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Background: Laryngeal cancer is the second most common type of primary epithelial
malignant tumor in the head and neck region, and the development of therapies that are
more precise, efficient, and safe is necessary to preserve patient speech and swallowing
functions as much as possible. Multi-modal imaging-guided photothermal therapy (PTT) can
precisely delineate tumors, monitor the real-time accumulation of photothermal agents at the
tumor site, accurately select the optimal region for irradiation, and predict the best time for
laser treatment. Compared with exogeneous photothermal agents, endogenous melanin
materials have better biosafety in vivo, in terms of native biocompatibility and biodegrad-
ability, as well as good near-infrared (NIR) absorbance. An NIR-II dye can be attached to
melanin via a facile method, and applying a melanin-dye-based nanoprobe could be an
excellent choice for the elimination of superficial laryngeal cancer while avoiding total
laryngectomy.

Methods: In this work, a promising nanoprobe was constructed using a facile EDC/NHS
strategy involving an NIR-II dye and melanin nanoparticles.

Results: The nanoprobe exhibited good water solubility, dispersibility, strong NIR-II fluor-
escence and photoacoustic (PA) signals, and higher photothermal performance. Cellular
studies showed that the nanoprobe had low toxicity, excellent biocompatibility, and signifi-
cantly enhanced imaging properties. After the nanoprobe was intravenously injected into
Hep-2 laryngeal xenografts, superior dual-modal images were obtained at various time
which revealed that the

h. Subsequently, PTT was carried out in vivo, and laryngeal tumors were completely

points, optimal photothermal treatment time was 8
climinated after laser irradiation without any obvious side effects.

Conclusion: These results indicate the immense potential of nanoprobes for the NIR-II
fluorescence/PA imaging-guided photothermal therapy of laryngeal cancer.

Keywords: melanin, small molecular fluorescence dye, NIR-II fluorescence imaging,

photoacoustic imaging, photothermal therapy, laryngeal cancer

Introduction

Fluorescence imaging has received considerable attention in the biomedical field, as
it facilitates real-time and noninvasive detection with higher sensitivity and superior
specificity.! However, the living imaging capacity in the traditional near-infrared-I
(NIR-I, 700-900 nm) has been greatly restricted due to its limited penetration.
A novel fluorescence imaging approach in the second NIR window (NIR-II,
1000-1700 nm) provides deeper tissue penetration (~10 mm), a higher signal-to-
noise ratio, and better spatial resolution than NIR-I because of minimal photon
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scattering and tissue autofluorescence.” Recent studies,
including those regarding the detection of metastatic
lymph nodes,® tumor and vessel imaging,*® and intrao-
perative guidance,”® have shown that biological imaging
advantages significantly

Thus far,
12,13

improves  as
dots,
rare earth-doped nanoparticles,

wavelengths

9-11

increase. quantum carbon

14,15

nanotubes, squar-

1617 semiconducting polymer nanoparticles,'®

aine dyes,
and small-molecule dyes>'®?® have all been actively
used for NIR-II imaging. The recent rapid development
of small molecule dyes, in particular, has led to the use of
effective probes for NIR-II fluorescence bioimaging.
Zhang et al achieved high-resolution dynamic imaging of
vascular changes particular to a model of traumatic brain
injury IR-E1.2!
Osteosarcoma and lung metastasis can also be visualized

using the small-molecule dye,
through two homologous types of small-molecule NIR-II
fluorescent probes.?? Furthermore, previous works by our
research group explored the use of a series of fluorophores
for tumor imaging and imaging-guided therapy.”**

Although small-molecule dyes have high quantum

25-27

yields and good NIR absorbance, their low solubility,

quick clearance, and toxicity restrict their application.'®-*’
In recent years, the rapid development of nanotechnology
has provided potential solutions to the above problems. In
particular, the introduction of a nanocarrier might not only
mitigate the poor water solubility and short circulation
time, but also facilitate the integration of diagnosis and
treatment.”* ' Thus, the exploitation of efficient, modifi-
able, and biologically nano-carriers that can overcome the
defects of small-molecular dyes would be highly beneficial
for developing precise therapies. Compared with exoge-
neous nanocarriers, endogenous biomaterials from living
organisms have better biosafety in vivo. Melanin, an endo-
genous biopolymer that exists in most organisms, has
attracted much attention for biomedical application attri-
buting to its interesting properties, including natural bio-
compatibility and biodegradability, good NIR absorbance,
strong metal ion chelation, anti-oxidant properties, and so
forth.> In our previous work, we synthesized ultrasmall
water-soluble melanin nanoparticles (MNP) that preserve
many of the beneficial properties of natural melanin.>* ¢
Moreover, MNP can be easily modified by facile methods.
CseHaoN4O1,S,  (H2, weight:1091.21),
a hydrophobic organic small molecule-dye, emits strong
NIR-II fluorescence at about 1000 nm and has an NIR
absorbance peak at around 750 nm, but its solubility limits

molecular

biological application. The design and construction of

a nanoprobe based on melanin nanoparticles and the NIR-
I dye H2 wound be extremely useful for image-guided
tumor therapy.

