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Background: The lymphatic system is the major route of cancer metastasis, and sentinel lymph nodes (SLNs) are the first station for
the spread of cancer cells. Accurate identification of SLNs by tracers during surgery is crucial for SLN biopsy and lymphadenectomy.
However, conventional monomodal tracers such as blue dyes and carbon nanoparticles often induce a misjudgment of SLNs and thus
are still unsatisfying for clinical applications. In addition, SLN imaging agents with therapeutic capabilities to achieve perfect
theranostics have been less exploited.

Purpose: Titanium nitride (TiN) nanostructures have the advantages of high stability and low cost and show superior plasmonic
properties over both the visible and near-infrared (NIR) regions. Herein we report on the synthesis of TiN nanobipyramids (NBPs)
with large sizes for multimodal SLN mapping.

Methods: A hydrothermal method and post nitridation treatment were used to prepare the TiN NBPs. Bright- and dark-field imaging
of SLNs with TiN NBPs were performed. The effect of TiN NBP size on SLN tracing was studied. The effect of TiN NBP-based
photothermal ablation of SLNs combined with removal of primary tumors on pulmonary metastasis was studied.

Results: The TiN NBPs with dual bright- and dark-field imaging functions show high drainage in lymph nodes and thus can act as
a potential substitute for SLN tracing. Moreover, owing to the superior plasmonic properties of TiN nanostructures, the produced TiN
NBPs show a high photothermal conversion efficiency under 1064 nm laser irradiation. TiN NBP-based photothermal ablation of
metastatic LNs in the second NIR window (NIR-II) combined with surgical removal of primary tumors shows remarkable inhibition of
pulmonary metastasis.

Conclusion: This study not only demonstrates TiN NBPs as a new tracer for SLN mapping, but also presents a strategy for the
photothermal ablation of lymph nodes in NIR-II for the inhibition of lymphatic metastasis.

Keywords: TiN nanobipyramids, sentinel lymph nodes, lymph node mapping, photothermal therapy, second near-infrared window

Introduction

Cancer metastasis is hard to eliminate with conventional surgery, chemotherapy, and radiation. It is directly or indirectly
responsible for more than 90% of human cancer deaths.' Precise identification and effective block of metastasis to
prevent distant invasion are of great importance in cancer therapy. The lymphatic system is the main route for the spread
of cancer cells.? During lymphatic metastasis, sentinel lymph nodes (SLNs) are the initial target organs of cancer cells
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and become the first host of metastatic cells.> SLN mapping and biopsy are therefore standard procedures for guiding the
therapeutic decisions of various malignant tumors in the clinic. Accurate identification of SLNs and differentiation from
other second-echelon lymph nodes (LNs) are essential for pathological examination and selection of LNs for surgical
removal. Currently, SLN mapping is performed in clinics by labeling SLNs with a blue dye (eg, patent blue or methylene
blue),* gamma-ray detection with a radioisotope (eg, technetium 99m),’ near-infrared (NIR) fluorescent imaging with
indocyanine green,’ or their combinations. However, the aforementioned monomodal conventional tracers have still not
fit clinical criteria ideally. For example, the small blue dye and indocyanine green molecules might quickly migrate from
SLNs to second-echelon LNs.” Some patients even suffer from severe anaphylactic reactions after the injection of the
blue dye.® Indocyanine green also has the shortcomings of instability, easy diffusion, and fluorescence quenching.’
Compared to the blue dye and indocyanine green, technetium-99m has a prolonged retention time in SLNs. Nevertheless,
the radioactivity and limited half-life restrict its clinical applications.'® Exploring new tracers for SLN imaging is thus
highly demanded.

