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Vapor-printed polymer electrodes for long-term,
on-demand health monitoring
Jae Joon Kim, Linden K. Allison, Trisha L. Andrew*

We vapor print conformal conjugated polymer electrodes directly onto living plants and use these electrodes to
probe the health of actively growing specimens using bioimpedance spectroscopy. Vapor-printed polymer elec-
trodes, unlike their adhesive thin-film counterparts, do not delaminate from microtextured living surfaces as the
organism matures and do not observably attenuate the natural growth pattern and self-sustenance of the plants
investigated here. On-demand, noninvasive bioimpedance spectroscopy performed with long-lasting vapor-printed
polymer electrodes can reliably detect deep tissue damage caused by dehydration and ultraviolet A exposure
throughout the life cycle of a plant.
 on M
arch 18, 2

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

INTRODUCTION
Emergent wearable health-monitoring devices use a tissue-adhered
electrode as their sensing element, which is typically created by apply-
ing a preformed polymer, nanoparticle/nanowire, or carbon material
film onto the outer surface of an organism (1). However, the surfaces
of organisms display staggeringly diverse microscale features, and the
complex biochemical, mechanical, and transport phenomena that op-
erate at the interface between such microstructured living tissue and a
man-made device ultimately control the performance and longevity of
tissue-adhered electrodes (2). Contemporary stick-and-play devices,
such as smart patches (3) and press-on buttons (4), are often suscep-
tible to device delamination (5) from the surface of living organisms
and often perturb air/water/nutrient transport at the biointerface, re-
ducing long-term viability (6).

Here, we demonstrate a new paradigm for vapor printing bio-
compatible polymer films directly onto a living organism, creating
conformal and long-lasting electrodes that allow long-term health
monitoring using bioimpedance measurements. In this proof-of-concept
study, we use live plants as a test bed, as they are abundant, have varied
surface topographies, and are commonly used as biological models for
many targeted biochemical studies (7, 8). Further, long-term plant health
monitoring will also find strategic use in food farming, crop manage-
ment, and biohazard signaling.
019
RESULTS
Vaporprinting affords robust and conformal polymer filmsonnumerous
topologically complex substrates (9, 10).We posited that thismild and
remarkably versatile processing method could be further developed
to create conducting polymer electrodes on living organisms, which
could then be used to perform bioimpedance spectroscopy for health
monitoring. Using a custom-built quartz wall reactor (11, 12), we
printed functional polymer films directly on the surfaces of live seed-
lings, following the process outlined in Fig. 1A. A conducting polymer
film was targeted for this pilot study so that long-lasting electrode pads
could be created on the outer surfaces of plants. In particular, films of
persistently p-doped poly(3,4-propylenedioxythiophene) (PProDOT-
Cl; Fig. 1B) were explored because the particularly porous morphology
(13, 14) of this mixed ion- and hole-conducting polymer is known to
enhance measurement accuracy during electronic impedance spectros-
copy (15, 16). Entire plants, selectivelymasked samples, or severed plant
parts were placed into the reactor, a mild vacuum (1000mtorr) was ap-
plied, and monomer/oxidant vapors were introduced into the chamber
to effect a vapor-phasepolymerization that lead topolymer filmgrowthon
any exposed surface. All samples were held at room temperature during
the entire vapor deposition operation, which lasted 20 min, on average.
The coated samples thus obtained were rinsed with a dilute acid solution
(0.1 mM HCl, 5 min) and distilled water to remove residual metal salts.

A selection of intact plants, cuttings, and leaves with diverse surface
features was vapor-coated with PProDOT-Cl (Fig. 1 and fig. S1, A to I).
Persistently, p-doped PProDOT-Cl is deep blue in color, and therefore,
the presence of a conducting polymer coating could be visually identi-
fied and pristine samples could be easily distinguished from PProDOT-
Cl–coated plant matter. Figure 1 shows pictures of various coated
samples, including an intact air plant and a stonecrop cutting coated
with a PProDOT-Cl electrode pattern. Energy-dispersive x-ray (EDX)
spectroscopy of the surface of a coated palm leaf confirmed a uniform
distribution of sulfur and chlorine atoms on the sample surface (fig. S2),
consistent with the persistently doped polymer structure shown in Fig.
1B. Regardless of the size, scale, or density of the surface structures,
uniformpolymer coatingswere successfully created on all exposedplant
surfaces, without concomitant shriveling, cracking, bending, bleaching,
or obvious chemical degradation of the samples (see magnified optical
microscope images in fig. S1).