Traditional radiotherapy and chemotherapy for laryn-
geal cancer, which is the second most frequent malignant
tumor of epithelia in the head and neck region, have severe
side effects.”’~® Photothermal therapy (PTT) is a novel
and non-invasive method that uses photo-absorbers to
convert light energy into thermal energy to destroy tumor
cells. PTT is highly specific, great efficiency, easy to
operate, and has few side effects.>*** Especially, imaging-
guided PTT, which can precisely delineate tumor, monitor
the accumulation procedure of nano-agents in the tumor,
select the most appropriate irradiation region, and deter-

33,41-43 there-

mine the optimal timing of laser treatment,
fore, it seems to be the best choice for eliminating
laryngeal cancer without a total laryngectomy. NIR-II
fluorescence imaging has a higher sensitivity and deeper
tissue penetration ability than traditional optical imaging
technique. However, a single-modality imaging technique
usually provides insufficient information. Photoacoustic
imaging (PAI) is an emerging optical imaging method in
which photon energy is absorbed and converted into
then
ultrasound.** It has great potential for noninvasive deep-

acoustic waves, which are detected using
tissue visualization with higher spatial resolution and
stronger optical contrast than conventional optical and
ultrasound imaging method.*> Moreover, through the use
of ultrasound, PA imaging can simultaneously provide
anatomical and molecular imaging in real-time.*
Considering the superior and complementary performance
of NIR-II fluorescence imaging and PAI, integrating the
merits of these two imaging modalities is particularly
appealing when aiming to achieve precise cancer diagnosis
and imaging-guided therapy.*’

In this study, we synthesized a novel nanoprobe,
MNPH2, by combining melanin nanoparticles with a small-
molecule dye, H2, via a one-step EDC/NHS reaction, for the
NIR-II fluorescence/PA imaging-guided PTT of laryngeal
cancer (Figure 1). The solubility and biocompatibility of
H2 significantly improved after it was integrated with
MNP, and H2 endowed MNP with NIR-II fluorescence.
Moreover, the increase of NIR absorbance in MNP also
enhanced the overall performance of PAI and PTT.
Additionally, the nanoprobe displayed good solubility, sta-
bility, biocompatibility, dual-modal imaging, and a strong
photothermal performance. After intravenous injection,

NIR-II fluorescence and PA imaging results indicated that
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Figure | Schematic illustration of the MNPH2 preparation and theranostic application for NIR-Il fluorescence/PA dual-modal imaging-guided PTT of laryngeal carcinoma.

the MNPH2 nanoprobe effectively accumulated at the tumor
site, and the optimal photothermal treatment time was 8
h. Eventually, the tumor was effectively ablated after it
was irradiated with an NIR laser, and no obvious side effects
were seen. Therefore, the MNPH2 nanoprobe has immense
potential for use in NIR-II fluorescence/PA dual-modal
image-guided PTT of laryngeal cancer in vivo.

Materials and Methods

Materials

Melanin, propidium iodide (PI), and calcein acetoxy-
methyl ester (Calcein-AM) were obtained from Sigma-
Aldrich. The NIR-II organic small-molecule dye H2
was supplied from Central China Normal University.
Sodium hydroxide (NaOH) and hydrochloric acid (37
wt% HCI) were bought from Sinopharm Chemical
Reagent Beijing Co., Ltd. Amine-PEG-amine (NH2-
PEG-NH2, 5 kDa) was purchased from Shanghai
Zzbio Co., Ltd. N-hydroxysuccinimide (NHS) and

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide,
hydrochloride (EDC) were obtained from Energy
Chemical (Shanghai, China). N, N’-

dimethylformamide (DMF) was obtained from Alfa
Aesar (Acros, Belgium, France). Triethylamine was
purchased from Shentai chemical reagent co. LTD
(Tianjin, China). Phosphate buffer saline (PBS) and
(DAPI) were gained
from Boster Biological Technology Co., Ltd. CCK-8
purchased from DOJINDO Molecular
Technologies, Inc. (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin, and trypsin solu-

4,6-diamidino-2-phenylindole

kit was

tion were all obtained from Gibco (America).

Preparation and Characterization of
MNPH?2

The water-soluble melanin nanoparticles (MNP) were pre-
pared via ultrasonication, and then were modified by NH,-
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PEGs000-NH, according to the previous work.>*>%** The
hydrophobic NIR-II fluorescence dye H2 with four car-
boxyl groups could be easily conjugated with amine
groups of the PEGylated MNP via the EDC/NHS reaction.
Briefly, H2 (0.4 mg), EDC (2 mg), and NHS (2 mg) were
co-dissolved in DMF (2 mL) and magnetically stirred for 3
h to activate carboxyl groups. Then, the PEGylated MNP
(1 mg/mL) was added in the above mixture solution.
Subsequently, triethylamine was quickly dropped to adjust
the pH to 7-8. The mixture was vigorously stirred at room
temperature overnight. The final product labeled as
MNPH2 was transferred into a 3500D dialysis membrane
against deionized (DI) water for 48 h and concentrated
with an ultrafiltration centrifuge filter (MWCO = 30 kD,
Millipore) at 3500 rpm/min for 10 min to remove the
excess substance.

