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ABSTRACT

Leveraging the biocatalytic machinery of living organisms for fabricating functional bioelectronic interfaces, in
vivo, defines a new class of micro-biohybrids enabling the seamless integration of technology with living bio-
logical systems. Previously, we have demonstrated the in vivo polymerization of conjugated oligomers forming
conductors within the structures of plants.

Here, we expand this concept by reporting that Hydra, an invertebrate animal, polymerizes the conjugated
oligomer ETE-S both within cells that expresses peroxidase activity and within the adhesive material that is
secreted to promote underwater surface adhesion. The resulting conjugated polymer forms electronically con-
ducting and electrochemically active pm-sized domains, which are inter-connected resulting in percolative
conduction pathways extending beyond 100 pm, that are fully integrated within the Hydra tissue and the
secreted mucus. Furthermore, the introduction and in vivo polymerization of ETE-S can be used as a biochemical
marker to follow the dynamics of Hydra budding (reproduction) and regeneration. This work paves the way for
well-defined self-organized electronics in animal tissue to modulate biological functions and in vivo bio-
fabrication of hybrid functional materials and devices.

1. Introduction

Bioelectronics aim to monitor, actuate or modulate biological pro-
cesses. Currently there is a major focus on developing implantable bio-
electronic devices expressing a minimal mismatch with the hosting
biological environment in order to reduce the foreign body response.
Examples include soft [1], conformable electronics [2-4], and ultrathin
injectable systems [5]. Recent non-conventional approaches target to
integrate directly the electronic material into tissue. Martin and
co-workers were the first to exploit this possibility by electro-
polymerizing PEDOT electrodes directly into the brain of a mouse,
which created a cell-templated electrode [6]. However, electro-
polymerization requires application of high currents via a working
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electrode that potentially can be harmful for the brain while the formed
polymer is only localized in the vicinity of the electrode. In an attempt to
induce chemical polymerization, Bao et al. genetically modified
neuronal cells to express a biological catalyst, the peroxidase enzyme, on
the cell membrane and demonstrated the polymerization of aniline di-
mers after addition of hydrogen peroxide [7]. Genetic modification is
typically imposing several limitations in terms of the applicability of the
method. Recently, we presented a thiophene-based conjugated olig-
omer, ETE-S, that in vivo polymerized in a plant without any exogenous
physical or chemical stimuli, forming conducting wires along the plant’s
vascular tissue [8]. The polymerization was driven by the plant’s
endogenous peroxidase enzymes that are localized in the plant’s cell
wall therefore naturally integrating the conducting material directly

E-mail addresses: eleni.stavrinidou@liu.se (E. Stavrinidou), claudia.tortiglione@cnr.it (C. Tortiglione).

1 equal contribution.

https://doi.org/10.1016/j.bioactmat.2021.08.025

Received 24 June 2021; Received in revised form 5 August 2021; Accepted 23 August 2021

Available online 28 August 2021

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:eleni.stavrinidou@liu.se
mailto:claudia.tortiglione@cnr.it
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.08.025
https://doi.org/10.1016/j.bioactmat.2021.08.025
https://doi.org/10.1016/j.bioactmat.2021.08.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.08.025&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Tommasini et al.

into the plant structure [9,10]. Leveraging the enzymatic catalytic ac-
tivity for augmenting non-native functionality into biological systems is
indeed a promising route. Living organisms perform a broad range of
coordinated catalytic reactions resulting in complex biological functions
and biomaterials. Thus, exogenously applied compounds that enter
biological reaction networks can result in hybrid systems that combine
unique features of living organisms with functionality and performance
of artificial materials. We recently exploited this visionary approach also
in a small invertebrate animal, Hydra vulgaris. The freshwater polyp
Hydra is typically used as a model system in developmental biology and
regeneration studies but since the last decade emerged as a powerful in
vivo model to test the interaction of a living system with nanostructured
materials providing indication on toxicity [11,12], efficiency of cell
uptake [13], intracellular fate [14], and biotransformation of exogenous
compounds [15]. Taking these studies a step further we recently
demonstrated that Hydra when treated with a semiconducting
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Fig. 1. Temporal dynamics of ETE-S polymerization in H.vulgaris.
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oligothiophene, DTTO, is promoting, in vivo, the biogenesis of fluores-
cent conductive protein microfibers via metabolic pathways [16].
Furthermore, in another study, we demonstrated that poly
(3-hexylthiophene) P3HT nanoparticles elicit a behavioral response in
Hydra and induced modulation of genes involved in the light trans-
duction pathways, suggesting a seamless and biomimetic interface be-
tween the polymer nanoparticles and the living organism [17].

