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Biodegradation of bio-sourced and synthetic
organic electronic materials towards green organic
electronics

Eduardo Di Mauro'!, Denis Rho?™ & Clara Santato® '™

Ubiquitous use of electronic devices has led to an unprecedented increase in related waste as
well as the worldwide depletion of reserves of key chemical elements required in their
manufacturing. The use of biodegradable and abundant organic (carbon-based) electronic
materials can contribute to alleviate the environmental impact of the electronic industry. The
pigment eumelanin is a bio-sourced candidate for environmentally benign (green) organic
electronics. The biodegradation of eumelanin extracted from cuttlefish ink is studied both at
25 °C (mesophilic conditions) and 58 °C (thermophilic conditions) following ASTM D5338
and comparatively evaluated with the biodegradation of two synthetic organic electronic
materials, namely copper (II) phthalocyanine (Cu-Pc) and polyphenylene sulfide (PPS).
Eumelanin biodegradation reaches 4.1% (25 °C) in 97 days and 37% (58 °C) in 98 days, and
residual material is found to be without phytotoxic effects. The two synthetic materials,
Cu-Pc and PPS, do not biodegrade; Cu-Pc brings about the inhibition of microbial respiration
in the compost. PPS appears to be potentially phytotoxic. Finally, some considerations
regarding the biodegradation test as well as the disambiguation of “biodegradability” and
“bioresorbability” are highlighted.
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life. The increase of waste electrical and electronic equip-

ment (WEEE), 53.6 Mt worldwide in 2019!, and the
depletion of chemical elements of prime importance in the
electronic industry, such as indium and gallium, have put
mounting pressure on the environment?. Limited attention has
been dedicated to possible EEE end-of-life scenarios. The focus
has been on device performance, as the technological advances of
the last decades confirm. Refurbishment and recycling of elec-
tronic devices have been identified, among others, as economic-
ally and environmentally viable solutions to deal with WEEE!.
Besides that, a promising route towards achieving sustainable
(green) electronics is based on the use of abundant materials
(including biomolecules extracted from biomass feedstock), novel
production schemes involving non-toxic solvents, and eco-design
of devices that includes biodegradation at end of life>. Organic
(carbon-based) electronic materials are ideal candidates to
explore such a route?=>,

Organic electronics is based on molecules and polymers that
feature electronic conjugation by means of alternating single and
double carbon-carbon bonds®. Organic electronic devices such as
organic light-emitting diodes, photovoltaic cells, field-effect
transistors, and sensors have been demonstrated”-8. They stand
out for their mechanical properties, such as flexibility, rollability,
and stretchability, which are of great interest for applications such
as wearable electronics, imperceptible electronics, and smart
packaging®. Being solution-processable (printable), organic elec-
tronic devices feature lower embodied energy, i.e., energy spent in
the production phase and stored in inner constituents, with
respect to their inorganic counterparts, processed by high-
vacuum and high-temperature techniques?. Our vision is to
develop eco-friendly organic electronic materials and devices with
reduced environmental impact, designed and certified to be
compostable at their end of life.

All over the world, municipalities have adopted composting
technology as an environmentally friendly approach to managing
solid organic wastes. Composting offers many advantages. It

E lectronic equipment has become ubiquitous in our everyday

(@)
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successfully diverts organic wastes from disposal in landfills'? and
converts them into simple components such as CO,, H,O,
minerals, and humic-like compost. This bioprocess is driven by a
community of living organisms, i.e., compost microbiota, whose
rate of activity is influenced by environmental parameters, such as
oxygen level, pH, temperature, water activity (a,), C/N ratio,
compost granulometry, and water content!!:!2, Composting
reaches its optimal degradation efficiency when the conditions are
met for a thermophilic phase (50-70 °C) to take place. The par-
ticle size of the material to be composted is another important
parameter.

To assess biodegradability in composting conditions, several
standard tests are available for the industrial sector of disposable
plastics for food packaging and serving. Examples of such stan-
dards are CAN/BNQ 0017-088/2010'3 in Canada, ASTM
D6400'* in the USA, EN 134321°, and EN 14995!¢ in the Eur-
opean Union. Poly-e-caprolactone (PCL) and polylactic acid
(PLA) are among the most important plastics produced with a
high degree of degradability under composting conditions!”.
Conversely, as green organic electronics is an emerging field,
limited attention has been given to the biodegradability of
materials and devices for organic electronics: in fact, no national
or international standard exists to evaluate their biodegradability
in municipal waste treatment facilities.

