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Electronic plants, e-Plants, are an organic bioelectronic platform that
allows electronic interfacing with plants. Recently we have demon-
strated plants with augmented electronic functionality. Using the
vascular system and organs of a plant, we manufactured organic
electronic devices and circuits in vivo, leveraging the internal struc-
ture and physiology of the plant as the template, and an integral
part of the devices. However, this electronic functionality was only
achieved in localized regions, whereas new electronic materials that
could be distributed to every part of the plant would provide ver-
satility in device and circuit fabrication and create possibilities for
new device concepts. Here we report the synthesis of such a conju-
gated oligomer that can be distributed and form longer oligomers
and polymer in every part of the xylem vascular tissue of a Rosa
floribunda cutting, forming long-range conducting wires. The
plant’s structure acts as a physical template, whereas the plant's
biochemical response mechanism acts as the catalyst for polymeriza-
tion. In addition, the oligomer can cross through the veins and enter
the apoplastic space in the leaves. Finally, using the plant’s natural
architecture we manufacture supercapacitors along the stem. Our
results are preludes to autonomous energy systems integrated
within plants and distribute interconnected sensor-actuator systems
for plant control and optimization.
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In the global energy cycle, plants are early converters of primary
energy from the sun into chemical energy. They are indispens-
able for all of the herbivores, consumers, and predators as they are
the initial source of food and nutrients, as well as the global reg-
ulator of atmospheric oxygen, water cycles, and climate (1). For
mankind, plants are also appreciated as a source for heat, chem-
icals, fibers, and bulk materials, and are used in a wide range of
consumer, societal, technological, and industrial applications.
Traditionally, in the forest industry and agriculture, a vast array of
fertilizers is used to improve plant growth, performance, and
production. More recently, most sophisticated methods for alter-
ing and optimizing plant functions are based on genetic engi-
neering (2). Deploying fertilizers and gene-modified plants in
agriculture can be very restrictive because undesired chemicals
and species can “leak” into—and potentially pollute—nature. As
an alternative to genetic modification, smart materials such as
carbon nanotubes (3) and inorganic nanoparticles (4, 5), have
been introduced into the tissue and constructs of plants to en-
hance and regulate their functions.

Plants are renewable, large-volume, and high-performing ma-
chineries that represent an untapped source for the production of
advanced materials, electronics, and energy technology. Further-
more, a distributed technology integrated within plants, which
could sense phytohormones (6) and their metabolites (7) and then
actuate functions, would be ideal to autoregulate and optimize
growth and overall functions. One strategy to further advance
plants as technological systems, and to dynamically control their
physiology, would be to manufacture integrated electronic systems
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that selectively convert chemical compounds into electric signals
and energy, and vice versa, at a high spatiotemporal resolution.
Integrated electronic systems are typically composed of contacts,
wires, interconnects, and components. Recently, we introduced the
concept of electronic plants (e-Plants), an organic bioelectronic
technology capable of forming analog and digital circuits inside the
leaves and xylem vascular tissue of Rosa floribunda, respectively (8).
From a circuit perspective, forming a biofuel cell technology or a
sensor-and-actuator system integrated inside a living plant would
require electronic charge transport over long distances (wires) and
charge storage with low electrical loss (capacitors).
Self-organization of materials within the internal structure of
the plant is a key aspect of e-Plant technology. As a first example
we have used PEDOT-S [alkoxysulfonate-functionalized poly(3,4-
ethylenedioxythiophene)] (9), a self-doped p-type conducting
polymer, to fabricate conducting wires along the xylem vascular
tissue of the plant, leveraging the natural process of transpiration
to distribute materials. PEDOT-S self-organized in the xylem, the
vascular tissue which transports water and nutrients upwards in
the plant, and formed hydrogel-like conducting wires along the
stem (8). Using the xylem-wires and the surrounding cellular and
extracellular domains, we constructed organic electrochemical
transistors and simple digital circuits. Several of our previous
attempts, based on other conducting polymers or in vivo chemical-
or electro-polymerization of monomers, failed either due to clog-
ging at the inlet (e.g., at the stem cutting), toxicity, or resulted in
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only localized polymerization. To gain more versatility of device
fabrication, e-Plant technology requires new materials that can be
distributed in every part of the plant (not only in the stem, as in the
case of PEDOT-S) without adversely affecting or terminating the
natural physiological processes of the plant. For example, elec-
tronic connection between the roots and stem with the photosyn-
thetic centers in the leaves and reproductive organs in flowers
would provide a range of new capabilities for using and deploying
e-Plant technology.