The detailed surface morphologies of pristine and PProDOT-Cl–
coated plant leaves were imaged using scanning electron microscopy
(fig. S3), which revealed that the intricate and varied surface micro-
structures of the leaves investigated here (ranging from simple, two-
dimensional planar venations to three-dimensional, hierarchical, hairy
structures) were continuously and conformally coated with PProDOT-
Cl. The surface morphologies of all PProDOT-Cl coatings investigated
here (the thickest coating was 5 mm) were faultless likenesses of the
underlying plant surfaces, and scanning electron microscopy images
of thick coatings did not reveal any polymer agglomeration or obvious
sample corrosion (fig. S3, J and K). The hairy surfaces of geranium
leaves, which can be considered model substrates for studying de-
lamination of skin-adhered electronics (17), were also conformally
coated with PProDOT-Cl. Notably, the vapor-deposited polymer
coating did not fill or block the pores (stomata) of any leaf specimen,
as shown in Fig. 1 (G and H) for pothos and aloe leaves, indicating that
normalmass transport processes through these stomata could bemain-
tained after coating.
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Wequantified the water loss experienced by selected cut leaves upon
being exposed to a 100-mtorr vacuum in our reactor for 20 min, which
simulated the most severe of the vapor coating conditions used in this
study. Water loss from plant matter can depend on the cell membrane
structure and metabolism (18) of the sample and can be a barometer of
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
biological damage (19). Table S1 tabulates the relative water content of
pristine plant matter and those of samples exposed to vacuum. The
starting water content of the leaves investigated here was minimally
altered upon exposure to vacuum, with only 5 to 7%water loss in palm,
banana, bamboo, and geranium leaves and less than 2% water loss in
Fig. 1. Vapor printing polymer films on plant matter. (A) Process for vapor coating live plants with functional polymer films. (B) Oxidative polymerization reaction
that occurs in the low-pressure reactor and structure of the conducting polymer coating, PProDOT-Cl, used in this work. (C) Stonecrop with the tips of selected leaves
coated with PProDOT-Cl. (D) Air plant with the exposed surfaces of the outermost leaves coated with PProDOT-Cl. (E) Jade plant cutting coated with a PProDOT-Cl
electrode pattern achieved using a polyimide tape mask placed on one leaf. (F) Digital photographs (left) and optical micrographs (right) of pristine and PProDOT-Cl–
coated geranium leaves. (G) Digital photographs (left) and optical micrographs (center) of pristine and PProDOT-Cl–coated pothos leaves and scanning electron micro-
graphs (SEMs; right) of a pristine and polymer-coated pothos stoma. (H) A digital photograph (left) of a cut aloe leaf vapor-coated with a PProDOT-Cl electrode pattern
and SEMs (right) of a pristine and polymer-coated aloe stoma. Note that the gel inside a cut aloe leaf is preserved after vapor coating.
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camellia, pine, pothos, and aloe leaves. These results confirmed that
cut leaf samples, which are especially susceptible to evaporative water
loss through exposed pores as compared to intact plants, suffered neg-
ligible dehydration during the vapor coating operation, in accordance
with the pictures shown in Fig. 1H. Notably, the gel inside the aloe leaf
was preserved, with its viscosity unchanged after being subjected to
vapor coating.

To prove that the vapor coating operation and/or the PProDOT-Cl
coating itself did not perturb the natural biological functions of plant
matter, we first explored the longevity of severed, non–self-sustaining
plant organs—namely flowers—to establish the effects of the surface
coating in the absence of external nutrition and photosynthesis. Freshly
pluckedhoya flowerswere vapor-coatedwith a 500-nm-thickPProDOT-
Cl film, rinsed, and placed into a vase with water, and their longevity
was compared to those of pristine flowers plucked from the same cluster
of the same plant (Fig. 2A,MovieHoya Flower); these experimentswere
repeated on three such sets of flowers. Both pristine and polymer-coated
hoya flowers showed comparable stabilities during the first day of
monitoring. Moreover, both samples, on average, displayed approxi-
mately similar decay rates over 80 hours of monitoring. This observa-
tion suggested that coated hoya flowers were able to uptake air, water,
and/or nutrients and maintain vitality to the same degree as an un-
coated control sample.

