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A B S T R A C T

This work proposes melanin as a new nanocarrier for pH-responsive drug release. Melanin is an abundant
natural polymer that can be easily extracted from cuttlefish as nanoparticles with a suitable size range for
drug delivery. However, despite its high potentiality, the application of this biopolymer in the
pharmaceutical and biomedical fields is yet to be explored. Herein, melanin nanoparticles were
impregnated with metronidazole, chosen as model antibiotic drug, using supercritical carbon dioxide.
The drug release profile was investigated at acidic and physiologic pH, and the dominant mechanism was
found to follow a non-Fickian transport. Drug release from melanin shows a strong pH dependency,
which allied to its biocompatibility and lack of cytotoxicity envisages its potential application as
nanocarrier in formulations for colon and intestine targeted drug delivery.

ã 2014 Published by Elsevier B.V.
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1. Introduction

Melanins are natural biopolymers that can be found in a large
number of organisms being one of the most abundant pigments in
nature (Araújo et al., 2012) The most common type is eumelanin,
also called black melanin, that results from the oxidative
polymerization of 5,6-dihydroxyindole and 5,6-dihydroxyindole
carboxylic acid (Shannon and Semiat, 2008; Meredith et al., 2006).
In nature, melanin pigments are usually associated with photo-
protection, but they also play a major role in the regulation of a
wide range of metabolic processes and molecular interactions
(Barr, 1983). Other interesting melanin properties have been
reported such as free radical scavenging, antioxidant capacity and
amorphous semiconductivity (Tran et al., 2006; Blois et al., 1964)
which are attributed to its disordered and heterogeneous
polymeric structure. Despite being abundant and easily accessible,
the use of melanin in pharmaceutical and biomedical applications
reported in literature is scarce. The few studies on melanin drug
conjugates that have been performed are mainly related with
binding affinity through adsorption (Ings, 1984), as they are useful
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to study drug accumulation into tissues where this pigment is
particularly dominant, mainly in eyes (Pescina et al., 2012), hair
(Joseph et al., 1996) or skin (Banning and Heard, 2002).

Herein, we evaluated for the first time melanin nanoparticles as
biocompatible drug nanocarriers, using metronidazole (MZ) as a
model drug. MZ is a nitroimidazole antibiotic for antibacterial and
antiprotozoal therapeutics (Tripathi et al., 2012), used in the
treatment of amoebiasis (Krishnaiah et al., 2002), giardiasis and
Crohn’s disease (Freeman et al., 1997). It was also reported as a
radiosensitizer due to its capacity to enhance radiation damage of
tumoral cells, being applied in preoperative radiotherapy for
gastric cancer (Skoropad et al., 2003). In this study, MZ was loaded
into nano-sized melanin particles using supercritical CO2 (scCO2)
technology. The high diffusivity and low viscosity of scCO2

decrease the mass transfer limitations found in conventional
impregnation (Soares da Silva et al., 2011).

The interest in using melanin as a drug release agent is related
to its nature, as it is an abundant biopolymer derived from natural
sources. In recent years, several biopolymers, such as starch and
chitosan, have been extensively investigated as drug delivery
systems. However, most of them require further structural and/or
morphologic modifications that are difficult to perform and to
obtain in good yield (Malafaya et al., 2007). Melanin has the
advantage of being easily obtained from the cuttlefish or octopus
ink, through a simple extraction method that involves successive
dilutions and washings of the ink with distilled water (Araújo et al.,
2012). This is an economical advantage when compared to other
otential pH-responsive drug release device, Int J Pharmaceut (2014),
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tural polymers as melanin is obtained ready-to-use, without the
ed of further structure modification. In addition by using scCO2,
clean technology, it is possible to prepare drug-melanin
rmulations without making use of any solvent and thus, with

 further drying or purification steps.

 Materials and methods

. Materials

Carbon dioxide was obtained from Air Liquide with purity
tter than 99.998%. Amphotericin B, Eagles minimum essential
edium with Earle’s balanced salt solution (EMEM(EBSS)), human
lorectal carcinoma-derived Caco-2 cells, Luria Bertani (LB) broth,
glutamine, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
enyl)-2-(4-sulphofenyl)-2H-tetrazolium (MTS), metronidazole
Z, 98% purity), non-essential amino acids (NEAA), penicillin G,
sazurin sodium salt, streptomycin, and trypsin were purchased
m Sigma–Aldrich and used without further purification. Fetal
vine serum (FBS) was purchased from Biochrom AG (Berlin,
rmany). Bacterial strain Escherichia coli (E. coli) DH5a was
rchased from ATCC. Finally, LB agar was purchased from
onadise. Sepia melanin was obtained from Sepia officinalis ink
cs. Its extraction was achieved through several washing steps of
e ink with Milli-Q water, followed by centrifugation (8000 g,

 min) to obtain a black precipitate, which was then lyophilized.