Melanins represent a vast category of pigments ubiquitous in
nature and noticeable in our daily life: from human skin color to
black spots on moldy bread, from black incrustations on shower
curtains to dark parts of banana peels!®!°. Eumelanin is the
subcategory of black-brown melanin pigments that originates
from the oxidative polymerization of L-dopa?’, mostly present in
animals, whose building blocks are 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Fig. 1).
Relevant properties of eumelanin are its broad UV-visible
absorption, free-radical scavenging, and hygroscopicity?!.
Importantly, melanin is a chemically and thermally stable
material?>?3. Eumelanin is an interesting candidate for green
organic electronics because its molecular structure features
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H
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Fig. 1 Molecular structures of the organic electronic materials investigated. a 5,6-dihydroxyindole (DHI) and (b) 5,6-dihydroxyindole-2-carboxylic acid
(DHICA), the building blocks of eumelanin. ¢ Cu (II) phthalocyanine (Cu-Pc), and (d) monomer of polyphenylene sulfide (PPS).
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conjugation and redox-active quinone groups?*. Hydration-
dependent electrical conduction has been observed in eumela-
nin pellets and films, and electronic transport has been recently
reported by our group in dry natural eumelanin extracted from
the ink sac of cuttlefish (Sepia Melanin) pellets>>~2’. Eumelanin-
based supercapacitors?® and batteries? as well as organic elec-
trochemical transistors based on eumelanin as the gating
medium®® have been successfully developed. Considering its
abundance, non-toxicity, biocompatibility®!, biodegradability
potential (the subject of this work), and the option of producing it
in large amounts®?, eumelanin is an environmentally friendly,
prototypically benign material suitable to explore the potential of
sustainable organic electronics and its powering elements.

Biodegradability assessments on synthetic eumelanin (dopa-
melanin in a mixed bacterial culture’® and tyrosine-melanin
mixed in soil*¥) and natural eumelanin (human hair?® in loamy
soil) showed negligible biodegradation. Eumelanin was reported
to be present in the orbit of a 54 My fish fossil>®. Conversely, the
fungus Aspergillus fumigatus from a soil sample degraded dif-
ferent types of natural eumelanins (human hair, human skin,
banana peel, insects, and octopus ink)>’~3 and synthetic tyr-
osine- and dopa-melanin3s.

In this work, we report on the biodegradability of Sepia Melanin
blended with industrial compost obtained from a municipal solid
waste treatment facility, under mesophilic (25°C) and thermo-
philic (58°C) conditions. These conditions are quite different
from biochemical turnover in vivo and biodegradation ex vivo.
Our work does not deal with biodegradability as generic unspe-
cified disappearance in natural ecosystems such as soils, lakes,
marine environments. It specifically deals with biodegradability in
industrial composting conditions, i.e, man-made ecosystems in
which municipal wastes can be disposed of. Prior to the biode-
gradability studies, the extracted biopigment was characterized by
infrared spectroscopy (IR), thermogravimetric analysis (TGA),
nuclear activation analysis (NAA), as well as elemental analyses of
total carbon and total inorganic carbon (TIC).

The biodegradability test in composting conditions included
two synthetic (non-bio-sourced) materials representative of the
two classes of organic electronic materials: those that can be
processed by thermal evaporation and those that are solution-
processable?). These materials were copper (II) phthalocyanine
(Cu-Pc) and polyphenylene sulfide (PPS). Cu-Pc is a molecular
dye, with semiconducting properties employed in organic field-
effect transistors and photovoltaic cells*! 43, PPS is a solution-
processable polymer, whose electrical conductivity can be
increased by 16 orders of magnitude by chemical doping, applied
in photovoltaic cells*4,

The scientific problem we address is the compostability of
one bio-sourced and two conventional synthetic electronic
ingredients, using the ASTM D5338% protocol under operating
conditions typical of an industrial composting facility, i.e., ther-
mophilic (58 °C) and aerobic conditions.

Last but not least, eumelanin is also bioresorbable, as demon-
strated by studies using the biopigment in body implants!4°. Unlike
biodegradability in compost, bioresorption is a process by which
materials in contact with the physiological environment (aqueous,
body fluids) are degraded and their by-products are eliminated or
completely bioresorbed by the recipient host*”*%. In most of the
work claiming biodegradability of organic electronic devices, such
devices are put in contact with aqueous electrolytic solutions similar
to human body fluids (bioresorbability conditions)**>0. Qur work
clarifies the difference between biodegradability in composting
conditions (man-made ecosystem), a conceivable end-of-life sce-
nario for (some) organic electronic waste!?, and bioresorbability*7,
relevant for transient electronics and/or organic electronic materials
to be employed in body implants®!.
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Fig. 2 Biodegradation under mesophilic conditions (25 °C). a Cumulative
0O, consumed: blank compost, Sepia Melanin, and cellulose. b Net O,
consumed by Sepia Melanin and cellulose, with respect to the O,
consumption of the blank compost. ¢ Mineralization of Sepia Melanin and
cellulose. Error bars = standard deviation (n = 3 for Sepia Melanin, n = 2 for
blank compost and cellulose).