The chemical binding between the PEGylated MNP
(MNP-PEG) and dye H2 was analyzed by an iS50 Fourier-
transform infrared (FTIR) spectrometer. JEM-2100F trans-
mission electron microscopy (TEM, JEOL, Tokyo, Japan)
was used to characterize the morphology and size of
MNPH2. Hydrodynamic diameter and zeta potential were
measured by a commercial dynamic light scattering spec-
(DLS, Z890;
Instruments, Malvern, UK). The absorption spectra of H2
in DMF, MNP and different concentrations (40, 60, 80,
100 pg/mL) of MNPH2 were determined by a UV—vis—
NIR spectrophotometer (UV-6100; MAPADA
Instruments, Shanghai, China). MNPH2 solutions (20
pL) were separately incubated with 150 pL of PBS, high-

trometers Zetasizer Nano Malvern

glucose DMEM medium, and fetal bovine serum (FBS)
for 48 h to evaluate the physiological stability of MNPH2.

Imaging and Photothermal Performance
of MNPH2

NIR-II fluorescence emission spectrum of MNPH2 trig-
gered by a 785 nm laser beam was measured by an NSI
NanoSpectralyzer (Applied Nano Fluorescence, Houston,
America). The excitation and emission spectra of
MNPH?2 in the UV-vis-NIR-I region were also deter-
mined by a fluorescence spectrometer. The fluorescence
quantum yield (QY) of H2 and MNPH2 were calculated
using IR-1061 in dichloromethane (QY=1.7%) as refer-
ence. In a standard manner, a series of solutions of IR-
1061 in dichloromethane, H2 in THF and MNPH2 in
deionized water were tested and the integrated fluores-
cence was plotted against absorbance for IR-1061, H2

and MNPH2. MNPH2 with various concentrations (200,
100, 50, 25, 12.5, 6.25 pg/mL) were added to Eppendorf
tubes (200 pL) and orderly arranged in an NIR-II
Fluorescence In Vivo Imaging System (Suzhou NIR-
Optics Technological Co., Ltd., Suzhou, China). DI
water was set as a control. After irradiated by an 808
nm built-in laser, the images of NIR-II fluorescence
signals passed through a 1000 nm filter were captured.
PA contrast performances of MNPH2 solutions in differ-
ent concentrations of 400, 200, 100, 50, 25, 12.5, 6.25,
and 0 ug/mL were performed in multispectral optoacous-
tic tomographic platform (MSOT inSight 128, iThera
Medical GmbH, Munich, Germany) under pulse laser
(680-980 nm). After reconstruction and analysis of the
obtained MSOT images, the linear relationship was fitted
by analyzing regions-of-interest of these images.

To assess the photothermal performance, MNPH2
aqueous solutions with various concentrations (200,
100, 50, 25, 12.5, 0 pg/mL) placed into 200 pL tubes
were irradiated by an 808 nm laser at 0.5 W/cm?® for 5
min. Meanwhile, 100 pg/mL of MNPH2 aqueous solu-
tion was irradiated at different laser power densities of
0.25, 0.5, 0.75, and 1.0 W/cm? for 5 min. Thermal
images and temperature changes were monitored every
30 s by an infrared thermal imaging camera (Ti400). To
obtain the heating and cooling curve, the MNPH2 solu-
tion (100 pg/mL) was irradiated with a laser (808 nm,
0.5 W/cm?). When a stable maximum temperature was
reached, the laser was turned off and the solution was
subsequently cooled to room temperature. DI was used
as a control. The photothermal conversion efficiency of
the MNPH2 was calculated as following:*’

_ hS(Tmax - Tvurr) - Qdis _ mC(Tmax - Tsurr) - Qdis
o I(1-1071) (1 — 107

n

(1

The photothermal conversion efficiency 1 can be obtained
from Eq.1. Where “h” is the heat transfer coefficient, “s” is
the surface area of the container. “T,,,” and “Tg,,~ repre-
sent the initial and the highest temperature. “I” is the
power of laser and “A” is the absorbance at 808 nm.
“Qgis” expresses heat dissipated from the light absorbed

[7e ]

by the solvent and container. “m” represents the quality of
MNPH2 solution. “c” is the specific heat capacity of water.

The value of 1; was obtained from Eq.2.

7, = —t/Inf @)
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“0” is the dimensionless driving force and “t” is the
corresponding time. In order to test the photostability of
MNPH2, 100 pg/mL MNPH2 aqueous solution was irra-
diated at an interval of 5 min and sustained six laser on/off
cycling.

Cell Experiments

Cell Culture

The human laryngeal cancer Hep-2 cell line was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Hep-2 cells (human laryn-
geal squamous cell carcinoma) were incubated in high-
glucose DMEM medium containing 10% fetal bovine
serum (FBS) and 1% antibiotics (penicillin-streptomycin)
at 37 °C within in a humidified standard incubator (5%
CO,).

Cytotoxicity Assessments in vitro

The cell viability of MNPH2 was assessed by a standard
CCK-8 kit. Hep-2 cells (1x10* cells per well) were seeded
into 96-well plates overnight until attachment. Then the
cells were co-incubated with 100 pL culture medium con-
taining MNPH2 of various concentrations (800, 400, 200,
100, 50, 25, 12.5, 6.25, 0 ug/mL) for 24 h. Afterward, the
old medium was removed and rinsed with PBS. Finally,
each well was added 100 pL fresh medium containing 10
pL of CCK-8 followed by another 2 h of incubation and
measured the absorbance by an Epoch 2 Microplate reader
(BioTek, Vermont, America) at 450 nm.

