to improve the photothermal therapeutic efficacy. As
a member of the 2D layered topological insulators, Bi;Ses nano-
sheets [53,54] and other bismuth based composites such as MoS;/
BiyS3 [55], MnSe@Bi,Ses; [56], and PEG-Bi;Se3@PFC@O0; [57] have
recently been demonstrated to be promising tumor imaging or
therapy agents delivering high efficiency and multifunctionality.
Furthermore, both Se and Bi have excellent biocompatibility and
Bi,Se3 nanosheets are metabolizable thereby allowing natural
clearance from the human body [58]. As shown in Fig. 1, the Bi,Ses-
laden-macrophages can overcome the hypoxia-associated drug

delivery barrier as a “Trojan Horse” delivery vector and infiltrate
tumor tissues efficiently. When combined with NIR light irradia-
tion, the strong NIR absorbance of Bi,Se; nanosheets can be
exploited to ablate tumor tissues and minimize recurrence.

2. Materials and methods
2.1. Materials

The Dulbecco's modified Eagle's medium and penicillin/strep-
tomycin were obtained from Hyclone Company, South Logan, UT,
USA, fetal bovine serum was obtained from Gibco (New York, USA),
and near infrared fluorescent dye DIR (KGMP0026) was obtained
from Keygen Biotech (China). The other reagents were obtained
from Sigma-Aldrich and used without further purification unless
mentioned otherwise. Ultrapure water with a resistivity value of
about 18.25 MQ cm™! was obtained from a Milli-Q ion-exchange
system (Millipore, USA).

2.2. Synthesis of BiySes nanosheets

The BiySe; nanosheets were prepared according to the method
described previously [59]. In brief, sodium selenite solution
(0.242 g in 35 mL of ethylene glycol) and bismuth nitrate penta-
hydrate solution (0.452 g in 25 mL of ethylene glycol) were suc-
cessively added into the poly (vinyl pyrrolidone) solution (PVP,1.0 g
in 40 mL of ethylene glycol) under magnetic stirring at room
temperature, by using a 250 mL round-bottom flask as the
container. After flask sealing and heating at 160 °C under nitrogen
condition, the mixture changed from transparent to milky white
and then yellow-white. A hydroxylamine solution (2.4 mL in 20 mL
of ethylene glycol) was rapidly injected into the mixture to fabricate
BiSes; nanosheets. Subsequently, the resultant mixture was cooled
down at room temperature, precipitated by centrifuging
(12,000 rpm, 10 min), then rinsed three times with a mixture of
acetone and D. I. water (300 mL: 60 mL). Finally, the Bi;Ses nano-
sheets were resuspended in sterile phosphate buffer saline (PBS)

Fig. 1. Schematic illustration of the macrophages loaded Bi,Ses; nanosheets delivery system expected to overcome the hypoxia-associated drug delivery barrier to enhance tumor

coverage and PTT efficiency.
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solution for further performances.
2.3. Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) were performed on a JEOL JEM-2010 transmission
electron microscope at 200 kV and atomic force microscopy (AFM,
MFP-3D-S, Asylum Research) was performed in the AC mode
(tapping mode) using a nanoprobe (NanoSensors SSS-NCH) with a
tip radius as small as 2 nm. The wide-angle X-ray diffraction (XRD)
patterns were acquired on the D8 ADVANCE (Bruker) with Cu K,
radiation (4 = 0.1542 nm) at 40 kV and 40 mA and Energy-
dispersive X-ray spectroscopy (EDS) was acquired on the Oxford
INCA 300. The concentration of BiSe3 nanosheets was determined
by inductively-coupled plasma optical emission spectrometry (ICP-
OES, 7000DV, PerkinElmer) and the UV-vis-NIR absorption spectra
were obtained on the TU-1810 spectrophotometer.

2.4. Measurement of BiSes photothermal performance

To assess the photothermal conversion performance of the
BiSes nanosheets, a NIR laser (808 nm, 1.0 W/cm?) was used to
irradiate 3 mL of the Bi,Se; nanosheets suspension (5—80 ppm in
PBS) in a quartz cuvette until the solution reached a steady-state
temperature. The temperature changes were recorded by an
infrared thermal imaging camera (Ti27, Fluke).

