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The roots, stems, leaves, and vascular circuitry of higher plants are responsible for conveying the chemical signals that
regulate growth and functions. From a certain perspective, these features are analogous to the contacts, interconnec-
tions, devices, and wires of discrete and integrated electronic circuits. Although many attempts have been made to
augment plant function with electroactive materials, plants’ “circuitry” has never been directly merged with electron-
ics. We report analog and digital organic electronic circuits and devices manufactured in living plants. The four key
components of a circuit have been achieved using the xylem, leaves, veins, and signals of the plant as the template and
integral part of the circuit elements and functions. With integrated and distributed electronics in plants, one can en-
visage a range of applications including precision recording and regulation of physiology, energy harvesting from
photosynthesis, and alternatives to genetic modification for plant optimization.

INTRODUCTION

The growth and function of plants are powered by photosynthesis and
are orchestrated by hormones and nutrients that are further affected by
environmental, physical, and chemical stimuli. These signals are trans-
ported over long distances through the xylem and phloem vascular
circuits to selectively trigger, modulate, and power processes throughout
the organism (1) (see Fig. 1). Rather than tapping into this vascular
circuitry, artificial regulation of plant processes is achieved today by ex-
posing the plant to exogenously added chemicals or through molecular
genetic tools that are used to endogenously change metabolism and sig-
nal transduction pathways in more or less refined ways (2). However,
many long-standing questions in plant biology are left unanswered be-
cause of a lack of technology that can precisely regulate plant functions
locally and in vivo. There is thus a need to record, address, and locally
regulate isolated—or connected—plant functions (even at the single-cell
level) in a highly complex and spatiotemporally resolved manner. Fur-
thermore, many new opportunities will arise from technology that
harvests or regulates chemicals and energy within plants. Specifically,
an electronic technology leveraging the plant’s native vascular circuitry
promises new pathways to harvesting from photosynthesis and other
complex biochemical processes.

Organic electronic materials are based on molecules and polymers
that conduct and process both electronic (electrons e~ holes h*) and ionic
(cations A", anions B") signals in a tightly coupled fashion (3, 4). On the
basis of this coupling, one can build up circuits of organic electronic and
electrochemical devices that convert electronic addressing signals into
highly specific and complex delivery of chemicals (5), and vice versa
(6), to regulate and sense various functions and processes in biology. Such
“organic bioelectronic” technology platforms are currently being explored
in various medical and sensor settings, such as drug delivery, regenerative
medicine, neuronal interconnects, and diagnostics. Organic electronic
materials—amorphous or ordered electronic and iontronic polymers
and molecules—can be manufactured into device systems that exhibit
a unique combination of properties and can be shaped into almost any
form using soft and even living systems (7) as the template (8). The
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electronically conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) (9), either doped with polystyrene sulfonate (PEDOT:PSS)
or self-doped (10) via a covalently attached anionic side group [for exam-
ple, PEDOT-S:H (8)], is one of the most studied and explored organic
electronic materials (see Fig. 1E). The various PEDOT material systems
typically exhibit high combined electronic and ionic conductivity in the
hydrated state (11). PEDOT’s electronic performance and characteristics
are tightly coupled to charge doping, where the electronically conducting
and highly charged regions of PEDOT" require compensation by anions,
and the neutral regions of PEDOT’ are uncompensated. This “electro-
chemical” activity has been extensively utilized as the principle of
operation in various organic electrochemical transistors (OECTS) (12),
sensors (13), electrodes (14), supercapacitors (15), energy conversion
devices (16), and electrochromic display (OECD) cells (9, 17). PEDOT-
based devices have furthermore excelled in regard to compatibility,
stability, and bioelectronic functionality when interfaced with cells,
tissues, and organs, especially as the translator between electronic
and ionic (for example, neurotransmitter) signals. PEDOT is also versatile
from a circuit fabrication point of view, because contacts, interconnects,
wires, and devices, all based on PEDOT:PSS, have been integrated into
both digital and analog circuits, exemplified by OECT-based logical NOR
gates (18) and OECT-driven large-area matrix-addressed OECD displays
(17) (see Fig. 1B).

In the past, artificial electroactive materials have been introduced
and dispensed into living plants. For instance, metal nanoparticles
(19), nanotubes (20), and quantum dots (21) have been applied to plant
cells and the vascular systems (22) of seedlings and/or mature plants to
affect various properties and functions related to growth, photo-
synthesis, and antifungal efficacy (23). However, the complex internal
structure of plants has never been used as a template for in situ fabrica-
tion of electronic circuits. Given the versatility of organic electronic
materials—in terms of both fabrication and function—we investigated
introducing electronic functionality into plants by means of PEDOT.

RESULTS AND DISCUSSION

We chose to use cuttings of Rosa floribunda (garden rose) as our model
plant system. The lower part of a rose stem was cut, and the fresh cross
section was immersed in an aqueous PEDOT-S:H solution for 24 to
48 hours (Fig. 2A), during which time the PEDOT-S:H solution was

1of8

9102 ‘LL 48qo10Q uo /610'58UJ93U9!3$'SQOUQI\pe//Iduq woJj papeojumoq



HenvuHenHas komnosnuus

PUCYHKMU 1-6
ABTOTPA® J1. C.BBITOTCKOTO = -—v"Zﬂr‘VJ\—’\L"
pagu, vedo- gt
Concer. 6 podase o, » 5w
Contpsn. o ipucrpan ngc ; lz
Sk ! o te o 2 be S 1
howa (2,3 1.5, Pe £
‘QWW L2 umfaw A
oMevee Yoo,

R oo, Bnsnue Cugsd elopiansicn Kpabase crigy Nebiies, Shancasuse Kered-paloi bipsy bt
Bbizomckudt J1.C. «[lcuxonoausi
ucKyccmea»

A Kmo ckasarsi, Ymo ucmopuu Haoo
pacckasbleame 8 CKyYHOM IPSMOM
rnopsioke? 1 mem 6oree Hay4Hble?



