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P L A N T  S C I E N C E S

On-site identification of ozone damage in fruiting 
plants using vapor-deposited conducting  
polymer tattoos
Jae Joon Kim1*, Ruolan Fan1*, Linden K. Allison1, Trisha L. Andrew1,2†

Climate change is leading to increased concentrations of ground-level ozone in farms and orchards. Persistent 
ozone exposure causes irreversible oxidative damage to plants and reduces crop yield, threatening food supply 
chains. Here, we show that vapor-deposited conducting polymer tattoos on plant leaves can be used to perform 
on-site impedance analysis, which accurately reveals ozone damage, even at low exposure levels. Oxidative 
damage produces a unique change in the high-frequency (>104 Hz) impedance and phase signals of leaves, which 
is not replicated by other abiotic stressors, such as drought. The polymer tattoos are resilient against ozone- 
induced chemical degradation and persist on the leaves of fruiting plants, thus allowing for frequent and long-
term monitoring of cellular ozone damage in economically important crops, such as grapes and apples.

INTRODUCTION
Common air pollutants and excess nitrates in topsoil react with en-
vironmental oxygen in the presence of ultraviolet (UV) radiation to 
produce nontrivial amounts of ground-level ozone (1). In turn, pro-
longed exposure to ground-level ozone causes irreversible oxidative 
damage to living plants and decreases the yield of many important 
food crops (1, 2). Ozone damage is predicted to become an increas-
ing threat to global food production due to climate change (3, 4). At 
present, late-stage visual identification (5, 6) of necrotized leaf tis-
sue, followed by off-site laboratory confirmation of reactive oxygen 
species in digested samples, is the predominant method of recording 
ozone damage in crops (7, 8). However, visual observation cannot 
reveal early-stage ozone damage, and many commonplace abiotic 
stressors, such as drought, could also result in necrotized leaf tissue, 
preventing on-time interventions (7, 9). Biochemical assays require 
time and dedicated facilities and cannot be easily performed on-site 
or on demand, meaning that temporal information is lost during the 
process of sampling, digesting, and assaying field samples. External 
ozone gas detectors that are inserted into the soil do not reveal tissue 
damage (10), and stomatal flow detectors that are adhered to plant 
surfaces (11, 12) only yield useable data after months or years of 
continuous monitoring (13, 14).

Burgeoning efforts in the area of plant electronics have established 
the benefits of integrating nanomaterials and/or microelectronics with 
living plants. Advances include the ability to enhance native light 
absorption for improved photosynthesis (15) and transpiration (16), to 
evolve unprecedented functionalities such as bioluminescence (17, 18) 
and energy generation (19, 20), and to create internal electrical connec-
tions (21, 22) and device components (23, 24) within the plant. 
Unique plant-based sensor systems have also been developed by 
either implanting (23, 25) or decorating the surfaces of plants with 
conductive electrodes (26) to measure electrical signals arising from 
hydration (27), plant growth, and environmental humidity (28, 29). 

However, the particular problem of detecting early-stage ozone 
damage has not yet found a viable solution. Furthermore, many 
existing nanomaterials cannot be invoked because of their poor 
chemical stability upon exposure to reactive oxygen species. To 
solve these problems, ozone tolerant materials and reliable, on-site 
measurement techniques for revealing biological ozone damage 
are necessary.

RESULTS
We selected grapes (Vitis vinifera L.) as our model plant because 
the fruit yield (30) and fruit quality (31, 32) of grapevines decrease 
substantially upon exposure to ground level ozone, resulting in no-
table economic losses. As illustrated in Fig. 1, the primary points 
of entry for ozone are the stomata located on the underside (abaxial 
face) of leaves. Oxidative damage and necrotization begins around 
these abaxial faces, through the stomata, and slowly spreads across 
the rest of the leaf and plant. However, oxidative damage is difficult 
to visually observe from either the front or back face of the leaf, 
particularly at low ozone exposure levels. The limitations of optical 
detection (9) are evident in Fig. 1 and fig. S1—nonuniform and slow 
cell death over small areas do not lead to a clear visual change, espe-
cially when using drone photography performed under varying 
sunlight intensities and atmospheric haze. Leaf necrotization is clear 
only at high ozone doses, approximately >15 ppmh, at which point 
systemic shutdown would have already commenced [an ozone dose 
of 20 ppmh has been established to result in a permanent 10% 
decrease in grape production across different grape varieties (30)]. 
Prior work established the efficacy of using impedance spectroscopy 
to study ozone damage in native trees (33). We set out, therefore, to 
build on this work and create a long-lasting electrode interface so 
that impedance measurements can be performed on-site and on 
demand over many growth seasons.

