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macromolecular insoluble structure formed by high-molecular 
weight polymeric chains with a broad set of biological func-
tions, remarkable for their protective role in oxidative stress, 
as antioxidant, free radical scavenger, and metal ion storage.[7] 
Moreover, the broad absorption spectrum of melanin and its 
good stability in physiological environments makes it well 
suitable for PA imaging in live animals.[8] Recently, PA probes 
based on melanin-like nanoparticles have been proposed. These 
nanoparticles were prepared from synthetic melanin granules 
dissolved in basic conditions and sonicated to limit aggrega-
tion (i.e., to improve their dispersion in aqueous solutions) or 
by synthesis of artificial melanin models from chemical oxi-
dation of dopamine followed by linear polymerization.[9] As 
recently pointed out, the capability to control the aggregation 
state of melanin and hence its solubility is essential for future 
developments of melanin as functional materials within the 
PA field.[10] Importantly, melanin-containing nanoparticles can 
be exploited for multimodality imaging, owing to ability of the 
melanin macromolecules to chelate metal ions, as well as for 
drug-loading systems due to its binding capabilities through 
electrostatic and π–π interactions.[11] However, most of the pro-
posed melanin-like nanoparticles have size that precludes their 
efficient clearance from the body.[12] Therefore, we adopted a 
novel strategy for obtaining water soluble melanin derivatives 
that retain the melanin properties without requiring sonication 
steps, with dimensions that are optimal in terms of pharma-
cokinetic and biodistribution within tumors.

Importantly, exogenous agents are commonly exploited in 
several imaging modalities for assessing tumor microvascu-
lature properties. DCE magnetic resonance imaging is a well 
established technique that describes the acquisition of base-
line images followed by a series of images acquired over time 
after the intravenous administration of a contrast agent.[13] The 
characteristic wash-in and wash-out enhancement curves of 
the contrast agent provide information on the tumor vascular 
compartment. Notably, DCE is a useful tool for providing early 
measurement of vascular functional changes after therapeutic 
treatment and therefore it is considered as a useful biomarker 
of drug treatment response.[14] In addition, agents with size 
close to serum albumin can provide a better assessment of 
tumor vessel permeability and monitor more precisely changes 
upon antiangiogenic treatments.[15]

In this study, we prepared highly water soluble melanin free-
acid (MFA) starting from synthetic melanin granules (sMGs) 
through a slight modified “bleaching” procedure (Figure 1a). 
sMGs were synthesized by enzymatic (tyrosinase) oxidation of 

Recent advances in nanobiotechnology and nanomaterials are 
providing novel functional agents that hold great potential in 
several imaging-based approaches for cancer diagnosis and 
therapy.[1] Photoacoustic (PA) imaging is a hybrid imaging 
technique for noninvasive visualization of tissue structures 
that combine optical excitation with ultrasound detection, 
exploiting the PA effect.[2] Thanks to the high spatial resolution 
and imaging depth that this modality can provide, the endoge-
nous PA contrast from naturally occurring tissue cromophores, 
such as hemoglobin and melanin, allows monitoring anatomic 
and physiological changes in several diseases as well as fol-
lowing treatment response.[3] Notably, photoacoustic imaging 
has already been exploited for visualizing human breast cancer 
based on the intrinsic optical absorption contrast.[4] However, 
intrinsic PA contrast is usually small and this has prompted 
the search for exogenous contrast (e.g., organic dyes, quantum 
dots, carbon nanotubes, gold nanorods, and other platforms) to 
enhance the role of this imaging modality as diagnostic tool.[5] 
It has been shown that these agents may markedly improve 
resolution and sensitivity of PA imaging and the quest for novel 
materials with improved optoacoustic properties, optimal bio-
distribution, and low cytotoxicity continues to be under intense 
scrutiny to expand PA imaging applications.[6] In this con-
text, materials based on naturally occurring biomolecules are 
receiving great attention due to the obvious biocompatibility 
they may offer.

Here, we report a novel melanin-based PA contrast agent, as 
an efficient probe for assessing tumor vasculature properties 
that allows, for the first time, the setup of a dynamic contrast 
enhanced (DCE)-PA approach to monitor vascular changes fol-
lowing an antiangiogenic treatment.