Next, we deposited a patterned polymer electrode array on pothos
and stonecrop seedlings and investigated their growth characteristics
(Fig. 2B). Small-sized seedlings were selected to accommodate the ra-
dius (10 cm) of our laboratory-scale reactor. The process of vapor
coating a stonecrop seedling is depicted in fig. S4 (A to F). The root
system of the seedlings remained enclosed in damp soil within a plastic
bag to limit dehydration and chemical stress during vapor coating. Ma-
jor parts of the seedling were also masked with either a cutout plastic
sheetmask or a tape mask to delineate the desired electrode pattern on
specific leaves. The PProDOT-Cl–coated leaf of the pothos seedling
appeared to droop immediately after vapor coating (Fig. 2B). However,
after 15 days of indoor growth in water and under moderate sunlight,
the seedling displayed clear signs of health and vitality. First, intensive
root growthwas evident. The erstwhile-drooping, PProDOT-Cl–coated
leaf became visibly greener in color (indicating chlorophyll production;
table S2) and gradually grew to face upward, toward the sunlight. Fur-
ther, the seedling continued to grow after transplanting into potting soil,
and two new leaves appeared 45 days after the vapor coating operation.
On the basis of these three observations, i.e., new root and leaf growth
(20), phototropism (21), and an increase in chlorophyll content (22), we
concluded that the pothos seedling remained healthy, self-sustaining,
and reproductive after vapor coating. Similar root/leaf growth, photo-
tropism, and chlorophyll production were also observed in two other
separately coated pothos seedlings (fig. S4, G and H), supporting the
claim that our vapor coating operation did not harm plant health.

The PProDOT-Cl surface coatings displayed, on average, electronic
conductivities of 1 S/cm (Fig. 2C), which is sufficient enough for these
films to serve as conductive electrodes for bioimpedance spectroscopy.
Higher conductivities, up to 200 S/cm, could be achieved if plantmatter
were heated to 60°C during vapor coating, but these conditions dam-
aged live specimens. The PProDOT-Cl coating on either mono-
cotyledonous or dicotyledonous leaves did not display directional
anisotropy in conductivity, likely because any organizational order im-
posed in the polymer coating by these leaf venations occurs at much
longer length scales (in micrometers) than the characteristic p-stacking
length scale (0.4 to 10 nm) that influences electronic conductivity in
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
conjugated polymers. The conductivity of PProDOT-Cl (1 mm) vapor-
deposited on untreated glass was measured to be 1.21 S/cm, further
confirming the absence of substantial substrate effects on charge
transport properties. The surface roughness of a 1-mm-thick film of
PProDOT-Cl on glass was measured to be 33.9 nm using atomic force
microscopy, and its water contact angle was 60°. The PProDOT-Cl coat-
ings on plant leaves displayed remarkable surface adhesion and
mechanical robustness, similar to previous reports on vapor-printed
films (9, 10, 12). The PProDOT-Cl coating on a palm leaf did not crack
or delaminate when the palm leaf was strained or bent to an angle of
nearly 90° (Fig. 2D and fig. S1J). Further, the observed resistance of
the PProDOT-Cl coating only fluctuated by approximately ±5% over
multiple bend/release cycles. To contextualize these results, consider
themechanical robustness of a solution cast conducting polymer coating
created on a palm leaf: A one-time application of 1% strain immediately
causedmultiple centimeter-sized cracks and filmdelamination (fig. S1K).
The electrical properties of the PProDOT-Cl coatings also remained in-
variant upon exposure to water or humid environments (Fig. 2E),
meaning that coated plants could be grown in their preferred native en-
vironments without fear of damaging the polymer electrodes.

Encouraged by the observed ruggedness, stable conductivity,
and minimal invasiveness of our vapor-printed PProDOT-Cl coatings,
we progressed to investigating their use in long-term plant health
monitoring. Bioimpedance spectroscopy is a sensitive analytical tech-
nique capable of quantifying cellular water content and revealing details
about cell wall composition. This information can be used to diagnose
many biotic and abiotic stress factors in plants (23, 24), particularly
drought stress. However, accurate impedance measurements on plants
typically necessitate the use of metal needles to pierce plant tissue
and create viable electrical contact [with a few developing exceptions
(8, 25)], which irreparably damages the test site andmay lead to plant
death (26). Therefore, despite the wealth of information that can be
potentially gleaned from a single impedance spectroscopy measure-
ment, this method is not widely used by plant biologists. We hypothe-
sized that our robust, noninvasive PProDOT-Cl coatings could be used
as conductive contact pads with which to perform bioimpedance spec-
troscopy for on-demand plant health monitoring.

