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Melanin as an endogenous biomolecule is widely applied in the biomedical field, focusing especially on
diagnostic imaging and photothermal therapy in cancer treatment. However, its photothermal
conversion efficiency, a benchmark in tumor photothermal therapy (PTT), often could not satisfy PTT
requirements to some degree, and this greatly influenced its use in photothermal cancer therapy. As for
fluorescence imaging, a small-molecule NIR dye as a fluorescence probe is easily and rapidly
metabolized in vivo, resulting in low accumulation in a tumor. To overcome these problems, we attempt
to use melanin as a carrier to conjugate a fluorochrome, a recombinant small NIR dye IR820
nanoplatform containing melanin (MNP-PEG-IR820 abbreviated to MPI). The addition of IR820 not only
enhances the PTT ability of the nanoplatform, but also endows the material with excellent NIR
fluorescence behavior. Most importantly, the integration of fluorescence dye and melanin improves the
circulation and stability performance of IR820 while reducing its toxicity in vivo, owing to the protectivity
of melanin. Thus, the diagnostic capability is enhanced. Meanwhile, the behavior of the nanoplatform in
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PTT tumor eradication in a Hep-2 tumor bearing mouse model with excellent dual NIR-I fluorescence/
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1. Introduction

In the past few years, melanin as an endogenous bio-
macromolecule has attracted a lot of attention due to its
unique physical and chemical properties as well as its prom-
ising applications in opto-bioelectronics, nanomedicine, cancer
diagnosis and therapy.' It is well known that melanin is widely
distributed in nature as a pigment in hair, skin, and eyes, and is
an important component of living organisms. Natural melanin
with its macromolecular structure has many fascinating prop-
erties, including structural coloration, photoprotection, photo-
sensitization, free-radical scavenging, metal ion chelation and
antioxidant activity.** Structurally, melanin is constituted of
5,6-dihydroxyindole (DHI) units which endow it with strong
coordination capacities with metals by diverse modes. Mean-
while, the abundant catechol structures of melanin favor its
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photoacoustic imaging guided phototherapy. Hence, our work shows the potential of MPI NPs as nano-
theranostics for biomedical application to laryngocarcinoma.

modification by functional molecules for specific bio-
applications. Importantly, melanin can effectively load drugs
through m-m stacking interactions.” Besides this, melanin
shows broadband light absorption spanning across the entire
UV-visible-NIR range, which makes it suitable for optoacoustic
imaging.® This implies that melanin possesses modest photo-
thermal behavior. Form the conditions mentioned above, it is
necessary to investigate structure-property relationships in
detail, which will guide us to better understand and track the
path toward a rational design of next-generation melanin-based
functional materials for various biomedical and technological
applications.

Photothermal therapy (PTT) as a non-invasive method for
cancer therapy has aroused widespread attention over the last
decade.™ PTT destroys tumor cells by employing light-
absorbing agents to generate localized heat under continuous
NIR irradiation. In view of the recognized advantages of PTT,
such as minimal invasiveness, noninvasive penetration and low
toxicity, PTT has been shown to be a promising strategy to treat
cancer. Significantly, PTT is often accompanied by the appear-
ance of photoacoustics.** Photoacoustic imaging (PAI), which
converts optical energy to acoustic waves with PA contrast
agents, exhibits considerable merits, such as deep tissue
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Scheme 1 The preparation process of MNP-PEG-IR820 (MPI) and its
application for dual-modal imaging and the photothermal therapy of
cancer.

penetration, high spatial resolution, and high signal-noise ratio
in comparison with conventional techniques.**° Likewise, NIR
imaging with real-time behavior, noninvasiveness and high
sensitivity has been developed for disease diagnosis.””~*¢
However, its shortcomings, such as shallow tissue penetration
depth, low spatial resolution and rapid, limit its clinical appli-
cation.”””* Fortunately, PA imaging perfectly overcomes these
problems. The combination of multiple imaging modalities is
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highly beneficial to locating cancerous tumors and real-time in
vivo visualization-guided tumor therapy, providing a comple-
mentary imaging modality to acquire comprehensive informa-
tion about a tumor.***

Herein, we present a simple method to prepare IR820 func-
tionalized MNP (MPI) nanoplates for dual-modal imaging and
cancer therapy mediated by laser irradiation in the NIR window.
Such MPI shows strong absorbance in the NIR-I bio-window for PA
imaging and showed potential for photothermal therapy. MPI NPs
have several advantages. First, the functionalization of IR820 dyes
endows MPI with an NIR fluorescent property. Second, the PTT
performance of MPI is obviously improved, resulting in strong
hyperthermal ablation of cancer cells. Third, the integration of
fluorescence dye improves IR820 circulation and reduces its
toxicity in vivo. For this purpose, an exploration of melanin-based
phototheranostic agents shows great potential in the field of
molecular imaging and antitumor therapy (Scheme 1).

