


RESEARCH ARTICLE

taken up into the xylem vascular channel and transported apically. The
rose was taken from the solution and rinsed in water. The outer bark,
cortex, and phloem of the bottom part of the stem were then gently
peeled off, exposing dark continuous lines along individual 20- to
100-pm-wide xylem channels (Fig. 2). In some cases, these “wires”
extended >5 cm along the stem. From optical and scanning electron mi-
croscopy images of fresh and freeze-dried stems, we conclude that the
PEDOT-S:H formed sufficiently homogeneously ordered hydrogel wires
occupying the xylem tubular channel over a long range. PEDOT-S:H is
known to form hydrogels in aqueous-rich environments, in particular in
the presence of divalent cations, and we assume that this is also the case
for the wires established along the xylem channels of rose stems. The con-
ductivity of PEDOT-S:H wires was measured using two Au probes ap-
plied into individual PEDOT-S:H xylem wires along the stem (Fig. 3A).
From the linear fit of resistance versus distance between the contacts,
we found electronic conductivity to be 0.13 S/cm with contact resis-
tance being ~10 kilohm (Fig. 3B). To form a hydrogel-like and con-
tinuous wire along the inner surface and volume of a tubular structure,
such as a xylem channel, by exposing only its tiny inlet to a solution,

we must rely on a subtle thermodynamic balance of transport and
kinetics. The favorability of generating the initial monolayer along the
inner wall of the xylem, along with the subsequent reduction in free
energy of PEDOT-S:H upon formation of a continuous hydrogel, must
be in proper balance with respect to the unidirectional flow, entropy,
and diffusion properties of the solution in the xylem. Initially, we ex-
plored an array of different conducting polymer systems to generate
wires along the rose stems (table S1). We observed either clogging of
the materials already at the inlet or no adsorption of the conducting
material along the xylem whatsoever. On the basis of these cases, we
conclude that the balance between transport, thermodynamics, and
kinetics does not favor the formation of wires inside xylem vessels. In
addition, we attempted in situ chemical or electrochemical polymeriza-
tion of various monomers [for example, pyrrole, aniline, EDOT (3,4-
ethylenedioxythiophene), and derivatives] inside the plant. For chemical
polymerization, we administered the monomer solution to the plant,
followed by the oxidant solution. Although some wire fragments were
formed, the oxidant solution had a strong toxic effect. For electrochemical
polymerization, we observed successful formation of conductors only in
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Fig. 1. Basic plant physiology and analogy to electronics. (A and B) A plant (A), such as a rose, consists of roots, branches, leaves, and flowers similar to (B)
electrical circuits with contacts, interconnects, wires, and devices. (C) Cross section of the rose leaf. (D) Vascular system of the rose stem. (E) Chemical

structures of PEDOT derivatives used.
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proximity to the electrode. PEDOT-S:H was the only candidate that
formed extended continuous wires along the xylem channels.

It is known that the composition of cations is regulated within the
xylem; that is, monovalent cations are expelled from the xylem and ex-
changed with divalent cations (24). After immersing the rose stem into
the aqueous solution, dissolved PEDOT-S:H chains migrated along the
xylem channels, primarily driven by the upward cohesion-tension trans-
portation of water. We hypothesize that a net influx of divalent cations
into the xylem occurred, which then increased the chemical kinetics
for PEDOT-S:H to form a homogeneous and long-range hydrogel con-
ductor phase along the xylem circuitry. The surprisingly high conductiv-
ity (>0.1 S/cm) of these extended PEDOT-S:H wires suggests that swift
transport and distribution of dissolved PEDOT-S:H chains along the
xylem preceded the formation of the actual conductive hydrogel wires.