Rational molecular design of materials provides the solution to
many technological bottlenecks, as materials can be custom-made
to meet the demands for a specific application or performance
criteria. To address the e-Plant bottleneck of “long-range” root-to-
leaf or root-to-flower connectivity, water-soluble conjugated olig-
omers that can self-organize and polymerize in the plant’s internal
structures upon distribution would be an ideal solution. In this
work we report the design, synthesis, and application of just such a
water-soluble conjugated oligomer: sodium salt of bis[3,4-ethyl-
enedioxythiophene]3thiophene butyric acid, ETE-S, where 3,4-
ethylenedioxythiophene (EDOT) moieties have been inserted as
external end groups to thiophene butyric acid (Fig. 14). Adding
EDOT units in hybrid oligothiophenes results in molecules with
lower oxidation potential (10) while at the same time we overcome
the synthetic difficulties of pure EDOT oligomers. Due to its small
molecular size and functionality, the oligomer can be distributed
to every part of the xylem vascular tissue of an R. floribunda
cutting, from the stem, through petioles, to leaves and flowers, and
self-organizes to form long-range conducting wires. In addition,
the ETE-S can cross through the veins and enter the apoplastic
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space in the leaves. Finally, we leverage the electrical and charge-
capacity properties of the resulting xylem wires and electrodes to
demonstrate supercapacitors along the stem.

Results and Discussion

ETE-S was dissolved in deionized (DI) water (1 mg/mL) and a
rose cutting with a fresh cross-section cut was immersed in the
solution for ~24 h. During this time the ETE-S solution was
transported apically through the xylem water transport channels
via the plant’s natural transpiration process. Two hours after the
immersion of the rose in solution, the xylem in the vascular
bundles that were exposed appeared to be darker, indicating
initiation of the polymerization process. It must be noted that the
ETE-S solution exterior to the plant did not polymerize at the
same rate as the ETE-S in the vascular tissue of the plant. After
24 h of immersion, the rose was removed and rinsed with water
(Fig. 1 B, i). By peeling off the outer bark, cortex, and phloem,
dark continuous lines were exposed along the entire length of the
stem (>10 cm). Fig. 1 B, ii and Fig. 1 B, iii show cross-sections at
the bottom part of the stem, and at the top part of the stem, just
below the flower. The xylem tissue has a dark color, suggesting
that the ETE-S has been transported and polymerized from the
bottom to the top of the stem. SEM and optical microscopy
further indicate that, in some cases, xylem vessels are entirely
filled, while in others, the longer oligomers and polymer coats
the inner walls (SI Appendix, Fig. S1). The xylem vascular tissue
extends through every part of the plant, from the roots, via the
stem, to the leaves and flowers. Fig. 1 B, iv-vi shows optical
micrographs of the petal veins, the main vascular bundle of the

[ absorption

I emission

oscillator strength (a.u.)

0\

300 400 500 600 700 800
A (nm)

Fig. 1. ETE-S distribution and polymerization in a rose cutting. (A) Synthetic route/polymerization of ETE-S in vivo. (B, i) Rose after immersion in ETE-S

White rose petal with polymer-darkened veins. (Scale bar, 1 mm.) (B, v-vi) Leaf stem and petiole with polymer-darkened vascular bundles. (Scale bar, 0.5 mm
and 1 mm, respectively.) (C) Absorption and emission spectra of polymer-filled xylem (after DMSO extraction), the latter using laser excitation at 355 nm.
(D) Theoretical calculation of absorption and emission spectra for ETE-S molecule, hexamer (2 ETE-S units) and dodecamer (4 ETE-S units) (from dark to light

color). (Inset) Structure of the hexamer.