2. Supercritical CO2-assisted drug impregnation

Sepia melanin was impregnated with metronidazole using
CO2 in batch mode. 200 mg of melanin were packed in a cellulose
embrane (3500 MWCO) and 450 mg of MZ were loaded into a
ainless steel high-pressure cell equipped with two aligned
pphire windows, as previously described (Temtem et al., 2009,
12). The cell is divided into two compartments by a macroporous
pport in order to prevent physical contact between the drug and
e biopolymer, the drug is placed in the lower part and melanin in
e upper compartment. Excess MZ was always present at the
ttom of the cell during the experiment to ensure saturation of
e medium at the p, T impregnation conditions. After loading the
actants, the cell was immersed in a thermostated water bath set
 40.0 � 0.1 �C and filled with carbon dioxide up to 20 MPa. After

 h, the cell was quickly depressurized and allowed to cool to
om temperature. The total amount of drug impregnated in
elanin was quantified by UV–vis, after crushing the polymer at
e end of the drug release experiments.

3. Drug-release profile

The drug release experiments were carried out at physiologic
d acidic pHs. The impregnated melanin (20 mg) and the control
at melanin were immersed in 200 mL of phosphate buffer saline
lutions (pH 7.4) and glycine–hydrochloric acid buffer solutions
H 2.2) at 37 �C. 1 mL sample aliquots were withdrawn at different
e intervals and quantitatively replaced by a fresh medium. The

ug release quantification was evaluated by building calibration
rves considering l = 319 nm, which corresponds to the maxi-
um absorbance of MZ in phosphate and glycine–HCl buffers. All
easurements were carried out in triplicate and values plotted
ith standard deviation errors. The diffusion of metronidazole
rough the polymeric network in both PBS and glycine–hydro-
loric acid buffers was modeled using the empirical Korsmeyer–
ppas equation (Eq. (1)),

t

1
¼ ktn (1)
Please cite this article in press as: Araújo, M., et al., Natural melanin: A 
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where Mt is the absolute cumulative amount of drug released at
time t, M1 is the total amount of drug impregnated in the polymer
samples, k is the diffusion coefficient that reflects the structural
and geometric characteristics of the device, and n is the release
exponent, which gives an insight on the specific transport
mechanism (Ritger and Peppas, 1987; Restani et al., 2010).

2.4. Cytotoxicity assays

The human colorectal carcinoma-derived Caco-2 cells were
seeded with 6 mL of EMEM (EBSS), supplemented with 2 mM
L-glutamine, heat-inactivated FBS (10% v/v), NEAA (1% v/v) and 1%
antibiotic/antimycotic solution in T-flasks of 25 cm2, incubated at
37 �C, using a 5% CO2 humidified atmosphere. After cells attained
confluence, they were subcultivated by 3–5 min incubation in
0.18% trypsin (1:250) and 5 mM ethylenediaminetetraacetic acid
(EDTA). Then they were centrifuged, resuspended in culture
medium and then seeded in T-flasks of 75 cm2.

Subsequently, cell behavior in the presence of neat and
impregnated melanin was characterized by monitoring their
growth using an Olympus CX41 inverted light microscope (Tokyo,
Japan) equipped with an Olympus SP-500 UZ digital camera. To
further characterize the cytotoxic profile of materials, an MTS assay
was also performed accordingly to a procedure previously
described in the literature (Maia et al., 2009; Ribeiro et al.,
2009). Cell adhesion and proliferation in the presence of melanin
were also characterized by scanning electron microscopy (SEM)
using a Hitachi S-2700 (Tokyo, Japan) scanning electron micro-
scope operated at an accelerating voltage of 20 kV at various
amplifications.