A selected set of electrode materials and formulations were 
investigated, ranging from colloidal inks, an aqueous conducting 
polymer formulation [poly(3,4-ethylenedioxythiophene)-poly(styrene 
sulfonate) (PEDOT:PSS)] and a vapor-deposited conducting polymer 
tattoo, PEDOT-Cl, created using oxidative chemical vapor deposition 
(oCVD) following our previously reported procedure (26). After 
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depositing on grape leaves, their properties were studied and sum-
marized in Table 1 and fig. S2. Colloidal metal and conductive car-
bon inks have previously been used to decorate flowers with circuit 
patterns using creative screen and transfer printing techniques (34). 
In this case, however, we found grape leaves to be a challenging 
surface to coat. The hairy, hydrophobic surface of the grape leaf 
(fig. S3) restricted the shape of PEDOT:PSS electrodes to patterns 
created by uncontrollable droplets, and the resulting PEDOT:PSS 
electrodes could be easily washed away with water (fig. S2). In the 
case of silver and graphite, it was necessary to concentrate the com-
mercial pastes and increase their viscosity such that a persistent 
electrode film was left behind on the leaf upon drying. These fabri-
cation limitations resulted in rough, micrometer-thick electrodes 
that were easily cracked and/or delaminated from the leaf surface 
upon bending and exposure to environmental humidity (fig. S2). 
Moreover, the solvent used to create silver and graphite electrodes 
was found to visibly decolor and degrade the underlying leaf. Vapor- 
deposited PEDOT-Cl tattoos did not suffer from any of these dis-
advantages. PEDOT-Cl tattoos could be easily patterned to various 
angular shapes with clear boundary lines and demonstrated strong 
adhesion to the underlying hydrophobic leaf surface, without 
cracking or delamination. As reported previously (26), the process 
of oCVD did not chemically or physically damage the grape leaves 
used here, and cut stems with tattooed leaves could be placed in 

water with a rooting hormone to stimulate root growth. The long-
term stability of vapor-deposited tattoos on live seedlings was 
also explored in our previous study (26), and neither microcracks 
nor eroded/faded areas were observed in the polymer tattoos after 
18 months, over which time the tattooed seedlings grew new roots 
and leaves and matured into a healthy, still-thriving adult plant.

Electrode conductivities were also compared before and after 
exposure to 26.5 ppmh ozone. Ozone oxidizes metal thin films to 
their respective oxides (35) and creates epoxide and carboxylic acid 
defects in carbon allotropes (36), which compromises the conduc-
tivity and long-term stability of these electrode materials. When 
tested on glass substrates, very thick silver electrodes (>5 m) were 
needed to mitigate ozone-induced destruction of electrical conduc-
tivity; thinner films suffered from up to a 30% reduction in surface 
conductivity with ozone exposure. The conductivity of the graphite 
electrodes initially increased with ozone treatment, likely due to 
the formation of mobile ionic species, but decreased gradually over 
time as these mobile ions were washed out of the electrodes during 
subsequent measurements. The conductivity of PEDOT:PSS imme-
diately and severely decreased to 33% of its original value after 
ozone exposure. Based on previous reports, we hypothesized that 
the PSS component solubilized and retained reactive oxygen species 
within the film, which caused accelerating chemical damage over 
time and negatively affected the electrical stability of PEDOT:PSS 

Fig. 1. Oxidative damage of leaf tissue by ozone exposure. (A) Pictures of a grape leaf exposed to various doses of ozone. Scale bars, 10 mm. Optical microscope 
images (10×) of a pristine grape leaf and the same leaf after exposure to a 26.5 ppmh dose of ozone are provided in the second row. Photo credit: Jae Joon Kim, University 
of Massachusetts Amherst. (B) Scheme of impedance-based detection of ozone damage in fruiting plants.
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(37). In contrast, PEDOT-Cl films (400-nm-thick and 1-m-thick 
films) created using oCVD did not display a notable decrease in 
conductivity upon exposure to the same dose of ozone, most likely 
because of poor ozone penetration into the comparatively crystal-
line films (38, 39).

