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Abstract Cellulose is the most abundant renewable
biomaterial, featuring a wide range of applications.
In the form of aqueous suspension of microfibrils,
it is also highly processable, which has opened new
doors to a number of industrial applicative scenarios.
In particular, extrusion 3D printing enables the free-
form fabrication of stable cellulose-based constructs
with applications, among others, in flexible elec-
tronics. However, most of these devices still rely on
costly metal elements and show a relatively low cel-
lulose fraction, mainly associated to the substrate.
Here, we applied an optimization strategy to the
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microextrusion-based 3D printing of microfibrillated
cellulose/hydroxypropylcellulose composites, which
were further modified by the addition of nanocarbon
and doped ZnS powders, thus endowing the materi-
als with conductive and electroluminescent proper-
ties, respectively. The formulations were also demon-
strated to be non-cytotoxic and, in principle, suitable
for application in contact with living matter. In con-
clusion, we fabricated and integrated cellulose-based
3D printed materials with a broad applicative poten-
tial ranging from flexible electronics to biocompatible
devices, potentially leading to the development of a
new class of cellulose-based (bio)electronic compo-
nents with reduced environmental impact.
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Introduction

One of the most promising materials to reduce the
environmental footprint of electronic devices is
native cellulose, an abundant and widely investigated
(Turbak et al. 1983) natural polymer which can be
extracted from a variety of plant sources (Ferrer et al.
2016; Basaran Kankilic and Metin 2020). Indeed, cel-
lulose can be obtained also artificially (Basu et al.
2016) or bacterially (Zhong 2020). Cellulose consti-
tutes the main component of the plant cell wall, con-
ferring structural stability to the plant. This suggests
that cellulose is a biomaterial with strong mechanical
characteristics, mainly due to its fibrillar microstruc-
ture (Nishiyama 2009). However, cellulose hygrosco-
picity is often exploited to prepare aqueous suspen-
sions with the appearance of a viscous pulp, which is
mechanically unstable, but endows the material with
a high degree of versatility: this is demonstrated by
the possibility of freely shaping microfibrillar cellu-
lose paste, e.g., via extrusion-based techniques. The
latter is a peculiar type of three-dimensional (3D)
printing, in which a viscous material flows through a
nozzle at controlled pressure, and the relative motion
between the nozzle and an x—y-z stage leads to the
layer-by-layer deposition of the material, in a virtu-
ally free-form geometry defined via software. There-
fore, the suitability of cellulose pastes for 3D print-
ing opens to their application as starting materials for
novel bio-compatible, functional, flexible devices (Li
et al. 2022; Iglesias-Mejuto et al. 2024). 3D shaping
of microfibrillar cellulose paste can be coupled with
the modification of the pulp with fillers and/or mon-
omers (Panaitescu et al. 2007; Torvinen et al. 2017,
Li et al. 2019; Maturi et al. 2023; Kwon et al. 2023;
Yang et al. 2024).

In this context, a number of cellulose-based elec-
tronic devices have been produced in the last years
and extensively reviewed (Fang et al. 2021; Zhao
et al. 2021). Flexible electronics represent a remark-
able technological advance for the development of
smart devices in various fields. However, even in
the most advanced cases, the basic structuring of the
electronics has never changed, with electrodes mostly
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being realized with rare or precious elements (e.g.,
indium, tin, silver, etc.), and transparent components
being made of synthetic polymers. Issues in materi-
als supply, limited stocks, and difficulties in disposal/
recycling of exhausted devices have induced research-
ers to search for alternative routes to polymeric
substrates and rare metal electronics. In the case of
cellulose-based devices, variously modified and pro-
cessed micro- or nanofibrillated cellulose is used as
flexible, transparent and biodegradable support for
light-emitting diodes, sensors, etc. However, even
these devices include metallic electrodes and/or mul-
tilayered structures, with cellulose constituting only
a relatively small portion (Jung et al. 2015; Xu et al.
2016; Zheng et al. 2021). Instead, to the best of our
knowledge, conductive, light-emitting devices based
predominantly on cellulose have not been developed
yet. Indeed, fully cellulose-based electronic devices
would further broaden the advantages of the presently
available devices, leading to a new class of fully bio-
degradable devices not requiring scarcely available
materials (e.g., indium tin oxide, gold, etc.). In addi-
tion, the possibility to realize light-emitting devices
exclusively via cellulose-based materials would, in
principle, simplify the manufacturing procedures,
being the whole fabrication process more sustainable
in terms of costs and environmental impact.