2808 | www.pnas.org/cgi/doi/10.1073/pnas.1616456114

Stavrinidou et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616456114/-/DCSupplemental/pnas.1616456114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1616456114

L T

/

1\

=y

leaf, and the vascular bundles of the petiole. ETE-S appears to
travel through the entire xylem system of the rose cutting, po-
lymerizing to form coatings and wires. Even in the case where
leaves are separated more than 10 cm from the stem by the
petioles, ETE-S is effectively transported and polymerized in
their vascular tissue.

The conductivity of polymerized ETE-S wires was measured
using two Au probes applied into individual filled xylem wires
along the stem. The measured conductivity of the ETE-S-based
wires was 7.25 + 3.38 S/cm (n = 17) (SI Appendix, Figs. S2 and
S3). In comparison, PEDOT-S xylem wires typically exhibit two
orders of magnitude lower conductivity (8). The high conduc-
tivity was retained even for centimeter-long wires, showing that
considerable conductivity could be achieved over extended dis-
tances along the xylem wires. To get a molecular description of
the ETE-S morphology and elucidate this long-range conduc-
tivity, we performed molecular dynamics (MD) simulations. A
characteristic snapshot of the structure is shown in SI Appendir,
Fig. S4. The MD simulations show that oligo-ETE-S chains n—=
stack in crystallites which can be linked in three different ways:
interpenetrating chains, interconnecting aliphatic chains through
the sulfate group, or n—n interactions between chains belonging
to different crystallites. Taken together, these interactions result
in percolative paths through the crystallites, which support con-
ductivity. To elucidate the degree of polymerization of the ETE-
S distributed in the plant, we extracted material from the xylem
and characterized its chemical composition and photophysical
properties. Pieces of xylem filled with the ETE-S-based material
were mechanically crushed in dimethyl sulfoxide (DMSO) sol-
vent. Fig. 1C shows the absorption and emission spectra for a
typical xylem wire extract, after subtraction of the spectral con-
tribution from the plant tissue. The ETE-S oligomer exhibits an
absorption band at 357 nm and emission at 448 nm (spectra
recorded for 0.1 mg/mL in DMSO solution; SI Appendix, Fig.
S5). The ETE-S peak is present in the xylem-wire extract, sug-
gesting the presence of nonpolymerized molecules in the vas-
cular tissue. To reveal the origin of the absorption and emission
features found at relatively longer wavelengths, we investigated
ETE-S structures using time-dependent density functional theory
(DFT) modeling. The theoretical calculations are used to iden-
tify the length and excitation state of oligomers by comparing the
calculated photophysical properties with experimental observa-
tion (11, 12). DFT analysis of the neutral ETE-S species (Fig.
1D) revealed strong highest occupied molecular orbital-lowest
occupied molecular orbital transitions at 350 nm for absorption
and at 433 nm for emission spectra. These transitions saturate
toward higher wavelengths at 481 nm for optical absorption and
597 nm for emission, as the length of the polymer chain increases
to dodecamer and beyond. The recorded absorption and emission
peaks of the xylem extracts were found around 500 nm and
600 nm, respectively, suggesting that ETE-S polymerizes within
the plant and forms polymer chains of 4 and more ETE-S units.
The experimental transition at 800 nm (full spectra shown in SI
Appendix, Fig. S6) indicates the presence of polaron and
bipolaron charge carriers in the polymer.

To further investigate the composition of the xylem wire ex-
tracts, we performed liquid chromatography-mass spectrome-
try (LC-MS) coupled with a diode array detector (DAD), and
"H-NMR spectroscopy. The LC-MS data show the presence of
ETE-S molecules, hexamers (2 ETE-S units), and fragments of
larger length (SI Appendix, Fig. S7). The coupled DAD function
allows us to have a UV-VIS signature on the detected fragments.
In this case, only the ETE-S and the hexamers show UV-VIS
signatures in agreement with the theoretical calculations (Fig.1D),
whereas the larger fragments do not exhibit any absorption.
Conversely, the NMR data (SI Appendix, Fig. S8) show the pos-
sibility of oligo-ETE-S composed of at least of 3 units of ETE-S
(nonamer). In addition, we observe proton signals between 8 and
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9 ppm from the aromatic region, suggesting labile proton sites that
support a polymerization reaction through oxygen reduction within
the xylem of the plant.

