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A B S T R A C T

Phototheranostics, relying on energy conversions of fluorophores upon excitation, integrating diagnostic fluo-
rescence imaging and photo-driven therapy, represents a promising strategy for cancer precision medicine.
Compared with the first near-infrared biological window (NIR-I), fluorophores imaged in the second window
(NIR-II, 1000–1700 nm) exhibit a higher temporal and spatial resolution and tissue penetration depth. Poly-
methine cyanine-based dye IR1061 is a typical NIR-II small-molecule organic fluorophore, but its low water
solubility and short circulation time limiting its biological applications. Therefore, human serum albumin (HSA)
nanoparticles with great biocompatibility and biosafety were employed to fabricate hydrophobic IR1061, which
exhibited red-shifted absorption band as typical for J-aggregates. Moreover, IR1061@HSA nanoparticles can be
successfully used for NIR-II imaging to noninvasively visualize the tumor vascular networks, as well as real-time
intraoperative image-guided tumor resection. Interestingly, benefiting from the high photothermal conversion
efficiency brought by J-aggregates, IR1061@HSA nanoparticles were also explored for photothermal therapy
(PTT) and cause efficient thermal ablation of tumors. Overall, IR1061@HSA, as a novel J-aggregates albumin-
based NIR II dye nanoparticle with high biocompatibility, provides an integrated versatile platform for cancer
phototheranostics with promising clinical translation prospects.
1. Introduction

Cancer is the leading cause of death, and the global burden of cancer
morbidity and mortality is growing rapidly [1]. The development of
effective cancer diagnostic and therapeutic tools is urgently required. An
exciting area of combining diagnosis and treatment of cancer into a single
theranostic platform has attracted tremendous attention [2]. Photo-
theranostics, relying on energy conversions of fluorophores upon exci-
tation, integrating diagnostic fluorescence imaging (FLI) and
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photodynamic and/or photothermal therapy (PDT, PTT), represents a
promising strategy in early diagnosis and precision treatment of cancers
[3,4]. FLI for surgical navigation can reliably assist for the tumor resec-
tion in real-time, and further photo-driven therapy enables ablation of
potentially invisible lesions. Therefore, the development of ideal fluo-
rophores is critical for cancer phototheranostics.

Small-molecule organic fluorophores with great biocompatibility
have proven to be attractive candidates for clinical phototheranostics [5].
Compared with the first near-infrared biological window (NIR-I),
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fluorophores imaged in the second window (NIR-II, 1000–1700 nm)
exhibit a higher temporal and spatial resolution and tissue penetration
depth [6–11]. Polymethine cyanine-based dye IR1061 (λem ¼ 1061 nm
in methylene chloride) is a typical small-molecule organic fluorophore
whose emission wavelength is in the NIR-II window, which is composed
of two heterocyclic terminal groups connected by the polymethine linker
[12]. Although it is commercially available, low water solubility and
short circulation time limiting its biological applications [13]. In order to
improve its biomedical applications, the hydrophobic dye has been
fabricated into a variety of platforms such as polymers [14,15], lipid [16]
and nanoprobe [17,18] for in vivo imaging or therapeutic applications.
However, many crucial hurdles including biological safety and
complexity of production and formulation remain to be resolved, to
render IR1061 based agents clinical translatable.