For long-term applications, any electrode placed on the surface 
of a leaf needs to exhibit high transmittance of visible light so that 
underlying chloroplasts can absorb sufficient photons for photo-
synthesis. From the results in Fig. 2A, PEDOT:PSS and PEDOT-Cl 
electrodes exhibited high transmittance at 450 nm (76 and 48%, re-
spectively), while the silver and graphite electrodes reflected and/or 
absorbed most of the light in this region. Moreover, the transmit-
tance of PEDOT-Cl at 450 nm could be increased to 70% by depos-
iting thinner polymer layers (Fig. 2D).

Nondestructive impedance measurements were performed by 
placing a saline droplet directly on each electrode coating (fig. S4) 
and inserting probe tips into the saline droplet. The saline layer 
eliminated the problem of varying contact area and contact resist-
ance between the rigid metallic probe tip (that is connected to the 
impedance analyzer) and the various flexible electrode coatings 
studied here. The ionic strength and viscosity of this saline layer did 
not affect the resulting impedance signal; therefore, for real-world 
applications, a variety of commercial saline gel formulations can 
be used to perform on-site impedance measurements. As shown in 
fig. S5, the conduction pathway is composed of the electrode/leaf 
contact area and various cellular structures defined by membranes. 
The biological state of the leaf will be revealed by collectively inter-
preting the impedance and phase signals obtained as a function bias 
frequency. Each frequency range reveals information about the strength 
and status of different tissue components (40, 41), and therefore, it 
is important for an ideal electrode material to provide accurate im-
pedance and phase signals over a broad frequency range. However, 
in the case of PEDOT:PSS, no clear signal could be observed from 
a grape leaf in the high-frequency (103 to 106 Hz) range (Fig. 2E), 
called the beta dispersion region (42, 43), because of nonideal elec-
trode contact to the underlying leaf tissue (the observed impedance 

signal could be assigned entirely to the PEDOT:PSS electrode itself). 
In the case of graphite and silver electrodes, impractically high im-
pedance values were observed due to the large electrical mismatch 
between the metallic electrode material and leaf tissue. Most detri-
mentally, an especially high resistance and a large phase mismatch 
were observed in the alpha dispersion region (<103 Hz) (43) because 
of poor electronic charge transfer efficiency (Fig. 2F). On the other 
hand, PEDOT-Cl electrodes afforded signals arising from cellular 
components in a grape leaf in both the alpha and beta dispersion 
regions, without suffering from large phase or impedance mismatches. 
This observation confirmed that the interaction between vapor- 
deposited PEDOT-Cl electrodes and the plant epidermis was strong 
enough to enable a sensitive and efficient electronic interface.

In total, we concluded that vapor-deposited PEDOT-Cl tattoos 
were the most practical electrode candidates for on-site ozone 
detection because of their nondestructive nature, mechanical and 
long-term electronic stability (particularly against ozone degradation), 
tunable transparency, and ability to provide a controllable and reliable 
electrical interface to leaf tissue (fig. S6).