Results

Throughout the incubation period, the respiration activity of the
compost microbiota was monitored by electrolytic respirometers,
measuring the amount of O, consumed. The cumulative O,
consumed was comparatively measured for Sepia Melanin and
cellulose blended with the compost, i.e., the test material and the
positive control, respectively (Fig. 2a). A blank compost was used
to obtain the background respiration activity (Fig. 2a). The O,
consumed by the compost microbiota increased steadily over the
entire incubation period (97 days). Approximately 70% of the
final value was consumed during the first 50 days (At so), while
at the end of the biodegradability test, the O, respiratory levels for
Sepia Melanin and cellulose were 2731 and 8835 mg, respectively.
These levels are 1.3x and 4.0x higher than the baseline (2194 mg).
After subtracting the cumulative O, respired by the blank com-
post from the cumulative O, respired by Sepia Melanin and
cellulose (Fig. 2b), using Egs. (2) and (3), the mineralization levels
were calculated (Fig. 2c). These levels were 4.1 +0.7% (standard
deviation) for Sepia Melanin and 71.2 +0.2% for cellulose, at the
end of the incubation period.

The biodegradability test under thermophilic conditions
(58 °C, composting conditions with a constant supply of O, via a
flow of humid air) entailed the monitoring of the respiration
activity of the compost microbiota by the measurement of the
CO, evolved. The cumulative CO, evolved was measured for the
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Fig. 3 Biodegradation of Sepia Melanin in composting conditions (58 °C).
a Cumulative CO, evolved from blank compost, polyethylene (PE), Sepia
Melanin, and cellulose. For the blank compost and PE, only half of the points
are shown for the sake of clarity, as they overlapped (Supplementary

Fig. 3). b Net CO, evolved from PE, Sepia Melanin, and cellulose.

¢ Mineralization of PE, Sepia Melanin, and cellulose. Error bars = standard
deviation (n=3 for PE and Cellulose, n =2 for blank compost and Sepia
Melanin).

blank compost (background), polyethylene (PE) pellets buried in
compost (negative control), cellulose blended with compost
(positive control) and Sepia Melanin blended with compost
(Fig. 3a). The net cumulative CO, produced was obtained by the
subtraction of the CO, evolved from the blank compost (Fig. 3b).
From the net cumulative CO, evolved, by means of Egs. (2) and
(3), the mineralization levels of cellulose, PE, and Sepia Melanin
were calculated (Fig. 3¢). After 98 days, the mineralization level of
PE (negative control) was zero compared to 97 + 6% for cellulose
(positive control) while Sepia Melanin reached a mineralization
level of 37+ 17% (Fig. 3c). Temperature is a major factor that
influences the rate of biodegradation of melanin; it is 9x higher at
58 °C than at 25 °C (Table 1). Despite the rate of biodegradation
being higher, it is 12x lower than the rate of biodegradation of
cellulose, in the first 21 days (Aty.5;). During the next 77 days,
after plummeting by a factor of 20, the rate of cellulose biode-
gradation decreases gradually and steadily to a low level, most
probably due to complete biodegradation. In that same period,
the biodegradation of eumelanin continued, but at an even lower
rate than during the first period (Fig. 3c).

Table 1 Biodegradation summary.

Biodegradability test (58 °C) after 98 days

Biodegradability test (25 °C) after 97 days

Compost + test

material

Mineralization (%)

CO,, respired
rate (mg/d)

Cumulative CO,
457 £24

evolved (mg)

Mineralization (%)

0, consumption
rate (mg/d)
22.62+0.03

Cumulative O,

consumed (mg)

2194 +£3

44,771 +2387

Blank compost
(Background)

47,864 + 4455 488 + 45

nd

nd

nd

Polyethylene

(Negative control)

98+6

78014

76,454 £1400

712 £ 0.2

91.08 +0.23

8835+23

Cellulose (Positive

control)

7£17

613 +96
400+9

60,099 £ 9385

41+£0.7
nd

28.44 +1.61

nd

2759 £156
nd

Sepia Melanin
Copper (I

39,190 £ 885

phthalocyanine

478 + 46

46,833 + 4468

nd

nd

nd

Polyphenylene

sulfide

Respiration rates under mesophilic (25 °C) and thermophilic (58 °C) conditions for various combinations of compost and test material (bio-sourced and synthetic) buried in 100 g and 250 g of compost, respectively. (-) Not applicable; (nd) not determined.
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According to ASTM D6400, to be defined as aerobically bio-
degradable under composting conditions, test materials need to
meet or exceed the 90% threshold value set by the value of the
positive control (cellulose), within 45 days or at most in 180 days.
Therefore, using the data obtained with a 98-day biodegradation
test at 58 °C (cellulose: 97 £6% at 0.19%/day for At;s o3 and
melanin: 37 + 17% at 0.26%/d for Ats;s_og) (Supplementary Fig. 4),
we project (extrapolate) that over a period of 180 days the cel-
lulose would be completely mineralized while the level of
mineralization of Sepia Melanin would reach 58%.