ETE-S solution with and without immersed pieces of plant
tissue were analyzed using UV-Vis absorption spectrometry to
investigate the role of plant tissue or plant compounds on the
polymerization. The solution that contained the plant tissue
polymerized faster than the solution without tissue (SI Appendix,
Fig. S9). This result indicates that the plant releases one or more
chemical species that catalyze the polymerization, increasing the
reaction rate beyond what is promoted by air oxidation. In ad-
dition, after 18 h of immersion of the pieces of plant tissue in the
solution, the polymerization of the ETE-S oligomer was pri-
marily localized on the xylem even though the whole tissue was
exposed to the ETE-S solution (SI Appendix, Fig. S10), indicating
preferential absorption of the ETE-S on the xylem surface. En-
hanced polymerization could also be observed along the cuts in
the plant tissue localized around bark and phloem vascular tis-
sue. It is known that wounded regions of the plant release re-
active oxygen species (ROS) as a defense response (13), and
these ROS may act as catalysts for the polymerization reaction.

It is clear that polymerization of the ETE-S in the plant is
promoted by the local physicochemical environment present in
the xylem vessels. Lignin, one of the main components of the
xylem, is hydrophobic and should favor the interaction with the
backbone of the ETE-S—an interaction that is further aided by
the confined space of the vessel. We hypothesize that the ETE-S
oligomer appears as weak pathogen to the sophisticated defense
system of the plant, which triggers the generation of ROS.
Subsequently, ROS are released from the parenchyma cells to
the adjacent xylem vessels and catalyze the polymerization re-
action (14). The observation of labile protons in the NMR
spectra and the presence of oligo-ETE-S further support the
hypothesis that ROS catalyzes ETE-S polymerization in plants.
Therefore, the reaction is a one-pot, aqueous-based oxidation
catalyzed by ROS inside the xylem.

Polymerization of ETE-S is clearly localized in the xylem
vessels. However, the ETE-S molecule was able to pass the xylem
walls and enter into the apoplastic pathway of the leaves, finally
reaching the spongy mesophyll compartments (Fig. 24). This is
the same route followed by water molecules during normal
transpiration. Dyes like brilliant blue (793 g/mol) and indigo
carmine (466 g/mol) have molecular weights similar to ETE-S
(544 g/mol) and are commonly used as dyes in the flower in-
dustry because they can pass the xylem vessels and enter the
apoplast, thus coloring leaves and flowers. Fig. 2B shows con-
focal fluorescence images of a leaf attached to a rose cutting
immersed in ETE-S solution for ~24 h, together with an image of
a negative control leaf attached to a rose cutting immersed in tap
water (Fig. 2C). The blue color in the fluorescence images cor-
responds to emission from 424 to 500 nm whereas the green
color covers the spectrum from 510 to 607 nm. From the images
and the recorded spectra, shown in Fig. 2D, we conclude that the
functionalized rose leaf exhibits additional fluorescence in the
range of 424-500 nm (Fig. 2C). By comparing these spectra with
the theoretical and experimental emission spectra of the ETE-S
molecule and its polymer, the additional fluorescence can be at-
tributed to ETE-S molecules. As a positive control, leaves were
vacuum-infused (8) with freshly prepared ETE-S solution and
analyzed by confocal fluorescence microscopy. With this method
we ensure the ETE-S solution is delivered in the apoplast of the
leaf through the stomata. The resulting positive control spectra
were similar to those from leaves functionalized with ETE-S
through the stem (SI Appendix, Fig. S11). This capability of ETE-S
to arrange into electronic material, delivered into the vascular
tissue in the stem, and extending into the leaf apoplast, creates
opportunities to derive distributed e-Plant circuits connecting
in vivo manufactured devices located in different components of
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the plant. Electronic circuitry in the veins combined with bio-
functionalized molecules in the leaf are preludes to energy-har-
vesting devices, sensors, and localized addressing components for
plant control and optimization.

