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Eumelanin, the brown-black member of the melanin biopigment family, is a prototype material for
sustainable (green) organic electronics. Sepia eumelanin (Sepia) is a type of biosourced eumelanin
extracted from the ink sac of cuttlefish. Electron microscopy and scanning probe microscopy images of
Sepia show distinguishable near spherical granules with diameters of about 150-200 nm. We have
recently reported on predominant electronic transport in printed films of Sepia formulated inks including
the (insulating) binder Polyvinyl-butyral (PVB). In that work, we proposed that inter-granular percolative
transport, observed for micrometric interelectrode distances, is promoted by the confining action of the
PVB binder on the Sepia granules. Considering that inter-granular transport implies intra-granular
transport, in this work we proceeded to a nanoscale study of Sepia granules by High Resolution Atomic
Force Microscopy (HR-AFM) and Conductive-AFM (c-AFM). We have observed protrusions on the

surface of the Sepia granules, suggesting sub-granular structures compatible with the hierarchical
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Accepted 22nd August 2023 development of Sepia, as proposed elsewhere. For films of Sepia formulated inks deposited on gold-

coated substrates, c-AFM revealed, for the very first time, a nanoscale electrical response. Nanoscale
studies provide the key to structure—property relationships in biosourced materials strategic for
sustainable organic electronics.
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design of devices that includes environmentally acceptable
end-of-life scenarios, such as composting.**
Eumelanin may be synthesized by the oxidative polymeriza-

Introduction

Melanins are a family of biopigments which exhibit potentially
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useful functional properties, including UV photoprotection,
metal ion-binding affinity, free radical quenching, redox
activity, hydration-dependent electrical response.' Among
melanins, eumelanin is a brown-black type found in inverte-
brates, such as cephalopods and insects, and vertebrates,
including humans. Sepia eumelanin (indicated as Sepia in what
follows) is extracted from the ink sac of cuttlefish.®

Eumelanin is an environmentally benign material for
sustainable (green) organic electronics, a promising route to
improve the environmental footprint of the electronics sector.
Sustainable organic electronics is based on the use of abundant
electro- and photo-active materials readily available from
biomass feedstock, or novel production schemes involving non-
toxic materials (through green chemistry processes), and eco-
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tion of the monomers 5,6-dihydroxy indole (DHI) and 5,6-
dihydroxy indole-2-carboxylic acid (DHICA). Different redox
forms (hydroquinone (reduced redox form), semiquinone
(intermediate form) and quinone (oxidized form)) are possible
in the macromolecule (Fig. 1).
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Fig. 1 Redox forms of eumelanin building blocks. —R is —H for 5,6-
dihydroxy indole (DHI) and —COOH for 5,6-dihydroxy indole-2-
carboxylic acid (DHICA).
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These monomers have several polymerization sites, so that
eumelanin is a chemically disordered (heterogeneous) macro-
molecule. This leads to polymorphic w-m stacked regions in the
supramolecular structure, such that eumelanin exhibits struc-
tural (and consequently energetic) disorder.

Eumelanin exhibits a hierarchical structure.® Ensembles of
oligomers of DHI and DHICA building blocks (protomolecules)
build up via -7 stacking of about 4-5 planes, with an inter-
plane distance of about 3.4 A and lateral extension of about 20
A2 Pphysical interactions among such protomolecules
generate 10-15 nm-sized structures, observed by Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy
(AFM).***¢ Large particles, of 100-200 nm, form from further
aggregation, through - stacking and edge-to-edge H-bonding
interactions. Such large particles can be associated with gran-
ules observed by Transmission Electron Microscopy (TEM),
SEM or AFM images obtained from Sepia."*™*® Sepia is the type of
eumelanin that can be isolated from the ink sac of cuttlefish
using protocols that differently affect its chemical and struc-
tural properties.»'”*?

We have recently observed electronic transport in films
flexographically printed from formulations including Sepia
and the (insulating) organic binder PVB,** and the measured
conductivity is as high as 107> S cm™". Such values are typical
for synthetic high-performance organic electronic polymers
but quite uncommon for biosourced materials.>*** We
proposed that inter-granular percolative transport in Sepia is
enhanced due to the confining action of the PVB binder on
the Sepia granules, whose proximity would induce the
formation of conductive paths. We also discussed the
hypothesis that inter-granular transport implies intra-
granular transport.

Here, we report on a study of Sepia by High-Resolution AFM
(HR-AFM) and Conductive-AFM (c-AFM), to shed light on its
structure and functional properties (electrical response), at the
nanoscale. Studies were performed both on bare Sepia and on
Sepia blended with the binder PVB. The topography of the Sepia
granules includes protuberances that we tentatively attribute to
sub-granular structures due to the hierarchical development of
Sepia.>* HR-AFM permitted the quantitative evaluation of these
protuberances. Using c-AFM, we have made the first observation
of nanoscale charge carrier transport in Sepia.