2. Results and discussion
2.1 Preparation and characterization of MPI

Melanin NPs (MNP) were first fabricated by probe sonication in
NaOH solution.” Transmission electron microscopy (TEM)
demonstrated that the MNP were uniform with a diameter of
around 4.3 nm (Fig. S1t). MPI nanoplates were synthesized via the
HS-PEG-NH,, coupling of IR820 and MNP.* The transmission
electron microscopy (TEM) image revealed that the size of the MPI
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Fig.1 Characterization of MPI NPs. (a) TEM images of MPI. (b) Hydrodynamic diameters of MNP and MPI. (c) Zeta potential of MNP and MPI at pH
7.4. (d) UV-vis-NIR absorption spectra of MNP, IR820 and MPI in PBS solution.
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Fig.2 Photothermal effect of MPI. (a) Photothermal curves and (b) infrared thermal images of MPI at various concentrations under 808 nm laser
irradiation at 0.4 W cm™2 for 5 min. (c) Temperature change curves of MPI solutions (0.2 mg mL™?) irradiated with an 808 nm laser with different
power densities for 5 min. (d) Temperature variation of MPI solution over five cycles of 808 nm NIR laser on/off irradiation.

NPs ranged from 16.3 to 53.6 nm (Fig. 1a), which was smaller than
the result obtained from dynamic light scattering (DLS) with an
average diameter of 50.7 nm (Fig. 1b). This change in size may be
due to the swelling of PEG chains and surface hydration of NPs.**
Additionally, the zeta potential was determined to be —36.6 mV for
MNP and —45.6 mV for MP]J, verifying the successful conjugation
of IR820 (Fig. 1c). Fourier-transform infrared (FT-IR) analysis was
applied to characterize the products (Fig. S21). IR820-PEG showed
characteristic absorption peaks of PEG at 2884 cm ™' (alkyl C-H
stretching) and 1112 cm™ ' (C-O-C stretching),> confirming the
grafting of PEG onto the surface of IR820. The presence of the
sharp absorption peak at 1381 cm™* for the C-H vibrations in the
spectra of MPI demonstrated the modification of MNP (Fig. 1d).
The fluorescence spectra (FL) of MPI were further studied
(Fig. S31). The maximum emission peak was observed centered at
830 nm, implying its potential application for in vivo NIR-FL
imaging. In addition, UV-vis spectroscopy further confirmed the
successful fabrication of MPI (Fig. 1e), in accordance with the
results of FT-IR and DLS analysis. After functionalizing MNP with
IR820, MPI showed a wide absorption range from 400 to 1000 nm
(Fig. 1d), showing strong NIR bio-window behavior that makes it
eligible for dual-modal imaging-guided PTT therapy.

2.2 Photothermal properties of MPI

In light of the considerable NIR-I bio-window absorption of
MPI, which makes MPI suitable to be a PTT agent for cancer
therapy, the PTT properties of MPI were investigated under
808 nm laser irradiation. As expected, the MPI solution

This journal is © The Royal Society of Chemistry 2020

displayed an obvious concentration-dependent temperature
enhancement. As shown in Fig. 2a, with the rise in MPI
concentration from 0.05 to 0.4 mg mL ', the temperature
increased by 35.3 °C, 42.9, 52.2, and 59.3 °C, respectively.
Moreover, the PTT images of different concentrations of MPI
solutions were observed by infrared thermal imaging (Fig. 2b).
For example, when MPI solution (0.2 mg mL ') was irradiated
with an NIR laser (808 nm, 0.4 W cm ?), the temperature
increased from 28.2 to 52.2 °C after 5 min of laser irradiation,
accompanied by a color change of the PTT images from purple
to red. The photothermal conversion efficiency (n) of MPI is
determined to be 24.7%, superior to that of MNP-Mn (18%), as
reported by our group (Fig. S4 and S5%).® The relationship
between power density and temperature was investigated in
turn. The temperature of MPI solution (0.2 mg mL ") increased
sharply with a rise in power density upon 808 nm laser irradi-
ation within 5 min, confirming the linear dependency between
temperature and laser power density (Fig. 2c). When MPI was
irradiated with an 808 nm laser for five on-off cycles, no
significant decrease in temperature was observed, implying the
superior PTT stability of such MPI NPs (Fig. 2d). Taken together,
MPI NPs exhibit excellent PTT behavior and hold great potential
for NIR-mediated PTT tumor ablation.