2.5. Cellular toxicity assay

Both the macrophages (RAW264.7 cells) and breast cancer cells
(MCF-7) were cultured in Dulbecco's modified eagle medium sup-
plemented with 10% newborn bovine serum, respectively, in a
humidified atmosphere of 5% CO, at 37 °C. The cells used in the
cellular toxicity assay were initially seeded on a 96-well plate at a
density of 1 x 10 cells per well. After culturing for 12 h, the me-
dium was replaced with the culture medium containing different
concentrations (2—30 ppm) of Bi;Se3 nanosheets and incubated for
another 24 h. Afterwards, the cells were rinsed three times with
sterile PBS and incubated with 50 pL of the MTT solution (5 mg/mL)
for 4 h to form formazan. After dissolving formazan with dimethyl
sulfoxide, the optical density of formazan solution was determined
spectrophotometrically at 490 nm. The degree of inhibition of cell
growth was evaluated by the following formula: Cell viability (%) =
(mean of absolute value of treatment group/mean of absolute value
of control) x 100%.

2.6. Calcein AM/PI staining

1 x 10° RAW264.7 cells and MCF-7 cells were seeded on the
wells of a 24-well plate. After incubation for 12 h, the culture me-
dium was refreshed with the medium containing Bi;Ses nanosheets
at different concentrations (15, 20, 25 ppm) and incubated for
another 24 h. Afterwards, the cells were washed several times with
PBS and co-stained with 50 ug/mL propidium iodide (PI) and 1 pg/
mL calcein AM for 15 min. The fluorescence microscopy images
were acquired on the Olympus IX71 microscope.

2.7. Flow cytometry

RAW264.7 cells were cultured on a 24-well plate at a density of
1 x 10° cells per well for 12 h then incubated with different con-
centrations of Bi;Ses nanosheets (15, 20, 25 ppm) for another 24 h.
After harvesting, an annexin V-FITC and PI apoptosis detection kit
was utilized to stain cells (apoptotic cells were labeled by annexin
V-FITC and necrotic cells were labeled by PI) and the labeled cells

were further determined by cell Lab Quanta SC flow cytometry
(Beckman coulter) to quantify the percentage of apoptotic cells and
necrotic cells.

2.8. Cellular uptake of Bi,Ses nanosheets

RAW264.7 cells were cultured on a 24-well plate at a density of
1 x 10° cells per well for 12 h and incubated with different con-
centrations of BiSe3 nanosheets (2—25 ppm) for another 24 h.
Afterwards, the cells were rinsed with PBS solution three times and
the micrographs of Bi;Ses-laden-macrophages were acquired on
the Olympus IX71 microscope. In the next step, the BixSes-laden-
macrophages were trypsinized and redispersed in 5 mL of HNO3
(65%) to dissolve the intracellular Bi;Se; nanosheets after addition
of 3 mL of Hy0,. Subsequently, the mixture underwent 140 °C
heating until the solution turned colorless and clear. Finally, the
solution after filtering was diluted with deionized water and
analyzed by ICP-OES.

2.9. Animal experiments

The athymic BALB/c nude mice and BALB/c mice (5-week old,
female) were obtained from Vital River Laboratory Animal Tech-
nology Co., Ltd (Beijing, China) and maintained in the animal fa-
cility under Specific Pathogen Free (SPF) conditions. The animal
study was approved by the Institutional Animal Care and Use
Committee of Shenzhen Institutes of Advanced Technology and all
the animal experiments were carried out ethically and humanely.
To obtain the breast tumor model, about 1 x 10% MCF-7 cells were
injected orthotopically into the mammary fat pad of each mouse.
The treatment started when the tumor volume reached approxi-
mately 150—200 mm?>.

2.9.1. Fluorescence labeling of BiySes-laden-macrophages for in vivo
imaging

To obtain the BiySes-laden-macrophages, 1 x 10°
RAW264.7 cells were cultured for 12 h and co-incubated with
20 ppm BizSe3 nanosheets for an additional 24 h. Afterwards, the
BiySes-laden-macrophages were labeled by the NIR fluorescent dye
DIR, rinsed, redispersed in PBS, and intravenously injected into the
tumor-bearing BALB/c nude mice. At 24 h post-injection of Bi,Ses-
laden-macrophages, the tumor-bearing mice were sacrificed. The
major organs were excised and imaged to obtain the tissue distri-
bution of the DIR labeled Bi,Ses-laden-macrophages on an ex/
in vivo fluorescence imaging system (Maestro). The Bi and Se con-
centrations were determined by ICP-OES. The bare DIR labeled
macrophages were used as the control.