[MyHKTYM

Mpoaarka opyxms B Tor AN HEro — xo66u: LeHbl B «Mara3nHe» Ha4ynMHatoTCs OT 60 ThiCsiY pyOnen, BbIXxoguT
Nno O4HOW-ABE CAENKM B MeCsL, Tak YTO rogoBas Npubbinb nosnyvyaeTcs B panoHe 500 Thicsd. «Ha kBapTupy
TOYHO He 3apaboTaellb», — NULET Korabas 1 CTaBUT TPW 3aKpbiBatoLLMe CKOBKN: cmeeTcs. Xob6u, Bnpodem,
nobnmoe: npoaasel, n cam NepnoanYecKkun Boles3xaeT NoCTpensaTb 3a ropoa. «Ha ctpenbby He 6epy AeHbrn
N3 ceMenHoro BapKeTa, Tpady TONbKO TO, YTO 3apaboTan B Tor»

MaHuun Typosckul «3awuhposaHHOE
ANOAOALE




[lepeBepHyTas nupamupka
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OnpenennTbes ¢ TEMOM («X04Y HanncaTb MNPo KBAHTOBLIE
KOMMNbIOTEPbLI»)

Onpenennutbesa ¢ npobnemamm («KBaHTOBbIE KOMMbIOTEPLI U
Kndepbes3onaHoCTby)

Onpegenntbesi ¢ Bonpocamm (UT1o cenvac ¢ knbepbe3onacHOCTbIO?
Kak paboTatoT KBaHTOBbIE KOMMbIOTEPLI? YTO OHK yXKe ymMetoT? YTo
byayT ymeTb? Kak oHM NOBNUAOT HaA kKnbepbesonacHocTb? 3a
CKOJTbKO CEKYHA KBAHTOBbIN KOMIM B3[IOMAET MOW Naporb OT
CbepbaHka oHNanH? n 1.4.)

OnpenennTbCsi C ICTOYHUKaMU (4TO NoYnUTaTh, B YEM pa3obpaTtbCes,
4YTO NOCMOTPETb, C KEM NOrOBOPUTb, KyAa CXOAUTb, YTO
nonpoboBaTtb?)

[13HC, A3HC, O3HC (MCTOYHMKU MEHSAKOTCA Ha Xoay?)
A oTBeTUN Ha Bonpochl (3)? CobupaeTcsa BHATHast UCTOPUSA KOTOPYHO
A MOry pacckasaTb?

[1poCTpOnTL KOMNO3ULMIO
HanucaTbk Tekct Hay4HbIW XypHanucT gormkeH

OtpepakTupopafl TeREfBaTHCA OT npoo6nemsl, o
KOTOPOM OH XO4YeT paccKa3aTb + AOJIKeH

NMOHUMATb NoOYeMy OH XOo4eT 3TO
PpaCcCKa3aTb, 3a4eM NnriagdaMm npo 31o
3HATb
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ABHbIU Pa3HbIU MUP, YaCTb 2, HOBaA XYpPHanNUCcTuUKa

1 Hos16p4a 2010 roaa, Yepes Tpu Hegenu nocne
n3BecTnsa o npucyxaeHnn Hobenesckon
npeMunn No omsnke cambini MONOgoM

ee naypeart 36-netHnn KoHctaHTMH HoBocenos
npuexan B NO4MOCKOBHbIN [lonronpyaHbin
YUTaTb NEKUMI0 B CBOEM POOHOM NHCTUTYTE.
PykoBoactBo MOTU cobupanock nocnatb =

e e — \ASOPATOPHSW KOPTI/E
3a HUM aBTOMOBWMIb, HO HOBOCENOB CKa3an, = YT T —

4yTO AobepeTcs cam, Kak paHblLue, i i

Ha anekTpuyke oT CaBenoBCKOro Bok3ana.

OH cowwen ¢ nnardopmbl HoBogayHas v nouern [I E
no ynuue NepBomManckon: MMMO 3eSIEHbIX =— B
3abopoB 13 NpohHacTMNa 1 NPOrHUBLLNX
rapaxxen, MUMO NATUITaXeK, 3a 6anKoHbI

KOTOPbIX LIennalTCs pXXaBble CaHKU, MUMO
AETCKOro KOMMCCUOHHOIO MarasuHa
«JTIAryLOHOK», MUMO anTe4vHbIX MyCOPOK,

B KOTOpbIX 6enetoT nycTble KOpoHoUKM

OT HacTonkn 6osipbiHKKa. [Nocne nekunn
Hosocenos gowen oo obwexntmna Ne2 —
cBeTNo-6exxeBon OLLTYyKaTypeHHOM
YeTbIPEXATaXKM — U OBHSAS CBOEro KOMeHgaHTa
"annHy HukonaesHy lNackarnb, kKoTopas 4o cux
nop Tam paboTtaet. [10ToOM OrfsiHyncs BOKPYr

M CKasars, YTo rekcaroHasibHas nnuTka,
BbINOXEHHAs Y y4eBHbIX KOpycoB, ¢ yma.
HaNOMMHAET CTPYKTYpPY TOro camoro rpadeHa,

3a KoTopbI eMy 1 AHapeto [enmy, Toxe

Hayka u XXu3Hb: no4emy cmyOeHmbl hudmexa cxo0sim




IMBHbLIU pa3HbIN MUP, BCE BMeCTe

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

XypHanucTtuka gaHHbIX
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CMeHa To4ek 3peHus
TeKkCT opkecTp

JTnyHble BnevaTneHuns
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