2.3 Invitro NIR-I fluorescence and photoacoustic properties
of MPI

In light of the outstanding optical properties of MPI, its NIR-I
fluorescence was investigated in vitro. As shown in Fig. 3a,

Nanoscale Adv., 2020, 2, 2587-2594 | 2589
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In vitro NIR-| fluorescence and photoacoustic properties of MPI. (a) Fluorescence imaging of MPI at different concentrations. (b) NIR-I

fluorescence imaging of Hep-2 cells incubated with MPI at various concentrations. (c) Photoacoustic imaging of MPI at different concentrations.
(d) Photoacoustic imaging of Hep-2 cells incubated with MPI at different concentrations.

there are two stages in the FL signal with variation in concen-
tration. Foremost, when the concentration of MPI increased
from 0.01563 to 0.0625 mg mL™ "', the FL signal intensity
increased rapidly, then the FL signal intensity decreased grad-
ually with increasing concentration ranging from 0.0625 to 1 mg
mL . This phenomenon may be ascribed to the fluorescence
self-quenching effect due to the self-aggregation of IR820 at
high concentrations.”® Subsequently, fluorescence imaging at
the cellular level was discussed. The FL intensity of Hep-2 cells
incubated with MPI was found to increase with increasing
concentration, due to the cellular uptake of nanoplates by Hep-
2 cells. The gradually brightening NIR-I images clearly showed
that MPI is suitable for serving as an NIR-I fluorescence contrast
agent (Fig. 3b). Encouraged by the excellent NIR absorption and
PTT properties of MPI, the PA property of MPI was evaluated in
vitro. As illustrated in Fig. 3a, the intensity of the PA signal and
brightness of the PA images are proportional to the MPI
concentration ranging from 0.0125 to 0.2 mg mL ™', showing
a linear correlation with R*> = 0.98. Subsequently, the outcome
from a PA imaging assay in Hep-2 cells was analogous to the
above-mentioned results (Fig. 3b). These results indicated that
the MPI is an efficient NIR-I fluorescence/PA dual-modal
imaging probe.

2.4 Invitro cellular uptake and cytotoxicity of MPI

Cellular uptake of MPI was investigated by confocal laser
scanning microscopy (CLSM) and flow cytometry. According to

2590 | Nanoscale Adv,, 2020, 2, 2587-2594

the CLSM images, bright green fluorescence was clearly
observed in Hep-2 cells after 4 h of incubation (Fig. 4a), which
was in accordance with the FL imaging and PA imaging of Hep-2
cells. The observations obtained from flow cytometry analysis
agree well with the CLSM results. Meanwhile, flow cytometry
analysis further proved that the internalization of MPI achieved
near saturation after 4 h as the incubation time increased from
0 to 6 h, confirming that MPI was localized inside the cells in
a time-dependent manner (Fig. 4b). Before application in PTT,
the in vitro cytotoxicity of MPI toward Hep-2 cells was evaluated
using a Cell Counting Kit-8 (CCK-8) assay (Fig. 4c). The results
illustrated that MPI has no evident toxic effects on Hep-2 cells
even at a high concentration of up to 100 ug mL ™" within 24 h,
implying the outstanding biocompatibility of MPI. Subse-
quently, cell viability was evaluated by a live/dead assay, where
cells labeled with calcein-AM and PI emit green and red fluo-
rescence, respectively. In Fig. 4d, the group treated by laser and
the groups treated with PBS or MPI without NIR irradiation
exhibit vivid green fluorescence, demonstrating negligible cell
damage. However, the group of Hep-2 cells treated with MPI
under excitation at 808 nm exhibited widespread red fluores-
cence, suggesting that MPI could effectively destroy cancer cells
by NIR laser irradiation. Subsequently, apoptosis and necrosis
analysis of the cells were investigated by flow cytometry. As
shown in Fig. 4e, the results of flow cytometry analysis were
consistent with the live/dead cell staining assay. Without NIR
irradiation, cells show a high survival ratio and negligible

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The cellular uptake and cytotoxicity of MPI. (a) CLSM images of Hep-2 cells incubated with MPI for 4 h (scale bar: 50 um). (b) Flow
cytometry analysis of Hep-2 cells treated with MPI after incubation for O h (gray curve), 2 h (yellow curve), 4 h (green curve) and 6 h (blue curve).
(c) Cell viability of Hep-2 cells treated with different concentrations of MPI without laser irradiation. (d) Live/dead assays and (e) cell apoptosis
assay of Hep-2 cells treated with MPI with or without laser irradiation (scale bars: 100 pm).
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Fig. 5 NIR-I fluorescence imaging and photoacoustic imaging of tumor site in vivo. (a) NIR-I fluorescence imaging and (b) signal intensity
changes of tumor site of Hep-2 tumor-bearing mice taken at 6, 12, 24, 48 and 72 h after intravenous administration of MPI. (c) Photoacoustic
imaging and (d) signal intensity changes of tumor site of Hep-2 tumor-bearing mice after i.v injection with MPI (scale bars: 1.0 mm).
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apoptosis or dead behavior. Once treated with NIR irradiation,
apparently dead cells appeared in the MPI group. These results
indicated that MPI could be used as an excellent PTT agent for
cancer therapy.