In this work, we present a composite formulation
based on microfibrillated cellulose and hydroxypro-
pyl cellulose (HPC) which has undergone a compre-
hensive rheological, morphological, and mechanical
characterization. We show that the material is suit-
able for microextrusion-based 3D printing, and that
process parameters optimization leads to fine con-
trol over printing outcomes. We also show that the
material can be further modified by the addition of
conductive and electroluminescent phases, leading
to functional materials which can be combined in a
multi-material 3D printing process to produce a pro-
totypal light-emitting device. Finally, we prove that
the developed materials are biocompatible and are,
in principle, suitable for applications in contact with
living matter. Indeed, our optimized cellulose-based
formulations show high processability via extrusion
techniques and are suitable for assembling in a fully
cellulose-based light-emitting device. The possibility
to exploit 3D printing for all the materials involved
in the fabrication of a functional device greatly sim-
plifies fabrication procedures and positively impacts
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on the adhesion of the different components of the
device, which could lead to the development of 3D
extrusion as a key technology for manufacturing fully
cellulose-based biocompatible, flexible and sustain-
able electronics.

Results

Rheological characterization of microfibrillated
cellulose

Commercial F-01 V microfibrillated cellulose in
water (10 wt%, Fig. 1a) was firstly printed as received
with a custom-built pressure-actuated micro-extru-
sion 3D printer (Gori et al. 2020). Under extrusion
conditions, the mixture showed a clear effect of
syneresis, with the water phase drastically separat-
ing from the microfibrils and being expelled from the
nozzle (see Supplementary Fig. Sla). To avoid this
effect, the composition of the mixture was modified
by the addition of HPC as a thickener and PEGDA
with Irgacure 2959 photoinitiator to make the blend
photo-crosslinkable.

Table 1 summarizes the optimized composition
of the microfibrillated cellulose formulation (opti-
mized cellulose blend, OCB), which could be stably
extruded at various pressures and substrate speeds
(Supplementary Fig. S1b).

The rheological properties of the blend were
firstly investigated (Shafiei-Sabet et al. 2012; Nechy-
porchuk et al. 2016). As reported in Fig. 1b, for the
uncured condition, viscosity at rest was not affected
by the inclusion of HPC, PEGDA and Irgacure 2959
(OCB), while an increase was reported following
UV crosslinking at 405 nm (photocrosslinked OCB,
P-OCB). In all conditions, a clear shear-thinning
behavior was shown, but the stability of the materials
was guaranteed only for shear rates <0.002 s™' (shad-
owed region in the shear stress vs. shear rate plots).
Indeed, for higher shear rates, microfibrillated cellu-
lose and the two blends (OCB and P-OCB) start to
disaggregate. Subsequently, oscillating amplitude and
frequency tests (Fig. 1c) were performed to extrapo-
late the storage (G’) and loss (G’’) moduli. As it could

be expected from the appearance of the materials (i.e.,
a soft, but compact paste), the elastic behavior is pre-
dominant (G’ =~ 10 — 50 kPa), with a linear viscoelas-
tic region (LVE) of 0.05% for microfibrillated cellu-
lose and OCB, and of 0.09% for P-OCB. Accordingly,
the elastic behavior overcomes the viscous properties
at a broad range of frequencies. Finally, to simulate
time-dependent structural regeneration after shearing
associated to the extrusion-based 3D printing pro-
cess, we performed an oscillation-rotation-oscillation
test on the pastes (Fig. 1c), which showed an almost
complete recovery (>95%) of the storage modulus G’
in less than 30 s after the perturbation. Syneresis of
the microfibrillated cellulose paste was not detectable
from this test, suggesting that the solid/liquid phase
separation is reliably due to the geometrical features
of the extrusion system (i.e., a syringe equipped with
a blunt-tip needle, which introduces a sudden restric-
tion to the pressure-driven flow of the microfibril-
lated cellulose paste). Conversely, for P-OCB, G’ did
not recover above 70% even after 1.5 min following
perturbation, reliably due to the disruption of the
crosslinked network. For this reason, photo-crosslink-
ing of OCB should be performed only after the extru-
sion process.