Along with the above-mentioned test materials, the biode-
gradability test included two synthetic organic electronic mate-
rials, namely copper(II) phthalocyanine (Cu-Pc) and PPS. The
cumulative CO, evolved was measured and reported along with
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Fig. 4 Biodegradation in composting conditions of synthetic materials.
a Cumulative CO; evolved from blank compost, PE, PPS, and Cu-Pc. b Net
cumulative CO, evolved from PE, PPS, and Cu-Pc, with respect to blank
compost. Error bars = standard deviation (n=3 for PE, Cu-Pc, and PPS,
n =2 for blank compost).

the blank compost (background) and PE (negative control)
(Fig. 4a). At day 98, the apparent respiration rate of PPS, as
determined by the ratio of the total CO, respired divided by the
total incubation time, was 478 +46 mg/d. This is statistically
similar to the apparent respiration rate of the blank compost
(457 £ 24 mg/d) as well as of the negative control (PE) (488 +
45mg/d) (Fig. 4a). Regarding Cu-Pc, in the first 50 days, the
respiration was similar to that of blank compost. However, from
day 50, it can be seen that the CO, respired does not increase as
rapidly as the control. Thus, at the end of the test, there is a
difference of ~—12% with the latter (Fig. 4a). The net miner-
alization data shows that there is no mineralization of PE
(negative control) as well as 0% mineralization in the case of PPS.
On the other hand, —6% is observed in the case of Cu-Pc, which
suggests a possible inhibitory effect on the respiration of the
microbiota of the compost.

Table 1 is a summary of the cumulative O, consumed at 25 °C,
the cumulative CO, evolved at 58 °C, the apparent respiration
rates, and the mineralization levels observed at the end of the two
biodegradation tests for the bio-sourced melanin and the two
synthetic materials tested.

At the end of the biodegradation test under thermophilic
conditions (98 days), samples of the compost were used to con-
duct a terrestrial phytotoxicity test based on the determination of
plant germination and biomass production. The number of plants
that germinated from 20 seeds of ryegrass and the wet mass of
these plants was measured after 19 days of incubation at 25°C
(Table 2). In accordance with ASTM D6400, using data obtained
with the blank compost sample, a threshold value of 90% was
calculated and used to statistically validate terrestrial phytotoxi-
city of residual materials, after 98 days of composting (Table 2).
Cellulose, Sepia Melanin, and Cu-Pc showed no phytotoxicity
while PE (plant biomass data only) demonstrated a potentially
phytotoxic effect. In the case of PPS, both parameters are clearly
below the threshold value of 90%, which suggests a possible
phytotoxic effect. Furthermore, at that time, we observed none of
the attributes of phytotoxicity, such as deformation, discoloration
of stems and leaves, and signs of necrosis. Finally, by using the
control compost as a source of active prokaryotes (fungi, acti-
nobacteria, and bacteria), we had access to a second bioindicator
of the terrestrial trophic level. Comparison of the net CO, pro-
duction rate of the different materials to that of the control
compost (0.46 g/d) (Table 2) revealed that there was no toxic
effect on the microbiota of the compost (Table 2).

Table 2 Phytotoxicity tests.

Trophic level: terrestrial

Bioindicators Plant Seeds (ryegrass)

Microorganisms (fungi and bacteria)

Samples (at 98 days)
Blank compost [threshold 90%]

Seedling emergence (%)
78 £15 [70%]

Cellulose 89+8

No phytotoxicity
Sepia Melanin 76 £12

No phytotoxicity
Polyethylene 66+19

No phytotoxicity
Copper (Il) phthalocyanine 57+13

No phytotoxicity
Polyphenylene sulfide 42 £15

Potentially phytotoxic

Plant biomass (mg)
84+ 28 [76 mg]

Net apparent CO, production rate (g/d)
0.46+0.02 [0.41g/d]

115+ 30 0.78£0.01

No phytotoxicity No ecotoxicity
7724 0.61+0.01

No phytotoxicity No ecotoxicity

48 £26 0.49+0.05
Potentially phytotoxic No ecotoxicity
50+33 0.40£0.01

No phytotoxicity Potential ecotoxicity
14+6 0.48 +0.05

Potentially phytotoxic No ecotoxicity

Seedling emergence and plant biomass in wet sandy soil (used as a “pristine” or “clean” substratum). After 19 days, the number of plants in this wet sandy soil is 20 + 0. In addition, a second bioindicator,
the compost microbiota (fungi and bacteria), representing a lower trophic level than the plants, was used. Thus, the microbial respiration rate (apparent CO, production) is also reported in this table, in
g/d. As recommended by ASTM, a 90% threshold value is used to validate potential phytotoxicity. Statistical analysis is detailed in SI.
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Discussion

Composting is a dynamic and robust process whose efficiency is
well established for the treatment of a wide range of organic
waste®2. The biodegradation process that takes place in compost
is primarily carried out by its microbiome, ie., a community of
microorganisms that includes mesophilic and thermophilic fungi,
bacteria, and actinobacteria'?2. These microorganisms have
evolved different enzymatic and non-enzymatic strategies®2. The
rate of biodegradation is related to abiotic factors, which include
properties intrinsic to the chemical composition of the test
material and its molecular and supramolecular structure, which
will be discussed later. It also correlates to the environmental
conditions specific to the composting process (e.g., aeration,
temperature, pH, a,,, particle surface area, and C/N ratio)!2. Bio-
sourced materials made of complex biopolymers such as lig-
nocellulose or modified starch are biodegraded (composted) in a
multi-step process. Initially, depolymerization takes place, i.e.,
enzymatic hydrolysis of cellulose or starch chains via, e.g., endo-
and exo-glucanases®> and/or enzymatic oxidation of the lignin
backbone via, e.g., manganese or lignin peroxidases®*>°. Once the
resulting oligomers, dimers, or monomers are released, they can
be transported into the microorganisms°°. Finally, mineralization
follows, ending with the production of H,O and CO,!2.