Human serum albumin (HSA) is a plasma protein rich in human body.
Due to its obvious advantages such as high biocompatibility, high sta-
bility and ease of preparation, it plays an important role as a multi-
functional drug nanocarrier [19–21]. Moreover, HSA can accumulate in
tumor interstitium and be taken up by tumor cells through micro-
pinocytosis [22]. In addition, compared to free HSA, due to longer life-
time in blood circulation, the enhanced permeability and retention effect
(EPR) and secreted protein acidic and rich in cysteine (SPARC) [23],
appropriately sized HSA nanoparticles tend to accumulate in the tumor
more efficiently [19]. All these findings have motivated scientists to
extensively explore HSA as a drug carrier for cancer imaging or therapy
[24,25]. Although HSA has been used to form complexes with hydro-
philic organic dyes to increase the brightness by restricting the intra-
molecular rotation of the fluorophore [26–28], it is not suitable for
hydrophobic dyes. Based on the strategy of albumin-based drug carriers
for poorly water-soluble drugs [29–31], HSA nanoparticles are assumed
to be a novel way to fabricate hydrophobic IR1061 to improve the
feasibility of clinical translation, thereby exploiting its advantages in
cancer theranostics.

Herein, a novel albumin-NIR II dye nanoparticles IR1061@HSA was
constructed, which was supposed to be effectively used for tumor NIR-II
imaging and intraoperative NIR-II image-guided tumor resection.
Furthermore, benefiting from the high photothermal conversion effi-
ciency brought by J-aggregates of IR1061 arranged in the nanoparticles,
IR1061@HSA nanoparticles were also investigated for application in
PTT, which uses NIR-absorbing photothermal substance to convert NIR
light into heat for tumor ablation [19,32,33]. Overall, a multifunctional
NIR-II cancer phototheranostic platform was constructed from
HSA-based nanoparticles (Scheme 1), which may expand the anticancer
arsenal and holds promise for cancer theranostics.
Scheme 1. Schematic illustration of IR1061@HSA nanoparticles for tumor biom
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2. Material and methods

2.1. Materials

HSAwas purchased from EMDMillipore (Billerica, MA, USA). IR1061
dye and methanol were purchased from Sigma-Aldrich (St. Louis., MO,
USA). All reagents and solvents were of analytical grade and used
without further purification.

2.2. Synthesis of IR1061@HSA nanoparticles and molecular modeling

IR1061@HSA nanoparticles were prepared using the desolvation and
thermal denaturation method [34–36]. Briefly, IR1061 (0.15 mg) was
first dispersed in 3 mL of methanol. The solution was then added drop-
wise to 26.4 mg HSA dispersed in 3 mL of DI water with stirring at room
temperature. Subsequently, denaturation by heating was employed. The
obtained mixture was heated at temperature 80 �C for 2 h. The reactant
was transferred into centrifuge tubes and dried in a vacuum centrifuge
concentrator (Jiaimu CV200, Beijing, China). The nanoparticles were
then redispersed in an ultrasonication bath [37]. The concentration of
IR1061@ HSA nanoparticles was based on IR1061.

The absorbance of the IR1061 in methanol at various concentrations
was measured and used to fit the equation of concentration and absor-
bance. Since IR1061 is insoluble in the water, the unloaded IR1061 in
dispersions was extracted with dichloromethane and then dissolved in
the methanol after evaporation of the solvent. The absorbance of the
extracted IR1061 was obtained, and the amount was calculated accord-
ing to the acquired equation. Finally, the IR1061 encapsulation efficiency
was calculated [16].

IR1061 and the crystal structure of HSA was first prepared using
Sybyl-X software (Tripos Inc., MO, USA). A Surflex Dock package was
utilized for molecular docking, the parameters were as follows: addi-
tional starting conformation per molecule, 20; max conformation per
fragment, 20; Angstroms to expand search grid, 6; max number of
rotatable bonds per molecule, 100.