For this pilot study, we chose to focus on PProDOT-Cl–coated
leaves as potential electrodes for bioimpedance spectroscopy, instead
of plant stems, flowers, or roots, because leaves can be easily vapor-
coatedwith a polymer pattern (Fig. 3A).Mature or nearlymature leaves
were chosen for this work to avoid aging-related changes specific to a
single leaf and to establish a bioimpedance baseline for the overall health
of a growing plant. Further, only one leaf per seedling was coated with
a PProDOT-Cl electrode pattern for experimental simplicity and also
for understanding variations in bioimpedance signals recorded from
the same leaf of the same plant over a long period of growth. Figure 3
(B and C) shows the frequency-dependent impedance and phase re-
sponses, respectively, recorded from one PProDOT-Cl–coated leaf of
a pothos seedling, measured immediately after vapor coating and after
45, 90, and 130 days of growth in water and soil. In the diagnostically
important region above 103 Hz, both impedance and phase responses
varied by only 3% over 130 days as the seedling matured, as expected
for a disease-free, undamaged, actively growing plant. Significant dif-
ferences were only observed in the comparatively unimportant, low-
frequency (<103 Hz) range over 130 days of monitoring, which can be
ascribed to variations in electrode contact resistance that likely arise
because the leaf epidermis changes as the seedling grows (e.g., the leaf
surface becomes thicker and waxier). This result confirmed that the
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Fig. 2. Health of vapor-coated plant matter. (A) Pictures of pristine (top) and polymer-coated (bottom) hoya flowers monitored over 48 hours. The flowers were kept
in a vial filled with tap water. Note that the observed (reflected) color of the polymer coating varies depending on the underlying structure of the flower petal. The
polymer coating is uniformly 500 nm thick on the plant surface. (B) Undoctored digital photographs of a PProDOT-Cl–coated pothos seedling immediately after vapor
coating (t = 0), after 15 days of growth in water (t = 15 days), 15 days after transplanting the seedling into potting soil (t = 30 days), and 30 days after growth in potting
soil (t = 45 days). Note the phototropism and increased chlorophyll content in the PProDOT-Cl–coated leaf. New roots and leaves are highlighted in the second row of
photographs. (C) Surface conductivities of the PProDOT-Cl coating on selected monocotyledonous and dicotyledonous leaves measured in two different directions, as
explained by the cartoon inset. Resistance change of a 1-mm-thick PProDOT-Cl coating on a palm leaf monitored (D) over repeated bending cycles and (E) upon wetting
the leaf with water and allowing passive evaporation. The insets in (D) are pictures of the palm leaves during the bending tests.
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019 4 of 9
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vapor-coated PProDOT-Cl coatings can serve as robust electrodes for
long-term, on-demand plant health monitoring.