2.9.2. In vivo photothermal cancer therapy

The BALB/c nude mice bearing MCF-7 tumors were randomly
divided into three groups (n = 20 for each group) and each group
was intravenously injected with 150 pL of PBS (control), bare Bi,Ses
nansheets (20 pg/g), or BiySes-laden-macrophages (~20 pg BiSes
nansheets in 1.5 x 10° RAW264.7 cells/g) via the tail vein. After
24 h, the mice bearing tumors were anesthetized and the entire
tumors were exposed to the laser (808 nm, 1.0 W/cm?) for 10 min.
During laser irradiation, an infrared thermal imaging camera was
utilized to monitor the temperature changes in the tumor sites. The
changes in the tumor volume post-irradiation were measured by a
caliper every day and the tumor volume V (mm?) was calculated
according to the formula: Volume = (Tumor length) x (Tumor
width)?/2. The relative tumor volumes were calculated as V/V,
where V, was the tumor volume at the beginning of PTT.
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2.9.3. Blood analysis and tissue analysis

In the blood analysis, healthy BALB/c mice were injected intra-
venously with the bare Bi;Ses nansheets (dose = 20 pg/g) or BiySes-
laden-macrophages (~20 pg Bi>Se; nansheets in 1.5 x 10°
RAW?264.7 cells/g), and blood was collected for chemical tests at 10
and 20 days post-injection. In the tissue analysis, the healthy BALB/
¢ mice were injected intravenously with the bare Bi;Ses nansheets
(dose = 20 ug/g) or BiySes-laden-macrophages (~20 pg BiySes
nansheets in 1.5 x 108 RAW264.7 cells/g) for 20 days and the major
organs were collected, fixed in 4% formalin, sectioned to a thickness
of 5 um, and stained with haematoxylin and eosin for microscopic
examination.

2.9.4. Biodistribution and clearance

The BALB/c mice were randomly divided into two groups (n = 6
for each group) and injected intravenously with Bi,Se3 nansheets
(dose = 20 pg/g) or BiySes-laden-macrophages (~20 pg BiySes
nansheets in 1.5 x 10° RAW264.7 cells/g) via the tail vein. To
determine the BiySes biodistribution in vivo, the injected mice
(n = 25 per group) were euthanized at different time intervals and
the major organs and blood were collected, wet-weighed, and
digested in 5 mL of HNOs. Finally, the Bi and Se concentrations were
determined by ICP-OES. To evaluate BiySes elimination in vivo, the
injected mice were euthanized at 1, 5, 10, 15, 20 and 25 days. The
major organs were excised, wet-weighed, and digested and the
contents of Bi and Se were determined by ICP-OES as described
above.

2.10. Statistical analysis

The experimental results were expressed as means + standard

deviations (SD). The significance of difference was analyzed by one-
way analysis of variance followed by the Tukey's honestly signifi-
cant difference (HSD) test using SPSS 13.0 (SPSS Inc.). A value of
p < 0.05 was considered to be significant.

3. Results and discussion
3.1. Characterization of BiySes nanosheets

The BiySe; nanosheets are characterized by TEM and Fig. 2(a)
and (b) reveal that the products have a relatively uniform size
distribution and are mainly bilayered nanosheets with a second
triangular layer stacking on the primary one. According to the
statistical TEM analysis of 200 particles, the average size of the
Bi,Se3 nanosheets is 84.0 + 11.3 nm. The HR-TEM image in Fig. 2(c)
shows a hexagonal lattice with a spacing of 0.21 nm corresponding
to the (110) plane of the Bi,Ses crystal [59,60]. Fig. 2(d) shows the
AFM image of the Bi,Se; nanosheets and the insets depict the
topographical image of a single nanosheet and corresponding
sectional analysis. The Bi;Ses nanosheets have a layered structure
and the thicknesses of the first layer and triangular second layer are
both about 4 nm corresponding to a stack of 4 quintuple layers [61].
As shown in the XRD patterns in Fig. 2(e), all the peaks can be
indexed to the rhombohedral phase of Bi,Ses consistent with the
peaks of bulk Bi,Ses (JCPDS Card No. 33-0214) [62]. EDS [Fig. 2(f)]
and ICP-OES [Table S1] disclose uniform distribution of Bi and Se
with an atomic ratio of 2:3.