These long-range conducting PEDOT-S:H xylem wires, surrounded
with cellular domains including confined electrolytic compartments,
are promising components for developing in situ OECT devices and
other electrochemical devices and circuits. We therefore proceeded to in-
vestigate transistor functionality in the xylem wires. A single PEDOT-S:H
xylem wire simultaneously served as the transistor channel, source, and
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drain of an OECT. The gate comprised a PEDOT:PSS-coated Au probe
coupled electrolytically through the plant cells and extracellular medium
surrounding the xylem (Fig. 4A, inset). Two additional Au probes defined
the source and the drain contacts. By applying a positive potential to the
gate electrode (V) with respect to the grounded source, the number of
charge carriers (h") in the OECT channel is depleted, via ion exchange
(A™) with the extracellular medium and charge compensation at the gate
electrode. This mechanism defines the principle of operation of the
xylem-OECT. The device exhibited the expected output characteristics
of an OECT (Fig. 4A). Electronic drain current (Ip) saturation is also seen,
which is caused by pinch-off within the channel near the drain electrode.
Figure 4B shows the transfer curve, and Fig. 4C shows the temporal evo-
lution of I, and the gate current (Ig) with increasing V. From these mea-
surements, we calculate an I, on/off ratio of ~40, a transconductance
(AIn/AVG) reaching 14 uS at Vi = 0.3 V, and very little current leakage
from the gate into the channel and drain (0Ip/dIg > 100 at Vg = 0.1 V).

With OECTs demonstrated, we proceeded to investigate more
complex xylem-templated circuits, namely, xylem logic. Two xylem-
OECTs were formed in series by applying two PEDOT:PSS-coated
Au gate probes at different positions along the same PEDOT-S:H xylem
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Fig. 2. Electronically conducting xylem wires. (A) Forming PEDOT-S:H wires in the xylem. A cut rose is immersed in PEDOT-S:H aqueous solution,
and PEDOT-S:H is taken up and self-organizes along the xylem forming conducting wires. The optical micrographs show the wires 1 and 30 mm above
the bottom of the stem (bark and phloem were peeled off to reveal the xylem). (B) Scanning electron microscopy (SEM) image of the cross section of a
freeze-dried rose stem showing the xylem (1 to 5) filled with PEDOT-S:H. The inset shows the corresponding optical micrograph, where the filled xylem
has the distinctive dark blue color of PEDOT. (C) SEM images (with corresponding micrograph on the left) of the xylem of a freeze-dried stem, which
shows a hydrogel-like PEDOT-S structure.
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Fig. 3. Electrical characterization of xylem wires. (A) Schematic of conductivity measurement using Au probes as contacts. (B) I-V characteristics

of PEDOT-S xylem wires of different lengths: Ly = 2.15 mm, L, = 0.9 mm, and L3 = 0.17 mm. The inset shows resistance versus length/area and linear
fit, yielding a conductivity of 0.13 S/cm.
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wire. The two OECT's were then connected, via two Au probes, to an
external 800-kilohm resistor connected to a supply voltage (Vpp =-1.5V)
on one side and to an electric ground on the other side (Fig. 4D). The
two gate electrodes defined separate input terminals, whereas the output
terminal coincides with the drain contact of the “top” OECT (that is, the
potential between the external resistor and the OECT). By applying dif-
ferent combinations of input signals (0 V as digital “0” or +0.5 V as “17),
we observed NOR logic at the output, in the form of voltage below —0.5 V
as “0” and that above -0.3 V as “1.”

In addition to xylem and phloem vascular circuitry, leaves comprise
the palisade and spongy mesophyll, sandwiched between thin upper
and lower epidermal layers (Fig. 1C). The spongy mesophyll, distributed
along the abaxial side of the leaf, contains photosynthetically active cells
surrounded by the apoplast: the heavily hydrated space between cell
walls essential to several metabolic processes, such as sucrose transport
and gas exchange. Finally, the stomata and their parenchymal guard
cells gate the connection between the surrounding air and the spongy
mesophyll and apoplast, and regulate the important O,-CO, exchange.
Together, these structures and functions of the abaxial side of the leaf
encouraged us to explore the possibility of establishing areal—and poten-
tially segmented—electrodes in leaves in vivo.