2.3. Characterization and photostability of IR1061@HSA nanoparticles

The morphology of IR1061@HSA nanoparticles were analyzed by
using a JEM-2100 transmission electron microscope (JEOL Ltd, Tokyo,
Japan) with an acceleration voltage of 200 kV. The zeta potential and the
hydrodynamic particle size distribution of IR1061@HSA nanoparticles
were determined using a Malvern Mastersizer 2000 (Malvern In-
struments Ltd, Malvern, UK). Absorbance spectra of IR1061 in methanol
edical imaging including surgical navigation in the NIR-II window and PTT.
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and IR1061@HSA nanoparticles dispersed in aqueous solutions were
recorded on an ultraviolet-visible-NIR UV-3101PC spectrometer (Shi-
madzu, Kyoto, Japan). The NIR-II fluorescence spectra were collected on
an in-house built system consisting of a cuvette holder (Thorlabs,
Newton, NJ, USA) for micro andmacro cuvettes, a SMA905 fiber adapter,
an 808 nm laser (Changchun Laser Technology, Changchun, China), two
plano-convex lens (Thorlabs), a long-pass filter (Thorlabs), a bandpass
filter (Thorlabs), and a NIR spectrometer (Ocean Optics, Dunedin, FL,
USA) covering 900–1700 nm.

The NIR-II fluorescence quantum yield of the IR1061@HSA nano-
particles was measured following the procedure described previously
[38]. Briefly, IR26 was used as a reference fluorophore (QY ¼ 0.5%).
Different concentrations of IR26 solutions and IR1061@HSA nano-
particles dispersions with an OD < 0.1 at 808 nm were prepared, and
then the absorbance at 808 nm and the fluorescent intensity values were
measured. The quantum yield was calculated according to the previously
reported equation [38].

To investigate the photostability of IR1061@HSA nanoparticles in an
aqueous solution, the fluorescence intensity of IR1061@HSA nano-
particles (400 μM, 500 μL) in DI water were measured when exposed to
continuous illumination at 808 nm (QPC Lasers Inc., Sylmar, CA, USA)
for 60 min. To prepare the photobleaching curves, the data was
normalized by dividing the fluorescence intensity of each time point by
the fluorescence intensity at t ¼ 0.

2.4. Photothermal effects of IR1061@HSA nanoparticles

The photothermal therapy experiments were conducted using an 808
nm laser. The thermal images and temperatures were recorded every
minute using an infrared thermal imager (FLIR, Nashua, NH, USA). The
808 nm laser (1 W/cm2) was used to irradiate the aqueous solution of
IR1061@HSA nanoparticles at different concentrations (400, 200, 100,
50, and 20 μM) for 15 min. PBS was used as a control.

For anti-photobleaching studies, the temperatures of the sample so-
lutions were collected during three heating and cooling cycles. In the
cycle, the temperature change of IR1061@HSA nanoparticle dispersion
was recorded over time until the solution reaches the steady-state tem-
perature under the continuous laser irradiation (808 nm, 1 W/cm2), then
turn off the laser until the temperature naturally reaches ambient tem-
perature. Three irradiation cycles were performed to study the photo-
thermal stability of the IR1061@HSA nanoparticles (400 μM).

The photothermal conversion efficiency (PCE) was determined by
recording the temperature change of the IR1061@HSA nanoparticles
dispersions under the continuous laser irradiation (808 nm, 1W/cm2) for
10 min, the laser was then turned off until the temperature reached the
ambient temperature. The PCE was calculated according to previously
reported equation [39].

2.5. Biocompatibility and cytotoxicity experiments in vitro

Human bone osteosarcoma (143B) and mouse embryonic fibroblasts
(NIH-3T3) cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco's
modified Eagle medium (DMEM) containing 10% FBS, 100 IU/mL
penicillin, 100 μg/mL streptomycin at 37 �C with 5% CO2 atmosphere.

