


Non-covalent interactions are known to control a diverse range of

bio-molecular phenomena such as: duplexing in a-helical DNA;

secondary and tertiary structure formation in proteins; molecular

recognition and binding; and electronic delocalisation and charge

transfer in photosynthetic systems.20–24 The so-called aromatic

interaction is a particularly important sub-class of non-covalent

effect which is dominated by strong attractive inter-molecular

interactions between p-systems.25 These p–p interactions lead to

stacking in small and large molecules—some examples being

graphene, porphyrins, aromatic amino acids and DNA base

pairs—all with stacking distances in the range 3–4 Å.26–30

Eumelanin is the most widely studied form of melanin because

of its relevance to human health and wide occurrence in the

biosphere. It is now generally accepted that eumelanin is

a macromolecule of 5,6-dihydroxyindole (DHI) 1 and 5,6-dihy-

droxyindole-2-carboxylic acid (DHICA) 2 and their various

redox forms (Fig. 1). The bio-synthesis of eumelanin occurs via

the enzymatic oxidation of the amino acid tyrosine and is

described by the Raper–Mason scheme.31 The aforementioned

physical and chemical properties of eumelanin, plus the fact that

the macromolecule consists of cross-linked heteroaromatic units

capable of extensive electronic delocalisation, have led to the

suggestion that it is an organic amorphous semiconductor.13 It is

a long held view that this mesoscopic description (which has now

become somewhat of a paradigm) requires the system to be

organised as a large highly cross-linked conjugated hetero-

polymer at the secondary structural level (in a direct analogy to

synthetic conducting polymers). Note we use the term

‘‘secondary structure’’ here in the same way as in protein and

nucleic acid nomenclature where it refers to the three-dimen-

sional form that a bio-macromolecule assumes as a result of non-

covalent bonds. However, there is a significant body of evidence

building that the extended heteropolymeric model may not be the

correct description of the system and indeed that the amorphous

semiconductor description is not the whole story.2 In particular,

several authors have speculated that eumelanin subunits are

organised into rather smaller planar oligomeric sheets which

stack to create nano-aggregates.32–34 This suggestion (which is

consistent with amorphous semiconductivity given a sufficiently

large coherence length) is based upon a small number of X-ray

scattering studies in which stacked structures were found to be

a fit to the reciprocal space data33,35 and recent first principles

quantum chemical studies which show cross-linked oligomeric

protomolecules in a stacked configuration could lead to
Fig. 1 Chemical structure of the eumelanin monomers 5,6-dihydrox-

yindole (1) and 5,6-dihydroxyindole-2-carboxylic acid (2).
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broadening of absorption features consistent with the eumelanin