The optical absorption spectra of the Bi,Se3; nanosheets are ac-
quired on a UV-visible-NIR spectrophotometer. As shown in
Fig. 2(g), the absorption spectra of Bi,Se3 nanosheets span the UV
and NIR regions similar to other 2D materials such as GO [13] and

Fig. 2. Characterization of Bi,Se3; nanosheets: (a) TEM image and inset showing the statistical size analysis of 200 particles measured by TEM; (b) Magnified TEM image; (c) HR-TEM
image; (d) AFM images; (e) XRD spectra; (f) EDS spectra; (g) Absorbance spectra of the Bi,Ses; nanosheets dispersed in water at concentrations of 5.4, 10.8, 21.6, 43.2 ppm. Inset:
absorbance intensity normalized over the characteristic length of cell (A/L) for A = 808 nm at different concentrations; (h) Photothermal heating curves of different concentrations of

Bi,Se; nanosheets under NIR irradiation (808 nm, 1.0 W/cm?).
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Fig. 3. Cytocompatibility of Bi,Se; nanosheets to RAW26.7 macrophages: (a) MTT assay; (b) Calcein AM/PI staining (viable cells are stained green with Calcein AM and dead cells are
stained red with PI); (c) Flow cytometric analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

WS; [22]. The absorption intensity at 808 nm is normalized over
the characteristic length of cell (A/L) and determined at different
concentrations (C). In agreement with the Lambert-Beer law (A/
L = aC, where a is the extinction coefficient), a linear trend is
observed from A/L versus concentration when the extinction co-
efficient at 808 nm is 10.9 L g~! cm~". It is about 2.8 times of the
808 nm extinction coefficient (3.9 L g cm~, see Fig. S1) of Au
nanorods (one of the extensively studied photothermal agents)
[29].

The NIR photothermal performance of the Bi,Se3 nanosheets (5,
15, 25, 50, and 80 ppm) is studied and the results are presented in
Fig. 2(h). In contrast to the control PBS solution, the Bi,Se3 nano-
sheets suspension exhibits excellent photothermal heating under
NIR light irradiation. In particular, at a concentration of 50 ppm, the
temperature of the Bi;Ses nanosheets rises from 27.0 °C to 54.4 °C
after NIR irradiation for 10 min and the temperature is high enough
for photothermal ablation of cancer cells. In the meantime, the
temperature of the PBS solution increases only slightly from 27.2 °C
to 28.3 °C. According to the previously reported method [7], the
photothermal conversion efficiency of Bi;Se; nanosheets is calcu-
lated to be 26.4% (Fig. S2), which is higher than that of gold
nanorods (21.0%). The high photothermal conversion efficiency of
2D Bi,Ses bodes well for photothermal therapy.

3.2. Cytocompatibility investigation
The methyl thiazolyltetrazolium (MTT) assay is employed to

evaluate the cytocompatibility of BiySes nanosheets when the
viability of untreated cells is assumed to be 100%. As shown in

Fig. 3(a), the cell viability is nearly 95% or above when the con-
centration of Bi;Ses nanosheets is below 10 ppm. Even when the
concentration of BiySe; nanosheets is increased to 100 ppm (5
times larger than the BiySes-laden-macrophages uptake dose in
this study), the cell viability remains at 85.40 + 3.27% (Fig S3). The
good biocompatibility of BizSes nanosheets is probably because Bi
is an environmentally friendly element and Se is an essential trace
element [34].

The cytocompatibility of the Bi;Se; nanosheets is evaluated by
calcein AM/PI live/dead cell staining (viable cells are stained green
with Calcein AM and dead ones are stained red with PI) and flow
cytometry. The fluorescence images in Fig. 3(b) indicate that almost
no dead cell with red fluorescence can be found even when the
macrophages are co-incubated with 25 ppm of Bi,Se3; nanosheets.
Fig. 3(c) reveals the flow cytometry graphs of RAW264.7 cells after
co-incubation with BiySe3 nanosheets with different concentra-
tions (15, 20, 25 ppm). It is evident that the cells suffer low-level
apoptosis and necrosis (cells mortality is below 7.3%) at a high
concentration of Bi;Se3 nanosheets of 25 ppm. Evidently, the Bi,Ses
nanosheets are desirable in macrophages delivery and their low
cytotoxicity is confirmed with MCF-7 cells (Figs. S4 and S5).