The potential cytotoxicity of IR1061@HSA nanoparticles on NIH3T3
and 143B cells was assessed using a standard MTT (Sigma-Aldrich, St.
Louis., MO, USA) assay. NIH3T3 or 143B cells (1 � 104 cells per well)
were first seeded in 96-well plates and incubated for 24 h. The medium
was then replaced with medium containing IR1061@HSA nanoparticles
at different concentrations (0, 10, 20, 40, and 80 μM). After 24 h, the
MTT (10 μL, 5 mg/mL) solution was added and incubated for 4 h. After
the supernatant was removed, dimethyl sulfoxide (200 μL) was used to
dissolve the crystals. The absorbance was measured at 490 nm using a
microplate reader (Tecan, M€annedorf, Switzerland). The relative cell
viability (%) was calculated using the equation, (Asample/Ablank)� 100%.
3

The experiments were replicated three times.
For photothermal therapy studies, 143B cells seeded in 96-well plates

were incubated with IR1061@HSA nanoparticles at different concen-
trations (0, 10, 20, 40, 60 and 80 μM) for 4 h, and then irradiated with
808 nm laser (1 W/cm2) for 5 min per well. The control group was
incubated with IR1061@HSA nanoparticles at the same concentrations
without laser irradiation. After removing the medium, the plate was
washed with PBS. Then, perform the standard MTT method to measure
cell viability, as above. The experiments were replicated three times.

2.6. In vivo animal NIR-II imaging

All animal experiments were performed under the approval of Stan-
ford University's Administrative Panel on Laboratory Animal Care. Six-
week-old female BALB/c nude mice were used in all imaging studies
and housed at the Research Animal Facility under our approved animal
protocols. Approximately 2 � 106 143B cells in DMEM media (no FBS)
were hypodermically injected into the left shoulder of the nude mice. All
the 143B osteosarcoma tumor-bearing mice were anesthetized before
imaging. For vascular system and tumor imaging, IR1061@HSA nano-
particles (100 μL, 400 μM) and PBS (100 μL) were mixed and then
intravenously injected with the mice in the supine position under
anesthesia.

All NIR-II images were captured on a two-dimensional InGaAs array
NIR-II system (Princeton Instruments, Trenton, NJ, USA). Fluorescence
emission was collected with 1000 nm or >1000 nm long-pass filters
(Thorlabs) under excitation provided by an 808 nm diode laser.

2.7. NIR-II image-guided PTT in vivo

To evaluate the photothermal effect of the IR1061@HSA nano-
particles in vivo, the 143B osteosarcoma tumor-bearing mice (n¼ 5) were
intravenously injected with PBS mixed IR1061@HSA nanoparticles (200
μM, 200 μL) or PBS (200 μL). After 4 h, the mice were then irradiated
with 808 nm wavelength laser (1 W/cm2, 5 min). The temperature
changes and IR images were recorded at different time points in 5 min
using an infrared thermal imager. The tumor size and body weight were
recorded each day. Using the equation to calculate the tumor volume:
tumor volume ¼ width2 � length/2. All mice were sacrificed on day 15
after PTT, and the tumor tissues were excised for further analysis.

2.8. H&E staining

The harvested major organs and tumor tissues were fixed with 4%
paraformaldehyde overnight. Then, these organs and tissues were
embedded in optimal cutting temperature compound, cut into 5 μm slices
with a microtome in the cryostat at �20 �C, and then transferred onto
microscope slides for H&E staining (Solarbio, Beijing, China). The
stained sections were imaged (Olympus, Tokyo, Japan).

2.9. Statistical analysis

The fluorescence measurement was performed to quantify the NIR-II
fluorescence signal intensity using the ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA). The line graphs and Gaussian-
fitted full width at half maximum (FWHM) were analyzed with Origin
8.5 (OriginLab Corporation, Northampton, MA, USA) and GraphPad
Prism 6 (GraphPad Software, San Diego, CA, USA).