Knowing that, in aerobic conditions, CO, is the ultimate end
product of the microbial respiration of organic substrates, the
quantification of their level of biodegradation, once mixed or
buried in active compost, can be directly assessed by measuring
the total amount (cumulative) of CO, respired over time#>. To
achieve this, several experimental procedures have been recog-
nized by the scientific community®” and one of them has been
adopted by ASTM>3, ASTM D5338 is a detailed procedure that
also describes the setup of the apparatus necessary for the rapid
and reproducible determination of aerobic biodegradability under
controlled composting conditions.

The results of our biodegradation tests on organic electronic
materials carried out under mesophilic conditions at 25°C
revealed a mineralization rate of 4.1 + 0.7% for Sepia Melanin, i.e.,
a rate 17x lower than 71.2 £0.2% for microcrystalline cellulose,
the positive control (Fig. 2c and Table 1). Under thermophilic
conditions (58 °C), the mineralization of Sepia Melanin reached a
level 9x higher than that observed at 25 °C, still 2.6x lower than
the 98 +6% mineralization level for cellulose (Fig. 3c and
Table 1). Data show that the rate of melanin degradation
increases with increasing incubation temperature (i.e., tempera-
ture coefficient Qo = 1.95°%), similarly to other biodegradation or
bioremediation case studies. Further, they confirm the role of
the thermophilic microbial community. Not only does the incu-
bation temperature have an effect on the rate of melanin biode-
gradation because of its direct effect on the enzymes involved in
the biodegradation but it also applies selective pressure on the
microbiota of the compost that produces those enzymes. The two
conditions used during the tests (25 °C and 58 °C) made it pos-
sible to select a community of mesophilic (optimal growth tem-
perature is in the range 15-42°C) or thermophilic (optimal
growth temperature 42-70°C) microorganisms®”®!. Thermo-
philic microorganisms produce thermotolerant enzymes®23 and
exhibit higher respiration rates than mesophilic microorganisms,
thus contributing to explain the significantly higher biodegrada-
tion rate observed at 58 °C. The fundamental difference between
mesophilic and thermophilic organisms in terms of respiration
rate at their respective optimal growth rate is well established in
microbial ecology and it was noticeably confirmed by our
observations of the blank compost incubated in those two tem-
perature ranges (“Characterization of Blank Compost” in SI).

In order to explain the high degradation levels of cellulose
(71% at 25°C and 98% at 58 °C), it must be considered that the

compost we used was from a facility dedicated to the biode-
gradation of lignocellulosic biomasses. On the other hand, the
growth kinetics and the structure of the mesophilic micro-
organisms community compared to the thermophilic one as well
as the intrinsic biodegradation-hindering factors of eumelanin
(structural and chemical disorder, as will be discussed later) could
explain its recalcitrance to biodegradation at 25 °C and its mod-
erate biodegradation level at 58°C (ie., 4.1 and 37%, respec-
tively). Further microbiological tests are needed, to assess the
community structure of our compost. It is worth noting that the
fungus Aspergillus fumigatus that biodegrades eumelanin at room
temperature can tolerate environments of 50 °C and above®,

Although the biodegradation level under composting condi-
tions (37% in 98 days) is significant, it does not meet the current
industrial requirements for its labeling as biodegradable under
composting conditions (ASTM D6400). As a matter of fact, even
if we project the biodegradation level at the upper time limit
suggested by ASTM D6400, 180 days, using the 0.26%/day
mineralization rate observed during the incubation period cor-
responding to Ats;s_og, Sepia Melanin would reach 58%, still not
fulfilling the 90% threshold of biodegradability in composting
conditions.

Our results suggest that the intrinsic characteristics of eume-
lanin, its molecular and supramolecular structure® as well as its
hygroscopicity?!, affect the extent of its biodegradation by the
compost microbiota. It is well established that eumelanin struc-
ture, rather than being composed of linear homopolymeric chains
(e.g., cellulose and starch), is based on the oligomeric DHI and
DHICA monomers (Fig. 1)°°. The complexity of eumelanin
structure (chemical disorder) also stems from the fact that oli-
gomers differ from each other in the number of units, types of
units (DHI vs. DHICA), and sites of polymerization (similarly to
lignin whose supramolecular structure emerges from the assem-
bly of three monomeric crosslinked monolignols: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol)®®.