Nanomaterials have attracted much attention for SLN mapping.'' Black carbon nanoparticles (NPs) have been
approved as a lymphatic tracer by the Chinese Food and Drug Administration.'> When carbon NPs are injected into
the tissue nearby a tumor, they quickly migrate to SLNs, which are then stained with a black color."* In addition, titanium
nitride (TiN) nanoshells,"* single-walled carbon nanotubes,'® gold-shelled iron oxide nanoclusters,'® copper sulfide
NPs,'” semiconducting polymer NPs,'® core@shell-structured Raman NPs,”' and organic NPs*° have also been reported
to act as the tracers of SLNs. The size, shape, and surface chemistry are the important parameters that affect the
lymphatic affinities of diverse nanomaterials.?' The particle size is especially critical in determining the rate of diffusion
through the interstitium, which then affects the draining and retention of NPs in LNs."® In general, NPs are transported to
LNs by two different size-dependent mechanisms.”> NPs with sizes of 5-100 nm are transported quickly through
lymphatic vessels to LNs within several hours as the first pathway, while larger NPs (100200 nm) are first up-taken
by dendritic cells through phagocytosis and then transported to LNs as the second pathway.”> Although NPs with sizes
between 10 and 200 nm have been mostly exploited for lymphatic delivery,”* such small particles have been found to
bypass LNs quickly.?> Carbon NPs have also been found to quickly migrate from SLNs to regional LNs owing to their
small size (150 nm).”> Recently, NPs with sizes larger than 200 nm have also been reported to enter LNs through
the second pathway.”® Compared with small particles, the retention of large nanoparticles in LNs is longer.?’

SLN imaging facilitates further elimination of metastatic LNs. Currently, clinically used methods to eliminate metastatic LNs
include surgical removal, chemotherapy, radiotherapy, and radiofrequency ablation.”® However, lymphatic metastasis is imper-
ceptible and is always difficult to be efficiently ablated by these conventional methods. Multimodal imaging-guided therapy was
recently reported to hold great potential for precise theranostics of lymphatic metastasis.'”*’ Compared with monomodal
imaging, multimodal imaging can integrate both ideal sensitivity and spatiotemporal resolution because of its intrinsic advantages
of individual imaging modality.”’ Photothermal therapy (PTT) has also been adopted in multimodal imaging-guided treatments
for the elimination of metastatic LN, as it is minimally invasive.'”*” The photothermal agent converts light into heat and thus
increases the local temperature, which induces cell death if it is high enough.*® The PTT of SLNs has shown to inhibit pulmonary
metastasis and prolong animal survival.'>'® In these works, the absorption of the photothermal agents lies primarily in the first
NIR window (650-950 nm, NIR-I). Light in the second NIR window (1000-1350 nm, NIR-II) has a deeper tissue penetration
than that in NIR-1.*' However, to the best of our knowledge, PTT in NIR-II has rarely been applied for the elimination of
metastatic LNs.

Plasmonic nanostructures such as gold nanostructures have unique tunable optical properties including light absorp-
tion and scattering. Gold nanostructures have been well accepted as photothermal agents. In addition, the light scattering
property of gold nanostructures can also be utilized for dark-field imaging.****> Compared with bright-field imaging,
dark-field imaging offers higher contrast.>* The application of dark-field imaging in SLN mapping has not been reported
yet. Recently, TiN nanostructures are emerging as promising alternatives to gold nanostructures. TiN nanostructures offer
several advantages in comparison with gold ones. First, they show superior plasmonic properties over both the visible
and NIR regions.*> Second, TiN has a higher melting point than gold, which provides better thermal stability under high-
temperature conditions.’®>” Third, TiN is cheaper than gold. Fourth, TiN nanospheres of the same size have a higher
light absorption efficiency in the NIR-II window than gold nanospheres.*® In addition, TiN also possesses high chemical
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stability. These attributes position TiN nanostructures as a versatile material for photothermal therapy and high-contrast
imaging techniques. So far, the application of TiN nanostructures in SLN mapping has not been demonstrated yet.

In this work, TiN nanobipyramids (NBPs) are synthesized and used as the tracer for SLNs. The synthesized TiN
NBPs appear black and can be readily internalized into SLNs when they are locally injected. The size-dependent
accumulation of the TiN NBPs is studied, with the larger TiN NBPs (274 nm) showing higher accumulation in SLNs. In
addition, owing to the strong light scattering property of the TiN NBPs, dark-field imaging of SLNs is also enabled.
Compared with carbon NPs, the TiN NBPs exhibit strong plasmonic absorption in NIR-II, facilitating the PTT ablation of
metastatic LNs. The TiN NBP-based photothermal ablation of metastatic LNs combined with the surgical removal of
primary tumors shows the remarkable inhibition of pulmonary metastasis. Taken together, our work demonstrates a new
tracer for SLN mapping and also presents a new strategy relying on PTT in NIR-II to prevent lymphatic metastasis.