absorption spectrum.34,36,37 There have also been reports of

a broad X-ray powder diffraction peak at the right kind of length

scale and some local step heights measured using atomic force

microscopy which are suggestive of stacking interactions.18,19

However, as yet, there is no direct evidence for this new struc-

tural model or indeed of any supramolecular organisation in

melanins. The reasons for this knowledge gap are associated with

a number of factors including the insolubility of all melanins and

their extreme heterogeneity which makes them a challenging

candidate for standard structural characterisation techniques

such as X-ray and neutron scattering.
Experimental section

Materials

Natural eumelanin extraction. For the isolation of melanin

from bovine retinal pigment epithelium (RPE) cells a modified

version of a standard literature procedure was followed. Once the

unnecessary portions of the bovine eye were discarded the RPE

cells were gently brushed off Bruch’s membrane. When freed, the

cells were washed out of the eye cup with Dulbecco’s phosphate-

buffered saline without calcium and magnesium (PBSA). The

cells were disrupted by mechanical homogenisation. Cellular

debris was removed by centrifugation at 60g for 7 min. The

resultant low speed supernatant was centrifuged at 6000g for

10 min to sediment the pigment granules. This sediment was

re-suspended in 0.3 M sucrose and layered onto a discontinuous

sucrose gradient and centrifuged on an MSE super speed centri-

fuge at 103 000g for 1 h. The melanosomes formed a pellet and

were isolated and further purified by running a second identical

gradient, and the pellet obtained was washed four times with

PBSA in order to remove the sucrose. The resultant eumelanin

was washed with, and then re-suspended in PBSA. In-tact sepia

eumelanin granules from the ink sacks of Sepia officinalis were

obtained from Sigma-Aldrich (Sydney, Australia) and used as

received after detailed inspection by scanning electron micros-

copy. The sepia eumelanin granules were isolated and purified

according to the standard method of Zeise et al.38 which involved

multiple steps of suspension in KCl, washing in de-ionised water,

filtering and centrifugation, and lyophilisation to yield a powder.

Synthetic eumelanin solubilisation. To prepare both the DMF

and the aqueous solutions used for the optical measurements, 5

mg of synthetic eumelanin, synthesised as described in the ESI†,

were dissolved in a combination of 45 ml high-purity 18.2 MU

milliQ de-ionised water and 5 ml of 25% concentrated ammonia

solution. To ensure that the eumelanin was completely dissolved

the solutions were sonicated for 20 min. For the aqueous solution

a further 70 ml of de-ionised water was added to the solution and

it was stirred at 90 �C for several hours until the ammonia had

completely evaporated. At this point the pH of the solution was

checked and confirmed to be 7. De-ionised water was added to

the remainder of the solution to take the total volume to 100 ml,

yielding a 0.005% (w/w) solution of synthetic eumelanin in water.

For the DMF sample, 50 ml of the synthetic eumelanin solution

in de-ionised water and ammonia solution were added to 50 ml of

de-ionised water and 100 ml of DMF. The solution was then
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placed under a partial vacuum and heated to 80 �C in a rotary

evaporator to evaporate the water and remove the ammonia.

When the solution volume had decreased to �30 ml a further

100 ml of DMF were added and the evaporation procedure

repeated until the volume had again decreased to �30 ml. At this

point additional DMF was added until the total volume of the

solution was 106 ml. This yielded a 0.005% (w/w) solution used in

the absorption measurements. To prepare the more concentrated

solution for LVHRTEM measurements, 1.5 g of synthetic

eumelanin was dissolved in 50 ml of a concentrated ammonia

solution. This was then added to 50 ml of de-ionised water and

100 ml of DMF before evaporating the ammonia and water as

described above.
Fig. 2 High resolution transmission electron micrographs of synthetic

eumelanin and the scaled radial power spectrum. (a) Low resolution

bright field transmission electron micrograph of synthetic eumelanin

deposited from dichloroethane dispersion onto a lacy carbon grid (scale

bar: 50 nm). (b) High resolution bright field transmission electron

micrograph of synthetic eumelanin (scale bar: 5 nm). (c) High resolution

bright field transmission electron micrograph of synthetic eumelanin

(scale bar: 5 nm). (d) Scaled radial power spectrum of (b) shown as solid

black squares and (c) shown as open black squares. The narrow peaks in

the spectra are centred at 3.9 Å and 3.7 Å, respectively, for the images (b)

and (c).
Microscopy

TEM. Samples for transmission electron microscopy were

prepared by dropping dilute dispersions of the melanin ultra-

sonicated in dichloroethane onto lacy amorphous carbon

supports (Agar Scientific). This procedure created colloidal

dispersions without affecting the native chemical structure or

composition of the material. TEM analysis was performed using

a JEOL JEM-4000EX electron microscope with an information

limit of 0.12 nm operating at an accelerating voltage of 100 kV

equipped with a Gatan digital camera. No post-processing was

conducted on the images presented. It should also be noted that the

dichloroethane ultra-sonication process did not appear to alter the

structural or chemical properties of either the synthetic or natural

eumelanins. The dispersions so-produced settled upon standing

for several minutes, and absorption measurements of the clear

supernatant only produced features characteristic of the solvent.

SEM. Samples for scanning electron microscopy were

prepared by dropping dilute dispersions of the melanin ultra-

sonicated in dichloroethane onto freshly cleaved mica substrates.