3. Results and discussion

3.1. Synthesis of IR1061@HSA nanoparticles and molecular modeling

IR1061 was first dissolved in methanol, and then it was added to an
equal volume of HSA aqueous solution with an IR1061 to HSA molar
ratio of 1:2. Heating time was explored at 80 �C, and 2 h was determined



B. Du et al. Materials Today Bio 16 (2022) 100366
to be the optimum time (Fig. S1). Sybyl-X software docking results
showed that IR1061 binds to subdomain IIA of HSA (Fig. S2a). IR1061
was much closer to hydrophobic residues of HSA (Fig. S2b). Hence,
IR1061 was enclosed in the center of the nanoparticles, while the hy-
drophilic parts were exposed the outside. The encapsulation efficiency of
IR1061@HSA nanoparticles was 96.33%. To achieve large-scale pro-
duction of IR1061@HSA nanoparticles for future clinical translation,
nanoparticle albumin-bound (nab) technology, an industrially applicable
preparationmethod for the production of albumin-based drug carriers for
poorly water-soluble drugs, can be employed [29–31].
Fig. 1. Characteristics of IR1061@HSA nanoparticles. (a) Morphology and size of
dynamic size of IR1061@HSA nanoparticles measured by dynamic light scattering. (c
DI water. (d) Fluorescence emission spectrum of IR1061 in methanol and IR1061@
perature changes of IR1061@HSA nanoparticles at various concentrations (808 nm,
IR1061@HSA nanoparticles during three cycles of heating-cooling (400 μM, 808 nm

4

3.2. Characterization of IR1061@HSA nanoparticles

The morphology of the IR1061@HSA nanoparticles was observed by
transmission electron microscopy (TEM), as shown in Fig. 1a. The
nanoparticles were uniformly dispersed in an aqueous solution with a
diameter of 11–16 nm and a smooth surface in the TEM image. The
hydrodynamic particle size distribution of IR1061@HSA nanoparticles
was about 50 nm (Fig. 1b) with good stability (Fig. S3a). The zeta po-
tential was about �44.7. Methanol used as a desolvent can produce very
small spherical HSA nanoparticles. The particle size mainly depended on
the amount of desolvating agent added [40]. The heat denaturation
IR1061@HSA nanoparticles determined by TEM. Scale bar: 50 nm. (b) Hydro-
) Absorption spectrum of IR1061 in methanol and IR1061@HSA nanoparticles in
HSA nanoparticles in DI water after excitation with an 808 nm laser. (e) Tem-
1 W/cm2) in DI water. (f) Reliability of the photothermal conversion effect of
, 1 W/cm2).



B. Du et al. Materials Today Bio 16 (2022) 100366
influenced the stability of the nanoparticles and the number of amino
groups on the surface of the nanoparticles [41].

The absorption curve and fluorescent emission spectra of
Fig. 3. NIR-II imaging of osteosarcoma with IR1061@HSA nanoparticles. (a) NIR-II i
taken at multiple time points from 1 h to 64 h after intravenously injection of IR1061
and tumor-to-background ratios based on images shown in (a).

Fig. 2. NIR-II imaging blood supply network of the tumor. (a–c) NIR-II fluorescence
mice in a lateral position after injection of IR1061@HSA nanoparticles. (d–f) FWHM v
based on the cross-sectional intensity profiles. Scale bar: 5 mm. (For interpretation o
version of this article.)

5

IR1061@HSA nanoparticles in deionized (DI) water were also assessed.
The free IR1061 dye in methanol exhibited a strong peak at 1039 nm
with a shoulder of 931 nm, while the nanoparticles exhibited a broader
mages (1000 ms, 1000 LP) of 143B osteosarcoma tumor-bearing nude mice were
@HSA nanoparticles. (b) Time-signal intensity curve of the tumor, background,