Melanin is a natural pigment found widespread in nature 
including human skin. Dark-brown melanin, or eumelanin, is a 
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l-dopa.[16] Solubilization of sMG is typically achieved by treat-
ment with hydrogen peroxide in alkaline solution.[17] To remove 
the solubility-restraining cross-links but still preserving the 
overall chemical nature of the pigment, we applied a light oxi-
dative breakdown of the melanin structure under mild and neu-
tral pH conditions for a short period of time. Briefly, sMGs were 
treated with 0.3 m H2O2 in 0.12 m ammonia buffer at pH 7 for 
20 min at 30 °C. After this mild treatment, the solution phase 
became markedly dark colored because of the solubilization of 
sMG that yields the MFA derivative (Figure 1a,b).

The obtained MFA exhibited excellent stability and water 
solubility up to 10 mg mL−1, with no precipitation after storage 
at 4 °C for several months (Figure 1b). To further improve dis-
persibility for applications in living animals, polyethylene glycol 
(PEG-3000) chains were conjugated to MFA. The MFA-PEG 
derivative (Figure 1b) has been obtained by a cross-linking reac-
tion between the amine groups of NH2PEG3000NH2 and 
the carboxylic groups of MFA. Purification was carried out by 
gel-filtration chromatography on a Superdex 200 10/300 GL 
column. The obtained MFA-PEG derivatives maintained the 
brown-to-black color of the parent MFA (Figure 1b).

Dynamic light scattering (DLS) data showed an average 
diameter of 6.9 ± 1.2 nm for MFA that reached 10.5 ± 1.8 nm 
for the PEG-functionalized MFA (Figure S1, Supporting Infor-
mation). From the point of view of a biological application, 

small-size systems are expected to be more suitable for bio-
logical applications than larger particles, because they are less 
likely to be rapidly recognized and cleared by macrophages by 
complement receptor-mediated phagocytosis and they can more 
easily avoid cellular internalization.[18] The size of MFA-PEG 
system appears particularly suitable to investigate the wash-in/
wash-out process in the tumor region as it is only slightly larger 
than serum albumin. The similar absorption spectrum of MFA-
PEG and MFA demonstrated that the PEG-modification did not 
influence the absorption properties of MFA and that both MFA 
and MFA-PEG possess similar optical properties as the parent 
melanin (Figure 1c).[19]

Stability of MFA nanoparticles in water was assessed by DLS 
measurements over a period of three months, with no changes 
in size (Figure S2, Supporting Information). The physiolog-
ical stability of MFA and MFA-PEG was assessed in cell cul-
ture medium (Dulbecco’s Modified Eagle Medium, DMEM) 
and in phosphate-buffered saline (PBS) added of 10% fetal 
bovine serum, at 37 °C. No changes in PA properties and in 
absorbance at 700 nm were observed after incubation up to 
24 h in both media (Figures S3 and S4, Supporting Informa-
tion, respectively). Thermostability of MFA and MFA-PEG was 
assessed upon heating their aqueous solution up to 45 °C. 
They were found to be stable, since neither precipitation nor 
significant change in size was detected (Figure S5, Supporting 
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Figure 1. a) Schematic representation of the synthesis of MFA and MFA-PEG. b) Pictures of MFA and MFA-PEG solutions (2.5 mg mL−1) dissolved 
in H2O after four months of storage in dark conditions at 4 °C. c) UV–vis absorption and d) PA spectra of MFA and MFA-PEG in 1× PBS at pH = 7.4.  
e) PA intensities as a function of MFA and MFA-PEG concentrations in PBS. f) Representative PA images of MFA and MFA-PEG solutions in the range 
of concentrations 0.625–1.25–2.5 mg mL−1, each excited by pulsed laser at 700 nm.
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Information). The overall stability of the MFA and MFA-PEG 
derivatives was further supported by observing that no sig-
nificant change occurs in their absorption spectra (Figure S6, 
Supporting Information) or in their hydrodynamic diameters 
(Figure S7, Supporting Information) when the pH of their 
solutions was varied in the range 6.0–7.4. Both MFA and MFA-
PEG exhibited negligible photothermal conversion capability 
(Figure S8, Supporting Information). All together, these data 
support the view that both MFA and MFA-PEG own a good 
chemical stability and are therefore well suitable for in vivo 
applications.