3D printability and response surface modeling

To fine-tune the printing parameters via 3D printing,
a systematic investigation was carried out. Therefore,
single linear strands (2 cm long) of OCB were printed
at different pressure (1200 — 2450 mbar) and speed
(2 — 10 mm/s) levels, using two different blunt noz-
zles with 510 pm and 840 um inner diameter (ID). To
extrapolate an empirical model, a Response Surface
Method (RSM) (Bucciarelli et al. 2020, 2021; Bossi
et al. 2021; Gaiardo et al. 2021) was adopted, with
three continuous factors being considered (A-Printing
pressure, B-Printing speed and C-Nozzle diameter)
(see Table 2 in Materials and Methods section).

Two yields were measured, one continuous (the
strand width in micrometers) and one binary (0-not
printable; 1-printable), the latter modelled with a
logistic regression. These are described by Egs. (1)
and (2), respectively.
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«Fig.1 a SEM micrograph of FO1-V cellulose; b rheological
characterization of the FO1-V cellulose, of OCB and P-OCB:
viscosity (left), and amplitude tests (right); ¢ frequency tests
(left), and oscillation-rotation-oscillation test (right) for FO1-V
cellulose, OCB and P-OCB to simulate the extrusion process;
d contour plots of the RMS model for the two nozzle IDs; e
predicted data of the model vs. actual experimental values,
showing the accuracy of the RMS model; f sketches of the
extrusion process along different directions and tensile test-
ing; g stiffness of OCB and P-OCB (840-um blunt needle) as
a function of printing direction and drying conditions; h SEM
micrographs of OCB and P-OCB for different drying condi-
tions

t(um) = 6.19 - 10> + 1.95 - 10°A + 3.10 - 10°B — 2.36
—3.19-10*BC — 2.02 - 10°B? + 3.37 - 10°C?

Mechanical characterization of extrudates

Mechanical properties of the extrudates were assessed
to evaluate the possible range of applications for the
microfibrillated-cellulose-based printable formula-
tions. Since the overall mass percentage of water of
OCB and P-OCB is approximately 90%, we hypoth-
esized that the drying conditions of the printed speci-
mens could play a role in the resulting mechanical
strength. Therefore, we tested 3D printed samples
which were either dried (i) in open air at 50 °C; (ii)
under confined drying (between two glass slides) at

-10*C +8.51 - 10'AB — 1.13 - 10*AC+
—4.48 - 10'ABC — 1.46 - 102AB*> + 1.32 - 10Ac*+ (D
+1.94-10*°BC? +1.33 - 10°B> = 2.14 - 10°C?

logit|P(printability = 1)] =2.98 + 1.78 A + 1.09-10' B—1.01-10*' C + 6.29-107' BC +

@

—5.01 B>+ 451 C*+ 9.97 B>C — 6.26 BC?

In Fig. 1d, the contour plots for the strand width
(Eq. 1) are reported for the two end point values of
the nozzle ID. The surfaces derived from the logis-
tic regression (Eq. 2) have been superimposed to the
plot. In the darkened area, the printability tends to O,
while in the visible area the printability equals 1. As
expected, the strand width increased with increas-
ing the pressure and decreasing the printing speed.
Predicted vs. actual plot (Fig. le) (R?=0.9613)
confirmed accurate fitting. Coefficients and corre-
sponding F values are reported in Supplementary
Tables S1-S4. Mechanical stability of OCB was also
assessed by a filament printability test (Lechner et al.
2022), which showed that the formulation was com-
patible with the obtaining of continuous, suspended
strands hanging up to 16 mm span (Supplementary
Fig. S1c).

We chose to work with a minimum feature reso-
lution (corresponding to the strand width) below
800 pm, whilst maximizing the printing speed. Hence,
based on the RSM model, the printing conditions
for OCB were set as follows: pressure =2200 mbar;
printing speed =8000 pm/s; 840 pm ID nozzle (iden-
tified with a mark on the plot in Fig. 1d).

50 °C; or (iii) via freeze-drying. Since the easiest
infill pattern is represented by parallel strands, we
also investigated potential mechanical anisotropies in
dried OCB and P-OCB structures. Rectangular speci-
mens were printed with infill direction either along
the length and width of the rectangle and underwent
tensile testing, thus applying the load either parallelly
or perpendicularly to the fiber deposition direction
(indicated as OCB;, OCB,, P-OCB,, and P-OCB |,
respectively) (Fig. 1f).