Indeed, new routes toward energy harvesting are one of the
main visions for e-Plant technology. Other direct or indirect
strategies are exemplified by the extraction of photosynthetic
current using nanoprobes (15) and microbial fuel cells that use
the organic substances released from roots (16). A more versatile
approach will require an autonomous system where energy
conversion, and storage coexist in the same plant. Toward this
end, we explored the xylem wires for supercapacitor applications.

Plants’ anatomy provides an ideal architecture for developing
supercapacitors in vivo; long-range conducting xylem wires are
parallel, physically isolated from each other, and are surrounded
with cellular domains and extracellular space rich in electrolyte.
Two parallel ETE-S based polymer xylem wires served as separate
electrodes (redox electrodes and collectors) and the plant tissue in
between them served as the electrolyte separator. Two Au probes
defined the electrode contacts. Fig. 3 shows a simplified schematic
illustration of the general structure, configuration, and wiring of
the supercapacitor experiment, along with the optical micrograph
of the corresponding supercapacitor formed in vivo.

Characterization of a typical device is presented in Fig. 3 C-E.
In Fig. 3C we show galvanostatic charging and discharging for I =
0.25-1 pA. The supercapacitor is stable over 500 cycles during
galvanostatic cycling with I = 0.5 pA. To extract the capacitance
and the equivalent series resistance (ESR) we fit the galvano-
static discharging curves with the response of a simple R,C in
series circuit. The capacitance and the ESR remain constant over
the cycling with values of C = 73 pF and ESR = 33 kQ. As a merit
of charge retention we have calculated the coulombic efficiency
(CE) of the device. The CE increases after initial cycling and
reaches a value of 0.99, showing excellent charge retention. The
voltage of the devices after 1 h of self-discharge drops by 50-70%
of the initial one (SI Appendix, Fig. S12). The frequency de-
pendence of the device was characterized with electrochemical
impedance spectroscopy and its response was modeled with an
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Fig. 2. Distribution of ETE-S from the stem to the veins and extracellular space of leaves. (A) Schematic showing the transport path from the xylem vessels in
the leaf to the apoplast and spongy mesophyll. (B) Confocal fluorescent image of leaf functionalized with ETE-S and (C) without functionalization (negative
control). (D) Spectra from selected locations on a leaf with (blue) and without (green) ETE-S upon excitation with 405-nm laser.

equivalent circuit (SI Appendix, Fig. S13). Although in the ideal
case the model should consist of a resistor in series with a capacitor
as in the case of the galvanostatic model, here we use a more
complex model to fit the data. The capacitive behavior of the device
is modeled by a constant phase element (CPE). The ESR is
expressed by the resistive shift on the onset of the CPE response.
The equivalent circuit contains additional elements where a phys-
ical origin cannot be attributed with certainty. Having in mind the
complex structure of the xylem tissue, the additional elements can
be the result of charge transfer and charging of the interphases. To
extract the specific capacitance of the oligo-ETE-S xylem elec-
trodes, devices with various dimensions (electrode volumes) were
analyzed. Although the xylem, as any biological tissue, has complex
geometry, we approximate its geometry with a cylinder and mea-
sure the dimensions of each xylem wire from optical microscopy
images. Xylem wires have a typical diameter of 30-50 pm, and
lengths on the scale of centimeters. Fig. 3F shows the capacitance
per area (cross-section of the xylem wire) versus electrode length.
The slope of the resulting linear relationship yields the specific
capacitance, equal to 20 F/em?, a value in the typical range for
conducting polymers (17). The fact that the capacitance/area scales
linearly with the length of the xylem electrodes confirms that the
entire volume of the wire contributes to charge storage (18, 19). As
the polymer is doped or dedoped, ions move in and out of the bulk
material, resulting in a pseudocapacitive charge storage reaction.
These ions are able to penetrate the material, resulting in a volu-
metric capacitance, in contrast to metal electrodes, where the ca-
pacitance is limited by the double layer and hence the area of the
electrode. The most charge that we were able to store in the xylem
capacitors was 0.65 mC, with a corresponding capacitance of 0.25 mF.
In this case, the length of the continuous oligo-ETE-S wire was
1.7 cm, assuming that the specific capacitance was constant. Further
increase of the total capacitance of xylem supercapacitors could be
achieved by connecting several xylem wires in parallel.