Eumelanin oligomers organize in a complex supramolecular
structure: the oligomeric sheets form protoparticles via m-mn
stacking. The protoparticles arrange in an onion-like structure,
densify into spherical particles (about 10 nm-sized) and even-
tually undergo aggregation into larger spherical particles
(ca. 100 nm-sized)®”. Eumelanin particles feature heterogeneity
in supramolecular structure and size. In other words, the che-
mical disorder of eumelanin is paralleled by structural (physical)
disorder?2.

The chemical and structural disorder may limit the biode-
gradability of eumelanin, since not all oligomeric planes are
exposed to the depolymerizing enzymes secreted by the micro-
biome and diffused in the compost. The monomer-monomer
bonds may undergo enzymatic degradation only from the
“external” oligomers (i.e., on the surface) of eumelanin particles.
This might explain the observed low rate of biodegradation. It has
been suggested that the “opening” of the supramolecular struc-
ture, i.e., the de-stacking of the oligomers, is a necessary step for
biopigment degradation®’.

As Sepia Melanin is a heterogeneous substrate, we hypothesize
that its biodegradation requires several types of extracellular
enzymes to achieve complete biodegradation, via a mechanism
very similar to the enzymatic oxidation of lignin, based on
manganese peroxidase (Mn-P) and lignin peroxidase (Li-P)>%08.
Moreover, a type of enzyme able to act on one type of eumelanin
oligomer may have a different affinity towards different
oligomers®3, whereas a non-biodegraded oligomer will limit the
exposure to extracellular enzymes of all the oligomers stacking
beneath it.

Furthermore, eumelanin is known to be a hygroscopic
material?!. The extracted Sepia Melanin absorbs 17 wt% of H,O
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in 1h at 90% relative humidity (Supplementary Fig. 2, Supple-
mentary Table 1). We already reported that in 24 h Sepia Melanin
can absorb a water quantity equal to its weight?!. Knowing that
the compost used contained a significant amount of water,
equivalent to 50% of its initial mass, it is reasonable to assume
that hydration of Sepia Melanin took place in the bioreactor,
which could have contributed to weakening the high chemical
and physical stability level of melanin, thereby allowing its bio-
degradation. Indoles are indeed known to be microbially degra-
ded with the indole ring cleavage following a pathway that ends
with the formation of fumarate and pyruvate®®. In addition, water
would solubilize the resulting monomers or the low molecular
weight biodegradation products, which could then diffuse into the
microbial cells to be metabolized’’. Consequently, biopigment
hygroscopicity favors biodegradation.

Seedling emergence and plant biomass thresholds established
for the terrestrial phytotoxicity tests were attained and surpassed
by Sepia Melanin (Table 2). Thus, our ecotoxicological results
show that the “residues” of the partially mineralized pigment are
not phytotoxic. Although L-dopa, the precursor of melanin,
shows phytotoxic effects due to the formation of reactive oxygen
species and/or free-radical species during melanogenesis’!, others
report that fumarates resulting from the biodegradation of
indoles®® would not be phytotoxic’2.

The apparent respiration activity of Cu-Pc blended with
compost initially (Aty_so) falls within the range of the blank
compost, but then, after 50 days, it becomes lower, which implies
that there was no net CO, production with respect to the blank
compost and, consequently, no biodegradation (Fig. 4). This
trend could be explained with a partial release of Cu ions by the
synthetic molecule: such cations are able to inhibit microbial
activity’3. The molecular structure of Cu-Pc presents a planar
aromatic macrocycle with the metal cation at its center’* (Fig. 1).
Such a molecular structure is based on indoles, like that of
eumelanin. However, in Cu-Pc, the four indole units do not
include catechol groups and are not directly chemically bound to
each other’* (Fig. 1). The absence of biodegradation of Cu-Pc
could also be due to inhibition of microbial metabolism by the
released copper cations and to resistance to enzymatic hydrolysis
of the nitrogen-including bonds between the indole units’3. The
n—mt stacking of the molecules of Cu-Pc and their insolubility in
water may represent additional biodegradation-hindering
factors’4. Prior to this study, no phytotoxicity test had been
conducted with Cu-Pc, although the phytotoxicity of several
other phthalocyanines has been evaluated’>. Following the bio-
degradation test, the “residual” Cu-Pc in the compost shows no
phytotoxic effects (Table 2).

The apparent respiration rate of PPS blended with compost
falls within the range of the blank compost over the entire
incubation period (Aty_og) (Table 1 and Fig. 4). Consequently, no
mineralization took place. The chemical bond between a sulfur
atom and a benzene ring in a synthetic polymer appears to be
resistant to the action of numerous extracellular hydrolytic
enzymes present in the compost under thermophilic conditions
(Fig. 1). PPS does not pass the thresholds for two phytotoxicity
tests; it limits both the emergence of seedlings and the growth of
plants. This points to the potential phytotoxicity of the polymer
(Table 2).