Materials and Methods
Preparation of the TiN NBPs

A hydrothermal method and post nitridation treatment were used together to prepare the TiN NBPs.** Briefly, TiO, NBPs
were first prepared using a hydrothermal method. A tetramethylammonium hydroxide solution (30 mL, 25 wt% in water)
was prepared and heated to 80 °C in a water bath. Ethylene glycol (30 mL) and titanium isopropoxide (1 mL) were then
added dropwise. The above-mixed solution was stirred vigorously until a clear solution was obtained. The reaction
mixture was subsequently transferred into a Teflon autoclave and kept at 230 °C for 24 h. TiO, NBPs were thus
produced. They were centrifuged and washed with ethanol three times. The size of the TiO, NBPs was adjusted by
varying the amount of added titanium isopropoxide. After the TiO, NBPs were heated in a muffle furnace with flowing
ammonia gas at 800 °C for 5 h, TiN NBPs were obtained. The TiN NBPs were functionalized with poly(ethylene glycol)
(PEG)-dopamine to improve their colloidal stability.

Characterization of the TiN NBPs

Scanning electron microscopy (SEM) imaging of the TiN NBPs was performed on a JEOL JSM7800F microscope
operated at 20 kV. Transmission electron microscopy (TEM) imaging of the TiN NBPs was performed on an FEI Tecnai
Spirit microscope at an operating voltage of 120 kV. The extinction spectrum of the TiN NBPs was measured on
a Lambda 950 ultraviolet/visible/NIR spectrophotometer. The hydrodynamic size and polydispersity index (PDI) of the
TiN NBPs were determined by a Malvern Zetasizer Nano ZS90 system.

Determination of Photothermal Conversion Efficiency

An aqueous solution of the TiN NBPs (2 mL, 286 pg mL ') was prepared in a 1 cm square cuvette, with the optical
density of the solution at 1064 nm adjusted to 2.0. The solution was irradiated with a 1064 nm laser (Changchun New
Industries Optoelectronics Tech. Co., China) at powers ranging from 0.2 to 0.8 W for 20 min. A thermocouple microp-
robe was used to record the temperature of the solution. The probe was utterly submerged in the solution without
exposure to the laser light. The temperature cooling curve was measured after the laser was switched off. The
photothermal conversion efficiency of the TiN NBPs was calculated according to a previously developed method.*°
As control, a carbon NP solution (2 mL, 100 pg mL ™', Chongging LUMMY Pharmaceutical Co., China) with the equal
optical density of 2.0 at 1064 nm was irradiated with the same laser, and the photothermal conversion efficiency was also
determined.

Cell Culture

Murine breast cancer 4T1 and macrophage RAW 264.7 cell lines were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific)
containing 10% fetal bovine serum (FBS), 100 pg mL ™' streptomycin, and 100 U mL ™" penicillin, in a humidified
incubator with 5% CO, at 37 °C.
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Cellular Uptake Assay

Three thousand 4T1 or RAW 264.7 cells were seeded into each well of a 96-well plate. After 24 h incubation, the culture
medium was replaced with a fresh medium containing the TiN NBPs (50 or 100 ug mL ") of different sizes (131, 161, or
274 nm). After further incubation for 24 h, the cells were washed with phosphate-buffered saline (PBS) extensively to
remove any particles adsorbed on the cell surface. Subsequently, the cells were observed and photographed under an
Olympus I1X71 fluorescence microscope (Melville, NY, USA).

Cell Viability Assay

Three thousand 4T1 or RAW 264.7 cells were seeded into each well of a 96-well plate. After 24 h incubation, the culture
medium was replaced with a fresh medium containing the TiN NBPs (274 nm, 0-125 ug mL™"). After further incubation
for 48 h, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay and calcein acetoxymethyl
ester (calcein-AM) staining were separately performed to study the cell viability.

For the MTT assay, the medium was discarded, and a fresh medium (100 pL) containing MTT (0.5 mg mL ') was
added into each well. After incubation for 3 h, the medium was discarded, and the resultant formazan crystal was
dissolved with dimethyl sulfoxide (150 pL). The absorbance of each well was measured by a SpectraMax Paradigm
multimode microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 540 nm. The cell viability for each sample
relative to the control was calculated.

For calcein-AM staining, the medium in each well was replaced with a fresh serum-free medium containing calcein-
AM (2 uM, Thermo Fisher Scientific). After 30 min incubation at 37 °C, the cells were washed with a fresh medium. The
green fluorescence of the cells was observed under the fluorescence microscope.