PEDOT-Cl tattoos were created on freshly cut grape leaves, and 
these samples were then exposed to controlled and continuous ozone 
doses using an ozone generator. The calibration curve for quantifying 
the generated ozone dose across various exposure times is provided 
in fig. S7. The impedance- and phase-frequency plots obtained for 
grape leaves exposed to various ozone doses are shown in Fig. 3 
(representative curves for measurements performed on 20 different 
grape leaves are plotted). The impedance in the high-frequency 
region (104 to 106 Hz) linearly increased with ozone exposure until 
it saturated at high ozone doses (>22.7 ppmh). Ozone-induced 
changes were more obvious in the phase-frequency plot, where the 
peak phase at 105 Hz shifted from −42° to −16°. The estimated limit 
of detection, defined as the ozone dose at which a three times de-
crease in the phase signal could be observed relative to the variance 
(noise) of the measurement performed across multiple healthy 
grape leaves, was approximately 10 ppmh, which is lower than the 
estimated dose at which fruit yields suffer.

Table 1. Comparison of different electrode coatings on grape leaves.  

Electrode properties PEDOT-Cl PEDOT:PSS Silver Graphite

Deposition solvent – Water (pH 2) Acetone Isopropyl alcohol

Thickness 1 m 3–5 m 3–5 m 3–5 m

Flex stability ( after 
applying 10% strain) 5% ∞ (cracked) ∞ (cracked) ∞ (cracked)

Surface adhesion to rinsing 
(rinse with tap water flow) Strong Dissolved Peels off Peels off

Solution stability ( change, 
water/saline) 106, 134% 0, 0% (dissolved) 100, 100% 95, 106%

Ozone stability* (26.5 ppmh 
dose) 105% 33% 98% 146%

Tissue damage (visual 
inspection) None None Severe Little

Patterning resolution m cm mm mm

Transmittance* (450, 677 nm) 48, 16% 76, 56% 0, 0% 0, 0%

 *Measured using films deposited on glass.
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Oxidative cell damage is thought to continue even after the 
source of ozone is removed. To probe this residual and continuing 
cellular damage, a few tattooed leaf samples were kept in water on a 
windowsill after exposure to 26.5 ppmh of ozone, and their imped-
ance measured after 24 hours. While the leaves appeared nearly 
unchanged to the naked eye after 24 hours, as shown in Fig. 3, their 
impedance spectra revealed the presence of added cellular damage. 
The impedance decreased and the phase mismatch increased across 
the whole frequency range (Fig. 3, C and D) after 24 hours of aging 
after ozone treatment. This observation confirms that oxidative 
damage does not cease once the ozone source is removed and places 
emphasis on the need for early-stage interventions to prevent irre-
versible crop losses in commercial farms and orchards. We assume 
that these cumulative changes were induced by either dysfunction 

or death of cells caused by secondary chemical and/or biological 
damage resulting from severe ozone exposure (44).

As ozone is only generated when various nitrogen oxide (NOx) 
species and volatile organic compounds (VOCs) in the atmosphere 
are decomposed by UV radiation (specifically UVA) from sunlight, 
we also considered NOx, VOCs, and UVA radiation as added stressors 
that could also potentially produce a change in the recorded imped-
ance signal of tattooed leaves. Although VOCs have been implicated 
in a few observed effects on agriculture, a larger number of research 
studies performed across different growing zones have concluded 
that NOx species are the primary cause of damage in food crops 
(45). In this case, plants are capable of selectively absorbing NOx 
and chemically transforming these compounds into nutrients via a 
series of biological metabolisms (46). Thus, we tentatively ruled out 

Fig. 2. Comparison of different electrode materials. (A) Cartoon depicting the influence of electrode transmittance and reflectance on the sunlight absorption ability 
of chloroplasts. (B and C) Reflectance and transmittance spectra of four different electrodes. All measurements were performed on glass substrates. The reflectance and 
transmittance spectra of a representative grape leaf are also provided. (D) Transmittance of a 400-nm-thick and a 1-m-thick PEDOT-Cl film on glass. (E and F) Impedance 
and phase spectra obtained for a grape leaf using four different electrode materials.
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the possibility that NOx would induce the same oxidative cell mem-
brane collapse as ozone. On the other hand, in our previous paper 
(47), we investigated the effect of UVA radiation on the impedance 
signal of plant leaves. Upon UVA irradiation, the impedance signal in 
the 102- to 104-Hz region linearly decreased, and the peak frequency 
of the phase signal was shifted—these trends are the opposite of those 
recorded with ozone damage. Therefore, the distinctly different changes 
in impedance and phase produced by ozone and UVA damage are 
apparent enough to easily distinguish between these two stressors.