images were taken from multiple angles with 143B osteosarcoma tumor-bearing
alues and SNRs of the tumor blood vessels (a red dash line in a-c) were analyzed
f the references to color in this figure legend, the reader is referred to the Web
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spectrum with absorbance peaks at 896 nm and 1060 nm (Fig. 1c). The
emission of IR1061@HSA nanoparticles showed a blue-shift in the NIR-II
window, compared with free IR1061 in methanol (Fig. 1d). The quantum
yield of the IR1061@HSA nanoparticles was 1.15%. The altered ab-
sorption and emission spectrum indicating that the arrangement of
IR1061 was transformed into the orderly J-aggregate form in nano-
particles [42–44]. Red-shift is primarily governed by short-range orbital
interactions among IR1061 [45]. In addition to serving as an approach to
prepare biocompatible NIR-II fluorophores [44], J-aggregates can also
bring striking photothermal performance with favorable photostability
and high conversion efficiency [46]. The IR1061@HSA nanoparticles in
DI water exhibited excellent photostability when exposed to the 808 nm
laser (Fig. S3b). Excellent photostability guarantees the potential of the
IR1061@HSA nanoparticles for NIR-II bioimaging as well as other bio-
logical application.

Using HSA as the dye carrier, complexes were reported from our
group on tailoring albumin with sulfonated NIR-II organic dyes (CH-4T)
to dramatically increase fluorescence by 110-fold, resulting in molecular
fluorophores with excellent quantum yield for NIR II imaging [27]. The
fluorescence of NIR-I organic dye (IR820) complexes increased by an
amazing 21 times, broadening its application in NIR-II imaging [26].
Herein, novel albumin-NIR-II dye nanoparticles IR1061@HSA that sat-
isfies the essential characteristics seem to be qualified for NIR-II imaging.
3.3. Photothermal effects of IR1061@HSA nanoparticles in vitro

To verify the photothermal effect of IR1061@HSA nanoparticles,
6

IR1061@HSA nanoparticles dispersions at different concentrations were
exposed to 808 nm wavelength laser irradiation at a power density of 1
W/cm2 for 15 min. As shown in Fig. 1e, only a slight temperature in-
crease to 36 �C for PBS was seen, while the temperature of IR1061@HSA
nanoparticles rose to 45–70 �C within 15 min for concentrations from 50
to 400 μM, which were sufficed for tumor photothermal treatment.
Moreover, the photothermal conversion effect of the IR1061@HSA
nanoparticles remained nearly unchanged with multiple times laser ir-
radiations (Fig. 1f). Based on the temperature curve (Fig. S4), the
calculated PCE was 51.89%. These characteristics indicate that
IR1061@HSA nanoparticle is also a promising PTT nanoagent.
3.4. Biocompatibility and cytotoxicity experiments in vitro

To study the potential cytotoxicity of IR1061@HSA nanoparticles,
standard cell viability assays were carried out. A cell viability test with
NIH-3T3 and 143B tumor cell revealed no obvious cytotoxicity of
IR1061@HSA nanoparticles, even at high HSA concentrations up to 80
μM (Fig. S5a). Next, using the tumor cells incubated with only
IR1061@HSA nanoparticles as the control group, the viabilities of cells
with IR1061@HSA nanoparticles combined with NIR laser treatment
(808 nm, 1 W/cm2, 5 min) were studied. As shown in Fig. S5b, as the
concentration of IR1061@HSA nanoparticles increased, the cell viability
of the control group remained mostly unchanged, while the viability of
cells treated with nanoparticles and the laser gradually decreased. The
cell viabilities of nanoparticles with laser treatment group started to
decline at the nanoparticles concentration of 40 μM. These results
Fig. 4. NIR-II image-guided tumor surgery
and biodistribution of IR1061@HSA nano-
particles in vivo. (a) Series images of the
entire surgical process under NIR-II imaging
10 h after IR1061@HSA nanoparticle injec-
tion of 143B osteosarcoma tumor-bearing
mice, including skin opening, tumor expo-
sure, partial tumor resection, and residual
tumor removal (1000 ms, 1000 LP). (b) Ex
vivo NIR-II images (1000 ms, 1000 LP) of
dissected tumors and major organs (heart,
lung, liver, spleen, kidney, stomach, intes-
tine, bone, and muscle). (c) Semiquantitative
analysis of the distribution of IR1061@HSA
nanoparticles according to the fluorescence
intensity.
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demonstrated that IR1061@HSA nanoparticles display high toxicity to
tumor cells when exposed to NIR irradiation.