Cell Imaging and Uptake Analysis

To verify the cellular imaging and uptake behaviors of
MNPH2, Hep-2 cells were examined using NIR-II fluor-
Ltd.,
Suzhou, China), MOST system and confocal laser scan-

escence Microscope (Suzhou NIR-Optics Co.,

ning microscopy (CLSM, FV1000, Olympus, Tokyo,
Japan). In brief, Hep-2 cells with a density of 1x10°
cells were seeded in a glass-bottomed dish with
a diameter of 20 mm. After attachment, the old medium
was replaced with fresh medium containing MNPH2 (100
pg/mL) and cultured for 4 h. Then the medium was dis-
carded and Hep-2 cells were gently rinsed with PBS buffer
and fixed with 4% paraformaldehyde. Subsequently, Hep-2
cells were observed by NIR-II fluorescence Microscope
and MOST imaging system. After stained by 4', 6-diami-
dino-2-phenylindole (DAPI), Hep-2 cells were further stu-
died by CLSM. The excitation of DAPI was at 360 nm,
while MNPH2 was at 457 nm and 785 nm.

Photothermal Cytotoxicity in vitro

In vitro photothermal performance was evaluated also by
CCK-8 assay. Specifically, the cells were seeded to 96-
well plates with a concentration of 10* cells per well. After
24 h, the culture media were removed and the cells were
washed by PBS. Then, fresh culture media containing the
MNPH2 with different concentrations (800, 400, 200, 100,
50, 25, 12.5, 6.25,
12 h. Subsequently, the cells were irradiated by an NIR

0 pg/mL) were co-incubated

laser at a power density of 0.75 W/cm? for 5 min. After
that, cell viability was analyzed. To further evaluate the
photothermal ablation on cancer cells induced by MNPH2,
Hep-2 cells treated with different methods were dyed with
Calcein-AM/PI Double Stain. Hep-2 cells with a density
of 1.5x10% cells were seeded in a 96-well plate to grow
overnight. After attachment, the culture medium was
replaced with MNPH2 culture medium (100 pg/mL) for
12 h. Then the cells were irradiated with or without 808
nm laser at a power density of 0.75 W/cm? for 5 min. Hep-
2 cells treated with no-MNPH2 culture medium were set
as a control. After that, the cells were stained with
Calcein-AM and PI to outline live and dead cells, respec-
tively. Eventually, the images were captured by
a fluorescence microscope (OLYMPUS, 1X73).

Animal Model

All animal procedures were performed in accordance with
the Guidelines for Institutional Animal Care and Use
and approved by the Ethics
Committee of Shanxi Medical University (No.
SYDL2019002). Female BALB/c nude mice (6—8 weeks)
with bodyweight of 18-20 g were purchased from Beijing

Committee Animal

Vital River Laboratory Animal Technology Co. Ltd.
BALB/c nude mice were kept under standard housing
condition before use. Hep-2 cells (50 uL PBS containing
2.0x10° cells) were subcutaneously implanted on the dor-
sum region of the right leg to generate tumor-bearing nude
mice. When the tumors reached about 100 mm?, these
nude mice were conducted for imaging and therapy
studies.

NIR-Il Fluorescence /PA Imaging in vivo

NIR-II Fluorescence In Vivo Imaging System is a kind of
noninvasive whole-body imaging technique. In this experi-
ment, 200 pnL MNPH2 aqueous solution (800 pg/mL) was
also intravenously injected into tumor-bearing nude mice.
The mice (n=3) were kept in anesthesia state using
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isoflurane mixed with oxygen and excited by an 808 nm
internal laser at a power of 2.0 W and exposure time of
100 ms. The images collection time was set at pre-
injection, 2, 4, 8, 12, and 24 h post intravenous injection
of MNPH2. The fluorescence intensities of NIR-II images
were analyzed using the software Image J. To verify the
biodistribution and accumulation performance of MNPH2
in vivo, the tumor-bearing mice were sacrificed at 24
h after imaging and major tissues including heart, liver,
spleen, lung, kidney, and tumor were imaged, and the
signal intensities were quantitatively analyzed.

For in vivo PA imaging, Hep-2 tumor-bearing nude
mice (n=3) were intravenously injected with 200 uL
MNPH2 aqueous solution (800 pg/mL) via the tail vein.
The above MSOT platform was conducted to obtain
images of tumor regions at pre-injection, 2 h, 4 h, 8 h,
12 h, and 24 h post injection. The NIR excitation wave-
length of MSOT scanner consists of a range of 680-980
nm. Besides, the PA signal intensities of tumor site at
different points were also quantitatively analyzed.