Drought stress can also cause crinkling and browning of leaf tissue, 
and these effects are hard to visually distinguish from necrotization 
due to oxidative damage (Fig. 4). To further confirm that the im-
pedance changes discussed thus far were exclusively induced by 
ozone damage, drought conditions were also investigated. To simu-
late drought stress, we dried a fresh-picked, PEDOT-Cl tattooed 

grape leaf in a 50°C oven and measured its impedance signal every 
hour. The fresh-cut grape leaf had a relative water content of 80%, 
which decreased to 65% after drying for 24 hours. As shown in Fig. 4, 
the impedance globally increased with drying, likely arising from a 
decrease in overall ionic conductivity due to water loss, while the 
phase signal remained largely unchanged after being oven dried for 
24 hours. After oven drying for 2 days, both impedance and phase 
plots exhibited intense and disordered changes, and the signals be-
came much noisier after 4 days in an oven. These late-stage changes 
can be attributed to the deformation of the plant epidermis caused 
by dehydration of the leaf (48) and reduced ion mobility due to low 
water content. The phase versus frequency plots for oven-dried samples, 
even after 6 hours, looked reliably different from those of ozone- 
treated samples. Whereas ozone exposure caused a linear and sharp 
decrease in the phase at 105 Hz with increasing dose, this same signal 

Fig. 3. Impedance measurements on ozone-treated grape leaves. (A and B) Impedance and phase of ozone-treated samples as a function of frequency. (C and 
D) Impedance and phase as a function of frequency for grape leaves aged in water for 1 day after ozone exposure. Images of (E) a pristine grape leaf, (F) the same leaf 
after 26.5 ppmh ozone exposure, and (G) the same leaf after being preserved in water for 1 day after ozone exposure. Scale bars, 10 mm. Photo credit: Jae Joon Kim, 
University of Massachusetts Amherst.
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remained constant in the oven-dried samples, thereby providing an 
easy approach to distinguish irreversible oxidative damage from re-
versible drought stress.

A leaf cell equivalent circuit model (fig. S8) was used to assign 
ozone-induced impedance and phase changes to particular cell com-
ponents and to predict further changes upon aging. The model fitted 
the experimental impedance spectra well (fig. S9), thus intra- and extra-
cellular resistances and membrane capacitances were extracted from 
the circuit simulations (table S1). The shift in impedance and phase 

could be specifically interpreted as a decrease in both membrane capac-
itance and ionic conductivity due to cell wall destruction and oxidation 
of intra- and extracellular fluids, respectively. These results were also 
consistent with previous reports (33). With added aging after exposure 
to ozone, the population of intact cells continues to diminish, thus 
further decreasing the membrane capacitance. Meanwhile, secondary 
oxidation of released fluid and/or membrane components creates 
mobile ions that increase the overall ionic conductivity of the sample, 
leading to globally higher impedance and phase values.

Fig. 4. Differentiation of impedance signals from different stressors. (A) Images of a grape leaf before and after drying in a 50°C oven to simulate drought stress. Scale 
bars, 10 mm. Photo credit: Jae Joon Kim, University of Massachusetts Amherst. (B and C) Impedance and phase of oven-dried samples as a function of frequency. (D and 
E) Comparison of the change in the impedance and phase signal at a frequency of 105 Hz between an oven-dried and an ozone-treated grape leaf.
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Last, we applied our detection method to observe ozone damage 
in different kinds of fruiting plants (Fig. 5): two different grape va-
rieties and one common apple variety. The leaves of all investigated 
fruiting plants showed similar changes in impedance and phase 
signals at 105 Hz with ozone exposure as previously described, 
supporting the broad applicability of our method.