As shown in Fig. 1g, Young’s modulus of the
blends did not change significantly with the drying
procedure, with the expected exception of freeze-
dried samples, and did not show a clear depend-
ence on the extrusion direction. This behavior could
be explained by the micro-structure of the blends
(SEM micrographs of Fig. 1h), since alignment pat-
tern of cellulose microfibrils could not be observed.
Freeze-drying, instead, severely affected the result-
ing mechanical properties, with a dramatic (approxi-
mately two orders of magnitude) reduction of the
Young’s modulus. This behaviour can be related to
the different compactness of the blends after dry-
ing: indeed, open-air and constrained drying led to
a compact, stiffer material, while the high degree
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Table 1 OCB composition

Component Relative
amount
(Wt%)
Water 88
Microfibrillated cellulose 5
PEGDA, Mw 700 Da 5
HPC, Mw 350 kDa 1
Irgacure 2959 1

of porosity resulting from freeze drying negatively
affects mechanical properties (Illa et al. 2019).

Interestingly, open-air drying of P-OCB; showed
the narrowest dispersion of stiffness measurements,
thus suggesting that this configuration ensured the
most reproducible manufacturing strategy. How-
ever, in general, it cannot be stated that the photo-
crosslinking of the blend significantly improved
mechanical properties of the dried samples.

With reference to the mechanical strength of the
extrudates, results are summarized in Supplemen-
tary Fig. S2. In particular, tensile strength for OCB,,
blends generally showed higher values in comparison
to OCB |, independently of the drying conditions.
Despite not influencing the Young’s modulus, extru-
sion direction could expectedly be related to tensile
strength, with specimens loaded parallelly to the fiber
deposition showing higher resistance. Moreover, con-
strained drying further improves mechanical strength,

possibly due to an increased material cohesion, which
in turn can be ascribed to a slower rate of dehydra-
tion. Finally, representative cyclic loading—unload-
ing tests were performed, to show that OCB can be
mechanically stressed for at least 100 cycles main-
taining its elastic properties.

Overall, the mechanical behaviour of the cellulose
formulations are in agreement with comparable mate-
rials reported in literature obtained via extrusion tech-
niques. Despite being well below the values of native
cellulose (Moon et al. 2011), Young’s modulus and
tensile strength show relatively lower (Jonoobi et al.
2010; Sehaqui et al. 2011; Hausmann et al. 2020) or
comparable (Siqueira et al. 2017) values with respect
to other micro- and nanofibrillated cellulose compos-
ites, strongly depending on the composition of the
matrix in which cellulose is dispersed.

Conductive formulations and electrical
characterization

To prove the versatility of the microfibrillated-
cellulose-based blends for obtaining functional
materials, OCB was first modified by introducing
increasing fractions of a conductive filler, namely
Super P carbon black powder, leading to an electri-
cally conductive blend (E-OCB, SEM micrograph
shown in Fig. 2a). Expectedly, the resulting formu-
lations demanded higher extrusion pressures com-
pared to OCB and P-OCB (1600-3600 mbar) given
their increased viscosity (Supplementary Fig. S3).

Table 2 Experimental
design with the parameters

Coded name Factor

for the RSM model
A Printing pressure
B Printing speed
C Nozzle diameter

Unit Levels Type
Dyozz1e 510 pm D221 840 pm

mbar 1200 1200 Numerical
1450 1450
1700 1700
1950 1950
2200 2200
2450 2450

pm/s 2000 2000 Numerical
4000 4000
6000 6000
8000 8000
10,000 10,000

pm 510 Numerical
840

@ Springer
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(b)

(d) (e)

Fig. 2 a SEM micrograph of E-OCB, showing graphite nano-
metric inclusions; b sketch of four-terminals conductivity test
setup; ¢ conductivity of E-OCB as a function of carbon black

A 5 wt% carbon black fraction was experimen-
tally determined as the printability threshold, above
which the formulations lose their extrudability
properties. For an intermediate amount of carbon
black (i.e., 3 wt%), the E-OCB blend was mechani-
cally characterized via tensile testing. Expectedly,
the Young’s modulus does not increase significantly
(E=392.8+56.9 MPa) with respect to OCB, but a
more brittle behaviour can be observed: indeed, ten-
sile strength (6=2.10+0.74 MPa) and elongation
at break (¢=0.013+0.006 mm/mm) were both sig-
nificantly lower than the respective values for OCB
blend. This could be ascribed to the introduction of
the carbon black powder in the homogeneous cellu-
lose-based matrix composing OCB. The linear con-
ductivity of extruded linear strands of E-OCB was
then measured via 4-terminal technique according
to the scheme in Fig. 2b. Voltage vs. current curves
were recorded in DC for E-OCB samples at different
carbon black fractions (0.1 — 5 wt%) and correspond-
ing conductivity values were retrieved, as shown in
Fig. 2c. As expected, an increase in material conduc-
tivity with increasing the carbon black content could
be observed, with the formulation at 5 wt% carbon