Along this direction, and also inspired by the possibility of seamlessly
integrating electronic devices in animal tissues, endowing themselves
with functions beyond the native ones, we exploited the capability of
ETE-S conjugate trimer to polymerize into conductive structures within
the soft Hydra tissue. By simply incubating living polyps in a solution
containing ETE-S, the oligomer was uptaken by the animal and spon-
taneously polymerized at highly localised regions. Optical, spectro-
scopic and electrical characterization demonstrated that the ETE-S
polymerizes in a specific foot cell type that expresses peroxidase activity,
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a) Schematic representation of the lower body region of Hydra vulgaris. The tissue is organized into endoderm (en) and ectoderm (ec) cell layers separated by the
mesoglea (m). b) Molecular structure of the ETE-S. ¢) In vivo imaging of polyps treated with ETE-S (10 pg/mL). Black stained secreted mucous is detectable since the
first hour of incubation, reaching maximal thickness after 1 week. Untreated animals (U column) are shown on the left. In the lower panel images of living polyps
squeezed onto a microscope slide reveal the bilayer structure at the base of the peduncle region (red dashed area) including basal disc cells (bd), mesoglea (m) and
endoderm. Treated polyps reveal staining of the basal disc cells, initially diffuse (1 h) and then organized into granular structures. Scale bars 500 pm (upper panel),
50 pm lower panel. d) Secreted discs from untreated (left) and treated polyps, whose darkness progressively increases. The number of stained secreted discs on the
total of treated animals is indicated at the bottom of each column. Scale bar, 200 pm. e) Schematic of the spectromicroscopy setup where the microscope transmitted
light collects the absorption spectra using a spectrophotometer (red cable). The scanned area is targeted live with the help of a camera (black cable). biorender.com.
f) Average absorption spectra of dried secreted discs from Hydra untreated (red), treated with 10 pg/mL ETE-S for 24 h (light blue) and treated with 10 pg/mL ETE-S
for 168 h (dark blue). Standard deviation from n = 8 is shown as the colored halo.
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and in the secreted adhesive material used by the polyps to anchor on
underwater substrates. The p(ETE-S) functionalized animal tissue and
ring-shaped secreted structures acquired electronic conductivity and
electrochemical capacitance demonstrating the possibility of augment-
ing electronic functionality in animals and the biofabrication of elec-
tronic hybrids. Our work paves the way on utilizing the innate potential
of living organisms to build complex structures and their biocatalytic
machinery for transforming chemical stimuli into electrical
microdevices.

2. Results and discussion
2.1. In vivo ETE-S polymerization in Hydra vulgaris

Fig. 1a shows a scheme of a longitudinal section of the Hydra lower
body column, structured into the two cell layers and organised into a
peduncle ending with a basal disc, a specialised secretory region
responsible for polyp temporary adhesion to underwater surfaces [18].
Despite sessile life, Hydra can move by repetitive substrate attachment
and detachment, governed by both muscular activity and the secretion
of glue, functions which are not completely understood, to date. At the
terminal end of the body column, basal disc cells have been identified as
responsible for synthesis, storing and delivery of components underlying
Hydra adhesion [19]. These cells contain different types of granules
whose content (glycans, glycoproteins and peroxidase) is in part
secreted outside in the external environment [20,21]. We first investi-
gated the potential toxic effect and more broadly the biocompatibility of
ETE-S, by monitoring and quantifying morphological alteration induced
at variable dose and exposure time, according to well established
methods [11,22,23]. Living polyps were incubated with increasing doses
of ETE-S, from 10 pug/mL to 1 mg/mL, the effective dose used in plant
systems (Fig. S1) [8]. While at 1 mg/mL the animals appeared imme-
diately paralyzed and cell lysis occurred throughout the body, ETE-S at
10 pg/mL had no effect on polyp morphology and behaviour, allowing
incubations up to one week without affecting the polyp viability at
macroscopic levels. For this reason, 10 pg/mL was further used for long
term experiments to detect and monitor in vivo polymerization, as
recently reported in plants [9,24]. By inspecting the ETE-S treated
Hydra, a dark staining was detectable at the basal disc level and within
the secreted material already after 1 h of treatment (Fig. lc, upper
panel). At higher magnification, in living squeezed polyps (Fig. 1c, lower
panel) basal disc cells appeared purple stained, suggesting their
involvement in the ETE-S intracellular polymerization. These features
progressively increased at longer incubation times leading to the
detection of dark granular spots within the cells and embedded into the
secreted material outside the polyp (Fig. 1c—d, Fig. S2). The material
secreted from basal disc cells, organized as a solid structure (from now
named secreted discs), showed the presence of dark material organized
as aring, which thickness increased with the incubation period (Fig. S2),
indicative of the continuous ETE-S polymerization and external secre-
tion (Fig. 1d). Secreted discs from untreated Hydra incubated with ETE-S
do not show any staining (Fig. S2), indicating the absence of the
necessary chemical machinery to induce polymerization in the secreted
material. In order to confirm the polymerization of ETE-S, we performed
spectromicroscopy on isolated secreted discs and on whole Hydra polyps
(Fig. 1e). For each incubation period, the spectra were collected from 8
different discs and an average spectrum is shown for each time of in-
cubation (Fig. 1f).