The inset in Fig. 3B shows the equivalent circuit used to model and
interpret the bioimpedance measurements of the growing pothos seed-
ling. Two components comprise the equivalent circuit: an electrode
component that arises due to the internal resistance of the PProDOT-
Cl coating (Rpoly), the capacitance of the leaf epidermis (Cepi), and ion
transport/voltage drop across the polymer/epidermis interface (Ws)
and a tissue component that reflects the health of the sample. The
electrode component is dominant at low frequencies (<103 Hz), and
the tissue component is dominant at high frequencies (>103 Hz). De-
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
pending on the specific plant sample and growth/stress conditions,
multiple subparts can be invoked for the tissue circuit component, in-
cluding cell membrane capacitance (CM), extracellular fluid resistance
(Rex), intracellular fluid resistance (Rin), tonoplast capacitance (CT), vac-
uole fluid resistance (Rv), and cytoplasm fluid resistance (Rc).We used a
simple circuit model to understand the tissue components of the grow-
ing pothos seedling, including only three components:CM, Rex, and Rin.
Table S3 lists the extracted values for these three tissue components ob-
tained from impedance measurements taken on a pothos seedling over
130days of active growth; the lowc2 values for all extracted components
confirm the accuracy of our equivalent circuit model.
Fig. 3. Bioimpedance spectroscopy on live plants coated with PProDOT-Cl electrode pads. (A) Pictures of a polymer-coated pothos seedling over a 130-day
monitoring period. Frequency-dependent (B) impedance and (C) phase response of the pothos seedling measured immediately after vapor coating and after 45,
90, and 130 days of growth in water and soil. The shaded regions indicate the variation of the measured data. The inset in (B) depicts the circuit model used to
interpret the impedance measurements. (D) Picture of a polymer-coated pothos leaf used to detect drought stress. (E) Frequency-dependent impedance response
of the same pothos leaf at various stages of dehydration. (F) Cell membrane capacitance (CM) as a function of the water content of a pothos leaf. The inset cartoon
depicts cell membrane changes caused by drought stress. Cell membrane capacitances were extracted using the circuit model shown as an inset in (B). (G) Pictures of a
pristine and UVA-irradiated hosta leaf. The fluence of UVA irradiation is equivalent to 9.5 days of sunlight. Frequency-dependent (H) impedance and (I) phase response
of a pristine (green) and UVA-exposed (purple) hosta leaf. The inset in (H) shows the equivalent circuit model used to quantify tissue health. The cartoon inset in (I)
summarizes cell damage caused by UVA exposure.
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Next, we sought to prove that bioimpedance measurements per-
formed using PProDOT-Cl electrode pads on a leaf could reliably
detect drought stress in leaf tissue. We used severed pothos leaves for
this exercise so that we could controllably decrease water content in a
sample by applying vacuum and because pothos leaves were observed
to remain especially hardy upon being dehydrated. To artificially
simulate varying degrees of drought stress, test leaves were dried in
a vacuum oven (0.5 mtorr) held at room temperature, and their mass
change and impedance response were measured every 10 min. The
decrease in water content of the leaf manifested as a gradual change
in the tissue-derived sections (>104 Hz) of the recorded impedance
(Fig. 3E) and phase (fig. S5A) responses. Using the same circuit model
described above, we extracted values for Rin, CM, and Rex. Both Rex
and CM linearly decreased with decreasing water content in pothos
leaves, whereas Rin remained mostly constant (fig. S5B). Notably, a
13% decrease in leaf water content (from 77 to 64%) resulted in a
70% decrease in the observed cell membrane capacitance and a 30%
decrease in the extracellular fluid resistance. These can be explained by
a breakdown of cell membranes and accompanying leakage of ion-
rich intracellular fluid, which will lower the cell membrane capacitance
and increase the conductivity of the extracellular fluid (27). This ob-
served high precision qualifies our method as superior to existing
spectroscopic methods to remotely detect drought stress, which typi-
cally require >52% water loss to produce a viable signal (28). The CM

values extracted from a healthy leaf of an adequately hydrated pothos
seedling varied by only 3% over 130 days of active growth (table S3),
meaning that significant changes in cell membrane capacitance can be
reliably ascribed to drought stress.

Further, we demonstrated that bioimpedance spectroscopy per-
formed using PProDOT-Cl contact pads could reveal deep tissue
damage in plant leaves caused by ultraviolet A (UVA) irradiation.
We focused on UVA (320 to 400 nm) radiation, specifically because
it is known to penetrate deeper into living tissue as compared to UVB
and UVC radiation and cause damage that can often go undetected by
conventional, on-surface detection systems (29, 30).

We used the leaves of a hosta plant for this study, as the leaves
of this shade-loving perennial are especially susceptible to photo-
damage. The frequency-dependent impedance and phase responses
of a hosta leaf (Fig. 3, H and I) did not show an appreciable signal
arising from electrode contact and were mostly dominated by two ca-
pacitive tissue components: CM and CT. This pattern is different from
the impedance response observed for pothos leaves, likely because of
structural differences between pothos and hosta leaves: Hosta leaves
have a thinner epidermis (meaning that the effect of electrode contact
resistance is decreased) and an additional tonoplast that divides the
intracellular contribution into a vacuole and cytoplasm (31). The
equivalent circuit used to model the bioimpedance response of hosta
leaves is depicted in the inset of Fig. 3H, and numerical values for the
tissue components extracted from this model are tabulated in table S4.