potentiostat

0

E-OCB

c

() 1.0
0.8 z

/‘ g é é
D o6H iE 0’3
z 5 gz
2 k<] © 5
g 0.4 3 ©
3 2 £
g 0.2 o

0.0 A < T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06
carbon weight fraction (-)
L-OCB

0ocB

fraction; d: sketch of surface conductivity test setup; e sketch
(left) and macrograph (right) of a composite OCB, L-OCB and
E-OCB device

black reaching a conductivity of 0.762 S cm™". Fitting
of conductivity data according to the statistical per-
colation theory gave an electrical percolation thresh-
old at 0.6 wt% carbon black (fitting results are sum-
marized in Supplementary Table S5). The obtained
results are comparable to the conductivity of other
cellulose-based blends with carbon fillers (e.g., car-
bon nanotubes) (Imai et al. 2010; Pokhrel et al. 2023),
or with conductive polymers (e.g., polyaniline) (Saleh
et al. 2024), despite being lower than composites
realized with metal nanowires (Park et al. 2017), or
PEDOT: PSS polymers (Liu et al. 2023; Jain et al.
2023). Carbon black-doped cellulose composites have
also been reported, showing higher resistivity despite
an increased amount of filler with respect to our for-
mulation (Imai et al. 2010).

The influence of printing direction on conductivity
was also investigated. To this aim, a surface resistance
measurement was performed on square-shaped speci-
mens featuring a dense linear infill pattern (same ori-
entation for all layers) via the van der Pauw method,
as shown in Fig. 2d: the surface conductivity shows
a certain degree of anisotropy, being the resistivity

@ Springer
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along the strands lower than the resistivity across the
strands (py3 14/P12.34 = 1.41£0.22).

Electroluminescent formulations and devices

After investigating the conductive properties of
E-OCB, an electroluminescent material (L-OCB)
was obtained by incorporation of doped ZnS elec-
troluminescent microparticles (a SEM micrograph
of the ZnS crystals and their size distribution are
shown in Supplementary Fig. S4) into OCB. Upon
application of a voltage in the range of 3 — 6 kV to a
10 mm X 10 mm X 2 mm 3D-printed sample, a clearly
visible light in the green spectrum region was emit-
ted (Supplementary Video 1). Expectedly, the elec-
troluminescent effect of the phosphor is proportional
to the intensity of the electric field generated between
the terminals. Although the highest luminescence
results reported in literature are usually obtained by
exploiting transition metals or rare earth ions (Shi
et al. 2017; Amela-Cortes et al. 2023), the use of
CdSe/ZnS micro/nanocrystals or quantum dots ena-
bles facile inclusion in cellulose-based blends (Small
and Johnston 2008; Yang et al. 2012; Pinto et al.
2014).

As a proof of concept, OCB, E-OCB and L-OCB
were combined to demonstrate the feasibility of inte-
grating different cellulose-based formulations into a
functional electroluminescent device. In particular,
a sandwich structure was fabricated, featuring: (i) a
first lower layer of OCB; (ii) two capacitor-like plates
of E-OCB connected to E-OCB wires and enclosing
an emissive L-OCB layer; and (iii) an upper closing
layer of OCB (Fig. 2e). Also in this case, the applica-
tion of a =5 kV voltage induced photoemission from
the L-OCB portion of the device, while the OCB lay-
ers protected the device and the E-OCB components
from the surrounding environment.

Biocompatibility and scaffolds for 3D cell cultures

As a final demonstration of the wide variety of appli-
cation fields for the proposed microfibrillated cellu-
lose-based formulations, we investigated the bio-
compatibility of OCB, P-OCB and E-OCB materials.
Indeed, cellulose is a highly biocompatible material
(Hickey and Pelling 2019), and the inclusion of fillers
usually does not hamper growth, migration and prolif-
eration of cells when these are cultured in presence of
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Fig. 3 a Results of MTT assay for OCB, P-OCB and E-OCB
performed on SK-MEL-2 human melanoma cell line; b Confo-
cal micrograph of SK-MEL-2 cells cultured on OCB scaffold