We wish to emphasize that “bioresorbability” does not equate
to “biodegradability”. The concept of bioresorbability applies to
transformations in an aqueous physiological environment
(mainly in vivo), while biodegradability refers to biotic processes
catalyzed by enzymatic reactions within communities of micro-
organisms active in their environment or ecosystem*%7°. For
example, Bettinger et al. report that synthetic melanin implants
were almost completely resorbed after 56 days of in vivo

exposure’!, which differs significantly from the experimental
ecosystem we have used to observe the biodegradation of Sepia
Melanin in the compost after 98 days at 58°C. Although
incomplete, our mineralization result (i.e., 37%) reveals an aver-
age specific degradation rate of 0.63 g melanin per day per kg dry
weight compost.

Abundant and biodegradable organic (carbon-based) electronic
materials and devices represent one of the viable ways of reducing
the environmental footprint of the electronic sector. At present,
no guidelines for testing the biodegradability of organic electronic
materials and devices are available. Green organic electronics
have access only to a test protocol specifically dedicated to the
certification of compostable plastic materials. Our work is the first
of its kind in the development of new guidelines and test
protocols.

We found that eumelanin, an organic electronic bio-sourced
material, attained a mineralization level of 37% after 97 days
under composting conditions (at 58 °C); plant seedling and
germination tests revealed that the residual material at the end-
point of the composting test did not exhibit phytotoxic effects.
We also tested the biodegradability in composting conditions of
two non-bio-sourced (synthetic) organic electronic materials,
namely copper (II) phthalocyanine, Cu-Pc, and poly(1-4)
phenylene sulfide, PPS. The conjugated molecular structures of
Cu-Pc and PPS feature C=C bonds (for Cu-Pc and PPS)
and C=N (for Cu-Pc) bonds as well as the absence of oxygen
atoms, characteristics that help explain the negligible miner-
alization levels observed. Finally, Cu-Pc inhibited the respira-
tion of the microorganisms while PPS showed potential
phytotoxicity. These differences suggest that bio-sourced
materials constitute a viable option for the eco-design of
organic electronic devices.

We wish to point out that CO, monitoring is an “acceptable”
analytic method for assessing the biodegradation of a given
material buried in a substrate as complex as compost. Never-
theless, the method does not provide information about the
material’s half-life and the identification of the microbes
responsible for biodegradation. A series of tests including radio-
respirometry, extraction of the residual test material, and in vitro
tests using commercially available enzymes or isolated microbes
are deemed necessary to properly describe the mechanism of
biodegradation. Such tests are not part of ASTM D5338.

Further studies exploring other types of compost, e.g., from
manure or garden waste, that feature different microbial com-
munities, or other types of compost facilities, e.g., home com-
posting for which different standards exist, are needed to identify
the most suitable conditions for eumelanin’s biodegradability. In
addition, to accelerate the degradation process inoculation and
biostimulation are envisaged and can be adopted since microbial
populations can evolve and derive their energy from an array of
chemicals of different origins’’. Work is in progress towards the
evaluation of the biodegradability of organic electronic devices,
beyond the constituent materials.

Methods

Chemicals. Three test materials were selected on the basis of their availability and
properties: Sepia Melanin, copper(II) phthalocyanine (Cu-Pc), and polyphenylen
sulfide (PPS). Sepia Melanin was extracted from the ink sac of a cuttlefish (Sepia
officinalis) following established extraction and purification procedures’®
(“Extraction of Sepia Melanin” in Supplementary Information (SI)). Four chemi-
cals, purchased from Sigma-Aldrich Canada, were used as received: microcrystal-
line cellulose (20 um powder), PPS (powder, average M,~10,000), Cu-Pc (B-form,
dye content 90 wt%), and Ba(OH),. Linear low-density PE was purchased from
Exxon Mobil™ (LL 6407.67). Extracted Sepia Melanin was characterized by IR,
TGA, NAA, as well as elemental analyses of total carbon (CHN analysis) and TIC
(“Characterization of Sepia Melanin” in SI: Supplementary Figs. 1 and 2 and
Supplementary Tables 1 and 2).
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Compost characteristics. Compost from solid municipal wastes (Englobe Corp.)
was used as the substratum in the biodegradation tests. However, beforehand, tests
were performed to ensure the blank compost met the requirements of ASTM
D5338: pH 7.3, ash content 51.4%, dry solids 46 + 4 wt%, C/N ratio 24.3 with %
C =50% organic matter, and the specific respiration rate 10.5 + 0.1 mg CO,
evolved per g of volatile solid per day (“Characterization of Blank Compost”

in SD*°.

Biodegradability test under mesophilic conditions (25 °C). The aerobic bio-
degradability of Sepia Melanin, in powder form, under mesophilic conditions was
tested over an incubation period of 97 days. The respiration activity of the compost
microbiota was monitored by means of electrolytic respirometers’®. This equip-
ment continuously measured consumed O,, one data point every 30 min (Mon-
itoring O, Consumption Using “Electrolytic Respirometers” and “Biodegradability
Test under Mesophilic Conditions” in SI). The test also required the biodegradable
material microcrystalline cellulose as the positive control.