3.3. Macrophages uptake of BiSes nanosheets

Sufficient cellular uptake of Bi;Se; nanosheets by macrophages
is prerequisite to cellular delivery as photothermal agents. As
shown in the bright-field images in Fig. 4(a), the macrophages can
uptake BiySes nanosheets efficiently after exposure to the BiSes
nanosheets for 24 h. The cells engulfing Bi,Ses are partially opaque

Fig. 4. Macrophages uptake of Bi,Se; nanosheets: (a) Bright-field images of macrophages before and after uptake of Bi,Se; nanosheets; (b) Quantitative determination of mac-

rophages uptake of Bi,Ses; nanosheets.
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in the cytoplasm due to the original color of Bi;Ses nanosheets [26]
suggesting a high uptake efficiency.

The uptake efficiency of BiSe; nanosheets is further investi-
gated by ICP-OES and as shown in Fig. 4(b), the macrophages up-
take of Bi,Se3 nanosheets shows a typical dose-dependent manner.
When the concentration of the Bi,Se3 nanosheets is 20 ppm, the
cellular uptake BiySes nanosheets increases to 13.62 + 0.50 pg/
1 x 10° macrophages. It is worth noting that when the Bi,Se3
nanosheets concentration reaches 25 ppm, the cellular uptake can
be as high as 16.03 + 0.49 pg/1 x 10 macrophages. On account of
the low cytotoxicity and high uptake efficiency, a dose of 20 ppm
Bi;Ses nanosheets has advantages in macrophages loading and in
subsequent studies, macrophages laden with 20 ppm of BiSes
nanosheets (named BiySes-laden-macrophages) are chosen as the
typical model to access the performance in vivo.

3.4. In vivo biodistribution and tumor targeting of BiSes-laden-
macrophages

To investigate the feasibility of macrophages targeted delivery of
Bi>Ses nanosheets to the tumor region, bare macrophages and
BiySes-laden-macrophages are labeled with a NIR dye DIR
(KGMP0026) and intravenously injected into the BALB/c nude mice
bearing MCF-7 tumor. DIR fluorescence images are obtained after
different time frames [63] and as shown in Fig. 5(a), the bare
macrophages and BiSes-laden-macrophages are very similar in the
tracking trend. The macrophages are distributed rapidly in the liver
due to reticuloendothelial systems (RES) absorption. At 3 h after
intravenous injection, the macrophages invade the spleen and after
6 h, the tumor tracking trend can be observed. The fluorescence
intensity in the tumor site gradually increases up to 24 h, and the
tumor retains strong fluorescence at 48 h after intravenous injec-
tion. Fig. 5(b—d) depict the ex vivo fluorescence images 24 h after
intravenous injection. The tumor and some organs such as liver,
spleen, and lung are bright in fluorescence. The transverse section
images (Fig. 5(e)) further reveal that most of the macrophages can
deliver the BiSe; to the entire tumors after overcoming the
hypoxia-associated drug delivery barrier.

The Bi and Se elemental biodistribution of Bi,Se3-laden-mac-
rophages in the mice is quantitatively determined by ICP-OES with
the bare Bi,Ses nanosheets as the control [see Fig. 5(f and g)]. After
direct intravenous injection of BioSe; nanosheets without macro-
phages delivery, a large concentration of Bi and Se accumulates in
the liver and spleen, while it is relatively small at the tumor. It is
possibly because tumor uptake of Bi,Se3 nanosheets depends on
the passive EPR effect and it is difficult to overcome the hypoxia-
associated drug delivery barrier [57,64]. On the contrary, the
BiSes-laden-macrophages possess a much higher tumor-targeting
efficiency with Bi concentration of 39.54 + 6.84 ug/g and Se of
11.21 + 2.71 pg/g, which are 3—4 times larger than those of the
BiySe3 group. The Bi,Ses-laden-macrophages also can efficiently
reduce BiySe3 nanosheets accumulation in the reticuloendothelial
(liver, spleen) and urinary (kidney) systems.

3.5. In vivo photothermal cancer therapy

In vivo experiments are performed to evaluate the capability of
BiySes-laden-macrophages in photothermal cancer therapy. In
particular, 60 BALB/c nude mice bearing MCF-7 breast tumors are
randomly divided into three groups after the tumor volume reaches
approximately 200 mm?>. The PBS solution (150 pL), bare Bi,Ses
nanosheets (~20 pg/g), and BiySes-laden-macrophages (~20 ug
Bi,Ses nanosheets in 1.5 x 108 RAW264.7 cells/g) are separately and
intravenously injected into the experimental mice via the tail vein.
At 24 h after intravenous injection, the mice are anesthetized and

the region of tumor site is NIR irradiated (808 nm, 1.0 W/cm?) for up
to 10 min. In the meantime, an infrared thermal imaging camera is
utilized to monitor the photothermal effects in vivo by mapping the
temperature change of tumor sites.