Experimental methods
Extraction of Sepia

Raw cuttlefish ink (Stareef Seafood Boston, product of Spain)
was purchased in a Montreal fish market. Sepia powder was
extracted using a previously reported extraction protocol.***°
Briefly, 300 g of raw ink was suspended in 500 mL of HCI (2 M,
Acros Organics). The suspension was stirred at room
temperature for 24 hours, sequentially centrifuged (Allegra X-
30R centrifuge, Beckman Coulter) and dispersed as follows:
three times with HCI (0.5 M), once with de-ionized (DI) water,
once with a buffer solution (0.02% v/v of monobasic sodium
phosphate (200 mM, Sigma Aldrich), 32.49% v/v of dibasic
sodium phosphate (200 mM, Sigma Aldrich) and 67.49% v/v of
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DI water), once with ethanol (Sigma Aldrich), once with DI
water and finally once with ethyl acetate (Sigma Aldrich), for
a total of 10 steps. To remove excess ethyl acetate after
centrifugation, the solid was rinsed, dispersed and centri-
fuged four times with DI water. Each centrifugation step was
performed at 10 000 rpm at 5 °C for different duration times
(15 min for HCI 2 M, HCI 0.5 M, ethanol, and ethyl acetate,
25 min for DI water and the buffer solution). Finally, the
extracted powders were lyophilized for 24 hours at —80 °C to
remove excess water. Fine black Sepia melanin powders were
obtained and manually ground to break large agglomerates.
This extraction procedure provided 30 to 35 g of fine powders
from 300 g of initial raw ink.

Sepia formulated ink

The preparation of the ink formulation was inspired by the
formulation reported in ref. 20, where the ink consisted of
a blend of 64.8% w/w of 1-propanol (Sigma Aldrich), 19.1% w/w
of Sepia powder, 11.4% w/w of Polyvinyl-butyral (PVB, B-30HH,
MOWITAL®), 4.4% w/w of 1-methoxy-2-propanol (Sigma
Aldrich) and 0.3% w/w of TEGO® Wet KL 245 polyether siloxane
copolymer (Evonik). 1-Propanol and PVB were mechanically
stirred at 600 rpm for 20 min. Afterwards, Sepia melanin was
gradually added and mixed for 24 hours at 2750 rpm in an
attritor consisting of a high-rotation speed disk and zirconium
oxide beads with a diameter of 1 mm, in a cooled vessel. The ink
(with Sepia powder to PVB mass ratio is 62/38% w/w) was ob-
tained by adding 1-methoxy-2-propanol and TEGO® Wet KL
245. Differently from ref. 20, in this work the Sepia powder/PVB
ratio was finally adjusted to 92/8% w/w by adding Sepia powders
to the 62/38% w/w ink.

Preparation of substrates and samples

Two sets of samples were prepared, using Sepia powder and
Sepia formulated ink (92/8% w/w, Table S1t). The powder was
drop-cast from an ethanol suspension whereas the formulated
ink was spin-coated (6000 rpm, 40 s) on gold-coated SiO,
substrates (40 nm-thick Au, e-beam deposited on wet thermal
oxide grown on the polished front side of a (1-0-0) Si wafer).
Drop cast Sepia samples are shown in Fig. 2 and 3, respectively.
Spin-coated films from Sepia formulated ink are reported in
Fig. 4.

Atomic force microscopy (AFM) and conductive AFM (c-AFM)

The AFM images were acquired using the NTEGRA SPM system
(NT-MDT Spectrum Instruments) in scanning by the sample
configuration equipped with active anti-vibration protection.
AFM (topography) images were collected in amplitude modu-
lation (AM) mode. C-AFM images were collected in Hybrid (HD)
mode by applying 2 V between the gold substrate coated with
the film and the Pt-coated AFM probe (with tip radius of about
35 nm). The c-AFM technique requires mechanical stability of
the material studied upon scanning of the conductive tip. We
therefore used a binder to enhance the adhesion and stability of
the Sepia melanin granules on the gold-coated SiO, substrate.
Six samples of spin-coated Sepia formulated ink and one

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AFM images of drop cast Sepia on gold-on-SiO;: (a) 1.2 pm x
1.2 pm-sized and (b) 400 nm x 400 nm-sized (corresponding to the
square in (a)). (c) Histogram showing the distribution of the diameters
of the Sepia granules.

sample of drop-cast Sepia were characterized by AFM and three
of these samples were characterized with c-AFM (see details in
Table S1 shown in the ESIY}).

Data analysis

The AFM data analysis was performed using Image Analysis
software (NT-MDT Spectrum Instruments). To measure granule
diameters, we analyzed 50 granules with distinguishable
boundaries. For each granule, two or three measurements were
taken and averaged (see Fig. S1 ESIt). Relative heights on the
granule surface' profile were plotted and fitted by assuming
a spherical shape for the granules, using Python software. Each
line gives a profile corresponding to an arc of a circle belonging
to the sphere (Fig. 3(a)). Such a circle contains the points cor-
responding to the minima of the protrusions (blue cross-points
in Fig. 3(b)). The polynomial fitting equation is therefore given
by:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) 400 nm x 400 nm AFM image of Sepia drop cast on Au-on-

SiO,, (b) relative height of the surface profile associated with line C1 on
the granule in (a).