2.5 In vivo NIR-I fluorescence imaging and PA imaging

To evaluate the capability of MPI for cancer imaging, in vivo
dual-modal imaging was investigated in Hep-2 tumor-bearing
mice model by tail vein injection of MPI. The NIR fluores-
cence signal of MPI was monitored at various time points. As
shown in Fig. 5a and b, the FL signal was gradually enhanced in
the tumor region and reached a maximum at 48 h postinjection,
implying the tumor accumulation capacity of MPI by an
enhanced permeability and retention (EPR) effect.*** Subse-
quently, the FL signals began to decline due to metabolism. The
in vivo PA imaging performance was also evaluated in Hep-2
tumor-bearing mice (Fig. 5c and d). The change in PA signal
was consistent with that obtained by FL results. The PA signals
showed tumor uptake over time and reached maximal retention
at 48 h postinjection compared with the signal before injection.
As time went on, the PA signal at the tumor site gradually dis-
appeared at 72 h. Therefore, MPI should be a promising dual-
modal contrast agent for tumor diagnosis.

2.6 In vivo photothermal tumor eradication

To detect the PTT effect of MPI, IR thermal imaging of MPI in
vivo was first investigated with an 808 nm laser (0.4 W cm™?) for
5 min irradiation 48 h postinjection (Fig. 6a and b). In the group
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treated with MPI, the temperature of the tumor region rapidly
reached 67.9 °C within 5 min, while minimal temperature
elevation of the tumor was observed under irradiation for the
PBS group. In contrast, the control groups of MPI and PBS
without NIR irradiation exhibited negligible temperature
change. These results indicated that MPI could effectively
absorb NIR energy to produce hyperthermia for photothermal
therapy of cancer. Motivated by the excellent performance of
MPI demonstrated in the above studies, the antitumor effec-
tiveness was accessed in vivo after the tumor volumes had
reached about 100 mm?. Mice with Hep-2 tumor models were
divided into four groups (I. PBS; II. Laser; III. MPI; IV. MPI +
Laser). As depicted in Fig. 6¢c-¢, the PBS, Laser and MPI groups
displayed similar tumor growth, demonstrating that Laser and
MPI alone have no influence on the suppression of tumor
growth. In comparison, MPI + Laser presents efficient PTT
tumor eradication without detectable residual black scars
(Fig. S6t). The efficient tumor suppression of MPI may be
attributed to the synergetic PTT effect of MNP and IR820. In
addition, no apparent variation in body weight was observed for
any of the groups, indicating the negligible side effects of MPI in
vivo (Fig. 6f). We further examined the safety of the material in
vivo by H&E staining (Fig. S7f). In slices of major organs,
including the heart, liver, spleen, lung, and kidney, hardly any
apparent injury (including inflammation, cell necrosis and
apoptosis) induced by different treatments could be detected.
These results confirm that MPI has low toxicity and could be
used for in vivo PTT therapy.
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In vivo photothermal therapy. (a) Photothermal curves and (b) IR thermal images of Hep-2 tumor-bearing mice in PBS, MPI, Laser and MPI

+ Laser groups under 808 nm laser irradiation. (c) Tumor volume growth curve of mice after different treatments (*p < 0.05; **p < 0.01). (d)
Representative photographs of tumors and (e) tumor weight after 16 days of therapy (I. PBS; Il. Laser; lll. MPI; IV. MPI + Laser). (f) Body weight

curves of different groups of mice.
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3. Conclusion

In summary, biocompatible MPI NPs were constructed for in
vivo dual-modal NIR-I fluorescence/photoacoustic Imaging and
photothermal eradication of tumors. The resulting small-
molecule IR820 dye could not only act as an NIR-I fluores-
cence agent but also enhanced the PTT performance of
melanin. The combination of fluorescence dye and melanin
improved the circulation and stability performance of IR820
while reducing toxicity in vivo. Meanwhile, the diagnostic
capability was enhanced. The fluorescence/PA imaging at the
cellular level fully confirmed the internalization of MPI. In vivo
experiments demonstrated that MPI was effectively accumu-
lated at the tumor site by passive targeting (EPR effect). After the
injection of MPI by single-dose intravenous administration,
excellent NIR-I fluorescence and photoacoustic imaging were
observed in the tumor region, while the performance of
enhanced PTT was observed under NIR laser irradiation. More
importantly, tumor eradication was achieved after PTT therapy.
Thus, melanin-based nanomaterials have great potential for
cancer therapy in biological and clinic applications.

Experimental details

The animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanxi
Medical University, and the experiments were approved by the
Animal Ethics Committee of Shanxi Medical University.
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