PTT in vitro

Three thousand 4T1 cells were seeded into each well of a 96-well plate. After 24 h incubation, the culture medium was
replaced with a fresh medium containing the TiN NBPs (274 nm, 100 pg mL™"), followed by further incubation for
24 h. The cover on the plate was removed for the PTT assay, and the designated wells were exposed to 1064 nm laser
irradiation for 5 min. The laser power densities were set to 0-0.76 W cm 2. After further 24 h incubation, MTT assay and
calcein-AM staining were performed separately to determine the cell viability.

Animal Experiments

Six-week-old female BALB/c mice were used in all animal studies. All animal experiments were approved by the
Animal Care and Use Committee of Macau University of Science and Technology. Animal welfare and experiments
complied with the Guide for the Care and Use of Laboratory Animals (8™ edition, National Institutes of Health, USA).

Biocompatibility Study

The mice were injected subcutaneously in the paws of the right hindfeet with PBS (50 pL) or the TiN NBP sample (274
nm, 50 mg kg ', 50 pL). After 48 h, the main organs (heart, liver, spleen, lung, and kidney) were harvested for
histological examination. The tissue samples were fixed in 10% formalin, processed routinely into paraffin, sectioned at
8 um thickness, and stained with hematoxylin and eosin (H&E).

In vivo SLN Mapping

The mice were subcutaneously injected with the TIN NBPs (50 pL, 100 ug mL™") of different sizes (131, 161, 274 nm)
into the right hindfoot paws. The mice were sacrificed after 24 h and the popliteal LNs were dissected. The popliteal LNs
were photographed and H&E staining was performed.

Dark-Field Imaging of SLNs
The mice were subcutaneously injected with PBS (50 pL), the carbon NPs (50 pL, 100 pg mL™"), and the TiN NBPs
(50 uL, 100 pg mL™") at the right hindfoot paws, respectively. After 24 h, the mice were sacrificed and the popliteal LNs
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were collected. The paraffin slices (8 um thickness) of the LNs were prepared for dark-field imaging. The samples were
vacuum-dried and placed on a clean glass slide, and the scattering images of the samples were performed on an Olympus
BX53M optical microscope.

In vivo Lymphatic Metastasis Model
The mice were subcutaneously injected with one million 4T1 cells suspended in PBS (50 pL) into the right hindfoot
paws. Twelve days after injection, the popliteal LNs showed as hard spherical lumps indicating lymphatic metastasis.

PTT of SLNs in vivo

The 4T1-tumor bearing mice with popliteal LN metastasis were randomly divided into two groups (n = 5). PBS (50 pL)
and the TiN NBPs (50 pL, 100 pg mL™") were injected into the tumors, respectively. After 24 h, all the mice were
anesthetized through intraperitoneal injection of 1.5% pentobarbital sodium (75 mg kg '). Afterward, the SLNs of the
mice were irradiated with the 1064 nm laser (0.76 W c¢m 2, 5 min). The thermographic photos of the mice and the
temperature changes of the SLNs were acquired using a FLIR ONE Pro thermal camera (FLIR Systems, Portland, OR,
USA) during laser irradiation.

Effect of SLN PTT on Pulmonary Metastasis

The 4T1-tumor bearing mice with popliteal LN metastasis were randomly divided into four groups (n = 5). The mice
were treated as follows: (1) control, with PBS (50 pL) injected into the tumors only; (2) surgery only, where surgical
removal of the primary tumors of the mice was performed without injection of the TiN NBPs; (3) surgery plus the TiN
NBPs, where surgical removal of the primary tumors was performed 24 h after the injection of the TiN NBPs (50 uL, 100
pg mL™Y); (4) PTT of SLNs with the TiN NBPs together with the assistance of surgery. The TiN NBPs (50 pL, 100
ug mL™") were injected into the tumors, and the primary tumors of the mice were removed by surgery after 24 h. The
SLNs were irradiated with the 1064 nm laser (0.76 W c¢cm 2, 5 min) simultaneously. The weights of the mice were
monitored every other day post various treatments.

Pulmonary Metastasis Assay
The mice were sacrificed on day 22 after the treatments. India ink (15%) was perfused into the lungs through the trachea,
and the lungs were soaked in a Fekete’s solution (70% ethanol, 3.7% formaldehyde, 0.75 M glacial acetic acid) for
48 h at room temperature. The lungs were photographed, and the numbers of the tumor nodules (shown as white spots on
the surface of the lungs) were counted.