In the absorption spectra of secreted discs from Hydra treated with
10 pg/mL ETE-S for 24 h a shoulder at the 500 nm region was observed,
as well as a broad absorption band at 700-800 nm region. Discs
collected at 168 h of continuous incubation showed enhanced absorp-
tion signatures, with clearly defined bands at 500 nm and 700-800 nm.
The 500 nm band corresponds to the HOMO — LUMO transition for p
(ETE-S) and the band at 700-800 nm to p(ETE-S) doped states as pre-
viously shown from a combination of spectroelectrochemistry studies
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and density functional theory (DFT) calculations [8,25]. The doped
states can be attributed to either a mix of polaronic and bipolaronic
states or only bipolaronic states with pi-stacking effects as suggested by
DFT calculations [25]. The fact that the neutral state is present suggests
that the formed p(ETE-S) is not fully doped. Both treated and untreated
samples had an absorbance band around 400 nm that can be attributed
to light scattering from biological tissue.

After observing clear polymerization of ETE-S in the discs of secreted
material, we further investigated the possibility of polymerization in
Hydra tissue, as suggested by the dark-stained tissue observed in vivo
(Fig. 1c). Spectromicroscopy was performed in polyps treated for 24 h
and dried on glass slides. Spectra were acquired from different
anatomical regions and compared to untreated Hydra. The average ab-
sorption spectra show no difference between untreated (Fig. 2a) and
ETE-S functionalized Hydra (Fig. 2b) at tentacle junction and body
levels, suggesting that no polymerization occurred in those areas. Some
features were present in both cases suggesting that they arise from light
scattering from the tissue. In contrast, spectra from the basal disc region
of ETE-S functionalized Hydra show the characteristic peaks corre-
sponding to p(ETE-S) as described in the previous section.

Since we were not able to determine p(ETE-S) formation by spec-
tromicroscopy in the whole Hydra, we then attempted to solubilize any p
(ETE-S) that may be present in the tissue via homogenization in DMSO
[8]. Homogenates were prepared from ETE-S treated polyps, whole or
sectioned at 20% of total body length in two parts to separate the upper
body from the foot region, and then compared to corresponding un-
treated samples. Fig. 2d shows the characteristic absorbance band at
500 nm in all the functionalized extracts (whole polyp, upper body, and
foot) but not in untreated Hydra samples, confirming the presence of p
(ETE-S). These data are supported from previous studies where we
showed that when p(ETE-S) is dissolved in DMSO, it dedopes into the
neutral form that displays a characteristic absorption band at 500 nm
[8]. Interestingly, these results suggest that ETE-S polymerization occurs
not only in the basal disc region, as shown in the spectromicroscopy
studies, but also in other regions indicating that the polymerization is
not restricted to the foot basal disc cells. This is consistent with the
expression of five isoforms of putative peroxidases in the ectoderm,
whose functional significance, however, is still unknown [21,26,27].
Most probably the concentration of the p(ETE-S) was highly localized or
below the detection limit to be revealed with spectromicroscopy. To
verify this hypothesis, we performed in vitro reaction using whole fixed
polyps (i.e. animals mummified by the use of paraformaldehyde), and
high doses of ETE-S (1 mg/mL) and H03 (0,17%), which would be toxic
for live animals. Under this condition a clear polymerization both in the
basal disc region and in the upper body part of the Hydra was observed,
indicating that the upper part tissue can polymerize ETE-S but with
relatively lower efficiency (Fig. S3).

2.2. ETE-S polymerization in Hydra is mediated by peroxidase enzyme
activity

Starting from spectroscopy analysis detecting ETE-S polymerization
in the secreted discs, and from evidence that ETE-S polymerization both
in plants and in vitro is assisted by peroxidase enzymes [8,9], we
investigated this possibility also in Hydra, supported by the specific
localization of peroxidase activity into the granules of the basal disc cells
[19,20,28]. Biochemical and ultrastructural analyses have recently
characterized diverse types of secretory granules containing glycans and
glycoproteins (found also in secreted material) [19], lipids and
peroxidase-like enzymes (Fig. S4), thus the presence of this enzymatic
activity is used in reliable assays to identify basal disc cells, in homeo-
static conditions or in dynamic processes (i.e. budding and regeneration
processes). By adding the substrates of chromogenic reactions catalyzed
by peroxidases, such as diaminobenzidine (DAB) and Hy0,, the oxida-
tion to a brownish product is detectable only in cells with high endog-
enous peroxidase activity (Fig. S4) [28]. On this basis, we tested the



G. Tommasini et al. Bioactive Materials 10 (2022) 107-116

Tentacle 0.5— T T T : - B
—— Tentacle
. Tentacle junction C
04+ Body 1
—— Basal disc Whole
0.3+ Standard de deviation for n=4 1

polyp

Absorbance (a.u)
o
N

0. 1 1 &‘ |
0.0+ = ]
0.4 4 4 } 4 " | DMSO extraction
400 500 600 700 800 900
0.06 T T T T T
Tentacle 05 Wavelength (nm) d
¥ Tentacle * T _' Tentaclel f ! T \ Whole polyp untreated
i ti . G s 0.05+ \ Feet untreated b
junction . Tentacle junction
04+ 4 3 \ Upper part untreated

e Body ! © 41 Whole polyp treated i

3 —— Basal disc — 0.0 \

© 034 ioiion for ni=d | o Feet treated

- . Standard deviation for n=: 8 Upper part treated

8 S 0031 .

S 0271 £

Q + i

Body 5 \ » 0.02

o 0.1+ N g

Q

<

,/\ﬂ 1< 0011

Basal disc 0.0+ b

400 500 600 700 800 900 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 2. Optical and spectroscopic characterization of ETE-S treated Hydra, in whole and homogenated animals.