conductive blends (Kuzmenko et al. 2018). Biocom-
patibility was assessed according to the ISO 10993-5
standard (ISO 2003): freeze-dried specimens were
soaked in cell culture medium, then the eluates were
supplemented at different titers to the SK-MEL-2
cell line. Cell viability was measured via MTT assay
(Fig. 3a). All formulations were not cytotoxic, show-
ing a cell viability higher than the threshold of 70%
at all concentrations (excluding undiluted E-OCB,
although the difference was not significant as per
one-sample t-test), in agreement with conductive cel-
lulose-based formulations reported in literature (Fu
et al. 2020; Wang et al. 2020; Salehi et al. 2021). To
verify whether OCB could serve as a scaffold for 3D
cell culture, freeze-dried samples were rehydrated in
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culture medium and then incubated with SK-MEL-2
cells for 72 h. As shown in Fig. 3b, the porous net-
work enabled cell adhesion to the inner structure of
the scaffold.

Conclusion

We have successfully optimized a palette of 3D-print-
able materials based on microfibrillated cellulose
showing different mechanical, electrical and optical
properties. Insulating cellulose/HPC formulations
(OCB) could be extruded over a broad range of print-
ing pressures and speeds (as thoroughly described
by a RSM model), showing Young’s modulus values
ranging between 325 and 525 MPa, depending on
the post-processing condition. The addition of small
percentages of carbon black powder increased the
conductivity of the formulation to 0.3 — 0.8 S cm™!
without compromising the printability, while the
inclusion of photoluminescent crystals enabled pho-
toemission. Taken together, our results show that it is
possible to integrate the formulated blends into a sin-
gle functional electroluminescent structure. Indeed,
it is the first time to the best of our knowledge that
an emissive device is realized which (i) is exclusively
composed of cellulose-based materials and (iii) can
be wholly printed by in a single, multi-material 3D
printing process. However, high currents associ-
ated to the considerable voltages needed to induce
electroluminescence were sometimes responsible
for local overheating of the OCB/E-OCB interface,
thus dramatically reducing the emissive response of
the device. Therefore, further optimization steps are
needed to develop a L-OCB formulation working at
lower voltages (e.g., by using more efficient electro-
luminescent crystals). Together with our finding that
OCB and E-OCB are biocompatible, it is possible to
envision that our work will help the development of
a new class of full-cellulose-based environmentally
friendly solutions for (bio)-electronic devices.

Materials and Methods
Chemicals and OCB preparation

EXILVA FO1-V microfibrillated cellulose was a kind
gift from Borregaard AS (Norway). Hydroxypropyl

cellulose (HPC, MW 370 kDa), poly(ethylene gly-
col) diacrylate (PEGDA, MW 700 Da), and Irgacure
2959 (IC2959) were purchased from Merck KGaA
(Germany). All other reagents were purchased from
Merck KGaA, unless specified. For a typical OCB
batch, 100 mg of HPC were added to 4.4 mL of
deionized water and stirred for 90 min. Then, 500 mg
of PEGDA were added, and further mixed for 15 min.
Subsequently, 5 g of FO1-V cellulose were added to
the mixture, together with 100 mg of 1C2959. The
blend was homogenized in a Thinky ARE-250 plan-
etary mixer (Thinky, USA) for 1 min, followed by a
30 s degassing step.

Extrusion-based 3D printing

A custom-made 3D printing system was used (Gori
et al. 2020), featuring a fixed column design with a
dispensing head (moving along z) and an x-y base-
plate. The dispensing head hosted a 3 mL fluid dis-
pensing syringe (Optimum, Nordson EFD, USA)
fed by a pressure controller (OB1-MK3, Elveflow,
France; 0-8000 mbar range). All specimens and
devices were printed on 24 X 50 mm (length x width)
microscope coverslips. In the case of P-OCB, UV
irradiation (330 mJ/cm? at 405 nm) was carried out
after covering the exposed surface with a coverslip
to prevent evaporation. P-OCB was exposed imme-
diately after mixture preparation or stored in a dark
environment to avoid unintended photopolymeriza-
tion. The filament printability test was performed
according to a procedure described elsewhere (Lech-
ner et al. 2022).