Statistical Analysis

The results are expressed as means + standard errors of the means (S.E.M.) based on at least three independent
experiments. The statistical differences were evaluated with a one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. A P < 0.05 was considered statistically significant.

Results and Discussion
Synthesis and Characterization of the TiN NBPs

TiN nanostructures are low-cost, thermally and chemically stable They are usually prepared through various plasma
techniques.>® However, the obtained TiN nanostructures are often attached to substrates, which hampers their further
biological applications. In this study, the TiN NBPs were prepared by a combination of a hydrothermal method and post
nitridation treatment.*' TiO, NBPs were first prepared using a hydrothermal method. The size can be easily adjusted by
changing the ratio of the reactants. They were then subjected to nitridation treatment in a muffle furnace with flowing
ammonia gas at 800 °C for 5 h. The SEM and TEM images of the obtained TiN NBPs are displayed in Figure la. The
prepared TiN NBPs show great uniformity in shape and size. The TiN NBPs have an arc-shaped base at the waist and two
blunt apexes. Three TiN-NBP samples with different sizes were synthesized. Their lengths are 131 + 14, 161 + 7, and
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Figure | Characterization of the TiN NBPs. (a) SEM (upper row) and TEM (lower row) images of the TiN NBPs. (b) Extinction spectra of the TiN NBPs in aqueous
solutions. (c) Temperature rise curves of the carbon NPs (2 mL, extinction value at 1064 nm Ejgg4 = 2, 100 ug mL™") and 274 nm TiN NBPs (2 mL, E ¢4 = 2, 286 pg mL™")
acquired under 1064 nm laser irradiation at different optical powers for 20 min. (d) Variation of the reached plateau temperature with the laser power. The data are
extracted from (c).

274 + 20 nm, with their waist widths being 52 + 5, 72 = 5, and 97 + 7nm, respectively. Their hydrodynamic particle sizes
measured by dynamic light scattering analysis are 154 + 0.2, 237 + 0.4, 295 + 0.3 nm, respectively (Figure S1).
Compared to the NIR-I window, light in the NIR-II window has much deeper tissue penetration because of less
absorption and scattering of light by tissues and blood.** Light with wavelengths in the range of 1000—1100 nm is believed
to have maximal penetration depth. Common photothermal agents such as Au nanorods** and CuS NPs'” are only responsive
in the NIR-I window so far. The localized surface plasmon resonance (LSPR) of TiN nanostructures is easily tunable in the
optically transparent window in biology,** which is essential for PTT applications.** The extinction spectra of the three TiN-
NBP samples are shown in Figure 1b, and their longitudinal plasmon resonance peaks are 1036, 922, and 1040 nm,
respectively. Therefore, the synthesized TiN NBPs can be used as a PTT agent responsive in the NIR-II window.* In
addition, TiN has a rather high melting point (2930 °C), and the TiN NBPs are believed to have high photothermal stability.

Photothermal Conversion Efficiency of the TiN NBPs
The photothermal conversion efficiency of the TiN NBPs was determined under 1064 nm laser irradiation and compared
with the carbon NPs, which do not have any absorption peak in the NIR-II region (Figure S2). Figure lc displays the

13584 "= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=488480.docx
https://www.dovepress.com/get_supplementary_file.php?f=488480.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Xu et al

temperature rise curves of the aqueous carbon NP and TiN NBP solutions under 1064 nm laser irradiation at optical
powers ranging from 0.2 to 0.8 W. The temperature of the solution quickly increases in 15 min and reaches a plateau at
20 min of irradiation. The temperature reached at the plateau increases with the increment of the laser power. The end
temperature of the TiN NBP solution reaches 32.2, 39.5, 48.7, and 55.2 °C at the optical power of 0.2, 0.4, 0.6, and 0.8
W, respectively. In comparison, the end temperature of the carbon NP solution reaches 26.3, 36.1, 41.3, and 47.4 °C,

140

respectively (Figure 1d). A reported theoretical model™ was employed to calculate the photothermal conversion

efficiency (#) according to the equation below

_ hS(Tend - TO) - Qdiss
I(1 — 10 Froes)

(1

where # is the heat transfer coefficient, and S is the heat-transfer surface area. The A4S value was obtained from Figures lc
and S3. Ty and T.,4 are the temperatures of the carbon NP and TiN NBP solution before and after laser irradiation,
respectively. [ is the laser power, and E7¢g4 is the extinction value of the carbon NP or TiN NBP solution at 1064 nm.
QOuiss 18 the heat dissipated from light absorbed by the solvent and the container. According to the equation above, the
photothermal conversion efficiency of the TiN NBPs and carbon NPs were determined to be (93.7 = 0.4)% and (80.4 +
1.7)% under 1064 nm laser irradiation, respectively.

