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TOC image

We have developed a versatile biomimetic theranostic agent based on magnetic melanin
nanoparticles (MMNSs) for positron emission tomography (PET)/magnetic resonance (MR)/
photoacoustic (PA)/photothermal (PT) multimodal imaging guided cancer photothermal therapy
(PTT), UV and vy irradiation protection.
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Activatable theranostics fight against diseases through the combination of diagnostic and
therapeutic moieties.[!] With the rapid development of biomedical imaging techniques,
multimodality imaging provides complementary information by integrating information
from various imaging modalities, gaining increasing recognition as a more accurate
diagnostic technique than any single imaging modality alone.[2] To date, PET/CT (positron
emission tomography/X-ray computed tomography) and PET/MRI (magnetic resonance
imaging) have found wide-spread clinical use, which further stimulates the development and
construction of efficient multimodal contrast agents with multi-response capacity under
different imaging techniques.

Iron oxide (10) nanoparticles, due to their intrinsic magnetic property, have been widely
employed as building blocks for the construction of contrast agents to achieve multimodality
imaging, 3] such as MRI/FL (fluorescence),l¥l MRI/CT, MRI-PET/SPECT (single-photon
emission computed tomography),[1 MRI/PET/FL,[81 MRI/CT/FL,["1 MRI/PET/FL/BLI
(bioluminescence),[81 MRI/MPI (magnetic particle imaging),®] magneto-motive ultrasound
imaging (MMUS),[10] and magneto-photoacoustic imaging (MPA).[2] Their MR contrast
effect can be improved to achieve highly sensitive MRI by controlling their size, shape, and
composition.[28] However, 10 nanoparticles functionalized with most types of materials (e.g.
fluorescent molecules and radioisotopes) mostly weakens their MR contrast effect.[22]
Therefore, the development of novel 10-based multimodal contrast agents with enhanced
MR contrast is highly desirable for optimizing MRI and other imaging modalities.

Inspired by the fascinating characteristics of melanin, such as i) high brightness on 7;-
weighted images and darkness on 7>-weighted images; 12 ii) high affinity for metal ions,
especially copper, iron, manganese, and zinc;[13 iiii) strong absorbance in the near-infrared
(NIR) region;[*4 iv) good biodegradability and biocompatibility;!14! we therefore
strategically designed and synthesized radionuclide $4Cu-labeled magnetic melanin
nanopaticles (4*Cu-MMNSs) by biomimetic synthesis method using biopolymer melanin as
the biotemplate. The radionuclide 84Cu was coupled with MMNSs through the strong affinity
of copper ions to melanin for PET imaging. Meanwhile, the unique superparamagetism and
strong NIR absorbance of MMNs are used for enhanced MRI and photoacoustic (PA)/
photothermal (PT) imaging, respectively. Based on the PET/MR/PA/PT multimodal imaging
guidance, the photoactive hyperthermia effect of MMNs upon 808 nm laser irradiation can
be used for photothermal therapy (PTT). Most intriguingly, MMNs also exhibit efficient
shielding against UV and vy irradiation. The as-prepared 54Cu-MMNs were investigated as a
versatile biomimetic theranostic agent for PET/MR/PA/PT multimodal imaging guided PTT,
UV and v irradiation protection for the first time (Figure 1a).

The MMNSs were prepared by a biomimetic synthesis method using melanin to direct the co-
precipitation of Fe3* and Fe2* ions (molar ratio at 2:1) under alkaline condition. The as-
prepared MMNs showed well-defined spherical morphology with the diameter around 15
nm (Figure 1b). The hydrodynamic diameter of MMNs was 61.8 + 18.9 nm (PDI = 1.201),
which was measured by the dynamic light scattering (DLS) method (Figure 1c). The
difference in diameter was ascribed to the melanin coating layer. As shown in the UV-vis-
NIR absorption spectra (Figure 1d), MMNs showed concentration-dependent absorbance
increase in the NIR region, with a good linear relationship of optical density at 808 nm
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versus its concentration, described by the following typical equation: Y= 0.00116+0.002.X
(R% = 0.9998) (Figure S1). By adjusting the amount of melanin, the surface melanin density
of MMNSs was well controlled, showing a melanin density-dependent negative charge
decrease that implied more and more binding sites for copper ions (Figure S2).