Rheology

Rheological properties of microfibrillated cellulose,
OCB and P-OCB were investigated on a MCR 302
rheometer (Anton Paar, Austria), using a 25-mm
diameter plate-plate configuration with a 1 mm gap
at 25 °C. For viscosity investigations at very low
shear rates (7~0.0001 s7!), the “steady state” sam-
pling method was set to avoid artifacts. For amplitude
sweep tests, oscillation was set to w=10 rad/s; for
frequency sweeps, a value of shear strain y=0.05%
(within the LVE region) was chosen for all cases. For
oscillation-rotation-oscillation probing, samples were
firstly tested at y=0.05%, =10 rad/s for 30 s, then
mechanical stress was imposed via rotation at y=1 s~
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for 20 s, and finally G” and G’’ recovery was investi-
gated at y=0.05%, ®=10 rad/s for 90 s.

Scanning electron microscopy

SEM micrographs were obtained with a Sigma 300
VP microscope (Zeiss, Germany) operated at 5 kV
on specimens mounted on aluminum stubs and coated
with 7 nm of sputtered gold (CCU-010 LV, Safe-
matic, Switzerland).

RSM modeling

To compile the RSM model, single 20-mm-long lin-
ear strands of OCB were extruded at various printing
pressure and speed levels, using two distinct blunt end
tips with different ID. The overall Design of Experi-
ment is reported in Table 2.

Extruded strands were immediately viewed under
an inverted microscope (Ti-E, Nikon Instruments,
Japan) and strand width was measured using Imagel
software suite (v.1.52) (Huang et al. 2012).

The whole statistical analysis was performed using
R programming language (Li et al. 2022; Iglesias-
Mejuto et al. 2024). The model was built by select-
ing the significantly relevant factors, tested by analy-
sis of variance (ANOVA). The significant level was
assigned as follows: p<0.1 (-), p<0.05 (*), p<0.01
(**), p<0.001 (***). The complete model for strand
width is reported in Eq. 3.

Tensile testing

Specimens were tested uniaxially with a universal
tensile testing machine (model 3365, Instron, USA),
equipped with a 500 N load cell. Specimens of
approximately 40X 10x 1 mm (length X width X thick-
ness) were printed using an infill pattern featuring
parallel strands oriented either along the length or
width of the rectangle. Specimens underwent ten-
sile loading at a strain rate of 0.03 min~!. The cross-
section of each specimen was measured via optical
microscopy and used to calculate the stress vs. strain
curve, under the hypothesis of negligible necking. A
typical stress—strain curve is reported in Supplemen-
tary fig. S2. The slope of the linear portion of the
stress vs. strain curve was retrieved via Origin soft-
ware (OriginLab Corp., USA) and used to estimate
the Young’s modulus of each specimen. Measure-
ments were performed in triplicate. For the evaluation
under cyclic stress, 100 loading—unloading cycles
were performed on OCB | for a maximum elongation
of 0.25%.

Preparation of conductive and electroluminescent
formulations

E-OCB was prepared starting from OCB by adding
selected amounts of Super P carbon black (Imerys
Graphite & Carbon, France; 0.1 to 5 wt%), followed
by planetary mixing (1 min) and degassing (30 s).

F(¥) = cy+ ;A + B+ cAB + ;A% + ¢,B” + csA’B + c(AB* + ;A% + 4B + ¢,(A*B* + ¢, A’B
+cpAB’ + c3A* + 03B + ¢y A’B + ¢ sAPB’ + ¢ sATB + ¢16ABY + 7 A + ¢ B’ + ¢ A°B 3)
+ ¢1oAB? + cy)A’B* + ¢ AOB + cpAB’ + ¢33 A® + ¢y, B°

It should be noted that not all the terms must be
present in the models. In fact, only terms with p <0.1
were included, while the model was considered sig-
nificant with a p<0.05. The model function (indi-
cated in the equation as f) was chosen (i) to normalize
the model residues and (ii) to make the model resi-
dues pattern less. To evaluate the goodness of fit of
the model, the coefficient of determination (R?) was
calculated.
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Specimens with a square cross-section of approx.
40x 1x 1 mm were extruded and dried in open air at
50 °C. Afterwards, four-terminals conductivity tests
were performed using a SP-300 potentiostat/galva-
nostat (BioLogic, France), with power terminals con-
nected to the specimen edges and sensing terminals
placed at a distance of 1 mm, in the central portion
of the specimen (Fig. 2b). A linear sweep voltamme-
try (LSV) was performed in the range O — 1 V. The
slope of the linear portion of the voltage vs. current
curve was used to retrieve the resistance of each sam-
ple; subsequently, specimens were cut in their central
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portion and the area of the section was measured to
precisely calculate material conductivity.
Conductivity values as a function of carbon black
content were interpreted considering the statistical
percolation theory (Bauhofer and Kovacs 2009):

o =oo(x — x.) fory > 1, 4)

where o is the overall conductivity, o, is the intrinsic
conductivity of the conductive phase, y is the weight
fraction of the conductive phase in the composite, y,
is the percolation threshold, and ¢ is the critical expo-
nent depending on the system dimensionality.