A picture and explanation of our UVA irradiation setup are
provided in fig. S6. Attention was paid to keep the hosta leaf hydrated
during UVA exposure and to filter out infrared light emitted from our
light source so that sample dehydration due to photon heating would
be minimized. After 4 hours of continuous exposure to UVA ir-
radiation (16.01 mW/cm2), which is equivalent to 9.5 days of daylight
exposure, a healthy, variegated hosta leaf turned pale yellow because of
a decrease in chlorophyll content (Fig. 3G). Accordingly, the frequency-
dependent impedance and phase responses of the UVA-irradiated
hosta leaf changed drastically. The resistance of the vacuole fluid (Rv)
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
increased by 170% upon UVA exposure, whereas the resistances of the
extracellular and cytoplasm fluids decreased by 70 and 50%, respec-
tively. These trends can be ascribed to the leakage of intracellular vac-
uole fluid into the extracellular matrix due to photodamage (32).
Values for both CM and CT increased by 370 and 80%, respectively,
upon UVA irradiation because of the polarization of these membrane
components by UV-induced radicals (33). The bioimpedance mea-
surement could distinguish damage caused by UVA irradiation from
cell membrane damage caused by drought stress (dehydration), which
typically results in a decrease in the membrane capacitance values.
DISCUSSION
We vapor-printed conformal and durable conducting polymer elec-
trodes directly onto living plants and used these electrodes to probe the
health of actively growing plant specimens using bioimpedance spec-
troscopy. The vapor-printed electrodes do not observably influence
the natural growth pattern and self-sustenance of the investigated plant
specimens and can be used as long-lasting diagnostic handles for detect-
ing stressors, such as drought and photodamage, in plants. This work
established the groundwork for sensitively performing on-demand
health tests throughout the life cycle of a plant, which will find strategic
use in food farming, crop management, and biohazard signaling.
MATERIALS AND METHODS
Chemicals and plant specimens
All plant specimens were collected from Durfee Conservatory at the
University of Massachusetts Amherst. Plants used in this study were
stonecrop (Sedumnussbaumerianum), air plant (Tillandsia stricta), jade
plant (Crassula argentea), pothos (Epipremnumaureum), banana (Musa
acuminate), bamboo (Phyllostachys aurea), pine (western yellow pine,
Pinus ponderosa), geranium (peppermint-scented geranium, Pelargonium
tomentosum), palm (Texana Sabal palm, Sabal mexicana), camellia
(Camellia japonica), aloe (Aloe vera), lemongrass (Cymbopogon
citriodora), hoya (Hoya carnosa), and hosta (Hosta pilgrim). Leaves
were picked from a living plant directly, rinsed with distilled water,
and introduced into our vapor deposition chamber without any surface
treatment. Themonomer 3,4-propylenedioxythiophene (ProDOT), ox-
idant iron chloride (FeCl3), and solution-processed composite material,
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:
PSS) (0.5 to 1 weight % in water), were purchased from Sigma-Aldrich
and used without any purification.

Vapor coating
Acustom-built, quartz, hotwall reactorwas used to polymerize ProDOT
(monomer) directly on the surface of live plants. The pressure of the
reactor was maintained at 1000mtorr during the entire deposition pro-
cess. The reactor was heated using temperature-controlled fiberglass
heating tape (BIH101060L, BriskHeat) wrapped around the central
quartz tube. Two thermocouples were attached on the outer glass wall
of the central tube andmonomer ampule, where oxidant andmonomer
were placed. The solid oxidant FeCl3 was placed inside a ceramic boat
and sublimed at 200°C. For vapor coating of living and hydrated plant
matter, only the part of the central quartz tube containing the oxidant
crucible was heated. To prevent thermal damage, plant matter were
placed at least 15 cm away from the oxidant crucible such that the plant
samples remained at room temperature. The ampule containing the
monomer ProDOT was heated to 80°C.
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After the oxidant crucible was heated and an oxidant halo was ob-
served to form in the central tube, monomer vapors were introduced
into the central tube by opening a needle valve. Oxidative polymeriza-
tion proceeded in the middle of the tube where monomer and oxidant
vapors met. Polymer formation could be recognized by the evolution of
a royal blue color. Polymer coating thickness was controlled by varying
the deposition time (shorter time, thin film; longer time, thick film). A
previously developed calibration curve of time-dependent film thick-
ness (11, 12) was used as a guide. For this work, polymer growth
was allowed to proceed for 20 min, on average, resulting in uniform,
1-mm-thick coatings on plant specimens. Although it was previously
demonstrated that Fe(III) salts were nontoxic to plant matter (fruits) (34),
residual oxidant and monomer were removed from the PProDOT-Cl–
coated samples by dipping the plant matter into a dilute acid solution
(0.1 mM) for 5 min and subsequently distilled water for 5 min. Extra
moisture on the surface was wiped off with Texwipes. To create spa-
tially patterned electrodes, polyimide tape was placed directly on the
sample surface before deposition and was lifted off immediately after
the deposition.