To assess the potential of MFA and MFA-PEG to be used 
as PA agents, we investigated the detection sensitivity of their 
aqueous solutions at increasing concentration, from 0.6 to 
2.5 mg mL−1. The PA signal increased with the concentration 
of the MFA and MFA-PEG, with MFA-PEG invariantly showing 
higher optoacoustic signal intensities at all the investigated 
wavelengths (Figure 1d). A possible reason for such a higher 
optoacoustic capability of MFA-PEG in respect to MFA might 
rely in the higher efficiency of heat transfer between MFA-PEG 
and water likely due to the PEG coating.[20] MFA and MFA-PEG 
yield the best PA response, with maximum ultrasound emission, 
upon excitation at ca. 700 nm value. This wavelength appears 

well suitable for in vivo work due to the low absorption of deoxy-
genated blood at this wavelength. In fact, the PA signal gener-
ated at ca. 700 nm by a blood sample added of 1.25 mg mL−1 
MFA and MFA-PEG, respectively, was significantly higher of 
the one obtained from the neat blood, as shown in Figure S4 
(Supporting Information). At higher excitation wavelengths, 
the MFA containing phantoms display lower PA responses, in 
comparison to the pure blood sample, reflecting the low PA effi-
ciency of MFA and MFA-PEG at wavelength exceeding 750 nm 
(Figure 1d). At 700 nm, both MFA and MFA-PEG displayed 
a linear relationship between PA signal and concentrations 
(R2 = 0.996 and 0.987 for MFA and MFA-PEG, respectively, 
Figure 1e). The PA intensity is overlaid with the ultrasound 
image in Figure 1f, to obtain a tomographic composite image, 
displaying higher intensities for the MFA-PEG compound.

In vitro tissue culture experiments were used for pilot tox-
icity studies. The MFA and MFA-PEG were first tested with 
J774 macrophage cells plated in 96 well plates. Increasing con-
centrations of MFA and MFA-PEG were added to the culture 
media and allowed to incubate for 24 h. Analysis by the viability 
assay indicated no statistically significant decrease in cell via-
bility even at concentrations of 2.5 mg mL−1, for both MFA and 
MFA-PEG (Figure S9, Supporting Information).
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Figure 2. Average PA signal changes upon intravenous administration of 0.1 mL of a) MFA and b) MFA-PEG with concentration of 2.5 mg mL−1 or 
of c) 0.1 mL PBS solution in breast tumor bearing mice (n = 4) at 700 nm. Representative optoacoustic images in transverse section of tumor before 
(top) and 5 min after (bottom) intravenous injection of d) MFA, e) MFA-PEG, and f) PBS at 700 nm. All data are expressed as mean ± SD.
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The biodistribution of MFA-PEG was carried out in BALB/c 
mice bearing a subcutaneous HER2 positive breast tumor gen-
erated by injection of ca. 2.5 × 105 TS/A cells. All animal experi-
ments were performed complying with the EU guidelines for 
the care and use of laboratory animals and with our University 
Ethical Committee’s requirements and according to a protocol 
approved by the Institutional Animal Care. Mice were injected 
intravenously with MFA-PEG labeled with a fluorescent dye 
(S-07186, Ferrania Technologies, Italy), named MFA-PEG-Cy5 
(25 µL of 0.06 × 10−3 m MFA-PEG-Cy5 solution) that shows a 
fluorescence emission peak at 660–670 nm (Figure S10, Sup-
porting Information). The dynamic optical imaging data 
revealed a rapid distribution and elimination of MFA-PEG-Cy5 
in the tumor. Indeed, fluorescent intensity in the tumor reached 
a high level in the first 5 min after injection of MFA-PEG-Cy5 
up to 30 min, followed by a quite fast wash-out (Figures S11 
and S12, Supporting Information). MFA-PEG-Cy5 showed a 
good selectivity for the tumor as a significantly lower signal 
was detected in the muscle at all time points (Figure S12, Sup-
porting Information). Ex vivo evaluation of organs at 4 h post-
injection clearly showed that the highest fluorescence emission 
was associated with the tumor tissue. MFA-PEG-Cy5 was also 
found in the liver and the kidneys, the main organs involved 
in the elimination of the compound, while no specific signal 
was detected in the heart, lung, spleen, and muscle. In all the 
organs explanted from control mice treated with the unlabeled 
compound, a low signal, caused by tissue autofluorescence, was 
observed (Figure S13, Supporting Information).