DISCUSSION
In this study, we propose the on-site electrical monitoring of ozone 
damage using vapor-deposited polymer tattoos and impedance 
spectroscopy. The oxidative damage caused when ozone and its by- 
products (collectively termed reactive oxygen species) interact with 
cellular components manifests as a unique change in the impedance 
and phase signal of leaf tissue, particularly at high frequencies. We 
use oCVD to create PEDOT-Cl films on the leaves of selected fruit-
ing plants. These semipermanent PEDOT-Cl “tattoos” are uniquely 
ozone tolerant and capable of transducing biological ozone damage 
into a clear impedance change. Because each leaf tattoo retains the 
original electrode shape, size, and interelectrode spacing, impedance 
measurements can be performed on demand, at any time, with the 
assurance that variances in a signal over multiple measurements arise 
primarily due to changing plant health. Using an artificial ozone 
generator, we show that oxidative cell damage produces a clear, 
characteristic change in the high-frequency (104 to 106 Hz) imped-
ance and phase signals of grape and apple leaves, which is not repli-
cated by other common abiotic stressors, such as drought.

We expect that the detection of accumulated oxidative damage 
enabled by our method can contribute to the proper diagnosis of 
ozone damage. Specifically, if young seedlings and/or cuttings are 
tattooed and then planted at various strategic locations within a 
vineyard or orchard, these seedlings and cuttings can act as living 
sensors for ground-level ozone, potentially over many growing sea-
sons, depending on whether the location experiences a hard frost in 
the winter. Periodic impedance signals recorded from the tattooed 
living sensors can result in the fast-tracking of on-time interventions 
to reduce ozone damage and increase crop yield.

MATERIALS AND METHODS
Materials and plants
All plant specimens were collected from Cold Spring Orchard Research 
and Education Center at the University of Massachusetts Amherst. 

Plants used in this study were Merlot, Chardonnay, and Concord 
grapes and Paulared apple leaves. 3,4-Ethylenedioxythiophene (EDOT), 
iron chloride (FeCl3), and PEDOT:PSS (1 weight % in water) were 
purchased from Sigma-Aldrich. PELCO colloidal graphite paste and 
PELCO conductive silver paste were purchased from Ted Pella. All 
chemicals were used without any purification. A commercial hydrogel 
(Water Storing Crystals, Miracle-Gro Lawn Products Inc.) was used 
to maintain a constant hydration level in cut samples during the 
vapor deposition.

Electrodes
Fresh leaves were picked from 3-year-old plants, rinsed with distilled 
water, and air dried for 10 min. To maintain freshness, the cut leaves 
were placed in water immediately before and immediately after the 
deposition process. To create spatially patterned electrodes, a plastic 
shadow mask was prepared by cutting the desired pattern into a 
polyethylene terephthalate (PET) sheet, the mask placed directly on 
the leaf surface, and its edges affixed to the leaf surface using painter’s 
tape, which yielded sharp pattern edges and did not damage the 
leaves in the process. The mask and tape were lifted off immediately 
after the deposition.

To prevent dehydration during the deposition, the cut edge of 
the stem of the leaf was placed in contact with a water-swelled 
hydrogel, wrapped tightly with plastic wrap, and then sealed with 
paraffin wax to create a vacuum-insensitive hydration pocket that 
ensured continuous hydration. Samples were then affixed to the 
sample stage inside our custom-built vapor deposition chamber 
without any surface treatments.

EDOT (monomer) was directly polymerized on the surface of 
leaves via oCVD as reported previously (26). In the current study, 
the entire deposition time lasted approximately 40 min, including 
preheating of oxidant and monomer, oCVD, and cooling/venting 
processes, during which the deposition pressure was maintained 
at 1 ± 0.1 torr, depending on sample conditions. The solid oxidant 
FeCl3 was placed inside a ceramic crucible and heated by electrical 
furnace, while monomer was stored in an ampule and heated to 
110°C. When oxidant sublimed at around 200°C, monomer inlet 
was introduced into the chamber by adjusting a needle valve to 
maintain the monomer-to-oxidant ratio. To further minimize de-
hydration during the deposition, the temperature of the sample stage 
was maintained at 25°C with a temperature controller. Polymer 
coating thickness and evaporation rates of EDOT and FeCl3 were 
monitored in real time by a quartz crystal microbalance (QCM) 

Fig. 5. Impedimetric detection of ozone damage in fruiting plants. (A) Images of different kinds of grape and apple leaves. Photo credit: Jae Joon Kim, University of 
Massachusetts Amherst. (B and C) Impedance and phase of each plant as a function of frequency before and after ozone exposure.
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sensor situated near the sample stage with the maximum rate 2 nm/s 
and the until polymer thickness reached 1 m. After deposition, the 
residual oxidant and monomer were removed from the PEDOT-Cl–
coated samples by dipping the leaves into a dilute acid solution 
(0.1 mM) for 1 min and, subsequently, distilled water for 5 min.