Relative water content
The relative water content (RWC) of each leaf was calculated using
Eq. 1

RWCð%Þ ¼ Fresh weight� Dry weight
Turgid weight� Dry weight

� 100ð%Þ ð1Þ

The dry weight was determined by heating each sample at 70°C
for >5 days until the measured mass did not change. The turgid
weight was measured after immersing fresh leaves in distilled water
for 5 hours in the dark and removing extra water on the surface
with Texwipes.

Plant health and liveliness testing
The petals of hoya flowers were coated with an approximately 500-nm-
thick film of PProDOT-Cl, leaving the stems and the cut stem edges
uncoated. The cut stem ends were immediately placed in a vial of un-
filtered tapwater immediately after vapor coating and rinsing. Stonecrop,
air plant, jade plant, and pothos seedlings were selected for their small
sizes. For long-term observation, the stems of pristine and polymer-
coated pothos seedlings were placed into a transparent, water-filled vial
to enable real-time monitoring of root growth. Subsequently, the rooted
seedlings were transplanted into potting soil for further growth. Growing
seedlings (either inwater or in soil)were placed inside a greenhouse at the
Durfee Conservatory with sunlight consistently arriving from the ceiling
to probe phototropism.

The chlorophyll content of the polymer-coated leaves was cal-
culated from digital photographs using Eq. 2

Chlorophyll content ðg m�2Þ ¼ 0:952� 1:76� R� B
Rþ B

ð2Þ

where R and B are the values of the red and blue channels, respec-
tively, in the undoctored digital image. Using this equation, the change
of chlorophyll content could be correlated to the color change of the
undoctored digital image (35). The values of RGB were extracted using
Adobe Photoshop on the same physical spot in each leaf photo shown
in fig. S4G. This approximate photogrammetric approach to quantify-
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
ing leaf chlorophyll content was only performed for seedlings placed
in water.

UVA irradiation
UVA(365 nm) radiationwas created using anOAI 500WUVAsource,
and the fluence was measured with a UV power meter (OAI 306). A
water-filled petri dish was placed in the path of light before the plant
sample to filter short-wavelength UV light and infrared light. To pre-
vent sample dehydration during irradiation, the cut edge of hosta leaves
was packedwith awater-soaked cotton ball. The daylight equivalence of
the artificial UVA fluence generated by our light source was calculated
to be 1.4 days per hour of irradiation, using a previously reported
formula (36), and the standard daylight metrics for Chicago, United
States (latitude 41.9°), and a UVA/UVB ratio of 23. Polymer electrodes
were vapor-deposited onto the hosta leaves after UVA irradiation to ac-
curately characterize the bioimpedance signal of a UVA-damaged hosta
leaf while excluding errant signal changes arising from photodamage to
the PProDOT-Cl coating.

Morphology and electrical characterization
The thicknesses of PProDOT-Cl coatings were measured with an
optical profilometer (Zygo NewView 7300, Veeco Dektak 150,
and Veeco NT9080). The optical images and videos of the coated
plant matter were captured with an optical microscope (Zeiss Axio
Scope.A1 equipped with a Zeiss AxioCam IC1 camera) or a digital
camera (K-30, Pentax). Atomic force microscopy (AFM) was per-
formed using a Bruker MultiMode AFM. Water contact angles were
measured using anAttension Theta contact anglemeter. Scanning elec-
tron micrographs (SEMs) were captured using a Magellan 400 XHR
SEM equipped with an Oxford X-MAX 80-mm2 EDX spectrometer
for element mapping. The surface conductivity of PProDOT-Cl on
plant matter was measured using a four-probe measurement station
(Pro4-440N, Lucas Labs) equipped with an SP4 probe head. The tip
spacingwas 1.27mm, and the tip radiuswas 0.04mm.The tipwasmade
of tungsten carbide.

Mechanical and water stability
The resistances of the PProDOT-Cl coatings were continuously mea-
sured with a Keithley 4200-SCS probe station under various environ-
mental conditions. For the bending tests, PProDOT-Cl–coated palm
leaves were wrapped around three-dimensional–printed cylinders of
varying diameters to simulate strain. Alligator clips and copper tape
were used to make stable electrical contacts to the polymer coating
while bending. The water stability of the PProDOT-Cl electrode was
characterized by comparing the resistance of the dry polymer on a
palm leaf with that of the polymer after submerging the palm leaf into
water and drying under ambient conditions. Adhesion tests were per-
formed by applying 1% stain on each leaf with polymer electrodes
prepared by either solution casting (PEDOT:PSS) or vapor coating
(PProDOT-Cl). Commercial aqueous PEDOT:PSS was dropcast onto
palm leaves and annealed at 120°C under ambient conditions for
1 hour before mechanical testing.