In vivo PTT

The photothermal effects of MNPH2 were studied in vivo.
Once the mean tumor volume reached approximately
100 mm®, Hep-2-bearing nude mice were randomly
divided into four groups (n=3): (1) PBS only, (2) PBS +
Laser, (3) MNPH2 only, and (4) MNPH2 + Laser. After
intravenous injection of MNPH2 aqueous solution (200
pL, 800 pg/mL) or PBS (200 pL) into the mice, the tumors
were irradiated under 808 nm laser at a power density of
1.0 W/cm? for 5 min. During the irradiation, the thermal
images and changes in temperature were recorded by an
infrared thermal camera. Besides, relative tumor volumes
and body weights of mice were simultaneously recorded
after treatment. To investigate the photothermal efficacy,
stained with H&E
(Hematoxylin and Eosin) for histopathological analysis.

the tumors were harvested and

Biosafety Assessment

To explore the potential side effects, healthy mice (n=3)
were intravenously injected with 200 pL MNPH?2 aqueous
solution (2 mg/mL) and PBS, respectively. After sacri-
ficed, serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), serum creatinine (Scr),
and blood urea nitrogen (BUN) were measured to assess
the liver and renal function. Meanwhile, major organs
including heart, liver, spleen, lung, and kidney were har-
vested and dealt with H&E staining. Blood was obtained

from the mice and divided into experimental and control
group. Experimental group was added with 50 pL MNPH?2
solutions (200 pg/mL), and the control group was added
with the same amount of saline. After standing for 2 h, the
blood was centrifugated at 3000 rpm/min for 10 min, then
the hemolysis photos were captured.

Statistical Analysis

All statistical analyses were performed using SPSS 22.0
software. Data were presented as mean = SD. Means were
compared using t-tests, a 95% confidence level was chosen
to determine the significance between groups, and p<0.05
was considered as statistically significant.

Results and Discussion
Preparation and Characterization of
MNPH2

The PEGylated melanin nanoparticles (MNP-PEG) were
prepared using our previously reported methods.** As the
number of free amino has been calculated to be 22 per
MNP, the number of H2 molecules per MNP was 22,
each of which contains excessive carboxyl groups. The
nanoprobe MNPH2 was easily acquired via the EDC/
NHS reaction between the -NH, of MNP-PEG and -
COOH of H2. The success of the chemical bonding was
verified by FT-IR spectra (Figure 2A), as characteristic
absorption peaks at 2920 cm™' in MNPH2 belong to the
asymmetric C-H bond vibration of the H2 molecule.
Furthermore, the weak absorption peaks at about
1690 cm™' in MNPH2 represented amide I and result
from stretching vibrations of the C=O groups.’®'
Absorbance peaks for MNP-PEG were also observed
within the MNPH2 spectrum, proving the success of the
EDC/NHS reaction. The diameter and morphology of
MNPH2 in aqueous solution were characterized by
TEM and DLS. The TEM image of MNPH2 revealed
a uniform size and good dispersity with an average dia-
meter of about 21 nm (Figure 2B). The hydrodynamic
diameter was approximately 25 nm (Figure 2C), and the
larger particle size in DLS is likely to be their swelling of
the hydrated particle. There was no precipitation or
separation in the tubes after incubation with a different
medium for 48 h, suggesting the nanoprobe has excellent
solubility and physiological stability (Figure S1). The
slight negative charge potential (—13.3 mV) of MNPH2
enabled a prolonged retention time, good stability
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Figure 2 Characterization of MNPH2. (A) FT-IR spectra of MNP-PEG, H2, and MNPH2. (B) TEM image of MNPH2. (C) DLS analysis of the hydration size distribution of
MNPH?2. (D) Zeta potential of MNPH2. (E) UV-vis-NIR absorbance spectra of MNPH2 with different concentrations (40, 60, 80, and 100 ug/mL). (F) NIR-1I fluorescence
emission spectrum of MNPH2 upon 785 nm excitation. (G) NIR-Il fluorescence images of MNPH2 with varying concentrations ranging from 0 to 200 pug/mL. (H) The linear
relationship between concentrations and PA signals of MNPH2 (R?=0.995). Inset presented PA images of MNPH2 with different concentrations.

in vivo, and enhanced permeability and retention effect’
(Figure 2D).

The UV-vis-NIR absorption spectra of MNP-PEG in
solution exhibited a monotone decreasing trend, while that
of H2 had an obvious absorption peak at ~745 nm in DMF
(Figure S2). The final nanoprobe MNPH2 displayed the
characteristic absorptions of MNP-PEG and H2, further
confirming the successful connection between MNP-PEG
and H2. Additionally, the absorption performance of
MNPH?2 significantly improved in the NIR-I region with
the introduction of H2, which is beneficial for PTT and
PAIL. The UV-vis-NIR spectra of MNPH2 of different
concentrations (40, 60, 80, 100 pg/mL) are shown in
Figure 2E. The absorbance intensity was gradually
enhanced with increasing concentrations of MNPH2,
which suggested it could be used as an agent for photo-
thermal conversion and photoacoustic imaging.