Conclusions

High-performance conducting wires and electrodes, with a con-
ductivity up to 10 S/cm and a specific capacitance of 20 F/g, have
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Plant supercapacitor. (A) Simplified schematic and wiring of a plant supercapacitor where the xylem wires comprise the electrodes, and the plant

tissue in between comprises the electrolytic spacer. (B) Optical micrograph of a rose supercapacitor. (Scale bar, 1 mm.) (C) Typical charging-discharging curves
for a rose supercapacitor. (D) Capacitance and equivalent series resistance and (E) CE of a typical supercapacitor over galvanostatic cycling of the device, for | =
0.5 pA and V. = 0.25 V. (F) Capacitance per area versus length of xylem limiting wire.

been in vivo polymerized from the custom-synthesized ETE-S in
R. floribunda. We have used the natural physiology and response
mechanisms of the xylem vascular tissue as the tubular template
and catalyst, respectively, to achieve long-range electrical conduc-
tors and extended supercapacitors. These findings pave the way for
combining charge storage devices with energy conversion tech-
nology—also manufactured inside plants—to derive autonomous
systems for a future “green” energy harvesting technology, i.e.,
“power plants” or “flower power” technology. The long-range
conductivity afforded by ETE-S also allows for sensors and delivery
devices (actuators) to be distributed and interconnected through-
out the entire plant for electronic autoregulation of plant physi-
ology and defense mechanisms.

Materials and Methods

All data are available upon request to the authors.

Chemical Synthesis of ETE-S Is Reported in the S/ Appendix.

Oligo-ETE-S wire formation in rose xylem and conductivity measurement. We used
the method for in vivo wire formation and characterization as previously
described (8). Briefly, we used stems of R. floribunda purchased from a local
flower shop. The stems were kept in water and under refrigeration until
they were used for the experiment. The stems were cleaned with tap water
and then a fresh cut was made to the bottom of the stem with a sterilized
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scalpel under DI water. The stem was then immersed in 1 mg/mL ETE-S in DI
water, and kept at ~40% humidity and 23 °C for ~24 h. During the ab-
sorption, fresh 2-3-mm cuts to the bottom of the stem were done every 12 h.
After absorption, the stems were kept refrigerated in DI water until used for
characterization and device fabrication. For conductivity measurements, the
bark and phloem were peeled off to reveal the xylem. The stem was
mounted on a Petri dish using UHU Patafix. The exposed xylem tissue was
surrounded by DI water to prevent drying out during the experiment. For all
of the measurements, Au-plated tungsten probe tips (Signatone SE-TG) with
a tip diameter of 10 pum were used. Using micromanipulators and viewing
under a stereo microscope (Nikon SM Z1500), the probe tips were brought
into contact with the wire, and a very small pressure was applied in order for
the tips to penetrate the xylem and make contact with the oligo-ETE-S
inside. Conductivity measurements were performed on wires of various
lengths and the dimensions of the wire (length and diameter) were mea-
sured from optical microscopy images using ImageJ. Electrical measurements
were made using a Keithley 2602 SourceMeter controlled by a custom
LabVIEW program. The voltage was swept from 0.5 to —0.5 V with a rate of
50 mV/s.

ETE-S—based material extraction from plant and photophysical characterization. To
extract the polymer from the xylem, the stem was dissected using a scalpel to
prepare xylem tissue in smaller pieces. Then, using a mortar and pestle, these
small pieces of xylem tissue were mechanically crushed in DMSO. Upon
mechanical crushing, the DMSO acquired a pink—purple coloration. As a
control, the same procedure was done on xylem tissue that had not absor-
bed ETE-S. In this case, the DMSO solution acquired a green color. The xylem
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tissue in DMSO was collected with a pipette and characterized. In both the
ETE-S and control cases, the same amount of xylem tissue and DMSO solvent
was used. The UV-Vis spectra (300-1,300 nm, step 1 nm) were taken using a
PerkinElmer Lambda 900 spectrometer.

For emission spectra, the same solutions were used upon dilution. For
excitation we used the 355-nm output beam of a pulsed neodymium-doped
yttrium aluminum garnet laser (Tempest 10, New Wave Research), filtered
through a 355-nm laser line filter (Thorlabs). Light emitted from the solutions
was captured orthogonally to the excitation beam using a liquid light guide
(Newport model 77569), and sent to a spectrometer (Shamrock 303i, Newton
detector, Andor Technology).