Cytotoxicity and Cellular Uptake of the TiN NBPs

The cytotoxicity and cellular uptake of the TiN NBPs were studied in murine mammary carcinoma 4T1 and macrophage
RAW 264.7 cells. The cell viability was determined by MTT assay. The TiN NBPs show no clear cytotoxicity in both
4T1 (Figure 2a) and RAW 264.7 cells (Figure S4a). The viability of the cells after the treatment with the TiN NBPs (125
ng mL™") remains ~80%. These results indicate that the TiN NBPs have good biocompatibility.

The biomedical applications of nanomaterials are largely dependent on their intracellular distribution. The nanopar-
ticle size is one of the key factors affecting their cellular uptake.*® The effect of the size on the cellular uptake for the TiN
NBPs was thus evaluated. Among the three samples, the largest TIN NBPs (274 nm) display a higher cellular uptake
efficiency in both 4T1 (Figure 2b) and RAW 264.7 cells (Figure S4b). The TiN NBPs with the size of 274 nm were
therefore further used in our experiments.

PTT in vitro

In recent years, PTT agents responsive in NIR-II have attracted much attention in cancer therapy. However, the low light-
to-heat conversion efficiency is still a barrier for these PTT agents for further applications. The high photothermal
conversion efficiency of the TiN NBPs shown above motivated us to carry out in vitro PTT studies with the TiN NBPs.
For 4T1 cells, 1064 nm laser irradiation in the absence of the TiN NBPs did not affect the viability of the cells. However,
the laser irradiation on the cells in the presence of the TiN NBPs (274 nm, 100 pg mL™") resulted in remarkable
cytotoxicity, which was dependent on the laser power density. The survival rates of the cells declined to (90.6 + 1.9)%,
(64.8 £7.9)%, (39.1 + 8.9)%, and (14.1 + 0.4)% when the laser power densities were 0.24, 0.51, 0.64, and 0.76 W cm 2,
respectively (Figure 2c¢). Calcein-AM staining (Figure 2d) further confirmed this result. The live cells were stained with
green fluorescence. When the cells were subjected to laser irradiation at a power density of 0.51 and 0.64 W cm 2, most
cells were observed to become round or dead. Nearly all the cells were ablated after the laser irradiation at 0.76 W cm 2
for 5 min.

TiN NBPs for SLN Mapping

The size of nanoparticles is one of the critical parameters determining the diffusion rate through the interstitium, draining
in the lymphatic system, and uptake by LNs.?® Small NPs are usually accepted to be drained more in LNs, while larger
particles prolong the retention in LNs.?” The long retention of the SLN tracer is believed to provide a suitable surgical
time window to meet clinical needs.

In the in vivo study, the TiN NBPs coated with PEG were used. After PEG coating, the PDI of 274 nm TiN NBPs
decreases to 0.25 (below 0.3) from 0.36, indicating PEG coating significantly improves their dispersity and PEG-coated
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Figure 2 Cytotoxicity, cellular uptake, and PTT in 4T cells. (a) Effect of the 274 nm TiN NBPs at different concentrations on the viability of 4T | cells. The 4T cells were
treated with 274 nm TiN NBPs (0—125 ug mL™") for 48 h, MTT assay was performed to determine the cell viability. (b) Cellular uptake of the TiN NBPs in 4T | cells. The 4T
cells were treated with TiN NBPs with different sizes (131, 161, and 274 nm) and concentrations (50 and 100 pg mL™") for 24 h, the intracellular distribution of TiN NBPs
was observed under a microscope. (c) Cell viabilities of 4T| cells upon PTT at different optical power densities. (d) Calcein-AM staining of the cells treated by PTT at
different optical power densities as in (c). The 4T1 cells were treated with 274 nm TiN NBPs (100 ug mL ") for 24 h, followed by exposure to 1064 nm laser irradiation at
different optical power densities (0-0.76 W cm2). After 24 h incubation, MTT assay and calcein-AM staining were performed separately to determine the cell viability and
live cells. The data shown represent the mean + SEM. n = 3.