The fluorescence spectra of MNPH?2 in both the visible
and NIR-II region were investigated. The excitation and
emission spectra in the visible region are shown in Figure
S3. The emission peak of MNPH2 was located at 609 nm
under the maximum excitation wavelength of 457 nm. As
shown in Figure 2F, the NIR-II fluorescence emission spec-
tra based on a sensitive system showed a peak at 1006 nm
and extended well into the NIR-II region under 785 nm
excitation. Regarding the NIR-II fluorescence performance
of MNPH2, fluorescence images showed that the brightness
and signal intensities increased with increasing MNPH2
concentrations in aqueous solution (Figure 2G). The quan-
tum yields of H2 in DMF and MNPH2 in DI were deter-
mined to be 0.63% and 0.20%, respectively, using IR-1061
in dichloromethane (QY = 1.7%) as a reference (Figure
S4). The low quantum yield of MNPH2 is due to the partly
absorption of melanin nanoparticles, and only a low laser
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power was used to induce fluorescence. To further evaluate
the photoacoustic performance, the PA signals of MNPH2
solutions of different concentrations were obtained under
760 nm excitation (Figure 2H, inset). Clearly, the signal
intensity increased gradually with increasing concentration.
The photoacoustic signal was plotted against concentration,
and the graph showed there was a linear concentration-
dependent increase. The highly linear relationship indicates
the suitability of the molecule for PA imaging. Therefore,
the excellent NIR-II fluorescence and photoacoustic capa-
cities of MNPH2 suggested it would be an excellent NIR-II
fluorescence/PA dual-modal contrast agent.

Photothermal Performance of MNPH2

Considering the strong NIR absorption, the photothermal
performance of MNPH2 was explored in vitro. Various
concentrations of MNPH2 and laser power densities were
used to investigate the photothermal conversion effect. The
differences in temperature of the photothermal nano-agent at
different conditions were intuitively visualized with the
infrared thermal images. As presented in Figure 3A and B,
we monitored the real-time infrared thermal images and
temperature change for 5 min at a series of concentrations

(0, 12.5, 25, 50, 100, 200 pg/mL) of MNPH2 aqueous
solutions. The temperature elevation of MNPH2 appeared
to correlate well with the increase in concentration. The
temperature measured 200 pg/mL was the highest and
reached nearly 63.8 °C at 808 nm under the same irradiation
conditions, indicating efficient photothermal conversion. In
contrast, the temperature of DI water only increased to
35.9 °C, confirming the photothermal conversion was due
to the photothermal effect of MNPH2. The temperature of
the MNPH2 solution (200 pg/mL) at 1.0 W/cm? irradiation
increased to 71.4 °C, which was higher than that at 0.25, 0.5,
or 0.75 W/em? (Figure 3C). The temperature differences
induced by the various laser power densities (0.25, 0.5,
0.75, 1.0 W/ecm?) were visualized using infrared thermal
images (Figure S5). Based on the heating and cooling curves
of MNPH2 at 100 pg/mL before and after 15 min of con-
tinuous laser irradiated (Figure 3D), and the linear time data
and —InB described in Figure 3E, the photothermal conver-
sion efficiency of the MNPH2 was calculated to be about
25.7%, which was higher than the 18.4% recorded for MNP
in our previous report.>® Photothermal stability is another
important parameter for evaluating the photothermal
agents.>”> The MNPH2 solution was exposed to an 808
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Figure 3 The photothermal capacity of MNPH2 solution. (A) Concentration-dependent thermal infrared images of MNPH2 solutions within 5 min under 808 nm laser
irradiation (0.5 W/cmZ). (B) Temperature change curves of a series of MNPH2 solutions with different concentrations recorded with 808 nm laser irradiation (0.5 W/cmz).
(C) Temperature variation curves of MNPH2 solutions under different laser power densities (808 nm, 0.25, 0.5, 0.75, and 1.0 W/cm?) at 100 pg/mL. (D) The heating and
cooling curves of MNPH2 aqueous solution (100 pig/mL) measured with irradiation of 808 nm laser (0.5 W/cm2). (E) The linear time data and —In0 acquired from the cooling
period of Figure 3D. The time constant for heat transfer of the MNPH2 was calculated to be 243 s. (F) Photothermal stability of MNPH2 (100 pg/mL) in DI water upon

irradiation for six cycles (808 nm, 0.5 W/cmZ).
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nm laser at a power density of 0.5 W/ecm? to measure the
heating/cooling cycles (Figure 3F). The heating process
showed negligible temperature elevation after six continuous
oftf/on cycles of the laser. The satisfactory photothermal
performance of MNPH2, including high photothermal con-
version efficiency and good optical stability, make it suitable
for killing tumor cells.

Cell Experiments

A standard CCK-8 assay with Hep-2 cells was used to
evaluate the cytotoxicity of MNPH2. As seen from Figure
4A, we discovered that MNPH2 exhibited nearly 100% cell
viability, even at 800 ug/mL, suggesting excellent biocom-
patibility. The NIR-II fluorescence/PA images of MNPH?2 at
the cellular level are shown in Figure 4B and C. Distinct

1204 [ vneH2 [l MNPH2+Laser | B

100 {-I-}{_

80 1

A

60 -

40-

201

0 LM g e
0 625125 25 50 100 200 400 800
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Relative Cell Viability (%)

10 pm

NIR-II fluorescence and PA signals were observed in the
Hep-2 cells, indicating successful cellular uptake and favor-
able dual-modal imaging performance. By utilizing the
fluorescence of MNPH2 in the visible spectrum (Figure
S2), CLSM was used to investigate the internalization of
MNPH2 by Hep-2 cells. As shown in Figure 4D, there was
the nucleus stained with DAPI is blue and there was a large
amount of MNPH2, represented by red fluorescence in the
cytoplasm, suggesting that MNPH2 entered Hep-2 cells.
Encouraged by the excellent photothermal capability of
MNPH?2 solution, we evaluated the efficacity of in vitro
thermal ablation of human laryngeal cancer Hep2 cells
using MNPH2. As seen from the standard CCK-8 assay
(Figure 4A), under laser irradiation, high photothermal