Based on melanin’s high affinity tofor copper ion,[138] MMNs were successfully
radiolabeled with isotope $4Cu through simple mixing. After 1 h incubation, the labeling
efficiency was measured by instant thin layer chromatography (iTLC) with saline as the
eluant (Figure 2a—c). The radiochemical yield of MMNs was ~100% (Figure 2a). Magnetic
nanopaticles (MNPs) without melanin showed very low labeling efficiency (Figure 2c). The
enhanced MR effect of MMNSs was investigated. As shown in the inset of Figure 2d, darker
To-weighted MRI images of the aqueous solutions of MMNs were observed with increased
MMN concentration. The slope, as given by the 7, value, was evaluated to be 167.28 mM™1
s 1(Figure 2d), which was much higher than those of MNPs (76.48 mM~1 s71) (Figure S3)
and the commercial MNPs (10 nm, r>=59.91 + 6 mM~1 s~ and 16 nm, r, = 125.86 + 9
mM~1 s71)[15] (Figure 2e). The PA signal intensities were linearly correlated with the MMN
concentrations using 680 or 808 nm excitation. The laser induced heat generation of the
aqueous solution of MMNs was evaluated; both concentration and laser power dependent
temperature increases were observed (Figure 2f and g). The photothermal effect of MMNs
could increase monotonically with particle concentration and radiant energy. Interestingly,
even after five cycles of laser exposure, MMN:Ss still raised the temperature of the whole
solution to the same level, suggesting that MMNs have very good photostability that allow
repeated PTT treatment.

We next assessed the cell cytotoxicity, cell uptake and /in7 vitroPTT effect of MMNSs on
U87MG cells. MMNs exhibited negligible toxicity to cells at all tested concentrations
(0~500 pg/mL) (Figure 3a). The cell uptake of MMNSs was evidenced by the thin-section cell
TEM images (Figure 3b). Due to the high electron density, MMNSs were clearly visible and
distinct from the cellular matrix. Afterwards, live/dead cell staining was used to evaluate the
laser triggered PTT effect of MMNSs. No cell killing was found in control, laser only and
MMNSs only groups. Conversely, in the MMNs/laser group, most of the cells within the laser
spot were destroyed and displayed a red fluorescence. The cells outside the region of laser
spot remained alive, as indicated by the green fluorescence.

Encouraged by the quantitative radiolabeling yield of MMNSs by isotope $4Cu, PET was
employed to track /in vivo delivery and biodistribution of 4Cu-MMNs using US7TMG
glioblastoma xenograft model. The decay-corrected PET images showed high tumor to
background contrast (Figure 4a). The tumor uptake of $4Cu-MMNs was about 3.93 + 0.18
percent of injected dose/gram of tissue (%1D/g) at 1 h post injection (p.i.) by a three-
dimensional volume of interest (VOI) analysis method,[16] and reached a plateau (about
10 %ID/g) 18~24 h p.i. (Figure 4b). MRI and PAI were also conducted on tumor sections.
As shown in Figure 4c and d, an obvious darkening effect could be observed at the tumor
site over time. The PA images also showed increasing PA signal accumulation around the
tumor region over time (Figure 4e). The presented results suggest MMNSs as a promising
contrast agent with high tumor accumulation for simultaneous PET, MRI, and PAL.
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Following /n vivo multi-modality imaging, /7 vivoPTT treatment was carried out on the
same animal model. Tumor-bearing mice were divided into four groups: control group, laser
group, MMNs group, and MMNSs plus laser irradiation group. When the tumors reached 60
mm3, the mice were treated with an intravenous injection of MMNSs (10 mg/kg, 200 pL).
Based on the observations from PET, MRI, and PAI, 24 h time point was selected as the
most suitable time to implement PTT. Upon localized laser irradiation (808 nm, 5 min,
0.25~1 W/cm?), the in vivo tumor temperature change of mice administrated with MMNs
was monitored by using an infrared (IR) thermal camera. As shown in Figure 5a and b, the
tumor temperature changes were 15.77, 24.28, and 32.74 °C within 5 min, upon 0.25, 0.5 or
1 W/cm? 808 nm laser irradiation, respectively. Because a temperature rise of over 20 °C is
enough to kill tumor cells,[2d] we thus used the fixed exposure condition (0.5 W/cm?, 5 min)
for /n vivoPTT treatment. Complete tumor elimination was achieved in the MMNs/laser
group, while the tumors in the other groups kept growing at the similar speed, and had to to
be euthanized on day 14 due to the extensive tumor burden (Figure 5¢ and d). The MMNs
plus laser irradiation greatly prolonged the survival of tumor-bearing mice over 30 days,
without a single death or tumor reoccurrence (Figure 5d). After PTT treatment, mice showed
black scars at their original sites of tumor (Figure 5e). Hematoxylin and eosin (H&E)
staining images of tumor sections further evidenced the efficient photothermal effect of
MMNSs plus laser irradiation, showing significant cancer cell damage with nuclear
membrane fragmentation and nuclei shrinkage with karyorrhexis and pyknosis that induced
intensive necrosis or apoptosis.[1l After MMNs administration and laser irradiation, main
organs from different groups of mice, as seen through H&E stained images (Figure S4),
showed no obvious damage or inflammation. The results manifest the capability of MMNSs
for photothermal imaging and photothermal tumor ablation /n vivo.