As shown in Fig. 6(a) and (b), owing to the photothermal effect
of Bi,Se3 nanosheets, the tumor temperature increase of the bare
BiySes group is about 20.6 °C under NIR irradiation, which is much
larger than that of the PBS group (9.0 °C). In the Bi,Ses-laden-
macrophages group, the tumor temperature rapidly increases by
32.2 °C within only 3 min of NIR irradiation by reaching a tem-
perature of almost 60.1 °C for tumor ablation. These results indicate
the high efficiency of Bi,Ses-laden-macrophages with respect to
in vivo photothermal tumor ablation because the cell delivery im-
proves tumor targeting and coverage of the Bi,Se3 nanosheets. The
histological examination of tumor slices in Fig. 6(c) reveals that a
large amount of tumor cells are severely destroyed by PTT with
Bi,Ses-laden-macrophages, suggesting that tumor ablation is
effective. In comparison, the tumors treated with Bi;Se3 nanosheets
are only partially damaged and no obvious damage in the tumor
cells can be found from the PBS group.

After the photothermal treatment, all the experimental mice are
measured for the tumor size every day, and no obvious side effects
such as abnormal body weight (see Fig. S6) can be observed. As
shown in Fig. 6(d)—(f), no tumor inhibition is found from the
control group treated with PBS and all the mice died within 22 days
post-irradiation. On the other hand, the Bi,Ses-laden-macrophages
group shows complete tumor ablation and all the mice are alive
until the end of the experiment (45 days post-irradiation) without
tumor recurrence. With regard to the bare BiSes group, although
tumor growth is partially inhibited by the PTT effect of Bi,Ses in the
first 4 days, rapid tumor recovery and growth are observed there-
after and all the mice die within 32 days. The results demonstrate
that the BiSes-laden-macrophages are efficient PTT agents in
photothermal ablation of tumors.

3.6. In vivo toxicity

The potential toxicity of BiSes-laden-macrophages is evaluated
by blood biochemical and histology analysis in vivo. In the blood
analysis, healthy BALB/c mice are injected intravenously with PBS,
Bi,Se3 nansheets (~20 pg/g) or BiySes-laden-macrophages (~20 pug
Bi;Ses nansheets in 1.5 x 10° RAW264.7 cells/g), and blood is
collected after 10 and 20 days. Various parameters including the
total proteins, alkaline phosphatase (ALP), serum albumin (ALB),
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
globulin (GOLB), kidney function marker urea nitrogen (BUN),
creatinine (CREA), albumin/globin (A/G) are examined [Fig. 7(a)]
[58,65]. Compared to the PBS group, no significant difference can be
detected from the Bi,Ses group and Bi)Ses-laden-macrophages
group at all time points, indicating very little influence on the blood
chemistry of mice. In the histology analysis, the mice are eutha-
nized after 20 days and the major organs including the heart, liver,
spleen, lung, and kidney are collected and sliced for H&E staining
[66]. Evidently, no organ damage or inflammatory lesion can be
observed from the control and experimental groups during the
treatment period corroborating the good in vivo biocompatibility of
the Bi,Ses-laden-macrophages.

3.7. In vivo biodistribution and clearance

The ideal biomaterials should have a long circulation time in
blood and rapid clearance from major organs afterwards. In this
respect, the pharmacokinetics profiles of Bi,Se; nanosheets and
Bi,Ses-laden-macrophages are examined by ICP-OES. As shown in
Fig. 8(a) and (b), blood circulation obeys a biexponential
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Fig. 5. In vivo biodistribution of macrophages and Bi,Ses-laden-macrophages in mice bearing MCF-7 tumors: (a) In vivo fluorescence tracking of the dye-labeled macrophages and
dye-labeled Bi,Ses-laden-macrophages after intravenous injection; (b—d) Ex vivo fluorescence images of the tumors and major organs at 24 h after intravenous injection of (b) PBS,
(c) dye-labeled macrophages, and (d) dye-labeled Bi,Ses;-laden-macrophages; (e) Fluorescence images of the tumor transverse section of mice injected with PBS, dye-labeled
macrophages and dye-labeled Bi,Ses-laden-macrophages; (f, g) Biodistribution of (f) Bi and (g) Se at 24 h post-injection of the bare Bi,Se; nanosheets and Bi,Ses-laden-

macrophages.