Bioimpedance spectroscopy
Bioimpedance spectroscopy was performed with an Agilent 4294A
precision impedance analyzer over a frequency range of 100 Hz to
1 MHz. The measurement was performed at low applied potential
(100 mV) to prevent unwanted doping/dedoping reactions in the
PProDOT-Cl coatings. The ZView2 software (Princeton Applied Research)
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was used to fit the acquired data to an equivalent circuit and extract
values for various circuit components.

Frequency-dependent impedance and phase responses were re-
corded using PProDOT-Cl contact pads immediately after deposition,
rinsing, and drying. Polymer electrodes of 6.35-mmwidth and 3.18-mm
inter-electrode spacingwere created on each leaf surface using polyimide
tape masking. We used silver metal probe tips mounted on a micro-
manipulator to connect to our custom-built probe station. To make
electrical contact between our instrument’s probe tips and the
PProDOT-Cl electrode, a droplet of 0.1 M aqueous NaCl was placed
over each PProDOT-Cl electrode and the metal probe tip was lowered
into this NaCl droplet. The NaCl droplet normalized the area of the
polymer electrode, especially for long-term monitoring of growing
seedling samples, and also eliminated contact resistance between the
probe tip and the polymer electrode. Because all the leaves investigated
here had hydrophobic surfaces but the PProDOT-Cl coating was hy-
drophilic, the NaCl droplet was automatically spatially confined to
the area of the polymer electrode and did not wet the entire leaf surface.
TheNaCl droplet was rinsed off with distilled water after measurement.
For drought monitoring, polymer-coated pothos leaves were placed in
vacuum oven held at room temperature to effect dehydration and their
impedancewas recorded every 10min. The leaves were cut in half along
their long axis to accelerate dehydration. The decrease of relative water
content was quantified by weighing the leaf at each time interval.

Equivalent circuit models for bioimpedance spectroscopy
To ascertain information about electrical contact, cell membrane in-
tegrity, and fluid content, the recorded impedance data were fitted in
ZView2 using equivalent circuit models containing an electrode and
tissue components. The electrode component was composed of a re-
sistor, a capacitor, and a transmissive Warburg component, following
the modified Randles model (37). The resistor, Rpoly, represented the
intrinsic conductivity of the PProDOT-Cl coating. The capacitor, Cepi,
accounted for the capacitance introduced by the insulating leaf epider-
mis. The transmissive Warburg component, Ws, accounted for ion
diffusion between the polymer coating and leaf cells and was composed
of three subparts: a diffusion impedance constant, AW; a Warburg
exponent, p; and a characteristic ion diffusion time, BW. Additional cir-
cuit components for the NaCl droplet were not necessary to accurately
fit the recorded data in the frequency range used in this study.

For the pothos tissue component, the Hayden model (38) was used
to translate three principal cellular components of a pothos leaf into
discrete circuit elements: Extracellular fluid was represented by a resis-
tor, Rex; intracellular fluid was represented by a resistor, Rin; and the cell
membrane was represented by a capacitor, CM. The cell membrane ca-
pacitance was represented in the circuit as a constant phase element
(CPEM) instead of a simple capacitor because the tissue was composed
of an ensemble of cells that result in electronic dispersity. The value for
CM was extracted from CPEM using Eq. 3

CM ¼ Y
1
p

0ðRin þ RexÞ
1�p
p ð3Þ

where Y0 is the CPE constant and p is the CPE exponent.
For hosta leaves, which display a thin epidermis, the electrode part

did not manifest in the recorded impedance data over the frequency
range of our experiment. For the tissue part, an additional tonoplast ca-
pacitor (CT) was included in the circuit model and the intracellular
components were divided into two components: cytoplasm fluid resis-
Kim et al., Sci. Adv. 2019;5 : eaaw0463 15 March 2019
tor (Rc) and vacuole fluid resistor (Rv). These extra components arise
from the double shell model of leaf tissue (26, 31).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaaw0463/DC1
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