a) Micrograph of dried untreated polyp and corresponding average absorption spectra acquired with spectromicroscopy on several anatomical regions: basal disc
region (dark blue), body (yellow), tentacle/body junction (orange) and tentacle (red). Standard deviation for n = 4. b) Micrograph of dried polyp treated with 50 pg/
mL ETE-S for 24 h and corresponding average absorption spectra. Standard deviation from n = 4 shown as a colored halo. ¢) Schematic legend of the Hydra body
parts extracted in DMSO.biorender.com. d) Absorption spectra from DMSO extracts of whole polyps untreated (red) and treated (blue), feet from untreated (rose) and
treated (light blue) Hydras and upper part from untreated (orange) and treated (dark blue) Hydras. Scale bar 500 pm in a, b.
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Fig. 3. ETE-S polymerization occurs specifically in basal disc cells.

Fixed polyps were treated at two concentrations with ETE-S in absence a) or presence b) of peroxidase substrate H,O,. In each panel, the images on the left column
show the peduncle region of untreated and treated animals, while on the right column the regions red framed are shown at higher magnification. In a) a faint staining
was detectable at the basal disc level, due to physiological H>O, presence. b) Addition of H,O5 (0.17%) induces strong staining of granular structures in basal disc
cells, whose amount and intensity increases with ETE-S concentration. Scale bars, 200 pm (a-b, left column) and 20 pm (a-b, right column).
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hypothesis that ETE-S could undergo polymerization by mean of
endogenous peroxidase, as shown in vivo in the plant [9]. ETE-S was
added at two concentrations (50 pg/mL and 1 mg/mL) to fixed animals
for 30 min, in the absence and presence of HyO». Fig. 3 shows in the first
case a faint black staining of the basal disc region, likely resulting from
the low physiological amount of hydrogen peroxide inside tissues, which
may limit the complete polymerization of ETE-S. These results mirror
the in vivo staining of Fig. 1. At higher concentration (not compatible
with animal life), a strong punctuated pattern was detected in the same
cells, further enhanced by exogenous HyOs, which thus parallels the
peroxidase positive granules well characterized at ultrastructural level
by cytochemistry (Fig. S4) [19,21].

Remarkably, under these conditions, a faint dark colour was also
detected along the body and in the hypostomal region, at the base of
tentacles. These data are also confirmed by spectroscopic analysis that
indicate the presence of p(ETE-S) in the body column, and are supported
by the expression of different peroxidase-like genes in body ectodermal
cells (Fig. S5) [26]. Beside the dose- and HyO»- dependent increase of the
staining signal, and the cell specificity, indicating a peroxidase-like ac-
tivity involved in ETE-S polymerization in vivo, an additional evidence
was also achieved. This was done by inhibiting the peroxidase activity
by physical method (high temperature) and by saturating the enzyme

ETE-S

Untreated

100 °C
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with Ho0; excess, in diverse solvents (Fig. 4a). The degree of inhibition
was estimated by quantifying the staining intensities and grouping into
four different categories, ranging from no staining to intense staining
(Fig. S6). Pre-heating the animals both at 90 °C and 100 °C could
completely prevent the intense staining, allowing some weak staining,
index of residual activity. Similar results were obtained by pre-treatment
with HyO5 in methanol, while less efficient inhibition was found with
H50, in water, or with a lower amount of HyO,, where an intense
staining could still be detected, although at a lower extent (Fig. S7).
Remarkably, the staining observed on the hypostomal region, at the
tentacle base, was also prevented (Fig. S5), showing unambiguously the
involvement of peroxidase-like activity for in vivo and in vitro ETE-S
polymerization. This activity may be responsible for ETE-S polymeri-
zation and for other biotransformations occurring post-secretion,
generating a hybrid secreted material with novel functionalities.
Indeed, although not demonstrated at functional level, it has been sug-
gested that the peroxidase detected into the granules of basal disc cells
could catalyse the crosslinking of other components to post-draw the
secreted adhesive, altering the mechanical and physical properties, as it
occurs in the freshwater caddisfly silk [29].

90 °C 3% H,0, in MeOH

H No staining

Weak staining

90°C

Medium staining

3% H,0,in MeOH

. Intense Staining

4% H,0,

ETE-S

0 20 40

i

60 80 100

% Polyps showing staining

Fig. 4. Inhibition of endogenous peroxidase activity prevents ETE-S polymerization in Hydra.

Fixed polyps were chemically and physically pre-treated to inhibit the peroxidase activity, in presence of H,O. a) The regions within the boxes are shown at higher
magnification in b). Both high temperature or substrate excess inhibit ETE-S staining. Scale bar 200 pm (a) and 20 pm (b). ¢) Quantitative evaluation of peroxidase
activity inhibition. The Image processing and Analysis software Image J (Version 1.53) was used to quantify and categorize the signal intensity produced by ETE-S
polymerization (Fig. S6). Data are reported as the media of three independent experiments (N = 45). Statistical analysis performed using Chi-square test shows highly
significant differences (***p < 0.001) for each condition compared to the ETE-S treatment.