The micrographs were taken with a JEOL 6300F SEM. The

samples were sputter coated with Pt for 8 min with a pressure less

than 0.1 Torr. The Pt tended to form clumps on the melanin

samples which were sufficient to prevent charge accumulation.

The acceleration voltage was set to 8 kV.

Fourier analysis. The two-dimensional discrete Fourier trans-

form (2D-DFT) of the images was computed using the fft2

function supplied with version 7 of Matlab�. From this the

power spectrum of the image was determined. The components

of the power spectrum were then radially summed to give the

scaled radial power spectrum, which was then corrected for

random pixel noise.
Results and discussion

Fig. 2a shows a low resolution transmission electron micrograph

of a dried-down synthetic eumelanin dispersion on a lacy carbon

grid. A 2D spatial Fourier analysis of this image gives a distri-

bution of particle sizes centred at 5.3 nm. Filtering of the primary

image for the spatial frequencies outside of this size range

removes all features other than the particles from the image (see

ESI†, Fig. S1). We define these larger scale structures as the

nano-particles.
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A high resolution image of these nano-particulates is shown in

Fig. 2b. This image was obtained on material overhanging the

lacy grid to remove the amorphous carbon background and so

increase the sample contrast. Some remarkable and hitherto

unseen structural features emerge: aggregates of onion-like

nanostructures composed of stacked planes arranged in

concentric rings are clearly evident throughout the image.

Fourier analysis of this image yields a peak in the scaled radial

power spectrum at a spatial period of 3.9 Å (Fig. 2d). It is

expected that the distance between stacked layers within the

onion-like nanostructures should be larger, close to their centres

due to the higher curvature of the planes. This effect would

broaden and shift the position of the peak in Fourier space

towards slightly larger spatial periods. It is also possible that the

loss of resolution and contrast evident in the core of the onions

would also do likewise. Fig. 2c shows an image of an adjacent

section of the nano-particle with a more closely packed series of

stacked nanostructures and fewer of the cores in the field of view.

The Fourier analysis of this image yields a sharper feature with

a higher amplitude peaked at 3.7 Å (Fig. 2d). This value is also

consistent with direct measurements of the inter-planar spacing

from the image. Moreover, filtering of the primary images for the

spatial frequencies outside the inter-planar size range removes all

features other than the stacked features from the images (see

ESI†, Fig. S2 and S3).
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Fig. 3 Electron micrographs of natural bovine retinal epithelium

eumelanin with scaled radial power spectrum. (a) Scanning electron

micrograph of a collection of in-tact bovine melanosomes prepared by

dichloroethane ultra-sonication (scale bar: 1 mm). (b) Scanning electron

micrograph of an individual melanosome from (a) (scale bar: 100 nm). (c)

High resolution bright field transmission electron micrograph of bovine

eumelanin—image obtained by examining the thinner outer periphery of

an in-tact melanosome (scale bar: 5 nm). (d) Corresponding scaled radial

power spectrum with a sharp peak at 3.7 Å.
Considering the projection of these images along the obser-

vation direction it would appear as though the synthetic eume-

lanin supramolecular structure consists of curved plates of

indoles of variable sizes (2–10 nm: �5 to 10 subunits) arranged

concentrically to form spherical onion-like nanostructures.