Considering the biological function of melanin,[17] we also investigated the UV and y
irradiation protection of MMNs. We found a concentration-dependent and time-independent
UV protection of MMNSs at the cell level (Figure S5). The 200 pg/mL of MMNs showed
much higher cell viability after 2 h UV exposure than other tested concentrations (Figure
S5a). The linear regression showed a satisfactory A2 value (/2 = 0.9491, (Figure S5b). In the
meantime, we also explored whether the UV protection of MMNs is time-dependent. We
incubated the cells with MMNs (200 pg/mL) for 4 h before UV exposure, and evaluated the
cell viability by CCK-8 kit assay at different time intervals. The MMNs showed better UV
protection at 30 min group than other longer exposure groups (Figure S5c). The linear
regression analysis reveal that the cell death increased with prolonged UV exposure (Figure
S5d).

Recent studies discovered a profound protective role of melanin from ionizing radiation.[8]
We therefore explored the y-irradiation protection function of MMNSs on healthy female
BALB/c mice. Mice were challenged with a lethal dose of y-irradiation using $Co source.
The deaths of all experimental mice were recorded for Kaplan—Meier analysis. The survival
rate was significantly improved in groups with intravenous injection of 50 mg/kg and 10
mg/kg of MMNs compared with PBS irradiation control (= 0.002 and £= 0.038, Figure
6a), and the survival percentages were increased by 70% and 44% at day 30, respectively.
Meanwhile, the median survival time was increased from 21 days (PBS irradiation control)
to 30 days (10 mg/kg MMNSs). On the contrary, the survival curve and media survival time
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between PBS irradiation control and 50 mg/kg MNPs groups revealed no significant
difference (P=0.1019, Figure 6a). In addition, we compared the body weight changes
among different groups. The mice with intravenous injection of 50 mg/kg MMNs showed
slowest body weight loss than other groups. On day 21, the body weight of 50 mg/kg MMNs
was more than the PBS irradiation control (= 0.011, Figure 5b), and treatment with MMNs
(10 mg/kg and 50 mg/kg) protected the spleen as compared with PBS irradiation and MNPs
groups (Figure S6). We increased the injection dose to 100 mg/kg and found no death, which
suggests that the maximum tolerated dose for MMNs is over 100 mg/kg. Afterwards, the Fe
content in different organs was measured by ICP-MS (Figure S7). It is not surprising to
observe high uptake of MMNSs in the liver and spleen. However, no obvious damage or
inflammation in those oragns was found at such a high administration dose (Figure S8), as
the major components of MMNSs are iron and melanin, both of which are non-toxic.

These results suggest the protective role of MMNSs against y-irradiation. The main toxic
substance of y-irradiation for the living cells is reactive free radicals.[!®] The radioprotective
mechanism of MMNs is complicated. Other than physical shielding and quenching of
cytotoxic-free radicals,[2%] melanin also showed abilities in modulation of pro-survival
pathways, prevention of oxidative stress and potent immunomodulation.[18: 2] Therefore,
MMNSs might be useful and serve as a potential radioprotector to shield the normal organs of
cancer patients who are undergoing high dose radiotherapy.