L-OCB samples were prepared by supplement-
ing OCB with 20 wt% ZnS-based electroluminescent
crystals (ProChima, Italy) under planetary mixing for
1 min, followed by 30 s degassing. Square specimens,
approx. 15 mmXx 15 mmX2 mm, were printed and
dried in a confined environment at 50 °C till complete
dehydration.

In the case of composite devices, a first OCB layer
(20 mmXx20 mmXx 1 mm) was printed, followed by
the extrusion of two 10-mm distant capacitor plate-
like components with E-OCB (3 wt% carbon black),
one layer of L-OCB filling the interspace between the
E-OCB plates, and a final 20 mmXx20 mmXx 1 mm
OCB layer. Afterwards, the device was dried in a con-
fined environment at 50 °C till complete dehydration.

For electroluminescence tests, L-OCB and com-
posite devices were placed in a darkroom and con-
nected to a high voltage DC generator (model ES30,
Gamma High Voltage Research, USA).

Biocompatibility

Materials cytotoxicity was assessed according to
ISO 10993-5. Briefly, sterile freeze-dried samples
of OCB, P-OCB and E-OCB were immersed in
complete cell culture medium (Eagle’s MEM + 10%
fetal bovine serum (FBS) + 1% penicillin/streptomy-
cin+ 1% L-glutamine) at a ratio of 0.1 g of mate-
rial per mL of medium and incubated at 37 °C for
72 h. Then, the eluate was collected and used at
three different titers (i.e., (i) undiluted; (ii) 1:10;
and (iii) 1:100 dilution in complete medium) to
culture subconfluent human melanoma SK-MEL-2
cells (ATCC, USA) in a 96-well plate for 24 h
(37 °C, 5% CO,). Cytotoxicity was tested by MTT
assay. Briefly, culture medium was replaced with

100 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide solution (0.5 mg/ml in
complete culture medium) and cells were incubated
for four hours (37 °C, 5% CO,). MTT solution was
removed, formazan salts were dissolved in 100 pL
of DMSO and quantified by measuring absorbance
at A=>595 nm on a plate reader (Infinite M200-Pro,
Tecan, Austria). Cell viability was normalized to
that of control (untreated) cells.

For 3D cell culture, freeze-dried OCB samples
of approx. 5xX5%3 mm (length x width x height)
were sterilized by soaking in 70% ethanol, rinsed in
sterile PBS and equilibrated in complete cell culture
medium in a 24-well plate. Afterwards, cell culture
medium was replaced with a SK-MEL-2 cells sus-
pension (5 X 10* cells/scaffold) and cells were incu-
bated for 2 h (37 °C, 5% CO,). Constructs were then
transferred in an empty well, fully covered with
culture medium and incubated for 72 h. Constructs
were then washed with PBS, fixed with 4% para-
formaldehyde, and permeabilized with Triton X-100
(0.1% in PBS for 10 min). Actin was stained with
Alexa Fluor 488 Phalloidin (1:500 in PBS, Thermo
Fisher Scientific, USA) for 50 min and nuclei were
counterstained with 5 uM Draq5 (abcam) in PBS
for 30 min at RT. Given the significant autofluores-
cence of OCB in the 425 — 475 nm spectral range, a
far-red fluorescent DNA dye was required to clearly
visualize cell nuclei. Constructs were immersed in a
1:1 mixture of sucrose (30% in PBS) and Shandon
Cryomatrix embedding resin (Thermo Scientific)
at 4 °C overnight. Specimens were then included
in pure Shandon Cryomatrix, snap frozen and sec-
tioned (30 pm sections) with a Leica CM3050 S cry-
ostat (Leica Biosystems, Germany). Confocal imag-
ing was performed on a Nikon AIR 4+ microscope,
using excitation wavelengths of 405 nm, 561 nm
and 647 nm, and emission ranges of 425-475 nm,
570-620 nm, and 650-700 nm, respectively.
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