G. Tommasini et al.

2.3. Electrical characterization of the ETE-S functionalized structures
polymerized in vivo

Next, we proceed to characterize the electrical and electrochemical
properties of the secreted discs where the dark polymerized material is
arranged as a well-defined ring and which thickness increases with in-
cubation period (Fig. 1, Fig. S2). In order to establish electrical contact
with the Hydra discs, they were laminated on an Au microelectrode
array Fig. 5a-b. To characterize the resistance, we performed IV mea-
surements in the dry state at various interelectrode distances (from 15 to
135 pm) by sweeping the voltage between +0.5 V and —0.5 V while
recording the current, see Fig. 5b. For secreted discs produced with 10
pg/mL ETE-S treatment for 24 h, a linear IV was observed, and the
current magnitude was decreasing with increasing interelectrode dis-
tance following Ohms law (Fig. 5¢). The resistance values were in the
MQ range, 3 orders of magnitude lower than the resistance of control
untreated secreted discs (Fig. 5d). These values were reproducible for
interelectrode distances up to 105 pm suggesting that the polymer
granules formed a percolative network over nearly 1/2 of the disc width.
Moreover, since we have observed polymerization in the Hydra body as
well, we attempted to measure the current directly from polyps incu-
bated in ETE-S 50 pg/mL for 24 h, corresponding to the maximum
biocompatible dose (Fig. S1). No significant current could be measured,
suggesting that p(ETE-S) domains on the body do not form a percolating
path in the pm scale as in the discs. In fixed polyps, where the ETE-S dose
can be increased to 1 mg/mL, a current higher than control samples
could be recorded, but only for an interelectrode distance of 15 pm
(Fig. S8).

Next, we characterized the electrochemical properties and electro-
activity of p(ETE-S) in an electrolytic environment with a two-electrode
electrochemical setup comprising the secreted disc as the working
electrode, and an Ag/AgCl pellet as reference/counter electrode. The
disc was contacted through the multielectrode array via an open square
area that had similar dimensions with the discs while the rest of the
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array was insulated with a Parylene-C layer in order to eliminate para-
sitic contribution from the electrodes (Fig. 5b). We first performed cyclic
voltammetry with a scan rate of 25 mV/s between —0.5 and +0.5 V vs
Ag/AgCl in discs of treated and untreated Hydra as well as the electrode
area without any biological sample. From the cyclic voltammograms, it
is clear that the functionalized secreted disc has a higher capacitance
than the untreated sample and the gold electrodes (Fig. 5g; Fig. S9). For
this sample we have 10 times higher capacitive currents compared to the
gold working electrode, which signifies that the p(ETE-S) domains can
store more charge than the gold electrode. While in the gold electrode
the capacitance arises from the double layer capacitance at the flat
electrode surface, the capacitance in the case of p(ETE-S) is volumetric
due to the mixed ionic-electronic transport that p(ETE-S) exhibits.
Electrochemical cycling (6 cycles) showed no significant loss of elec-
troactivity (Fig. S10). Additionally, we performed charge-discharge
curves at different applied currents in order to extract the capacitance
of the sample (Fig. 5h). We observed that the curves deviate from the
ideal linear behaviour of a supercapacitor, something that can be
attributed to non-ideal contacts that can generate Faradaic redox re-
actions. From the slope of the linear part of the discharge curve we
extracted the capacitance of our system to equal C = 1 pF. Assuming that
the p(ETE-S) specific capacitance is 20 F/cm? as it was determined in the
plant tissue [8] the conducting material in the disc corresponds to a
volume of 5 10* pm>. We always observed increased capacitance and
electroactivity in the ETE-S functionalized secreted discs, but the current
magnitude was different between samples. Although the same experi-
mental conditions were used during Hydra incubation in ETE-S, the
diverse degree of polymerization and polymer formation on the basal
discs reflects animal variability.

Overall, the electrical and electrochemical characterizations show
that the conjugated oligomer polymerized in vivo forms polymer do-
mains with percolation paths supporting electronic conduction. The
tissue-integrated conjugated polymer can be further doped and dedoped
electrochemically via exchange of ions with an electrolyte. In vivo
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Fig. 5. Electrical and electrochemical characterization of the ETE-S functionalized secreted discs via a planar gold multielectrode array.