Optical and electrical characterization
The optical images and videos of samples were captured with an 
optical microscope (Mighty Scope, Aven) and a digital camera 
(K-30, Pentax). Scanning electron micrographs (SEMs) were cap-
tured using Magellan 400 XHR SEM. The surface conductivities 
of PEDOT, silver paint, and graphite on plant leaves were measured 
using a four-probe measurement station (Pro4-440 N, Lucas Labs) 
equipped with an SP4 probe head. The tip spacing was 0.050 inch, 
and tip radius was 0.0016 inch. The tip was made of tungsten 
carbide.

For the bending and adhesion tests, leaves coated with different 
electrodes were wrapped around three-dimensional–printed cylin-
ders of varying diameters (3 to 10 mm) to simulate strain. Alligator 
clips were used to make stable electrical contacts to the polymer 
coating while bending. Rinsing test was performed by putting the 
sample under continuously flowing water (5 liter/min) with the tap 
diameter of 10 mm for 10 min. For testing the electrode stability in 
the aqueous and saline (1 M, approximately similar to seawater 
concentration), the electrodes on leaves were immersed in those 
solutions for 1 day, and their conductivities were measured after the 
surface was air dried. A UV-vis spectrophotometer (Evolution 220, 
Thermo Fisher Scientific) was used to study the transmittivity and 
reflectance of the electrodes on leaf surfaces.

Ozone treatment
Ozone treatment was established using an ozone generator (7000-
OG, Star Knight Inc.), and the generation rate was measured with 
a gas sampling pump (BH-GSP, BOSEAN) and a O3 gas detector 
(BH-90A, BOSEAN). Ozone gas was generated in a sealed box with 
one outlet for gas sampling at the bottom. As shown in fig. S7, the 
measured ozone doses over each 30-min interval were 6.5, 10.9, 
15.0, 18.9, 22.7, and 26.5 ppmh, respectively. Polymer electrodes 
were vapor deposited onto leaves before ozone treatment. Samples 
were placed facedown right next to the outlet of the ozone generator 
to expose the abaxial side (bottom face) of the leaf where stomata 
are positioned. To prevent sample dehydration during irradiation, 
the cut ends of the leaves were packed with a water-soaked cotton 
ball. Impedance for Merlot leaves was measured every half hour.

Aging and drought
Aging treatment was performed by analyzing an ozone-exposed 
grape leaf (26.5 ppmh of ozone exposure) after being stored in water 
for 1 day (approximately 10 hours of sunlight exposure). For the 
drought test, a cut leaf was placed in a 50°C oven without being 
placed into water.

Impedance measurements
Impedance measurements were performed using an Agilent 4292A 
precision impedance analyzer over the frequency range of 102 to 106 
Hz and a low applied potential of 500 mV to prevent any undesir-
able chemical reactions. Two PEDOT-Cl electrodes of 5-mm width 
and 10-mm length were placed 10 mm away and covered with a 
droplet of 0.1 M saline. Metal probe tips mounted on a micro-

manipulator then were lowered into the droplets to make electrical 
contact between instrument and custom-built station. Saline drop-
lets were rinsed away with distilled water after each measurement. 
PEDOT:PSS, silver, and graphite ink were treated in the same way.

Equivalent circuit models for impedance spectroscopy
Zview2 software (Princeton Applied Research) was used to itera-
tively fit experiment data to an equivalent circuit and extract values 
of each circuit component.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabc3296/DC1

View/request a protocol for this paper from Bio-protocol.
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