relationship. Based on the blood circulation curves in Fig. 8(a) and
(b), the pharmacokinetics data can be estimated by using a two-
compartment model and the corresponding results are summa-
rized in Table S2. In particular, the Bi t;0 (blood distribution half-
life) and 12 (blood terminal elimination half-life) of the Bi,Ses-
laden-macrophages group are 0.84 + 0.01 h and 15.58 + 1.90 h,
respectively. The Se typa is 0.72 + 0.03 h and t1,f is 8.50 + 1.56 h,
which are much longer than those of the Bi,Se3 nanosheets group
(Bi tipo = 034 = 0.02 h, Se tjpo. = 0.56 = 0.02 h, Bi ty,
2B =6.42 £ 1.50 h, Se t12p = 7.28 + 2.99 h). Moreover, in the Bi,Ses-
laden-macrophages group, the corresponding AUCy25 days (area
under the concentration-time curve from 0 to 25 days) of Bi is

669.00 + 93.01 pg/mL*h and Se is 258.32 + 52.81 pg/mL*h, which
are significantly higher than that of the Bi;Ses nanosheets (AUCg._25
days of Bi = 33141 =+ 7733 pg/mL*h, AUCo25 days Of
Se = 95.11 + 44.58 pg/mL*h), suggesting higher bioavailability and
lower clearance of the BiSes-laden-macrophages (Table S2). Mac-
rophages delivery can significantly prolong blood circulation of the
Bi>Sez nanosheets enabling efficient tumor accumulation and
avoiding rapid particle clearance from the circulating blood into
RES systems [67,68].

To investigate the long-term biodistribution and clearance of
the materials, 150 pL of the Bi,Ses3 nanosheets (~20 pg/g) and
Bi,Ses-laden-macrophages (~20 pg Bi,Ses nansheets in 1.5 x 10°
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Fig. 6. In vivo photothermal cancer therapy of BALB/c nude mice bearing MCF-7 breast tumors under 10 min of NIR irradiation (808 nm, 1.0 W/cm?) at 24 h post-injection of PBS,
Bi,Se; nanosheets, and Bi,Ses-laden-macrophages intravenously: (a) IR thermal images of the mice; (b) Curves of tumor temperature versus time; (c) H&E staining of tumor
sections; (d) Typical mice before and after PTT treatments for 0, 1, 3, 6, and 12 days; (e) Tumor growth curves of different groups of mice; (f) Survival curves of different groups of

mice.

RAW264.7 cells/g) are injected into the healthy BALB/c mice (50
mice, 25 mice per group) intravenously. The mice are sacrificed at 1,
5, 10, 15, and 30 days after intravenous injection and the main or-
gans including liver, spleen, kidney, lung, and heart are separated
and analyzed by ICP-OES to determine the distributions of Bi and Se
contents [see Fig. 8(c—e)]. In both groups, the liver and spleen show
dominant accumulation of Bi and Se which is probably due to RES
absorption. Notably, the Bi and Se concentrations in the major

organs diminish gradually with time. Fig. 8(c) and (d) show that the
Bi and Se residual ratios (residual amount/initial amount) of the
Bi,Ses-laden-macrophages group are smaller than those of the
BixSes; nanosheets group. At the first day post-injection, the Bi and
Se residual ratios of the BiySes-laden-macrophages group is
58.01 + 7.71% and 42.96 + 4.63%, respectively, whereas those of the
Bi,Se3 nanosheets group are 83.45 + 9.07% and 58.39 + 6.81%,
confirming that macrophages delivery can efficiently reduce rapid
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Fig. 7. In vivo toxicity assay of the Bi,Se3 nanosheets and Bi,Ses-laden-macrophages with PBS as the control: (a) Blood biochemistry analysis of different groups of mice at 10 and 20
days post-injection; (b) Histological observation of the major organs of different groups of mice at 20 days post-injection.

particle clearance by the RES systems. At the 25th day, the Bi re-
sidual ratio of the Bi,Ses-laden-macrophages group decreases to
3.74 + 1.71% and Se residual ratio is 3.63 + 1.61%, whereas for the
Bi>Ses nanosheets group, Bi is 12.17 + 2.66% and Se is 6.24 + 2.22%.
Macrophages-mediated delivery leads to more efficient clearance

of the Bi,Se; nanosheets from the body and it is probably because
the RES systems with a lighter burden enables proper clearance
functions. The efficient in vivo clearance capability minimizes the
risk of long-term accumulation of the Bi;Se3 nanosheets.
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Fig. 8. Biodistribution and clearance of Bi,Se; nanosheets and Bi,Ses-laden-macrophages in vivo after intravenous injection: (a, b) Blood circulation curves of (a) Bi and (b) Se at
different time points post-injection; (c, d) Residual ratios versus time post-injection of (c) Bi and (d) Se; (e) Residual Bi (up) and Se (down) biodistributions in different organs at
different time points post-injection.
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4. Conclusion