Vacuum infiltration (25, 26) is a technique commonly used in plant
biology to study metabolite (27) and ion concentrations in the apoplas-
tic fluid of leaves. We used this technique to “deposit” PEDOT:PSS,
combined with nanofibrillar cellulose (PEDOT:PSS-NFC), into the
apoplast of rose leaves. PEDOT:PSS-NEFC is a conformable, self-
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supporting, and self-organized electrode system that combines high
electronic and ionic conductivity (28). A rose leaf was submerged in a
syringe containing an aqueous PEDOT:PSS-NFC solution. The syringe
was plunged to remove air and sealed at the nozzle, and the plunger was
then gently pulled to create vacuum (Fig. 5A), thus forcing air out of the
leaf through the stomata. As the syringe returned to its original position,
PEDOT:PSS-NFC was drawn in through the stomata to reside in the
spongy mesophyll (Fig. 5B). A photograph of a pristine leaf and the mi-
croscopy of its cross section (Fig. 5, C and D) are compared to a leaf
infiltrated with PEDOT:PSS-NFC (Fig. 5, E and F). PEDOT:PSS-
NEFC appeared to be confined in compartments, along the abaxial side
of the leaf, delineated by the vascular network in the mesophyll (Fig. 5F).
The result was a leaf composed of a two-dimensional (2D) network of
compartments filled—or at least partially filled—with the electronic-
ionic PEDOT:PSS-NFC electrode material. Some compartments
appeared darker and some did not change color at all, suggesting that
the amount of PEDOT:PSS-NFC differed between compartments.

We proceeded to investigate the electrochemical properties of this
2D circuit network using freestanding PEDOT:PSS-NFC films (area,
1 to 2 mm?; thickness, 90 wm; conductivity, ~19 S/cm; ionic charge ca-
pacity, ~0.1 F) placed on the outside of the leaf, providing electrical
contacts through the stomata to the material inside the leaf. We observed
typical charging-discharging characteristics of a two-electrode electro-
chemical cell while observing clear electrochromism compartmentalized
by the mesophyll vasculature (Fig. 6, A and B, and movie S1). Upon ap-
plying a constant bias, steady-state electrochromic switching of all active
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Fig. 4. Xylem transistors and digital logic. (A) Output characteristics of the xylem-OECT. The inset shows the xylem wire as source (S) and drain (D) with
gate (G) contacted through the plant tissue. (B) Transfer curve of a typical xylem-OECT for Vp = —0.3 V (solid line, linear axis; dashed line, log axis). (C) Temporal
response of Ip and /g relative to increasing V. (D) Logical NOR gate constructed along a single xylem wire. The circuit diagram indicates the location of the two
xylem-OECTs and external connections (compare with circuit in Fig. 1B). Voltage traces for Vi, Vina, and Vo illustrate NOR function. The dashed lines on the

Vout plot indicate thresholds for defining logical 0 and 1.
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Fig. 5. PEDOT-infused leaves. (A) Vacuum infiltration. Leaf placed in PEDOT:PSS-NFC solution in a syringe with air removed. The syringe is pulled up,
creating negative pressure and causing the gas inside the spongy mesophyll to be expelled. (B) When the syringe returns to standard pressure, PEDOT:
PSS—NFC is infused through the stomata, filling the spongy mesophyll between the veins. (C and D) Photograph of the bottom (C) and cross section (D) of a
pristine rose leaf before infiltration. (E and F) Photograph of the bottom (E) and cross section (F) of leaf after PEDOT:PSS—NFC infusion.

Fig. 6. Electrochromism in PEDOT:PSS-NFC—infused leaf. (A and B) Optical micrographs of the infused leaf upon application of (A) +15Vand (B) —15 V.
Movie S1 shows a video recording of these results. (C and D) False color map of change in grayscale intensity between application of (C) +15Vand (D) -15 V.
Green represents a positive increase in grayscale value (light to dark). (E and F) Grayscale values of pixel intensity along the lines indicated in (C) and (D)
showing successive oxidation/reduction gradients. A plot of the change in grayscale intensity over a fixed line showing the change and oxidation/reduction
gradations versus distance. a.u., arbitrary unit.
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