3.5. NIR-II imaging for assessment blood supply network of the tumor

In order to visualize the blood supply system within the tumor,
IR1061@HSA nanoparticles were intravenously injected into the 143B
osteosarcoma tumor-bearing nude mice (n ¼ 3), and NIR-II images were
taken to observe the main blood vessels and its accompanying branch of
the tumor from multiple angles (Fig. 2a–c). The resolutions of the
thickened and twisted tumor blood vessels were quantitatively analyzed
using the SNR and FWHM, which ranged from 1.55 to 2.81 and from 442
μm to 578 μm (Fig. 2d–f). The observed tumor blood supply system in the
NIR-II images demonstrated that IR1061@HSA nanoparticles fluores-
cence imaging is a promising tool for visual monitoring of tumor blood
vessels with high temporal and spatial resolution [26]. The NIR-II im-
aging provides us with more information about tumor-feeding arteries
and enables us to perform effective selective intra-arterial chemotherapy
or embolization [47].

3.6. NIR-II imaging of the tumors using the IR1061@HSA nanoparticles

The feasibility of using IR1061@HSA nanoparticles for NIR-II imag-
ing of tumors was studied in nude mice carrying 143B osteosarcoma
tumors (n ¼ 3). NIR-II imaging was performed at different time points
from 1 h to 64 h after injection of IR1061@HSA nanoparticles. The tu-
mors were clearly depicted under NIR II imaging (Fig. 3a). The tumor-to-
background (T/B) ratios of the tumor images were analyzed, in which
fluorescence intensity of the hip site was used as the background signal.
The T/B ratio kept increasing (6.5) up to 64 h (Fig. 3b). The EPR effect
and SPARC is believed to be responsible for the accumulation of
IR1061@HSA nanoparticles in the tumors. As we can see from the im-
ages, the nanoparticles cleared slowly from the liver and spleen mono-
nuclear phagocytic system, future work is required to improve the
specificity and rapid clearance of this material. Since HSA has been
Fig. 5. In vivo NIR PTT of IR1061@HSA nanoparticles (a) Thermal images of 143B os
at different illuminating times. (b, c) Temperature and its change (△T) of the tumo
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widely used as a drug delivery vehicle, the NIR-II imaging multifunc-
tional platform based on HSA has broad prospects, especially in image-
guided surgery.

3.7. NIR-II image-guided tumor surgery using IR1061@HSA nanoparticles

After the tumors were clearly displayed with IR1061@HSA nano-
particles, the 143B osteosarcoma tumor-bearing nude mice (n ¼ 3) were
subjected to tumor resection under the guidance of NIR-II imaging.
Under the real-time NIR-II imaging, multiple resections were performed,
and the tumor was completely removed. NIR-II imaging shows no re-
sidual tumor (Fig. 4a). Ex vivo NIR II imaging was performed on the
dissected tumors and organs to further evaluate the biodistribution of
IR1061@HSA nanoparticles (Fig. 4b). In addition to the high NIR-II
fluorescence intensity shown in tumors, a large number of nano-
particles were also found in the liver and spleen, indicating the possible
excretion pathways of the nanoparticles (Fig. 4c). Real-time intra-
operative guidance using fluorescence imaging is essential for safe and
complete tumor surgery [48]. By using IR1061@HSA nanoparticles,
NIR-II imaging allowed us to specifically detect osteosarcoma tumors and
further demonstrated the feasibility of real-time imaging-guided tumor
resection.