BiySes-laden-macrophages constitute an efficient delivery sys-
tem in photothermal cancer therapy. The strategy utilizes macro-
phages as “Trojan horses” carrying 2D Bi,Se3 nanosheets with high
NIR photothermal performance, high macrophage uptake, and
negligible cytotoxicity. Possessing prolonged blood circulation and
minimized rapid RES absorption, the BiySes-laden-macrophages
after intravenous injection have higher tumor targeting efficiency
than bare Bi;Ses by overcoming the hypoxia-associated drug de-
livery barrier consequently giving rise to high-efficient tumor
ablation capability under NIR irradiation. The Bi,Ses-laden-mac-
rophages exhibit no appreciable toxicity and good biocompatibility
as shown by blood biochemical and histological analyses and most
of the materials can be efficiently excreted from the body within 25
days. These results demonstrate that the Bi,Ses-laden-macro-
phages constitute a highly efficient PTT system by optimizing the
in vivo agent delivery and photothermal efficiency and this cell-
mediated strategy can be further extended to other nano-
materials or drug-based therapies.
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Table S1. Elemental composition of Bi>Se; nanosheets determined by
ICP-OES.

Table S2. Pharmacokinetics data of Bi and Se for Bi;Ses-laden-macrophages and
BixSes nanosheets after intravenous injection into BALB/c mice.

Abbreviations: t1a: blood distribution half-life; #1,p: blood terminal elimination
half-life; AUCo.25 days: area under the concentration-time curve from 0 to 25 days; CL1:

center compartment clearance; CLy: the peripheral compartment clearance.



Fig. S1. (a) Absorbance spectra for different concentrations of Au nanorods in
aqueous solutions. The top curve is 22.0 ppm and each subsequent curve is diluted
1:2; (b) Fitted line of normalized absorbance intensity over the characteristic cell

length (A/L) versus concentrations.



Fig. S2. (a) Photothermal effect of the aqueous dispersion of Bi»Se; nanosheets
under NIR laser (808 nm, 1.0 W/cm?) irradiation for 10 min before the laser is turned
off. (b) Time constant for heat transfer from the system is determined to be zs = 333
s by applying the linear time data from the cooling period versus negative natural
logarithm of driving force temperature, which is obtained from the cooling stage of

panel. The photothermal conversion efficiency (#) can be calculated by Egs. (1-4)

[1,2]

7 = (hS(Tmax-Tsurr)-Qais) I(1-107) (1)
hS =Y mCy/ts ()
5= - t/Inf A3)
0= (T - Tourr)/(Tmax - Tsurr) )

where 7 is the heat transfer coefficient, S is the surface area of the container, zs is the
time constant for heat transfer from the system, m is mass of products (m =1 g), C; is
specific heat capacity of solvent (Cp,, water = 4.2 Jg''°C™"), and 7s = 333 s is obtained
from the following Figure. Quis 1s measured independently to be 174.5 mW, AS is
obtained from Eqgs(2) (AS = 1%4.2/333= 12.6 mW/°C), Tmax 1s the equilibrium
temperature of Bi>Ses nanosheets, Tsur is the ambient temperature of the surroundings,
I is the laser power density (1.0 W/cm?), and 4 is the absorbance of Bi>Se; nanosheets
at 808 nm (Asos = 0.3). Accordingly, n =
{[12.6*(49.1-24.8)-174.5]/[1000*(1-1073)]} *100%= 26.4%.



Fig. S3. Cell viability of RAW264.7 cells incubated with large concentrations of

Bi2Ses nanosheets for 24 h.



Fig. S4. Cytocompatibility of the Bi»Ses nanosheets with MCF-7 cells: (a) MTT
assay; (b) Calcein AM/PI staining (viable cells can be green-stained with Calcein AM

with dead cells stained red with PI); (¢) Flow cytometric results.



Fig. S5. Cell viability of MCF-7 cells incubated with high concentrations of Bi>Se3

nanosheets for 24 h.



Fig. S6. Body weight curves of the MCF-7 tumor-bearing mice in each group after

photothermal therapy.
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