TiN NBPs are monodisperse. For SLN mapping, we found that the TiN NBPs readily drained into the SLNs when they
were locally injected around the primary tumor.'* The SLNs were stained with black color. This phenomenon is similar
to that of the carbon NPs used clinically. The effect of the size of the TiN NBPs on LN tracing was examined first. Mice
were subcutaneously injected into the right hindfoot paws with the TiN NBPs (50 pL, 100 pg mL ") of different sizes.
The mice were sacrificed after 24 h, and their popliteal LNs were dissected. As shown in Figure 3a, the popliteal LNs
were stained with black color by the TiN NBPs. Further H&E staining of the section slices indicated that most TiN NBPs
were accumulated at the subcapsular sinus (Figure 3b) where cancer cells initially accumulated during lymphatic
metastasis.”” Among the three samples, the largest TIN NBPs with the size of 274 nm showed the most accumulation
in the LNs (Figure 3a and b), and some particles even diffused toward the cortex of the LNs (Figure 3b).

We also harvested the major organs (heart, liver, spleen, lung, and kidney) from the mice and performed H&E
staining on the section slices to study the biocompatibility of the TiN NBPs. As shown in Figure S5, there is no
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Figure 3 Size-dependent SLN mapping with TiN NBPs. (a) TiN NBPs (50 mg kgf') with lengths of 131 nm, 161 nm, and 274 nm were injected into the hindfoot paws of the
mice. The mice were then sacrificed 24 h later, and the popliteal LNs were dissected and photographed. (b) H&E staining of the section slices of the LNs from the mice
treated with the different lengths of TiN NBPs for 24 h. The black TiN NBPs are mainly distributed in the subcapsular sinus of the LNs.

noticeable organ damage or inflammation after the treatment of the TiN NBPs. These results indicate that the
biocompatible TiN NBPs with large sizes are a good candidate tracer for SLN mapping.

TiN NBPs for the Dark-Field Imaging of SLNs

The LSPR of plasmonic nanoparticles enables them as nanoprobes for imaging. Their large scattering cross-sections can
give high signal-to-background ratios for dark-field imaging.*® The image contrast under dark-field microscopy (DFM)
comes from the elastic scattering of light by plasmonic NPs, which generates bright dots on dark-field scattering images.
More importantly, the scattering spectrum is very sensitive to the morphology of nanostructures themselves.*” The NBP
structures exhibit highly polarization-dependent absorption and scattering cross-sections because of their anisotropic
geometry.”® They are a potential contrast agent for dark-field imaging. The TiN NBPs were therefore further explored for
the dark-field imaging of SLNs.

After tracing with either the TiN NBPs or carbon NPs, the popliteal LNs were stained with black color. The two types
of tracers showed a similar performance under bright-field imaging (Figure 4a). However, compared with the carbon-NP-
stained LNs, the LNs stained with the TiN NBPs showed a substantial scattering signal under DFM (Figure 4a). This
result was further confirmed by the observation of the section slices of the LNs under DFM (Figure 4b). A large number
of bright dots were observed in the slices of the LNs stained with the TiN NBPs under DFM. These results indicate that
apart from tracing SLNs with black color, the label-free TiN NBPs can also be used as a contrast agent for the dark-field
imaging of SLNs.

PTT of SLNs in vivo

Removal of LNs invaded by metastatic cells is essential to prevent the spread of cancer cells post-surgery. Several
previous studies have suggested that the PTT ablation of SLNs is able to prevent tumor metastasis.'>'® However, the
LSPR peaks of the photothermal agents used in the previous works lie primarily in the NIR-I region. Compared with
NIR-I light, light in NIR-II exhibits deeper tissue penetration and higher maximal permissible exposure.’’ The TiN NBPs
responsive in NIR-II were therefore used for the PTT ablation of SLNs for the prevention of cancer metastasis in
a lymphatic metastasis model.