3.8. In vivo NIR PTT of IR1061@HSA nanoparticles

In order to evaluate the photothermal effect of IR1061@HSA nano-
particles in vivo, 143B osteosarcoma tumor-bearing mice (n ¼ 3) were
exposed to 808 nm wavelength laser irradiation (1 W/cm2) for 5 min 4 h
after intravenously injection of nanoparticles. A visual IR thermometer
was used to record the temperature changes of tumor-bearing mice
treated with IR1061@HSA nanoparticles or PBS. As shown in Fig. 5a,
after laser irradiation, the temperature in the tumor increased greatly
with the irradiation time. In the IR1061@HSA nanoparticles group, the
temperature rose and reached near 53 �C with an increase of 18 �C after
laser irradiation for 5 min. On the other hand, an increase of only 5 �C up
teosarcoma tumor-bearing mice treated with IR1061@HSA nanoparticles or PBS
r in the control and experimental group.
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to 40 �C in the PBS group (Fig. 5b and c). These results indicated that
IR1061@HSA nanoparticles produce thermal effect to ensure it to be a
promising photothermal agent in vivo.

3.9. PTT efficacy of IR1061@HSA nanoparticles in vivo

In order to evaluate the phototherapy efficacy of IR1061@HSA
nanoparticles in vivo, an anti-tumor studies were conducted. When the
tumor diameters reached ~1 cm, 143B osteosarcoma tumor-bearing
mice (n ¼ 5) were intravenously injected with IR1061@HSA nano-
particles or PBS. As shown in Fig. 6a, after 808 nm wavelength laser
irradiation, the tumors of mice treated with IR1061@HSA nanoparticles
decline significantly and almost disappear on the 15th day. The scar
tissues gradually healed during those days. However, in the other three
groups (PBS, PBS plus laser, and IR1061@HSA nanoparticles only), the
volumes of tumors greatly increased on day 15 compared with the
baseline (Fig. 6c). There was no significant change in body weight among
groups (Fig. 6b). These results demonstrated that IR1061@HSA nano-
particles exhibit phototherapeutic efficacy in suppressing tumor growth.
Fig. 6. PTT efficacy of IR1061@HSA nanoparticles in vivo. (a) Photographs of 143B
body weight change and tumor growth of mice over time in different treatment gro
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No abnormality was found in the stained images of major organ slices
with Hematoxylin and eosin (Fig. S6). IR1061@HSA nanoparticles irra-
diated with lower laser energy of 1 W/cm2 were sufficient for PTT.
IR1061@HSA nanoparticles were proven to have a strong photothermal
conversion effect. The optimized NIR-II image-guided PTT completely
cured the 143B osteosarcoma tumor-bearing mice. IR1061@HSA nano-
particles showed broad prospects in tumor PTT guided by NIR-II fluo-
rescence images, especially in phototheranostics for osteosarcoma. As
IR1061 has the NIR-II absorption spectrum, so it has the potential for
deep tumor photothermal treatment with 1064 nm laser [49].

Last and most important, the first-in-human study of NIR-II imaging
in patients demonstrated the feasibility of intraoperative NIR-II image-
guided surgery in the clinic practice [50]. In addition, the clinical use of
nab-paclitaxel proved the great potential of albumin-based nab tech-
nology [30]. Overall, the success of these NIR-II technologies and
nanomedicines ensures the clinical application prospects of the
albumin-NIR II dye IR1061@ HSA nanoparticles, making it a versatile
cancer phototheranostics platform.
osteosarcoma tumor-bearing mice in different treatment groups. (b, c) Curves of
ups.
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4. Conclusions

The novel J-aggregates IR1061@HSA nanoparticles have been suc-
cessfully developed and effectively used for in vivo NIR-II imaging to
noninvasively visualize andmonitor the tumor vascular networks, as well
as real-time NIR-II image-guided intraoperative tumor resection. More-
over, IR1061@HSA nanoparticles have a strong photothermal conver-
sion effect and could thus be an ideal photothermal agent for cancer PTT.
Overall, IR1061@HSA, as an albumin-based NIR II dye nanoparticle with
high biocompatibility, provides an integrated versatile platform for
cancer phototheranostics with promising clinical translation prospects.
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