It must be noted that although the mass of xylem and DMSO solvent was the
same in the sample and control, it was possible to have variation of the plant
tissue contribution between the two solutions. Nevertheless, the features that
appear due to the ETE-S material are reproducible and not negligible in any case.
MD simulations. MD simulations were performed to describe the morphology of
ETE-S. Oligomer chains of a length of 2 ETE-S molecules were used in the
calculations, where each aliphatic chain included a negatively charged sulfate
group. Then, sodium cations (Na*) were used as counterions to get a neutral
molecular system. ETE-S chains and Na* cations were solvated with water,
where a concentration ~0.09 M of ETE-S was obtained. All of the molecules
were initially randomly placed in a solvent box and the system was described
by the all-atom general Amber force field (20) and the extended simple point
charge model (21) for water. The system was then minimized and equilibrated
for a 20-ns production run. As the main result, a crystal nucleation takes places
in the solution such that aggregates crystallized as n—r stacks of ETE-S chains
were obtained. Self-doped configurations such that the sulfate groups are
linked to the backbone chain or cross-linked to the closest neighbor chain
were also observed, and are shown in S/ Appendix, Fig. S4.

DFT calculation for ETE-S, (ETE-S),, and (ETE-S),. All time-dependent DF calcula-
tions were carried out using GAUSSIAN 09 (22). Range-separated hybrid
functional ®B97XD (23) /6-31+g(d) level of theory was used, which includes
22% Hartree-Fock (HF) exact exchange at short range and 100% HF exact
exchange at long range, with additional Grimme’s D2 (24) dispersion cor-
rection. The solvent effect was included by using the polarizable continuum
model (25) as implemented in the GAUSSIAN package.

Confocal microscopy on leaves with ETE-S and control. Leaves that had been at-
tached to a rose that absorbed ETE-S aqueous solution for 24 h were detached
and refrigerated. Before characterization with the confocal microscope, they
were cut in 1-2-cm? pieces and were mounted on a microscope slide using
Dako (fluorescent mounting medium, Agilent Pathology solutions) with the
abaxial side facing the objective. The same procedure was performed for the
positive and negative control leaves. Images and emission spectra were ac-
quired using an inverted LSM 780 confocal microscope (Carl Zeiss) with ex-
citation wavelength at 405 nm.
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Xylem supercapacitor device fabrication and characterization. The electrodes of
the supercapacitor were defined by two parallel xylem wires. The spacer of
the supercapacitor was defined by the liquid-filled plant tissue between the
wires. Contact with the electrodes was made using Au-plated tungsten probe
tips. The supercapacitor was characterized by galvanostatic charging and
discharging. The absolute value of charging currents was kept equal to the
discharging one. Devices were switched from charging to discharging as soon
as the set maximum voltage (0.25 V) was reached. Voltage was recorded with
a sampling interval of 10 ms.

A simple equivalent circuit of R,C in series was used to fit the discharging
response of the supercapacitor. The resistor represents the equivalent
series resistance.

The device capacitance C, the ESR, and the CE were extracted using the
following relations:

C=1/(dV/dt),

where / is the applied current, and dV//dt is the slope of the discharge curve
as done in standardized characterization of supercapacitors (IEC 62576).

ESR=AV/?2],

where | is the applied current and AV the sudden voltage drop at the be-
ginning of the discharging curve.

CE = Qdischarging/Qcharging,

where Qdischarging (Qcharging) is the charge that is released (stored) by the
supercapacitor. Qdischarging (Qcharging) was calculated integrating the
discharging (charging) current over the discharge (charge) time Q= [/ dt.

For calculation of the specific capacitance the dimension of the limiting
wire (e.g., shorter of the two) was measured from microscopy images using
Imagel. In some cases, we defined the length of the limiting wire by cutting a
section of the xylem wire. All electrical measurements were performed using
a Keithley 2602 with a custom LabVIEW program. The analysis of the data
was performed using MATLAB and ORIGIN.
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