2.5. Determination of antibacterial activity

In order to characterize the antibacterial properties of neat and
impregnated melanin, a resazurin assay was performed. Briefly,
bacterial cultures (E. coli) were seeded in 96 well plates at a density
of 5 �106 colony-forming unit (CFU)/mL under aseptic conditions.
After 24 h of incubation, 100 mL of medium of each well were
transferred to another 96 well plates, and 20 mL of 0.1% resazurin
solution were added to each sample, followed by the plates being
incubated at 37 �C during 1–4 h. Finally, bacterial growth was
followed using a Nikon digital camera (Nikon D50, Ayuthaya,
Thailand) (Alves et al., 2014).

2.6. Melanin characterization

The UV–vis spectra for the drug release quantification were
carried in a Lambda 25 PerkinElmer spectrophotometer. ATR–FTIR
analyses were performed on a Nicolet spectrophotometer model
IS-10. The deepness of analysis is about 2 mm. X-ray powder
diffraction was performed using a RIGAKU X-ray diffractometer
MiniFlex II with automatic data acquisition (peak search for
Windows v. 6.0 Rigaku) using Cu Ka radiation (l = 0,15406 nm) and
working at 30 kV/15 mA. The diffraction patterns were collected in
the range 2u = 5–50� with a 0.02� step size and an acquisition time
of 1 min/step. For SEM analysis, samples were coated with a carbon
film, and the images were obtained using a Cross Beam
Workstation (SEM)-Zeiss Auriga equipment, with a Schottky field
emitter, resolution of 1.0 nm @ 15 kV, 1.9 nm @ 1 kV, acceleration
voltage between 0.1 and 30 kV.

The water uptake performance of the polymer was determined
both at pH 7.4 and pH 2.2 in similar conditions to those used for the
drug release experiments. Briefly, 20 mg of melanin were put on a
sleeve filter of 0.1 mm mesh and immersed in buffer solution at
37 �C for 8 h. The water content was estimated by the difference
between the weight of the swollen polymer samples (W) after
potential pH-responsive drug release device, Int J Pharmaceut (2014),
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Fig. 1. MZ release profile from melanin nanoparticles at pH 7.4 (^) and pH 2.2 (&).

Table 1
Korsmeyer–Peppas equation parameters and drug release at pH 7.4 and 2.2.

pH Korsmeyer–Peppas parameters Drug release (mg/g)d

r2a k (h�1)b nc

7.4 0.954 0.4420 0.89 19.9
2.2 0.942 0.0163 0.89 3.4

a Correlation coefficient.
b Constant incorporating structural and geometric characteristics of the system.
c Diffusion exponent.
d Maximum mass of MZ released per mass of impregnated melanin.
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careful wiping the filter with a soft tissue, and the weight of the dry
polymer samples (W0) (Eq. (2)).

Swelling ¼ W � W0

W0
(2)

3. Results and discussion

Melanin was loaded with 2.3 wt% of MZ by scCO2-assisted
impregnation. Fig. 1 shows the obtained MZ release profiles from
melanin samples at pH 7.4 and 2.2 for 10 h of release.

The drug release was continued for 60 h showing a well-defined
plateau (see Graphical abstract). It is a remarkable pH-trigged
response of melanin in MZ release. As MZ solubility in different
buffers is nearly pH-independent (Wu and Fassihi, 2005), this
remarked difference in the drug release kinetics must be related
with the behaviour of the biopolymer when exposed to
physiological and acidic media.

The release plateau at physiologic pH 7.4 was obtained in about
9 h, corresponding to 87% of MZ release. In the first 1.5 h, there was
a fast but controlled release of ca 65% of MZ, presenting after that
was a slower release till it reached the plateau. At pH 2.2, the
amount of drug released does not exceed 10% for the same period
of time. This release profile is comparable to other natural derived
drug carriers (Elzatahry and Eldin, 2008; Krishnaiah et al., 2001;
Perera et al., 2010), suggesting that formulations of melanin could
be potentially used as pH-targeted drug release devices to colon
and intestines, either by rectal administration or orally, sustaining
drug release through stomach (pH 2) and releasing the drug at
those targets where pH is around 7.4.

This pH-dependent release may be explained by conformational
rearrangements in melanin structure. This biopolymer is composed
by DHI and DHICA monomers (Fig. 2) and thus, carboxylic acid
(pKa� 4.5) and phenolic (pKa� 9) groups are directly responsible
for the surface physical and chemical properties.
Fig. 2. Chemical structures of metronidazole (MZ) and structural units of melanin:
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA).