cytotoxicity was observed when Hep2 cells were treated

Without

10 pm

MNPH2+Laser

Figure 4 Cell experiments. (A) Cell viability of Hep-2 cells incubated with various concentrations of MNPH2 with or without irradiation (808 nm, 0.75 W/cm?, 5 min). (B)
NIR-II fluorescence images of Hep-2 cells treated with MNPH2 (100 pg/mL). Scale bar=10 pm. (C) PA images of Hep-2 cells treated without and with MNPH2 (100 pg/mL).
(D) CLSM images for cell internalization. MNPH2 was red and the cell nucleus was stained blue. Scale bar: 10 um. (E) Fluorescence images of Hep-2 cells stained with
Calcein-AM (green for live cells) and Pl (red for dead cells): PBS, PBS + Laser, MNPH2, and MNPH2 + Laser. Scale bar = 50 pm.
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with different concentrations of MNPH2. There was
a distinct and remarkable increase in the damage to cell
viability with increasing concentrations. Compared with
the percentage viability observed with no laser excitation,
the cell viability was less than 20% at an MNPH2 con-
centration of 100 pg/mL. The potent photothermal effect
of MNPH2 supports its use as an active PTT agent. To
further demonstrate the thermal ablation effect of MNPH2
in vitro, staining experiments with calcein acetoxymethyl
ester/propidium iodide (calcein-AM/PI) were further per-
formed to examine the cell death induced by photothermal
nano-agents mediated PTT. Hep-2 cells incubated with or
without MNPH2 and irradiation were employed to directly
observe cell survival after stained with calcein-AM/PI
double staining. The dead cells lit up with green fluores-
cence, while the living cells showed as red. As shown in
Figure 4E, we detected strong green fluorescence in the
PBS, PBS plus laser, and MNPH2 only group, indicating
that most of the cells were viable. With MNPH2 and laser
irradiation, a large amount of red fluorescent signal
appeared, suggesting a high cell mortality rate, which
was attributed to local hyperthermia induced by MNPH2.
Taking the above results into consideration, we found it
noteworthy that MNPH2 induced a favorable photother-
mal-response behavior and anti-tumor effect in vitro.

NIR-Il Fluorescence/PA Dual-Modal
Imaging in vivo

Inspired by the good biocompatibility and outstanding
NIR-II fluorescence/PA performance of MNPH?2 in vitro,
we evaluated the biodistribution and tumor accumulation
of the nanoprobe by intravenously administering Hep-2
cell-bearing mice with 200 uL of 800 pg/mL MNPH2.
NIR-II fluorescence images were then acquired at desig-
nated time points (2 h, 4 h, 8 h, 12 h, and 24 h). As shown
in Figure 5A, the tumor was clearly visible in the bright
field. After irradiation with 808 laser diode, the tumors
became light at 2 h, subsequently, the fluorescence signal
gradually increased and reached the maximum at 8 h post-
injection, suggesting the MNPH2 nanoprobe effectively
accumulated in tumors via the EPR effect. Notably, the
fluorescence intensity exhibited a gradual decline 8 h after
injection but was still clearly visible in the tumor at 24
h post-injection. Region-of-interest measurements showed
that the NIR-II signal ratio between the tumor and back-
ground at 8 h was approximately 130.2 + 6.6 (Figure 5C),
indicating the optimal time point for PPT was 8 h. The

whole-body NIR-II fluorescent images of mice at 8 h in
the lateral and supine position are provided in Figure S6.
Strong fluorescence signals were seen in the liver and
intestine, indicating the nanoparticles are mainly excreted
through hepatoenteric metabolism. After euthanasia, the
tumor and major organs were collected for ex vivo
NIR-II fluorescence imaging (Figure S7). The strongest
NIR-II fluorescence signal was detected in liver tissue
followed by kidney, tumor, lung, spleen, and heart, con-
firming that the MNPH2 is metabolized through hepato-
biliary system. The quantitative analysis of each tissue,
illustrated in Figure S7B, further supported the above
results. After injected with MNPH2, the tumors could be
clearly detected with ultra-high spatial resolution and sen-
sitivity, which indicates MNPH?2 is a promising candidate
in vivo for NIR-II fluorescence imaging agent.

The PA signals were recorded at predetermined time
points under 680-980 nm laser excitation. As shown in
Figure 5B, the PA signals at the tumor site gradually
increased as time progressed and peaked 8 h after
MNPH?2 injection. Subsequently, the PA signals weakened
over time as a result of the in vivo excretion of MNPH2
and showed a similar accumulation in the tumors with
NIR-II fluorescence-retention performance (Figure 5D).
PA imaging combines ultrasonic and optical characteristics
with better tissue contrast, higher spatial resolution, and
deeper depth of penetration than traditional ultrasound and
optical imaging.** Owing to the diminished photon scat-
tering and tissue autofluorescence, NIR-II fluorescence
imaging enables the capture of non-invasive, real-time,
and whole-body images with improved spatial resolution
and high signal-to-background ratios. The dynamic accu-
mulation of NIR-1II fluorescence and PA in tumor areas
were quantitatively analyzed, and the results shown in
Figure 5C and D were consistent with the imaging infor-
mation. The integration of NIR-II fluorescence and PA
may provide more comprehensive tumor information and
help to optimize photothermal therapeutics. NIR-II fluor-
escence/PA imaging provides valuable information for
both diagnosis and therapeutic administration.