(x=x+ =y =7 (1.0)
where x, y, (%o, o), and r are the relative position of each point of
the line, the relative height of the point on the granule surface,
the coordinates associated with the center of the fitting circle,
and its radius, respectively. The height of each protrusion is
therefore deduced as the distance between the highest point in
the protrusion and the center of the fitting circle (x,, yo) minus
the radius r. Then, the width of the protrusion is measured at
half of the height of the protrusion (i.e., the Full Width at Half
Maximum (FWHM)).

Results and discussion

Fig. 2 shows HR-AFM images of Sepia drop-cast on Au-on-SiO,
substrates from ethanol solutions. The lower magnification
image in Fig. 2(a) and the higher magnification in Fig. 2(b),
along with the color-coded heights, indicate nearly spherical
granules, with diameters in the range of 120 to 300 nm, given in
the histogram in Fig. 2(c). This is in agreement with previous
reports.'37¢18
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Fig. 4 AFM images of Sepia-PVB films: (a) 3 pm x 3 pm-sized, (b) 1 um
x 1 um-sized and (c) currentimage corresponding to the AFM image in
(b).

The HR-AFM images reveal the complex topography of the
granules, involving the presence of surface protrusions. We
proceeded to a quantitative evaluation of the width and height
of such protrusions (see Experimental methods, Fig. S2, S3 and
Table S21). Our evaluation suggests that the widths of the
surface protrusions are between 6.0 and 40.9 nm, with the
highest frequency in the distribution (64%) for widths between
11.0 and 20.9 nm (Fig. S3at). The heights of the protrusions are
between 1.0 and 7.9 nm, with about 80% of the measured
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heights being between 1.0 and 3.9 nm (Fig. S3b¥). The average
width and height are evaluated at 18.5 + 6.4 nm and 3.0 +
1.6 nm, respectively.

Considering the size of the protrusions, we hypothesize that
they belong to aggregates of protomolecules.***** Therefore,
our observations corroborate the hierarchical model describing
the development of Sepia's nanostructure. The widths and
heights of the protrusions relate to the quality of the molecular
and supramolecular development in Sepia, as associated with
planar/twisted structural segments and intermolecular inter-
actions, such as m-m stacking, cation-7 interactions and H-
bonding.***

With a long term goal of sheding light on the dependence of
Sepia charge carrier transport properties on the distance range
probed, we performed a c-AFM study. For this purpose, we spin-
coated samples from Sepia formulated ink (see Experimental
methods), to ensure their stability under mechanical contact of
the c-AFM tip.

AFM images of Sepia-PVB samples confirm the presence of
nearly spherical granules (Fig. 4(a) and (b)). The difference in
topography between samples in Fig. 2 and 4 is attributable to
the PVB insulating binder, which is part of the ink in the latter
case, thus partially covering the surface of the samples.

The c-AFM images show the presence of c-AFM tip-to-Sepia-
to-gold conductive paths (Fig. 4(c)). We were therefore
successful in observing, for the very first time, the electrical
response of Sepia, at the nanoscale. The inhomogeneity of the
samples’ conductivity (Fig. 4(c)) can be attributed to the pres-
ence of the binder at the interface between the AFM probe and
the Sepia melanin granules.

The c-AFM images show that there are many areas on the
granules which are conductive. These are preferentially located
at the boundaries between Sepia granules, regions where the
PVB binder is likely to be present in lower amounts than else-
where. This hypothesis is in agreement with the recent obser-
vation of the confining action of the PVB binder; such action
permits charge carrier percolation in printed films of Sepia
formulated ink.*

Conclusions and perspectives

In the context of our efforts to probe charge carrier transport at
different length scales for natural materials exhibiting struc-
tural hierarchy, we have conducted a nanoscale scanning probe
study on the biopigment Sepia eumelanin, a prototype material
in sustainable organic electronics. Such studies are needed to
establish sound structure-properties relationships, required to
eco-design sustainable organic (opto)electronic devices. HR-
AFM images of Sepia, in accordance with previously reported
results, indicated nearly spherical granules with diameters in
the range of 120-300 nm. The images also revealed the presence
of protrusions on the surfaces of the granules, with average
width and height being evaluated at 18.5 + 6.4 nm and 3.0 +
1.6 nm, respectively. This last observation is compatible with
the hierarchical development model of Sepia, where protru-
sions might be portions of sub-granular structures i.e. sub-units
of the Sepia granules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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c-AFM images of Sepia formulated ink films (where Sepia is
blended with the PVB binder) exhibited conductive regions
attributable to AFM tip to Sepia to gold paths, supporting the
intra- and inter-granular percolation model proposed in ref. 20.

Work is in progress to deposit Sepia granules on nano-scaled
pre-patterned substrates fabricated using e-beam lithography
for the study of intra-granular transport at interelectrode
distances of about 100-200 nm. In perspective, we plan to
explore the effect of the type of biosource and extraction routes
on the morphology and functional properties of Sepia.
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