Please cite this article in press as: Araújo, M., et al., Natural melanin: A p
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The presence of such units, specially the carboxyl groups (which
pKa is in the pH range of the tested buffered solutions), may force
the biopolymer to acquire different conformations upon variation
in the pH of the medium. In PBS buffer (pH 7.4), the carboxyl groups
are negatively charged due to the deprotonation and consequently,
the repulsion between these groups at the polymer's surface are
higher, providing changes in the polymer chain conformation that
favour the release of the drug from its internal structure. On the
other hand, in the acidic medium, the minimization of electrostatic
effects, due to the protonation of the carboxyl groups, seems to
promote novel biopolymer conformations with increased ability to
retain the drug.

No significant swelling was obtained at both pHs (in 10 h, data
not shown). The absence of swelling in melanin was predictable due
to its high rigidity and cross-linked structure. It seems that
the drug diffusion from the structure is enhanced by the higher
surface hydrophilicity at physiologic pH. The in vitro release data
was correlated using the Korsmeyer–Peppas model (Fig.S1, Sup-
porting Information), commonly used to describe the drug release
kinetics from non-swellable polymeric systems (Eq. (2)), and the
calculated Korsmeyer–Peppas constants are included in Table 1.

For a non-swellable spherical shaped system, as is the case of
melanin, the results obtained for the diffusion coefficient and
release exponent suggest that the dominant mechanism for drug
release corresponds to a non-Fickian or anomalous transport
(Slepmann and Peppas, 2001), where Fickian diffusion through the
hydrated layers of the matrix and polymer relaxation are both
involved. The data was computed using Excel Solver add-in
module. These results are in accordance with the hypothesis
proposed above, where a change in the conformation of the
biopolymer, inducing its relaxation, can be the basis of its different
behavior in the acidic and the neutral media.

Fig. 3 shows the X-ray diffraction spectra of melanin before and
after impregnation, MZ processed in scCO2 and the physical
mixture. The XRD spectrum of melanin shows the characteristic
diffraction peaks (2u = 27, 32 and 45�) of crystalline NaCl (halite,
JCPDS 5-628).
Fig. 3. XRD of metronidazole (A) and melanin after (B) and before (C) the drug
impregnation compared to the physical mixture (D).

otential pH-responsive drug release device, Int J Pharmaceut (2014),

http://dx.doi.org/10.1016/j.ijpharm.2014.04.051


Fig. 4. SEM images of melanin extracted from cuttlefish: a) neat, b) impregnated with MZ.

Fig. 5. Microscopic photographs of Caco-2 cells after being seeded in the presence of the culture medium that was previously in contact with MZ and MZ-impregnated
melanin during 24, 48 and 72 h. (K�) the negative control (live cells) and (K+) the positive control (dead cells). Original magnification �100.

4 M. Araújo et al. / International Journal of Pharmaceutics xxx (2014) xxx–xxx

G Model

IJP 14036 1–6

Please cite this article in press as: Araújo, M., et al., Natural melanin: A potential pH-responsive drug release device, Int J Pharmaceut (2014),
http://dx.doi.org/10.1016/j.ijpharm.2014.04.051

http://dx.doi.org/10.1016/j.ijpharm.2014.04.051


236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290Q8

291

292

293

294

295

296

297

298

299

Fig. 6. Cellular activities measured by the MTS assay after 24, 48 and 72 h in contact with neat and MZ-impregnated melanin. K� – negative control (live cells), and K+ –

positive control (dead cells), are also represented. Each result is the mean � standard error of the mean of at least three independent experiments.

Fig. 7. SEM image of Caco-2 cell growing in contact with melanin (30,000�, 20 kV).
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The amorphous nature of melanin (wide band from 2u = 15–30�)
was observed for all diffractograms, which is indicative of its
characteristic heterogeneous and disordered structure. By compar-
ing the physical mixture of MZ and melanin with MZ-impregnated
melanin, it is possible to observe a notorious shift of the diffraction
peaks toward lower 2u values. The distribution of MZ within the
polyaromatic sheets may induce an increase of the interplanar
spacing, which in turn, according to Bragg’s law, leads to a decrease
of the scattering angle. Although the spacial arrangement of the
drug inside the melanin structure is not clear, it is believed that p–p
interactions (imidazole scaffold) and hydrogen bonding (hydroxyl
and/or nitro groups) may be involved in the stabilization of MZ in
the cavity that lies between the indole-quinone sheets.