In vivo PTT

Encouraged by the success of MNPH?2 as an excellent dual-
modal imaging and photothermal agent, we used nude mice
bearing Hep-2 tumors to assess the effectiveness of imaging-
guided PTT for tumor ablation in vivo. The nude mice were
randomly divided into four groups, PBS only, PBS + Laser,
MNPH2 only, and MNPH2 + Laser, and intravenously
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Figure 5 In vivo imaging. Representative time-dependent NIR-Il fluorescence images (A) and PA images (B) in Hep-2 bearing mice treated with MNPH2 at predetermined
time points during 24 h. The quantitative analysis intensities of tumor tissue determined by NIR-II fluorescence imaging (C) and PA imaging (D) at selected time intervals.

injected with 200 uL of PBS or MNPH?2 (800 pug/mL). Both
NIR-II fluorescence and PA imaging indicated that the high-
est concentration of MNPH2 in the tumor site occurred 8
h after injection. Thus, the two groups of mice were subjected
to 5 min of NIR laser irradiation 8 h after post-injection.
During the 5 min PTT procedure, whole-body photothermal
images of the tumor-bearing nude mice were monitored
(Figure 6A), and temperature variation at the tumor site
was recorded (Figure 6B). The temperatures of the MNPH2
+ laser group increased from 34.2 °C to 59.2 °C; therefore,
hyperthermia was achieved to ablate the tumor.>* In compar-
ison, the temperature of the PBS + laser group reached 41.8 °
C within the first 90 s and remained almost unchanged

throughout.

The relative tumor volume and body weights of the Hep-
2-bearing nude mice treated with PBS only, PBS + Laser,
MNPH2 only, and MNPH2 + Laser were recorded every 2
days to evaluate the therapeutic potency. The tumor volumes
of three groups (PBS only, PBS + Laser, MNPH2 only)
presented a growth trend, especially in the late observation
period (Figure 6C). Conversely, there was obvious inhibition
of tumor growth in the MNPH2 + laser -treated mice in the
first 4 days and no recrudescence during the whole observa-
tion period. In addition, there was no significant difference in
body weight among these four groups, suggesting that
MNPH2 had negligible side effects to the photothermal
ablation at local tumor sites (Figure 6D). From H&E staining
of the tumor tissue (Figure 6E), we only observed structural
damage and dead cells in the group treated with both
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Figure 6 Photothermal evaluation in vivo. (A) Whole-body photothermal images of tumor-bearing nude mice intravenously injected with MNPH2 and PBS, followed by (8
h later) an 808 nm laser irradiation within 5 min. (B) The temperature variation at the tumor site after photothermal treatment within 5 min. The relative tumors growth
curves (C) and body weight curves (D) of nude mice treated with PBS only, PBS + Laser, MNPH2 only, and MNPH2 + Laser after photothermal treatment. (E) Images of
H&E analysis from tumor tissues in the above mentioned four groups. (Scale bar=50 pm).

MNPH?2 and laser, and this damage was speculatively attrib-
uted to cellular necrosis and apoptosis caused by karyopy-
knosis and fragmentation during the PTT process.” These
results demonstrated that MNPH2 may serve as a favorable
photothermal ablation agent for cancer treatment.

Biosafety Assessment

To further investigate the systemic toxicity of MNPH2
in vivo, the blood and major organs (heart, liver, spleen,
lung, and kidney) were harvested from healthy mice after
high-dose injection with MNPH2 and PBS, and hemato-
logical and histopathological assays were performed.

Hematological analysis provided no evidence of liver
(ALT and AST), kidney (Scr and BUN), or acute toxicity
(Figure 7A). Compared with the PBS group, H&E stain-
ing for the MNPH2-treated group showed no apparent
necrosis, apoptosis, or another pathology in the major
organs (Figure 7B). The hemolysis test verified that
MNPH2 did not disrupt erythrocytes or cause hemolysis
(Figure S8), suggesting that the MNPH2 nanoparticles
are hemocompatible and can be administered intrave-
nously for in vivo cancer treatment. All the above results
confirm that MNPH2 possesses excellent biocompatibil-
ity and shows negligible systemic toxicity in vivo.
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Conclusions

In summary, we have developed a novel nanoprobe with
good physiological stability, excellent NIR-II fluores-
cence and PA imaging performance, and a potent photo-
thermal effect. Toxicity experiments both at the cellular
level and in vivo demonstrated that MNPH2 possesses
exceptional biocompatibility and minimal systemic toxi-
city, which are crucial for its biomedical application.
Benefiting from dynamic NIR-II fluorescence/PA dual-
modal imaging, the imaging-guided cancer photothermal
treatment provides an excellent therapeutic option for
laryngeal cancer. Furthermore, the simple design, comb-
ing melanin nanoparticles and NIR fluorescence dye, is
highly conducive to expanding its clinical application
and optimizes its potential translation into accurate and
personalized cancer treatment.
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