These are essentially the ‘‘nano-aggregates’’ hypothesised to exist

by several authors32,33,35 from reciprocal space measurements and

considered as an appropriate model in several theoretical

studies.34,36,39 The stacking dimensions are similar to those found

in planar heteroaromatic systems where aggregation is induced

by non-covalent p–p attraction.26,27,30 It is likely that the stack-

ing in the eumelanin case is favoured not only by the electrostatic

effects, but also through a solvophobic interaction.27 As stated

previously, eumelanin is notoriously insoluble—our synthetic

eumelanin was synthesised in water, a highly polar solvent, which

drives stacking aggregation through solvophobic effects in

aromatic systems. It is also worthy of note that this structural

picture is consistent with the recent theoretical calculations of

Kaxiras et al.39 who predict that planar porphyrin-like oligo-

meric sheets of DHI and DHICA would be energetically stable

and would stack in a staggered geometry as per classic Hunter–

Sanders theory.27

Having observed these organised nanostructures in synthetic

eumelanin, one is led to speculate as to whether natural eume-

lanin is similarly organised at the secondary level. In many tissues

melanin is produced and contained in the distinct cytoplasmatic

organelle known as the melanosome. In-tact bovine retinal

pigment epithelium (RPE) melanosomes (isolated and purified as

described in the Experimental section via a published procedure

specifically chosen to preserve native structure) were similarly

ultra-sonicated in dichloroethane to create a dispersion and

deposited onto a lacy carbon grid. Fig. 3a and b shows scanning

electron microscopy images which confirm that the method of

extraction and the creation of the particulate dispersion do not

cause breakdown of the melanosomes. Our in-tact melanosomes

are of a comparable shape and size (spherical/ovoid with diam-

eters of several hundred nanometres and larger) to those isolated

and examined by Boulton et al. in their original publication of

the extraction method.40 Fig. 3c shows a high resolution trans-

mission electron microscopy image of the natural bovine eume-

lanin. Once again, we observe highly stacked, planar

nanostructures, although in this case not as clearly organised into

spherical nano-aggregates (as defined above). Fourier analysis

(Fig. 3d) shows a dominant spatial dimension of 3.7 Å, which

corresponds to the stacking distance as confirmed by filtering (see

ESI†, Fig. S4), and is identical to the stacking distance seen in the

synthetic system.

The differences in the power spectra (2d and 3d) at spatial

periods >5 Å are also worthy of note. In both cases the dominant

spatial feature consists of a broad peak—in the case of the

synthetic eumelanin centred at �13 Å and in the natural case

centred at �7 Å. From inspection of the real-space image and

broad spatial frequency filtering it appears as though the features

centred at 13 Å correspond potentially to the fundamental

indolic unit whilst the 7 Å feature is more likely associated with

the partially de-stacked periphery of the nano-aggregate.

Furthermore, close examination of Fig. 3c would indicate that

the lateral extent of the indolic sheets is 10s if not 100s of

nanometres, i.e. the planar heteropolymer in natural eumelanin
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has a significantly higher molecular weight than in the synthetic

version. This has always been a lurking suspicion in the field, but

these images now appear to demonstrate it to be the case.

To confirm that the stacking structure is characteristic of

natural eumelanin forms (and not just an artefact of the bovine

material), we also examined in-tact melanin granules extracted

from the ink sack of S. officinalis (so-called sepia eumelanin) via

the well established standard method of Zeise et al.38 In S. offi-

cinalis, the melanosomes are particulate in nature when syn-

thesised in the ink gland cell and break into smaller spherical

eumelanin granules upon excretion into the lumen of the ink

gland.1 As per the procedure of Zeise et al.,38 this standard

extraction method produces eumelanin granules where the native

structure and composition are retained by avoiding enzymatic or

basic treatments. This is confirmed by a low resolution trans-

mission electron micrograph shown in Fig. 4a where we see in-tact

sepia eumelanin granules roughly spherical in shape with diam-

eters of 100 nm upwards. The lacy carbon support grid is visible to

the right of the aggregate of eumelanin granules. The eumelanin

granules to the edge of the aggregate are clearly free from the grid

and semi-transparent to the electron beam. These edge granules

were typically used for taking higher resolution transmission

electron micrographs. Fig. 4b shows a slightly higher resolution

scanning electron micrograph confirming the fact that the sepia

eumelanin granules were in fact in-tact. Our sepia eumelanin

granules are similar in size and shape to those reported by Zeise

et al.38 in their original publication. Fig. 4c shows a corresponding
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Fig. 4 Electron micrographs of natural eumelanin from S. officinalis. (a)

Low resolution bright field transmission electron micrograph of sepia

eumelanin granules (scale bar: 200 nm). (b) Scanning electron micrograph

of a collection of in-tact eumelanin granules prepared by dichloroethane

ultra-sonication. The small spherical structures visible on the surface of

the melanin granules are sputter coated platinum particles that were

deposited to avoid substrate charging (scale bar: 100 nm). (c) High

resolution bright field transmission electron micrograph of sepia eume-

lanin (scale bar: 5 nm).