a) Image of a secreted disc on top of the delimited non insulated area (red square) of the Au multielectrode array with contacts from 15 pm to 135 pm represented
with blue lines from dark to light. Scale bar, 50 pm. b) Schematic of the transmission line measurement setup. Secreted discs are dried on top of the patterned gold
electrodes. The current is then measured at different interelectrode distances. The blue grains represent the granular structure of the p(ETE-S) domains in the Hydra
secreted disc. ¢) IV curves for interelectrode distances from 15 to 135 pm (dark to light blue) and d) corresponding resistance values of secreted discs from treated
(blue) and untreated Hydra (red); Standard error from n = 7. e) Photograph and f) schematic of the 2—electrodes electrochemical setup with an Ag/AgCl pellet as
Reference/Counter electrode and the disc as the working electrode in a 0.1 M KCl electrolyte. g) Cyclic voltammogram at 25 mV/s vs Ag/AgCl from the non-insulated
gold electrodes area (yellow), the secreted disc from untreated (red) and Hydra treated with 10 pg/mL ETE-S (blue). h) Charge/discharge curves between 0 V and
+0.3 V from a treated Hydra’s secreted disc for applied currents of 50 nA (black), 25 nA (red), 10 nA (green) and 5 nA (blue).
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polymerization of a conjugated oligomer has previously only been
observed in plants promoted via the cell wall machinery of the plant
cells. Hydra is the first animal that shows this possibility via the
peroxidase enzyme activity contained in the secretory granules. The
capability of Hydra to use ETE-S as substrate for intracellular polymer-
ization and cross-linking reactions with adhesive mucous material pave
the way for utilizing Hydra for in vivo biofabrication of hybrid functional
materials.

2.4. ETE-S staining as marker of basal disc cell differentiation

The finding that ETE-S polymerization is mediated by endogenous
peroxidase led us to use ETE-S as biochemical marker for tracking the
reappearance of basal disc cells during polyps budding and regenera-
tion. Hydra in laboratory conditions reproduce asexually via budding,
which starts with tissue outgrowth at the gastric region level, gradually
shaping head and tentacles and growing up to detachment of the new
individual (Fig. 6a). The cells closer to the mother body gradually
differentiate into basal disc cells, progressively acquiring peroxidase
activity [28]. Basal disc cells differentiation occurs also during foot
regeneration (Fig. 6d), starting from 12 h post amputation (p.a.) and
reaching highest level after 48 h (Fig. S4) [28,30]. Both processes can be
monitored using chromogenic substrates, such as DAB or ABTS on fixed
specimens [28], as the toxicity of the chromogen prevents in vivo assays.
ETE-S was thus employed as a chromogenic substrate to detect endog-
enous peroxidase on fixed samples. ETE-S signal was detectable in the
late stage of bud development (Fig. 6b—c), and 48 h p.a. (Fig. 6e), ac-
cording to the dynamic of basal disc cells differentiation of both pro-
cesses. Due to absence of toxicity at low doses, but still effective in
promoting polymerization, we also exploited the possibility to use ETE-S
to detect endogenous peroxidase in vivo. Amputated bodies were
allowed to regenerate their foot in presence of biocompatible dose of
ETE-S (10 pg/mL) and H205 (0.003%). Fig. 6f shows the expected dy-
namic of mucous production in regenerating polyps, accompanied by

Fig. 6. ETE-S polymerization is a marker of basal disc cell differentiation.
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progressive darkening, indicating ETE-S polymerization and secretion
by neo-differentiated basal disc cells. The enhancing action of HyO3 on in
vivo ETE-S polymerization was confirmed also in adult polyps in ho-
meostatic condition, as shown by the faster production of the black
secreted disc in presence of HyO5 (Fig. S11). The possibility to perform in
vivo peroxidase-catalyzed cytochemistry by means of a non-toxic sub-
strate, producing a highly stable and specific staining, represents an
innovative powerful tool for morpho-functional studies in dynamic
condition.

3. Conclusions

In conclusion we demonstrated a self-organized bioelectronic inter-
face in the invertebrate model organism Hydra vulgaris via in vivo
polymerization of a conjugated oligomer. ETE-S polymerized in the
Hydra forming conducting and capacitive regions that were seamlessly
integrated within the tissue and in the secreted mucous material. We
showed that the polymerization was driven by peroxidase activity, as
previously observed in plants. We hypothesize that ETE-S is integrated
into the Hydra tissue during the production of the glue-components in
the basal disc region resulting into a novel self-structured biological
matrix with electrical properties and therefore extending the possibil-
ities for biofabrication of hybrid materials. Furthermore, the low toxicity
of ETE-S enabled us to follow the dynamics of peroxidase expressing
cells in vivo, initiating new strategies for in vivo peroxidase cytochem-
istry for morpho-functional studies. With our approach we pave the way
for self-organized electronics in animal tissue that can be a handle for
manipulating biological functions in physiological processes or patho-
logical contexts. Finally, Hydra being a model organism for studies of the
neural system [31,32], seamlessly integrated electrodes can be used for
investigating the effect of conducting materials in the neurons’ firing
and plasticity.
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a) Schematic representation of the budding process in Hydra. b) Polyps at different budding stages (developing from left to right) were fixed and then treated with
ETE-S in presence of H,O,. ETE-S staining is detectable in differentiating basal disc cells, located at base of the budding polyp. ¢) Higher magnifications of the bud
detachment regions in adult and budding Hydra. Scale bar, 500 pm (b) and 100 pm (c). d) Schematic representation of foot regeneration when amputation is done at
20% of the body length. e) 24 h, 48 h and 72 h p.a. polyps were fixed and treated with ETE-S in presence of H,0O,. Localization of dark granules mirrors the dis-
tribution of basal disc cells. Scale bars 100 pm. f) In vivo detection of basal disc cell activity in regenerating foot. Following body amputation as above, regenerating
animals were continuously incubated with ETE-S 10 pg/mL and H;0 (0.003%). Black secreted material is evident from 48 h onwards. Scale bar 100 pm.
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4. Methods
4.1. Synthesis of ETE-S trimer

A detailed description of the synthesis and characterization of the
ETE-S trimer was recently published elsewhere [33].