The 4T1 cells were subcutaneously injected into the paws of the right hindfeet of the mice. Owing to the enriched
lymphatic vessels in the paws, the tumor cells migrated to the near SLNs in 12 days. The popliteal LNs became swollen
owing to invasion by the metastatic cancer cells. The photothermal ablation of the SLNs was then performed and it was
combined with the surgical removal of the primary tumors to prevent lymphatic metastasis (Figure 5a).
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Figure 4 Dark-field imaging of SLNs with the TiN NBPs. (a) Bright-field and dark-field imaging of SLNs with the carbon NPs or TiN NBPs ex vivo. (b) Dark-field imaging of
the section slices of SLNs. Twenty-four hours after the carbon NPs or TiN NBPs (50 mg kg') were injected to the hindfoot paws of the mice, the mice were sacrificed and
the popliteal LNs were dissected and photographed under both the bright- and dark-field modes. The section slices were also observed under DFM.

The laser irradiation of the SLNs at the power density of 0.76 W ¢cm 2 for 5 min induced a negligible temperature
increase in the control group, while the irradiation at this power density induced a steady increase in temperature. After
5 min irradiation, the temperature of the SLNs reached as high as 56.8 + 1.2 °C (Figure 5b and c). Such a high
temperature is enough to completely ablate the metastatic cancer cells in the SLNs. All mice were sacrificed 22 days after
the treatments, and the popliteal LNs were resected. As shown in Figure 5d and e, PTT significantly reduced the size and
weight of the LNs.

Inhibition of Pulmonary Metastasis Through the PTT Ablation of SLNs

Lung is one of the target organs for cancer metastasis. The resultant pulmonary metastasis is the common reason for the
death of cancer patients. The effect of a combination of PTT ablation of SLNs and surgical resection of primary tumors
on pulmonary metastasis was compared with that of the single treatment. There is no death or significant weight loss for
the mice from each group (Figure S6). All the mice were sacrificed at the end of the treatment, and the lungs were stained
with India ink. The metastatic nodules in the lung showed as white spots (Figure 6a). There were a number of metastatic
nodules in the lungs of the untreated mice, and the weight of the lungs from this group was even the largest among the
four groups (Figure 6b). Surgical resection of the primary tumors was not enough to prevent pulmonary metastasis, as
a number of the nodules were still observed in the lungs. However, the combined treatment of SLN-ablation with PTT
and surgery significantly reduced the number of metastatic nodules (Figure 6a and c¢). H&E staining of the section slices
of the LNs further confirmed this result (Figure 6d).
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Figure 5 PTT of SLNs in vivo. (a) Schematic illustrating the design of the experiment. 4T cells were inoculated subcutaneously into the right hindfoot paws of the mice. The
tumor cells spread into the SLN around the inner knee of the mice in 12 days. The TiN NBPs were intratumorally injected. They migrated into the SLNs through lymphatic
vessels. PTT was then performed by exposing the LNs to the 1064 nm laser. Pulmonary metastasis happened in the mice with resection of primary tumors only. However,
significant less metastatic nodules were observed in the lungs from those with combined surgery and SLN-ablation with PTT. (b) Infra-red thermal images of the LNs
subjected to 1064 nm laser irradiation at 0.76 W c¢m 2 for 5 min. (c) Temperature change curves of the SLNs extracted from (b). (d) Images of the SLNs after various
treatments. The mice were sacrificed 22 days after the treatments and the popliteal LNs were dissected. (e) Weight of the SLNs after each treatment. The data shown
represent the mean * S.EM. n = 5, ¥*P < 0.001.
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Figure 6 Inhibition of pulmonary metastasis through the PTT ablation of SLNSs. (a) Photographs of the entire lungs stained with India ink. The mice were sacrificed at 22 days
after various treatments, and the entire lungs were dissected after the intratracheal injection of Indian ink. The white nodules represent lung metastasis. (b) The number of
metastatic nodules in the lungs estimated from (a). (c) Weight of the lungs for each treatment. (d) H&E staining of the lung slices. The metastatic nodules in the lungs were
indicated with black circles. The data shown represent the mean * S.E.M. n = 3, **P < 0.001, *P < 0.05.

Conclusions

In summary, TiN NBPs as a new type of tracer of SLNs have been demonstrated for SLN mapping. The accumulation of
the TiN NBPs in the SLNs is dependent on their size. The TiN NBPs with a size of 274 nm show the best drainage in
SLNs. The TiN NBPs enable both black staining and dark-field imaging of SLNs. Furthermore, the TiN NBP-based
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photothermal ablation of metastatic SLNs combined with surgical removal of primary tumors demonstrate remarkable

inhibition of pulmonary metastasis. This multifunctional platform offers great potential for both multimodal mapping and

therapy of lymph node metastasis in the future.
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