Fig. 5 Absorption spectra of synthetic eumelanin in different solvents.

The sample in pH 7 water is represented by the solid line and the sample

in DMF is represented by the dashed line. In both cases the eumelanin

concentration was 0.005% (w/w).
high resolution transmission electron micrograph of the

periphery of a typical sepia eumelanin granule. It should be noted

that it was significantly more difficult to obtain high resolution

images in this system due to the propensity of the granules to

cluster even after ultra-sonication. Despite this difficulty, stacked

planes are once again clearly evident in the sepia eumelanin.

Fourier analysis of images such as Fig. 4b produced a peak at

�3.5 to 4.5 Å (see ESI†, Fig. S8) and a spatial analysis of the

stacking also gave a characteristic spacing of �4.0 Å.

It would therefore appear as though the observed structural

organisation is not an artefact of the synthetic process and may

indeed be a consistent phenomenon for eumelanin. The envi-

ronments under which the indolic sheets were assembled and

stacked are very different in the natural and synthetic cases. It is

likely in the synthetic case that the nano-aggregates are formed

due to the limited solubility of the sheets as they grow and stack.

Each aggregate will naturally seek to minimise its surface energy

by adopting the shape with the minimum surface area to volume

ratio—i.e. a sphere. Flexible polymers when grown in solubility

constrained colloidal solution act similarly—this is the basis of

colloidal polymer latex formation.41 Furthermore, it is probable

that the sheet size (and hence heteropolymer molecular weight) in

the synthetic eumelanin is also controlled by the colloidal

stability of the nano-aggregates and nano-particulates as they

self-assemble in solution. The solubility limit will dictate how

large a sheet can ‘‘grow’’ before being driven to minimise its

solvophobic interactions. The in vivo conditions for
3758 | Soft Matter, 2009, 5, 3754–3760
melanogenesis are not likewise constrained and additionally are

under enzymatic control. It is therefore unsurprising that we do

not observe spherical nano-aggregates in the natural samples.

To understand whether the supramolecular organisation has

any influence on the critical optical absorption of eumelanin (one

of the key photophysical properties involved in the photo-

protective role of melanin), we attempted to ‘‘de-stack’’ the

synthetic system using the procedure detailed in the Experi-

mental section. This was done by solubilising the synthetic

melanin in dimethyl formamide (DMF). The synthetic eumelanin

was first dissolved in a concentrated ammonia solution. Treating

with base (weak in this case) favours deprotonation of the cate-

chol groups and the formation of the mono or bi-catecholate

anion. This would be expected to have two effects: firstly, to

make the system more polar and hence more soluble (reducing

the solvophobic driving force for stacking); and secondly, to

perturb the quadrupole moment of individual monomer units

within the sheet. After the synthetic eumelanin was completely

dissolved, DMF was added to the solution and the water and

ammonia were removed by heating the solution under a partial

vacuum.

Fig. 5 shows the solution absorption spectrum of synthetic

melanin in water and the absorption spectrum of the solubilised

material in DMF. The spectrum in DMF is broad, monotonic

and almost identical to the absorption spectrum of the synthetic

eumelanin in water. We also examined the fluorescence of the

DMF eumelanin solution as a function of excitation energy and

compared it to the water case (see ESI†, Fig. S5 and S6). Once

again, the spectral emission shapes (inhomogeneously broadened

Gaussian) and emission behaviour (radiative quantum yield

�1% and an emission peak position which is excitation energy

dependent) are essentially identical in the stacked and de-stacked

cases. This unusual photophysical behaviour (complete violation

of mirror image symmetry and excitation energy dependent

emission and radiative quantum yield) is characteristic of the

eumelanin chromophore system and arises from molecular

heterogeneity and chemical disorder.42–44 In the absence of

definitive chemical analysis methods, the photophysical proper-

ties (along with REDOX and free spin behaviour) represent some

of the most reliable methods by which to qualify the extent of
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