Biodegradability test under thermophilic conditions (58 °C). The biodegrad-
ability test under thermophilic conditions involved four ingredients in the form of
fine powder: Sepia Melanin, Cu-Pc, PPS, and microcrystalline cellulose as the
positive control, and one ingredient in the form of 3-mm nominal-size granules of
low-density PE as the negative control. Under the test conditions, cellulose and PE
are, respectively, biodegradable and non-biodegradable. Over an incubation period
of 98 days, the aerobic respiration activity of the compost microbiota was mon-
itored, measuring the CO, evolved (one data point every 4 days). Other phe-
nomena such as non-photosynthetic CO, fixation and abiotic degradation of
eumelanin were not significant (“Monitoring CO, Evolution Using Wet Scrubbers”
in SI)80-82, The lab-scale composting facility consisting of up to sixteen 6-L glass
bioreactors was maintained at a constant temperature of 58 °C and in darkness at
all times. To trap the respired CO,, a wet scrubber consisting of three 1-L bottles,
each filled with 900 mL of 0.12 M Ba(OH), solution, was attached to each of the
bioreactors. The strong base Ba(OH), reacted with the gaseous CO, respired by the
compost microbiota. The quantity of CO, was obtained by titration of two 30-mL
samples which were taken from each of the Ba(OH), traps (“Monitoring CO,
Evolution Using Wet Scrubbers” and “Biodegradability Test in Composting Con-
ditions” in SI). The average obtained was used to calculate the subtotal of CO,
respired, which was trapped by the 900-mL Ba(OH), solution. This subtotal was
added to the subtotals of the other two traps, to obtain the total respired CO, since
the last sampling.

Statistics and mineralization computations. Biodegradability tests featured the
1:6 weight ratio of test material to dry compost in accordance with ASTM D5338.
Keeping this ratio fixed, the amount of compost by weight was changed in the two
biodegradation tests. The tests, carried out using 1-L or 6-L bioreactors, were
performed in duplicate or in triplicate, as described in “Biodegradability Test under
Mesophilic and in Composting Conditions” in SI. The mean value and standard
deviation of the O, consumed and CO, evolved were calculated from the data
obtained for each of the materials tested under mesophilic and thermophilic
conditions. Details of the statistical analysis are provided in “Statistical
analysis” in SI.

The biochemical reaction associated with the aerobic respiration of the compost
microbiota can be simplified as:

CTESTMATERIAL+OZCONSUMED - >COZRESPIRED + HZO + CRESIDUALTESTMATERIAL + CBIOMASS
()]

where Crgsr materiar is the carbon of the test material at the beginning of the test;
Cresipuar TEsT maTERIAL 18 the carbon of the test material that is not biodegraded;
and Cgropass is the carbon assimilated and transformed into the biomass (compost
microbiota) participating in the respiration process.

Consequently, the mineralization percentage is determined as follows*:

CO,(test material) — CO,(blank compost)

Mineralization(%) = O, (total)
,(tota

@

where CO, (test material) is the measured mass of CO, evolved from the
bioreactor containing the test material blended with or buried in the compost, CO,
(blank compost) is the average measured mass of CO, evolved from the
bioreactors containing blank compost, and CO, (total) corresponds to the

total theoretical mass of CO, expected if all the test material were

completely respired by the compost microbiota, according to the following
equation:

44.01(CO, molecular mass)

CO,(total)(g) = Cy
2(total)(g) ok Imx 12.01(C atomic mass)

3)

where Cy, is the mass percentage of carbon in the test material and m is the mass of
the test material.

With regard to the biodegradation test under mesophilic conditions, the
recorded data of O, consumed over time were converted (computed) to CO,
respired (the numerator of Eq. (2)) following Eq. (1). To solve these two equations,

we have used a respiratory quotient (RQ), i.e., CO, respired over O, consumed, of
1.0 mol/mol®®. The standard deviation of the mineralization was computed as per
ASTM D5338 (“Mineralization” in SI).

Phytotoxicity test. Immediately after the endpoint of the biodegradability

test in thermophilic conditions, a germination test and a growth test were con-
ducted to evaluate the potential terrestrial phytotoxicity of the residual test material
and, if any, of their biodegradation products. Such tests are reccommended in
ASTM D6400. The phytotoxicity test procedure was adapted from OECD
Guideline 208%4. Samples were mixed with wet sandy soil, then incubated for

19 days at 25 °C. Three parameters were monitored: the seedling emergence of 20
ryegrass seeds, the absence of visible phytotoxic effects (e.g., chlorosis, necrosis,
leaf, and stem deformation), and the biomass production (wet weight of the
resulting plants) after 19 days (“Phytotoxicity Test” in SI). ASTM D6400 suggests
using two plant species for the phytotoxicity test: consequently, our test has to be
considered only as a first indication of the terrestrial phytotoxicity of the materials.
To reinforce the significance of the phytotoxicity test, the rate of respiration of the
compost microbiota (as observed during the biodegradability test at 58 °C) was
used as a second bioindicator of potentially toxic effects for the terrestrial
trophic level®>.

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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