Morphologic characterization of extracted melanin, before and
after impregnation, was accessed by SEM analysis and shown in
Fig. 4.

No relevant change at morphological level was observed after
drug impregnation. The extracted melanin is obtained as discrete
spherical granules with diameters ranging from 100 to 250 nm. Its
nanostructure was already elucidated (Clancy et al., 2000). The
melanin morphology is ideal for vascular and gastro-intestinal
drug delivery systems, which is normally optimized between 100–
300 nm (Desai et al., 1996; Champion et al., 2007). In addition, its
round shaped geometry is favored when compared to rod shaped
particles, as the first are quickly uptaken by the cells through
endocytosis (Muro et al., 2008). These parameters can influence
several processes that occur during the drug release, from the
transport and biodistribution of the particles at vascular level, to
the strength of adhesion and internalization at the cellular level
(Decuzzi et al., 2009).

As MZ is commonly classified as an antibacterial and
antiprotozoal agent, the behavior of neat and impregnated melanin
was characterized by using a bacterial strain E. coli that is usually
found in the colon. The antimicrobial activity of melanin was
assessed through a Resazurin assay using different concentrations
of the material (3.75 mg/mL, 5.00 mg/mL, 6.25 mg/mL, 7.50 mg/mL,
8.75 mg/mL and 10.00 mg/mL). The results obtained (see Fig. S3
from Supporting Information) demonstrated that only melanin
impregnated with MZ has antibacterial activity.

Fig. 5 shows that Caco-2 cells adhered and proliferated in the
presence of melanin for 72 h, demonstrating its biocompatibility.
Please cite this article in press as: Araújo, M., et al., Natural melanin: A p
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However, when melanin was impregnated with 3.6 mg/mL of
metronidazole, few cells adhered and proliferated. In the presence
of melanin loaded with 1.8 mg/mL of the drug, the number of viable
cells was comparable to that of the negative control (100% live cells).

The MTS results (Fig. 6) also demonstrated that the medium
that was in contact with melanin did not have an acute cytotoxic
effect for cells during 72 h, showing cellular viabilities comparable
to that of the negative control. When cells were incubated with the
medium that was previously in contact with the impregnated
melanin (containing 1.8 and 3.6 mg/mL of MZ), cellular viability
started to decrease after 24 h, which may be caused by MZ release
from melanin. Such results demonstrate the potential of melanin-
based drug delivery systems for colorectal cancer therapy.

To further characterize the cytotoxic profile of melanin devices,
SEM images were also acquired (Fig. 7), where it is visible when the
adhesion and proliferation of Caco-2 cells were seeded in contact
with melanin.

Our findings corroborate the excellent biocompatibility of
melanin, fully supporting its application in the drug delivery
systems. Furthermore, melanin is biodegradable, which can be of
an advantage as it is eliminated from the body as small, nontoxic
fragments after having served their intended purpose (Bettinger
et al., 2009).
otential pH-responsive drug release device, Int J Pharmaceut (2014),
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The development of novel stimuli-responsive drug delivery
stems has received significant attention from the pharmaceuti-
l industry, mainly due to their potential for precise targeting with
ss severe side effects (Lee et al., 2011). In this case, melanin has
oven its ability to deliver the drug upon pH stimulus, as less than
% of MZ is released in acidic conditions (pH 2.2) while 87% of the
ug is released at physiologic pH (pH 7.4), pH conditions similar to
omach and intestine environments.

 Conclusions

In this work we showed that melanin, which can be easily
tracted from cuttlefish directly as spherical nanoparticles, could

 a very interesting nanocarrier drug release device. Melanin
uld be straightforwardly impregnated with a drug using
percritical fluid technology, a clean route for impregnation,
king advantage of the high diffusivity, low viscosity and high
nsity of scCO2, leaving no residues in the final product. In
dition, we showed that melanin strongly responds to pH thus,
ving a significant control on drug release, which is a very
teresting feature for the treatment of intestine and colon
seases, which would greatly benefit with pH-targeting. These
teresting results allied to its high biocompatibility can prompt
e use of melanin as a novel biomaterial for the potential use in
e pharmaceutical and biomedical fields.
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