In summary, we have developed a versatile biomimetic theranostic agent based on magnetic
melanin nanoparticles (MMNs) for PET/MR/PA/PT multimodal imaging guided cancer
PTT, UV and vy irradiation protection. MMNSs were synthesized by biomimetic synthesis
method using biopolymer melanin as the biotemplate, radiolabeled with 84Cu and purified to
give quantitative radiochemical yield. Both /in vitro and in vivo studies further confirmed its
cancer theranostic capability. /7 vivo PET imaging showed high tumor uptake of MMNs
after intravenous injection (150 PCi, about 10 %I1D/g at 24 h). MRI and PAI also confirmed
high tumor accumulation of MMNs. Afterwards, upon mild localized laser irradiation (808
nm, 0.5 W/cm?2, 5 min), complete tumor elimination was achieved in MMNs administered
group (10 mg/kg of MMNS). Most intriguingly, MMNSs also exhibit efficient shielding
against UV and v irradiation. MMNs showed great clinical translation potential as a versatile
biomimetic theranostic agent with multi-modality imaging capability and potent PTT effect,
and as a potential radioprotector to shield the normal organs of cancer patients who are
undergoing high dose radiotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic illustration of radionuclide 84Cu labeled magnetic melanin nanopaticles

(64Cu-MMNSs) as versatile biomimetic theranostics for multimodal imaging guided
photothermal therapy, UV and vy irradiation protection. (b) TEM image of MMNSs. (c) Size
distribution of MMNs in aqueous solution measured by DLS. (d) UV-vis-NIR absorption
spectra of MMNSs at different concentrations.
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Figure2.
(a—c) Radio TLC chromatograms of $4Cu-MMN's (a), free 84Cu (b), and MNPs (c). (d) 1/ 7,

vs. Fe concentration (uUM) curve of MMNs in agarose gel. The slope, i.e. the 7> value, was
evaluated to be 167.28 mM~1 s71, Inset: The corresponding 7»-weighted MRI image. (e)
The r, values of spherical-10 (10 nm), spherical-16 (16 nm), and MMNSs. (f) PA signals of
MMNs as a function of concentration under 680 and 808 nm excitation, respectively. (g—h)
NIR laser-induced heat generation of aqueous solution of MMNSs: (g) with the same laser
power density of 1 W/cm? and different concentrations. (h) with same concentration (200
pg/mL) and different laser power densities (0.25~1 W/cm?). (i) Plot of temperature change
(aT) of MMNSs solution (200 pg/mL) irradiated by an 808 nm laser (1 W/cm?) for five on/off
cycles (on: 1 min, off: 3 min).
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Figure 3. In vitro cell experiments
a) Cell cytotoxicity of MMNSs to U87MG cells incubated with 0~500 pg/mL MMNs for 24

h. b) TEM images taken on U87MG cells incubated with 100 pg/mL MMNSs for 12 h. White
arrows denote the MMNs or their aggregates. c) Fluorescence images of Calcein AM (live
cells, green fluorescence) and propidium iodide (PI) (dead cells, red fluorescence) co-stained
U87MG cells incubated with MMNSs (100 ug/mL) for 12 h after laser irradiation (808 nm, 1
W/cm?2, 3 min).
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Figure 4. In vivo multi-modality imaging
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(@) PET images of U87MG tumor (white dotted circle) bearing mice at different times after
intravenous injection of $4Cu-MMNSs. (b) Tumor uptake of 84Cu-MMNSs, measured by VOIs.
Data were average decay-corrected to the time of injection, presented as %ID/g. (c) MRI
images of U87MG tumor (white dotted circle) before and after intravenous injection

of 64Cu-MMN:ss. (d) Quantitative analysis of enhanced MR signal of U87MG tumor and liver
before and after intravenous injection of 4Cu-MMNS. (e) PA images of US87MG tumor
before and after intravenous injection of 4Cu-MMNSs. The white dotted circles indicate the
region of interest in the tumors. (f) PA spectra of U87MG tumor before and after intravenous

injection of 44Cu-MMNs.
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Figure5. In vivo photother mal ther apy
(a) Thermographic images of U87MG tumor-bearing mice at 24 h post-injection of MMNs

(808 nm, 5 min, 0.25~1 W/cm?). (b) The corresponding temperature changes (AT) of
U87MG tumors upon laser irradiation. (c) Tumor growth curves of different groups of
U87MG tumor-bearing mice after treatment. Tumor volumes were normalized to their initial
sizes. Error bars represent the standard deviations of 5 mice per group. (d) Survival curves of
mice bearing U87MG tumor after various treatments. (e) Photographs of U87MG tumor-
bearing mice after PTT treatment. (f) H&E staining images of tumor sections harvested from
U87MG tumor-bearing mice with various treatments.
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Figure6. In vivoy irradiation protection

(a) Survival curves of mice after various treatments indicated. (b) Body weight changes of

mice after various treatments indicated.
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