4.2. Animal culture

Hydra vulgaris were asexually cultured in Hydra medium (1 mM
CaCly and 0.1 mM NaHCOs, pH 7), according to the method of Loomis
and Lenhoof [34]. Polyps were fed three time per week with freshly
hatched Artemia salina nauplii and kept at 18 + 1 °Cwith a 12:12 h light:
dark regime. For all the experiments, polyps starved for 24 h were
selected from a homogeneous population.

4.3. In vivo ETE-S polymerization

In a typical experiment, groups of 50 polyps were treated with 300 pL
of ETE-S 10 pg/mL for desired time, in a plastic multiwell, then exten-
sively washed and used for further processing. Untreated polyps soaked
in Hydra medium were used as controls.

4.4. Invitro ETE-S staining on fixed hydra

Adult polyps with no buds were selected from a homogeneous pop-
ulation and fixed according to the following protocol: 5 min relaxation
in urethane 2% in Hydra medium, fixation in paraformaldehyde (PFA)
4% for 2 h at 18 °C, and extensive washing in Hydra medium. ETE-S
from stock solution (4 mg/mL) was diluted in Hydra medium to
obtain working solutions of 1 mg/mL and 50 pg/mL. Fixed polyps were
soaked for 30 min in ETE-S at 50 pg/mL or 1 mg/mL, then extensively
washed with Hydra medium and mounted on microscopy slides. For the
staining in presence of Hy02, a 10 min co-incubation with freshly pre-
pared 0.17% H205 (50 mM) was performed. The control experiment was
carried out by treating fixed polyps with 0.17% H0; for 10 min. Mi-
croscopy analysis was performed by using an inverted microscope
(Axiovert 100, Zeiss, Jena, Germany) equipped with a digital colour
camera (Olympus, DP70). The software Cell F (Olympus) was used for
imaging acquisition and analysis.

In order to track down the gradual restoration of foot peroxidase
activity during its regeneration, a staining procedure was carried out on
adult budless animals using the chromogen 3,3'-Diaminobenzidine
(DAB) at different timepoints post-amputation. After a bisection at 20%
of the body length, amputated polyps were relaxed in urethane 2% in
Hydra medium for 2 min and then fixed in PFA 4% in Hydra medium for
2 h at 18 °C. Fixation of regenerating animals was carried out at 16, 24,
36 or 48 h after the bisection occurred. Following washes of fixed ani-
mals with PBS to remove any residual fixative, polyps were incubated
for 15 min with 2 mL of DAB solution, prepared beforehand according to
the manufacturer’s instructions (Sigma-Aldrich tablets). The colori-
metric reaction was stopped by washing the animals five times with Di
water. Polyps were then mounted with PBS/Glycerol 1:1 on microscope
slides for image acquisition, using the same microscope and camera used
for the microscopy analysis performed on ETE-S stained animals.

4.5. In vitro peroxidase inhibition

We carried out two different strategies in order to inhibit the
peroxidase activity: enzyme saturation pre-treating the samples with
high dose of H,O5 and enzyme denaturation using high temperature. For
inhibition by enzyme saturation groups of 15 budless polyps were fixed
with PFA 4%, then soaked for 90 min with freshly prepared 4% H0 in
water and 3% Hy0» in Methanol. For inhibition by heating, polyps were
boiled either 10 min at 90 °C or 2 min at 100 °C. After these pre-
treatments the samples were washed three times in Hydra medium for
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5 min, then stained with HyO2/ETE-S solution (0.17% H205 in 1 mg/mL
ETE-S) for 10 min. The samples were washed three times in Hydra
medium and mounted on microscopy slides. As control condition, ETE-S
staining with HyO, was performed on non-pretreated polyps. Quantifi-
cation of peroxidase inhibition was accomplished as it follows: fixed
animals were imaged by an inverted microscope (Axiovert 100, Ziess)
under the same conditions of acquisition (light and exposure time),
saved in tagged-image file format (TIFF) at a size of 1360 x 1024 pixels
for data processing using the Image processing and Analysis software
Image J (Version 1.53). Colorimetric intensities expressed as a.u. were
grouped into four classes (zero, low, medium and high, defined in
Fig. S6). The data are expressed as percentage of polyps belonging to
each category, and the experiment was repeated three times for each
tested condition.

4.6. In vitro ETE-S staining during budding development and foot
regeneration

To track the reappearance of basal disc cells in physiological pro-
cesses using ETE-S, budding polyps at several stage of development were
chosen from a homogeneous population and fixed with PFA 4% (see
method above). The fixed samples were soaked for 10 min with HyOy/
ETE-S solution (0.17% H303 in 1 mg/mL ETE-S) and then washed three
times with Hydra medium. The samples were arranged on slides for
microscopy analysis. ETE-S staining during the foot regeneration:
groups of 15 budless polyps were selected and the foot amputation
performed with a scalpel at 20% of the body length. The footless polyps
were collected in a plastic multiwell and cultured in 1 mL of Hydra
medium at 18 °C. After 24 h and 48 h from the cutting, the regenerants
were fixed in PFA 4% and the ETES staining with H,O, was carried out
(see method above). The experiment was repeated three times for each
tested condition.