The capability of MFA and MFA-PEG for tumor imaging 
was validated by performing in vivo PA imaging in the HER2 
positive TS/A tumor model. Three groups of mice (n = 4 for 
each group) received intravenous administration of 100 µL of 

a saline solution, or of MFA and MFA-PEG solutions with con-
centration of 2.5 mg mL−1. After systemic administration of 
MFA, the PA signal in the tumor gradually increased during 
the first 30 min, in analogy to what observed in the optical 
imaging experiments. The average increase, upon subtrac-
tion of the baseline PA signal, was in the range 0.05–0.10 a.u. 
(Figure 2a). Upon the systemic administration of MFA-PEG at 
the same dose, a marked and higher increase of the PA signal 
was observed in the tumor area, with an average increase 
between 0.10 and 0.20 a.u. (Figure 2b). The higher contrast 
enhancement obtained for the MFA-PEG solution likely reflects 
the enhanced optoacoustic properties of the MFA-PEG in com-
parison to the MFA compound. Precontrast PA images showed 
weak PA response in the region of interest, essentially due to 
the intrinsic absorption of oxyhemoglobin and deoxyhemo-
globin in the NIR region (Figure 2d–f). PA images overimposed 
onto the B-mode images showed a heterogeneous distribution 
of the signal, with a slight prevalence in the rim region in com-
parison to the core area (Figure 2d,e). The good PA contrast 
generated by MFA and MFA-PEG can be accounted in terms of 
the enhanced permeability and retention effect within tumors. 
The administration to the control group of the saline solution 
did not increase at all the PA signal in the first 15 min, with a 
successive slight reduction (Figure 2c,f). These results give sup-
port to the view that the enhanced PA signal in tumor is due 
to the passive extravasation and accumulation of the MFA and 
MFA-PEG derivatives.

A further step in tumor characterization is represented by 
the assessment of tumor vascular permeability. To examine 
the ability to visualize dynamically tumor vessel permeability, 
a DCE-PA imaging experiment was performed upon the injec-
tion of MFA-PEG into the tail vein. The uptake of MFA-PEG 
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Figure 3. a) Typical time PA intensity curve for intravenous bolus injection of 80 µL of MFA-PEG (2.5 mg mL−1) in the tumor region. b) Averaged dynamic 
contrast enhanced PA curves (PA Enh%) upon MFA-PEG tail vein injection for control group (n = 3) and for TNF-α treated group (n = 4). c) Area under 
the curve (AUC) values at different time points calculated on the corresponding dynamic contrast enhanced curves for control and TNF-α treated mice.
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over time was monitored within the tumor region, from which 
time–intensity PA signal can be extracted and used to describe 
the microvasculature features (Figure 3a). The DCE-PA curve 
showed a slow but constant uptake into the tumor up to 15 min 
postinjection. Additionally, to validate the DCE-PA approach for 
assessing changes in tumor vascularization, we treated a group 
of mice with tumor necrosis factor-α (TNF-α), an agent used 
in clinical trials known to increase vascular permeability and 
uptake of nanosized systems into tumors.[21] Thus, we carried 
DCE-PA imaging on mice bearing subcutaneous TS/A tumors 
after intravenous injection of saline solution or of TNF-α. Post-
treatment images were acquired after 3 h to allow sufficient 
time for tumors to respond to TNF-α treatment.[22] Averaged 
DCE-PA time curves are shown in Figure 3b for control and 
TNF-α treated group, respectively. As compared to the control 
group, the PA enhancement curve for the TNF-α group sig-
nificantly increased upon time after the MFA-PEG injection. To 
quantify the differences between the two groups, we calculated 
the area under the curve (AUC) at several time points from 
the DCE-PA curves. A relatively small increase in AUC values 
was observed up to 6 min postinjection, which significantly 
increased from 8 to 12 min (Figure 3c). Clearly the DCE-PA 
imaging demonstrated that the increase of PA contrast is spe-
cific for the enhanced accumulation of MFA-PEG molecules in 
tumors due to the TNF-α treatment.

In conclusion, we have reported a new synthetic way to 
produce melanin-based nanosized systems possessing high 
water solubility as an active platform for PA imaging. These 
PA nanoscale agents possess relatively small size, good optoa-
coustic properties, and excellent biocompatibility that point to 
their use as passive tumor targeting agents. Moreover, for the 
first time, we showed that these agents can be exploited within 
a DCE-PA approach for the assessment of changes in tumor 
vasculature after therapeutic treatment. In addition, owing to 
the presence of amine moieties on the surface of these parti-
cles, one can envisage to exploit these anchoring points for the 
conjugation of suitable vectors for in vivo active targeting of 
specific molecular markers.[23]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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