4.7. Uv-Vis spectroscopy

The Uv-vis spectroscopy was performed on crude homogenates
prepared from whole animals (220 polyps) treated 24 h with ETE-S 50
pg/mL, or after sectioning to separate body columns from foot regions.
All collected specimens were mechanically crushed with a pestle in
DMSO (5 pL per polyp), then allowed to stand to promote the debris
precipitation and supernatants collection. As a control, the same ho-
mogenates were obtained from untreated polyps. UV-Vis spectra were
obtained using a microplate reader Biotek, Synergy H1 between 350 and
800 nm with a resolution of 1 nm. Obtained data were normalized to the
minimum value before removing the DMSO blank from the sample data.
The resultant curves were smoothed using the adjacent-average method
for a window of N = 50 pts.

4.8. Spectromicroscopy

Treated polyps (ETE-S 50 pg/mlL) and corresponding detached
secreted discs were dried on microscope slides. Fixed polyps were
mounted in PBS/glycerol 50%. The stained polyps were then mounted in
a PBS/Glycerol 50% solution. Absorbance microscopy was obtained
using a Nikon Eclipse L200 N optical microscope (halogen lamp 50 W)
with an objective lens of 50x magnification (NA = 0.8). Transmitted
light was collected from the camera with a guiding light (optical fibre
105 pm) connected to a spectrophotometer (OceanOptics, HR 4000,
USA) and absorption spectra (400-900 nm) of selected regions were
then acquired. Collected spectra were averaged from 5 successive
spectra obtained with an integration time of 100 ms. Respective refer-
ence for dried and mounted polyps were the glass slide and the mounted
glass slide.
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4.9. Multielectrode array fabrication

The fabrication started by cleaning glass slides of 1 x 3 inches. First
the glass slides were immersed in Di water with 2% Decon-90 detergent
and sonicated for 15 min. Then after thorough rinsing, the glass slides
were immersed in 80% acetone with 20% Isopropanol mixture and
sonicated for 20 min. Finally, the samples were dried with N, and an Oy
plasma activation step with parameters: Oy: 500 sccm, RF 100, pressure
500 mTorr, for 120 s. After the plasma treatment, 5 nm of Cr and 100 nm
of Au were evaporated. Then, s1805 was spin coated on top of Au at
3000 rpm for 30 s and baked for 60 s at 110 C under vacuum for 1 min.
The samples were exposed in UV g line (10 mj/cm?) for 2 s in a Karl Suss
MAG6 mask aligner. The samples were developed with MF26A developer
for 30 s, rinsed with di water and dried with N,. Au was etched by an Au
etchant, and Cr was etched by an Cr etchant purchased at Aldrich. To
remove the remaining photoresist, the samples were soaked in Acetone,
dried with N, activated with Oy plasma as before. Parylene-C with
thickness of 2 pm was deposited, with 3-(methoxysilyl)propyl methac-
rylate (silane A-174) by using a Diener parylene coater. Silane A174,
was used as an adhesion promoter between Parylene and glass substrate.
Finally, a second photolithography step was performed to expose the
active Au area and insulate the rest of lines. For that step, AZ-10XT was
spin-coated at 3000 rpm for 30 s, baked at 110 C for 2 min, exposed for
14 s, and developed for 2 min with an AZ developer. Finally, a plasma
etching step (02 500 sccm, CF4 100 sccm, RF 160, Pressure 200 mTorr,
for 5min) etched the parylene at the active areas, while the rest was
protected by the photoresist. The samples were immersed in acetone to
remove the remaining photoresist, and dried with Nj.

4.10. Electrical characterization of hydra secreted discs

Electrical and electrochemical measurements were performed with a
Keithley 2612B Source-Measure Unit. The secreted basal disc was con-
tacted through an Au multielectrode array via an open square area that
had dimensions matching with the discs while the rest of the array was
insulated with a Parylene-C layer in order to eliminate parasitic
contribution from the electrodes. The microelectrode array was con-
tacted using a micromanipulator from Quarter Research (model XYZ TR
300) with tips from Signatone (SE-T). IV were obtained with a scan rate
of 25 mV/s between —0.5 and +0.5 V. Resistance was obtained by
measuring the slope of the linearly fitted IV-curves for each interelec-
trode distance. Cyclic voltammetry was performed in a 2-electrodes
electrochemical set-up with an Ag/AgCl pellet as a Reference/Counter
electrode and the secreted disc as the working electrode. The electrolyte
was 0.1 M KClI and the scan rate 25 mV/s. The contacts of the gold lines
defining the working electrode area were shorten using a silver paste.
Galvanostatic charge/discharge curves were obtained from 0V to 0.3 V
vs Ag/AgCl for applied current ranging from 5 to 50 nA. Capacitance
was calculated from the slope of the discharge curve using the following
equation:

dav
e
where I is the applied current and dV/dt, the slope of the linear part of
the discharge curve.
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